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Abstract

The wealth of Coulomb excitation data collected using present day experimental techniques makes
feasible a model independent determination of almost all E1, E2, E3, M1, and M2 matrix elements
connecting low-lying collective nuclear levels populated by electromagnetic excitation. A semiclassical
coupled-channel Coulomb excitation least-squares search code, GOSIA, has been developed to simulate
experiments or analyze the large sets of experimental data required to unambiguously determine the many
electromagnetic matrix elements involved in heavy-ion induced Coulomb excitation. Up to 999 electro-
magnetic matrix elements, coupling up to 100 levels, can be fitted to reproduce simultaneously several
thousand ~-ray intensity measurements from up to 50 independent experiments. Fast semi-analytic ap-
proximation of the coupled-channels system of differential equations describing electromagnetic excitation
is used to achieve computational speed required for such a task. This manual describes the theory under-
lying the model-independent determination of electromagnetic matrix elements from Coulomb excitation
data, plus detailed input instructions for operation of GOSIA. A new graphical user interface, RACHEL,
has been implemented to greatly facilitate and simplify preparation of the input plus executing GOSTA
calculations and fitting of matrix elements. In addition to the primary search code GOSIA, specialized
versions of GOSIA, and an associated rotational invariant code SIGMA are described. These include
GOSIA2 which allows simultaneous normalization of projectile and target Coulomb excitation, useful
for Coulomb excitation of weak radioactive beams. PAWEL is designed for cases where the initial state
is isomeric. SIGMA evaluates the rotational invariants derived using the complete set of measured E2
matrix elements; these determine the intrinsic frame quadrupole shape parameters for low-lying states.
The completeness and extent of information on electromagnetic structure adds a new dimension to the
study of collectivity in nuclei.

This Gosia User Manual describes the Gosia suite of Coulomb excitation codes that were developed
at Rochester in 1980 by T. Czosnyka, D. Cline and C.Y. Wu. The GUI RACHEL was developed by
A Hayes. The manual, upgraded on 1 May 2012, applies to Gosia 20110524.2, Gosia2 20081208.14,
and Rachel 1.1.5 versions of these codes. It is recommended that users upgrade to the latest version
of the Gosia codes since they include significant upgrades both in capability and coding that have been
implemented by the Gosia Users Steering Committee.

ROCHESTER
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DEDICATION

Tomasz Czosnyka 1952 - 2006

This GOSIA manual is dedicated to Tomasz Czosnyka who played a pivotal role in the development of
the GOSIA code. Tomasz was a brilliant scientist with tremendous drive, dedication and effectiveness. His
work led to pioneering advances in the field of Coulomb excitation. His Ph.D. thesis developed sophisticated
techniques that solved a problem that many in the field claimed was impossible when started in 1979. This
important development now forms the foundation of modern multiple Coulomb excitation analysis that will
continue to play a major role in nuclear physics research at the new radioactive beam facilities now in
operation or under construction. Tomasz was a generous, thoughtful friend and colleague with a warm,
casual style, and a great sense of humor. Even though Tomasz is no longer with us in person, he is with
us in spirit and we continue to hold him in much esteem and affection. The legacy of his achievements in
nuclear science will endure for a long time. {Douglas Cline}



Chapter 1

Introduction to GOSIA

D. Cline®

%University of Rochester

1.1 GOSIA suite of Coulomb excitation codes

Coulomb excitation, which is excitation of nuclear states caused solely by the electromagnetic field acting
between the colliding nuclei, is a powerful probe of collective nuclear structure [ALD56, ALD66, ALD75].
The main advantage of Coulomb excitation lies in the fact that, unlike nuclear reactions, the interaction can
be described by the well-established theory of the electromagnetic interaction allowing nuclear structure to
be studied in a model-independent way. Excitation via the short-ranged nuclear interaction is negligible for
bombarding energies well below the Coulomb barrier, whereas the long-ranged electromagnetic interaction
still gives rise to a considerable Coulomb excitation. Coulomb excitation is the preeminent probe of collective
degrees of freedom in nuclear structure in that it selectively populates collective states with cross sections
that are a direct measure of the electromagnetic matrix elements.

The recognition of Coulomb excitation as a method of studying collective motion in nuclei dates back
to the early 1950’s [ALD56]. Coulomb excitation with light-ion beams was exploited extensively to measure
the reduced excitation probabilities and quadrupole moments of the lowest excited states. Experiments per-
formed using light-ion beams can be interpreted relatively easily because first- and second order perturbation
theory are applicable since only one and two step excitation processes need to be taken into account (see e.g.
the extensive discussion of the perturbation approach in [ALD75] ). The situation changes dramatically for
multiple Coulomb excitation that occurs when heavy-ion beams are employed. Multiple Coulomb excitation
populates many excited states (up to spin, 404 in strongly deformed nuclei) providing sensitivity to a large
body of electromagnetic matrix elements. However, an unfortunate consequence is that perturbation meth-
ods are no longer viable. Review papers by Cline [CLI86] and de Boer[BOE84] contain short summaries of
the early multiple Coulomb excitation work, complete with extensive lists of references.

A semiclassical theory of multiple Coulomb excitation was developed[ALD56] which led to the first
semiclassical multiple Coulomb excitation computer program COULEX developed by Winther and de Boer
in 1965[WIN65]. The code COULEX provided the first opportunity to calculate quantitatively multiple
Coulomb excitation amplitudes using an assumed set of the reduced electromagnetic matrix elements. This
code was a major advance in the field that greatly expanded the exploitation of the powerful Coulomb
excitation technique to determine electromagnetic matrix elements in nuclear structure. However, the ulti-
mate goal of a model-independent extraction of the electromagnetic structure parameters (reduced matrix
elements) from the heavy-ion experiments was not viable until development, in 1980, of the code GOSIA
described in this manual. The main difficulty for making a model-independent analysis lies in the large
number of reduced matrix elements influencing heavy-ion excitation. More than a thousand matrix elements
can contribute significantly to Coulomb excitation when using heavy beams to excite strongly-deformed
nuclei. There are two major tasks to making a model-independent analysis of multiple Coulomb excitation
data. The first task is to overdetermine the problem by designing experiments that provide experimental
data covering a wide dynamic range of Coulomb excitation strength. The second task is to extract the many
unknown matrix elements from this overdetermined data set.
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The need to collect Coulomb excitation data for a wide dynamic range of Coulomb excitation interaction
strength has led to development of experimental methods to record deexcitation «-rays in coincidence with
scattered ions over a wide range of particle scattering angle. The efficiency of data collection has been very
much enhanced by the development of 47 arrays of Compton-suppressed Ge detectors, such as Gammasphere,
and large solid-angle, position-sensitive, parallel-plate avalanche detectors that provide mass and scattering
angle resolution for detection of both scattered ions in kinematic coincidence. The particle detector allows
event-by-event kinematic reconstruction to correct the considerable Doppler shifts of observed ~y-ray energies,
dramatically improving the quality of the y-ray spectra. Ref. [SIM97] gives technical details of the Rochester-
designed charged particle detection CHICO, that has been used extensively with Gammasphere for Coulomb
excitation studies since 1995.

GOSIA is a powerful suite of semiclassical Coulomb excitation codes developed to both design and analyze
multiple Coulomb excitation experiments. These codes were originally developed at the Nuclear Structure
Research Laboratory of the University of Rochester in 1980 by Tomasz Czosnyka, Douglas Cline, and Ching-
Yen Wu [CZO83] and development has continued at Rochester, Warsaw, and Koln. The scientific goals are
to measure complete sets of E electromagnetic transition strengths and static moments which provide a
sensitive probe of nuclear structure for low-lying nuclear states. GOSIA is specifically designed to handle
heavy-ion induced Coulomb excitation where population of many excited states is measured using coincident
detection of the scattered ions and the deexcitation «-ray decay. This is the only viable technique for such
measurements. The GOSIA suite of codes comprises the following computer programes:

GOSIA Designed for simulation and analysis of p — 7y and v yields due to Coulomb excitation.
RACHEL A GUI for GOSIA to facilitate and simplify the extensive input and output.

SIGMA Quadrupole rotational-invariants fit code

GOSIA2 GOSIA variant designed for measurement of the ratio of target and projectile excitation.
PAWEL GOSIA variant designed to handle an excited isomeric initial state.

ANNL GOSIA variant that uses simulated annealing for the least squares fit.

GREMLIN A code to fit y-ray detection efficiency data.

GOSIA is an experiment-oriented program. Although providing the possibility of running theoretical
calculations (i.e. evaluation of excitation amplitudes and ~y-decay yields for a given set of the matrix ele-
ments) the primary purpose is to design and analyze experiments that fit matrix elements to best reproduce
large experimental data sets. These data not only include the deexcitation y-yields observed in a number of
independent Coulomb excitation experiments, but also available spectroscopic information, such as branch-
ing ratios, F2/M1 mixing ratios, nuclear level lifetimes and previously measured E1 — E6, and M1 matrix
elements. This combined information allows determination of the full set of matrix elements for an investi-
gated nucleus together with a realistic estimate of the errors of the fitted matrix elements. Finally, using the
associated quadrupole rotational invariants code, SIGMA, it is possible, on a basis of the results obtained
with GOSIA, to evaluate, in a model-independent way[CLI72, CLI86] the expectation values and the sta-
tistical distribution of the E2 moments in the intrinsic frame, providing a clear insight into the collective
properties of the nuclear states. Advances in heavy-ion accelerator facilities coupled with significantly more
powerful y-ray and heavy-ion detector systems has led to a significant increase in the size and complexity
of the nuclear systems being studied. Fortunately, this growth in difficulty has been partially matched by
a comparable advance in computer technology allowing the code GOSIA to handle the increasingly more
complicated systems being analyzed since its inception in 1980.

The code GOSIA is available free for users. However, all users must reference GOSIA[CZO83] in publi-
cations based on use of this code. The code has been used extensively since 1980 and appears to contain no
significant bugs. Since the code GOSIA is complicated, with extensively overlaid coding, users are strongly
advised to seek advice before attempting to make modifications. The goal of the Gosia Steering Committee
is to maintain freely available current versions of the GOSIA suite of codes for all users in order to minimize
fragmentation of effort and to ensure robust, accurate codes.
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1.2 A brief history of Gosia

The genesis of Gosia dates back to 1965 when multiple Coulomb excitation blossomed due to the ad-
vent of heavy-ion accelerators plus the high-resolution Ge ~-ray detector, coupled with development of the
Winther-de Boer semiclassical Coulomb excitation code COULEX [WIN65]. Between 1966 and 1978, Cline
and coworkers used heavy-ion beams from the newly commissioned Rochester MP tandem accelerator facility
plus the code COULEX to measure static quadrupole moments of the first excited 27 states via Coulomb ex-
citation [CLI69a, LES70, GER70a, GER70b, LES72, TOW72, CLI73, TOW73, TOWT75]. This work initially
used a high-resolution magnetic spectrometer. Limitations of this experimental technique led to development
of the more powerful particle y-ray coincidence technique which necessitated the development at Rochester
of the v-ray deexcitation code CEGRY|[CLI74] that used the statistical tensors calculated by COULEX to
predict the subsequent v-ray decay properties.

High-Z beams became available with the commissioning of the SuperHILAC at Berkeley in 1975, and
the UNILAC at GSI in 1976 which greatly advanced the field of multiple Coulomb excitation. Starting in
1975 Cline, plus coworkers at Rochester, became heavily involved in studies of multiple Coulomb excitation
using heavy-ion beams from the SuperHILAC and the Rochester MP tandem. This work involved close
collaboration with the Diamond-Stephens group at Berkeley plus Rochester graduate students Ching-Yen
Wu and Tomasz Czosnyka. In addition, Julian Srebrny from Warsaw and Lennart Hasselgren from Uppsala
each spent a year in Rochester working on this research program. This group, plus other collaborators, were
involved in multiple Coulomb excitation studies of 1°4Ru, 19Pd, 16°Ho, 166Er, 186-192Qg, and 194Pt.

Population of each state via heavy-ion induced multiple Coulomb excitation results from excitation
via many paths involving many FEX matrix elements. This strong coupling prevents the use of higher-
order perturbation expansion analyses commonly used for light-ion induced Coulomb excitation work. An
important question in 1979 was whether it was feasible to unambiguously extract electromagnetic matrix
elements from a model-independent analysis of multiple Coulomb excitation data. At that time, many in
the field argued that achieving a model independent analysis of multiple Coulomb excitation data was not
feasible. The first real breakthrough resulted from use of the codes COULEX plus CEGRY in a model-
independent analysis of the Coulomb excitation data for ''°Pd made at Rochester by Lennart Hasselgren
[HAS80]. This tour-de-force analysis produced a solution with scientifically interesting implications and
provided the proof of principle. Unfortunately there was no practical way to prove the uniqueness of his
solution, and the time and effort required to replicate such a manual analysis was impractical. This stimulated
the PhD thesis project of Tomasz Czosnyka to develop a Coulomb excitation least-squares search code based
on COULEX plus CEGRY in order to provide a practical way of analysing multiple Coulomb excitation
data. The development of GOSIA at Rochester proved to be a highly successful project.

The first success of GOSIA was that it proved that the matrix element set found by the manual analysis
for 19Pd was the correct solution. Dr Bodan Kotlinski [KOT84] made recoil-distance lifetime measurements
in "'9Pd which also confirmed the correctness of the solution found using the manual analysis and using
GOSIA. In parallel to the 1°Pd work, the thesis work of Ching-Yen Wu[WU83, WU89, WU91, WU96]
involved an exhaustive analysis of the W-Os-Pt nuclei that was used extensively to develop and test the
GOSIA code.

In 1971, based on a suggestion of Kumar[KUMT71], Cline and Flaum[CLI72] developed the theory of
rotational invariants that directly and model-independently relate observed E2 properties to the intrinsic
frame E2 properties. The full potential of this technique was not achieved until development of GOSIA which
provided the first viable way to determine a sufficiently complete E2 data set needed to exploit this rotational
invariant technique. The success of the Coulomb excitation program achieved two long-sought goals of this
group. 1) It proved that multiple Coulomb excitation can be used to model-independently determine signs
and magnitudes of fairly complete sets of E2 matrix elements. 2) This set of matrix elements was sufficient
for an analysis using the model-independent Rotational Invariant technique[CLI72, CLI86] to extract the
expectation values of the centroids and widths in the intrinsic frame for the E2 properties of low-lying states.
3) The E2 rotational invariants provided a powerful probe of collective motion in nuclei in shape-transitional
nuclei.

The successful development and exploitation of GOSIA stimulated a rapid growth in multiple Coulomb
excitation studies led by the Rochester, Uppsala, Warsaw groups and subsequently the Liverpool group.
The GSI based groups were doing similar Coulomb excitation work at the UNILAC in parallel with our
collaboration leading to development of a separate analysis code [GRES84], but they eventually switched to
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the use of GOSIA.

GOSIA is modelled on the 1978 version[LEL78, BOE&4] of the Winther-de Boer code COULEX which
extended the code to include multipolarities, EA with A =1,2,3,4,5,6 as well as incorporating time-saving
updates. The ~-ray deexcitation part of the code is based on the Coulomb excitation y-ray deexcitation
code code CEGRY which was developed at Rochester during 1965-75 by Cline, Lesser and Towsley[CLI74].
Significant contributions to the development and testing of GOSIA have been made by additional collabora-
tors. Dr Alexander Kavka [KAV90] tested and elucidated the validity and impact of the deorientation effect,
plus he developed the y-ray efficiency calibration code GREMLIN.

GOSIA, plus the associated quadrupole rotational-invariants program SIGMA, were developed in 1980.
Subsequently three special versions of GOSTA were developed. The first code called GOSTA2 was developed
by Czosnyka to handle simultaneous excitation of both target and projectile with common normalization
coeflicients. The second special code, called PAWEL, is an offspring of GOSIA designed by Czosnyka to
handle cases where a fraction of the nuclei have an excited isomeric state as the initial state. The third code
ANNL was developed by Richard Ibbotson[IBB95] and exploits simulated annealing techniques to locate
least-squares minima.

Tomasz Czosnyka maintained and updated the coding of the GOSIA suite of codes from their inception
until his untimely death in October 2006. Under his direction the Warsaw group played a leading role in
Coulomb excitation studies is Europe and Japan while Rochester served the same role in the USA.

The GOSIA program was written in Fortran 77 and was originally developed to run on a CDC Cyber
175. The available memory limited the the program size to 130,000 (60-bit) words which complicated the
code and required extensive overlaying. From inception in 1980, GOSIA ran with high reliability on many
powerful computers. However, by the start of the 21%¢ century the Fortran compilers became less forgiving
of archaic Fortran77 commands and the mixed 32 bit and 64 bit variables in GOSIA resulting in unreliable
executables.

Starting in 2007 Dr Nigel Warr, in collaboration with Adam Hayes and Doug Cline, made improvements to
the coding of both Gosia and Gosia 2. These programming improvements produced more reliable executables
and eliminated bugs. The Warsaw group also started work on upgrades to Gosia including development of
a new genetic algorithm procedure to search for multiple minima.

Coordination of future development of Gosia by the user community was recognized as being necessary
to forestall splintering of the development effort, to maintain quality assurance, and to handle the growing
use of Gosia for Coulomb excitation work at new radioactive plus stable beam facilities. At the Gosia
Workshop, held in Warsaw, 8 - 10 April 2008, it was recommended that a Gosia Users Group be formed
to assume responsibility to manage maintanance, standards, and quality assurance testing as well as to
promote, prioritize, facilitate, and coordinate development of the Gosia suite of codes. Establishment of a
Gosia Users Steering Committee was proposed to implement the goals of the User Group. The participants
at the Workshop endorsed establishment of the Gosia Users Group and supported appointment of Douglas
Cline (Rochester), Adam Hayes (Rochester), Pawel Napiorkowski (Warsaw) and Nigel Warr (Cologne) to
the Gosia Steering Committee.

Starting in April 2008 the Gosia Steering Committee embarked on an ambitious program to upgrade the
Gosia suite of codes. The complex intertwined coding of Gosia makes upgrading of the original version of
Gosia impractical until partitioning is accomplished thus the long-term upgrade goal involves partitioning
the Gosia coding into its separate subroutines to simplify the structure and facilitate future development.
Initial coding modifications of GOSIA 2008 have been made made to address the immediate needs of users.
These include increasing the dimensions of some arrays and replacing the unreliable Lagrange interpolation
procedure with a spline interpolation procedure, incorporating the automatic calculation of internal conver-
sion coefficients, and improving the method for handling of inverse kinematic reactions. Bug fixes include
correction of a discontinuity in the TRINT routine and correction of the relativistic correction for projectile
excitation. An arsenal of test inputs have been generated to use for quality assurance testing of the upgraded
versions of Gosia.

An intuitive graphical user interface shell RACHEL, was developed by Dr Adam Hayes to automate,
check, and simplify generation of GOSIA input files as well as to facilitate execution of GOSIA. RACHEL
allows fits to user-defined model parameters from several standard collective models of nuclear structure as
well as quickly generating simulated data with optional scatter for use in planning experiments.
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1.3 GOSIA User support

1.3.1 Gosia Users Wiki

The Gosia Wiki (http://www-user.pas.rochester.edu/~ gosia/mediawiki/) contains links to download the
Gosia programs, the Gosia User Manual, and training videos to support use of RACHEL. The Wiki content
is duplicated by the Rochester Gosia website link: http://www.pas.rochester.edu/~cline/Gosia/index.html

1.3.2 Gosia Users Forum

The Gosia User’s Forum ( http://www-user.pas.rochester.edu/~gosia/phpBB3/) provides a conduit to facil-
itate communication between Gosia users. Adam Hayes manages this site.

1.3.3 Gosia Users Manual

The Gosia Manual is based on input instructions written by Tomasz Czosnyka, Doug Cline and Ching-Yen
Wu. Since 1980 Cline, has expanded, upgraded and maintained the Gosia Manual with major contributions
by Adam Hayes, Richard Ibbotson, Alexander Kavka, and Nigel Warr. The present April 2012 version of
the User Manual incorporates the major rewrite and expansion performed in 2011.

A comprehensive summary of the Coulomb excitation analysis methods requires knowledge of the algo-
rithms used for this purpose. The effectiveness of data analysis is very much dependent on the ability to
select the best ways of using the computer codes, such as GOSIA. Therefore this User Manual is extended
beyond the typical program manual to make possible the most efficient utilization of the codes. Chapter 2
was added to aid the user to optimize the design and analysis of Coulomb excitation experiments. A short
overview of the semiclassical Coulomb excitation formalism, the theory for subsequent decay of the excited
nucleus, the kinematics for inelastic scattering, the Coulomb trajectory, and energy loss, are presented in
Chapters 3-5. Chapter 6 describes numerical methods used including the fast Coulomb excitation approxi-
mation, which is a basis of GOSIA, GOSIA2, and PAWEL. Chapters 7-13 give detailed input instructions for
use of the GOSIA suite of codes plus the RACHEL graphical user interface. Chapter 14 provides a tutorial
to introduce the new user on how to compile and use the GOSIA suite of codes. Chapter 15 describes the
~v-ray detector efficiency code GREMLIN thay can be used to calibrate the y-ray detection efficiency and
correct the measured ~-ray yields for detection efficiency. Chapter 16 lists the chronology of major changes
to the Gosia suite of codes.
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Chapter 2

Design and planning of experiments

D. Cline*, A.B. Hayes®

%University of Rochester

The GOSIA suite of codes are ideally suited to the design and planning of heavy-ion induced Coulomb
excitation experiments as well as the subsequent analysis. Coulomb excitation experiments can seem de-
ceptively simple, especially for few-state problems, leading some experimenters to fall into analysis traps or
collecting data that have less than optimal sensitivity to the goals of the experiment. This chapter identifies
a few potential pitfalls in the design and analysis of Coulomb excitation experiments. Additional insight can
be obtained from study of prior publications and review articles on heavy-ion induced Coulomb excitation.
[ALDT75, BOE84, CLIS6|

2.1 Theoretical limitations:

2.1.1 Safe bombarding energy:

The basic assumption of Coulomb excitation is that the interaction between the scattering ions is purely
electromagnetic in origin. This situation applies when the range of nuclear forces for both interacting nuclei
are completely separated in space. Coulomb excitation cross sections are maximized by using the highest
safe bombarding energy for which the interaction is purely electromagnetic resulting in a sensitive balance
between maximizing the cross sections and minimizing the influence of nuclear excitation. The optimal value
depends on the goals of the planned experiment. Experimental data on the influence of Coulomb-nuclear
interference on the second-order reorientation effect in Coulomb excitation|CLI69a, LES72] was used to
estimate the maximum bombarding energy at which the influence of nuclear excitation can be neglected for
second-order processes. Near the barrier the Coulomb-nuclear interference is destructive which reduces the
inelastic scattering cross sections at large scattering angles in a manner that mimics the reorientation effect
corresponding to a negative static quadrupole moment. Figure 2.1 shows the effective static quadrupole
moment for the first excited 27 states of 48Ti, %Fe, and %°Ni obtained by Coulomb excitation analyses of
inelastic scattering data versus scattering angle for 160, 328, and 35Cl projectiles. The abscissa corresponds
to the classical separation distance for head-on collisions, that is, the distance of closest approach between the
nuclear surfaces minus the sum of the nuclear radii. The dashed curves assume an exponential dependence
on separation distance fitted to the 5Fe data|[LES72, LES74]. Note that the Coulomb-nuclear contribution
results in a spurious static quadrupole moment that falls exponentially with separation distance. A safe-
energy criterion was selected that corresponds to a minimum separation between the nuclear surfaces of
5 fm required to ensure that the influence of nuclear excitation on the excitation cross sections are < 0.1%.
That is, these studies suggest a simple classical safe-energy criterion for reorientation effect studies that the
maximum safe bombarding energy for head-on collisions is

A1 + AQ ) Z1Z2
Ay 1254+ A% 5

Emax(MeV) = 1.44 (2.1)
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Figure 2.1: Effective values of the static quadrupole moment of the 2 states of **Ti, *Fe, and 5°Ni extracted
from Coulomb excitation reorientation effect data plotted as a function of the classical separation distance
between the nuclear surfaces for a head-on collision. [LES72]

where index ‘1’ denotes projectile, ‘2 is used for target (this convention will be used repeatedly in this man-
ual). This crude classical safe-energy criterion is applicable only to heavy-ion collisions when the semiclassical
approximation is valid, that is, the wavelength is small compared to the distance of closest approach. This
naive classical safe-energy criterion is not applicable to light-mass ions, where the semiclassical approximation
is not well obeyed, nor is it applicable at above-barrier bombarding energies. Figure 2.2 shows the maximum
safe bombarding energy per nucleon corresponding to equation 2.1. The criterion is not meaningful for cases
with Z < 6.

A fully quantal code, such as Ptolemy [MA78, RH80, TOL87], is required to estimate reliably the impor-
tance of both Coulomb-nuclear interference effects and quantal effects on Coulomb excitation at near-barrier
bombarding energies. Such a calculation was performed by Tolsma[TOL87] for multiple Coulomb excitation
of the ground band of 28U by a 84Kr beam at a bombarding energy of 718MeV. This bombarding energy
is twice the safe energy criterion .y given by equation 2.1. The scattering angle 0oy = 38° corresponds
to a classical trajectory with L = 520% and distance of closest approach Dcjosest—approach = 18.2fm which is
the classical safe distance used in equation 2.1. For 0¢cp; > 38° the Tolsma calculation predicts increasingly
large differences between the excitation probabilities when both the Coulomb and nuclear interaction are in-
cluded compared with those obtained assuming a pure Coulomb interaction, and these differences are largest
for higher-order excitation processes. Figure 2 in the Tolsma [TOL87] paper shows that the phase shift due
to the nuclear interaction in the S—matrix elements becomes noticable for L < 6487 which corresponds to
a classical trajectory having a distance of closest approach of 21.58 fm, that is 3.5 fm larger than the 5fm
criterion used in equation 2.1.

Inelastic scattering measurements using above-barrier bombarding energies at scattering angles forward
of the grazing angle, corresponding to a distance of closest approach equal to the sum of the nuclear radii,
have been exploited to provide reliable qualitative measures of transition strengths for one-step excitation
processes[GL98, GL01, CO06]. However, Coulomb-nuclear interference effects on the amplitude and phase
of the scattering amplitudes can have a significant impact on cross sections for higher-order excitation
processes due to interference of the competing excitation channels. As shown in fig. 2.1, interference can
erroneously mimic second-order effects such as the reorientation effect.[CLI69a] Thus higher-order Coulomb
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Figure 2.2: Maximum safe bombarding energy per nucleon according to equation 2.1 as a function of target
Zr value for selected projectile Zp. The relation Z = 0.487 was used to derive the corresponding
A. [ALDT5]
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excitation requires a more stringent safe-energy criterion than single-step excitation in order to extract
reliable quantitative measurements of electromagnetic matrix elements.

2.1.2 Semiclassical approximation:

The long range of the Coulomb interaction, coupled with the small integration step size necessitated by the
short wavelength, and the large number of partial waves that make significant contributions, conspire to
make it impractical to use full quantal codes on current computers that are capable of handling the large
number of coupled channels important to heavy-ion induced Coulomb excitation. Fortunately a considerable
simplification can be achieved by assuming a semiclassical treatment of two-body kinematics as pioneered
by Alder and Winther[ALD60]. The semiclassical picture exploits the fact that the monopole-monopole
Coulomb interaction Z;Zse?/r dominates and determines the relative motion of the two colliding nuclei.
The semiclassical picture assumes that the size of the incoming projectile wavepacket is small compared to
the dimensions of the classical hyperbolic trajectory which is expressed in terms of the Sommerfeld parameter:

_ 2ma 71762

_ ] 9.9
B Ty (2:2)

Here a denotes half the classical distance of closest approach for a head-on collision, A is the wavelength of
the incoming projectile with initial velocity vy, while Z1e and Zse are the charges of the projectile and target
respectively. The second requirement of the semiclassical picture is that the energy loss is much smaller than

the incident energy, i.e.
AFE

7 << 1 (2.3)
For typical heavy-ion induced Coulomb excitation, equations 2.1 and 2.2 yield values of n ranging from 10
to 500 for Zp,o; > 6 and Z7 > 10 as illustrated in figure 2.3. Note that the validity of a classical description
of the scattering kinematics is closely connected to the assumption of non-intervention of the nuclear forces.
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Figure 2.3: The Sommerfeld parameter n at the safe bombarding energy as a function of target Zp for
various projectile Zp.

The semiclassical approach is applicable par excellence for all heavy-ion processes when the interaction is
purely electromagnetic. The semiclassical approximation is not useful for Coulomb excitation of light nuclei
with Z < 6 because of the decrease in accuracy for the higher excitation energies of typical states in light
nuclei. Fortunately the few states excited in light nuclei make it feasible to perform fully-quantal Coulomb
excitation calculations for such cases.

The accuracy of the semiclassical approximation improves with increase of the Sommerfeld parameter
7. The use of energy-symmetrized orbits in the semiclassical calculations partially corrects for the Q-
value dependence which is the largest deficiency in the semiclassical approximation. The remaining quantal
corrections to the calculated cross sections are of the order of 1/n for large n. Full quantal calculations
by Kavka[KKAV90] show that semiclassical calculations differ from full quantal predictions by typically 3%,
with some values as much as 10% off. These agree with the predictions of Tolsma [TOL79] for the case
of 238U excited by 385 MeV 3Kr ions. Note that heavy-ion induced Coulomb excitation data typically
involves a comparison of the relative deexcitation y-ray yields which tends to cancel part of this systematic
error[KAV90, STAS2].

The semiclassical approach elucidates the time evolution of the excitation of the excited states as the
projectile moves along the classical hyperbolic trajectory. Figure 2.4 shows an example of the time evolution
of excitation probabilities for the ground rotational band of 233U excited by backscattered 140MeV “0Ar
ions. The zero of time corresponds to the classical turning point and most of the excitation occurs within
+15fm of the turning point. The final population distribution is shown on the right hand side. Note that
the time scale of the excitation is the order of 3 x 1072!s which is 10® times shorter than typical lifetimes
for y-ray decay which are 1073 — 107125, Thus the assumption that the excitation and decay processes are
separate and sequential processes is valid.

2.1.3 Adiabaticity constraints:

Advances in detector technology have resulted in a tremendous increase in experimental detection sensitivity
that has led to the need to calculate Coulomb excitation cross sections for high-energy transitions that can
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Figure 2.4: Semiclassical Coulomb excitation predictions of the time evolution for excitation of the ground-
band in 238U by backscattered 140MeV 4°Ar ions. [MCG69]

challenge the adiabaticity limitations built into the 1980 version of GOSIA [CLI08]. As discussed in section
6.3, numerical integration of the semiclassical Coulomb excitation amplitudes for Coulomb excitation can
be problematic in the asymptotic regions of the classical hyperbolic trajectory because of the exponential
increase in the oscillatory frequency of the integrand when the product of the adiabaticity and orbit eccen-
tricity is large. In the far asymptotic region the period of the oscillatory exponent of the integrand becomes
comparable to the step size used during numerical integration which can lead to pathological behaviour. This
is primarily a problem at the the longest ranges that are required to evaluate E1 excitation of high-lying
states. For F1 or F2 Coulomb excitation of high-lying states it behoves the user to ensure that the numeri-
cal integrations are free of pathological behaviour due to high adiabaticity transitions with high eccentricity
trajectories. Note that the GUI Rachel provides optional tests for violation of the adiabaticity limits.

2.1.4 Hyperfine interaction:

In typical Coulomb excitation experiments, both the scattered projectile and target nuclei recoil into vacuum
in highly-excited, highly-ionized, atomic states which subsequently decay to a ground state. The strong fluc-
tuating hyperfine fields of the deexciting atom depolarize the nuclear state alignment; this effect is known as
the nuclear deorientation effect. This attenuates the angular distribution of the de-excitation ~-rays which
can be taken into account by introducing the spin and lifetime dependent attenuation coefficients Gy that
multiply the decay statistical tensors. The lack of a viable way to accurately predict the time-dependent
hyperfine atomic fields is the major theoretical uncertainty in Coulomb excitation experimental studies.
Unfortunately the atomic hyperfine fields involve complicated stochastic processes that currently cannot be
predicted. When the nucleus recoils out of the target the highly-ionized and highly-excited atomic struc-
ture decays rapidly by a cascade of photons, as well as Auger electrons, with time constants as short as
a picosecond. This rapid atomic decay produces a rapidly fluctuating hyperfine atomic field. Eventually
the atomic structure deexcites to the equilibrium atomic ground-state configuration which depends on the
charge state of the ion. The deorientation effect has a complicated dependence on the recoil velocity, the
lifetimes of the excited states, the atomic and nuclear spins, and dephasing effects. Since these complicated
and stochastic atomic processes cannot be predicted accurately at the present time it is necessary to resort
to simple models with parameters fitted to available deorientation effect data. Fortunately the Two-state
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model[BOS77, BRE77], currently built into GOSIA, correlates well with experimental data on the deorienta-
tion effect[KAV90]. Also the use of 47 ~-ray detector arrays washes out sensitivity to the angular correlation
effects for y-ray deexcitation.

2.2 Technical requirements

2.2.1 Optimal data requirements:

Coulomb excitation is the preeminent technique for making precise measurements of electromagnetic matrix
elements which provide a sensitive probe of nuclear structure. Extraction of the many E)\ matrix elements
involved in heavy-ion induced Coulomb excitation requires collection of data over a wide dynamic range of
Coulomb interaction strength in order to significantly overdetermine the system of many strongly-coupled
excitation channels and avoid spurious correlations. The following experimental methods can be used to
collect data over a sufficiently wide range of Coulomb interaction strength to enhance sensitivity.

1. Record data over a wide range of scattering angles, that is, impact parameters, for a given beam species
to excite the nucleus of interest.

2. Record data over a wide range of bombarding energies.
3. Record data using a wide range of Z values for the nucleus used to excite the nucleus of interest.

4. Combine Coulomb excitation yields with precise measurements performed using other techniques such
as recoil-distance lifetime measurements.

5. Record v — y-ray coincidence data to determine y-ray decay schemes, branching ratios, mixing ratios
etc.

Measurements using methods 1, and 5 can be performed simultaneously using 47 arrays of particle and -
ray detectors which minimizes use of beam time. Methods 2,3, and 4 require several experiments involving use
of more beam time which is of consequence when using expensive and oversubscribed accelerator facilities.
The beam-time requirements are more stringent when recording data sufficient to exploit the rotational-
invariant method. For example, methods 1, 3,4, and 5 were used for measuring rotational invariants. Precise
measurements of excited state lifetimes via other techniques reduces the number of coupled channels sensitive
to the data which simplifies the Coulomb excitation analysis.

2.2.2 Experimental detection techniques:

The following are the main experimental detection techniques used for Coulomb excitation studies.

High-resolution particle spectroscopy:

High-resolution particle spectroscopy is a precise and direct method for measuring Coulomb excitation cross
sections[CLI69a]. The simultaneous measurement of the elastic and inelastic channels eliminates many
sources of systematic errors. The disadvantages of this method are that adequate energy resolution is
achieved only when using light ions in conjunction with very thin targets. The experimental sensitivity is
very poor due to a background resulting from elastic scattering by target contaminants. This method is of
most value for one-step Coulomb excitation measurements using high-intensity beams of stable light nuclei;
it is not viable for use with weak rare-ion beams.

High-resolution y-ray spectroscopy:

Gamma-ray spectroscopy using high-resolution Ge ~-ray detector arrays is the only viable experimental
technique for resolving the many states Coulomb excited when heavy ions and thicker targets are utilized.
Unfortunately, the recoil velocities of the excited target nuclei typically are large, v/c < 0.1, which leads
to considerable Doppler shift and Doppler broadening of detected ~-rays for in-flight decay of ions recoiling
in vacuum. Consequently, detection of deexcitation ~y-rays, without simultaneous measurement of the recoil
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direction and velocity of the recoiling emitter, is of limited value for Coulomb excitation work due to the
low energy resolution. Use of a target thick enough to stop the recoiling excited nuclei produces Doppler
broadened ~-ray line shapes for states that decay during the slowing-down time of the recoiling ion in the
target, and sharp lines for transitions decaying after the recoiling ions have stopped. Observation of v —~ or
higher-fold «-ray coincidences, using high-resolution y-ray detector arrays, without gating on recoil angle and
energy, is sensitive and ideally suited to elucidation of level and ~ decay schemes for states having lifetimes
7 > 107135, but the intensities of shorter-lived states are poorly measured. Moreover, only one intensity
per v-ray transition is measured which is insufficient to overdetermine the system of coupled channels.
In addition, extensive computation is required for integrating the Coulomb excitation cross sections over
scattering angle and recoil energy. As a consequence, recording of coincident v — v data, without recoil-ion
detection, is of limited use for measurement of electromagnetic matrix elements by Coulomb excitation. This
type of data has to be normalized to a known transition strength in either the target or projectile in order
to extract electromagnetic matrix elements and error estimation is difficult.

High-resolution coincident p — y-ray spectroscopy:

Currently high-resolution coincident p — ~-ray spectroscopy, using 4 arrays of recoil-ion and ~-ray detec-
tors, is the most viable experimental technique for study of heavy-ion induced Coulomb excitation which
stimulated development of the code GOSIA in 1980. Detection of the deexcitation v-ray, in coincidence
with the recoiling deexciting nucleus, can specify the recoil direction and recoil velocity allowing the in-
dividual ~-ray signals to be corrected for the Doppler shift on an event-by-event basis. Detection of the
recoiling ion velocity and direction can be performed with sufficient accuracy using targets up to several
mg/em? in thickness. Use of 47 heavy-ion and 7-ray detector arrays for Coulomb excitation measurements
provides simultaneous measurement over a wide range of scattering angles, identification of the scattered
ion species, optimal energy resolution of the deexcitation ~-rays, and allows use of p — v — v, plus higher
fold coincidences, to greatly improve the experimental sensitivity. The absolute cross sections can be derived
either by normalizing to the scattered particle singles or to transitions for which the transition strength has
been measured previously. For Coulomb excitation of strongly-deformed nuclei, the y-ray deexcitation yields
of low-lying ground-band transitions provide a precise normalization for determination of absolute B(E\)
transition strengths as discussed in section 2.3.1.

The Rochester collaboration has employed 47 arrays of position-sensitive parallel-plate avalanche gas
detectors for Coulomb excitation studies with considerable success for more than three decades. The current
heavy-ion detector CHICO[SIM97] covers 67% of 4m, detects scattered ions in kinematic coincidence over a
scattering angle range of 12° < 6 < 168° with angle resolution of A8 = 1° and A¢ = 4.6°, and with a time
resolution A7 = 0.7ns.[SIM97] CHICO provides a mass resolution of Am/m = 5% and Q-value resolution
of AQ < 20MeV assuming two-body kinematics. CHICO is rugged to radiation damage, can handle high
count rates, and has low mass that minimizes degradation of the ~-ray detector performance. The current
upgrade of CHICO to CHICO-2 will improve the ¢-angle resolution to A¢ = 1° needed to fully exploit the
performance of the y-ray tracking array, GRETINA. The Warsaw group has used large solid-angle arrays of
PIN diodes for heavy-ion detection[WUEO03]. Large annular double-sided position-sensitive silicon detectors
have been used extensively for Coulomb excitation of rare-ion beams since their susceptibility to radiation
damage is less of a problem when using weak beam intensities.

The 47 solid-angle, high-resolution Ge detector arrays, such as Gammasphere[GS98], TIGRESS, and
MiniBall, currently are the premier v-ray detectors for use in Coulomb excitation measurements since their
high detection efficiency allows use of p—- —~ and higher-fold coincidence resulting in a tremendous increase
in resolving power and sensitivity. Coincident ~y-ray spectra in typical heavy-ion Coulomb excitation studies
using CHICO plus Gammasphere achieve an overall average Doppler-corrected y-ray energy resolution of
0.9% FWHM. This resolution is limited by the finite size of the individual Ge detectors. The improved angle
resolution of the ~-ray tracking array GRETINA plus the improved ¢ resolution of CHICO2 should reduce
this energy resolution to about 0.3% providing a 9-fold improvement in sensitivity and resolving power for
p —y — v events.

Figure 2.5 shows Coulomb excitation y-ray spectra for a 1358 M eV 238U beam bombarding a 500ug/cm? 1™0Er
target. Note that the raw Doppler-broadened spectrum shows only one sharp line at 934keV due to a 42.8ns
isomeric decay of a 1268.6keV 4~ state in '"°Er that stops in the detectors prior to decay. Doppler correction
clearly resolves transitions for either target or projectile excitation. That is, the correct Doppler shift gives
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Figure 2.5: Typical y-ray spectra for 1358 MeV 233U beam on a 0.5mg/cm? "°Er target detected using
Gammasphere in coincidence recoil ions detected by CHICO. (a) shows the raw coincident v ray spectrum,
(b) shows the coincident « ray spectrum Doppler-corrected for U recoils, (c¢) shows the coincident v ray
spectrum Doppler-corrected for Er recoils. [WUQO]

sharp lines on a broad background of incorrectly shifted 7-transitions from the partner nucleus. The high
recoil velocities of the '"YEr recoils is the reason for the poorer energy resolution in spectrum 2.5c.

Figure 2.6 illustrates the cleanliness and sensitivity of p — v Doppler-corrected spectra for a typical
spectrum for Coulomb excitation of a 985M eV "8Hf beam by a 0.5mg/cm? 208Pb target and recorded using
CHICO plus Gammasphere. Note that the peak to background ratio for ground-band transitions is =~ 70/1
even for detection of only one ~-ray. The p — v — « spectra are much cleaner and provide a much higher
sensitivity [HAY10b]. Gating on delayed deexcitation -rays from isomeric states with lifetimes in the ns to
s range provides higher sensitivity p — v — 7 spectra both for prompt transitions feeding the isomer, and
for decay of the isomer.

A useful variant of the p—~ — technique uses a thick target to stop the excited recoils in the target. The
deexcitation y-rays are detected in coincidence with backscattered heavy-ions which provides y-ray spectra
with the intrinsic energy resolution of a Ge detector and the cleanliness of the p—~ technique. An example is
a study of the Coulomb excitation of a 235U target by a 184MeV 4°Ca beam which resulted in observation of
= 300 resolvable ~-ray transitions between 150 — 1700keV which greatly expanded the known spectroscopy
for this nucleus]lWAR05, WAR12]. Another example is Coulomb excitation of the odd-odd isomeric nucleus
22Am by a 170.5MeV “°Ar beam[HAY10]. Unfortunately the Doppler-broadened line shapes limit the
usefulness of such thick-target data for extraction of electromagnetic matrix elements.

The calculation of p — v — v angular correlations has not been implemented in GOSIA. However, high
sensitivity p — v — v data, collected using a 47 detector, such as Gammasphere, can be analysed by using 47
detection of the gating «-ray transitions to eliminate the need to know the p —« —« angular correlation and
by correcting the yields of interest using the measured 7-ray branching ratios. Summing over many gates
can improve the statistics for the gated ~-ray spectra.

2.2.3 Projectile Coulomb excitation

The experimental sensitivity for Coulomb excitation of target nuclei usually is limited by the isotopic purity of
the target. That is, the weakly-populated states of interest are swamped by Coulomb excitation of strongly-



2.2. TECHNICAL REQUIREMENTS 23

105-"4*'+|""|'"'|""

6 ot gsb transitions

10’ E
6 |
z 10 y-band
3
o MMM 3
10*

l 03 L L ' 1 | L L ' 1 | L ' ' 1 l L ' ' 1 l L ' 1 1 l L 1 1 |
0 500 1000 1500 2000 2500
E, (keV)

Figure 2.6: A recoil-y-ray coincidence spectrum for projectile scattering angle range 35° < 6 < 50° obtained
using a 985MeV "8Hf beam bombarding a 0.5mg/cm? 2°Pb target. The 7-ray spectrum is Doppler
corrected for '"Hf. In-band transitions in the ground band, and ~-band to ground band transitions are
cleanly resolved. The 3= — 0,4, in 2°Pb has been broadened due to use of the wrong Doppler correction.
[HAY'10Db]

populated transitions in adjacent isotopic contaminants in the target that have similar transition energies to
those of interest. The isotopic purity of accelerated beams usually is considerably higher than that available
using isotopically-enriched targets. As a consequence projectile Coulomb excitation can provide significantly
higher sensitivity than target excitation for Coulomb excitation studies. Targets used for projectile Coulomb
excitation work can be selected to have high isotopic purity, to be closed-shell nuclei minimizing target
excitation, and the Doppler shift can be used to discriminate target deexcitation from projectile deexcitation.
Another advantage of projectile Coulomb excitation is that the hyperbolic trajectories leading to the strongest
Coulomb excitation usually result in «-ray deexcitation at lower recoil velocities than for target excitation
which reduces the resultant Doppler broadening. Projectile Coulomb excitation is the only viable approach
for studies of rare-ion beams.

2.2.4 Inverse kinematics

The use of inverse kinematics, that is, %ﬁ < 1, has technical advantages in that recoil ion detectors are
required only in the forward hemisphere which simplifies recoil-ion detection, and the recoil-ion velocities are
higher which enhances recoil-ion detection. As shown in figure 5.2, inverse kinematics leads to two-valued
center-of-mass scattering angles for each projectile or target recoil angle.

As discussed in section 5.2, for inverse kinematics the scattered projectile has a maximum scattering

angle given by
. mr AFE mp
Opax = — /1 — —(1+ —
sin Oma mp\/ on (1+ mT)

where mp, mp are the projectile and target masses, Ep is the bombarding energy, and AF is the excitation
energy. Note that for elastic scattering the maximum angle is independent of the bombarding energy which
is not true for inelastic scattering. Only recoil target nuclei are detected for target recoil angles 67 > 0.«
which eliminates the need to discriminate between recoiling target and projectile nuclei. This trick has
been employed frequently for studies of projectile Coulomb excitation by thin 2C targets which minimizes
multiple Coulomb excitation. Such small :2—1{ ratios have the advantage that the maximum angle of the
scattered projectiles is small, e.g. Oy = 8.6° for mp = 80, allowing unambiguous detection of the '2C
target recoils at larger angles. Note that for a given target recoil angle there is a second kinematic solution
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Figure 2.7: The calculated probability for Coulomb excitation of the ground band of 46Cm by backscattered
ions. The E2 matrix elements were assumed to be related by the spheroidal rotor relation. [CLISG]

for inelastic scattering that corresponds to centre-of-mass scattering angle close to zero. This second solution
is of no practical consequence since target-recoil energies for this second solution typically are the order of
100keV leading to these recoils being either stopped in the target or being below the recoil detect threshold.
Gosia/Rachel are designed to automatically calculate recoil-target detection for inverse kinematics. Care
must be taken to ensure that recoil-ion detection thresholds do not further restrict the angular range of
detected particles.

Note that it is not sensible to only detect recoils at angles 6 < 6,ax since then both projectile and target
recoils will be observed with comparable detection energies, and for each projectile detection angle there are
two centre-of-mass scattering angles which lead to different Coulomb excitation cross sections. Gosia/Rachel
are not designed to automatically handle the double-valued solution for recoiling projectiles. Experiments
using such a geometry would require separate calculations of each of the solutions and manually summing
them.

Note that detection of both projectile and target recoils in kinematic coincidence completely and unam-
biguously identifies the sections of the kinematic curve involved in Coulomb excitation measurements.

2.3 Sensitivity to observables

2.3.1 Transition strengths

A primary goal of Coulomb excitation work is the measurement of B(E)) transition strengths. In the
perturbation limit the excitation probability of an excited state Js is directly proportional to the B(EA; J; —
J3). However, multistep processes, which dominate for heavy-ion induced multiple Coulomb excitation of
strongly-deformed nuclei, can lead to a wide range in sensitivities of multiple Coulomb excitation data to
individual electromagnetic matrix elements. Figure 2.7 shows the calculated excitation probability for target
excitation of the ground band of 246Cm for backscattered heavy-ions. The population probability is roughly
uniform up to a spin value that depends on the strength of the Coulomb interaction, followed by a rapid
drop in excitation probability at higher spin. For example, for 1050MeV 29%Pb, the excitation probability
oscillates about an average value of =~ 8% up to spin 24, and the ground-state population is more weakly
populated than some higher ground-spin states. Note that the deexcitation «-rays feed down the ground
band resulting in ~ 90% of the ~-ray strength feeding through the lowest 2;1) — O;Sb. As a consequence
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the yield of the lowest -ray transitions in the ground-band of a strongly deformed nucleus are relatively
insensitive to the B(EX). Although this insensitivity may appear to be a disadvantage, it actually is useful
since the coincident deexcitation p — «-ray yields for the low-lying ground-band states provide a precise
normalization for accurate measurement of absolute B(E\) values of higher-lying and weakly populated
states.
The calculated excitation probability sensitivity parameters akpi for state population is defined by the
relation
of =S e
M; APy

where M; is a matrix element and P the excitation probability for state k. In the perturbation limit aii ~ 2
but can be much smaller due to multistep processes and ~-ray feeding. The difference in sensitivity with
scattering angle, Z, and bombarding energy is exploited to determine individual matrix elements from the
system of strongly-coupled channels. Higher-fold p — «v — v coincidence data are desirable for measurement
of B(E)) values connecting to the side bands which are a sensitive probe of nuclear structure.

Coulomb excitation cross sections are sensitive to both the magnitude and relative signs of the coupled
channels contributing to population of excited states, and these signs are related to the relative signs of the
individual matrix elements. Although the phase of a wavefunction is arbitrary, it is best to fix the phases of
states to conform to a logical convention, rather than allowing a random selection, to facilitate comparison
with nuclear structure models. Choosing one matrix element between two states to be positive couples the
relative phases of the wavefunctions of these two states to be the same. Then the phases of any other matrix
elements coupling these two states, relative to the phase of the positive one, are observables. Consequently
for typical collective bands it is convenient to choose the primary Al = 2, E2 transitions in the band to
have a positive phase, which locks the signs of the wavefunctions of the states in a band to have the same
phase. In addition the phase of one strong matrix element connecting two separate collective bands locks
the relative phase between the states in these two collective bands. For convenience the phases usually are
locked to correspond to the phase convention used by rotational collective models.

Coulomb excitation is most sensitive to the E1, E2, and E3 multipole excitation but in nuclei the E1
excitation is negligible because the F1 strength is exhausted by the high-lying giant dipole resonance. This
giant dipole resonance is not populated due to the high excitation energy. Thus £2 and E3 are the multipoles
studied since typically the F4 excitation mode can be neglected. Magnetic excitation is negligible for sub-
barrier Coulomb excitation. However, B(M1) strengths can be fit parameters to a large set of p — ~ yield
data plus y-ray branching ratios and mixing ratios determined from measurements of the angular correlation
of the deexcitation y-rays.

2.3.2 Static £2 moments of excited states

Second-order processes in multiple Coulomb excitation provide sensitivity to the sign and magnitude of static
E2 moments of excited states.[CLI69a]

The sensitivity results from the interaction of the static £2 moment with the strong electric field gradient
existing during Coulomb excitation. This is commonly called the reorientation effect[BRI55, BOE6S].

For Coulomb excitation of an excited 2% state in an even-even target nucleus, the excitation probability
can be written as

Aproj  AE
Ztarget (1 + %2)

Note that the reorientation term in the bracket is proportional to the product Ap,o; AEQo+ K (6, &) that
is, the projectile mass, excitation energy, and static quadrupole moment of the 2% state where the function
K(0,¢) peaks for backscattering. Figure 2.8upper shows the fractional change in excitation probability
due to the reorientation term as a function of scattering angle ranges from 1% at forward angles to 10%
for backscattering of 0 by 14Cd. Figure 2.8lower shows that the size of the reorientation effect is a
function of projectile Z, for backsattering and the reorientation term is 36% for a °*Ni beam. The next
largest correction is due to virtual excitation of the second 2% quasi-gamma band head which results in the
dominant uncertainty for higher Z,,. The sign of the 2; virtual excitation term depends on the sign of the
product of the F2 matrix elements < 07 ||E2||2] >< 27 ||[E2|| 25 >< 0] ||[E2|| 25 >< 2{ ||E2|2{ > which
usually is negative. Corrections due to other effects shown in figure 2.8 are about a factor of 10 smaller

Py_y = F(0,6)B(E2) |1+ 1.32 Qo+ K(0,€) (2.4)



26 CHAPTER 2. DESIGN AND PLANNING OF EXPERIMENTS

100 —

«Cd=+%0
E, =44 MeV

Quadrupole Moment
Q= -0.68e.b.)

Vacuum Polarization
Higher 2* State
Hexodecopale Moment
(E4=+00llet?)
Atomic Screening
Semi-Classical
Approximation

Q. . " L N " s L
o] 20 40 60 80 00 120 140 18O 180
100 - . eth
1
48Cd
- o
8’ IBO -ve Quadrupole Moment
{Qp,=-068e.b)
| Higher 2+ State
10 -
AP,
p

-’_____,.- Giant Dipole Resonance
Ve

Hexodecapole Moment
(E4=+001Ie.b%)

10
Vacuum Polarization
Semi-Classical
Approximation
[ Atomic Screening
Q. L I
o] 10 20 30

Figure 2.8: The importance of several effects on Coulomb excitation of the first excited 2] state in "'4Cd.
The ordinate gives the % change in excited state excitation probability as a function of scattering angle
(upper) and projectile Z, (lower).



2.3. SENSITIVITY TO OBSERVABLES 27

than the reorientation effect. Note that virtual excitation plus deexcitation y-ray feeding involving higher-
lying states, which are not included in Figure 2.8, will be large for heavy-ion induced Coulomb excitation
at bombarding energies near the safe energy. The large uncertainty due to virtual excitation of higher-lying
states can be suppressed by using bombarding energies well below the safe energy to minimize multistep
excitation processes. Note that measurement of the scattering-angle dependence of the Coulomb excitation
probability is a more reliable and efficient way to study the reorientation effect since the scattering angle
can be measured simultaneously eliminating problems associated with knowledge of the exact beam flux and
bombarding energy.

For a prolate deformed rotor the intrinsic quadrupole moment is positive, whereas for states built on
the band head rotation of the prolate rotor results in an oblate average shape having a negative static
quadrupole moment leading to a negative contribution of the reorientation effect. In contrast the band-head
of a K™ = 2% band of a prolately-deformed nucleus has a positive static quadrupole moment leading to a
positive contribution to the excitation probability. As illustrated in figure 2.1, reorientation measurements
are sensitive to destructive Coulomb-nuclear interference which mimics the reorientation effect and led to
the safe bombarding energy given by equation 2.1 [CLI69,LEST2].

2.3.3 Static M1 moments

Nuclear magnetic moments are a precise probe of the single-particle composition of nuclear states. Unfor-
tunately Coulomb excitation process using bombarding energies below the Coulomb barrier is not sensitive
to M1 static moments. However, the magnetic interaction between the magnetic dipole moments of the
excited nuclear states and the ~ 10T atomic hyperfine magnetic fields produce the dominant hyperfine
interaction responsible for the deorientation effect that greatly perturbs the p—~ angular correlations. If this
atomic hyperfine magnetic field could be predicted accurately then the deorientation effect would provide
a powerful probe for measuring the magnitude of the magnetic dipole moments of excited nuclear states.
Unfortunately the atomic hyperfine fields involve complicated stochastic processes that currently cannot be
predicted. Recent work has revived interest in use of the deorientation effect to measure magnetic moments
of excited states in exotic nuclei[STO05]. The current version of GOSIA uses the two-state model with
a common g-factor for all states. When a computer code becomes available that can accurately predict
hyperfine fields, then it will be incorporated into GOSIA in order to directly fit static magnetic moments
to measured p — v angular correlations following Coulomb excitation. This will provide the capability to
simultaneously measure the EA modes, which determine the collective degrees of freedom, and the M1 static
moments that probe the shell structure.

2.3.4 Rotational invariants

The rotational invariant method provides a powerful and elegant way to project the collective degrees of
freedom from Coulomb excitation data. It is especially useful when both vibrational and rotational degrees
of freedom are applicable. However, the lack of completeness in evaluation of the rotational invariants results
in them not having the precision available from a detailed comparison of measured with theoretical matrix
elements. Thus, for strongly-deformed nuclei, it usually is more profitable to make a detailed comparison of
measured electromagnetic matrix elements directly with model predictions.

As discussed in chapter 9, evaluation of higher moments of the rotational invariants, such as the vi-
brational widths, requires data recorded over both scattering angle and a wide range of Z values for the
exciting nucleus. Note that the many coupled-channels in heavy-ion induced Coulomb excitation involve the
same products of matrix elements as occur in evaluating the rotational invariants. The difference is that for
Coulomb excitation the products are multiplied by kinematic factors due to the Coulomb excitation process.
As a consequence, the errors assigned to the rotational invariants by GOSIA will be less than those obtained
by combination of the errors of individual matrix elements assigned matrix elements without including the
strong cross correlations. The sum-rule identities, plus common sense should be used in selecting which
rotational invariants calculated by the rotational-invariants code SIGMA are meaningful.
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2.4 Extraction of £\ matrix elements from Coulomb excitation
data

2.4.1 Model independent analysis

As discussed in chapter 1, the motivation for development of Gosia was to implement the capability to
extract measured E X matrix elements model-independently from Coulomb excitation data. The first major
task required to achieve this goal was to design experiments covering a wide dynamic range of Coulomb
excitation strength that provide sufficient experimental data to overdetermine the many unknown matrix
elements. Experimental techniques were developed to achieve this requirement in the 1980’s and primarily
involved Coulomb excitation measurements over a wide range of both scattering angle and Z value of the
unexcited nucleus. The second major task was the development of Gosia to model-independently extract
the matrix elements via a least-squares search of the data. During the 1980’s and early 1990’s the ready
availability of beam time at heavy-ion accelerator facilities, the availability of high-efficiency p — v detector
facilities, and access to fast computer systems needed for the Gosia least-squares searches, enabled the
first model-independent extraction of EX matrix elements from multiple Coulomb excitation data. These
fairly complete sets of E2 matrix elements made it possible to exploit the rotational invariants technique
to extract the underlying quadrupole collective degrees of freedom directly from the Coulomb excitation
data. Note that it is not viable to perform a completely model-independent analysis in that models are
required to extrapolate from the set of measured EA matrix elements to estimate other matrix elements
that are insensitive to the data set but play a weak role in the Coulomb excitation process. For example,
the influence of virtual excitation of the highest spin states or of excited-state static electric quadrupole
moments.

2.4.2 Model dependent analyses

The much improved sensitivity provided by modern 47 high-resolution ~-ray detector facilities, such as
Gammasphere when coupled to 47 recoil-ion detectors like CHICO, has greatly expanded the number of
collective bands and levels observed in heavy-ion induced Coulomb excitation measurements. Since the late
1990’s this improved sensitivity has led to an explosive increase in the number of EX matrix elements involved
in least-squares fits to Coulomb excitation data. For example, current heavy-ion induced Coulomb excitation
measurements of an odd-A actinide, strongly-deformed, nucleus can populate ~ 300 levels in ~ 12 collective
bands coupled by = 3000 EFA matrix elements [WAR12, WAR12]. This rapid increase in the number of
unknowns, and concomitant increase in the dimension of the least-squares search problem, coupled with a
reduction in available beam time due to closure of a substantial fraction of the arsenal of heavy-ion accelerator
facilities, has made it no longer viable to obtain sufficiently complete sets of Coulomb excitation data for
a full model-independent Gosia analysis. Fortunately the collective correlations are strong for low-lying
spectra of most nuclei making it viable to exploit these collective correlations to greatly reduce the number
of fitted parameters to accommodate the smaller data sets. For example, for the axially-symmetric rigid
rotor the fit to the diagonal and transition E2 matrix elements can be reduced to fitting the one intrinsic
quadrupole moment of the band, which, in principle, only requires measurement of one E2 matrix element.
Thus model-dependent analyses of Coulomb excitation data can be used to extract the relevant physics even
when the data set is insufficient to overdetermine the many unknown matrix elements model independently.

A model-dependent approach that has been highly successfully involves factoring the system into sub-
groups of levels that have similar collective correlations, and assuming that a model can adequately relate
the EA matrix elements for each of these localized subgroups of levels. That is, the model is used to relate
the E)\ matrix elements in a localized region by coupling all of the "dependents" to one "master" member of
the subgroup. The least-squares fit then is made to find the best values of the master matrix elements with
the dependents varying in proportion to the masters. This approach can reduce the number of parameters
being fit more than an order of magnitude. The best-fit values for these master matrix elements then can be
used iteratively to refine the model-dependent coupling employed for correlating the matrix elements in the
localized subgroups. As an example, in strongly-deformed nuclei the ground rotational band levels below the
first band crossing can be broken into one or two subgroups each of which are coupled to common intrinsic
FE2 moments, the levels above the band crossing also can be broken into similar subgroups, while the indi-
vidual matrix elements around the band crossing can be treated as independent parameters. An iterative
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procedure then can be employed where models are assumed to be sufficient accurate locally to extrapolate
the measured sensitive matrix elements to model-dependently predict the less sensitive matrix elements.

The model-dependent approach must be treated with considerable care because the strong cross correla-
tions can lead to erroneous conclusions. The fact that one model fits the experimental Coulomb excitation
data is not a proof that this solution is unique. For example, the Davydov-Chaban rigid-triaxial rotor model
reproduced well the measured Coulomb excitation yields for an early multiple Coulomb excitation studies
of 192,194,196p¢ L EE77] implying the existence of rigid triaxial deformation. A subsequent more extensive
Coulomb excitation study,[WU83, WU96] that was analysed using Gosia, determined that these nuclei are
very soft to 6 and + vibrational degrees of freedom. The earlier erroneous conclusion that this nucleus
behaved like a rigid triaxial rotor was fortuitous because the early measurements were sensitive only to the
centroids of the 8 and ~ shape degrees of freedom. Another example is that the axially-symmetric model of-
ten can give an almost equally acceptable fits to Coulomb excitation data of triaxially-deformed nuclei where
erroneous B(F2) strengths compensate for incorrectly assumed static electric quadrupole moments. Thus
it is important to compare the quality of model-dependent fits using various competing collective models to
derive reliable conclusions as to the relative efficacy of different collective models.

2.4.3 Axially-symmetric rotational-band relations for £\ matrix elements

As mentioned above, Gosia and the GUI Rachel both incorporate the ability to couple the ratio of any
E) matrix elements in order to reduce the number of fitted parameters which can be exploited to make
model-dependent fits by setting the ratio of matrix elements to conform to any collective model. Gosia and
Rachel both incorporate the ability to calculate the relative E X matrix elements using three simple collective
models that assume axially-symmetric rotation to facilitate preparing initial inputs to Gosia and to use for
calculating the coupling often used to fit localized subsets of collective variables to the Coulomb excitation
data set. Currently Gosia and Rachel incorporate the ability to generate £2 matrix elements using the Alaga
rules (equations 2.6, 2.8), Mikhailov K-band mixing (equation 2.13), and K-forbidden transitions (equation
2.11) for axially-symmetric rotational nuclei. Note that Gosia is not necessarily restricted to these simple
models.

Spin-independent intrinsic moments

K-allowed transitions; If the intrinsic frame electric matrix elements are spin independent, then the
reduced matrix elements between states of spin I with component K along the symmetry axis for axially-
symmetric rotational-band structure are related by the following relations [BOH69]

(LKNK> — Ky | LES) (Ko [M(Av = Ko — K1) K1)
DR KOAK, + Ky | B Ks) (Ko |M(\ v = Ko + K1)| K1)
(2.5)

(Kol |M(N)|| K1) = /(21 + 1) < (1)

for Kl 75 O,KQ # 0.
If either one of the bands has K = 0, then the first term in equation 2.5 is equal to the second “signature-
dependent” term and thus equation 2.5 reduces to

(KoL [[M(N)|| Ky = 0,11) = /(211 + 1) (LOAK | 1K) (K3 [M (A, v = K3)[0) § (2.6)

where € = V2 if K, # 0 and £ =1 if K5 = 0. Note that the intrinsic matrix element within a K = 0 band
(Ko |M(X\,v=0)|0) =0if M(\,v=0) is odd under time reversal combined with Hermitian conjugation.

For the special case of the E2 operator the intrinsic matrix element of an axially-symmetric rotor can be
defined in terms of an intrinsic quadrupole moment e()y where

eQo = ‘/16% (K M\, v =0)| K) (2.7)

Then for a single collective band, with a component of the angular momentum along the symmetry axis
K, the reduced E2 matrix element can be written in terms of the intrinsic quadrupole moment Qg as

(KL |M(E2)| KI) =+ (2L + 1) (1 K,2,0 | LK) 1/%(5@0 (2.8)
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The E2 transition strength is related by

)
B(E2;KI, — KI,) = FeQQg (LK,2,0| LK)? (2.9)
X
while the static £2 moment @ is related by
Q = (IK20|IK)(II20|I1I)Qo (2.10)
3K?2 —I(I+1)

T T+ DRI+3) o
The I dependence of matrix elements 2.5,2.6 are of a simple geometric nature reflecting the differing
orientation angles for the different members of the rotational band. These geometric relations are frequently
referred to as the Alaga rules.

K-forbidden transitions Transitions for which |Ky — K7| > X are K-forbidden as given by equations
2.5,2.6 which are zero due to the Clebsch-Gordan triangle rule not being obeyed. The order of the K-
forbiddenness, n, is defined by

n = |K2 — K1| - A

Equation 4.95 in [BOH69] gives that the K forbidden matrix element is given by

(I1 — Kl)' (Il + K1+ n)'
(Il - Kl - ’fl)' (Il + Kl)'

(K2 Imarg=x4np=x| K1) &

(2.11)
where Ko = K7 + A+ n and assuming that Ky > K;. The parameter £ = V2 if K1 =0 and E=1if Ky #0.

(Koo |M(N)|| K1, 1) = /(211 + 1) (I1 K3 — A, M\ A | [ K3) \/

Spin-dependent intrinsic moments

The assumption that the intrinsic matrix elements are spin independent is approximately valid only under
limited conditions. At high angular momentum the Coriolis and centrifugal effects distort both the nuclear
shape and microscopic structure leading to band mixing. The microscopic structure underlying rotational
band behaviour in nuclei implies limits to the maximum angular moment for any set of valence nucleons.
When the angular momentum approaches the maximum possible from full alignment of the valence nucleons
this leads to band termination and a dramatic reduction in the collectivity near the terminating angular
momentum. The functional form of the spin dependence of the intrinsic frame matrix elements can be
incorporated as additional parameters in model-dependent analysis of Coulomb excitation data to take into
account the underlying microscopic structure or the impact of rotationally-induced stress.

K-band mixing

In the rotating frame the Coriolis force leads to particle-rotation coupling term in the Hamiltonian of the

form
2

PR
This term is non-diagonal in K coupling of the intrinsic and rotational motion with AK = +1. Second-order
Coriolis coupling leads to AK = 2 coupling which is an important contributor to K-band mixing. The

interband F2 matrix elements provide a sensitive probe of K —band mixing. Equation 4 — 210 in reference
[BOHG69] gives that the interband AK = 2 E2 matrix element equals

Heor = el +j-14)

(Ky = K1 + 2,1 |M(E2)|| K1) = /(21 + 1) (11 K1,2,2 | [, Kp) (My + My (Ip (1o + 1) — I (11 + 1)) €
wheregzx/iile:0and§:11fK17$0and

My = (Ky|MO\,v=2)|K)—4(K; +1) M (2.13)

_ (1 NIt (K || K1)
My, = (g)er (Kaleyo| K1) = <§>6QOE(K2)iE(K1)
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My and M, are the Mikhailov intrinsic matrix elements that can be fit to the data. This Mikhailov
expansion of the AK = 2 mixing is a useful model for correlating weak K-mixing in strongly-deformed
nuclei.

2.4.4 Model-dependent fits using more general Hamiltonians

Any phenomenological macroscopic or microscopic models of nuclear structure can be employed to relate
EX or M)\ matrix elements for use in model-dependent fits to Coulomb excitation data as described above.
The axially-symmetric rotor model has only limited validity to the yrast domain of strongly-deformed heavy
nuclei. General collective Hamiltonians, that include both triaxial and vibrational degrees of freedom, are
required to usefully describe collective correlations in most nuclei. Triaxial quadrupole collective degrees of
freedom lead to large K-mixing that is best represented by use of a non-axial deformed collective model,
where the large K-mixing is built into the basis states, while vibrational degrees of freedom lead to strong
spin dependence of the intrinsic frame collective-model parameters. The complete Bohr collective-model
Hamiltonian for quadrupole collectivity can be used to describe collective correlations in such nuclei. Note
that Coulomb excitation work has shown that the quasi-rotational features of the Bohr Hamiltonian are a
more useful representation of quadrupole rotation-vibration collective motion in shape transitional nuclei
than the use of harmonic phonon bases.

2.5 Test of Coulomb excitation theory

It is important to verify experimentally the accuracy of the Coulomb excitation methods used. One accurate
test of Coulomb excitation is the B(E2;07 — 27) in °*Ni where the Coulomb excitation [LES74] and
resonance fluorescence [MET70] results agree to 1 +2%. The recoil distance technique was used to measure
the lifetimes[KOT89] of eight low-lying states in 1'°Pd to check, in an unambiguous way, the results of earlier
Coulomb excitation results [HAS80] analyzed using the GOSIA code. The recoil distance lifetimes are in
excellent agreement with the lifetimes calculated from the Coulomb excitation work, i.e. a weighted mean
difference of 2.2 £ 3.5%. This confirms that the Coulomb excitation analysis procedure introduces no major
systematic errors even for the very complicated case of 1'°Pd. Agreement at the 5—10% level has been found
from comparisons of Coulomb excitation and recoil distance or Doppler-shift attenuation measurements of
the B(E2) values for the ground bands of many nuclei [GUI76, WAR76]. Coulomb excitation[VERT74] of “Li
by 298Pb and '*¥Ba gave a value of the static moment for the "Li ground state of Q3o = —4.0£1.1e- fm? to
be compared with the molecular beam spectroscopy value[GRE72] of 3.66 +0.03¢ - fm?. These tests support
the validity of the techniques used to analyze Coulomb excitation data.

2.6 Simulation of planned experiments

The time, effort and cost involved in performing and analyzing a multiple-Coulomb excitation experiment
warrants thorough prior planning. GOSIA is ideally suited to performing simulations of planned experiments
to identify sensitivity and potential problems. GOSIA, coupled to the GUI RACHEL, can use collective
models to generate complete sets of matrix elements that can be used in simulation calculations of Coulomb
excitation p — 7 yields. RACHEL can modify these calculated yields to include random statistical error to
provide a good input data set for a least-squares search using GOSIA. The test data set also can include
simulated lifetimes, branching ratios, etc. The results of such fits to simulated data give the most reliable
measure of the sensitivity and the correlated errors that can be expected from planned experiments. These
can be of considerable value for optimizing the planned experiment to achieve the scientific goals with the
highest overall efficiency. Unanticipated problems encountered during the experiment or data analysis can
be minimized by careful simulations and planning. The following are questions and issues that need to be
considered when planning an experiment:

e Bombarding energy: Is it low enough to ensure that complicated and time-consuming Coulomb-
nuclear calculations are unnecessary, and yet high enough to ensure that the cross sections are sufficient
to provide adequate statistical accurate data? What will be the systematic error in the measured energy
of the incident beam?
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Sensitivity: Does the adiabaticity and eccentricity approach the limits of the numerical accuracy of
GOSIA?

Target thickness: Is the target thickness sufficient for obtain good statistics data and yet thin
enough to provide for adequate recoil-ion detection and resolution? What will be the accuracy and
non-uniformity of the target thickness, including the impact of target sputtering etc, on the experiment?

Heavy-ion detection: Are the angle, time, and energy resolution of the particle detectors sufficient
to separate the kinematic solutions? Are the thresholds for recoil detection adequate for the ions of
interest? Are the predicted count rates within the detector and data acquisition system limitations?

Gamma-ray detection: Are the angular resolution and segmentation of both the recoil-ion detector
and the gamma-detector arrays sufficient to obtain adequate ~-ray energy resolution, after Doppler-
correction? Is the detector efficiency sufficient to exploit the much higher sensitivity provided by good
statistics high-fold ~-ray coincident data? What will be the sensitivity of the data to p — v angular
correlations and the deorientation effect? Is the time resolution adequate? Are absorbers required
to suppress x-ray background from the target? Is radiation shielding adequate? What is the ~-ray
detection efficiency for delayed ~y-ray decay by recoils that are displaced from the target position or
stopped in the recoil-ion detector?

Absolute cross sections: What reference will be used to provide absolute normalization of the data
(e.g. particle singles, known reference B(FE\) values in either of the interacting nuclei, the yield for
low-lying transitions in the ground band)? What is the accuracy for knowing the exact geometry, angles
and energy thresholds of the recoil-ion detectors? What is the accuracy of the measured peak detection
efficiency of the gamma-detector array? Typically the error in the absolute detection efficiency is the
order of 5%.

Data acquisition: Can the data acquisition system handle the count rate? What are the dead-times
due to pile-up, count rate, etc? What is the time resolution, time range and time calibration for
recording delayed ~-ray deexcitation? An on-line data analysis program that displays coincident ~-ray
spectra, Doppler-corrected for deexcitation by either reaction product, is important for monitoring
during data acquisition.

Data analysis: The Coulomb excitation calculations must include sufficient higher-spin states beyond
those observed to account for virtual excitation effects. Generate a starting set of matrix elements that
has a logical phase convention to facilitate comparison with collective models. Accurate branching
ratio data can trap the least-squares search in one relative phase difference between matrix elements
of the branch. For such cases it is necessary to either switch off the branching ratio data or manually
change one of the phases. The uniqueness of the measured matrix elements can be tested by using
different sets of starting matrix elements. Estimation of the correlated errors for the strongly-coupled
equations in multiple Coulomb excitation is a non-trivial procedure. Typically the correlated errors
are more than twice the diagonal errors.
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3.1 Semiclassical approach

The semiclassical theory of Coulomb excitation is discussed in the Alder-Winther monograph on the sub-
ject [ALD75]. This reference presents alternative approaches to the formal description of electromagnetic
excitation which are valuable for better understanding the nature of the processes in question, but they
are not viable practically. Therefore, the following outline of Coulomb excitation theory is limited to the
formalism actually used in the code. Particularly, the differences between the semiclassical and the fully
quantal descriptions will not be discussed. Perturbation approaches are not useful for multiple Coulomb
excitation and thus less attention will be given to such perturbation methods.

As illustrated in figure 2.4, the effective collision time is of the order of 3 x 1072! sec, which is 108
times shorter than the typical lifetimes for y-ray deexcitation of the nuclear states involved in Coulomb
excitation. This allows the excitation and subsequent v decay to be treated as separate and sequential
processes. Finally, using the expansion of the electromagnetic interaction potential in a multipole series
[BOHG69] allows a representation of this potential in terms of a sum of three factors: a monopole-monopole
interaction, defining the kinematics only; a mutual monopole-multipole interaction and a mutual multipole-
multipole interaction. The third term is weak compared to the monopole-multipole term and, within the
desired accuracy, can be neglected since it does not interfere with the monopole-multipole terms. This
treatment yields a convenient separation of the Schrédinger equation, i.e., the excitation of both projectile
and target can be independently expressed as:

0
ihEW}l,Q >= (H{ 5+ Vi2(7(t)))|t12 > (3.1)

where V3 2(7(t)) stands for monopole-multipole interaction between unexcited nucleus (monopole) and excited
nucleus (multipole) - indexed by 1 - or vice versa, indexed by 2. The monopole-monopole interaction H ?)2
determines the time-dependence of the potential by the classical trajectory 7(¢). As can be seen, target and
projectile nuclei can be interchanged, therefore the indices 1 and 2 are used only where the distinction is
necessary.

3.2 Electromagnetic interaction

To solve the time-dependent Schrodinger equation 3.1 we represent |1 (7,¢)> as a linear combination of the
free-nucleus wave functions ¢(7), taken with time-dependent coefficients of the form:

|(7,t) >= Zan(t)@n(F) > exp(—iE,t/h) (3.2)
with
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H°|®, >= E,|®, >
Substituting 3.2 in 3.1 gives:

nzd“” |B,,(7) > exp(—iEnt/h) = Zan @,,(F) > exp(—iEnt/h) (3.3)

Taking into account orthonormality of the free nucleus wavefunctions |®,,>, (< & |®,, >= Oy, gives:

dort :f—zan < BV, > oxp (B — ) (3.4)

The system of differential equations 3.4 defines the complex expansion coefficients ay(t). Before the
collision, the nucleus is assumed to be in the initial state which usually is the ground state, thus the initial
condition (corresponding to ¢t = —oco) can be expressed as ay = dy,0, where index O stands for ground state.
The nucleus after the collision is then described by the set of excitation amplitudes ay(t = oo) defining
excitation probabilities where P, = axaj, as follows from 3.2. As mentioned above, the interaction potential
V(t) can be expanded into a multipole series:

[e's) A
Via) = Y0 3 TS0 (), 1) (35)
A=1p=—X
where
_ Yu(0(2), 6(2))
Sau(t) = T rOPr (3.6)
for electric excitation and
S = = E V) 00,60 (3.7)

e A Pt

for magnetic excitation. Note that Y), denotes standard normalized spherical harmonics. The symbol
M (A, i) stands for electric and magnetic multipole moments, as defined in [BOH69] :

MENK) = [ o) Va6 0)ir (3.8)

M(MA, 1) = ﬁ / T x )6, 6)d%F (3.9)

p(7) and j(7) being spatial charge and current distributions of a free nucleus respectively. Inserting 3.5 — 3.9
into 3.4 one obtains the parametrization of electromagnetic excitation by the matrix elements of multipole
moment operators:

day, (t) _

_47TZ1,26 it
)7 —i— ;an(t) exp - (By — Ep) D (1) Sault) < Rk M(X, —p)| @y > (3.10)

Al

3.3 Coordinate frame

To express the time-dependent functions S, (¢) it is convenient to introduce a frame of coordinates with the
z-axis along the symmetry axis of the incoming particle trajectory and y-axis in the trajectory plane defined
in such a way that the incoming particle velocity component v, is positive. The z-axis then is defined to
form a right-handed cartesian system of coordinates (Fig. 3.1).

In this system of coordinates, one can describe the relative two-body motion, treated as the classical hy-
perbolic Kepler solution, introducing two parameters € and w. The parameter ¢, called the orbit eccentricity,
is expressed by the center-of-mass scattering angle 6..,,:



3.3. COORDINATE FRAME 35

Figure 3.1: Coordinate system used to evaluate the Coulomb excitation amplitudes. The origin is chosen in
the center of mass of the target nucleus. The z-axis is perpendicular to the plane of the orbit, the z-axis
is along the symmetry axis of the incoming projectile orbit pointing towards the projectile, while the y-axis
is chosen such that the y-component of the projectile velocity is positive. The scattering angle 6 of the
projectile is shown. Note that Alder and Winther [ALD75] call this coordinate system B.

1
e=—> (3.11)
sin ~g»
The dimensionless orbit parameter w, which replaces time, is given by:
a .
t = —(esinhw + w) (3.12)

vy

where a :% is half the distance of closest approach for a head-on collision. This parametrization yields the

following expression for the length of the radius-vector 7:

r =a(ecoshw + 1) (3.13)

Explicitly, the Cartesian coordinates are expressed in terms of € and w as:

z = 0 (3.14)
= a(e® —1)Y%sinhw
z = a(coshw + ¢)

Note that the closest approach corresponds to w = 0.
The functions S(t) are replaced by dimensionless “collision functions" Q(e,w):

7 - 1/2
QF (e,) = o (?;_ 11))!” (2 - 1) r(@)SE, () (3.15)

for electric excitations, and

QM (e,0) = “a* (?AA:ll))!n

for magnetic excitations. The explicit expressions for the collision functions Q(e,w) for E1 to E6 and M1,
M?2 are compiled in Table 3.1.

o 1/2
(2/\ ¥ 1) r(@)Sx () (3.16)
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It is convenient to replace the multipole operator matrix elements < I;Ms|M (A, p)| 1My > by reduced
matrix elements < I;||M(N)||I; > using the Wigner-Eckart theorem:

I, X I

S ) <nmoony > (317)

< I M|M(X, )T My >= (=1)" = (
I, X Iy
|I> is such that the reduced matrix elements are real.

where > is the 37 symbol. It is presumed that the phase convention for the wavefunctions

3.4 Symmetrized Coulomb orbit

The naive semiclassical description of Coulomb excitation neglects the energy loss of the recoiling ions for
each final state due to inelastic excitation and the resultant modification of the trajectory. To first order,
the effect of energy transfer can be approximated by symmetrization of relevant excitation parameters, i.e.
taking an average of these parameters corresponding to perturbed and unperturbed orbits (see below). More
accurate determination of energy transfer effects is not possible, since in the classical kinematics picture it is
not known at which point of the trajectory that this transfer actually took place. Fortunately, in most cases
the excitation energy for pure electromagnetic processes is a small fraction of the total bombarding energy,
so the symmetrization procedure used is sufficiently accurate.

In first-order perturbation theory a systematic improvement to the semiclassical theory is obtained by a
WKB treatment which suggests the use of the following symmetrized relations. The symmetrized orbit is
characterized by a symmetrized half distance of closest approach defined by

Ay, = (3.18)

where p is the reduced mass. This is symmetric in the initial and final velocities. The main dependence
of the cross section on the velocity enters through the symmetrized adiabaticity parameter £, which is the
difference in wavenumber between the initial and final states. This can be expressed as

Z1Z2€2 1 1
Y L2 3.19
gkn Nk Mn h ('Uk vn) ( )

The adiabaticity parameters have been symmetrized with respect to initial and final velocities in equation
3.19, that is, in a manner that does not violate unitarity and time reversal invariance.

3.5 Coupled differential equations

Insertion of equations 3.11 through 3.19 into 3.10 yields the final system of differential equations for the
excitation amplitudes aj. The following formulae are given already in a numerical representation of physical
constants, corresponding to energies in MeV, reduced electric multipole matrix elements in eb™/? and reduced
magnetic multipole matrix elements in un.bo‘*l)/ 2 p,, being the nuclear magneton.

da . : .
B i3 Qe ) < RIMO| L > - expli€y (esinhw +6)) -anw) (320
Apn

The one-dimensional indexing of excitation amplitudes aj involves all magnetic substates of states |I>,
which from a point of view of a theory of electromagnetic excitation are treated as independent states. The

symmetrized adiabaticity parameters ,,, which represent the ratio of a measure of the collision time and
the natural nuclear period for a transition, are given by:

_ Z1Zy Ay

fkn - 6.34977 ((Ep — gEk)—l/Q _ (Ep _ SEn)—l/Q) (321)

s=(1+ A1/As) (3.22)
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E, being the bombarding energy. The above is valid for target excitation, while for projectile excitation
indices 1 and 2 are to be interchanged.
The same symmetrization convention is equally valid for the coupling parameters ¢ ,(QL” ) given by:

(w) _ 1/2/ NI —M, I, X I
with <
YARY: _
Y = OV ZLV N (B, — 5B (B, — sE,) Y0/ (3.24)
(8Z1Z2)

where the numerical coefficients C¥ (M) are different for electric and magnetic excitation and are given
explicitly as:

A—1)!
CF =1.116547 - (13.889122)* - ﬁ (3.25)
CM = (v/c)CF /95.0981942 (3.26)

As pointed out in [ALD75], Appendix J, the electric dipole polarization effect can be approximately
accounted for by modifying the collision functions corresponding to E2 excitation:

Qop(e,w) — Qople,w) - (1 — z%) (3.27)

where
E, A
Z%(l + A1/Ag)

d being an adjustable empirical E1 polarization strength. A widely accepted value is d = 0.005 if the
bombarding energy E,, is in MeV. Equation 3.13 gives that £ can be written as:

z=d (3.28)

a 1

- 3.29
r  ecoshw+1 ( )
The useful symmetry properties of (), are the following:
QXM(Q 7("}) = Q;u(ev LU) (330)
and, for electric excitation:

Q)\u(ea W) = Q)\—u(ea W) (3'31)
Qe —w) = (=1)"Qxulew) (3.32)

while for magnetic excitation:
Q)\u(ea w) = 7@)\—#(65 W) (333)
Qe —w) = (=1 Qxule,w) (3.34)

It should be noted that, in the coordinate system used here (Fig. 3.1), for backscattering (0.,,= 180°;
e= 1) all electric Q¥ values with p # 0 vanish, as well as all magnetic QM values; therefore the magnetic
quantum number is conserved. This is physically understandable, since the process along the z-axis cannot
change the magnetic quantum number. The conservation of magnetic quantum number, exactly true for
backscattering, is approximately valid for an arbitrary scattering angle due to the dominance of electric
collision functions with u = 0. The backscattering is important experimentally, providing the closest possible
distance of approach of the nuclei taking part in the excitation process and therefore providing the maximum
excitation probability available from Coulomb excitation.

The coefficients ¢, which define coupling of the nuclear states, are dependent on Z, A and energy of the
projectile. It is interesting to elucidate the effect of using various beams on a given target, assuming the
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maximum safe bombarding energy of the projectile given by 2.1. Neglecting symmetrization, one gets from
2.1 and 3.23:
(o (Btad 12 r1.44\* (3.35)
8Z2 d ’

=125 (4" + 4)%) +5 (3.36)

where

and s is defined in 3.22. It can be seen, taking into account the correlation of A; and Z;, that the coupling
coeflicients ¢ are almost directly proportional to the charge number of a projectile. Consequently, going
from lighter to heavier beams leads to excitation of a growing number of levels, while the number of matrix
elements influencing the process increases even faster.

The product £e relates the collision time to the natural time period for a nuclear transition. Appreciable
excitation of nuclear levels is most probable when the relative oscillation of their eigenfunctions is slow
on the scale of the effective collision time. That is, when the Fourier transform of the electromagnetic
impulse has significant probability at the transition energy. This implies that the Coulomb excitation cross
sections generally increase with decreasing adiabaticity £&. Taking into account that the excitation energy
is small compared to the bombarding energy, expressed in MeV, and expanding 3.21 in a series, yields the
approximation:

27,4} E,_E,

1265 E,\/E,

Coulomb excitation is most probable for small transition energy differences in contrast to the deexcitation
process, that is, the adiabaticity limits Coulomb excitation to a band of states within about an MeV above
the yrast sequence. Increasing the bombarding energy of the projectile enhances the Coulomb excitation not
only because of increased coupling parameters ¢ but also because of decreased values of &.

kn (3.37)

3.6 Orbital integrals

A convenient way to visualize the excitation process is to introduce so-called orbital integrals Ry, (e, &),
defined as:

Ry, (e,6) = /_00 Qxp(€,w) exp(i€(esinhw + w))dw (3.38)

The orbital integrals R directly determine the excitation amplitudes, provided that the first-order pertur-
bation approach is applicable. Generally, the formal solution of 3.20 can be expressed by an infinite integral
series as:

aw = oo)=a,+ { | A(%)dwo)}ao n { | Awnan [ A(wo)dwo>} Gt (339)

— 00 —00 — 00

ot {/OO Alwn)dwn /w" A(wn_l)dwn_l.../wl A(wo)dwo)} do + .

—0o0 — 00 —0o0

where @ stands for the vector of the amplitudes and A(w) is the right-hand side matrix operator of 3.18. The
initial vector a, has the ground state amplitude equal to one, all other components vanish. Each term of
3.39 corresponds to given order excitation, i.e., connects a number of matrix elements equal to the number
of integrations. Assuming a weak interaction, the first-order perturbation theory expresses the excitation
amplitudes of the states k directly coupled to the groundstate as the linear term of 3.39:

ar =3 Co - Raule, €xo) < Tl M(N)||1o > (3.40)
A

=M, — M, (3.41)
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Figure 3.2: The orbital integrals Rsg and Ro41

where the index “0" denotes the ground state. Note that equation 3.40 (and more generally 3.20) is valid for
a fixed polarization of a ground state, thus for non-zero ground state spin one must average the excitation
amplitudes over all possible magnetic substates of the ground state. This explicitly means:

1
ap = W ;ak (mo) (342)

and

Pk = aka,’z (3.43)

where ag(mg) denotes the excitation probability of state k& with ground state polarization m,,.
The formula 3.40 has been used extensively to determine reduced transition strengths:

B\ I, — 1) = < I||MN)||I; >2 (3.44)

20 + 1
for all cases in which the one-step excitation assumption can apply. In addition to their direct applicability
to weak Coulomb excitation processes, the orbital integrals R give some general idea about the relationships
between different modes of excitation. As an example, Fig. 3.2 shows the quadrupole orbital integrals Rag
and Ro41 as functions of & for 6.,,= 180° and 6.,,= 120°. Note that Ry is a maximum and Roy; vanishes
when 6.,= 180° while 6.,,= 120 is the optimum scattering angle for Am = +1 excitation.

The applicability of first and second order perturbation theories is limited to light-ion induced Coulomb
excitation, or for heavy-ion beams, at beam energies far below the safe bombarding energy. In the case of
a typical multiple Coulomb excitation experiment, the system of differential equations 3.18 must be solved
numerically. It is, for example, estimated that the excitation probability of the first excited 2% state of 243Cm
bombarded with a 641MeV '36Xe beam is still sensitive to the excitation modes involving 30" —order
products of the reduced matrix elements. This illustrates that the perturbation-type simplifications are
generally not feasible. An efficient fast approximation to the Coulomb excitation problem is presented in
Chapter 6.2.
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4.1 Statistical tensors

The excited state wavefunctions can be defined in a configuration space representation by the density matrix.
However, it is more convenient to express the wavefunctions in the form of the statistical tensor py, (1, 1)
which uses an angular momentum representation. The statistical tensor is an irreducible spherical tensor
that expresses the state of polarization of the decaying level and is defined in terms of the density matrix
by[FERG5]:

ka<1,1>—<21+1>1/22<1)1M’(_fw § AQ)<IM|p|IM'> (4.1)
MM’

where the excitation amplitude of a substate |IM > is explicitly denoted with two-dimensional indexing.
An unpolarized excited state has a density matrix p; given by

1 *
(IM |p| IM') = mZaIM,aIM (4.2)
0 M,

Averaging 4.1 over all possible polarizations of the unpolarized ground state gives:

1
_(@2r+1) I-M' I kI *
Pix (L) = ST > (-1 My M agn (Mo)arn (M,) (4.3)
M, MM’
where:
Pr =pyo(1) (4.4)

As mentioned in section 2.1.2, the Coulomb excitation reaction can be calculated independent of the
subsequent y-ray deexcitation since the y—ray decay processes are about 10® times slower than the Coulomb
excitation reaction. However, the statistical tensors must take into account cascade feeding from decay of
higher-lying states as described in section 4.3.

4.2 ~-ray angular correlations

Formally the y-ray angular correlation can be expressed in terms of the trace of the product of the density
matrix p and detection efficiency matrix €, that is, W = Tr[pe]. The trace of a matrix is unaffected

41
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by a unitary transformation such as a rotation, or a change of representation. An angular momentum
representation is the natural form for describing the density matrix p for the Coulomb excitation process,
whereas a coordinate representation is a natural form for describing the efficiency matrix e. In an angular
momentum representation the density matrix of coordinate space is expressed as an irreducible spherical
tensor, that is, the statistical tensor pj, (I,1) defined above. The detection efficiency matrix also can be
expressed in terms of an irreducible spherical tensor which is called the efficiency tensor e, (11") described in
section 4.6. In the spherical tensor form the angular correlation transforms to the product of the statistical
tensor and efficiency tensor

W ="Trlpd = > pp (IT') e, (IT') (4.5)

LL'kx

Assuming a §-function point detector that has 100% detection efficiency, for any coordinate frame with
the origin at the decaying nucleus, the angular distribution of the detected «-ray radiation can be derived by
transforming from the coordinate frame used for defining the efficiency tensors to that used for the statistical
tensor. This gives[ALDG66]:

d’o 1 .
o, = )y 3 i)Y 6385 Fi AW L1y Yay (65, 6,) (4.6)

k even AN
X

Here or(0,) denotes the scattering-angle dependent Rutherford cross-section formula given in SI units by

do e ZyZ ’ !
(@ 4.

2

Fip(AX', I111) are the y — + correlation coefficients (as defined, e.g., in [FRAG65]), Yy (6, ¢.,) are normalized
spherical harmonics. The quantities §, are the Iy — I transition amplitudes for multipolarity A, related to
the emission probability «(I7) by:

1) =Y _[6x(h = I)? (4.8)
An

An explicit form of Fj (AN, I21) can be expressed in terms of Wigner’s 3 — j and 6 — j symbols

Fk()\/\’,lgll):(—1)Il+’2_1[(2k+1)(211+1)(2/\+1)(2)\’+1)]1/2(i‘ fl ’S){ 2 2 ’;2 } (4.9)

while the transition amplitude d5(1 — 2) is given by:

Sa(1 = 2) = "™ 1 st + D)) (B \ M < LI BADAIL > (4.10)
A (2A + DI A c (21, + 1)1/2 '

where

n(\) = A for EX transition
“ 1 A+1 for M\ transition

Note that the transition amplitude for an electric monopole transition, §g, is defined by equation 4.40.

The coordinate system used for evaluation of excitation probabilities is no longer convenient to determine
angular distributions of gamma radiation, as it is not fixed with respect to the laboratory frame. Therefore,
it is useful to redefine the z-axis along the beam direction with the x-axis in the plane of orbit in such a way
that the z-component of the impact parameter is positive. The y-axis is then defined to form a right-handed
system (Fig. 4.1) that is called coordinate system C' by Alder and Winther [ALD75].

The statistical tensors pj, in coordinate frame C' are obtained by rotation with Euler angles (5, ~“5—, ) :

T m+0
Hzka,D’f < T,w) (4.11)
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A

Figure 4.1: The coordinate system used to describe the y-decay of a Coulomb-excited nucleus. The z-axis is
chosen along the incoming beam direction, the z-axis is in the plane of the orbit such that the z-component
of the velocity is positive. A 7-decay in the direction 0., . is indicated. Note that Alder and Winther
[ALDT75] call this coordinate system C.

the rotation functions? Dix,(a, B,7) being defined according to [BOHG9]:

k _ ixoa gk ix’
DY (o, B,y) = eXdy, . (B)e™ 7 (4.12)
with

" RO = XY
R =

2m—+x+x’ 2k—2m—x—x’
L G L G

m

where (%) is the binomial coefficient. Inserting 4.10 and 4.11 into 4.9 gives:

ot T+0
ka — (_1)X ° ZZX di/X (T) ka/ (4.14)
X’

A complete description of the y-decay also must involve correction for the depolarization of the excited
levels due to the hyperfine interaction, i.e., the interaction between the stripped electron shells of the sur-
rounding atom and the nucleus. This effect can be taken into account by introducing the k-dependent
time-integral attenuation coefficients, Gy, that multiply the statistical tensors (the attenuation coeficients,
Gy, are described in Section 4.4). The attenuation of the angular distribution due to the hyperfine interac-
tions is usually significant in the case of thin-target experiments, while all the G’s equal unity if the decaying
nucleus has been stopped in the target prior to the v decay. The basic angular correlation equation 4.6 can be
expressed in terms of the angular distribution tensors, Ry, , which include the hyperfine interaction effects:

d*o
T =) %; Rin (1, 1) Yix (0, 6,) (4.15)

I Although the reference coordinate frame and the v-ray detector-fixed coordinate frames are unambiguously defined, there
are several possible intermediate frames that can be used to define the Euler angles. Bohr and Mottelson [BOH69] use the
z —y — z sequence of rotations adopted in nuclear and particle physics. Appendix A of "Classical Mechanics" by Goldstein,
Poole, & Safko, discusses the z —x — z sequence of rotations adopted in classical mechanics, the z — y — z sequence adopted in
nuclear and particle physics, and the £ —y — z sequence of rotations adopted by the US and UK aerodynamicists. Care must
be taken to adopt one common sequence of rotations.



44 CHAPTER 4. GAMMA-RAY DECAY FOLLOWING ELECTROMAGNETIC EXCITATION
where:

Ry (I, I5) = Grpry D 0a65 Fie (AN, I41) (4.16)

1
2y VY
is the angular distribution tensor describing the mixed electric and magnetic transition from a state I to
a state Ir. The Coulomb excitation statistical tensors are purely real for even values of k in the frame
of coordinates introduced above, thus p,, = Plky- Moreover, taking into account the selection rules for
electromagnetic transitions, the products 4,43/ also are real and thus the angular distribution tensors are
purely real.

4.3 Cascade deexcitation feeding

The above formulas describe ~-decay of a level fed directly, and exclusively, by the Coulomb excitation
reaction prior to decay feeding. For multiple Coulomb excitation, significant feeding from the deexcitation
cascade decay of higher-lying levels must be taken into account. The related modification of the angular
distribution tensors can be expressed as:

Ri (I, 1) — Riy (I, 15) + Y Riey (I, I) Hi (I, I,) (4.17)

where the summation extends over all levels I,, directly feeding level I. The explicit formula for the Hy
coefficients is:

1/2
Hk(f, I’n,) — [(2I+ 1)5(211; + 1)] Z<71)I+Iﬂ+)\+k|5>\‘2(1 Jrc()\)){ IIn IIn I)C\ } (4.18)
A

where ¢(A) is the internal conversion coefficient for the I, — I transition. Note that for an electric monopole
transition ¢(0) = 0. Formula 4.17 is used to sequentially modify the deexcitation statistical tensors, starting
from the highest levels having non-negligible population. This operation transforms the deexcitation statis-
tical tensors, which are inserted into 4.15 to give the unperturbed angular distributions following Coulomb
excitation.

In addition, it is necessary to take into account several experiment-related perturbations, namely the
deorientation effect, relativistic corrections due to in-flight decay, internal conversion, and the geometry of
the «-ray detectors. These effects can be significant when using thin targets and heavy ion beams. An
overview of the methods employed by GOSIA to account for these experimental perturbations is presented
in sections 4.4 — 4.7

4.4 Nuclear deorientation for recoil in vacuum

In typical Coulomb excitation experiments, both the scattered projectile and target nuclei recoil into vacuum
in highly-excited, highly-ionized, atomic states which subsequently decay to a ground state. The strong
fluctuating hyperfine fields of the deexciting atom depolarize the nuclear state alignment; this effect is
known as the nuclear deorientation effect. This attenuates the angular distribution of the de-excitation ~-
rays which can be taken into account by introducing the spin and lifetime dependent attenuation coefficients
G, that multiply the decay statistical tensors.

The magnetic interaction between the magnetic dipole moments of the excited nuclear states and the
~ 10*T atomic hyperfine magnetic fields produce the dominant hyperfine interaction responsible for the
deorientation. If this atomic hyperfine magnetic field could be predicted accurately then the deorientation
effect would provide a powerful probe for measuring the magnitude of the magnetic dipole moments of excited
nuclear states. When the nucleus recoils out of the target the highly-ionized and highly-excited atomic
structure decays rapidly by a cascade of photons, as well as Auger electrons, with time constants as short
as a picosecond. This rapid atomic decay produces rapidly fluctuating hyperfine atomic fields. Eventually
the atomic structure deexcites to the equilibrium atomic ground-state configuration which depends on the
charge state of the ion. The deorientation effect has a complicated dependence on thedynamic equilibrium
of the charge state, the lifetimes of the excited states, the atomic and nuclear spins, and dephasing effects.
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Since these complicated and stochastic atomic processes cannot be predicted accurately at the present time,
it is necessary to resort to simple models with parameters fitted to available deorientation effect data.

The initial fluctuating stage during which the excited atomic structure rapidly deexcites can be modelled
by the Abragam and Pound theory [ABR53]. This theory works well in situations when the ions recoil
into high-pressure gas since the atomic structure of the recoiling ions is reexcited by each collision with
a gas molecule. However, significant discrepancies from the Abragam and Pound model occur for recoil
into vacuum due to the important contribution of the static interaction. Theories of the static hyperfine
interaction of the atomic structure of the ground state atomic configuration are available [GOLTS].

Currently GOSIA uses a modified version of the Two-State Model of the deorientation effect ( [BOS77],
[BRE77]), which seems to correlate well with existing data despite the far-reaching simplification enforced
by the complexity of the problem[KAV90]. Within the framework of the Two-State Model, the hyperfine
field may either belong to a “fluctuating" state, during which the excited electronic structure of the atom
decays to the atomic ground state, or to a “static" state, corresponding to an equilibrium atomic ground-
state configuration. The excitation and decay of stripped electron shells is a complicated stochastic process
making it difficult to describe exactly, therefore it is assumed that all atomic processes taking place in the
fluctuating state are purely random. The rate of transition from the fluctuating to static state, A*, is an
adjustable parameter of the model that is not fit by Gosia. The time-dependent deorientation coefficients
G(t) then are given by:

t
Gr(t) = e NG (1) + / NG (1) o= GEtat) gy (4.19)

o

The references [BOS77], [BRE77], plus references therein, provide the details of the derivation.
The static-state attenuation factor G;ftat) is expressed as

2F, +1)2F/ +1) ( F; F' k
Z( )( ){ |

i
2J; +1

2
7 Ji Jz } coswprt (420)

tat
G = > p)-
i F,F!
where F; is the vector sum of the nuclear spin I and the electronic spin J; of the ground state of the
deexcited atom, i.e. the ground state spin of an atom with the charge number equal to the charge number of
the investigated nucleus minus the number of stripped electrons. The angular frequency wgps is given by

a(Ji)
2h

WRF = [F(F+1)—F'(F' +1)]

Note that when F' = F”, then coswppt = 1.

Practically, averaging over the fluctuating state atomic spins J; in 4.20 is not possible since the spin
distribution is not known. Therefore one must use a single mean value of J;, treated as one more model
parameter. The parameter a(J;) is defined as:

H

T (4.21)

a(Ji) = png

where p1,, is the nuclear magneton and g stands for the gyromagnetic factor. The mean magnetic field H in
the fluctuating state is approximated as:

A=K7 (%)z (4.22)

with both K and x being adjustable parameters best fit to data systematics| GOLT7T].
Define () to be:

_ QF+1*(F F &\’
(o) = ;p(Ji).;m{ ; ; } (4.23)

Since

K3
2J; +1

(2F, + 1)2F/+1) ( F; F' k 2_1
I 1 J "

F,F]
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then Gl(:mt)(t) can be written in the form

G (1) = (o) + (1 — (on))e ™™ (4.24)

In equation 4.24, the parameter I' is the width of the Larmor frequency distribution resulting from the
assumption of many ionic ground states, as well as many long-lived excited atomic states, that are involved
in the static part of the interaction. This distribution is assumed to be Lorentzian, with I' treated as an
adjustable parameter of the model not fitted by Gosia.

The standard Nikolayev-Dmitriev stripping formula [NTK68] is used to determine the atomic charge states
and the corresponding atomic ground state spins J;. The term p(J,) in [4.23] is the discrete distribution of
electronic angular momenta J; which is evaluated by defining a parameter h:

1

h = 1+ (04012008cZo,45)5/3

(4.25)

which includes the best-fit constants given by [NIK68]. Then the Gaussian charge state distribution is taken
to be centered around (), with a Gaussian width og given by

Q = Z-(n)"° (4.26)
oq = (Qu(1—h))?

The fluctuating-state attenuation factor G(fl“Ct')(t) is given by:

GTluet(t) = (1 — Ap7e) exp(—Ait) (4.27)

where the correlation time 7. is the mean time between random reorientations of the fluctuating hyperfine

field and:
A = L tow) (1 ~exp (%)) (4.28)

with <w2> being the average Larmor frequency in the fluctuating state field:

(W) = %k(k +1) Zp(Ji)aié;]i) Ji(Ji +1) (4.29)
Ji

Formula 4.27 is valid only for ¢ much larger than 7.. Taking into account that 7. is of the order of a few
picoseconds, which is the order of a typical lifetime of the collective nuclear levels, and that the time-integral
attenuation coefficients are required, we have to introduce a correction to 4.27 in the time range of 7.. Since
GFluet)(t) also can be derived for t — 0, it is practical to introduce an interpolating function between time
ranges t — 0 and ¢ much greater than the correlation time 7., being chosen as a linear combination of two
exponential time-decay functions in order to keep the mathematics at a minimum. This procedure yields for
the time-integral coefficients Gj:

o0 MeTr(r = 2p?717¢)
G =\ Gp(t) ex —Atdt:GBS{H— 4.30
k 1/0 k() P( 1t) k (r+pn)(r+2p71) ( )
where:
1 1+ <ag>TI'1g
BS — Z |1+ A* _ 4.31
o =3[t (P (431

is an original formula from [BOS77], 7; = 1/A; is the mean lifetime of a nuclear state of spin I, while r and
p are given by:

r= (A +A)Tr+ 1 (4.32)

9A2 4+ 8Mpe ((w?) — A2))% — 3
- et
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The correction to the original model in most cases does not exceed 10% and is easily evaluated since no
additional parameters have been introduced.

For multiple Coulomb excitation the angular distribution tensors for any state must include the contribu-
tions for feeding from higher excited states as given in equation 4.17—4.18. Thus, in addition to deorientation
of transitions from a given state, the feeding transitions to this state also are deoriented as given by eq. 4.17.

The recommended default parameters of the nuclear deorientation model are listed in table 4.1 and
section 7.3, in the description of the VAC switch of the CONT suboption of GOSTA. Kavka [KAV90] analysed
deorientation data collected as a by-product of Coulomb excitation studies for 9 nuclei and found that using
the default parameters the above two-state model reproduces the data well. As a consequence, GOSIA uses
the Two-State Model to account for the deorientation effect. Currently Gosia does not fit the deorientation
model parameters to the data. If an accurate model of the deorientation effect becomes available then GOSTA
could be used directly to measure static magnetic moments of excited states.

Table 4.1: Default values of the Two-State Model parameters used in GOSTA

Nuclear gyromagnetic factor g=%
Fluctuating component Hyperfine field coefficient K=600T
Hyperfine field exponent z=0.6
Average atomic spin J=3
Correlation time T. = 3.5 ps
Static component FWHM of frequency distribution I'=0.02ps '
Fluctuating to static transition rate A* = 0.0345ps ™t

4.5 Relativistic Angular Distribution Correction

The coordinate system used to evaluate the angular distribution of the decay «-rays, shown in Figure 4.1, is
fixed with respect to the photon-emitting nucleus with the z-axis pointing along the incoming beam direction
and with the y-axis perpendicular to the scattering plane. For experimental work it is necessary to transform
the v-ray angular distribution into the laboratory frame of reference with respect to which the y-ray detectors
are fixed, while keeping the z-axis pointing along the incoming beam direction. For heavy-beam, thin-target
experiments, the recoil velocity can reach up to 10% of the velocity of light and thus the transformation
from the photon-emitting recoil-nucleus centered system of coordinates to the laboratory system must be
Lorentzian. The exact relativistic transformation between the moving to laboratory frames is easy to apply
numerically [HAG63], unfortunately this transformed angular distribution is not expressed as an expansion
in spherical harmonics. There are considerable advantages to transform the spherical harmonic expression
in the recoil nucleus frame directly into a spherical harmonic expansion in the laboratory frame. The first
order description of this transform is given in [ALD75]. Gosia uses a more accurate alternate approach,
based on second-order Lorentz transformation of angular distribution tensors, that was developed by Lesser
and Cline [[LES71],[LES10]]. This analytic second-order relativistic transformation is accurate to < 0.1% for
[ =treceil < (.1, fits well the deexcitation formalism employed by the code, and facilitates a fast, closed-form
integration over the photon detector geometry.

Using RN to specify the recoiling nucleus centered system with the z-axis defined by the recoil direction,
and LAB for the laboratory-fixed system, then to second order in S the relativistic transformation is:

dw"45 (0, ¢) 2 1 oo dWHN (0, 9)
R S A A 1— - - 07 4.34
a0, {( F) + U + 36 V} a0, (4.34)
where the angular distribution in the recoil nucleus system is written as:
dW TN (0, ¢)
O D aryYiy(6,9) (4.35)

kyeven

which is basically a short form of equation 4.6. It is assumed that the statistical tensors py, in the recoil
nucleus frame, given by equation 4.6, have been modified to account for the y-ray feeding from above as well
as the deorientation effect. As shown in reference[LES10], the relativistic transformation can be ordered in
powers of § giving:
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AWEAR (0, )

i, 37 any Yy (0,0) + 8 iy Yix (6, 0) + 52 Zkaka .0) (4.36)

kyeven
odd even

where the by, tensors result from equation 4.34 and are linear combinations of the aj, components as given
in Table 2.2. The result of equation 4.36 can be represented as modified statistical tensors and rotated back
to the laboratory frame of coordinates with z along the beam direction. It should be noted that due to the
relativistic correction, terms involving odd-k spherical harmonics are introduced and the maximum k value
is increased by 2. Table 2.2 has been evaluated for multipolarities up to A = 3, i.e. £ < 6 in the recoil nucleus
frame leading to k£ < 8 in the laboratory frame. Multipoles with A > 3 have lifetimes that are much longer
than the time of flight of the recoiling nuclei and thus the recoiling nuclei are stopped before v-ray decay.

Table 4.2
Relativistic transformation of the angular distribution coefficients by,
Odd k Even k
k| x brx k1l x brex
110 %aoo - \/%—5%0 210 jgaoo Lago + 7{;—a40
1]1 —Lean 2|1 191 + 284y
310 %am - %(Mo 212 —2a9 + —£a42
311 %021 Loy | 4]0 | 2Bay —28ay + T/ 460
3| 2 %agg — 2—73a42 411 % — %a + fg\/ﬁ 61
313 —ay3 412 20213a22 — ﬁa + %%
50| 2an—Fag [4]3 g;a43 + 202 g
51| Bay — 280 | 4] 4 L4 + 2 ag
52| 22an - 22ag |60 112;0_ — g
513 \/81—1(L43 — %%3 61 1141\/\/2I — %a(jl
51 4 7 044 %%4 6| 2 %a 42 — 11—014(162
51595 —\/il_ga% 613 1814 \/36143 — 8lag
710 %ago 6| 4 1412‘/1_3 44 — %%4
711 %(161 6|5 7111_8%5
7|2 2 ag 6|6 — B
7|3 0% ags 810 a0
7|4 Sl g, 8|1 Ll
7|5 1652 g5 8|2 012 4
716 %abb 813 2\2/7? a63
7|7 0 8 | 4 vl
8|5 22—\/%@65
8|6 2T age
817 0
818 0
b, —y = (=1)Xb;, = (=1)Xby, since by, are real.

The relativistic correction formalism [[LEST71], [LES10]], presented above, results in an elegant modifica-
tion of the decay statistical tensors and is used to the full extent in GOSIA despite the minor importance
of some of the correction terms involved. Note that the by, are linear combinations of the recoil-nucleus
frame angular distribution coefficients ay,, that is, the coefficients of the spherical harmonic expansion in
the laboratory frame are simply related to those in the recoil-nucleus frame. Thus the angular distribution
coefficients in the recoil-nucleus frame can be fit directly to the data. This could be useful for making a fit
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to determine the deorientation effect attenuation coefficients G which are included in ay, as defined by
equations 4.15,4.16.

4.6 Gamma detection efficiency tensor

4.6.1 General theory for the efficiency tensor

Discussion of the angular distribution of the ~-rays so far has assumed that the photon is detected by a point
~-ray detector with a 100% detection-efficiency at a radius r and with a d-function angular width at the
location (6y, ¢y). The angles (6y, ¢,) are given relative to the same reference frame used for determining the
statistical tensor. To reproduce an experimental angular distribution it is necessary to take into account the
probability of y-ray detection, the finite size of the y-ray detectors, as well as y-ray absorption in absorbers
and the detector. All these effects attenuate and smooth the observed ~-ray angular correlations[FER65,
ROS53].

Direct numerical integration over the finite-size and geometry of the ~-ray detectors would be time
consuming to perform since it must be performed separately for each 7-ray transition energy for each ~-
ray detector. This would be impractical for Coulomb excitation measurements that involve population
of many levels where several hundred coincident -ray transitions may be detected using multi-detector
arrays like Gammasphere having ~ 100 individual y-ray detectors. The much more efficient, and elegant
approach is to use a spherical harmonic decomposition of the detection efficiency of individual detectors
similar to the approach used for the relativistic angular distribution correction. This approach, as developed
by Ferguson[FERG65], uses the concept of the efficiency tensor ey, which is an irreducible spherical tensor
introduced in chapter 4.2. The measured angular distribution then is given by the trace of the statistical
and efficiency matrices as given by equation 4.5.

Calculation of the efficiency tensor for an individual v-ray detector is greatly facilitated if it is performed
in the principal axis frame of the individual y-ray detector. This calculated detection efficiency tensor then
has to be rotated from the individual-detector principal-axis frame to the reference frame used to calculate
the statistical tensors and for specifying the angles 6;¢,0f the individual detectors. It will be shown that this
approach is simplified if the individual «-ray detector has axial symmetry about the axis from the emitter
nucleus to a reference point in the detector. The following outline closely follows the derivation given by
Ferguson[FERG5].

Define the coordinate frame for the ideal §-function point y-ray detector to be the principal axis with
coordinates (r,6 = 0,¢ = 0) and the origin being the nucleus that emits the photon. In this frame the
detection efficiency tensor eixfor a d—function point ~-ray detector can be expressed as the product of
the radiation parameter Cl, (Lp, L'p’),where L, L’specify the total angular momenta and p, p'specify the
polarization, with the rotation matrix that transforms from the statistical tensor reference frame to the
principal-axis frame fixed to the individual §—function point v-ray detector. That is,

eh (Lp, L'p') = ZD “HChy (Lp, L'p") ZDX «R)Cry (Lp, L'p') (4.37)

where the rotation is ® = (¢,0,¢'). The Euler angles ¢ and @ of this rotation are the coordinates of the
d-function point detector in the statistical-tensor reference frame, and ¢’ represents a reorientation of the
polarization sensitivity of the detector to align with the coordinate frame used to describe the photon wave
functions.

For a finite-size y-ray detector, define a principal axis coordinate frame such that the nominal center of
the detector has coordinates (1,0 = 0,¢ = 0) and the origin is the nucleus that emits the photon. Then
the efficiency tensor for this finite detector e,f)? can be expressed in terms of the J-function point detector

relation for the arbitrary point (rg, 8o, ¢,) and integrating over the finite size of the detector.
eka(Lp, L'p) = Z/ch’x(%o)ckx’ (Lp, L'p)e (10, 00, dg) radrodQ (4.38)
X/

where ¢ (79,60, ¢) is the local probability of v-ray detection per unit volume. At the energy (F,) the
detection efficiency per unit volume separates into two factors
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77'{1/'

(TUa 907 ¢O> r2 (TO, 00; ¢0) (439)

where < " takes into account the attenuation of the y-radiation due to absorption in the detector or other
absorbers with linear absorption coefficient 7, and where E(ro, 0o, ¢) is the total-energy detection efficiency
at a point in the detector; evaluation of the latter requires use of Monte Carlo techniques to include summing
of multiple 7-ray interactions in the detector.

If the ~-ray detector is not sensitive to polarization, then the efficiency tensor for a finite detector can be
summed over both polarizations which leads to the factor 2 in equation 4.40

ehy (By) = 2Ck0 (LL') / e (Ey, 70,00, $) Dyry (o, 00, 0) drodo (4.40)
where ekF)? (E,) is a function of E, and the radiation parameter
N VRL+D)QRL+1)Rk+1) (L L' k
The rotation matrix Diz’x (¢g,00,0) in equation 4.40 reduces to a spherical harmonic giving
24w .
efP(Ey) = \/ﬁcko (LL)) / & (70,00, d) Vi (B0, ¢g) drodS (4.42)

It is convenient to express the finite detector efficiency tensor in the form
€y (By) =200 (LL') Jiy (E5)
where Jiy (E,) is defined by

[ 4w
Jk?X E o 1 / E,y, To, 00, (b0> ka (00, ¢0) d’f‘onQ (443)

The total detection efficiency of the y-ray detector is given by
€00 (Ey) = 2Cxo (LL') Joo(E) (4.44)

where
JOO(E’)/) = /5 (E’Yv To, 00; ¢0) dT’ono (445)

A convenient method to incorporate the efficiency tensors into the formalism is to introduce y-ray energy-
dependent attenuation tensors, Qg (E,) that are normalized to the total detection efficiency, that is:

Jhx (Ev)
J 00 (Ev)
where the dependence on transition energy (E,) is specified. The spherical tensor property of the attenuation

tensor can be expressed in terms of its transformation under rotation of the coordinate system using the
rotation matrix Dix’ where

Qrx (E5) (4.46)

Qix(E ZDXX Qiy (E5) (4.47)

However, the rotation from the individual detector to the reference frame used to calculate the statistical
tensor already has been incorporated into equation 4.43.

The advantage of defining Q. (E+) is that it has a simpler dependence on E., than do the Ji, (E,) since
the influence of y-ray absorption, K-edge discontinuities, etc, factor out of the ratio Qg+ (E,). The product
of the attenuation tensors Qg (E,), Joo(E,), and the statistical tensors py, (I) given by 4.5 incorporates the
effects of the finite size and geometry of the y-ray detectors on the calculated angular correlations. That is,
the correlation is given by

W =Trlpd = > pp (LL) €5y (LL)) = > pjy (LL') 2Cko (LL) Qiy (E5)Joo (E) (4.48)
LL'kx LL'kx
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4.6.2 Cylindrically-symmetric v-ray detectors

The attenuation coefficients are simple to evaluate when the y-ray detector has cylindrical symmetry. The
current version of GOSIA assumes that all y-ray detectors have cylindrical symmetry about the unit vector
t; from the nucleus emitting the y-ray and the detector ¢([FER65]). This assumption is applicable when
cylindrically-symmetric coaxial germanium or Nal detectors are used. For cylindrical symmetry, only the
x = 0 components of the attenuation tensor Q,(E,) are non zero, and the x = 0 energy-dependent
attenuation factor are usually written in the abbreviated form Qi (E,) = 0,0Qky (E-) where:

Qr(Ey) = %ﬁ; (4.49)

Teo(E,) = /0 " Pu(cos a)eK (@) (1 — exp(—7(E,)a(a)) sin(a)da (4.50)

where « is the angle between the detector symmetry axis and the ~-ray direction, 7 is an energy-dependent
absorption coefficient of the active germanium layer, x stands for the angle-dependent path length in the
detector, and ¢ is the probability that the total y-ray energy will be absorbed in the detector. The spherical
harmonics in equation 4.43 reduce to the standard Legendre polynomials Py (cos «), while the function K («)
can be introduced to account for the effect of the y-ray interactions in the inactive core of the detector, as
well as the absorbers commonly employed to attenuate X-rays. The function K («) can be written as:

K(Oé) =1 expf(Zi Ti(E'v)fCi(O‘)) (451)

where the summation extends over various absorbers and the p-core. The @) factors for the total-energy

peak efficiency, resulting from 4.46, have to be evaluated numerically using a Monte Carlo code. In order
not to repeat this procedure for every 7 energy of interest, it is practical to fit a simple analytic function
describing the energy dependence, given by equation 6.37 in chapter 6.4.

The assumption of cylindrical symmetry is a good approximation for axially-symmetric, non-cylindrical,
geometries such as tapered hexagonal or tapered square detectors. Table 4.3 compares the calculated atten-
uation coefficients Q. for axially-symmetry, black-body detectors (e (r, 6, ¢) = 1) that have the same solid
angle assuming either cylindrical, hexagonal, or square symmetry about the symmetry axis. The calculation
was performed using the solid angle applicable to the TIGRESS close geometry where the front face of the
clover Ge detector is 11.0cm from the source. Note that an axially-symmetric detector having N equal
sides has a shape that is identical for rotation angles of 2w/N about the symmetry axis. This implies that
non-zero values of Qi occur only for x equal to 0, N,2N,... Only the real part of Q, is given for the
complex values in table 4.3 since Im (Qy) / Re (Qry) < 10710, Table 4.3 illustrates that for a hexagonal
shape the Qo values differ by the order of < 2 x 1073 from the values evaluated for cylindrical symmetry
with the same solid angle. Also note that the Q6 +¢ terms are the only x # 0 non-zero terms, and they
are < 1075 of Qg o which can be neglected since the k = 0,2,4 terms provide the dominant contributions
to the «-ray yield for F2 radiation. Similarly, for the square geometry, the Qo values differ by the order
of <2 x 1072 from the cylindrical values for the same solid angle. The Q4 +4, Qs +4 and Qs +s terms are
the only non-zero terms with x # 0 and, of these, the only possible significant term for £2 radiation is the
Q44 =~ (3 % 107%)Q4,0 which is negligible. Thus it is concluded that axially-symmetric geometries having
square or hexagonal symmetries can be approximated well assuming a cylindrical shape, even for relatively
large solid angles.

Table 4.3: Qp, for black-body, axially-symmetric y-ray detectors that have a solid angle of 0.181s7.

Cylinder Hexagon Square
k x=0 x=0 X = %6 x=0| x==44 x = =£8
1] 0.986 0.986 0.985
2 | 0.957 0.957 0.955
3| 0.916 0.915 0.912
4 | 0.862 0.861 0.857 | 0.00026
5 | 0.798 0.797 0.791 | 0.00076
6 | 0.725 0.724 | 52 x 1075 | 0.716 | 0.0016
7 | 0.646 0.644 | 1.8 x 107> | 0.635 | 0.0030
8 | 0.562 0.560 | 4.7 x 107° | 0.550 | 0.0049 | 5.5 x 107>
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4.6.3 Axially-asymmetric y-ray detection

The development of multi-detector 4w ~-ray detector arrays that incorporate tracking plus use of non-
symmetric add-back capabilities complicate the calculation and handling of v-ray detection efficiency. Min-
imizing the segmentation of the ~-ray data, to reduce the number of y-ray spectra analyzed, often makes
it convenient to sum several adjacent physical detectors into logical clusters. Also tracking detectors can be
partitioned into logical detectors of various shapes based on the tracking algorithm. As shown above, the
use of axially-symmetric clusters, with more than 4-fold symmetry, can significantly simplify handling the
finite solid angle in calculation of the Coulomb-excitation coincident «-ray yields dominated by E2, and M1
decay. Gammarray tracking arrays can have significant non-symmetric add-back contributions that could
contribute to significant components Qg (E,) with x # 0. For such detector geometries a simulation code
like GEANT is required to calculate the Joo(E,) and Qg (E,) for use by GOSIA. In principle the general
approach using equation 4.47 can handle such complications but the current version of GOSIA is limited to
Quy (E,) with x = 0.

An alternative hybrid approach, that works well with the current version of GOSIA, is to partition
non-symmetric detector geometries into clusters of n axially-symmetric detectors. One example is a clover
detector which can be approximated as a cluster of n = 4 independent axially-symmetric detectors with
angular coordinates (6,,¢,,), and the sum of the calculated yields of the individual axially-symmetric de-
tectors in each cluster can be compared with the experimental yields for the whole clover. This approach
provides an accurate correction for the finite solid angle, especially if the Qx, (E5) values are included in-
dependently for each of the 4 axially-symmetric detectors comprising the cluster. A GRETINA module
comprises 4 close-packed hexagons, and for this solid angle each hexagon has a ratio 822 < 2 x 1079, thus
assuming cylindrical symmetry is an excellent approximation for evaluation of the Qp, for each GRETINA
hexagon. Summing the calculated yields for the 4 hexagon members in each GRETINA module, and assum-
ing cylindrical symmetry Q. values for each hexagon, provides an accurate account for the finite size of each
GRETINA module. Another example of using clustering would be where an array having 120 physical y-ray
detectors is clustered into 20 logical clusters, each with n = 6 individual detectors. The use of the cluster
approach is significantly faster than trying to numerically integrate over the individual detector geometries
analogous to the way the particle detector geometry is handled. The current limitations of GOSIA are that
the number of ~-ray detectors per experiment is limited to < 200 and the number of clusters per experi-
ment is limited to < 32. As described in chapter 7.21, the OP,RAW option of GOSIA is ideally suited to
calculating the yields for clustered axially-symmetric detectors. This discussion has demonstrated that an
arbitrary-shaped 7-ray detector geometry can be handled well in GOSIA by partitioning the detector into a
cluster of axially-symmetric detectors using OP.RAW to handle the cluster.

To reproduce the experimental angular distribution the calculation should, in addition to the effects
discussed in previous sections, include the integration of 4.6 over the particle detection solid angle and, for
the long-lived states, include the correction due to in-flight decay, i.e. the time-dependent change in the
angular position and the solid angle of a ~-ray detector as seen by the decaying nucleus. These effects are
treated numerically in GOSIA. The algorithms used are presented in Chapter 6.4.

4.7 Internal Conversion

The electromagnetic radiation field for a nuclear transition can lead to the ejection of a bound atomic
electron, or the creation of an electron-positron pair if the transition energy exceeds 2m.c?. The total internal
conversion coefficient ¢(\) is defined as the ratio of the internal conversion to 4-ray decay probabilities

I

c(\) === (4.52)

Ly
where the total internal conversion coefficient is the sum of internal conversion for all atomic shells plus
internal pair conversion. Internal conversion opens additional decay paths populating a given state by an
unobserved cascade feeding from above. Fortunately the total decay width for any transition is increased by
just a multiplicative factor times the y-ray decay probability. That is,

D(L, Ip)otat = DL 1)y (14 (V) (4.53)

which is easy to handle using the concept of a conversion coefficient as illustrated by equation 4.17.
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Electric monopole, E(0), transitions are forbidden by single-photon decay, but they can decay by emission
of an internally converted electron or by internal pair creation. Double photon decay is an allowed higher-
order process that is 10% to 10* times weaker than E(0) internal conversion and thus, in most cases, can be
neglected. The concept of an E0 conversion coefficient is not useful since I'(E0)., = 0. Therefore the E(0)
internal conversion transition probability is defined as

_ [<I;|M(EO)| T >]?

T(E0) = (40)° —

(Qic + Q) (4.54)

where ;. and Q, are the electronic factors defined by Church and Weneser[CHU56] and are in units of s~*.
The other terms are the E0 matrix element, < I;|M(EO0)|I >, the electron charge e, and nuclear radius

which is taken to be R = 1.2473 fm. This usually is expressed in terms of the dimensionless parameter
_ <If|M(E0)|I >

p(E0) = — (4.55)

The electric monopole conversion term can be included in the cascade feeding equation 4.17 by including
A =0 in the summation and setting the conversion coefficient ¢(0) = 0.

The National Nuclear Data Center, NNDC, at Brookhaven maintains an Evaluated Nuclear Structure
Data File, ENSDF, that includes a new internal conversion coefficient database, called Brlcc[KIB08].This
database integrates a number of tabulations of internal conversion electron coefficients, ICC, and electron-
positron pair conversion coefficients, IPC, as well as Q(FE0) electronic factors for E(0) conversion. The user
has the choice of selecting the ICC tables based on Dirac-Fock calculations, which use the "Frozen orbital"
approximation, to take into account the effect of atomic vacancies created in the conversion process. The
other possible option is to use ICC tables based on the no-hole approximation. The tables do not take into
account the partial ionization and the influence of the highly excited atomic shells of the excited nuclear
ion recoiling in vacuum. The recoil velocities encountered in heavy-ion Coulomb excitation, when performed
at safe bombarding energy, produce only partial ionization and the decay times for the inner-bound atomic
shells are three to four orders of magnitude shorter than the lifetimes of nuclear states for which internal
conversion is important. Consequently the reduction of the internal conversion coefficients due to partial
ionization and excitation of the atomic shells is expected to be small. The database tabulates coefficients
calculated for all atomic shells, for transition energies between 1 and 6000keV, and for atomic numbers
5 < Z < 110.

Gosia can be told to use the Brlcc database to determine the internal conversion coefficients for every
transition for which a matrix element has been included in the Gosia input. Interpolation between tabulated
coeflicients versus transition energy is performed using a cubic spline on a log-log basis separately for each
atomic shell from 1keV above the threshold energy to 6000keV. The individual atomic shell conversion
coefficients are assumed to be zero below the threshold energy. The total conversion coefficient then is
obtained by summing all atomic shells. Treating the individual atomic shells separately avoids interpolation
problems due to the discontinuities at the atomic binding energies for the total conversion coefficient.

The monotonic dependence on energy of the ICC coefficients can be significantly perturbed by atomic
threshold and resonance effects in the region within the first kev above the threshold energy [LEE81]. Thus
the Brlcc tables do not provide values within 1keV immediately above the threshold for the atomic shell
involved. Gosia assumes that the conversion coefficient for that atomic shell is constant between threshold
and threshold plus 1keV. The Brlcc routine in Gosia gives a warning if any transition energy falls within
1keV above an atomic shell threshold to give the user the option to correct the ICC value provided by Brlcc.
Crystalline effects in solid-state materials are measureable in this regime.

4.8 Symmetry properties of the p — v angular correlation

The symmetry of the hyperbolic orbit, plus time reversal symmetry, implies that the statistical tensors will
exhibit symmetry properties with regard to both the plane of the orbit and the major axis of the hyperbolic
orbit. Coordinate system B, shown in figure 3.1, has the z axis along the major axis of the hyperbola and
exhibits the following symmetry of the statistical tensor

Pre = (=1 py . (4.56)
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Figure 4.2: Upper row: Target excitation of 2°8Pb by a 890MeV '"8Hf beam scattered at Oproj = 60°.
Lower row: Projectile excitation of a 890MeV 1"Hf beam scattered at 0,,.,; = 60° by a 2°°Pb target.
Left column: shows a 2% state at 1.175MeV decaying to the 0" ground state. Right column: shows a
1.0MeV 0% state decaying to the ground-band 2" state. The calculated yields are plotted versus 6., which
is measured with respect to the incident beam direction. The deorientation effect has been switched off.

This implies that the p, . are real for k + k even, and imaginary for k + x negative. As a consequence the

9pT0]ec7,le

angular distribution of deexcitation ~-rays following excitation by projectile scattering at an angle 6% »

has the symmetry axis along the major axis of the classical hyperbolic scattering orbit.

For inelastic scattering the scattered projectile mass is unchanged, and for heavy-ion Coulomb excitation
the excitation energy is negligible compared with the incident beam energy. Therefore, to a good approx-
imation the target recoils along and in the negative direction of the major axis of the hyperbola. As a
consequence, to a good approximation, in the emitting nucleus frame of reference the symmetry azis of the
p — 7 ray angular correlation is along the target recoil direction for both target or projectile excitation.

The relativistic angular distribution correction due to photon emission by a moving emitter is along
the target recoil direction for target excitation and thus the symmetry of the angular correlation along the
major axis of the hyperbolic orbit is retained for target excitation. By contrast, for projectile excitation
the relativistic forward focussing is along the projectile direction which is very different from the symmetry
axis of the angular distribution. That is, for projectile excitation the relativistic transformation of the -
ray angular correlation destroys the symmetry about the major axis of the hyperbola. Thus for projectile
excitation only the mirror symmetry about the scattering plane remains.

The alignment of the symmetry axis along the direction of the major axis of the hyperbolic orbit, which
is aligned with the target recoil, and the forward focussing due to the relativistic transformation from the
moving emitter frame to laboratory frame both are illustrated in Figure 4.2. Two such transitions were used
in Gosia simulations assuming a 890M eV "8Hf beam scattered at Oproj = 60° by a 208Ph target that excites
a 27 state at 1175keV resulting in the usual quadrupole radiation pattern in the recoil frame, and a 0%
state at 1000keV that has an isotropic angular distribution in the recoil frame. The deorientation effect was
switched off to emphasize the angular correlation. The quadrupole radiation pattern in the plots shown in
the left-hand column emphasize the symmetry axis, whereas the plots in the right-hand column emphasize
the effect of the Lorentz boost. The upper row figures show target excitation of 28Pb. Figure 4.2 upper-left
shows that the minimum of the v angular correlation along the symmetry axis is at fparget = —36° = 324°
which is the correct direction, that is, along the target recoil direction. Figure 4.2 upper-right shows that
the relativistic forward focussing also is along this target recoil direction as expected. As a consequence the
two forward peaks shown in Figure 4.2 left are equally strong while the two backward direction peaks are
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equally weak. The lower row figures show the angular distributions for projectile excitation, assuming the
same kinematics. Figure 4.2 lower-left shows that the symmetry axis is calculated in the correct direction,
that is, Oparger = —36° = 324°. However figure 4.2 lower-left shows that the intensity of the second peak at
around 100° is much stronger than the third peak in contrast to the case shown in for target excitation.
That is, the relativistic transformation produces a significant asymmetry. Figure 4.2 lower-right shows that
the relativistic forward focussing maximum now occurs in the direction of the recoiling excited projectile
Oproj = 60° which is very different from what is shown in Figure 4.2 upper-right for target excitation. Thus
for normal kinematics the p — v angular correlations for both target and projectile excitation have the same
symmetry axis but the angular distributions are very different. The general symmetry properties of the p—~
angular correlation can be useful when designing experiments.
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Chapter 5

Kinematics, Coulomb trajectory, and
energy loss

D. Clines, A.B. Hayes®

%University of Rochester

Design and analysis of Coulomb excitation experiments require a detailed knowledge of the reaction
kinematics, the Coulomb trajectory, and the energy loss of the incident and recoiling ions. This chapter
reviews these three technical issues.

5.1 Kinematics for inelastic scattering

This section reproduces the formulae [ALD75] necessary for handling inelastic scattering as well as calculation
of energy loss. The semiclassical approximation is applicable for Coulomb excitation at incident energies
below the Coulomb barrier allowing use of the classical approximation for two-body scattering kinematics.
Consider the centre-of-mass to laboratory transformation using the velocity vectors and angles defined in
Fig 5.1. Initially the target is assumed to be at rest and the projectile velocity is given by

V mp

where Ep is the incident bombarding energy.

5.1.1 Velocities

The initial velocities in the laboratory frame are taken to be

wp = v (Initial Lab velocities)

wr = 0
The final velocities in the laboratory frame after the inelastic collision are

wp (Final Lab velocities)

wr

In the centre-of-mass coordinate system the initial velocities are

mr
up = Uv;i————
mp + mr
ur = ULy (5'2)

v —
mp +mr

o7
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Figure 5.1: Vector hodograph of the scattered projectile and target velocities for a projectile, with incident
velocity v;, that is elastically scattered by a stationary target body. The circles show the magnitude of
the projectile and target body final velocities in the centre of mass. The centre-of-mass velocity vectors
are shown as dashed lines while the laboratory vectors are shown as solid lines. The left hodograph shows
normal kinematics where the projectile mass is less than the target mass. The right hodograph shows inverse
kinematics where the projectile mass is greater than the target mass.

The final centre-of-mass velocities after the inelastic collision are

’ mr 2 -~
U’P = —_— —
mp+mr \ mp
/ mp 2 -
up = —————F 5.3
T e | e (5.3)
where R m
E=FEp—AE(1+—2) (5.4)
mr

and AF is the excitation energy of the excited state. Note that the Q-value equals —AF.

5.1.2 Angles

The angles of the scattered recoils in the laboratory frame are written as

o1, (Final laboratory angles)
Oiap
and in the centre-of-mass frame
o = 0 (Final CM angles)
oh = x—0

where 19 is the centre of mass scattering angle.
From Figure 5.1 it can be seen that angle relations between the laboratory and CM frames are connected

by
sin(ﬂfm — Hllzb) _mp |[Ep _
sin 0, mr\V FE
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where )
= (5.6)
Equation 5.5 can be rewritten as
sinv?
tanfl, = ———cm 5.7
lab cos ﬁfm +r ( )

Another useful relation from equation 5.5 gives the centre of mass scattering angle in terms of the
laboratory scattering angle.
9 =sin~Y(rsinb],) + 61, (5.8)

This gives the difference in angle between the laboratory scattering angle and the centre-of-mass scattering
angle. Be careful with this relation since 97, is two-valued for inverse kinematics corresponding to the two
possible signs for the solution.

The angle relations between the laboratory and centre-of-mass frames for the recoiling target nucleus are
connected by

sin(¥:, —0L,) _ |Ep

=/—==7 (5.9)
sin 6, E
That is
9L —=sin~Y(Fsin6l,) + 0%, (5.10)
where .
F= (5.11)

\/1—§—f(1+%§)

Note that 7 is the same under interchange of the two nuclei at the same incident energy/nucleon, and
that 7 is always larger than or equal to unity. For elastic scattering 7 = 1 which implies that

1
0L, = 5(7‘( — ) (Recoil lab angle for elastic scattering)

The target recoil equation 5.9 can be rewritten as

in 97
sind,,,

cosv,, +7T

(Target lab to CM angle conversion)

Figure 5.2 shows the dependence of the projectile and target scattering angles in the laboratory frame
as a function of centre-of-mass scattering angle for the Coulomb scattering of '°4Pd by 29Pb, that is, for
a mass ratio of 2.0. Both normal and inverse kinematics are shown at the same bombarding energy of
4.3MeV/nucleon for elastic scattering and for inelastic scattering with AE = 5MeV, that is, a Q-value of
—bMeV.

Since sin(¥’,, — 6% ,) < 1 then equation 5.9 implies that 7sin 6%, < 1. Since 7 is always larger than or
equal to unity there is a maximum scattering angle in the laboratory frame for the recoiling target nucleus
given by

1
sinfr =2 (5.12)

max 5‘_

For elastic scattering 917;,5 = sinfl(%) = 90° since 7 = 1 for both a 447MeV °4Pd beam scattered by a
208P} target, and the inverse of 894MeV 298Pb bombarding '%4Pd. A Q-value of —5MeV gives 7 = 1.0085
which implies a maximum scattering angle of 67,, = 82.558° for both a 447MeV 94Pd beam scattered by a
208ph target and the inverse of 894MeV 2°8Pb bombarding '°4Pd. As a consequence there are two solutions
for 92 for any allowed value of 6, as illustrated on the right in ﬁgure 5.2.

Since sin(¥9. — 0},) < 1 then equation 5.5 implies that 7sinf},, < 1. For a 447MeV '%*Pd beam
scattered by a 205, target T2 = 0.50, thus 7 = 0.5 for elastic scattering which implies that there is no

upper bound to 67,,. This leads to a one-to-one correspondence between 0., and 92, for normal kinematics.
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Figure 5.2: The kinematic correlation of the laboratory and centre-of-mass scattering angles of the recoiling
projectile and target nuclei for scattering of 4.3MeV /nucleon °*Pd on 2°°Pb (left) and 4.3MeV /nucleon
208ph on 194Pd (right). The projectile scattering angles are shown by solid lines while the recoiling target
angles are shown by dashed lines. The blue curves correspond to elastic scattering ¢ = 0, while the red
curves correspond to inelastic scattering with QQ = —5MeV.

In contrast, the projectile has a maximum scattering angle in the laboratory frame for inverse kinematics
since %? = 2.0 leading to 7 = 2 for elastic scattering and an upper bound to Of;b given by

p 1
Sinf . = —

(5.13)
In addition to a maximum value for 67,,, when 7 > 1 there are two solutions for 9., for any allowed value
of Hﬁlb. For example 894MeV 298Pb bombarding 1"4Pd leads to a maximum projectile scattering angle of
0F, = 30.0° for elastic scattering and 6., = 29.722° for Q = —5MeV. Note that there is a small range
of angles between 30.0° and 29.722° where population of the ground state can be observed but states with
excitation energies above 5MeV are not observed.

Figure 5.3 shows the correlation between H{Zb and G)ﬂb for normal and inverse kinematics for the reaction
discussed above. This illustrates the correlation observed when using the kinematic coincidence technique
mentioned below.

5.1.3 Kinetic energies

The initial total kinetic energy in the centre-of-mass frame is

Elnitial —E mr 5.14
cm PmP T my ( )

The final total kinetic energy in the centre-of-mass frame is
EEinal _ plnitial _ Ap_ fp T (5.15)

mp + mr

where E is defined by equation 5.4.
In the laboratory frame the kinetic energies of the scattered projectile and recoiling target nucleus are
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Figure 5.3: The kinematic correlation of the laboratory scattering angles for the recoiling projectile and
target nuclei for scattering of a 4.3MeV /nucleon '°*Pd beam on 2°®Pb (left), and a 4.3M eV /nucleon 2°*Pb
beam on %4Pd (right). The blue curve is for elastic scattering, @ = 0, and the red curve is for Q = —5MeV .

given by
m 2 ~
ELb = <mpTTmT> (1 + 72 + 27 cos ﬁgn) E (5.16)
Ef = TP (1 + 72 4 27 cos 19ch) B (5.17)
(mp +mr)

where 92 and 97, are the centre-of-mass scattering angles respectively for the scattered projectile and
target nuclei.

Figure 5.4 shows the kinetic energies of the recoiling projectile and target nuclei as a function of laboratory
scattering angle for both normal and inverse inelastic scattering of 1°“Pd by 2%Pb at Q = —5.0MeV .
Note that good energy resolution is required to resolve the solutions at small scattering angles whereas
the energy/nucleon, that is, velocities, are significantly different at these angles. The '%*Pd is cleanly
separated from 2%8Pb at larger angles for both normal and inverse kinematics for this mass ratio. For inverse
reactions the solutions having 67, ~ 90° correspond to small #%  which is not of interest for Coulomb
excitation. Moreover, in this case the recoil energy of the target nucleus is too low to be detected because
of target thickness or detector thresholds. Note that inverse kinematics focusses all the scattered nuclei into
the forward hemisphere which reduces the required solid angle of the heavy-ion detectors. Moreover, for
inverse reactions the recoil nuclei kinetic energies facilitate particle detection, and the energy losses of the
backscattered projectiles in the target is not a problem.

5.1.4 Kinematic coincidence

Knowledge of the recoil angle of the excited nucleus is required to define the hyperbolic trajectory needed
for the Coulomb excitation calculation and also to make the appropriate Doppler correction for the detected
deexcitation photon. The kinematic coincidence technique utilizes the angle-angle correlation, plus either the
recoil energies or recoil velocities of the scattered reaction partners to identify unambiguously the reaction
kinematics on an event-by-event basis. As mentioned above, the separation of the two solutions is enhanced
using the recoil velocities, i.e. time of flight rather than recoil energies.

For normal kinematics 7 < 1 there is a monotonic dependence of 6., on 07, except for inelastic scattering
angles near Oib — 0 where the target angle rapidly drops to zero. This forward-angle scattering solution
for any target scattering angle is not of any consequence since it corresponds to target recoil energies that
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Figure 5.4: Recoil energies, in MeV, versus laboratory scattering angle. (Left) Scattering of 447MeV 1%4Pd
by 298Pb for Q = —5.0MeV. (Right) Scattering of 894MeV 2%8Pb on 194Pd for Q = —5.0MeV.

are < 1MeV which usually are stopped in the target and are below the threshold for target ion detection.
Even when the scattered ion Z values are not measured, it is possible to unambiguously identify recoil ion
masses by kinematic coincident detection with simultaneous measurement of the recoil-ion scattering angles
plus either the recoil ion velocities or recoil energies.

For inverse kinematics, 7 > 1 the angle-angle correlation is two valued both for projectile and target recoil
angles as illustrated in Figure 5.3. For inelastic scattering the kinematic curve is energy dependent which
can result in problems when using moderately thick targets. Fortunately the most forward-angle inelastic
scattering in the centre-of-mass frame corresponds to a segment of the curve close to the abscissa for which
the recoiling target nuclei have kinetic energies which normally are below the recoil-ion detection threshold.
Thus for target-ion detection there is a one-to-one correspondence between scattering angle and target recoil
angle. However, there are two kinematic solutions for a given projectile recoil angle. Detection of both the
recoiling projectile and target nuclei in kinematic coincidence unambiguously identifies the centre-of-mass
scattering angles and recoil ion masses eliminating the problems with two-valued solutions that can occur
when only one scattered partner is detected as discussed in section 6.4.

5.1.5 Solid angles

The lab solid angles for the scattered projectile and target are taken to be dwp and dwr respectively, while
the centre-of-mass solid angles are dQ2p and d€Q)p respectively. The Jacobian relating the solid angles is

2

dLUP sin Glpb P P

= a — ~1
de <Sinﬂfm ’COS(ﬂcm olab)’ (5 8)
d ino?, \’
wT S Gyap T T

= - '1
dQT <51n19§m> ’COS(ﬂcm alab)‘ (5 9)

5.2 Semiclassical Coulomb trajectory

The semiclassical Coulomb trajectory is perturbed by the loss of kinetic energy due to inelastic excita-
tion. States up to 7TMeV in excitation energy are observed in modern Coulomb excitation experiments and
these high excitation energies can lead to a significant perturbation of the semiclassical trajectory. Each
semiclassical calculation is performed for one specific hyperbolic trajectory which is uniquely related to the
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centre-of-mass scattering angle 6., by the orbit eccentricity ¢ = L Section 3.4 described how the

sin Zem
symmetrized orbit parameter approach can reasonably well account for the first-order perturbation of the
Coulomb trajectory in the centre-of-mass coordinate frame.

In addition to the above correction, a kinematic correction is required to account for the fact that
measurements are performed for the recoiling scattered nuclei detected over a range of laboratory scattering
angles, and not for a range of centre-of-mass scattering angles assumed by theoretical calculations of the
reaction mechanism. Section 5.1.2 showed that the transformation from the laboratory to centre-of-mass
angles for the scattered projectile depends on the parameter 7, defined in equation 5.6, and similarly for the
recoiling target nucleus by the parameter 7 defined in equation 5.11. Both 7 and 7 depend on the @ value,
and for @@ # 0, they also depend on bombarding energy. As a consequence the centre-of-mass scattering
angle, 0.,,, and corresponding Coulomb trajectory, depend on the bombarding energy and ) value of the
state chosen to specify the centre-of-mass trajectory. The semiclassical Coulomb trajectory used by Gosia
is for the state selected by the Gosia input NC'M in the control sub-option CONT. The default value is
NCM = 2.

The choice of NC'M has three effects.

(1) The Jacobian for the laboratory to centre-of-mass transformation depends on NC'M via the Q-value.
(2) The cross section depends as the fourth power of the eccentricity e = sm+4—m which, for a given
2
laboratory scattering angle, depends on NCM.
(3) The interaction time depends on the recoil ion velocity which is a function of NC'M.

Note that the above discussion of the dependence of the centre-of-mass scattering angle on @Q-value
at a given laboratory scattering angle is a consequence of the elementary classical mechanics of two-body
scattering. Calculations of the reaction mechanism invariably are performed in the centre-of-momentum
frame, which also is the centre-of-mass frame for non-relativistic mechanics, whereas measurements are
performed at a specific range of laboratory scattering angles. The important point is that the transformation
between the laboratory frame and the centre-of-mass frame depends on the ) value, and this is independent
of whether the calculation of the reaction mechanism is a complicated fully quantal reaction calculation, or
the semiclassical approximation. The impact of the () value dependence of the laboratory to centre-of-mass
transformation on the ratio of the measured and theoretical cross sections is elucidated by study of the
derivatives %ﬂ for both the recoiling projectile and target nuclei as given below.

For detection of the projectile at a fixed laboratory scattering angle Oﬁlb the rate of change of the centre-
of-mass angle ﬂfm with excitation energy AF is given by the derivative of equation 5.8

b, doh, r(r+1)sinfp, (5.20)
dAE —  dQ 3 o p ’
2Ep (%) (1 — 72sin 91ab>
where v
=P
r= e (5.21)

and 7 is given by equation 5.6.
For detection of the recoiling target nucleus at a fixed laboratory scattering angle Hlj;b the rate of change
of the centre-of-mass angle 19Zm with excitation energy AF is given by the derivative of equation 5.10 to be

dol, v, (r+1)sin6},, (5.22)
dAE aQ 13 9 . 9T '
2Ep (%) (1 — 77 sin Glab>

where 7 is given by equation 5.11.

P P T T
Figure 5.5 plots the magnitude of the derivatives dgém = —C;ch and dgém = —%‘—% in degrees/MeV

versus the laboratory angle for normal kinematics using 4.3MeV /nucleon 94Pd scattered by 2°®Pb for
Q = —5MeV, and for inverse kinematics with 4.3MeV//nucleon 2°%Pb scattered by 4Pd for Q = —5MeV.

T T
Note that for the normal-kinematics reaction dgé’" = —‘f&g — oo for the recoiling target nucleus at

0., = 82.558°. For the inverse-kinematics reaction the derivatives go to infinity at both the scattering-angle
maxima 67, = 29.722° for the scattered projectile and at 67, = 82.558° for the scattered target.
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Figure 5.5: The magnitude of the derivatives ’%& and ’%’ in degrees/MeV versus the laboratory
scattering angle for the recoiling projectile and target with normal kinematics and inverse kinematics for

inelastic scattering of 4.3MeV /nucleon 2°°Pb by 94Pd with Q@ = —5MeV. For normal kinematics the
derivative goes to infinity at 95“7 = 82.558°. For inverse kinematics the derivatives go to infinity at the angle
ol

maxima 67, = 29.722° and 6, = 82.558°. The sign of the derivative 75" is negative for angles W less

than at the maximum of 6}, and positive for angles ¥/, that are larger than at the maximum of 7,,. The

T
sign of dgém is positive. Note that the two-valued derivative curves overlap above and below the maximum

recoil scattering angles in the laboratory frame.

The dependence of the centre-of-mass scattering angle 9., on @Q-value, for a fixed laboratory scattering
angle, implies that measurements at a given laboratory scattering angle require that the theoretical calcu-
lation of the reaction mechanism must be performed using a Q-value dependent range of ¥.,, values. For
example, the Coulomb trajectory that is used for a semiclassical calculation depends directly on 9., which is
a function of the @Q-value. It is interesting to investigate the implications of the sensitivity versus laboratory
detection angles of the corresponding centre-of-mass scattering angle versus @-value. For detection of the
scattered projectile using inverse kinematics, where r > 1, the rate of change of projectile centre-of-mass an-
gle ifg becomes infinite when sin Qib = % This maximum projectile scattering angle occurs in the angular
region that is of most interest for Coulomb excitation work. For detection of the scattered target recoil the
rate of change ZZCTE is infinite when sin 67, = 1 which occurs near 0L, ~ 90° since 7 ~ 1. Fortunately this
latter case is not an especially valuable angle for Coulomb excitation since it corresponds to small scattering
angles, Y., — 0, where the Coulomb excitation probability is small.

Figure 5.5 shows that for normal kinematics using heavy ions, the dependence of the derivative of 8%
with @-value is < 0.05°/MeV. This effect is small and usually can be neglected when using heavy ions
allowing one common hyperbolic trajectory to be used for a given laboratory scattering angle. However, for

the recoiling target the shift in Qlj;b can be one to two orders of magnitude more sensitive at some scattering
angles for a Q-value difference of 5MeV . For the inverse reaction the dzgm sensitivity to laboratory scattering
angle can exceed 1°/MeV.

The impact of the @-value dependence on the Coulomb trajectory is greatest for light nuclei because
the spread in excitation energies of observed states is the largest, and the incident kinematic energy used
for Coulomb excitation is the lowest. For example, Coulomb excitation of the 0.320MeV state in''Be by a
196Ppt target resulted in the projectile derivative %& = 0.044° /M eV at 26.9° leading to the extracted B(E1)
changing by ~ 4.7% if the trajectory was calculated using the 1.685M eV state trajectory rather than the
trajectory for the 0.320M eV state, and a ~ 1% change occurred using the ground state trajectory. Another
example is the inverse-kinematics scattering of 340MeV 129Sn by 12C, where the derivative for the projectile

P T
is,%ﬂ = 1.87°/MeV at 0}, = 5°. If the recoiling target angle 67, is detected then the derivative %ﬂ

for the target nucleus, ranges from 0.086°/MeV at 6], = 5° to 4.74°/MeV at 0, = 69°. These large
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angle shifts in 6., per MeV in @Q-value must be taken into account since they can result in the calculated
cross sections changing by the order of 3% per MeV in Q-value for light nuclei, which is important when
populating a wide range of excitation energies.

Like most theoretical calculations, the Gosia codes calculate the cross sections assuming a Coulomb
trajectory corresponding to the centre-of-mass angle derived from the laboratory scattering angle at the Q
value of the state defined by the input NC M. The correct procedure is to calculate the cross section for each
state at the measured laboratory scattering angles which results in a ) dependent range of the corresponding
centre-of-mass angles. This ()—value dependence of the laboratory to centre-of-mass transformation can be
taken into account exactly by calculating separately the yield of each individual state, using the value of
NCM corresponding to that state, and then the yields from these separate calculations can be used to
compute the experimental observables for fixed detector laboratory angles as described in chapter 6.6. Gosia
has not been programmed to perform this procedure automatically when fitting matrix elements, thus if this
procedure is required it must be performed externally by multiplying the measured yields by appropriate
correction factors and then constructing by hand the corrected yields file #4. See OP,CORR (chapter 7.4).

5.3 The "Rutherford" cross section

It is useful to summarize the formula employed to calculated the so-called "Rutherford" cross section used
in calculating the differential cross sections for inelastic scattering by Coulomb excitation. This incorporates
the following two corrections from the case of elastic scattering.

1) Symmetrized orbit:

The centre-of-mass hyperbolic trajectory is perturbed from that for elastic scattering due to the excitation
energy of excited states in the interacting nuclei. This effect is accounted for by using a symmetrized orbit
as described in chapter 3.4. This leads to the so-called "Rutherford" differential cross section given in
millibarns/sr to be

272
(Zl%) = 1.295962Z'p—€T19 (5.23)

The symmetrized centre-of-mass bombarding energy Fgy, is defined to be

B2, = Biu(Bum — AE)} (5.24)
where g
E.,, = —11 (5.25)
(1+2)

AFE is the excitation energy of the excited state, and Ep is the initial projectile energy in the laboratory
frame. The energies Esy,, Eep, and Ep all are in MeV and the angles are in radians.

2) The centre-of-mass to laboratory frame transformation:

As discussed in chapter 5.2, the transformation from the centre-of-mass to the laboratory frame is Q-
value dependent as given by equations 5.18 and 5.19. Thus using equations 5.23 and 5.18 gives the projectile
"Rutherford" differential cross section in the laboratory frame to be

2
do do sinvf 1
oy« (32) - (%) (202 -
ds lab d cm Slnglljzb ‘COS(’&CP;"*Q;Z())

where the projectile centre-of-mass angle is derived from the laboratory angle using equations 5.8 and 5.6

ﬁfm = sinfl(T sin Gib) + Oib (5.8)
1

mp
m AFE
T\/l—E_p(1+%)

T =

In the semiclassical approximation the inelastic differential scattering cross section is given by multiplying
or(0p) by the Couomb excitation probability.
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5.4 Energy loss

Calculation of the populations of excited states depend strongly on the beam energy at each meshpoint and
therefore the beam energy is used as the independent variable when integrating the cross sections over the
projectile energy loss as it traverses the target. This requires accurate knowledge of the dependence of the
rate of energy loss on ion velocity as the ion loses energy due to atomic and nuclear scattering processes in
the target. The target thickness (and therefore the energy range over which the v-decay cross sections must
be calculated) and target uniformity are often poorly known, contributing additional error in the calculated
yields.

Incident beam energies near the Coulomb barrier are typically used in Coulomb excitation experiments.
In this bombarding-energy regime the electronic stopping is dominant, but complicated effects such as charge
screening and crystal structure (steering/channeling) can be manifest. Nuclear stopping becomes significant
at low beam energies for which the Coulomb excitation usually is insignificant.

The magnitudes of contributions to the energy loss due to target chemistry, steering, target density, etc.
must all be evaluated in a complete model of stopping. Straggling, which requires a Monte-Carlo calculation,
has an influence on the exit energy, and consequently the collision energy range that must be considered in
the excitation probabilities for thicker targets. Even the crystal structure of the target, which is rarely known,
affects the stopping power. Ziegler[ZIE08] gives a detailed description of the most important contributions
to the total stopping power, as well as a history of the modeling of these effects. An example is for '“N ions
at the Bohr velocity where the dependence of the electronic stopping power on target Zr value is irregular
with factors of ~ 2 discontinuities at atomic shell closures as illustrated by Paul and Schinner [PAU03]. This
irregularity is reduced for the higher velocity of heavy ions used for Coulomb excitation studies.

Figure 5.6 illustrates that there are significant discrepanies in the stopping power values derived from
different compilations or the two utility codes elo and elast. These computer codes use models with para-
meters fit to the empirical data. The most reliable estimates are presumed to be given by the most recent
compilations of Ziegler which are incorporated into his computer code SRIM[ZIEO08]. The utility programs
"elo" and "elast" both are based on a VAX/VMS Fortran program "eneloss.for", which is of unknown origin
but presumably is based on part of the energy loss models used by SRIM. The SRIM predictions including
nuclear stopping (solid black line) and excluding nuclear stopping (dashed black line) illustrate that nuclear
stopping is unimportant at these beam velocities. SRIM gives a smooth energy dependence except for a slight
discontinuity around 2MeV /nucleon. Ziegler[ZIE12] has explained that this discontinuity is due to merging
of the high-energy stopping, which is the regime where the ion velocities are much faster than the target elec-
trons, and the more complicated situation that exists at lower energies where the ion’s velocity is comparable
to the target electron velocities. The stopping-power compilation of Northcliffe and Schilling]NOR70] gives
stopping powers that are significantly lower than the SRIM values for energies below 2MeV/nucleon which
is a well-known problem, but they are in good agreement above this beam energy. The predictions of the two
utility codes "elo" and "elast" deviate by as much as ~ 15% from the SRIM values and have irregular energy
dependence presumably due to unreliable interpolation as well as significantly underestimating the energy
loss for lower velocity ions. While the SRIM source code is not public, there may be different versions of elo
and elast in circulation. Thus it is recommended that the SRIM code be used. Figure 5.6 illustrates that the
user must be cognizant of the significant discepancies that exist in available energy-loss compilations and
computer codes.

The Gosia input file requires the user to supply stopping power data as dE/dz (MeV/(mg/cm?)) as a
function of projectile energy, where FE is the projectile energy, and x is the position (depth) of the projectile in
the target. Up to 20 stopping power meshpoints can be given, and Gosia interpolates between them using a
cubic-spline function. A large number of stopping power points is recommended since the calculation time for
interpolation is insignificant. Refer to the section on OP,INTT (chapters 7.12,7.13). Following the integrated-
yield calculation, the cross sections are expressed in units of mb(mg/cm?)/sr. This corresponds to the mean
cross section integrated over the energy range given by the user, and the absolute cross section is obtained
by dividing this cross section by the known target thickness. That is, the total yield can be expressed as an
integral over the energy range, which can be translated directly into an absolute cross section by dividing by
the known target thickness. Absolute cross sections in mb for thick target experiments can only be calculated
using the range of the stopped beam, which can be significantly less than the target thickness. The Rachel
interface has several tools using SRIM or elast to automate calculation of the stopping power data for Gosia.
This eliminates the need to iterate integrations outside of Gosia in order to find the exit energy for a thin
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target, or the range for a thick target.

— SRIM

Argon-40 on a Pt-196 target - - SRIM e-
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Figure 5.6: The calculated stopping power for an “°Ar beam in '°°Pt is shown as a function of beam energy
given by the 2011 version of the Ziegler code SRIM[ZIE0S8], Northcliffe and Schilling]NOR70], and the utility
computer codes ELO and ELAST.
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Chapter 6

Numerical methods

T. Czosnykast, D. Cline*, A.B. Hayes*, N. Warre

%University of Rochester,bUniversity of Warsaw, “Universitdt zu Koéln

The code GOSIA is designed to perform various functions defined by a user-specified sequence of “op-
tions”. In the simplest mode, GOSIA can be used to calculate the excitation probabilities, population,
and statistical tensors of the levels, equation 4.1, thus providing an equivalent to the code COULEX. Ac-
tivating the v-ray decay module of the code extends this type of calculation to obtain the -ray yields for
a single value of bombarding energy and scattering angle, as well as performing integration over specified
ranges of the bombarding energy (due to the projectile energy loss in a target) and projectile scattering
angle to reproduce real experimental conditions. These calculations require an input set of matrix elements
treated as fixed data. The main purpose of GOSIA is, however, to fit the electromagnetic matrix elements
to reproduce available experimental data. GOSIA can handle simultaneously experimental y-ray yields (up
to 48000) observed in 50 independent “logical experiments”. Additional data, i.e. branching ratios (max.
50), lifetimes of the nuclear levels (max. 10), E2/M1 mixing ratios (max. 20) and previously measured
EX matrix elements (max. 30) also may be included. All these data, and their experimental uncertainties,
are used to construct a least-squares statistic, usually called x? or penalty function. The minimum of this
statistic, treated as a function of matrix elements, defines the solution, while its distribution in the vicinity
of the minimum determines the errors of fitted matrix elements. In the present version of the code, the
investigated nucleus is described by a maximum of 99 energy levels, with the number of magnetic substates
not exceeding 1200. The levels may be coupled with up to 999 matrix elements (E1 through E6 and M1,
M?2), any number of them allowed to be declared as the variables to be fitted. Memory limitations reduce
this number in proportion to the quantity of input data required for a calculation which is case dependent.

As mentioned before, direct use of the full Coulomb excitation formalism to perform the minimization
is out of the question due to the computer time necessary for repeated calculations. The mimimization can
be accelerated using the approximation presented in chapter 6.2. A significant amount of time also can
be saved if the recoil-velocity correction (4.5) is neglected. The effect of both replacing the full excitation
formalism by the matrix approximation and neglecting the relativistic correction is only weakly dependent
on the matrix elements, therefore it is feasible to introduce the “correction factors”, that account for the
differences between full and approximate calculations which are assumed to be independent of the fitted
matrix elements. The minimization can be performed using primarily the fast, approximate formalism,
with"fast-correction correction factors" refreshed by running the full calculation periodically. In addition,
the Coulomb excitation fast approximation is applied only to Am =0 and Am = + 1 couplings, thus an
effect of truncation of the number of magnetic substates being taken into account is also included in the
correction factors, since this is not strongly dependent on the actual set of matrix elements.

Further acceleration of the fitting procedure is made possible by replacing the integration over experiment-
dependent scattering angle and bombarding energy ranges with a single calculation of the Coulomb excitation
induced v-ray yields assuming the mean values of the scattering angle and bombarding energy. This ap-
proximation also is not explicitly dependent on the fitted matrix elements, thus the difference between the
integration procedure and the result of using the mean values of bombarding energy and scattering angle
can be accounted for by introducing another set of correction factors, treated as constants. Actually, it
is convenient to apply this correction to the experimental yields, i.e. to rescale the experimental data ac-
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cording to the comparison of integrated and “mean yields”. This is done initially using a starting set of
matrix elements and the resulting “corrected experimental yields” are subsequently used as the experimental
values for fitting (this procedure is presented in detail in Section 6.5). Thus, the fitting of matrix elements
is performed using two levels of iteration - first, external, is to replace the experimental ranges of bombard-
ing energy and scattering angle with the average values of these parameters, while second, internal, is the
actual minimization of the least-squares statistic. After the convergence at the internal level is achieved,
one should recalculate the correction to the experimental yields with the current set of matrix elements and
repeat the minimization. Usually, for thin targets and not an excessively wide range of scattering angles,
the second repetition of external iteration already results in negligible changes in the matrix elements found
by the minimization. Even if no particle coincidences were required, it has been determined that only 2-3
recalculactions on the external level were necessary despite the integration over the full solid angle. This can
be tested by checking that subsequent iterations result in no change in matrix elements.

Estimation of the errors of fitted matrix elements is a final step for the Coulomb excitation data analysis.
This rather complicated procedure is discussed in Section 6.8. A Gosia option OP,SELE (SELECT) has
been written to reduce the considerable computational effort required for this task using the information
obtained during minimization. This information, preprocessed by OP,SELE, is fed back to the error routine.
Optionally, the results of minimization and error runs can be used to evaluate quadrupole sum rules by a
separate code SIGMA (Chapter 9).

The extraction of the matrix elements from experimental data requires many runs of GOSIA. During
these runs, GOSIA creates and updates a number of disk files, containing the data needed to resume the
analysis or to execute OP,SELE or SIGMA codes. The details of permanent file manipulation are presented
in Chapter 10.

Relatively modest RAM requirements of GOSIA (about 1.5MB) are due to the sharing of the same mem-
ory locations by different variables when various options are executed and to replacing the multidimensional
arrays (such as e.g. matrix elements) with catalogued vectors and associated logical modules. This sharing
was introduced due to the limited computer memory available when GOSIA was developed in 1980. This
extensive overlaying of the coding produced a complicated internal organization of GOSIA. The description
of the code given in this chapter therefore will not attempt to account for its internal organization, which is
heavily dependent on the sequence of options executed and, in general, of no interest to the user. Instead,
it will concentrate on the algorithms used and the logic employed in GOSIA. The basic knowledge of the
algorithms is essential since the best methods of using the code are strongly case-dependent, so much freedom
is left to the user to choose the most efficient configurations according to the current needs.

All three codes- GOSIA, SIGMA and SELECT- are written in the standard FORTRAN77 to make their
implementation on various machines as easy as possible. Full 64 bit accuracy is strongly recommended since
the results can be untrustworthy when run using 32 bit accuracy.

6.1 Coulomb Excitation Amplitudes and Statistical Tensors

The state of a Coulomb excited nucleus is fully described by the set of excitation amplitudes, ayy (M),
defined by the solution of Eq. 3.20 at w = oo, or, approximately, by the matrix expansion Eq. 6.14, used
for minimization and error estimation. To set up the system of coupled-channel differential equations 3.20 it
is necessary first to define the level scheme of an excited nucleus. Certainly, from a practical point of view,
the level scheme should be truncated according to the experimental conditions in such a way that reasonable
accuracy of the excitation amplitudes of the observed states is obtained with a minimum number of the
levels included in the calculation. As a rule of thumb, two levels above the highest observed state in each
collective band should be taken into account to reproduce a given experiment reliably. Truncation of the
level scheme at the last observed level leads to an overestimation of the excitation probability of this level
due to the structure of the coupled-channels system, equation 3.20, while including additional levels above,
even if their position is only approximately known, eliminates this spurious effect.

The solution to the coupled-channels system, equation 3.20 should, in principle, involve all magnetic
substates of a given state |I >, treated as independent states within a framework of the Coulomb excitation
formalism. However, due to the approximate conservation of the magnetic quantum number in the coordinate
system used to evaluate the Coulomb excitation amplitudes (as discussed in Chapter 3) it is practical to
limit the number of the magnetic substates taken into account for each polarization of the ground state, Mj.
In any case, the excitation process follows the “main excitation path”, defined as a set of magnetic substates
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having the magnetic quantum number equal to My, the remaining magnetic substates being of less and
less importance as the difference between their magnetic quantum number and My increases. The relative
influence of the excitation of magnetic substates outside the main excitation path is experiment-dependent,
therefore GOSIA allows the user to define the number of magnetic substates to be taken into account
separately for each experiment. This choice should be based on the requested accuracy related to the quality
of the experimental data, keeping in mind that reasonable truncation of the number of the magnetic substates
involved in Coulomb excitation calculations directly reduces the size of the coupled-channels problem to be
solved.

Theoretically the integration of the coupled differential equations 3.20 should be carried over the infinite
range of w, which, practically, must be replaced with a finite range wide enough to assure the desired accuracy
of the numerical solution. To relate the effect of truncating the w-range to the maximum relative error of
the absolute values of the excitation amplitudes, a., the following criterion can be used to check that the
integration of the collision functions is sufficently accurate:

max

lffooo Qrole=1,w)dw — [ e Qrole = 1,w)dw
4 ffooo Qxo(e =1, w)dw

where, as a worst case, the backscattering geometry (e= 1) is taken into account, thus Am # 0 couplings
vanish for electric excitations. There is no magnetic excitation for backscattering, as discussed in Chapter 3,
moreover, the magnetic excitation is weak enough to be neglected at the excitation stage for any scattering
angle, therefore only electric excitation is considered in this criterion. The factor 1/4 is introduced in equation
6.1 to account for the further decrease of the importance of the excitation taking place at large |w| due to
the high-frequency oscillation introduced by the exponential term of equation 3.20. Using the normalization
property of the collision functions:

< a, (6.1)

/_OC Qanle = 1,w)dw = 1 (6.2)

and the asymptotic, pure exponential form of collision functions for large |w| one finally gets:

1
W > ay — X Ina. (6.3)

where the values of o) can be found from the asymptotic form of the collision functions and are given in the
table below, together with the resulting w™®* assuming a. = 10~® which is the default value in GOSIA

max

Table 6.1: Maximum ranges w and asymptotic exponents

multipolarity | ay | w™*for a, = 107
E1/M2 -.693 10.82
E2/M3 .203 5.96

E3 .536 4.37
E4 716 3.59
E5 .829 3.13
E6 .962 2.88

The range of integration over w corresponding to a given accuracy level decreases with increasing mul-
tipolarity, as can be seen in Table 6.1. Following this observation, the coupling between energy levels
corresponding to a given multipolarity is included in GOSIA only within the integration range assigned to
this multipolarity, which is a time-saving feature in cases where many multipolarities have to be included.
For M A couplings, neglected so far, the integration ranges have been set according to:

W (MN) = W™ (E(A + 1)) (6.4)

The actual integration of the coupled-channel system of differential equations 3.20 is performed in GOSTA
using the Adams-Moulton predictor-corrector method. According to this algorithm, first the predicted
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solution @ at w + 4Aw, based on a knowledge of the solution at w+ 3Aw and the derivatives @ at four points,
w, W+ Aw, w+ 2Aw and w + 3Aw is found using:

a(w + 4Aw) = a(w + 3Aw) + %{55&’@ + 3Aw) — 59a (w + Aw) + 37’ (w + Aw) — 93’ (w)} (6.5)

and then corrected by:

a(w + 4Aw) = a(w + 6Aw) + %{9&'@) +4Aw) + 193 (w + 3Aw) — 5a' (w + 2Aw) + d' (w + Aw)}  (6.6)

where the excitation amplitudes are once again treated as a vector and the prime symbolically denotes the
differentiation with respect to w. The predicted solution is used to obtain the derivatives defined by the right-
hand side of 3.20 at w+4Aw, employed to evaluate the corrector 6.6. Stepsize, Aw, is controlled on a basis of
the comparison of the predicted and corrected solutions. The accuracy test parameter, d, is defined as 1/14
of the absolute value of the maximum difference between the predicted and corrected excitation amplitudes
at a current value of w. The stepsize is then halved if d > a. or doubled if d < a./50. This procedure
assures the adjustment of the stepsize according to the strength of the interaction and is performed every
n steps, n being an adjustable parameter defined by the user ( n =1 is used as a default in GOSIA).
The Adams-Moulton integration algorithm, with stepsize control, usually is faster than Runge-Kutta type
methods, thus it has been employed in GOSIA despite some drawbacks. The most important drawback
is when the interaction, defined by the left-hand side of 3.20, is weak over most of the integration range,
peaking only around some value of the independent variable. In this case, the stepsize will be subsequently
doubled and can become excessively large when the strong interaction region is reached. Consequently, even
though the loss of accuracy is detected, the overall accuracy of integration would be irretrievably lost. Note
that convergence problems are more likely to occur for high excitation energy transitions, > 2.5MeV where
the large adiabaticity parameter &, in equation 3.20 leads to a rapid oscillation relative to the stepsize Aw.
Fortunately for these large adiabaticities the excitation probabilities usually are below the experimental
sensitivity of current experiments. The loss of accuracy for high adiabaticity transitions can be detected by
checking the sum of excitation probabilities provided in the output of GOSIA. The recommended procedure,
if the sum of probabilities differs significantly from unity, is to switch off the stepsize control for a given
experiment using the INT switch of CONT suboption (see section 7.3) rather than decrease the accuracy
parameter a.. This is due to the fact that GOSIA uses the table of @, functions and hyperbolic functions
with a tabulation step Aw = 0.03 which defines the minimum stepsize of the integration independent of the
accuracy requested, allowing the highest accuracy corresponding to a., = 107%. Increasing the requested
accuracy control ¢, may exacerbate the problem by causing Gosia to read the @y, function versus w tables
outside the boundaries for each multipole. The user should select the INT setting for the highest accuracy
since the CPU time required is insignificant on modern computer systems.

Another drawback of the Adams-Moulton method, compared to the Runge-Kutta algorithm, is that
Adams-Moulton algorithm is not self-starting, requiring the initial solutions at four points. This problem
can be overcome by employing the Runge-Kutta algorithm to provide the starting values, then switching
to the more efficient Adams-Moulton method (note that the same procedure is to be applied when the
stepsize is changed, since restarting the integration with different stepsize requires the knowledge of the
solution at new independent parameter intervals). The Runge-Kutta integration algorithm is used in the
code COULEX[WING65] to provide the starting solution for both the initialization of the integration and the
changes of stepsize. In GOSIA the starting solutions are found using a first-order perturbation approach, valid
at large values of w, using the asymptotic form of the collision functions. It is assumed that the ground state is
connected to at least one excited state with E'1, M1 or E2 matrix elements. The initial excitation amplitudes
then can be found as combinations of trigonometric and integral-trigonometric functions, the latter being
evaluated using a rational approximation (given for example in [ABR72]). To fully eliminate switching to the
Runge-Kutta algorithm, when changing the stepsize, the new starting values are evaluated using backward
interpolation. This procedure is reliable enough to assure reasonable accuracy while considerably speeding
up the integration.

The integration of the system 3.20 in principle should be repeated for each possible polarization of the
ground state, My. However, the reflection symmetry in the plane of the orbit in the coordinate system used
to evaluate the excitation amplitudes yields:
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aIm(Mo) = (71)AW+IoilaI—m(7Mo) (67)

where Ar= 0 if there is no parity change between the ground state and a given excited state |I >, and Ar=1
otherwise. The symmetry relation 6.7 means one only has to solve the coupled-channel system 3.18 for the
ground state polarizations My > 0, the solution of the coupled-channel system for My < 0 being defined
by the relation 6.7. As mentioned before, due to the approximate conservation of the magnetic quantum
number in the frame of coordinates used, one practically has to take into account only a limited subset of
magnetic substates beyond the main excitation path. This explicitly means that if n magnetic substates
have been specified by the user to be included in the Coulomb excitation calculation, then for each excited
state, I, and ground state polarization, My, GOSIA will catalog the magnetic substates according to the
inequality:

min(I, —My +n) > m > max(—I,—My —n) (6.8)

which, by virtue of 6.7, defines simultaneously a set of excitation amplitudes obtained with the inverse
polarization of the ground state in a range given by:

max(—1I, My —n) <m < min(I, My +n) (6.9)

allowing for the summation of excitation amplitudes to form a statistical tensor defined by 4.2 for +M( and
—Mj at the same time.

A special simplification of the solution of equation 3.20 occurs for the ground state spin equal to 0 (even-
even nuclei). In this case only m < 0 substates are explicitly included for numerical integration, the values
of the excitation amplitudes and their derivatives for m > 0 are substituted during the integration using
equation 6.7. Therefore, a separate setup of the system of coupled-channels equations 3.20 is constructed by
GOSIA for even-even nuclei, resulting in the appreciable increase of the speed of the integration if Iy = 0.

The statistical tensors py, are evaluated first according to equation 4.2 in the coordinate system used to
calculate the excitation amplitudes, then rotated to coordinate frame ” B” , shown in figure 4.1, system, which
is more convenient to describe the ~y-deexcitation, as discussed in Chapter 4. This transformation is done
using the rotation matrices according to equation 4.12. Rotated statistical tensors are treated as an interface
between the Coulomb excitation and y-deexcitation modules of the code, providing the complete information
needed to calculate the y-ray decay. These tensors can be calculated either using the full Coulomb excitation
formalism or using the fast matrix approximation.

6.2 Approximate evaluation of the Coulomb excitation amplitudes

Numerical integration of the system of differential equations 3.20, over Os.qt, Epeam is time consuming. This
is due to the requirement to solve the coupled-channels equations at each 0, ' meshpoint. Usually this
takes 90 — 95% of the total computer time for each evaluation of the y-yields following Coulomb excitation.
Therefore, it is essential to replace the exact Coulomb excitation formalism by a fast and sufficiently accurate
approximation in order to enable iterative fitting of matrix elements. To construct such an approximation,
it is advantageous to consider only the couplings Am = 0 and Am = +1 (as pointed out in Chapter 3,
the strength of the interaction rapidly decreases with Am) and magnetic excitation is negligible. Denoting
the orbit parameter, w, dependence of the right-hand side operator of equation 3.20 by the function fj,,(w)
allows the system of differential equations 3.20 to be written as:

day Im
= ST MY - fin (@) an(w) (6.10)
Imn
where fi,,, (w) is explicity given as:
fim(w) = —iQm (w) exp[iy., (e sinhw + w)] (6.11)

and
MY = (k|| E(M)A||n)
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Figure 6.1: Actual and approximate Coulomb interaction strength functions. The fast approximation as-
sumes that the antisymmetric component dominates in the ranges —w; — —ws and +ws — +w; while the
symmetric component dominates in the range —ws — +ws.

where n, k are the spin plus parity of the initial and final states respectively. The transition multipolarity is
A

For both m = 0 and m = £1 the function f;,,(w) can be expressed as a sum of two components, one
antisymmetric in w and real, the other symmetric in w and imaginary:

Jim(@) = fun (W)™ i fr (w) Y (6.12)
i fim (W) = Qum(w) cos[€y,, (e sinhw + w)]
fin ()59 = Q) sinfe (e sinh  + w)]

These properties of the f(w) function assure the unitarity of the right hand side operator of equation
6.10. Significant simplifications of the Coulomb excitation formalism can be achieved by replacing the w-
dependent functions by constant effective interaction strengths extended only over finite ranges of w. For
the most important Am = 0 couplings f},, (w) is localized around w = 0, while f{ (w) is negligible anywhere
except in the vicinity of +wq, wo being case-dependent. Following this observation, one can approximate the
total interaction by assuming the effective, constant interaction strengths covering three regions completely
separated in w; that is, an antisymmetric part, extended over a finite w range around some value of w = —wy,
a symmetric part around w = 0, and the reflection of the antisymmetric part around w = wyq, as schematically
presented in Figure 6.1.

The Am = 41 couplings can be treated in a similar way, although the separation of symmetric and
antisymmetric components in w is not as pronounced in this case. Nevertheless, taking into account the
weakness of these couplings and their second-order importance, it is not worthwhile to construct a more
accurate approximation.

According to the above model, the system of differential equations describing the Coulomb excitation
can be represented as three independent equations of the form:

;l—z = Al a(w); G, = a(—00) —w1 Sw < —ws

da k= -

= 1Asa(w); o = a(—wa); —wy < w < wy (6.13)
;l—z = —A] a(w); a, = a(wa); wy <w < wj

where the matrix operators A* result from replacing the functions fj,,, of equation 6.11 with effective constants
over three specified ranges. The sequential set of equations 6.12 has an obvious solution:



6.2. APPROXIMATE EVALUATION OF THE COULOMB EXCITATION AMPLITUDES 75

A
I"'r = A(_l) P —
E(}) | :
| I1T - 0+

Figure 6.2: Two-level system

a(00) = exp(—A1) exp(—Az) exp(Ay)a(—o0) (6.14)

where the matrix operators A correspond to A* in equation 6.13, differing only by appropriate scaling to
eliminate the independent variable ranges from the final formula. The A matrices are purely real and fulfill
the symmetry conditions:

Aki = —Aui (6.15)
Aori = Ag,
The relations 6.15, resulting from the symmetry properties of the reduced matrix elements and coupling

coefficients (, assure the conservation of total excitation probability. The matrix elements of A can be
explicitly written as:

A = MR- C™ - g™ (6.16)
Agir, = Mz‘(lj) . Cz(l);m) . qu\m)
where q((l)‘m) and qé””) are effective strength parameters, replacing f)(\‘:,)L(w) and f)(\f,)L(w), respectively. These

parameters are functions of € and £, thus for a given experiment one needs to determine them as functions
of £ only, the eccentricity € assumed constant.

The most flexible way of obtaining the ¢ parameters is to extract them from the exact excitation calcu-
lation for a two-level system. Let us consider the simple case shown in Figure 6.2 with the reduced matrix
element M connecting the two levels.

For this case, the A matrices are explicitly given as:

_(»0)
A= ol g MG (6.17)
@ M(¢ 0
(20
Ay = (,\0()) w e
qs" ' M¢ 0
and, according to 6.14:
a(0%) = cos(¢gPV M) + isin(¢V M) - sin(2¢0Y M) (6.18)
a(I™) = —isin(¢*” M) - cos(2¢1) M)

The above yields:

Arccos(Re a (01))

(0 _
q Ve (6.19)
Im a(0T)
(\0) — _ =/
qg arctg (Im a(I”)>/2MC
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Figure 6.3: Model Coulomb excitation case for 200 MeV 56 Ni beam onZ = 46, A = 110 nucleus. The matrix
elements quoted are in units of e, b.

Using equation 6.19 it is possible to extract ¢ parameters substituting the excitation amplitudes resulting
from the exact calculation, i.e., the solution of equation 3.20. A similar procedure can be applied to find the
q parameters corresponding to Am = +1 coupling.

The appropriate formula, equation 6.14, works best in cases where the range of {—parameters is not
excessively wide. This practically assures good performance in all cases of multiple Coulomb excitation,
since, as discussed in Chapter 3, small values of £ are required to produce significant multiple excitation.
To demonstrate the reliability of the semi-analytic approximation, let us consider a test case in which we
simulate the Coulomb excitation of a Z = 46 , A = 110 nucleus by a 200 MeV °®Ni beam. The target
nucleus is described by the level and coupling scheme (of course having nothing to do with the real 1'°Pd)
shown in Figure 6.3. The level energy differences all are assumed to be equal to 0.5 MeV. All reduced E2
matrix elements are given in units of e.b.

Comparison between the exact solution of equation. 3.18 and the approximate solution using equation
6.14 is as follows:

Table 6.2: Excitation amplitude (population)

Levels | Exact calculation; eq. 3.20 | Fast approximation: eq. 6.14
0" 494 + .018i (.244) .499 - .145i (.265)
2+ 134 + .139i (.032) 161 + .096i (.035)
4+ -.205 4 .391i (.194) -.186 + .407i (.200)
6T -.176 + .388i (.145) -.192 + .312i (.134)
2+ 276 + .2661 (.119) .284 + .157i (.105)
4+ -.482 - .165i (.260) -.445 - 2361 (.254)

The A matrix approximation is generally more than adequate to calculate derivatives of level popula-
tions with respect to the matrix elements, using internal correction factors described earlier to account for
differences between the approximate and the exact approach. It also provides a useful tool to investigate (at
least qualitatively) the Coulomb excitation process.

As an example, let us consider the influence of the quadrupole moment for the two-level system shown
in Figure 6.4 and discussed extensively in the Alder-Winther monograph [ALD75].

To simplify the notation, let us denote:



6.2. APPROXIMATE EVALUATION OF THE COULOMB EXCITATION AMPLITUDES 7

Figure 6.4: Reorientation effect for the two-level system.

@07 — 2 M) =g
¢ 0t — 27). Mlg(()iOQ)Jr =q (6.20)
@@ — 20 M), =Q

Note that there is no antisymmetric component of the interaction for the quadrupole moment, since

¢=0.

The A matrices can then be written as:

0 -
A = ( 0 Oql ) (6.21)
0 ¢
A =
’ (q Q)
yielding:
exp(+4;) = cosqi +sing (6.22)
! +sing; cosqq '
exp(—idy) = £iQ/2 cospf%i% sinp —%q sinp
—Z—p‘lsinp cosp—i—%i% sinp
where

1
p=5(Q° +4¢°)1

Using 6.14 gives:

1., i
g+ = 52‘@1@/2% (Qsin2q; — 2q cos2qy) (6.23)
p
which results in an excitation probability:
1 sin? D . 2
Py = 1 p_2 (Qsin2q; — 2q cos2qy) (6.24)

The formula 6.24 is a generalization of the second-order perturbation theory result. Taking into account
only the lowest order terms in ¢, g1, and Q gives:

P~ (1-Q- %)2 (6.25)

as predicted by second-order perturbation theory. It should be observed, that the influence of the quadrupole
moment is significant only if the ratio of antisymmetric to symmetric g parameters is high, which physically
corresponds to a large value of £&. As can be seen from 6.23, the primary effect of the static moment is rotation
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of the complex excitation amplitude, due to the exp(iQ)/2) factor. This allows rather accurate measurements
of static moments in cases of interfering paths of excitation, i.e., when a state is excited in a comparable way
via two or more sequences of couplings. In this situation the phases that the partial excitation amplitudes
are summed are of primary importance.

In general, 6.19 is only a semianalytical formula, since for complex cases, exponents of the A matrices
must be evaluated numerically. Nevertheless, numerical determination of exp(A) operators is much faster
than the integration of a system of differential equations. It is worth observing that the truncation of the
Taylor series approximating the exp(A) operators provides a way to generate perturbation theory of a given
order, thus being useful for investigating weak excitation processes.

The above fast-matrix approximation is used in GOSIA to evaluate the Coulomb excitation amplitudes
within the minimization and error estimation modules. The level and matrix element scheme used for this
procedure is identical to that employed for the full calculation with two exceptions. First, the number of
magnetic substates taken into account beyond the main excitation path, n, can only assume values of 0 or
1. Second, only E1 through FE6 multipolarities are used to construct the matrix approximation. The only
additional information needed is the knowledge of the effective strength parameters, ¢, and ¢, as introduced
in the formula 6.16. The effective strength parameters depend on the experimental conditions as well as
on the energy difference of the levels coupled by a given matrix element, and thus, in principle, should be
assigned to every matrix element independently for each experiment. However, from a point of view of
the memory requirements, this approach is not feasible, therefore it has been chosen to create the maps
of ¢ parameters at discrete £ points for every experiment and to obtain the actual parameters using linear
interpolation. The ¢ parameters should be independent of the coupling strength ¢ (Equation 3.23) if the
model was perfect, but practically some weak ¢ dependence is still present. A significant improvement of the
matrix approximation accuracy can thus be obtained by including the first-order (-dependence correction
for the prevailing Am = 0 couplings, which is equivalent to defining the ¢-parameters as:

q(Am = 0;€,¢) = a(§) M ¢ +b(¢) (6.26)

where M symbolically stands for a matrix element associated with a given coupling. The ¢ parameters for
Am = +£1 couplings are still treated as functions of £ only, the possible improvement of the approximation
introduced by the (-dependent correction being negligible because of the weakness of these couplings.

The map of the ¢ parameters is generated and stored when a separate option (chapter 7.15) is executed
and read if either the minimization command (chapter 7.18) or the error estimation command (chapter 7.6)
is encountered. For each experiment, GOSIA establishes the ranges of £ and ¢ according to the level scheme
(the maximum decay energy defines the maximum value of £) and the specified limits of the matrix elements
(chapters 7.16,7.17) which determine the maximum value of (. The ¢ parameters are extracted following the
method discussed in chapter 6.2 using the two-level system described using preset values of ¢ and £. For each
& meshpoint, fifty values of ¢, covering the whole range, are used to fit the coefficients a and b (equation 6.26
) by the usual linear regression ( Am = 0 only ). Ten & meshpoints are used for all multipolarities, thus the
map consists of ten pairs (a,b) for each multipolarity and experiment for both ¢, and g5 corresponding to
Am = 0 couplings while the Am = +1 are treated as (-independent, therefore only the a and b coefficients
are computed and stored.

The ¢ parameters map, once generated, need not be recalculated by the user unless the ranges of &
or ¢ were changed by including additional levels or couplings resulting in a higher maximum decay energy
or by expanding the limits of the matrix elements. It is always recommended to keep these ranges at a
reasonable minimum, especially the range of £. This can be achieved by eliminating couplings between
levels having no influence on both excitation and deexcitation, but creating high-energy decays. As a rule,
the matrix approximation reliability improves with decreasing values of £, thus by narrowing its range one
usually obtains faster convergence of the minimization. Calculation of the map is much faster, ~ 1s, than
other calculations required to fit matrix elements.

The approximate excitation amplitudes are computed according to equation 6.14, with A matrices defined
by 6.16. An algorithm:

7,0 = a© (6.27)
—(n 1 —(n
ap( +1) = nt 1Aap( )

a(nJrl) — a(n)+@(n+1)
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equivalent to the Taylor series expansion, is used to evaluate iteratively the product of the matrix exponentials
acting on the initial amplitude vector @ = @(w = —o0). The convergence of this procedure is controlled
by monitoring the sum of excitation probabilities and the evaluation of matrix exponentials is truncated
if this sum differs from unity by less than user-specified accuracy, see chapter 7.18. In some cases, the
summation 6.27 may not converge within the requested accuracy due to the computer-dependent roundoff
error propagation. This usually happens when the matrix elements of the A operators are large. To overcome
this problem it may be necessary to logically subdivide the matrix operators using the identity:

Aya (6.28)

exp(A)a = eXp(é) exp( D) )

which is done by GOSIA automatically, with the message:
EXP(A) EXPANSION FAILURE- EXP. N NEW SUBDIVISION(L,K)

issued, specifying experiment number N and number of times K the subdivision of either A; or Ay operator
(L = 1 or 2) was performed. Usually a single subdivision is sufficient to assure the default accuracy 10~°
for any Coulomb excitation experiment, thus more subdivisions probably points to unreasonable values of
the matrix elements. Inclusion of data for which the required matrix elements are undefined can lead to an
endless loop with the expansion failure reported at each iteration, and the job must be terminated by the
user.

The matrix operators used for the fast approximation are sparse and are never stored as matrices.
Instead, the expansion 6.27 is performed using the fact that non-zero elements of these operators correspond
to the matrix elements as follows from 6.16, therefore the catalog of the matrix elements is used to avoid
dummy multiplications. The resulting excitation amplitudes then are used to calculate the statistical tensors
exactly like the solution of the full Coulomb excitation coupled channel calculation.

6.3 Adiabaticity limitations
Recent advances in detector technology have resulted in a tremendous increase in detection sensitivity that

has led to the need for Coulomb excitation calculations that challenge the adiabaticity limitations built into
the current version of GOSIA in 1980 [CLIO8]. The adiabaticity can be expressed to first order by

7,22 A% (E,_Ey)

~ 3.35
S TY E,\/E, (3.35)
The orbit eccentricity e, is expressed in terms of the center-of-mass scattering angle ., :
1
€=—> (3.11)
sin Zgm

2

Figure 6.5 shows that the ratio of the adiabaticity to transition energy is roughly constant at 5’“" ~ 0.5
for safe bombarding energies. This ratio is higher using lower bombarding energies but this is compensated
by the fact that the higher AF,; transitions are not appreciably excited. Recent Coulomb excitation studies
can involve excitation energies as large as 4.4 MeV for light nuclei like 2C, 3.8 MeV in *®Ca, and 2.6 MeV
n 298Pb. These imply that the required range is &;,, < 2.2. For backscattering ¢ = 1 the E2 orbital integral
Ro,(e,€) drops to 7.3 x 1073 for £,,, = 2; in addition the y-ray detection efficiencies drop rapidly at the
corresponding y-ray energy of ~ 4 MeV. As a consequence, excitation probabilities at £, =~ 2.2 correspond
to the upper limit of experimental sensitivity available today and the practical upper bound to use in Gosia
is &, < 2.5.

The eccentricity € increases rapidly when 6., is small, e.g., values are ¢ = 5 at 0., = 23° and ¢ = 10
at 0., = 11.5°. Typical Coulomb excitation experiments involve detection of scattered ions between 20° <
Orqp < 180° which implies eccentricity values in the range 1.0 < ¢ < 5. However, for small adiabaticity &,
users may need to integrate to more forward angles to where the cross section is negligible, that is, to about
an eccentricity of € = 10. Thus it is reasonable to assume a maximum range of 1.0 < e < 10.

The excitation probability for Coulomb excitation depends sensitively on the “adiabaticity product”
&pne-Inspection of the orbital integrals dependence of eand &(see Alder and Winther, Rev. Mod. Phys. 28
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Figure 6.5: The ratio &y /AENn versus Zp and Zp for Coulomb excitation at the maximum safe bom-
barding energy. Taken from [ALDT5]

(1956) 478) was used to select a practical range of the adiabaticity product for Gosia. The maximum values
of the classical orbital integrals for E2excitation are < 10~ %when the product &;,,¢ = 10and are < 10~ 5when
&rn€ = 7.5. These suggest that the upper bound for practical experiments should be &, < 10but most
experiments will typically involve values of this product of £, e < 5.

The system of coupled differential equations for the excitation amplitudes ayis given by equation 3.20

da

= i Qe @)C < TIMW| Ly > - exp(i€yy (esinhw +w)) - ay (w) (3.20)
w Apn

The most time-consuming aspect of solving the coupled equations using Gosia involves numerically eval-

uating the orbital integrals R, (e, &) for each channel where
Ry,u(e,6) = / Qxp(€,w) exp(i€(esinhw + w))dw (6.29)

Currently Gosia stores the @y, (e,w) collision functions with a spacing of Aw = 0.03. To speed up the
integration, GOSIA incorporates an accuracy test that can integrate using multiples of the minimum step size
depending on the accuracy test. The errors that are encountered during evaluation of the orbital integration
of the coupled differential equations are not associated with the accuracy of the @, (€, w) collision functions.
Rather they are due to the high rotation frequency of the exponential e!? phase-factor term that occurs at
large |w|. This phase ¢ has the following dependence on w

¢ =& esinhw + & ,w (6.30)

This phase increases exponentially with w at large values of |w| and the highest oscillation frequency occurs
at the largest magnitude of w = |wmax| -
The rotational frequency of the phase is given by

L i@ _ &gpecoshw + &5,
C 2mdw 27

(6.31)

At large |w|, where ecoshw >> 1, the rate of change in phase is approximately proportional to the product
&pnecoshw. The oscillation frequency depends strongly on the adiabaticity product £, e which is largest for
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Figure 6.6: The period for one cycle of rotation of the phase factor and a function of w for the case of 300
MeV 136Xe scattered at 6., = 95° exciting a 3 MeV 2% state in '®°W. This case corresponds to ¢ = 2.13,
and e = 1.356 giving the product e = 2.88.
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large transition energies, where £, is large, as well as at forward angles, where € = o is large. The

coshw dependence implies that the oscillation frequency increases rapidly with increase in |w|.

Evaluation of the orbit integration of the coupled equations using the current version of Gosia is not
limited by the accuracy of the collision functions @, (e, w). The limit to the accuracy of the integration is
set by the rotation period of the phase factor ¢ = &, (esinhw + w) which becomes comparable to, or less
than, the integration step size Aw at large |w| which can result in erratic, unreliable, and wrong results and
the error usually is not visible to the user. For example the current version of Gosia produces reliable and
accurate results for £2 excitation if the product of the adiabaticity and eccentricity £e < 1.0, while the upper
limit for E1 is e < 0.008 which is far below typical values encountered in E1 Coulomb excitation. Moreover,
the accuracy parameter, which controls both the step size and range of integration, can exacerbate the above
problem by extending the range of integration into a region where the code fails at even lower adiabaticity
and also where the code points outside of array boundaries.

The period 7 for one cycle of rotation of the phase is given by the reciprocal of the rotational frequency

2w

= 6.32
"7 Gecoshw 1 &y, (6:32)

Note that the period for rotation of the phase is independent of multipole order A. Figure 6.6 shows an
example of the dependence of the phase rotation period 7 on w for the case of a 300 MeV 36Xe beam
scattered at 0., = 95° exciting a hypothetical 3 MeV 2% state in a '®°W target. This corresponds to
& =2.13, and € = 1.356 giving the adiabaticity product to be e = 2.88.

A Gosia simulation of the time dependence of the excitation probability along the semiclassical orbit for
the above case is shown in Figure 6.7. The excitation probability for the incoming trajectory exhibits a
staircase behaviour at large |w|, which for small |w|, develops into an oscillation extending in to |w| ~ —3.
The mirror behaviour occurs on the exit trajectory except it is as not as visible due to the offset by the
residual final excitation probability. The impact on the exit part of the trajectory is clearly visible even
on the logarithmic plot meaning that the impact on the final probability is significant. This pathological
behaviour is more pronounced for E1 excitation where wp.x = 10.8 at which the oscillation period is orders
of magnitude smaller than the step size as shown in Figure 6.6.

Gosia has a minimum step size Aw = 0.03 which, as shown in Figure 6.6, equals the oscillation period
at about |w| = 5 where the amplitude in figure 6.7 exhibits a sharp spike downward. The plateau extends
inwards to where the oscillation period is about four times the step size.

It is obvious from Figure 6.7 that the Gosia results are unreliable when the rotation period approaches
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Figure 6.7: The time dependence of the excitation probability along the semiclassical trajectory for the case
of 300 MeV '36Xe scattered at 6., = 95° exciting a 3 MeV 2% state in 'W. This case corresponds to
& =2.13, and € = 1.356 giving the product {e = 2.88.

the step size leading to a beat phenomenon between the step size and phase rotational period. It appears
that at least 4 steps are needed per rotation cycle for reliable results and that pathological behaviour
can be expected when the steps size is at a close multiple of the rotation frequency. Fortunately the
product @y, (€, w) f:;l”) < Ii|IM (M|, >, which multiplies the exponential phase factor in the orbital
integral, becomes very small as w — wpax reducing the influence at the largest |w|. Thus the impact of the
pathological behaviour in the phase factor term near wy,.x is decreased but there can still remain errors in the
calculation for the asymptotic region as illustrated above. The worst pathological behaviour can be reduced
by requiring that there be at least one sample per period at wp.x since this implies that there will be 4
samples per period of oscillation in the regions where Q. (€,w) EC)?;“)~ < Ii||M(N)|| I, > becomes significant.
This extreme optimistic assumption implies that the upper limit on sampling period necessary to eliminate
pathological behaviour is
Epn€coshwmax + &ppy 1

= < ~ *
v 2m ~ Aw (6.33)

which gives an upper limit of the adiabaticity product &€

2
< - 6.34
Son€ < Aw cosh W ax ( )

Equation 6.34 can be used to estimate the most optimistic upper bound of &, that is required to
minimize pathological behaviour during integration of the coupled differential equations for different step
sizes. These optimistic upper bounds for ;e are given in table 6.3, while the numbers in brackets are the
corresponding number of steps IV required for integration between the limits —wax and +wmax assuming a
constant value of Aw. Note that accurate integration requires lower upper limits than given in this table. It
appears that for £2 excitation the step size has to be reduced to Aw = 0.003, that is, by more than an order
of magnitude from the current minimum of Aw = 0.03, to allow for accurate calculations up to adiabaticity
values of &,,¢ < 10. For E1 excitation the step size needs to be reduced by three orders of magnitude!

Table 6.3
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Upper bounds for £, € for different step sizes, Aw. (N) is the number of steps between —wpax and +wWmax

EX Wmax for ac =107° &, (N) at Aw =0.03 &6 (N) at Aw =0.01 &€ (N) at Aw = 0.003

El 10.82 0.0083 (721) 0.0251(1082) 0.0837(7210)
2 5.96 1.080 (398) 3.241 (1192) 10.804 (3980)
E3 4.37 5.297 (291) 15.90(874) 52.97(2910)
B4 3.59 11.55 (240) 34.65 (718) 115.5 (2400)
E5 3.13 18.27 (208) 54.83 (626) 182.7 (2080)
E6 2.88 23.44 (192) 70.32 (576) 234.4 (1920)

Requesting a higher accuracy such as a. = 107% actually decreases the accuracy during integration and
can cause pathological behaviour increasing wmax to a point where the rotational frequency greatly exceeds
the sampling frequency. For example, for E2 excitation using a. = 107% in equation 6.3 implies |wmax|
increases from 5.96 to 14.0 which increases the rotation frequency by a factor of 3103. This problem is
known by experienced Gosia users.

An example of Coulomb excitation of a light nucleus is E2 excitation of an assumed 4MeV 27 state in
10Be using 33 MeV projectile excitation by a 2°Pb target for scattering at 6., = 30° which corresponds to
&rn€ = 7.7. Reducing the minimum step size to Aw = 0.003 raises the adiabaticity limit from ¢, e = 1.08
to &€ = 10.8 which is sufficient. Thus for E2 excitation it appears desirable to reduce the step size from
Aw = 0.03 down to at least Aw = 0.003. The ten-fold decrease in step size implies a ten-fold increase in
the number of steps and a concomitant increase in computer processing time; currently the orbit integration
already accounts for about 90% of the processing time. Another example is 600M eV 2°Sn Coulomb exciting
208ph; using a step size of Aw = 0.03 which implies that the E2 transition excitation energy in 2°®Pb must
not exceed 2.16 MeV for back scattering, while the transition energy must not exceed 0.56 MeV for 6, = 30°.
The first excited state of 298Pb is at 2.63 MeV which is above these adiabaticity limits. These results imply
that the optimum step size for multipoles EA < 2 should not be larger than Aw = 0.003. Increasing the
number of steps is not a viable remedy due to the increase in computing time. The current upper bounds of
&n€ for E1 excitation are much too small for practical applications.

In summary, implementing a 10-fold decrease in the step size for E2 excitation, and a 1000 fold decrease
for E'1 excitation, are not viable due to the concomitant large increase in computing time. This problem is
endemic to all semiclassical Coulomb excitation codes and thus a general solution is required. One proposal
[CLIO8] uses numerical integration of the coupled equations for a smaller range of w and employs the fact
that first-order perturbation theory is applicable in the asymptotic region with large |w|. Interpolation of
precalculated perturbation values of the orbit integrals in these asymptotic regions can be used. Another
alternative is use of new mathematical methods being developed to handle integration over integrands having
extreme oscillatory behaviour. Implementation of a new algorithm is on hold pending unravelling of the
complicated and extensive overlaying of the current GOSIA code.

The above discussion paints a worst-case scenario in a problem that is focussed primarily on F1 excitation.
Observation of E1 Coulomb excitation is very rare because the residual nucleon-nucleon interaction focusses
the bulk of the E1 strength in the high-lying giant dipole resonance exhausting the E1 strength in the
low-lying region reached by sub-barrier Coulomb excitation. But it behoves the user to check for problems
even for E2 excitation at high values of £,,,€.

6.4 Calculation of y-ray Yields

The Coulomb excitation statistical tensors rotated into the coordinate frame, having the z-axis along the
incoming beam direction and the z-axis in the scattering plane (Fig. 4.1), are the interface between the
excitation and deexcitation modules of GOSIA. The deexcitation module, activated automatically if OP,YIEL
is encountered in the input stream, first establishes the decay scheme, common for all the experiments defined.
The ~-decays are ordered “chronologically”, i.e. from the highest to the lowest to take into account the effect
of feeding. This has nothing to do with the user-defined sequence of the observed v yields, which can be
defined arbitrarily and will be assigned by the code to the proper decays on a basis of the initial and final
state indices provided by the user in an experimental yields file (7.33). The initialization of the decay module
involves the calculation of the Fj,(AX\'II) coefficients for each decay (see Eq. 4.9), which are not dependent
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on either the matrix elements or on the experimental conditions, and are stored to avoid recalculating them
for each experiment as well as for each set of the matrix elements during the minimization. The same holds
for the decay amplitudes, dy, divided by the appropriate matrix elements (see Eq. 4.7).

The calculation of the v yields from the statistical tensors, for different experiments and matrix element
sets, involves first the calculation of the deorientation effect and the transformation of the Coulomb excitation
statistical tensors to the angular distribution tensors, Ry,, including the feeding from above (4.15). The
tensors Ry, are calculated in the system of coordinates originating in the decaying nucleus, as defined by
Fig. 3.1, thus one has to transform them to the laboratory-fixed system. As long as the distance traveled by
the decaying nucleus is negligible, this transformation consists of the relativistic velocity correction, outlined
in Section 4.5. It should be noted, that this transformation is time-consuming and it is not performed when
calculating the gradients used during minimization; its effect is absorbed into internal correction coefficients
(6.6.3). Finally, using the symmetry properties of the decay tensors and the spherical harmonics, the double
differential cross sections for the v decay from a state I to a state Iy can be written in the purely real form
as:

2 —
: 25(2] dQIf) = 0r(0p) Y Rix (I, 115 05) Pax (6) (2 cos (8, — &) — 6x0) (6.35)
P 8l i
x=0

where Py, stands for the Legendre spherical function and d,¢ is the Kronecker symbol. It should be noted
that Eq. 6.35 is given in the laboratory system of coordinates, differing from the scattering plane oriented
system by the definition of the ¢ angle. The ¢ angle in the laboratory-fixed system of coordinates is given
by the difference between the particle ¢ angle and the ~-ray ¢ angle, therefore the user-defined frame of
coordinates is only restricted to have an origin corresponding to the position of the target and the z-axis
along the beam direction, with the x and y axes defined arbitralily. As long as all the angles are consistently
given in the same frame of coordinates, then the definition of the angular distribution is unique.

The double-differential cross section, defined by 6.35, describes the angular distribution of «y rays assum-
ing that the direction of observation is well-defined, i.e., that the detector used can be treated as a 100%
efficient point detector. As discussed in chapter 4.6, the finite size of a v detector results in the attenuation
of the angular distribution, which can be taken into account by introducing the attenuation coefficients, Q.
transforming the angular distribution tensors, Ry, , according to:

ka - kaQkX (636)

The attenuation coefficients @, depend on the geometry of the v detector, the -ray energy, absorbers,
and the materials used for the y-ray detection. It is assumed that the decay -rays were detected using coax-
ial Germanium detectors, optionally equipped with a set of absorbers frequently used to attenuate unwanted
X-rays and low energy ~ rays. Typically, such detectors are used to study discrete v-ray spectroscopy. For
simplicity it is assumed that the Ge detectors have a symmetry axis that is aligned with the ~-ray emitter.
For cylindrical symmetry only the x = 0 components of ()i, are non-zero. Section 4.6 demonstrates that
most axially-symmetry shapes are well approximated by assuming cylindrical symmetry. Therefore GOSIA
uses equation 4.50 to calculate the cylindrically-symmetric Qo factors, which are named Qj, in GOSIA.
The absorption coefficients data for Ge and most commonly used absorber materials - Al, Fe, Cu, Cd/Sn, Ta
and Pb - are built into the code. The Q) attenuation factors are y-energy dependent, thus, as a compromise
between the extensive storage and the necessity of recalculating them during each step of minimization or
error calculation, a two-parameter fit of the y-energy dependence is performed in a separate step, and only
the fitted parameters are stored on a permanent file read in by GOSIA prior to the first -decay calculation.
The fitted formula, which describes well the y-energy dependence, is taken to be:

_ CoQr(Eo) + C1(Ey — Ep)?
Cs+ (B, — Eo)?

where Fy = 50keV with no graded absorbers or with a specified combination of Al, C, and Fe, while Ey = 80,
100, or 150 keV if Cd/Sn, Ta, or Pb absorber layers are employed as absorbers, respectively. The shift in
“zero” energy is intended to provide a smooth dependence above the highest absorption cutoff point. It
is assumed that the - transitions of energies below the highest cutoff point are of no interest, therefore
no attempt is made to fit this region. Q(Ep) in 6.37 stands for the attenuation coefficient for the “zero”

Qr(E) (6.37)
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energy calculated according to the prescription of 4.6., while C; and C5 are fitted to reproduce the energy
dependence obtained using this formalism.

To reproduce the experimentally observed v-ray intensities for a given beam energy and scattering
angle 8, the double-differential cross sections, as defined by 6.35 including the vy-ray detector solid angle
attenuation factors (6.37), should be integrated over the ¢ angle range defining the particle detector shape
for this scattering angle (note that from a point of view of the Coulomb excitation, an independent experiment
is defined only by the scattering angle and the bombarding energy for the same beam). Also, the solid angle
factor, sin(f), where 0 is the projectile or target laboratory scattering angle, dependent on which particle
has been detected, should be taken into account. The y-ray decay intensities, referred to as “point yields”,
are therefore defined in GOSIA as:

Y((I = I;),6,, E) = sin(6,) / ol = 1) 4y (6.38)

5, d0d,

where the integrand is given by equation 6.35. The integration over the ¢ angle is trivial since the ¢-
dependence is analytical, described only by a single cosine function, as seen from equation 6.35. According
to the input units requested by GOSIA (Section 7) the yields will be calculated in units of mb/srad/rad ( i.e.
millibarns per steradian, of the y—ray solid angle, per radian of the particle scattering angle ). This holds
for the 7 yields calculated using OP,POIN (7.19).The reproduction of the experimentally observed yields
should, however, involve the integration over the particle scattering angle including the beam energy loss in
the target, thus the fully integrated yields, obtained using OP,INTI, have a different meaning, as described
in Section 6.5.

So far the effect of the geometric displacement of the origin of the system of coordinates due to in-flight
decay has been neglected, i.e., it is assumed that all observed decays originate at the center of a target, thus
the relativistic velocity correction is the only one needed to transform the nucleus-centered system to the
laboratory-fixed system. This approximation is adequate as long as the mean lifetimes of the decaying states
are in the subnanosecond range. For the cases involving longer-lived states, GOSIA provides an optional
first-order treatment to correct for the geometric displacement. To treat this effect rigorously, one has to
take into account both the change of the angles of the v detectors, as seen by the decaying nucleus, and the
change of the solid angles subtended by the detectors. For a given direction of the recoil the observed yield
of the decay of a state having the decay constant A can be written as:

Y =2 / " exp(\) - S(OY (1)t (6.39)
0

where S(t) denotes the time dependence of the solid angle factor, while Y (¢) stands for the time dependence
of the “point” angular distribution. To the lowest order, the product S(¢)Y (¢) is expressed as:

S (t) ~Y(0) + pt (6.40)

where p stands for the time derivative of this product taken at ¢ = 0 (note that S(0) = 1, thus S(0)Y (0) = Y (0)).
Inserting 6.40 into 6.39 and using the displacement distance, s, as an independent variable instead of time
we finally obtain for mean lifetime 7:

Y = Y(0)+7p (6.41)

where p is calculated numerically using a second set of yields evaluated in a point shifted by s in the recoil

direction, i.e.:
= S(S)Y(SS) - Y(0) (6.42)

where S(s), is calculated assuming that the the displacement is small compared to the distance to the
detector, rq;

2
"0
(fo — 8)?

The displacement correction requires the « yields to be calculated twice for each evaluation, thus should
be requested only when necessary to avoid slowing down the execution. The user is responsible to check that
the first-order correction is adequate.

S(s) = (6.43)
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6.5 Integration over scattering angle and the energy loss

6.5.1 Correction of experimental p — y-ray yields

The -decay formalism presented in Section 6.4 has so far assumed that the projectile scattering angle,
0,, and the bombarding energy, EL, are constant for a given experiment. An exact reproduction of the
experimentally observed « yields requires the integration over a finite scattering angle range and over the
range of bombarding energies resulting from the projectile energy loss in a target. Using the definition of
the “point” yields (6.38) the integrated yields, Y;(I— Iy), are given by:

E 0,
max 1 p,max
Yi(I — I;) = / dE—— / Y (I — I;)df, (6.44)
Emin (%) 0p,min

Note that both the Rutherford cross section and the solid angle factor, sind,, are already included in the
definition of the “point“ yields, as well as integration over the detected particle ¢ angle.

The electronic stopping powers, dF/dz, in units of MeV/ (mg/cm2), are defined by a user-specified
table assuming common energy meshpoints for all experiments. As shown in chapter 5.3 it is recommended
that the Ziegler[ZIE08] code SRIM be used to generate the user-specified table of stopping powers for use
by GOSIA. The actual values of the stopping powers are obtained using spline interpolation. The double
integral is then evaluated numerically using the discrete Simpson method. GOSIA performs the integration
in two separate steps - first, the full Coulomb excitation coupled-channel calculation is done at each of the
user-specified (HP,E) meshpoints to evaluate the “point“ 7-yields, next, the actual numerical integration
is performed according to the user-defined stepsizes in both dimensions. The point yields at the (6,, E)
points as required by the fixed subdivisions are evaluated from the meshpoint values by logarithmic scale
interpolation using the cubic spline subroutines SPLINE and SPLINT [PRE92]. The 6,—F mesh is limited
to a maximum of 100100 points, while up to 100 steps in angle and 100 steps in energy can be defined
for subdivisions in the integration. [Do not use Lagrangian interpolation since it usually diverges using
more than 20 mesh points for either 6, or E.] Subdivision of the calculated mesh improves the accuracy of
integration, since spline interpolation provides the information of the order dependence on the number of
meshpoints, while the Simpson method is a fixed second-order algorithm. In addition, in cases which require
a complicated ¢,(0,) dependence, such as when using unusual-shaped, large-area, recoil-ion detectors that
have kinematic and mechanical constraints, the user may optionally choose to input this dependence at both
the meshpoints and subdivision level. The interpolation is then performed between the values divided by ¢,
ranges to assure continuity, then the user-given dependence is used to estimate the yields at the subdivision
meshpoints. The calculation of yields at the meshpoints requires the full coupled-channel Coulomb excitation
calculation which is time-consuming. Consequently, one should balance the number of meshpoints needed
for accuracy with the calculational time.

The integrated yields are calculated in units of mb/sterad times the target thickness (mg/cm?), which
for thick targets, could be assumed to be the projectile range in the target.

The integration module of GOSIA can be used in conjunction with the correction module, invoked by
the OP,CORR command (7.4), used to transform the actual experimentally-observed yields to the ones to
which the subsequent fit of the matrix elements will be made. This operation is done to avoid the time-
consuming integration while fitting the matrix elements and is treated as an external level of iteration. An
effect of the finite scattering angle and bombarding energy ranges as compared to the point values of the
yields is not strongly dependent on the matrix elements, thus the fit can be done to the point values and then
the integration/correction procedure can be repeated and the fit refined until the convergence is achieved.
Usually no more than two integration/correction steps are necessary to obtain the final solution, even in case
of the experiments performed without the particle-y coincidences, covering the full particle solid angle.

The correction module of GOSIA uses both the integrated yields and the point yields calculated at the
mean scattering angle and bombarding energy, as defined in the EXPT (7.8) input, to transform the actual
experimental yields according to:

Yooint(I — Iy)

Y:ecxp(jﬂ If) :Y—CXP(IHIf) Y, t(I_) If)

(6.45)

where the superscript “c” stands for the “corrected” value.
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To offset the numerical factor resulting from the energy-loss integration the lower-most yield observed
in a y-detector labeled as #1 for the first experiment defined in the EXPT input is renormalized in such
a way that the corrected and actually observed yield are equal. This can be done because the knowledge
of the absolute cross-section is not required by GOSIA, therefore, no matter how the relative cross-sections
for the various experiments are defined, there is always at least one arbitrary normalization factor for the
whole set of experiments. This normalization factor is fitted by GOSIA together with the matrix elements,
as discussed in the following section (6.6). The renormalization procedure results in the “corrected“ yields
being as close as possible to the original values if the same target has been used for the whole set of the
experiments analyzed, thus the energy-loss factor in the integration procedure is similar for the whole set of
the experiments. However, one should be aware of the fact, that the correction factors may differ significantly
for different experiments, thus the corrected yields, normalized to a user-specified transition, always given
in the GOSIA output, should be used to confirm that the result is reasonable rather than absolute values.
A final intergation can be performed to check the best solution.

6.5.2 Inverse kinematics
The problem:

Recent projectile Coulomb excitation studies using low-intensity rare-ion beams have employed inverse kine-
matics with 7 > 5 in conjunction with target thickness for which the recoiling ions lose an appreciable
fraction of the recoil energy. This introduced technical problems during the integration that necessitated the
upgrade of the integration routine OP,INTG to OP,INTI that was developed by Nigel Warr [WAROS].

These technical problems encountered in the analysis for Coulomb excitation of the 0.7753MeV first-
excited state of a 193.6MeV 3Kr beam by a 2.1mg/cm? thick 12C target are summarized in this section to
illustrate the problem and the solution. The energy loss in the target is 103.3M eV giving an exit energy of
90.3 MeV. Figure 5.2 shows the correlation of the angles of the scattered 88Kr and the recoiling 2C. The
scattered ®Kr nuclei of the beam have a maximum angle of 7.532° and thus only the recoiling 12C nuclei
were detected since the particle detector had a hole from 0 to 16.4°. Integration is required over energy
limits of 90.3 to 193.6M eV and the 6 limits of the particle detector of 16.4° to 53.0°.

Meshpoints for energy can be selected in a range a little bit wider than 90.3 to 193.6M eV, say from 85
to 205MeV in 15MeV steps. Choice of the 6 meshpoints is more complicated since the OP,INTG routine
requires the projectile angle in the laboratory frame not the detected target angle. Figure 6.8 shows the same
as Fig. 5.2 but for the energies 85MeV and 205M eV, corresponding to the extrema of the meshpoints and
only within the range of 16.4° to 53.0° corresponding to the angular range of the particle detector. It is seen
that for any detected target recoil angle in the laboratory frame, the corresponding projectile scattering angle
depends on the beam energy. However, the integration is over this beam energy, so it has to be evaluated at
several different energies!

The fact that the scattered projectile angle is double-valued at each recoil target angle is not a problem
since the events lying on the lower solution, for which the projectile scattering angle is less than a degree,
correspond to very low target recoil energies (only a few hundred keV) so they will not be detected. Thus
it is necessary to consider only the upper solution ranging from a scattered projectile angle of 4.64° at the
inner edge of the particle detector to a maximum of 7.53° about 2/3 of the way across the particle detector
and falling to 6.77° at the outer edge for an energy of 85MeV | with slightly higher values at 205MeV .

For the original integration code OP,INTG, the kinematics flag IKIN in EXPT option is used to select
one of the double-valued scattered projectile angles. Angles to the left of the maximum correspond to higher
angles of the projectile scattering angle in the centre of mass frame which can be accessed only with IKIN =
0, while angles to the right of the maximum correspond to lower angles of the projectile scattering angle in
the centre of mass frame, which can be accessed only with IKIN = 1. Thus it is not possible to integrate
over the whole particle detector in a single integration, that is, it has to be broken up into two separate
pieces. At 85M eV, the integration is taken over target recoil angles of 16.4° to about 40.24° with IKIN =0
and from 40.24° to 53° with IKIN = 1 and then the results are summed to get the whole integral. At
205M eV, the maximum is not at 40.24° but at 40.75°, so the angle for which the change from IKIN = 0
to IKIN =1 occurs is different. This means that it is not possible to integrate between 40.24° and 40.75°
at all since the OP,INTG option in GOSIA requires the scattered projectile angle, not the detected target
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Figure 6.8: The angle of the scattered projectile in the laboratory frame for 194MeV ®¥Kr beam on a 2C
target. The scattering angle is two valued angle and is NOT well defined when recoiling target nuclei are
detected.

recoil angles. So at 85MeV, the IKIN = 0 integration is over projectile scattering angles from 4.64° to
7.53° and with TKIN =1 from 6.77° to 7.53°. However, for 205M eV, the corresponding angles are 4.72° to
7.71° and from 7.03° to 7.71°. Gosia automatically takes care of the calculation of these integration limits.
However choosing a set of meshpoints is a problem since GOSIA can interpolate reliably but has problems
with extrapolation; thus, meshpoints are needed which go beyond the limits required, or at very least up
to them. But GOSIA only has one set of meshpoints, which has to work for all energies. For example, for
meshpoints from 4.64° to 7.71° with TKIN = 0 these points exactly span the region needed over the full
range of energy. For 205M eV, this is fine, since 4.64° is lower than needed, but it is perfectly valid and 7.71°
is the maximum of the curve. However, for lower energies, this is no longer the case. For example, at 85MeV,
there is no solution to the calculation of the centre of mass angle, which gives a projectile scattering angle of
7.71°, since the maximum scattering angle is 7.53°. This means that the highest meshpoint that can be set
is 7.53°, thus the meshpoints are from 4.64°to 7.53° i.e., exactly the range for the lowest energy meshpoint.
Similarly for the case of IKIN = 1, the meshpoint at 7.71°, but 7.53° is used instead, thus the meshpoints
range from 6.77° to 7.53°. The result of these effects is that there are regions which are inaccessible to the
calculation. At 205M eV, there is a gap corresponding to target recoil angles of 34.7° to 47.0°. At 85MeV
this effect is less dramatic as we only have the gap from 40.24° to 40.75° due to the change in the place
where T KIN flips over. This effect is illustrated in Fig. 6.9, where the red and green curves correspond to
two energies with JKIN = 0 and the blue and purple curves to the same energies with JKIN = 1. The
fact that the curves of a given energy do not meet shows that we have values of the recoiling target nuclei
angle which cannot be accessed in the calculation. Moreover, since most of the cross section comes from the
higher energies, this hole in the 205M eV range is fatal.

One workaround is to perform the integration over the energy loss in the target manually, by dividing
the target into virtual layers and performing the calculation for each layer with a single energy. This is
particularly tedious as different limits and different meshpoints need to be set up for each energy. Extreme
care has to be taken by the user, because using a limit which is too low results in missing cross-section and
one which is too high results in Gosia aborting with an error.

One option considered was to changing everything over to the centre of mass system. Unfortunately this
requires deep changes throughout Gosia which isvery complicated. Moreover, it does not solve the problem
since the centre of mass angle, whether for the recoiling target or the scattered projectile nuclei, is undefined
because the transformation from the laboratory frame of the detected particle to the centre of mass angle
depends on the beam energy which is part of the integration. The only sensible unambigous frame, in
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Figure 6.9: The angle of the scattered projectile in the laboratory frame for 194MeV ®¥Kr beam on a 2C
target for bombarding energies of 85MeV and 205M eV .

which to set limits, is in the laboratory frame of the detected recoil-ion. In this frame, the angles for which
a scattered projectile can hit the particle detector do not depend on the energy of the beam. Similarly if
the particle detector detects target recoils, we need to set the limits in the laboratory frame of the recoiling
target nuclei.

Gosia requires the angular integration limits to be in the laboratory frame of the detected particle. How-
ever, the OP,INTG option in GOSIA does not follow this convention for the meshpoints. Instead it requires
the meshpoints in the laboratory frame of the scattered projectile, regardless of which particle is detected.
For the case where projectiles are detected, this is fine, of course, but when target nuclei are detected, it
results in the problem of meshpoints that cannot be set correctly.

The conclusions derived from above discussion are:

e The only frame of reference that should be used is the laboratory frame of the detected particles.
e OPINTG does it correctly for the integration limits.

e OP,INTG does it correctly for the meshpoints, if the scattered projectiles are detected.

e OP,INTG is incorrect if the recoiling target nuclei are detected. This is the crux of the problem that
OP,INTG is not useful for situations where the recoiling target nucleus is detected.

Solution to the problem

The obvious solution is to give up the convention that the meshpoints are specified for the scattered projectile
and instead use laboratory angles for the detected particle. This approach is used in the new integration
routine, OP,INTI. The solution chosen is to convert the detected particle laboratory frame angles into the
scattered projectile’s laboratory frame for each energy and pass that value to the current version of Gosia,
which would be unchanged. This has been implemented as a single new routine, called INVKIN, which is
called inside both the energy and theta meshpoint loops. The problem corresponds to looking up the target
recoil angle on Fig. 5.2 to find the corresponding scattered projectile angle. As can be seen, there are two
solutions in general for each final energy. However, the lower value will generally correspond to target nuclei
with too little energy to be detected. The following procedure is used in the subroutine INVKIN.

Let 0,,, be the angle of the scattered projectile in the centre of mass frame and 6,, ,, be the equivalent
in the laboratory frame, while 0;.,, and 6;, ,, are the equivalents for the target recoils.
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We can write:

sin 0
tanf,, , = ———<M 6.46
an PLab T +COS apczw ( )
and
tan;, ., = _sinbicy (6.47)
Lev )+ cos by,
where
M,
T = TPM (648)
and
E
=15 L (6.49)
Pmin
where
Epin = Ep — Bz X ared (6.50)
and the reduced mass a,eq is given by
M,
Ared = 1+ ﬁ” (6.51)
t

and E, is the beam energy, E, is the energy of the excited state indicated by the parameter NCM in
suboption CONT, (by default the first excited state), and M,, and M; are the projectile and target nuclei
masses in AMU, respectively.

Since
QPCM =T = etC]\l (6‘52)
we can substitute in Eq. 6.47 and get
tan @ = M (6.53)
et T C0S Oy ’

So the problem is one of inverting Eq. 6.53 to calculate 6
value of 6 in Eq. 6.46 to obtain 6 as required.

o for a given 0, and then substituting this

pcm PLab>

Let © = cos8,.,, and y = tanb,, . Then we have:

y= Y- (6.54)

Tp — &

or

ytp —axy =/ 1—2a? (6.55)

Squaring both sides we get a quadratic equation in x:
P?(1+y%) —2r’e+ 7oy —1=0 (6.56)

Solving for = we get:

oy & [Tyt~ (L y?) (73 — 1)
- (6.57)
(1+y?)

we can substitute into Eq. 6.46.

V1—22

Once we have x = cosfp,,,

GpLab = arctan ﬁ (658)
This still requires knowing the correct value of IKIN which can be determined knowing the value of 0,,,,,
for which 6, ,, has its maximum. Differentiating Eq. 6.46 and setting it to zero determines 6,.,, which
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can be substituted in Eq. 6.47 to get the corresponding value of 6, ,. This can be compared with the value
being calculated which determines the value IKIN to be used in GOSIA.

So the problem is to evaluate:

in g
4 (arctan =00 )Y _ g (6.59)
dePCM T =+ cos HPC]\I

In fact, this can be acheived by evaluating:

d in g
( S0 Tpom >=0 (6.60)

pem \T +C080pc,,

do

since the arc tangent only introduces a 1/(1 4 z?) term, which cannot be zero for real values of 0.,
Let v = sinf,,, and v = 7 + cos b,

(T + cos QPCM)(ﬁ (Sin GPCJ\I )) - (Sin QPCM ) (ﬁ (T + cos QPCM)) —0 (6 61)
(T + o8 Ope s )? N ‘
or
(T + cos QPCIW ) (COS QPCM) - (Sin 9?6‘]\4 ) (_ sin GPCJ\I) =0 (6'62)
708 0pey, + €082 0,0y, +5i0% 0,0, =0 (6.63)
1
cosOpiy = - (6.64)

This value of 0,,,, can be substituted into Eq. 6.47 and if the required value of 6, , is greater than this
value, then TKIN =1 is set internally by the code, otherwise it sets IKIN = 0.

So far, the second solution corresponding to the minus sign in Eq. 6.57 has been neglected. It is clear
that in the specific case of 88Kr that we have considered here, this is not a problem. The lower solution,
within the angle ranges of interest correspond to tiny target-recoil energies, that normally do not get out of
the target or be detected by the particle detector. The Rutherford cross section for these nuclei is very large
but the inelastic cross section typically negligible.

Implementation

A new integration routine, called OP,INTI has been created that is identical to the OP,INTG code, except
that the new INVKIN subroutine is invoked for inverse kinematics if the target nucleus angle is used, that
is, the sign of 0 4 is negative in suboption EX PT'. The input format to GOSIA now requires the angles of
the detected particle in the OP,INTT option rather than always using that of the scattered projectile. The
OP,INTI routine was created in order to not break compatability with the old integration option OP,INTG
which remains for running legacy inputs.

The OP,INTI option replaces the OP,INTG option and the laboratory angles of the detected particle
are used for the meshpoints, rather than the laboratory angles for the scattered projectile. Note that for
the case where the recoiling target nucleus is detected, at each beam energy and each angle during the
integration, the subroutine INVKIN calculates the appropriate value of IKIN and sets this variable for
GOSTA. This procedure allows the normal version of the GOSIA code to perform the correct integration for
inverse kinematics with target nucleus detection. That is, this is included in the loop which calculates the 6
and energy meshpoints, so it toggles IKIN as it goes over the angle where it should change, which is different
for each energy value for a non-zero Q value. Thus integration over the full angular range is automatically
performed in a single calculation for target-recoil detection for inverse kinematics. This is essential for y-ray
yield data for a 61 range that spans the maximum projectile scattering angle.

The following describes the behaviour of OP,INTI for the four cases with either projectile or target recoil
detection and with either normal or inverse kinematics.

1) Normal kinematics, either projectile or target detection; The kinematics are shown in figure 6.10left.
The red hatched region for recoil target detection usually can be ignored since the recoil energy is well below
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Figure 6.10: Left; Normal kinematics: Target recoil angle 61 versus projectile recoil angle 6p in the
laboratory frame for 64MeV '2C beam incident on a '#8Sm target. The red solid and hatched sections
designate the two solutions for detection of the '#8Sm target recoils. The target recoil energies for the
hatched solution are < 100keV which is below the recoil detector threshold. The solid green line designates
detection of the '2C projectile recoils. Right; Inverse kinematics: Target recoil angle f1 versus projectile
recoil angle 6p in the laboratory frame for 356 MeV '#8Sm ions on a'2C target. The red solid and hatched
sections designate the two kinematic solutions for detection of the '2C target recoils. The target recoil
energies for the hatched solution are < 100keV which is below the recoil detector threshold. The solid green
line designates the two kinematic solutions for detection of the 48Sm projectile recoils.

the recoil detector threshold. Thus the projectile scattering angle is entered to Gosia as a positive angle,
and INVKIN is not called since IKIN does not matter.

2) Inverse kinematics, recoil target detection; INVKIN is called to select automatically the appropriate
values IKIN=0 or IKIN=1 giving the correct kinematic solution as 6,,,; passes over the maximum shown
in red in figure 6.107¢ght. The second solution for the same target-ion detection angles, shown red hatched
in figure 6.107ight, corresponds to low recoil energies that typically are below the recoil detector threshold.

3) Inverse kinematics, recoil projectile detection; There are two separate kinematic solutions shown in
green in figure 6.10right and both need to be summed if only recoil projectiles are detected. Currently an
automatic way for Gosia to handle this problem has not been implemented. However, such a situation can
be solved by running Goisa twice, once with TKIN = 0 and once with IJKIN = 1 and then sum the two
calculated yields assuming both projectile recoil energies are above the detector threshold.

Note that as discussed in section 5.6, the kinematic two-solution problem is avoided by use of the kinematic
coincidence detection method which unambiguously identifies the part of the kinematic curve involved in the
reaction.

6.6 Calculation of observables

The primary use of Gosia is to calculate the experimental observables either for design of experiments or for
analysis of experimental data. This section summarizes the formulae necessary to compute the absolute values
of experimental observables using Gosia output. The first observable discussed is the absolute coincident
p—y yield, the second observable discussed is the ratio of the p — yield normalized to the p singles, and the
third observable is the ratio of target and projectile p — 7y yields measured in a single experiment involving
excitation of either the projectile or the target. Subtleties associated with selection of the appropriate
Coulomb trajectory, described in chapter 5.6, are repeated since they can be important for making high
precision calculations especially when using extreme inverse kinematics.
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6.6.1 Absolute coincident particle-v yields

This subsection describes in detail how to compute the absolute p — - yield which is the observable used for
one class of Coulomb excitation experiments.

Both OP,INTG and OP,INTI evaluate the integrated coincident y-ray yield for transition I — Iy defined
by equations 6.35 — 6.44. That is:

d*c(I — I
W = 0r(p) D Rix (I I3 0 ™) Pay (6:) (2 c0s X (8, — 6,) = bx0) (6.35)

k
x>0

The integration is over projectile scattering angle in the laboratory system. The "point“ yields at pro-
jectile scattering angle 9, and laboratory frame bombarding energy, EX mesh points are given by

d*o (I — Iy)
Ly _ o f
Y((I — Iy),9, E”) = sin(d)p) /¢>p RN do, (6.38)

Note that both the Rutherford cross section and the solid angle factor, sinf, are already included in the
definition of the “point“ yields, as well as integration over the detected particle ¢ angle.

Using the “point“ yields, (6.38) the angle-integrated yields at beam energy FE are given by, Y;((I —
Iy), EL), where:

Ip,upper
Vit = 1, 8%) = [ Y 19),0, B, (6.44a)
ﬂp,lnwer
The angular limits are ¥, jower and Yp upper-
Integrating the angle-integrated yields through the thickness of the target gives the total integrated yield
Yi(I — Iy)

EL, L
max V(I — If), E
e

min dx

dE* (6.44b)
EL
The Y;(I — If) are the absolute values vy-ray yields used to compute the observables.

Note that Y(I — Iy) includes the Rutherford cross section, the sin(f,) term, the target thickness,
integration over the 6, ¢, for the detected coincident particles, the deorientation effect and v-detector Qk
attenuation coefficients. Y (I — Iy) does not include the detection efficiencies per unit solid angle for charged
particle and v-rays, ¢, and ¢, as well as the y-ray detector solid angle Af),. The units for the integrated
coincident p — y-ray yields Y (I — If) are mb - (mg/cm?)/sr where the 1/sr term corresponds to the solid
angle of the y-ray detector Af),.

The total number of coincident ~-rays detected then is given by

Detected p — v coincident events N; = 10730 . [%] . [%] Y (I — If) -ep - stpy - e4(Ey) - AR, (6.65)
where:

Q is the integrated beam charge in Coulombs [C]

q the average charge state of the beam

e the proton charge [1.602 x 10~1°C]

Na Avogadro number (6.022 x 1023 Atom.s/mol)

A target mass number (gm/mol)

48 energy loss in target in [m%ec‘fnﬂ

Y (I — Iy) OP.INTG or OP.INTI output in [mb - mg/cm?/sr]

€p particle detection efficiency per unit solid angle. Typically this is €, = 1 regardless of solid angle

covered by the integration in OP,INTG or OP.INTI.

ey (Ey) the energy dependent y-ray peak detection efficiency per unit solid angle A€2,. This would
be, e, = 1 for a perfect blackbody ~-ray detector. Note that the efficiency e, (F,) must be evaluated at the
observed Doppler-shifted y-ray energy E. for photons are emitted in flight.
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AQ,, is the solid angle subtended by the y-ray detector. Note that it is common practice to quote the
peak detection efficiency of y-ray detector arrays as a fraction of a 47 black-body detector. For example,
Gammasphere has a measured total peak detection efficiency of e, ~ 0.09 at 1.33MeV relative to a full 4x
solid angle black body. In actual fact for Gammasphere the Ge detectors only subtend Af), ~ 27 and the
corresponding ¢, ~ 0.18 such that the total y-ray detection efficiency, given by the product e, (E,) - AQ,,
remains unchanged.

Hpry the p — v live time efficiency factor to account for the fraction of the time for which the data-
acquisition system is dead due to system dead time, or pileup rejection.

Note that the energy dependence of the «-ray coincident detection efficiency is not the same as the -
ray singles detection efficiency due to the width of the time window used for the coincidence gate. The
width of the time spectrum for a «-ray detector increases with decrease in pulse height and at low v-ray
energies the tails of the p — = coincident time spectrum can extend beyond the width of the electronic time
window resulting in a loss of p — 7y coincidence events. The loss of events due to the dependence of the
time resolution on pulse height is most conveniently absorbed into the «-ray efficiency factor e,(E,). The
~-ray singles detection efficiency, which is easily measured using calibrated ~-ray sources, does not include
the counting losses due to the coincidence time window. The coincident p — = detection efficiency can be
measured directly using Coulomb excitation of the ground band of a strongly-deformed nucleus. By v —
gating on a high spin member of the ground band and exploiting the fact that 100% of the yield decays by
a cascade through the lower spin in-band states decay except for corrections due to internal conversion.

As discussed in section 5.6, for a given laboratory angle the centre-of-mass scattering angle depends on
the Q-value, and for cases where @ # 0, it also depends on the bombarding energy. The use of symmetrized
orbits provides a first-order correction for the fact that nuclear excitation leads to a loss in kinetic energy
for the outgoing part of the Coulomb trajectory. However, the symmetrized energy prescription leading
to excitation of a specific excited state does not compensate for the fact that particle detection at a fixed
laboratory scattering angle corresponds to centre-of-mass angles that depend on the excitation energies of
the excited states. This implies that to be rigorously correct it is necessary to perform separate semiclassical
calculations at slightly different centre-of mass scattering angles for each nuclear state studied, that is, choose
the cross section computed using the value of NC'M corresponding to that state. Fortunately, this time-
consuming complication usually can be avoided by use of one value of NC'M since the NC'M-dependence of
the computed cross sections is very weak as illustrated in figure 5.5. The default Gosia choice is to calculate
the inelastic excitation for NCM = 2 which corresponds to the the trajectory for the first excited state.
Chapter 5.6 showed that for normal kinematics the sensitivity of the Coulomb excitation cross sections to
the choice of NC'M is small. However, the cross section becomes more sensitive to the choice of NCM for
extreme inverse kinematics, such as a heavy projectile incident upon '2C, at projectile scattering angles near
the maximum angle. The much improved detection efficiency of modern Coulomb excitation measurements
has led to observation of states at excitation energies as large as 7TMeV for which correct selection of the
appropriate value of NC'M can be significant for extreme inverse kinematics at angles when 67, or 0],, are
near the maximum values.

EXAMPLES:

The calculation of total p—+ events is illustrated by considering a '"8Hf target of areal density p-dz = 0.50
mg/cm? that is bombarded by a 1pnA beam of 136Xe for 5 days. This results in a total beam flux of 2.7 x 10*°
particles.

The array of Ge detectors used in this experiment covers ~ 27 sr and has an efficiency measured as
8% ¢, =0.14 at 626 keV.

(Assuming a coverage of 27 sr, the absolute “intrinsic” photopeak efficiency at 626 keV is e, = 0.28.
Here, the “intrinsic” efficiency refers to the efficiency that would be measured for a collimated photon beam
directed into the Ge crystal. That is, the intrinsic efficiency does not include the solid angle subtended by
the detector.)

In the examples below we assume that the detector live time factor is sz, = 1 and the particle-detector
efficiency is €, = 1.0.

A simulation for a single Ge crystal A Gosia calculation simulating this experiment gives an integrated
yield of 9.65mb - (mg/cm?)/sr for decay of the ground-state band 14T level, integrated over the solid angles
of the particle detectors. Note that the target thickness is accounted for in Gosia’s “yield” calculation (hence
the mg/cm? units in the yield) and does not need to be included in the user’s computation of the p — v
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events. In this case, the Ge detector is assumed to be a single crystal of solid angle AQge = 0.061 sr. The
yield is per unit solid angle of the ~v-ray detector, so that the factor AQ2g. must be applied to this result.
We will assume that the absolute intrinsic efficiency of this crystal is e, = 0.28.

The total expected p — «y count for this transition is then given by

N
Nyt =107%0. N, - [TA] Y(I = If) - € €y - AQge (6.66)
where N, is the total particle count and Y (I — Iy) is the integrated yield. Thus the number of detected

inelastic events equals

6.02 x 1023

Ny =10730.2.7 x 10
14+ 0 7 x 10 178

] -9.65-1-0.28-0.061 = 1.50 x 10° (6.67)

A simulation for an isotropic 47 Ge array Here Gosia is used to simulate a 47 Ge array by ap-
propriately modifying the Ge detector angular attenuation coefficients. (Refer to the end of section 7.10,
“OP,GDET.”)

A Gosia calculation simulating this experiment gives an integrated yield of 9.65mb - (mg/cm?)/sr for
decay of the ground-state band 141 level, integrated over the solid angles of the particle detectors and the
energy loss in the target. The yield is per unit solid angle of the y-ray detector, and the calculation is for
an array covering the full 47 sr, so that the factor AQge = 47 must be applied to this result. In this case €,
is measured using calibration sources to be 0.14 at 626keV .

The total expected p — v count for this transition is then given by

N
Nig+ = 10750 Np- {TA} V(I — If) “Ep - (67 ) (6.68)
. .02 x 102
Nyg+ =107%0.2.7 x 10" - {76 0 1>7<8 0 } -9.65-1-0.14 - 47 = 1.55 x 10° (6.69)

The special case of a Ge “cluster” detector In the case of cluster detectors, there are two additional
considerations:

1. The calculation can include an efficiency calculation. This is not treated here. Refer to the section on
“OP,RAW.”

2. The integrated yield in the Gosia output is per unit solid angle (sr) of a single crystal in the cluster.
This means that the appropriate solid angle factor in the equations above is the solid angle of one crystal in
the cluster. (The yield may not be well-defined for a cluster of different Ge crystal types if their solid angles
differ significantly. In this case the different Ge detectors will need to have individual definitions.)

6.6.2 p — v yields normalized to the scattered “Singles” particle yields

For many experiments the observable is the ratio of the absolute integrated p—-y coincidence yields normalized
to the “singles" particle scattering yield detected using the same particle detector as used for detecting the
p—-y events. Typically the energy resolution for the particle detector is insufficient to resolve the elastic peak
from the individual low-lying excited states. Thus the observed “singles" yield is the sum over all excited
states. The inelastic scattering cross section for population of state n is given by

d_O' inelastic_ d_O' P
), “\aa), "

where P, is the excitation probability for state n and the centre-of-mass point Rutherford cross section is

given by
(dacm) B ( e2 zpzt>2 1 (5)
aQ ) p 16meg Eem sin? (9%) '
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N max

At a given 0., the sum of the probabilities for all excited states >, °1" P,, = 1, thus the singles point cross
section summed over all channels in the centre-of-mass equals the Rutherford formula, that is,

dUcm Total dUcm n max dUcm
(&) -(@), 2 (%), 61

R n=1

In real life this is not exactly correct since the integration is performed in the laboratory frame and the
Jacobian plus the angle transformation from the centre-of-mass to the laboratory frame are weakly dependent
on the excitation energy of the excited state n as discussed in chapter 5.6. For weak Coulomb excitation the
ground-state population probability P; is close to unity, plus the state dependence of the angle transformation
is very weak, thus to a very good approximation, integration over the Rutherford formula (4.5) to derive the
"singles" yield is sufficiently accurate. For multiple Coulomb excitation of strongly-deformed nuclei only the
lowest excited states are strongly populated and for these states AE/E, usually is small making the state
dependence of the centre-of-mass angle small. Thus again usually it is sufficiently accurate to integrate the
Rutherford formula to derive the "singles" yield. As a consequence the switch NCM = 1 is used often for
integration of the Rutherford formula to derive the "singles" cross section. However, for the most precise
measure of the "singles" counts it is necessary to compute the semiclassical calculations at the centre-of-mass
angles for each value of NCM and sum the singles yields for the individual states that were evaluated with
the corresponding value of NC M.
The integral over the "point" Rutherford formula yields

da(ﬁmab))

ds2
YSingles({& a 7E) = SiIl(’l9 a )/ ( —
Piab Piab ¢p dQcm

R dQlab

déy,.. (6.71)

Integrating this over scattering angle 6, , gives

Upiqap upper
YSingleS(EL) = / Ysingtes (ﬁplalﬂ EL)deplab (6~72)

Dpygp lower

Integration over energy loss in the target gives

L

E L
max Y ingles K
YSingles = / “Singlesi = ) qfiE( )dEL (673)
EL, ()

This provides the "p singles" yield for absolute normalization of the p — v coincidence yields. The units of
YSingles are [mb : mg/cmﬂ.

The total number of elastically scattered events detected is given by

N,
Q:| ' |:7A:| : YSingles “Ep M (674)

Detected p singles events = Ngingles = 10730 [
ge

The terms in this equation are the same as those defined in equation 6.65 with the addition of the singles
live-time correction se,.

If the observable is the ratio of p — v coincidences normalized to particle singles, this can be computed
by the ratio

Detected p — incident t N; YI—1
clected p —7 comeldent events ___Ni YU = 1p) 2 gy aq, (6.75)
Detected p singles events Nsingles Ysingles »p

For the ratio the total beam and target thickness factors in equations 6.65 and 6.70 cancel. There remain
two important factors needed to use the p— yields normalized to the scattered singles particle yields in order
to measure the ratio of the p — 7 cross section to particle singles cross section. The first factor is the ratio of
the p —  lifetime efliciency ¢, to the p singles lifetime efficiency sz,. If both the p — v and p singles events
are not prescaled then —ﬂ =~ 1. However, since the singles count rate typically is 100 to 1000 times higher
than the p — v rate it is usual to prescale the singles events by factors of 100 to 1000 to reduce the fraction
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of singles events. The time interval between individual singles counts is random. Prescaling derandomizes
the time between the prescaled single events causing them to occur at quasi-regular time intervals. This
derandomizing can lead to zero effective dead time for recording prescaled single events in contrast to the
deadtime losses for the p — v coincident events. As a consequence the livetime ratio 222 < 1. Care must

Zp

be taken to measure or calculate the livetime ratio %’:‘ The other factor that is needed to derive the

absolute p — vy cross sections from the relative yields is the total y—ray detection efficiency e, (E, ) - AQ),. As

mentioned above, the factor ¢, (E,) - A, must include the p — v time gating efficiency as well as the total

~—ray peak detection efficiency. Gosia does not directly fit to the ratio 2etected p—y coincident events 14 gy ch
Detected p singles events

a fit can be acheived by ensuring that the independent Gosia calculations of the p — v coincident event and
the p singles yields have a common normalization constant.

6.6.3 Relative target and projectile p — v yields observed in a single experiment

A frequent observable involves measurement of the ratio of target to projectile p—- yields from an experiment
where both target and projectile Coulomb excitation occur. This type of measurement has the advantage
that many terms in equation 6.65 cancel. The ratio of the projectile and target p — « yields is given by.

Detected projectile p — v coincident events NI YP(IP — Ifcj) ey (ED)

2

) v
Detected target p — 7 coincident events NI YT (IF — I}F) ey (ET)

(6.76)

P
The only additional factor needed to convert the Gosia output to determine the observable is the ratio ‘Z"Eg}; .
YAy

As discussed in chapter 4.6 the symmetry axis of the angular distribution is identical for either target or
projectile excitation. However, the Doppler shift is quite different for target and projectile in-flight ~v-ray
emission because of the different recoil directions and velocities of the emitting projectile and target. The
ratio of target and projectile p — v yields can be performed using Gosia by ensuring that the independent
Gosia calculations for target and projectile excitation have a common normalization constant.

The special code Gosia2, described in chapter 11, is specifically designed to handle the common normal-
ization occurring for this type of relative yields experiments. Gosia2 frequently is used for analysis when
performing Coulomb excitation that use weak intensity beams for which very few transitions are observed
in either target or projectile excitation. Further details can be found in chapter 11.

6.7 Minimization

The minimization, i.e. fitting the matrix elements to the experimental data by finding a minimum of the
least-squares statistic often is the most time-consuming stage of Coulomb excitation analysis. A simultaneous
fit of a large number of unknown parameters (matrix elements) having in general very different influences on
the data, is a complex task, which, to whatever extent algorithmized, still can be slowed down or speeded
up depending on the way it is performed. GOSIA allows much freedom for the user to define a preferred
strategy of the minimization. A proper use of the steering parameters of the minimization procedure can
significantly improve the efficiency of fitting dependent on the case analyzed; in short, it still takes a physicist
to get the results! The following overview of the fitting methods used by GOSIA is intended to provide some
ideas about how to use them in the most efficient way.

6.7.1 Definition of the Least-squares Statistic

A set of the matrix elements best reproducing the experimental data is found by requesting the minimum of
the least-squares statistic, S(M). The matrix elements will be treated as a vector ordered according to the
user-defined sequence. The statistic S is in fact a usual x2-type function, except for the normalization to
the number of data points rather than the number of degrees of freedom which cannot be defined due to a
very different sensitivity of the excitation/deexcitation processes to various matrix elements, as discussed in
more detail in Section 6.6. The statistic S, called CHISQ in the output from GOSIA, is explicitly given by:

S() = % (Sy + 5+ ZwS) (6.77)
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where N is the total number of data points ( including experimental yields, branching ratios, lifetimes,
mixing ratios and known signs and magnitude of matrix elements ) and Sy, S; and S; are the components
resulting from various subsets of the data, as defined below. Symbol w; stands for the weight ascribed to a
given subset of data.

The contribution Sy to the total S function from the measured vy-yields following the Coulomb excitation,
is defined as:

1
Sy=D_wii Y U—i(CIQIlef —Y)? (6.78)

I 14 k(Ic,1q)

where the summations extend over all experiments (1), y-detectors (I4) and experiment- as well as detector-
dependent observed «-yields, indexed by k. The weights ascribed to the various subsets of data (w I Id)can
be chosen independently for each experiment and ~y-detector, facilitating the handling of data during the
minimization (particularly, some subsets can be excluded by using a zero weight without modifying the
input data). The superscript “c* denotes calculated yields, while the superscript “e“ stands for experimental
data, with o being the experimental errors. The coefficients C7, s, are the normalization factors, connecting
calculated and experimental yields (see 6.7.2).

The next term S; of equation 6.73 is an “observation limit“ term, intended to prevent the minimiza-
tion procedure from finding physically unreasonable solutions producing «y-ray transitions which should be,
but have not been, observed. An experiment and detector dependent observation upper limit, u(Z_, I4) is
introduced, which is the ratio of the lowest observable intensity to that of the user-specified normalization
transition (see 7.32). S; is defined as:

Ye(Ie, Iy) 2 1
= T 710 750 ) [ — )
o ; <er(167ld) e, )> u?(Ie, 1q) (6.79)

the summation extending over the calculated ~ transitions not defined as experimentally observed and
covering the whole set of the experiments and 7-detectors defined, provided that the upper limit has been
exceeded for a given transition. The terms added to S; are not counted as data points, thus the normalization
factor N is not increased to avoid the situation in which the fit could be improved by creating unreasonable
transition intensities at the expense of the normalization factor.

The remaining terms of 6.73 account for the spectroscopic data available, namely branching ratios, mean
lifetimes, £2/M1 mixing ratios and known matrix elements. Each S; term can be written as:

Si= S5 5 (6:80)
n; nq
where the summation extends over all the spectroscopic data included in the input to GOSIA, d and o being
the data points and their errors, respectively. In case of the known matrix elements, the absolute values
of the transitional matrix elements are used (since usually only the B(E\) values are known), while the
diagonal matrix elements are taken including the sign. The user-defined weights, w;, common for a given
group of data, once again provide an easy way of manipulating the spectroscopic information according to
the current needs without modifying the input.
The least-squares statistic S is used to determine a set of the matrix elements fitted to the experimental
data as well as to ascribe the errors of the fitted matrix elements, which are defined by the shape of the S
hypersurface in the space of the matrix elements.

6.7.2 Normalization Constants

To relate the calculated and experimental yields it is necessary to introduce the normalization constants,
treated as an additional set of parameters (it is assumed that the experiments are conducted without total
flux measurement, which would provide the required normalization). An alternate approach would be to
fit the yields normalized to the intensity of a specified transition. Such an approach, however, has severe
drawbacks, namely the increased uncertainties to be ascribed to the data, elimination of one data point
for each ~ detector and, last but not least, a danger of obtaining a wrong result if, for some reason, the
transition chosen for the normalization was incorrect (being, for example, an uresolved doublet with an
unknown component).
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The number of the unknown normalization constants can be reduced appreciably by using the fixed
relative y-ray detector efficiencies, known from the measured 7-ray detector efficiency calibration, after
correction for the v-energy dependence. This reduces the number of fitted normalization constants to one
per experiment, instead of one per 7 detector. A further reduction is possible if a set of experiments
resulted from dividing the data, acquired during a single physical run, into scattering angle slices, as in the
case of experiments conducted using position-sensitive particle detectors. By monitoring the singles (i.e.
the events for which the detection of the 7-ray is not required) one obtains the relative normalization for
various scattering angle slices, which includes the Rutherford cross section, the solid angle factor and the
particle detector efficiency. GOSIA provides an option to “couple® such sets of experiments by including the
relative normalization of various experiments in the relative normalization of the v detectors. The relative
normalization between the experiments should be given as the ratio of singles divided by the mean particle
¢ and 6 ranges for an appropriate slice. As an example, let us consider a “physical“ experiment, conducted
using a position-sensitive particle detector and three y-ray detectors. The full range of the scattering angle
was logically divided into two slices, subtending the mean ranges (A6, A¢;) and (Afy, A¢p,), respectively.
Assuming that monitoring the singles yielded N; events for “logical “ experiment 1, and Ny events for “logical
experiment 2, one can find the relative normalization of experiment 2 with respect to experiment 1 as:

_ NaAg A0y
o N1A@p5AO

Assuming the intensities of a calibration peak in three v detectors used were I, Is and I3, respectively,
one can finally specify the relative normalization of these detectors for both coupled experiments as:

c@2:1) (6.81)

I, I, I (Experiment 1)

C(2:1)L,C(2:1),,C(2:1)I5 (Experiment 2)

Note that all six values can be arbitrarily rescaled, because of the remaining single absolute normalization
factor to be fitted by the code. For example all six can be divided by I; to have unity for the first y-ray
detector in experiment 1, the remaining values then being relative to this detector. Finally, GOSIA provides
the possibility of treating all the v-ray detectors as independent, in which case the user-specified normalization
constants become redundant, since the fit is done to each v detector independently.

The fitted absolute normalization constanst are found by minimizing:

> (CCyY{ = Y{)? o}, = min (6.82)
k

where the summation extends over all yields belonging to the subsets of data coupled by the relative nor-
malization constants, C%. Equation 6.78 leads to:

_ i OYEYi ok
> GV /o

The procedure of finding the normalization constants for all the coupled subsets of data is repeated in
GOSIA each time the S function is evaluated, which means that the changes in normalization constants are
included on the same basis as the changes of the matrix elements while searching for the minimum of S and
the errors of resulting matrix elements.

C (6.83)

6.7.3 Internal Correction Coeflicients

As mentioned at the beginning of chapter 6, the minimization calculations by Gosia are greatly accelerated
by use of the following two types of "correction factors" that correct for the approximations employed.
1)"Fast-approximation correction factors" that compensate for the difference between the fast-approximation
calculation and the full semiclassical calculation for the "point" bombarding energies and scattering angles.
2) "Point correction factors" that correct for the difference between the calculated yields from point
approximation, that uses average bombarding energies and scattering angles, and the complete calculated
yields obtasined by integration over the target thickness and detector solid angles. As described in chapter
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6.5.1 point correction factors are incorporated by using them to rescale the input experimental yields using
OP,CORR.

Replacing the coupled-channel Coulomb excitation calculation by the semianalytic fast approximation
(see Chapter 3 and Section 6.2) makes it possible to speed up the calculations so that the fitting of the matrix
elements becomes feasible. Both the minimization procedure and the error evaluation procedure normally
use the fast-approximation excitation calculation mode. To improve the accuracy of this approximation
(involving for excitation, the replacement of the coupled-channel calculation by the fast approximation as
well as simultaneous truncation of the number of magnetic substates taken into account, and, for deexcitation,
neglect of the time-consuming relativistic coordinate system transformation plus integration over scattering
solid angle) internal correction factors are introduced to correct for the effect of the approximations made
according to:

_ YE(full)

= Ve (appr.) (6.84)

Ck
The correction factors ¢, calculated and stored for all experimentally observed «-ray transitions, multiply
the approximate values of the vy-ray yields. A multiplicative correction factor has been chosen to assure that
the correction factors remain relatively constant (i.e. independent of the matrix elements) in the vicinity
of a set of matrix elements used to evaluate them. As could be expected, the discrepancy between full
and approximate calculations is most prominent for the uppermost levels, due to error propagation. The
excitation probability of the uppermost levels, however, depends mostly on a single product of squares of
matrix elements connecting these levels to the ground state. It is observed that in such a case the correction
factors depend little on the actual values of the matrix elements, no matter how much the correction factors
differ from unity.

The internal correction factors translate the ~-ray yields resulting from the approximate calculation
to the ones resulting from the full calculation for a fixed set of the matrix elements. However, since the
dependence of the correction factors on matrix elements is weak, it can be assumed that the correction is
valid locally in the neighbourhood of the point of origin, understood as the set of matrix elements used to
evaluate the correction factors. The correction factors should be refreshed in the course of minimization
dependent on how much the current set of matrix elements has changed compared to the point of origin.
To decide when to recalculate the internal correction factors GOSIA uses an S-function decrease criterion,
i.e. the correction factors are refreshed every time the value of S drops by an user-specified factor compared
to its value at which the last recalculation took place. This minimizes time-consuming recalculations of the
correction factors while still far from minimum (by requesting the recalculation only when the value of S
has dropped significantly) and to gradually increase the accuracy by changing the S-drop criterion while
approaching the final solution.

The internal correction factors are not evaluated for unobserved v-ray transitions, thus it it possible
that, if the cumulative error due to the approximations used is significant, some of the calculated unobserved
transitions may exceed the upper limits given by the user, contributing to the least-squares statistic S.
GOSIA issues a warning pointing out all the y-ray transitions (resulting from the approximate calculation)
that exceed the upper limits. The comparison of the calculated and experimental yields, given by default
following the completion of the minimization and obtained using the full calculation, allows detection of
transitions that are significantly too strong due to the deficiency in the approximation used. Then it is
recommended that such transitions be included as experimentally observed data, with large errors ascribed,
to force the code to include them in the correction factors table.

6.7.4 Steepest Descent Minimization

Choice of the minimization strategy is dependent on specific characteristics of the function to be minimized.
While it is possible in general to tailor the strategy for the case where the function to be minimized can be
expressed analytically, the multidimensional search for a minimum of a function that can only be evaluated
numerically - which is a case of the multiple Coulomb excitation analysis - cannot be fully algorithmized
to provide a universal optimum strategy. Thus the minimization procedure should leave much room for
user intervention, based on both intuition and understanding of the processes being analyzed. The most
commonly used minimization strategies - simplex, variable metric and gradient algorithms- perform better
or worse dependent on the case. In our case, the simplex-type methods are not useable, because the exact
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calculation is replaced by the fast approximation. Correction factors, only valid locally, are introduced,
thus the construction of a simplex involving points far from the matrix element set used for evaluating the
correction factors, is not reliable. In turn, the variable metric method, based on an exact solution of the
second-order approximation to the S function, is efficient only if the second-order approximation is justified
within a wide range of the parameters, which is usually not true for the Coulomb excitation analysis. In
addition, the variable metric method requires that a second derivative matrix is calculated and stored,
thus extending both the computing time and the central memory requirements to perform a single step of
minimization without much improvement compared to the steepest descent method, discussed below, if the
function is far from quadratic. Considering the above, the gradient methods are the only approach suitable
for fitting large sets of matrix elements to the Coulomb excitation data. GOSIA offers two gradient-type
methods which can be choosen by the user dependent on the case being analyzed - a simple steepest descent
minimization, outlined below, and a gradient+derivative method, described in Section 6.7.5. A version that
uses the annealing technique has been developed for special applications [IBB95]

The steepest descent method is one of the most commonly used methods of minimization based on the
local behaviour of the function to be minimized. Assuming local validity of a first-order Taylor expansion
around the central set of arguments, Z(, any function can be approximated as:

f(@) = f(Zo) + VoAT + ... (6.85)
with 5/, being a gradient, i.e. a vector of derivatives calculated at the point Zo, explictly defined as:
_ 6]"
P = 6.86
0,2 51,2 ( )

The steepest descent method is based on a simple observation that the local decrease of the function
to be minimized, f, is maximized if the change of the vector of the parameters, AZ, is antiparallel to the
gradient. As long as a minimized function is not multivalued and does not have saddle points, a simple
iteration scheme:

T—T—hy (6.87)

provides a safe and efficient way to minimize a function using the gradient evaluated at each succesive point .
The stepsize, h, must be found by performing one-dimensional minimization along the direction antiparallel
to the gradient. Assuming the locally quadratic behaviour of the function f, the value of h is expressed by:

-2

4

h=—=——= (6.88)
vIv
where J is the matrix of second derivatives of f with respect to Z i.e.:
5’ f
Jix = 6.89
k 0x;0x ( )

However, estimation of the stepsize according to equation 6.84 is out of question, since the second-
derivative matrix is never calculated in GOSIA and, moreover, the assumption of local quadraticity is in
general not valid. Instead, an iterative procedure is used to find a minimum along the direction defined by
the gradient, based on a well known Newton-Raphson algorithm for finding the zeros of arbitrary functions.
A search for a minimum of a function is equivalent to finding a zero of its first derivative with respect to the
stepsize h, according to the second-order iterative scheme:

=E

h— h—

(6.90)
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which can be repeated until the requested convergence is achieved, unless the second derivative of f with
respect to h is negative, which implies that the quadratic approximation cannot be applied even locally. In
such a case, the minimized function is sampled stepwise until the Newton-Raphson method becomes applica-
ble when close enough to the minimum along the direction of the gradient. One-dimensional minimization
is stopped when the absolute value of the difference between two subsequent vectors of parameters is less
than the user-specified convergence criterion.
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Figure 6.11: Simple steepest descent minimization of the function f(z,y) = 22 + (z — y)*

The gradients in GOSIA are evaluated numerically, using the forward-difference formula or, optionally,
the forward-backward approximation. While the forward difference formula

(5_f _ f(xl,xg, ey + h, ) - f(xl,xg, Xy, )
requires only one calculation of the minimized function per parameter, in addition to the evaluation of the
central value f(z,,x2,...xy), the forward-backward formula

of _ f(ml,ﬂiz, ..z + h, ) - f(xl, To,...T; — h, )
requires two calculations of the minimized function per parameter. The forward-backward formula then

should be requested only in the vicinity of the minimum, where the accuracy of the numerical calculations
starts to play an important role.

(6.91)

(6.92)

6.7.5 Gradient + Derivative Minimization

The steepest descent minimization is efficient if a minimized function is smooth in the space of parameters,
but it exhibits considerable drawbacks when dealing with functions having sharp “valleys“ superimposed
on smooth surfaces. Such valleys are created by strong correlations of two or more parameters. In the
case of Coulomb excitation analysis, the valleys are introduced mainly by including accurate spectroscopic
data, especially branching ratios, which fix the ratio of two transitional matrix elements. Note, that even
if the branching ratio is not introduced as an additional data point, the valley still will be present in the
yield component of the least-squares statistic S if yields for both transitions depopulating a given state are
observed. To demonstrate this deficiency of the simple steepest descent method, let us consider a model
situation in which a two-parameter function f(z,y) = 2° + (z —y)? is minimized, starting from a point = y.
The term (x — y)2 creates a diagonal valley leading to the minimum point (0, 0). Using the analytic gradient
and the stepsize given by 6.84, it is seen that the minimization using the steepest descent method will follow
a path shown in figure 6.10 instead of following the diagonal.

To facilitate handling of the two-dimensional valleys, introduced by the spectroscopic data, GOSIA offers
a gradient+derivative method, designed to force the minimization procedure to follow the two-dimensional
valleys, at the same time introducing the second-order information without calculating the second order
matrix (6.85), thus speeding up the minimization even if the minimized function has a smooth surface.
Generally, to minimize a locally parabolic function:

f(@) = f(Zo) + VAT + %A:EJAE; (6.93)



6.7. MINIMIZATION 103

one can look for the best direction for a search expressed as a linear combination of an arbitrary number of

vectors, P;, not necessarily orthogonal, but only linearly independent. This is equivalent to requesting that:

f (:Eo - Z aiPz-> = min (6.94)
with respect to the coefficients a;. Merging 6.89 and 6.90 gives:
o 1 o )
F(®o) =Y iy Pi) + 3 > a;a;P.J;P; = min (6.95)
i ij
which can be written in the vector form as:
_ T P .
f(@o) —a- B+ §ozRa = min (6.96)
with a set of coefficients «; treated as a vector & and with:
Rij = pZJp]
The matrix R is symmetric following the symmetry of J, thus the solution for the vector & is given by:

a=R1B (6.98)

The gradient-+derivative minimization algorithm uses two directions - the gradient, defining a direction
of steepest descent, and a derivative of the gradient with respect to the displacement along its direction:

V(&0 + hvp) — Vo

D= }1}1% . (6.99)
It can be shown that as long as the quadratic approximation 6.91 is valid:
D =Jv, (6.100)
Using the identity resulting from the symmetry of J:
Vo *Vo = (JVo)® (6.101)
gives:
%D D?
R=| o (6.102)
D? DJD

where all terms, except Roo, are known. By sampling the minimized function this missing term can be
expressed as:

DID = [f (#0+ hD) —  (#0) ~ b7 D] (6.103)

The coefficients o1 and «q, resulting from the solution of 6.94, can be rescaled arbitrarily, since we are
only interested in the direction of search, the stepsize being found by the one-dimensional minimization
procedure outlined in a previous section. A most convenient representation of a direction of search v/,
renormalized to avoid numerical overflows, is given by:

- (DJD  ,-D ) 1 ( (VoD)? ) _
(ID\‘°’ [voPID1) " IDI\| %l DI

Although primarily designed to accommodate the narrow valleys superimposed on the least-squares sta-
tistic by spectroscopic data, the gradient+derivative method usually gives much better results than the
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simple steepest descent, providing faster fitting despite the necessity of calculating two sets of derivatives
per step of minimization. Since two linearly independent vectors define a two-dimensional space, the gradi-
ent+derivative method is very suitable to deal with the decoupled correlated pairs of matrix elements (note
that, as could be expected, the solution of the model case discussed above then is found in a single step of
minimization).

6.7.6 Quadratization of the S Statistic by Redefinition of the Variables

The minimization methods outlined in previous subsections are built on the assumption that the minimized
function can be described locally by the first or second order approximation, therefore their efficiency is
strongly dependent on the extent to which this assumption is justified. Generally, the Coulomb excitation
data analysis problem cannot be parametrized in such a way that the least-squares statistic S (6.73) becomes
strictly a quadratic function. Some hints as how to improve the efficiency of minimization come, however,
from considering extreme cases, most important of which is a perturbation-type process, characterized by
direct dependence of the excitation probabilities on the product of squares of the matrix elements directly
connecting a given level to the ground state. Assuming a cascade-like decay with negligible feeding from above
and negligible branching, the ~-decay intensities are expected to be proportional to the product of squares
of the level-dependent subsets of transitional matrix elements, thus the -yields part of the S statistic can
be expressed as a quadratic function of the logarithms of ~-ray yields versus the logarithms of the matrix
elements (note that the same holds for the spectroscopic data, although the signs of the E2/M1 mixing
ratios and known E2 matrix elements are to be disregarded). While expressing the dependent variables on a
logarithmic scale is straightforward, the same operation for the matrix elements would mean enforcing a sign
identical to that of the initial guess. To avoid this problem, the logarithmic transformation of the matrix
elements is only taken to first order of Taylor expansion, resulting in the actual minimization still performed
in the matrix elements space with the direction of search being modified. To derive such an approach, let us
consider the modification of a single matrix element, M, having an initial value of My, during a single step
of minimization. A transformation to the logarithmic scale yields the transformed derivative of a minimized
function f with respect to M:

of of
smar Mol 5z (6.105)
which, using the steepest descent method, gives a new value of M according to:
1n\M|—1n|M|—h|M|ﬁ (6.106)
a 0 O oM '
Expanding In |M] into a Taylor series around My and retaining only the first order term gives:
of
M = My — hM§ —— 6.107
0 0 SM ( )

which defines the modified direction of the search. When the gradient+ derivative method is used, both
vectors must be combined according to equation 6.98 and multiplied by |My| to obtain the transformed
direction of the search.

A scale change of the matrix elements is, in principle, mainly justified if the logarithmic scale is simul-
taneously used for the dependent variables (y-ray yields etc.). However, even if the dependent variables are
not transformed, the change of scale for the matrix elements, resulting in relative, rather than absolute,
variations, can improve the efficiency of the minimization. A typical situation in which fitting the relative
changes is efficient is when a strong dependence on a small matrix element determines the stepsize, h, com-
mon for a whole set, thus inhibiting the modification of much larger matrix elements if the absolute changes
are used. Using the relative changes, however, one brings the sensitivity to all matrix elements to a common
range, thus improving the simultaneous fit.

The minimum of a logarithmically transformed S function does not, in general, coincide with the
minimum of the original least-squares statistic. The minimization procedure uses only the direction of search
resulting from the transformation of the dependent variables, if requested, still monitoring the original S
statistic. The transformation of the dependent variables therefore should be switched off when the current
solution is close to the minimum of S.
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6.7.7 Selection of the Parameters for Minimization

The gradient-type minimization, as used in GOSIA, tends to vary the parameters according to their influence
on the least-squares statistic S. It is easily understandable, since the most efficient decrease of S primarily is
obtained by varying the parameters displaying the strongest influence, measured by the current magnitude
of the respective components of a gradient. With the stepsize, h, being common for the whole set of
parameters, it is clear that unless the strong dependences are already fitted (which results in reduction
of their derivatives) the weak dependences practically will not be activated. This is a serious concern in
Coulomb excitation analysis, since the sensitivity of the S function to different matrix elements can vary
by orders of magnitude. The attempt to perform the minimization using a full set of the matrix elements
usually means that most of them will come into play only after some number of steps of minimization but all
the necessary derivatives are to be calculated from a very beginning, enormously increasing the time spent
on computation without any significant improvement compared to the much faster minimization performed
initially for only a subset of matrix elements. To speed up the process of fitting, GOSIA offers a wide
range of both user-defined and automatic ways of reducing a number of parameters according to the current
status of the minimization. The user may decide first to fix some of the matrix elements included in the
initial setup, but found to have no influence on the processes analyzed. Secondly, the user may specify a
subset of the matrix elements to be varied during a current run overriding the selection made initially. The
selection of the free variables for a current run also can be made by the minimization procedure itself, based
on the magnitudes of the absolute values of the gradient components evaluated during a first step of the
minimization compared to the user-specified limit. The direction of the search vector, being either a gradient
or a gradient+derivative vector, is always normalized to unity, allowing the user to define the limit below
which the matrix elements will be locked for a current run if the absolute values of the respective derivatives
are below this limit. In addition, some precautions are taken against purely numerical effects, most notably
against the situation in which numerical deficiency in evaluating the derivative causes a spurious result. The
minimization procedure in GOSIA stops if either of three user-defined conditions is fulfilled: first, the value
of the S function has dropped below the user-specified limit; second, the user-specified number of steps has
been exceeded; third, the user-given convergence limit has been achieved, i.e. the difference between two
subsequent set of matrix elements (taken as a length of the difference vector) is less than this limit. The
first two conditions fulfilled terminate a current run, while, after the convergence limit has been hit, the
minimization is resumed if it was specified to lock a given number of the matrix elements influencing the
S function to the greatest extent to allow the weaker dependences to be fitted (the details of the usage of
the user-defined steering parameters are given in Chapter 7). To further reduce the numerical deficiency,
GOSIA monitors the directions of two subsequent search vectors and fixes the matrix element having the
largest gradient component if two subsequent directions are almost parallel, which usually signifies that a
spurious result of the numerical differentiation of S with respect to this matrix element inhibits the fitting
of the less pronounced dependences. A warning message is issued if this action was taken.

An additional reduction of the free variables can be done by coupling of the matrix elements, i.e.
fixing the ratios of a number of them relative to one “master* matrix element. This feature is useful if
the experimental data available do not allow for a fully model-independent analysis, therefore some model
assumptions have to be introduced to overdetermine the problem being investigated. The “coupled“ matrix
elements will retain their ratios, as defined by the initial setup during the fitting, a whole “coupled“ set is
treated as a single variable.

Finally, GOSTA requires that the matrix elements are varied only within user-specified limits, reflecting
the physically acceptable ranges. The matrix elements are not allowed to exceed those limits, neither during
the minimization nor the error calculation.

6.7.8 Sensitivity Maps

As a byproduct of the minimization, GOSIA provides optional information concerning the influence of the
matrix elements on both the 7-ray yields and excitation probabilities. The compilation of those maps is,
however, time-consuming and should be requested only when necessary. The yield sensitivity parameters,
ay;, define the sensitivity of the calculated ~-ray yield k with respect to the matrix element ¢ as:

ki T S |M;| T YoM,

(6.108)
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The excitation probability sensitivity parameters, o, are expressed similarly, the yields being replaced
by the excitation probabilities The code allows the six most pronounced dependences to be selected for each
experimentally observed yield for the printout, while a number of the matrix elements for which the most
important probability sensitivity parameters are printed out can be selected by the user.

By definition, the sensitivity parameters provide (to the first order) a relationship between the relative
change of the excitation probabilities, p, (or the calculated y-ray yields) and the relative change of the matrix
elements according to:

Ap _ p AM;

P Yk M;
thus supplying locally valid information on the dependence of experimental data on matrix elements. An
identical relationship holds for the yield sensitivity parameters, although the code calculates them only for
the v detector labeled as #1 for each experiment, thus the angular distribution of the « rays, affected for
example by the mixing ratios, is not accounted for fully. It is suggested that a y-ray detector yielding the
most complete and accurate yields should be defined as the first one in the description of an experiment to
ensure that the yield sensitivity maps are calculated for all the yields observed.

The sensitivity parameters are not strongly dependent on the actual matrix elements, therefore the
sensitivity maps can be treated as an indication of the features of the excitation/deexcitation process at any
stage of minimization. As an extreme case, it should be noted that if the lowest-order perturbation theory
applies, i.e. the excitation probability of a given state is proportional to the product of the squares of matrix
elements connecting this state with the ground state, then the probability sensitivity parameter will equal
2 for all such matrix elements and will vanish for all others, no matter what are the actual value of the
matrix elements. The same holds for the yield sensitivity parameters, provided that the vy-ray decay follows
a simple cascade with no branching (the feeding from above can be neglected as a consequence of assuming
the applicability of the lowest-order perturbation approach).

The sensitivity maps provide useful information that can be used during fitting to define the current sets
of correlated matrix elements to be varied, to check to what extent the different sets of experimental data are
independent and, finally, to ascertain which matrix elements included in the initial setup have a significant
influence on the processes analyzed. The data obtained during the compilation of the yield sensitivity map
also are used to generate the correlation matrix, selecting the subsets of matrix elements that are strongly
correlated for the error estimation (see Section 6.8). It should be noted, however, that the compilation of
the sensitivity maps is time-consuming, thus it should be requested only periodically when needed. The
sensitivity maps also are helpful when planning an experiment, in which case a set of simulated ~y-ray yields
can be used as experimental data for a dummy minimization run. Simulated yields can be created by GOSIA
using OP,POIN - see 7.19 or using the GUI Rachel which uses full intergation to simulate data with simulated
statistical errors. A comparison of the sensitivity parameters for different (existing or planned) experiments
give an indication to what extent the additional sets of data provide qualitatively new information.

(6.109)

6.8 Estimation of Errors of the Fitted matrix Elements

6.8.1 Sources of Systematic Error

The following sources of systematic errors could influence the results extracted using Gosia to analyze
Coulomb excitation data.

a) Coulomb-nuclear interference

As discussed in chapter 2.1.1, the basic assumption of Coulomb excitation is that the interaction is
purely electromagnetic. Multiple excitation of the highest spin members of collective bands requires use of the
maximum allowed bombarding energies, thus it is crucial to know the maximum bombarding energy for which
the interaction is purely electromagnetic. Experimental data on the influence of Coulomb-nuclear interference
effects on measurements of excited state static quadrupole moments provided an estimate of the maximum
bombarding energy at which the influence of nuclear excitation can be neglected. These data suggest that
for heavy ions the influence on the cross sections is < 0.1% [CLI69a][CLI69D] if the classical distance of
closest approach of the Rutherford trajectory for a head-on collision exceeds [1.25(Aé/ 54 A%F/ 3) +5]fm. This
classical safe bombarding energy criterion is only applicable if the semiclassical approximation is valid, and
corresponds to bombarding energies below 4.5 MeV per nucleon for 2°8Pb ions decreasing to less than 4.1 MeV
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per nucleon for “°Ar ions. Coupled-channel Born Approximation codes, such as PTOLEMY[MA78, RHS0],
must be used for a more reliable estimate of the influence of Coulomb-nuclear interference for collisions
involving nuclei lighter than 160. A comparison [KAV90] of PTOLEMY calculations with GOSIA predictions
for Coulomb excitation of 76Se by 2°8Pb showed that a bombarding energy 7% above the safe bombarding-
energy criterion resulted in destructive interference ranging in magnitude from 2% for the first 2% state to
10% for the weakly excited second 2% state.

b) Quantal Corrections

The accuracy of the semiclassical approximation improves with increase of the Sommerfeld parameter n
defined in equation 2.2. The use of energy-symmetrized orbits in the semiclassical calculations partially cor-
rects for deficiencies in the semiclassical approximation. The remaining quantal correction to the calculated
cross sections are of the order of 1/n for large 1. Typically 1 ranges from 50 to 500 for heavy-ion induced
Coulomb excitation. Full quantal calculations by Kavka[KAV90] show that semiclassical calculations differ
from full quantal predictions by typically 3%, with some values as much as 10% off. These agree with the
predictions of Tolsma [TOL79, TOLS87] for the case of 233U excited by 385 MeV 8*Kr ions. However, analysis
of heavy-ion induced Coulomb excitation data typically involves a comparison of the deexcitation gamma-ray
yields which tends to cancel part of this systematic error[KAV90, STA82].

c) Corrections to the Rutherford orbit

The Coulomb excitation probability is sensitive to the exact distance of closest approach of the classical
Rutherford trajectory both for states involving large adiabaticity excitation, and also for many-step multiple
Coulomb excitation. The distance of closest approach is proportional to the bombarding energy, thus it is
important to have an accurate knowledge of the absolute bombarding energy of the incident beam. Most
accelerator facilities quote the bombarding energy to many significant digits, but it behoves the experimenter
to ascertain what absolute reference was used to calibrate the absolute beam energy. Integration over the
energy loss in the target requires knowledge of the target thickness and nonuniformity which also contribute
to the experimental error.

The classical Rutherford trajectory is perturbed slightly by atomic screening, vacuum polarization and
relativistic effects. These effects slightly change the distance of closest approach which can be taken into
account by making a small change in the bombarding energy used in the Gosia calculations. As illustrated
in figure 2.9, these effects are small, and tend to cancel; i.e. the net correction to the bombarding energy
typically is < 0.3% which is unimportant for most experiments[ALD75, KAV90)

d) Kinematic transformation from the laboratory to centre-of-mass frame of reference

As described in chapter 5.2, experimental data are recorded at fixed laboratory scattering angles whereas
each Coulomb excitation calculation is performed for a given centre-of-mass angle. The transformation from
the laboratory angle to the corresponding centre-of-mass angle is @)-value dependent and thus one must
perform the Coulomb excitation calculation for each state separately using the state-dependent centre-of-
mass angle corresponding to the laboratory scattering angle. This centre-of-mass angle dependence can
lead to the largest systematic error when one of the interacting nuclei has a low mass, such as 2C, where
the calculated Coulomb excitation cross section can change by about 3% per MeV change in Q-value. If
both interacting nuclei are heavy, then this systematic error is small for normal kinematics, but for inverse
kinematic reactions the correction is very large near the peak scattering angle of the two-valued solution for
the scattered projectile.

e) Virtual excitation of unobserved states

It is important to include explicitly, in the coupled-channel calculations, all states in the yrast domain that
are likely to influence the results significantly. Unobserved states with excitation probabilities exceeding 0.1%
can have measurable interference effects on the calculated population of observed states. Also the truncation
of the coupled equations results in errors in the calculated cross section for the uppermost state in any
collective band. Thus it is necessary to extend all collective bands by adding at least two buffer states
beyond what is observed to ensure that virtual excitation and coupled-channel truncation effects are taken
into account. The virtual excitation effects are reasonably insensitive to the exact excitation energies chosen
for these unobserved states.

Moderate strength matrix elements coupling two nearly degenerate states can lead to appreciable effects
even though there is no observable y-ray deexcitation between them. Experience has shown that, in most
nuclei, virtual excitation effects due to low-lying states can be estimated reliably and thus do not significantly
add to the uncertainties in the final results.

Virtual excitation of the giant E1 resonance can decrease the population of high-spin states by up to
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12% [CLI86]. Fortunately this can be estimated reliably by adding a polarization term to the interaction
which is incoporated in GOSIA [ALD75].

f) Mutual excitation

Both the target and projectile can be excited simultaneously influencing the cross sections for Coulomb
excitation of a given state. Normally one of the two interacting nuclei is chosen to be a closed-shell nucleus,
such as 2°8Pb, to minimize such mutual excitation effects. Fortunately the multipole-multipole interaction
term does not interfere with either monopole-multipole term, thus the corrections are small even for cases
when mutual excitation is appreciable. For example, for the case of Se excited by *®Ti the predicted mutual
excitation changes the 7Se cross sections by only 0.7%.[KAV90]

g) Gamma-ray angular distributions

The hyperfine interaction of the excited nuclei recoiling in vacuum, that is the deorientation effect,
contributes the largest uncertainty in predicting the angular distributions of the deexcitation -rays. The
magnitude of the deorientation effect depends sensitively of the lifetimes of the deexciting states. Use of
best-fit global parameters, within the framework of the Brenn and Spehl two-state model of the hyperfine
interaction, has been shown to give a reasonable prediction of the deorientation effect [BOS77, BRET7T].
Fortunately the uncertainty in our knowledge of the deorientation effect usually contributes < 2% error in
the final extracted matrix elements, in part because the ~-ray detector arrays used in modern 47 detector
arrays average over the y-ray angular distribution.

The assumption of cylindrical symmetry in evaluating the attenuation factors @y, used to account for
the finite size of the y-ray detectors, is not applicable for clover-detector geometry used by some Ge detector
arrays. However, use of the cylindrical symmetry assumption in general will introduce errors that are smaller
than the uncertainties inherent in predicting the hyperfine interactions. The influence of using non-cylindrical
~-ray detectors can be tested by decomposing the detector into a raster of smaller cylindrical detectors.

States having lifetimes in the nanosecond range can decay while displaced significantly from the target
spot due to the recoil. In most cases the first-order correction for in-flight decay available in Gosia is adequate
to correct for this displacement.

h) Energy loss of ions in the target

Chapter 5.3 pointed out that there are ~ 15% descrepancies in the stopping power values derived from
different compilations of heavy-ion energy loss in matter. In addition, non-uniformities in target thickness,
density, possible crystalline structure, straggle, beam induced damage, and carbon build-up all can contribute
systematic errors when comparing calculated with measured p — v yields. These sources of systematic error
must be considered but the impact depends on whether absolute or relative yields are being used to extract
matrix elements.

i) Absolute normalization of cross sections

Comparison with the well-known Rutherford cross section for elastic scattering can be used to determine
absolute Coulomb excitation cross sections. Although this approach is easy using the magnetic spectrome-
ter technique[CLI69a], it is difficult when the higher sensitivity particle-y coincidence method is employed
for heavy-ion Coulomb excitation work[CLI86]. The ~-ray detection efficiency typically is measured to an
accuracy of ~ 5% using well-known ~-ray sources. However, it is necessary to take ino account the co-
incidence detection efficiency which can be significantly reduced due to dead time and pile up rejection.
An extreme example is the Coulomb excitation of the 242Am isomeric target where the target activity re-
sulted in a coincidence detection efficiency that was reduced by about 20% due to dead time and pile-up
rejectionHAY07, HAY 10].

Comparison of target-excitation with projectile-excitation ~-ray yields provides a simple approach for
measuring relative B(EX) values in Coulomb excitation work. Another approach, that is applicable to
strongly-deformed nuclei, is to normalize the measured deexcitation «-ray yields to transitions at the bottom
of the ground band which are populated predominantly by cascade feeding and thus are insensitive to the
assumed matrix elements.

6.8.2 Statistical error estimation

The most commonly used methods of estimating the errors of fitted parameters (in our case the matrix
elements) resulting from a least-squares minimization, are derived using the assumptions that do not nec-
essarily apply to Coulomb excitation analyses. Usually, the errors of the fitted parameters are evaluated
either using the curvature matrix, or by requesting an increase of the least-squares statistic dependent on
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the number of degrees of freedom and the value of this statistic at the minimum. An approach based on
the second-order approximation is not applicable because this approximation is in general not valid even in
the vicinity of the fitted set of matrix elements, not to mention the problems resulting from the so-called
“nuisance parameters®, i.e. parameters that can be introduced formally, but have no influence on the ob-
served processes. The inclusion of such nuisance parameters prohibits a straightforward inversion of the
second-derivative matrix. Moreover, the curvature matrix approximation assumes that the fit is perfect, i.e.
the gradient at the solution point vanishes, thus only the second-order term describes the behavior of the
least-squares statistic. Practically, however, we have to assume that a fitting procedure must be stopped
at some point even though a number of the matrix elements that have a weak influence on the Coulomb
excitation process, are far from their best values. This is not important from the point of view of extracting
the information contained in the experimental data but can considerably disturb the error estimation of the
significant dependences when the second-order approximation is used.

The unavoidable presence of the nuisance parameters also prohibits error estimation procedures based
on the assumption that the least-squares statistic should obey the x? distribution with a given number of
degrees of freedom. It should be noted that the concept of the number of degrees of freedom is implicitly
based on the assumption that all the parameters are of about equal significance, which is obviously not true
in the case of Coulomb excitation since the sensitivity of the observed + yields to the various matrix elements
differs by orders of magnitude. This is illustrated by noticing that to describe a given experiment one can
arbitrarily add any number of unobserved levels connected by any number of the matrix elements having
no influence on either the Coulomb excitation or the « deexcitation, thus arbitrarily changing the number
of parameters and, consequently, the number of degrees of freedom. Finally, any procedure based on the
number of degrees of freedom will result in ascribing the errors of the fitted matrix elements according to
the subjective feeling as to what is a valid parameter of the theory and what is not. The error estimation
formalism used in GOSIA, described in subsequent sections, has been derived without employing either the
local quadratic approximation or the concept of the degrees of freedom to provide a reliable (however in
general non-analytic) method of calculating the errors of the fitted parameters.[LES71, LES10]

6.8.3 Derivation of the error estimation method

Let us assume that a set of observables, Yj, measured with known and fixed experimental errors, oy, is
used to determine the values of a set of parameters, x;. We also assume that the observables are related
to the parameters by an error-free functional dependence, i.e. that if the experiments were error-free each
experimental point Y} could be exactly reproduced as:

Yi = fu(®) (6.110)

where fi stands for the functional description of the k-th observed data point using a given set of parameters,
represented as a vector. However, since we have to assume the experimental uncerntainties, we can only
determine the parameters by requesting that the least-squares statistic (as defined by 6.73) is minimized
with respect to the set of parameters. In other words, the assumption that a set of n parameters is sufficient
to reproduce N experimental observables (N > n), is equivalent to assuming that only certain values of
observed data forming an n-dimensional hypersurface in the space of observables are allowed, and the fact
that the measured set of observables does not correspond exactly to any set of parameters is due only to
experimental errors. From this point of view the extraction of the parameters based on a set of observables
reduces to determining which point on a hypersurface of the “allowed “ experimental values (referred to as a
“solution locus*) corresponds to the measured values. While the assignment of the closest point on a solution
locus defines a “best“ set of parameters (as shown below), the distribution of the probability that different
points belonging to the solution locus actually represents the set of observables defines the errors ascribed to
the parameters. It can be shown that both the “best* set of the parameters and the errors of the parameters
can be found by examining the least-squares statistic if the “perfect theory* approach is assumed. Such an
approach, actually employed in GOSIA, is presented below.
To simplify the notation, it is convenient to introduce the normalized observables, yi, defined as:

Y;
Y = — (6.111)
Ok
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and to assume that the functional dependence also includes the normalization relative to the fixed exper-
imental errors o;. Treating both the set of normalized observables and the set of normalized functional
dependences as vectors, allows a compact definition of the unnormalized least-squares statistic, x?2, as:

X = [f@ -7 (6.112)
where we have used a symbol x? to distinguish the unnormalized statistic from the normalized statistic
S, as defined by Eq. 6.73. Assuming that the normalized observables, y;, are independent and normally
distributed (the width of the distribution is equal to unity, as a result of the normalization to the known
experimental errors) one finds that the probability of the observed set § is an experiment-distorted reflection
of a “true“ set g/ which is proportional to:

P(y') ~ exp <—%(y - y’)2> (6.113)

An assumption of the “perfect® theory allows only the “true* sets of experimental data which can be
described by the functional dependence ¢, belonging to the solution locus. Therefore only the sets g/ which
can be expressed as:

7 = I(@) (6.114)

are to be taken into account. Substituting 6.110 into 6.109 gives:

P(f(z)) = exp (—%x2) (6.115)

Note that in this “geometrical“ picture, x¥? has the meaning of the square of the distance from the observed
set of data to a point belonging to the solution locus, thus the least-squares minimization is equivalent to
finding a point on the solution locus closest to the experimentally observed set of data. Such a point has the
highest probability of reflecting an error-free measurement, as long as the assumption of a perfect theory is
in effect. Equation 6.111 gives the probability that the observed set of data corresponds to a given point
on the solution locus per element of volume of the solution locus. Thus the transition to a probability of a
given set of parameters per unit of volume in the parameter space requires the density function, given by:

B dv
" drydzs...dx,

p(Z)

with dV standing for the volume element of the solution locus as a function of the parameters z;. The
probability distribution in the parameter space can be subsequently written as:

(6.116)

dP(Z 1
with a normalization constant C resulting from the condition that the integral of the probability distribution
over the whole parameter space is equal to unity.

Eq. 6.113 defines the probability distribution of simultaneous assignment of a whole set of parameters.
Practically, however, we are interested in ascribing the errors to individual parameters, therefore we have
to reconstruct the one-dimensional probability distributions corresponding to individual parameters. Such a
distribution for parameter i, with no assumptions made as to the “true* values of the remaining parameters,
will be given by:

P(x; P(z
d (:E) :/ d (SC) d$1d$2...dzi_1d$i+1...dl’n (6118)

dx; dridzs...dz,
the integration extending over all allowed values of the parameters except of the parameter . Using equation
6.114 the error bars of a given parameter can be found by requesting that the probability that the “true“
value of this parameter (evaluated by integrating the distribution 6.114) is contained within the error bars
and is equal to an adopted confidence limit of 68.3%; this corresponds to the confidence level for a standard
deviation with the Gaussian distribution. Since, neither the minimum is perfect, nor the symmetry of x>
around the minimum is assumed, it is reasonable to define upper and lower error limits independently. This
is explicitly given by requiring that:



6.8. ESTIMATION OF ERRORS OF THE FITTED MATRIX ELEMENTS 111

z; + 0x;

P e,

T — 0.683 (6.119)
z;(max)

7 e,

Z; '

where dz; stands for the upper error limit, while z;(max) denotes the maximum allowed value of z;. A
similar formula is used to determine the lower error limit with the maximum allowed value of x; replaced by
the minimum allowed value of this parameter.

Until now the derivation of the error estimation formalism has rigorously followed the initial assumptions.
The error estimation using equation 6.115 is, however, not practical when dealing with a multidimensional
parameter space and non-analytic description of the functional dependence used to relate the parameters to
the observed data. First, it is technically impossible to evaluate the density function, p(Z), if the analytic
functional dependence is not known, as in the case of the multiple Coulomb excitation. It can be argued
that if the parametrization of the processes observed is reasonable, the density function should be dependent
only weakly on the actual set of parameters compared to the dependence of the x? function (otherwise, the
parametrization would be unstable). Assuming that the x? exponent in equation 6.115 drops sharply in the
vicinity of the error limit, while no drastic change of the density function takes place, one can take for granted
that within a reasonable accuracy, the effect of weighting the Gaussian distribution with the density function
can be safely neglected. Second, it is easily seen that the reconstruction of the one-dimensional probability
distribution according to Eq. 6.114 is not feasible if the analytic form of the functional dependence is not
known. Therefore it is necessary to adopt a “worst case“ approach, i.e. to use an approximation yielding
overestimated error bars but allowing a reduction of the multidimensional problem to a one-dimensional one
without performing the numerical integration in the multidimensional space. To construct such an approach
we introduce a concept of a “maximum correlation curve” defined as a curve in the parameter space for which
an effect of varying a given parameter is, to the greatest extent, balanced by the changes of the correlated
parameters to minimize an overall change of the x? function. Introducing the above approximations, the
error criterion 6.115 can be rewritten as:

[ exp (=53 (@)dl(z))

Ly

— 0.683 (6.120)
x;(max)

[ exp(—3x2(z)di(z))

Ly

where [ stands for the “maximum correlation* path and the probability distribution is treated as a function
of the i-th parameter only; the dependence on other correlated parameters being defined by the path of
integration, [. This simplification results in overestimation of the error bars, corresponding to the confidence
limit of at least 68.3%.

The error estimation formalism, presented above, fits well the needs of Coulomb excitation analysis. It
is not sensitive to the redundant parameters, which will simply display no influence on the x? statistic. It
allows introduction of physical limits for the matrix elements just by normalizing the probability distribution
to its integral between those limits (note that in case of insignificant matrix elements, this will yield the
errors of 68.3% of the full range - GOSIA issues a warning if the integration is stopped on the limit before
the criterion 6.116 was fulfilled). Finally, note that neither the purely quadratic behaviour of x? nor the
perfect minimum are explicitly assumed.

6.8.4 Numerical Estimation of Errors

The error estimation in GOSIA is performed in two separate steps. First, the “diagonal* errors, i.e. the er-
rors of individual matrix elements with all the others kept fixed, are found. This part of the error calculation
is relatively fast and thus has been separated from the “full“; or correlated, error estimation. The calcula-
tion itself consists of a straightforward numerical solution of equation 6.115, the fourth-order Runge-Kutta



112 CHAPTER 6. NUMERICAL METHODS

integration method is used to numerically evaluate the integrals involved. The probability distribution is
renormalized to its value at the central set of matrix elements to avoid under- and overflows, i.e. Ax? is used
instead of 2. As mentioned above, the diagonal error calculation is not very time-consuming, therefore it
also can be used to speed up minimization provided that the strong influences were already fitted. Running
the diagonal errors allows detection of the matrix elements that still are far from their best values judging
from the pronounced asymmetries of the error bars. In addition, GOSIA notifies the user every time a
better value of the statistic S has been found. This information can be used to “manually“ predict a better
solution without performing a time-consuming minimization of the weak dependences. Also, in some cases,
the improvement of x? found during the error calculation can be so large that the Gaussian distribution
associated with the error estimation cannot be handled due to the machine-dependent overflow of the expo-
nential involved. GOSIA detects such situations using a user-defined capacity of the computer, allowing to
indicate which subsets of the matrix elements are to be refitted to improve the minimum.

The diagonal error calculation is usually repeated a few times until the minimum of the least-squares sta-
tistic S is found to be satisfactory from the point of view of individual matrix elements. The following “full“
error calculation differs from the diagonal error calculation only by applying Eq. 6.115 along the predicted
path of maximum correlation. Although, in general, this path is a curve in the space of the parameters, we
are forced, for practical reasons, to approximate it by a straight line. To make this approximation as reliable
as possible, the information resulting from the diagonal error calculation is used by GOSIA to determine the
way the probability distribution is sampled. An estimate of the diagonal error for a given matrix element is
first used to evaluate an appropriate stepsize for the Runge-Kutta integration algorithm. Since the influence
of a given matrix element is not known a priori, a common stepsize is used for the diagonal error estimation.
This approach is subsequently refined by adjusting the stepsize for each matrix element individually during
the full error calculation based on the diagonal error range. It may, in some cases, cause a slight decrease of
the error range if there is no significant correlation and the stepsize assumed for the diagonal error calculation
has incorrectly taken into account the sensitivity of the x? statistic to a given matrix element. The diagonal
error bars also are used to define how the maximum correlation curve is approximated by a straight line in
the space of the parameters. This operation is performed by assuming that the matrix element, for which
the correlated error is estimated, is varied to the value corresponding to its central value + an appropriate
diagonal error and fixed at this value, while the one-step gradient minimization of the remaining matrix
elements is done to find the correlation axis. The maximum correlation direction is then defined as a vector
difference of the resulting set of the matrix elements and the central point. In this way, a correlation curve
is approximated at a range consistent with the order of magnitude of the final error. However, it should be
noted that performing the one-step gradient minimization to find the correlation axis is very time-consuming
if all the matrix elements are taken into account. Moreover, since the gradient method will only affect the
values of the matrix elements strongly correlated with the one investigated, the calculation of the derivatives
with respect to all others is simply redundant and does not yield any improvement in predicting the corre-
lation axis. To speed up the full error calculation, GOSIA offers a mechanism for reducing the number of
matrix elements being taken into account, by predicting the subsets of mutually correlated matrix elements.
This requires that at a final stage of minimization, the yield sensitivity map is compiled and the full set of
the sensitivity parameters af, (6.104) is stored in a permanent file. A subroutine, OP,SELE (SELECT) uses
the map of the sensitivity parameters to predict the correlation. Each two matrix elements are correlated
if they affect the same data points, thus, for each matrix element M; the correlation with a matrix element
M}, can be measured by:

ar =Y _ lofal (6.121)

the summation extending over all observed ~-ray yields. The absolute values are taken to prevent the neglect
of the correlation due to coincidental cancellation of opposite sign terms. For each matrix element, indexed
by the row index I, OP,SELE identifies those matrix elements M} having values of cj greater than 10%
of the maximum value of ¢;; in this row. As a result, OP,SELE produces a binary matrix whose elements
are either 0, if no strong correlation was predicted, or 1. The matrix elements explicitly correlated by the
spectroscopic data are assumed to be correlated by definition. The correlation matrix then is used during the
full error calculation to fix the matrix elements for which the correlation was not predicted when searching
for the correlation axis.

GOSITA issues messages if lower values of the S statistic have been found. The set of the matrix
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elements producing an overall best value of S is stored in a permanent file, which could be used eventually
to improve the minimization as a starting guess. However, it should be remembered that the uncorrected
fast approximation used during the error estimation can be a source of inaccuracies, thus the small changes
in the S statistic usually can be disregarded. If necessary an error estimate can be performed manually by
making a x? fit to all the other parameters for a set of given values for the observable being determined.

6.8.5 Identification of Erroneous Data Points

Fitting a large set of parameters, as in the case of Coulomb excitation analyses, one must be aware of the
possible existence of local minima, which can cause the fitting procedure to be trapped in an erroneous x>
minimum. While there is no general method of distinguishing a local minimum from a global one, some
judgement is still possible based on the value of the normalized least-squares statistic S and the comparison
of experimental and fitted data. A local minimum could be created artificially by including erroneous pieces
of data, such as incorrectly assigned ~ yields, or, even if there were no mistakes in the data, could result from
the local dependence on the parameters. The information provided by GOSIA during the minimization and
error estimation usually is sufficient to determine whether the solution is acceptable. To further facilitate
the identification of the local solutions, GOSIA is equipped with a “troubleshooting“ module, designed to
detect inconsistencies within the data set. This module uses the information obtained at a current stage
of minimization concerning the dependence of the observed « yields on matrix elements. Only the v yields
observed in the detectors labeled #1 for each experiment are used, as a result of the convention that the
~ detector providing the most complete and reliable set of data should be defined as the first one. The
troubleshooting routine first calculates the normalized S statistic disregarding the other  detectors and
the spectroscopic data, assuming the independent, code-calculated normalization, thus overriding the user-
specified normalization constants. A large difference between a value of S calculated this way, and the
value resulting from the minimization, points to either a wrong relative normalization or a problem with
reproduction of the v-ray angular distribution, which may be due to the errors in assigning the angular
positions of the v detectors ( inconsistencies within the spectroscopic data are easy to notice by comparing
the calculated and experimental values). A next step is to select the experimental 7 yields data, which
locally inhibit minimization with respect to the individual matrix elements. Keeping in mind the gradient
method used for the minimization, it is easily seen that a “perfectly consistent“ set of data used to form a
least-squares statistic, which can be written in the form:

X>=> 6 (6.122)

is characterized by the fact that all individual components of the derivative with respect to a given matrix
element M,

dx> d6;
ML= 2 Zl:él L. (6.123)

should be of the same sign. This means that the overall direction found to improve the minimum with
respect to this matrix element is the same as resulting from the separate pieces of data. Inconsistent pieces
of data may, in turn, produce large terms of opposite sign, which consequently causes a small value of the
derivative due to cancellation. In such a situation a given matrix element will not be varied. As a measure
of this effect we introduce a parameter r., defined for each matrix element M as:

5 99,

Zi L9 My,
96,
’Zz 52'8_1\/11;

This parameter equals 0 if all the terms summed are of the same sign and becomes large when the
cancellation effect is dominant. The numerator of 6.120 can be treated as an indication of the influence
of a given matrix element M} (the “strength® of this matrix element) and is listed in the output of the
troubleshooting routine separately. The routine further selects the data points having the largest positive
and negative contributions to the derivative for all the matrix elements for which calculated 7 exceeds an
user-specified limit. This information may be helpful to pinpoint erroneous data points, e.g. missassigned ~y

ri = log (6.124)
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transitions. Sometimes, mostly for weakly overdetermined cases, local minima and saddle points may occur
even if all the data are correct. The information provided by the troubleshooting module then can be used
to modify the setup of the matrix elements to be fitted or inform the user to temporarily switch off some ~
yield data to allow the minimization procedure to find a way out of such an erroneous solution.
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7.1 Organization

Input, execution and control of the code GOSIA is achieved by specifying a given sequence of option com-
mands. These option commands are activated using the input format OP,— where — designates the four-
character alphanumeric name of the option command. Some options are used for input or selection of input
needed for specific tasks, while other options execute appropriate modules of the code.

The code GOSIA can operate in either of two mutually exclusive modes. The first, activated by the
option OP,COUL, performs the calculation of Coulomb excitation probabilities and -ray yields for a fixed
set of the matrix elements. No fitting of matrix elements to experimental data is performed if OP,COUL
has been selected. The other mode, activated by the command OP,GOSI, should be used if a least-squares
fit of matrix elements to experimental data is desired. The user is free to use any other option commands
in conjunction with either the OP,COUL or the OP,GOSI commands consistent with an obvious logic. For
example, the code cannot calculate Coulomb excitation amplitudes if the level scheme is not defined, also it
cannot execute the fit-related commands if OP,COUL has been selected. The input to the option commands
OP,COUL and OP,GOSI contains “suboptions” for which the prefix OP, is not appended to the name.
The suboptions must occur in a logical order to ensure that the required information has been input as
illustrated in section 14.5 of this user manual. OP,GOSI can be used for any calculation as long as the
differences between the format for OP,COUL and OP,GOSI are obeyed as noted in this chapter.

The many options built into GOSIA necessitate an input that is fairly extensive. The graphical user
interface RACHEL (chapter 8) has been written to greatly facilitate preparation of the input as well as aid
in presentation of the output of GOSIA. It is strongly recommended that GOSIA neophytes use the GUI,
RACHEL, to quickly and easily generate an initial input and gain experience running GOSIA. Subsequently,
the initial input generated by the GUI can be edited for cases that go beyond the capabilities built into
RACHEL. Note that the GUI Rachel does not interpret gosia.inp files created by the user. Once you edit a
gosia.inp file, you will usually have to abandon use of the GUI to continue calculations or fitting.

7.1.1 Input formats

As a rule the input should be given in free format mode (READ*). This implies that the number of entries
should correspond to the number of variables in the respective read list, different entries being separated by
either a comma or a space. Floating-point values can be given as integers (the decimal point is not required
and the conversion is automatic). Integers may not be given as floating point numbers. Blanks are not
equivalent to zeros, unlike fixed-field formats, therefore zeros must be typed in explicitly. Some exceptions
to this general input format will be stressed in the descriptions of various options. A wrong sequence of
input entries is usually detected when a number is encountered instead of an expected alphanumeric option
code. In this case a message UNRECOGNIZED OPTION — is issued and the job is aborted ( — designates
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an unrecognized string ). This means that the sequence of the input entries is wrong somewhere between
the last recognized option command and the entry reprinted.

7.1.2 Summary of available options

A summary of all available options is given below. Detailed descriptions of each option and suboption
command are given in alphabetical order in the subsection of this chapter listed next to the name of each
option. Details of the file manipulation procedures are given in Chapter 10. The names of the option
commands are truncated to four characters. Full, self-explanatory names are given in parentheses in the
following description.

OP,BRIC (BRICC)  (7.2):

Activates calculation of the internal conversion coefficients for all transitions included in the matrix
element file.

CONT (CONTROL) (7.3):

Suboption of OP,COUL and OP,GOSI which is used to control and select various optional features of
the code for both execution and output. This option can be omitted in which case default parameters
will be used.

OP,CORR (CORRECT) (7.4):

Execution option to calculate the correction factors used to modify the experimental data to correct
for the difference between the integrated yield calculations and the point values used for calculation of
the Coulomb excitation cross sections and ~-ray yields during the x? fitting, as described in detail in
6.6.1.

OP,COUL (COULEX) (7.5):

Activates the simple excitation/deexcitation mode. No fit of matrix elements to the data is made with
this option in contrast to OP,GOSI. Consequently, the appreciable input required for the fit procedure
can be skipped. OP,COUL contains the following suboptions:

LEVE
(Section 7.14)
ME

(Section 7.16)
EXPT
Section 7.8)
CONT
(Section 7.3)

OP,ERRO (ERRORS) (7.6):

Activates the error estimation module of the code. Also, it can be used to test the goodness of the
solution, as discussed in detail in Chapter 6.8.

OP,EXIT (EXIT) (7.7):

Terminates the job and causes the final output to be compiled.
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EXPT (EXPERIMENT) (7.8):
Suboption of OP,COUL and OP,GOSI which is used to input the experimental conditions for each of
the experiments to be analyzed.
OP,FILE (FILES) (7.9):
Optionally allows to declare archaic file names to be attached to the job in the input rather than in
the job control stream.
OP,GDET (GE DETECTORS) (7.10):

Creates the files that contain the data needed to calculate the solid angle attenuation factors ( 4.4).
Output files should be attached to the job when OP,YIEL is encountered.

OP,GOSI (GOSIA) (7.11):

This alternative option to OP,COUL is used when a fit of matrix elements is to be made to Coulomb
excitation data. The suboptions for this option are the same as for OP,COUL (however, note that the
input to ME differs from that used for OP,COUL):

LEVE
(Section 7.14)
ME

(Section 7.17)
EXPT
(Section 7.8)
CONT
(Section 7.3)

OP,INTG (INTEGRATE-1980) (7.12):

A deprecated execution option used to integrate the deexcitation y-ray yields, resulting from Coulomb
excitation, over energy loss of the incident beam in the target and over the solid angles of the particle
detectors that uses the older input format. This is the original integration routine that has been
superceded by OP,INTT and is included only for running legacy GOSIA inputs. Note that for inverse
kinematics this option remains useful for those cases where only one of the two-valued solutions is
needed.

OP,INTI (INTEGRATE-2008) (7.13):

Execution option used to integrate the deexcitation y-ray yields, resulting from Coulomb excitation,
over energy loss of the incident beam in the target and over the solid angles of the particle detec-
tors. This 2008 version of the integration routine supercedes OP,INTG. It is functionally identical to
OP,INTG and solves a difficulty encountered when using inverse kinematics that also involves signifi-
cant energy loss in the target, see chapter 6.5.2.
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LEVE (LEVELS) (7.14):

Suboption of OP,COUL and OP,GOSI which is used to read in and catalog the level scheme of the
investigated nucleus.

OP,MAP (MAP) (7.15):

Causes the g-parameter maps ( 6.2 ) to be calculated and stored on an external file.

ME (MATRIX ELEMENTS OP,COUL Version) (7.16)
Suboption of OP,COUL which is used to input and catalog the matrix elements.

ME (MATRIX ELEMENTS OP,GOSI Version) (7.17)
Suboption of OP,GOSI which is used to establish the matrix element setup for fitting.

OP,MINI (MINIMIZE) (7.18):

Executes the least-squares fit of the matrix elements to the experimental data.

OP,POIN (POINT) (7.19):

Execution option tomake “point” calculates of the Coulomb excitation and deexcitation ~-ray yields
at fixed scattering angle and bombarding energy.

OP,RAND (RANDOM) (7.20):

Used to overwrite a given set of matrix elements by a set of random matrix element starting values
lying within specified limits. This is useful to ensure removal of bias in determining the least-squares
minimum.

OP,RAW (RAW DATA)  (7.21):

Used to input data necessary if efficiency-uncorrected (raw) 7 yields and/or yields resulting from
summing several v spectra are to be used as experimental data.

OP,RE,A (RELEASE A) (7.22):

Releases all matrix elements previously fixed and voids all coupling of matrix elements for the current
minimization run.

OP,RE,C (RELEASE C) (7.23):

Releases all previously fixed matrix elements but preseves couplings.
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OP,RE,F (RELEASE F) (7.24): Voids coupling of matrix elements while retaining fixed
ones.
OP,REST  (RESTART) (7.25):

Causes the program to use, as a starting point, a set of matrix elements stored on diskin file 12 by a
previous calculation in place of the set given as input.

OP,SELE (SELECT) (7.26):
Creates the correlation matrix for use by OP,ERRO

OP,SIXJ (SIX-j SYMBOL)  (7.27):

Creates a table of Wigner 6-j symbols used by the sum rules code SIGMA ( Chapter 9 ). OP,SIXJ is
case-independent, thus it can be executed without defining the level and matrix elements scheme. It
can also be inserted anywhere in the input sequence.

OP,STAR (START) (7.28):

Execution option to calculate only the point-value Coulomb excitation amplitudes and excitation prob-
abilities, not the «-ray yields. This comprises a subset and consequently an alternative to OP,POIN.
This option can be used with either OP,COUL or OP,GOSI.

OP,THEO (COLLECTIVE MODEL ME) (7.29):

Generates matrix elements according to the geometrical rotor model following the Bohr-Mottelson
prescription.

OP,TITL (TITLE) (7.30):

Reads in the user-given title to be reprinted as a header of the output (maximum 80 alphanumeric
characters). Can be repeated if more than one line is needed.

OP,TROU (TROUBLE) (7.31):

Performs an analysis at the local minimum to pinpoint erroneous experimental data. This option must
be inserted immediately before OP,EXIT.

OP,YIEL (YIELDS) (7.32):

Used for input of data required necessary to calculate the y-ray deexcitation of the Coulomb excited
nucleus and fit matrix elements to the ~-ray yields. OP,YIEL is mandatory if OP,GOSI has been
selected, in which case it is also used to specify additional spectroscopic information, i.e. branching
ratios, mixing ratios, lifetimes and known E2 matrix elements, as well as relative v detector efficiencies
and upper limits of the unobserved transitions. The experimental deexcitation yields are supposed to
reside on a separate permanent file attached to the job. See also chapter 7.33.

INPUT OF EXPERIMENTAL ~+-RAY YIELDS (7.33)

Section 7.33 describes the structure of the file containing the experimental y-ray yields from Coulomb
excitation.
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7.2 OP,BRIC (BRICC)

This option uses the National Nuclear Data Center database, Brlcc, to calculate the internal conversion
coefficients for all E1, E2, E3, M1, and M2 matrix elements included in the OP,COUL, or OP,GOSI input
files. In order that the matrix elements included in the calculation are defined, the OP,BRIC must follow
either OP,COUL or OP,GOSI. A Gosia subroutine CONV generates all needed internal conversion coefficients
in a table of the ICC values for each multipolarity for each transition.

Two lines of data occur after the OP,BRIC input command. The first is the filename of the Brlcc index
file, and the second is the filename of the Brlcc.icc file. That is, the input looks like:

OP,BRIC
/usr/local /brice-22 /BrIccFOV22.idx
Jusr/local /bricc-22 /BrlccFOV22.ice

(Two Brlcc files have been installed in /usr/local/bricc-22. They can of course go elsewhere and the user
may wish to use the "no hole" version of the ICC tabulation, or, in the future, a later version than V22).

The Brlcc command will generate a file on unit 29. You can set a filename in the usual way with OP,FILE.
Unit 29 will contain a table with the following information for each transition matrix element.

ENERGY ICC(E1) ICC(E2) ICC(E3) ICC(M1) ICC(M2)

This table will also be output to unit 22, the main output file if PRT, option 18,1 is set (the default) in
sub-option CONT.

If the GOSIA input file already contains internal conversion data in OP,YIEL, it is simple to turn on
or off the use of OP,BRIC by changing the sign of N1 to negative in OP,YIEL. No other changes need to
be made to the input. The user-input internal conversion data can be restored by changing the sign of N1
to positive to restore compatibility to older GOSIA versions and removing the OP,BRIC option. In this
case, the current version of GOSIA will interpolate the ICC data from the user-supplied data as in older
versions, except that the cubic spline method now replaces the Lagrange method. Note that the use of
the older Lagrange interpolation of the Brlcc tables can be unreliable near the K, L edges and can give
unreliable values between meshpoints. The newer OP,BRIC approach gives much more reliable results since
interpolation is done separately for each multipole eliminating the need to interpolate across K,L edges etc.

If a new input is being written for the current version of GOSIA, implement OP,BRIC as above, and
enter a dummy sequence for internal conversion data as follows. (This is designed to preserve backward
compatibility for older input files.) Enter the following records in OP,YIEL.

N1,N2
E1,E2,E3,..EN1

as

~1,0
0.010

Since N2 = 0, Gosia will expect no input (0 records) for I1, CC1(I1), CC2(I1)..., and these fields must
be omitted. Gosia will read all necessary internal conversion data from unit 29, rather than interpolating.
The 0.010 is a dummy record.

If the level scheme or the transition multipoles are changed, it is necessary to re-run the input with
OP,BRIC to generate a new set of coefficients for new energies or added transitions. OP,BRIC can be
removed for subsequent runs, which is useful if the user desires to change one or more ICCs in unit 29
manually.
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7.3 CONT (CONTROL)

This suboption of either OP,GOSI or OP,COUL is used to override default settings of the job performance
controls and to specify optional features of the program. CONT can be omitted if the default settings of
the control parameters are satisfactory. CONT can be used anywhere in the OP,COUL and OP,GOSI input

stream, usually as the last suboption specified. The input format is as follows:
CONT

Input control parameters needed for the job.

END, Marks the end of the CONT input. End must be followed by a comma and a blank line.
The control switches are specified by a three-character alphanumeric string followed by a comma and, in
some cases, by a floating point number X (as a convention, X will be used as the initial symbol for floating
point entries while symbols beginning with I are specified to be integer). Even if X has the meaning of
an integer it should be entered as a floating point number, the conversion being done by the
code. Some of the switches require additional input. The available control switches are as follows:

ACC,X. Sets the accuracy parameter used as an internal check of the Adams-Moulton routine to
10~%. The default value is X = 5. The step-size is either doubled or halved depending on whether
the maximum deviation is less than 0.02210™% or greater than 10~%. Do not use too large a value
of X, as it slows down the calculation considerably with little increase in accuracy for X much larger
than 6. Instead use the switch INT, to achieve maximum accuracy. This input is deprecated in that it
can cause erroneously large values of a(w) leading to unreliable results. See 6.1 for details and 6.3 for
the impact of the accuracy parameter on the adiabaticity limitations.

is X =5.

CCF, This switch overrides OP,MINI or OP,ERRO commands and causes GOSIA to terminate execu-
tion after calculating and storing the internal correction factors. This allows splitting the minimization
or error estimation jobs, which can be helpful when using unreliable or overloaded computer systems.

CRF, This option causes GOSIA to read in the internal correction factors from filel instead of recal-
culating them. This is a valuable time saver for restarting the minimization and error calculations
using the OP,REST command. The internal correction factors are stored on filel automatically when
calculated by the code.

CRD,X. This switch defines which experiments use circular particle detectors. CRD, simplifies the
input to OP,INTG and OP,INTI. The additional input is as follows:

IE(1) The indices, according to the input sequence in EXPT, of those X experiments

IE(2) involving circular detectors. Note that the axial symmetry option in the
EXPT input should be used rather than CRD, if the circular detector is
symmetric with respect to the z(i.e. beam) axis.
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DIP,X. Sets the E1 dipole polarization parameter to X/1000. (See equations 3.25 — 26). Default value
is 5.

FIX, This switch provides the easiest way to override the matrix elements setup specified by the ME
input. When FIX| is encountered all matrix elements are fixed and only those specified by subsequent
input are released for minimization or error estimation. Further input required:

IM The number of matrix elements to be released.

I(1), Indices of the matrix elements to be released (defined by the sequence
I(2) of the ME input).

I(IM)
Using FIX, it is easy to reduce the number of free matrix elements without modifying the ME input.

FMI, Fast minimization switch. Causes the code to terminate the job immediately after the OP,MINI
step was completed, without compiling the final output. FMI, provides substantial time saving when the
final output is not needed since the compilation of the final OP,MINI output involves a full Coulomb
excitation calculation. The remainder of the input, including the repeated OP,MINI commands is
ignored if the FMI, switch has been selected. FMI, cannot be used when the SEL, switch is set.

INR, Independent normalization switch. Overrides the relative normalization of v detectors and dif-
ferent experiments as specified in OP,YIEL and EXPT inputs. With the INR, switch set, the code will
calculate the best normalization factors (i.e. the ones providing the minimum value of x? for a given
set of elements) for each single v detector independently.

INT,X.

1IE, IS, Overrides the default step size check parameter, IS, of the Adams-Moulton integration
routine for specified experiments. The step size check is made every IS steps,
with a resultant possible change in integration stepsize. The default value is 1.5 = 1,
thus the stepsize may be adjusted after each complete integration step. Setting
15 = 1000 effectively switches off the stepsize control since 1000 steps exceeds the
IEx, ISx range of integration (according to 6.1), forcing the code to retain maximum accuracy.

X has the meaning of the number of experiments for which the default is to be altered. Additional
input consists of X records, I F,, being the experiment number and I.5,, the accuracy control parameter
for this experiment. The experiments are numbered according to the sequence of the EXPT input,
thus this control switch only can be used after the suboption EXPT definition.

LCK, This switch allows fixing a series of matrix elements without modifying the initial setup, e.g. it
can be used to keep the matrix elements belonging to a given multipolarity fixed during minimization.
It requires further input as follows:
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ILI1  Ranges of matrix elements to be fixed.
LI1

0,0 Two zeros end input

NCM,X. Causes the kinematics calculation to be performed assuming the final state of the excited
nucleus is the state with user-given index equal to X. with 2. as the default value. The states of an
excited nucleus are numbered according to the sequence of the LEVE input.

PIN,X. The PIN option is used when the charged particle detectory comprises an array of small circular
heavy-ion detectors, such as PIN diodes. X is the number of experiments. This is followed by

LI1 [ is the experiment number and I1 is the number of PIN diodes for that experiment
There should be X such records
LIl

This should be followed by labelling these experiments as circular detector type using CRD. Small area
square PIN diodes can be approximated as equivalent circular detectors; this is accurate enough and
saves defining the complicated orientation of the squares in space. Rachel allows calculation for larger
area non-circular detectors.

For the example of 2 experiments, each employing 30 circular diodes, the input sequence should be:

CONT
PIN,2
1,30
2,30
CRD,2.
1

2

Note that, under both OP,INTG and OP,INTI, the detectors should be defined according to the circular
detector input; in this case there will be 2 x 30 double records. That is, the circular detector input requires
two lines for each detector. OPJINTG or OP,INTI then will perform a summation over the whole set of
PIN diodes. The PIN switch tells the code that a specified experiment involves not a single detector but a
number of them.

PRT, This overwrites the default output options specifying the printout. It requires additional input
as follows:

L,I1 [ is the print option code and I1 is the user-specified setting
LI1

0,0 The 0,0 ends the input of the print options.

The following table lists all the available codes



124

CODE DEFAULT

10

11

VALUE

1

11111

11111

OTHER
VALUES

0
-1

0 or any
positive
integer

Any
positive
integer

Any
positive

integer

1

0

CHAPTER 7. INPUT INSTRUCTIONS FOR GOSIA

CONSEQUENCES OF OPTION

Print out level scheme, input matrix elements and kinematics
(1). 0 inhibits such printouts, while -1 can be used to sup-
press kinematics only. When 0 is selected, the sequence:
CONT
PRT,
1,0
0,0
END,
should be inserted before the LEVE and ME suboptions of
either OP,COUL or OP,GOSI to set an appropriate flag.

Reprint of experimental «y yields to be fitted (1).
0 suppresses this printout.

Prints out experimental branching ratios and a comparison of
experimental and calculated values (1). 0 inhibits this printout.

Prints out the yield sensitivity map (o, parameters) (see 6.7.8)
after every I'l number of minimization steps if I1 is positive.
Note that compilation of this yields sensitivity map is time
consuming since it requires the calculation of derivatives with
respect to all matrix elements. Consequently, it should be
compiled only when necessary. I1 = 2 causes the

compilation of this map when the OP,EXIT command is
encountered after at least one execution of the OP,MINI
command. I1 = 0 specifies no compilation or printout

of this sensitivity map.

Prints out the value of x?/N, where N is the number of data
points, after every specified I1 number of minimization steps.
If I1 =1 then x? /N will be printed after every step.

Printout of the gradient will occur every I1 minimization
steps. Default value effectively inhibits this printout.

Specifies printout of excitation amplitudes and population
when OP,EXIT is encountered after at least one OP,MINI
command (1). Il = 0 specifies no such printout.

I1 =1 specifies a comparison of experimental and calculated
yields. I1 = 0 specifies no such printout. This table will not be
compiled if FMI, switch was used, even if 11 = 1.

Unused - free to be assigned.

I1 =1 specifies printout of the kinematics for each integration
meshpoint. 71 = 0 inhibits such printout.

I1 = 1 specifies printout of the ~ yields for each integration
mesh-point. 1 = 0 inhibits such printout.
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CODE DEFAULT OTHER CONSEQUENCES OF OPTION
VALUES VALUES

12 1 0 I1 =1 specifies printout of the g-parameter maps.
I1 = 0 inhibits such printout.

13 1 0 I1 =1 specifies printout of the normalization constants as
defined in chapter 6.7.2. I1 = 0 inhibits such printout.

14 1 0 I1 =1 specifies printout of the deorientation effect
attenuation coefficients. Il = 0 inhibits such printout. At least
one minimization step using OP,MINI or an OP,GOSI calculation
is required to print the deorientation coefficients G . In the
output file, they are labelled "vacuum depolarization coefficients."
15 1 0 11 =1 specifies printout of the mean lifetimes.
I1 = 0 inhibits such printout.

16 0 1 I1 =1 causes all possible calculated yields to be printed in
the tables comparing the experimental and calculated
yields. Il = 0 causes the printout of the experimental and
calculated yields only for the observed transitions and
unobserved transitions for which the calculated values
exceed the upper limits specified in the OP,YIEL input.

17 0 Any positive  Causes printout of the probability sensitivity maps (the a,
integer parameters defined in 6.7.8). Il specifies the number of
matrix elements having the largest influence to be printed
for each level with the corresponding «;, values.

18 0 1 Causes the printout of the interpolated internal conversion
coefficients. 11=0 inhibits this printout.

19 0 1 I1 =1 causes the printout of the excitation amplitudes when
executing commands other than OP,STAR (e.g. OP,INTG or OP,INTT).

20 0 1 I1 =1 causes the printout of the efficiency-uncorrected
yields and respective efficiencies if OP,RAW is used.
This output is produced on file23. Note that the ~-ray
energies printed out are Doppler-shifted, according to the
user given geometry and calculated kinematics modified
energies are used to calculate the detection efficiencies.

SEL, Creates file ( file18 ) containing the information needed by the program SELECT to generate the
correlation matrix used for the error calculation - see the description of OP,MINI and OP,ERRO. This
switch is only active when OP,MINI is executed with a default setting of the print parameter 4 (see
the description of the print parameters defined by the PRT, switch above).

SKP,X This causes the code to skip X selected experiments during the minimization procedure, i.e.,
the code does not take into account the selected experiments. This switch can be quite useful since
often a subset of the experiments is sensitive only to a subset of matrix elements. The SKP,X switch
requires additional input:
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I(1) The indices of experiments to be skipped (experiments
I(2) are numbered according to the sequence in which
they appear in the EXPT input)

SMR, This control switch causes the input file for the rotational invariant program SIGMA (See
Chapter 9) to be generated when OP,ERRO is executed. This switch is ignored if OP,ERRO is not
executed.

SPL,X. This control switch with X = 1 causes the use of the cubic spline routine SPLINE plus
SPLINT[PRE92] instead of the default Lagrange interpolation for integration of yields over particle en-
ergy, Omesn and other interpolated data. The use of the cubic spline routine is strongly recommended.

TEN, Causes GOSIA to write the statistical tensors in the system of coordinates defined by Fig. 3.1
on filel7 when either OP,STAR or OP,POIN is executed. The tensors written are the pure Coulomb
excitation tensors, as defined by 4.1, and can subsequently be used by external programs to examine
the v-decay process (e.g. to study the deorientation effect). The structure of the statistical tensors file
is described in Chapter 10.

VAC, This switch is used when it is desired to change the default parameters used to evaluate the
vacuum deorientation effect (chapter 4.2). It requires the following additional input:

I, X(I): where I = 1,2, ...,7 specifies the parameter to be overwritten, X (I) being the new value. Two zeros
end this input. The

parameters are defined as in table 4.1. The index value I is as follows:

I X(I) Default value
1 Jy 3

2 r 0.02(ps~1)

3 A 0.0345(ps™1)
4 1.  3.5(ps)

5 g Z/A

6 K 6.10~°

7 T 0.6

A common g factor is assumed for all nuclear levels. Note that g= Z/A often is a poor estimate. The
known g factors of the lowest states can be used to give a better estimate.

Since the lifetimes are given in picoseconds the field strength parameter K is 1072 times the true value
in gauss (the default value corresponds to 6.10° gauss). Note that suboption EXPT must occur in the input
file before the CONT option VAC, otherwise EXPT will overwrite the values set by VAC.

The deorientation effect can be switched off (if, for example, the influence of deorientation on the result
is to be tested) by specifying:

VAC,

WRN,X. This switch causes a warning message to be printed with the comparison of experimental
and calculated yields for those yields for which the experimental and calculated values differ by more
than X standard deviations. The default setting is X = 3.
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7.4 OP,CORR (CORRECT )

This execution-only option requires no input other than the command itself. It uses the file of original exper-
imental yields (see Section 7.33), read from file3, and writes on file4 a set of yields which have been modified
to correct for the difference between the yields calculated using full integration and the yields calculated
using “mean‘ values of the bombarding energy and scattering angle for each experiment (see Equation 6.45).
The modified (corrected) experimental yields, on file4, then are used as data for the minimization and error
estimation procedures. The OP,INTI and OP,CORR commands must be run as one job with the OP,CORR
command following OPINTI in the sequence of option commands. The values of the mean energy and
scattering angle used for the point calculations are those specified for each experiment in the EXPT input.

Note that NTAP (specifying the file containing the experimental yields in OP,YIEL) must equal 3 when
using the OP,CORR command (i.e. the file containing the original uncorrected experimental yields must be
file3).
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7.5 OP,COUL (COULEX )

This option is used to calculate the Coulomb excitation cross sections and yields of deexcitation -rays when
no fitting of matrix elements to data is required. This option essentially is a truncated version of OP,GOSI
which it replaces when fitting of matrix elements to data is not desired. The advantage of OP,COUL over
the alternate OP,GOSI is that the matrix element limits and some of the OP,YIEL input can be omitted.
The OP,COUL command is used to input the information defining the nucleus studied and the experiments
for which the Coulomb excitation calculations are to be performed. The OP,COUL command should occur
immediately following OP,TITL since the input to OP,COUL is used by almost all modules of the program.
The input to OP,COUL comprises four different sub-options:

LEVE Read and establish the level scheme of the investigated nucleus. See Section 7.14.

ME Read and catalog the matrix elements. See Section 7.16. Note that this sub-option input
differs from that of the version used with OP,GOSI.

EXPT Input of experimental parameters. See Section 7.8.

CONT Used to control and select various optional features of the program for both execution and

output.This suboption can be omitted in which case default parameters of the code will be used. See
Section 7.3. A blank record is necessary to terminate the input to OP,COUL
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7.6 OP,ERRO (ERRORS)

The module of GOSIA activated by OP,ERRO is designed primarily for estimating the error bars to be
assigned to the set of matrix elements corresponding to the minimum value of x2. However, this option also
can be helpful in checking the existence of better solutions by providing a relatively fast way of scanning the
x? hypersurface. Error estimation is performed in two separate stages. First, the “diagonal“,or uncorrelated
errors must be determined, next, the diagonal errors are used in the estimate of the “overall®, or correlated
errors. This procedure is described in detail in Section 6.8. Section 14.4.10 shows the correct location of
OP,ERRO in the input stream.
The input to OP,ERRO is as follows:

OP,ERRO
IDF, MS, MEND, IREP, IFC, RMAX

where:

IDF Mode flag. IDF = 0 sets diagonal error calculation mode, IDF = 1 selects the overall
error estimation.

MS,MEND The range of matrix element indices for which error estimation is to be performed,
i.e. the calculation will be carried out for matrix elements with indices fulfilling MS < INDEX <
MEND. Note that MS can be entered as 0 or —1. M.S = 0 implies that the calculation will be
performed for all matrix elements (excluding fixed ones : see below), thus providing a short form of
specifying the full range. MS = —1 can be used only for “overall* error calculation (IDF = 1). This
allows the user to select an arbitrary set of the matrix elements defined by additional input required
only if MS = —1. In this case the input to OP, ERRO is as follows:

OP, ERRO
1,—1,0, IREP,IFC, RMAX
MS., MEND;

MS,, MEND,
0,0

where M S; and M EN D; define the range of matrix elements indices similarly to M.S and M END
when both are positive. MS; = MEND; selects a single matrix element. Two zeros terminate this
portion of input. This feature allows repeating the overall error estimation for a subset of matrix
elements or to include the matrix elements that previously have been skipped without modifying the
ME setup. A given value of M END is redundant if M.S =0 or M S = —1 has been selected.

IREP Repetition flag, assuming values of 0,1 or 2. TREP =0 implies a new calculation, i.e.
no previously stored errors are read in and the error file will be created.

IREP = 0 should be used in conjunction with IDF = 0 for a first calculation of the diagonal errors.

IREP = 1 causes previously stored errors to be read in and used for the continuation of the error estimation.
The errors are stored on file filel5, which is updated during each execution of OP,ERRO.

IREP = 2 means that the sum-rules file, file3, has already been created during a previous “overall “ errors
calculation and causes the code to read it in and update it during the current run. The CONT switch
SMR, should be set for both creation and update of file3. Note that in this case the experimental
yields must reside on file4 to avoid a multiple definition of the input/output files. File3 is created with
IREP =1 and updated with TREP = 2 only if SMR, was specified. IREP = 2 reduces to IREP =1
if the SMR, switch was not encountered. Both filel5 and file3 are required by the sum-rules code
SIGMA - see Section 9.2.2. The proper combination of MS,MEND and IREP makes it possible to
split the time-consuming error estimation into several runs which is important when running GOSIA
on heavily loaded or unreliable computers.
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Note that in OP,YIEL the input NTAP must equal 4.

IFC IFC = 0 specifies that the correlation matrix is to be used to reduce the number of
matrix elements taken into account to calculate the correlated errors (see Section 4.6). The correlation
matrix is created by the external program SELECT. To prepare the input information for SELECT it
is necessary to execute OP,MINI with CONT switch SEL, and the default value of the print parameter
4, i.e. 4,—2. This should be done at a final stage of minimization prior to the error calculation. The
information for SELECT is written by GOSIA on filel8 which should be attached to SELECT also
as filel8. No other input is necessary. The output from SELECT is written on filel0 and should
be attached to the OP,ERRO job as filel8. IFC = 1 implies that the correlation matrix will not be
used. In this case it is not necessary to create and attach filel8. It is however strongly recommended
that TFC =1 be used only for small cases with all matrix elements of similar significance. Otherwise,
selecting I F'C' = 1 will dramatically increase the execution time with no effect on the result. IFC' is
redundant if IDF = 0.

RMAX The largest floating point number available on a given computer. RMAX is used to
prevent possible overflows during the scan of a probability distribution (see 6.8).

Note: Fixed matrix elements will not be varied during the error calculation. Matrix elements usu-
ally should not be coupled when OP,ERRO is executed. Use release options (OP,RE,A and OP,RE,F)
to remove couplings and unwanted fixing of matrix elements introduced in the ME setup.

N.B. Do not re-run the correlated error calculation without firsr re-running the diagonal error. Doing
so will cause Gosia to over-estimate the errors because the output of the first stage (which should be the
diagonal errors) is used to make an initial guess at the correlated error limits. Running OP,ERRO repeatedly
to calculate correlated errors without repeating the diagonal error will approximately double the correlated
error estimate each time.
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7.7 OPEXIT  (EXIT)

This option causes the code to terminate the execution and to compile the final printout as specified by the
CONT PRT, print options. OP,EXIT may be inserted anywhere in the input stream and the execution will
terminate after the completion of the last executable OP,— command encountered before OP,EXIT. The
remainder of the input stream will be ignored, thus OP,EXIT allows to execute various modules of the code
without removing the irrelevant portions of the input. No additional input is required.
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7.8 EXPT (Mandatory suboption of OP,COUL and OP,GOSI)

This suboption provides input of the experimental conditions used for the various experiments to be analyzed.
The experiments are defined by mean values of projectile energy and scattering angle, which are used for
“point“ excitation/deexcitation calculations. The realistic approach must include integration of v-ray yields
over finite ranges of bombarding energy and scattering angles. This feature is provided by OP,INTI which
should be used to reproduce observed v yields. As described in Chapter 6, GOSIA uses “point“ energy
and scattering angles to execute all modules except for the integration module activated by OP,INTI. The
options OP,INTI and OP,CORR are used to convert experimental v yields to “point“ values. Mean values of
bombarding energy and scattering angle used by OP,CORR are the ones given in the EXPT input. EXPT
should follow LEVE in OP,GOSI or OP,COUL.
The input to EXPT is as follows:

EXPT
NEXP,Z,, A,
+Z,,+A,,E,, £0, 15, M, M,,IAX, ¢;, ¢, IKIN, LN

There need to be N EX P records equal to the number of experiments. The experiments will be numbered
by the code according to the sequence of these records from 1 to NEX P. A detailed explanation of entries
is given below.

NEXP The number of experiments defined in the input. Each experiment corresponds to a particular
combination of bombarding energy, scattering angle, experimental detector arrangement and (Z, A)
of the collision partner exciting the nucleus being investigated. (NEX P < 50).

Z, Charge number of the investigated nucleus (Integer format).
A, Mass (in units of amu) of the investigated nucleus.
Z, Charge number of the uninvestigated nucleus (collision partner). A positive value signifies target

excitation, i.e., Zn= Zprojecticie- A negative value signifies projectile excitation, i.e., Z, = Ziarger
(Integer format).

A, Mass (in the units of amu) of the uninvestigated nucleus (collision partner) A,, will thus correspond
to the projectile mass if Z,, is positive and target mass if Z,, is negative. A negative sign appended
to A, signifies that this is a “thick* target experiment, that is, the beam is completely stopped in the
target. This latter option has the time saving feature of switching off some irrelevant calculations such
as the deorientation effect and recoil velocity correction.

Ep The mean projectile bombarding energy, in the laboratory frame of reference, to be used for calcu-
lating the Coulomb excitation yields for the particular experiment. Input in units of MeV.

OB The mean scattering angle must be positive if the projectile is detected. A negative sign should
be given with the true value of the projectile scattering angle if the recoiling target nucleus has been
detected to ensure the selection of the proper kinematics. Note that by definition 045 is always
positive, the sign being only used by the code to set appropriate flags.

M¢e Controls the number of magnetic substates to be included in the full Coulomb excitation calcu-
lations. For a given ground state polarization M,, the magnetic substates in the range (M, — M.,
M, 4+ M.) will be included for each level. Note that the sum total of magnetic substates for all levels
must not exceed 1200. The code takes care of the obvious limitations in magnetic substates set by the
spins of the states. M, = 0 corresponds to the conservation of magnetic quantum number as occurs
for backscattering.
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M4 Controls the number of magnetic substates to be included in the approximate Coulomb excitation
calculation. The meaning of M4 is the same as for M, namely magnetic substates in the range
(M, — M,, M, + M,) will be included for all states for a given ground state polarization M,). The
only allowed values of M, are 0 or 1.

IAX The axial symmetry flag which can take values of 0 or 1 only. Zero defines axial symmetry of the
particle detector, in which case further input is simplified and the calculations are speeded up. Unity
implies that axial symmetry is not assumed. (A sector of an axially-symmetric detector is considered
to be asymmetric since the entire 27 range of ¢ is not covered.)

b1, Dy The azimuthal angular limits of the particle detector (in degrees). The coordinate system used
has the z axis in the direction of the incoming beam. The = and y axes can be defined in any convenient
way provided that the angles of all detectors are given relative to the same cooordinate system. Note
that ¢, must be larger than ¢;.

IKIN The kinematics flag which can take values of 0, and 1, only. IKIN specifies which of the
two-valued kinematic solutions to choose for detection of scattered projectiles in experiments involving
inverse kinematics. IKIN is redundant if Ap; gjectite < A When using OP,INTG the possible
choices are given below.

T arget”

IKIN The centre-of-mass scattering angles chosen corresponding to laboratory angles 6

0 This selects the backward angle YoM
1 This selects the forward angle 9¢
When using OP,INTI, then the IKIN input is ignored and selection of the solution is chosen internally by
GOSIA.
LN Normalization constant control which specifies that the given experiment has a normalization con-

stant coupled to that for experiment LIN. The normalization constant is the factor normalizing the
calculated yields to the experimental for a given experiment (See the description of the input YNRM
in OP,YIEL, Section (7.32). Experiments are numbered according to the sequence of records read
in under EXPT. Therefore, if LN is equal to the record number defining a particular experiment
then an independent normalization is assumed. If LN does not equal the record number defining a
given experiment then the program requires a user-given relative normalization between the current
experiment and experiment LN which is input using the OP,YIEL command. This input is useful
for experiments where several scattering angles are measured simultaneously and therefore the relative
normalization for the different scattering angles is known for this common experiment. The code will
fit one absolute normalization constant to the coupled experiments. [Due to a design limitation in
the current version, no target-detection experiment should be normalized to any other experiment, or
vice-versa. For normal (not inverse) kinematics it is possible to overcome this restriction by specifying
beam detection and giving the equivalent #°°  range. For inverse kinematics it depends on whether
both solutions are detected because of energy thresholds for the scattered particle.]

As an example consider two experiments to study "2Ge. One experiment involves Coulomb excitation
of a ™Ge target by a 50 MeV 0O beam studied at a laboratory scattering angle of 160° using an annular
particle detector. The second experiment involves projectile excitation of a 170 MeV "2Ge beam on a 2°8Pb
target studied at a scattering angle of 150° by a particle detector subtending an azimuthal ¢ range from
—30° to 30°. The sample input is as follows:

EXPT
2,32,72
8,16,50,160,3,1,0,0,0,0,1
82,208,170,150,3,1,1,-30,30,0,2

Three magnetic substates are included for the full Coulomb excitation calculation and one magnetic
substate for the approximate calculations for both experiments. Experiment 1 was done using an axi-
ally symmetric geometry, therefore ¢, and ¢, are redundant. Independent normalization of both experi-
ments is desired; therefore, the LN indices correspond to the experiment record numbers. In both cases
Apyojectite < A thus IKIN is redundant.

T arget’
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7.9 OPJFILE  (FILES)

This option allows defining the permanent files necessary for a current job in the GOSIA input rather than
in an external job control stream. The use of OP,FILE is optional, but when used it should be the first
command in the input stream, so the full output goes to the user-defined file. The input to OP,FILE is as
follows:

OP,FILE
I1,12,13
NAME

0,0,0
where:
I1 - Unit number (file number). I1 = 22 is the ouput file.

I2 - Status indicator. [I2 =1 indicates STATUS=0LD, I2 =2 implies STATUS=NEW, while 12 =3
corresponds to STATUS=UNKNOWN.

I3 - I3 =1 to indicate formatted file, I3 = 2 means unformatted (binary) file. All files used by GOSIA are
formatted, except of filel (internal correction coefficients file) which should be declared as unformatted.

NAME - user-assigned filename.
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7.10 OP,GDET (GE DETECTORS)

This option is used to create a file (file9) which contains the data needed to reproduce the y-energy depen-
dence of the solid angle attenuation factors for the coaxial Ge or detectors (see Section 4.6). This option
assumes cylindrical symmetry to calculate the angular distribution attenuation factors @y using equations
4.49,4.50. For each ~y detector a calculation following the formalism presented in Section 4.6 is carried out at
several y-energy meshpoints, then the energy dependence is fitted using a rational approximation according
to Eq. 6.37. The fitted coefficients stored on file9 are automatically read in when OP,YIEL or OP,INTG is
encountered. This means that OP,GDET should be executed once by itself before the execution of either
OP,YIEL or OP,INTG. Section 14.4 shows the location of OP,GDET in the input stream.
The input to OP,GDET is as follows:

NPD The number of physically different + detectors being used for a whole set of experiments defined
in EXPT. The physically identical detectors are understood as the ones having an identical crystal
geometry and being placed at the same distance from the target. In addition, if graded absorbers
were used, the physically identical detectors are assumed to be equipped with the same sets of graded
absorbers where NPD<50. NPD should be given with a minus sign pre-pended if OP,RAW is to be
used, i.e. if any of the experiments defined contains not efficiency-corrected spectra. In this case an
additional file, file8, is created. file8 contains the absorber information, needed to reproduce the Ge
detector y-ray detection efficiency curves - see OP,RAW (7.21).

r,R,L,d

Li,1,..17 These two lines specify the geometry and the graded absorbers setup for each of the physically
different detectors. This sequence should be repeated NPD times. All entries are given in centimeters.

The above entries are defined as follows:

The radius of the inactive p-core (the inner radius of a crystal).

=

R The radius of the active n-core (the outer radius of a crystal).
L The length of a crystal.
d The distance from a target to the face of a crystal.

Ii....17 The thicknesses of the commonly used graded absorber materials, with the subscripts 1 through
7 corresponding to Al, C, Fe, Cu,Ag/Cd/Sn, Ta and Pb, respectively. The absorption coefficients for
these materials are defined in GOSIA, for the energy meshpoints used, as internal data. It should be
noted that if Ta or Pb absorber layers were used it is assumed that the « transitions having an energy
below the cutoff of the absorption curve are of no interest, therefore the energy-dependence fit is made
only using a subset of meshpoints corresponding to the 7 energies above 60 keV if Cd/Sn layer was
employed, above 80 keV if a Ta layer was employed and above 100 keV if a Pb layer was employed. It is
also assumed that the symmetry axis of the crystal is aligned with the center of the target. Moreover,
the effect of the in-flight decay, which changes the geometry as seen by a decaying nucleus, is not taken
into account for the estimation of the solid angle attenuation factors. The significance of this correction
is in all cases far below the level of the experimental accuracy.

The printout for OP,GDET lists NPD, d (centimeters), and Ey. This is followed by a table with 3
columns and 8 rows which list Cy, Cs, and Qx(Ep) respectively for k = 1,2,3,4,5,6,7,8. These values are
defined by equation 6.37. All Qi (F) are zero when a 471 v-ray detector is used. The Qx(E) can be set to
zero by setting all the entries in the Qx(Ey) and Ci columns to zero in the file on file9. Note that file9 file
list is written in the order Cy, Cy and Qi (E).
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7.11 OP,GOSI (GOSIA)

This alternate option to OP,COUL is used when fitting matrix elements to Coulomb excitation data. The
OP,GOSI command is used to input the information defining the nucleus studied and the Coulomb excitation
experiments to be used in the least-squares fit procedure. The OP,GOSI command shall occur immediately
following OP,TITL since the input to OP,GOSI is used by almost all the other option commands of this
program. OP,GOSI requires the same input sequence of suboptions as OP,COUL, the only difference being
that a different version of ME is used. That is, the input comprises the following four suboptions:

LEVE Read and establish the level scheme of the investigated (LEVELS) nucleus. See Section 7.14.

ME Read and catalog the matrix elements. See section 7.17. Important: note that the input to ME
under OP,GOSI differs from the version used for OP,COUL. .

EXPT Input of experimental parameters. See Section 7.8..

CONT Used to control and select various optional features of (CONTROL) the program for both
execution and output. This option can be omitted in which case default parameters of the code will
be used. See section 7.3.

A blank record is necessary to terminate the input to OP,GOSI.

See also the additional changes to the OP,YIEL input when OP,GOSI is used.
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7.12 OP,INTG (INTEGRATE-1980)

The integrate command produces the most accurate calculation of the yields of deexcitation +-rays follow-
ing Coulomb excitation to be used for realistic comparison with experimental data. This option includes
integration over solid angle of the particle detectors, energy loss in the target as well as full correction for
the recoil velocity of the deexciting nucleus and the deorientation effect. This option also integrates the
Rutherford scattering over the particle detectors and energy loss in the target which can be used as an
absolute normalization.

OP,INTG is the original integration code written for GOSIA and still is available for running legacy inputs.
In most cases it is strongly recommended that the 2008 upgrade code OP,INTI be used rather than the older
code OP,INTG. The updated code OP,INTI was developed by Nigel Warr to handle problems that occur
for integration of systems involving inverse kinematics when the recoiling target nucleus is detected. The
OP,INTG and OP,INTT are identical except that the angle of the scattered projectile is input for OP,INTG
whereas the angle of the detected particle is input for OP,INTI.

OPINTG comprises two distinct stages. The first stage calculates the yields of deexcitation v-rays
integrated over azimuthal angle ¢ for each energy and centre-of-mass scattering angle meshpoint. This
calculation of the meshpoint yields should be repeated for each experiment according to the order that the
experiments appear in the EXPT input. GOSIA stores the calculated meshpoint yields as internal arrays.
The second stage uses the data stored in these internal files to integrate over bombarding energy and the
range of scattering angles subtended by the particle detectors which is performed by interpolating between
the 7 yields calculated at each meshpoint. It is permitted to integrate over any arbitrary (6, ¢) shape for
the particle detector including the case of several (< 4) ¢ ranges for each 6 value. An option is included to
simplify integration over circular detectors because of the frequent use of such a geometry. The input for
the circular detector is a slightly modified subset of the normal input.

It is strongly recommended that the SPL, X. option in CONT be set to

SPL, 1.

in order to select use of the cubic spline interpolation procedure. For more than 20 mesh points the
Lagrange interpolation approach is unreliable since it diverges.

Note that OP, GOSI , including its four suboptions, plus OP,YIFEL, must occur in the input file prior
to OP,INTG in order to provide the input necessary to run OP, INTG. Note that for inverse kinematics
OP,INTG can integrate only over one of the two center-of-mass solutions corresponding to an angular range
in the laboratory system as specified in suboption EX PT which can be a problem when the two solutions
are not separated by the particle detectors.

The full input to OP,INTG is described below followed by the input for the circular detector option.
Since the input to OP,INTG is long, a summary of the input is given at the end of this section to serve as a
quick reference. Section 14.4 shows the correct location of OP,INTG in the input stream.

Normal input to OP,INTG

The input sequence is as follows:

OP,INTG

NEa iNT? Emirn Emax? 0m1n7 emax

where:

NE The total number of energy meshpoints at which full Coulomb excitation calculations will be
performed (NE < 100).

NT The total number of scattering angle # meshpoints at which the full Coulomb excitation calculations
will be performed, (NT < 100). Negative value of NT specifies that the A¢ data specifying the shape
of the detector will be entered by the user to improve the accuracy for complicated 6, ¢, shapes. ( see
below)
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Enin, By The minimum and maximum bombarding energies (in MeV) between which the integration
is to be performed.

Omin, 0,05 The minimum and maximum angles (in degrees) between which the integration is to be per-
formed. Note, 0 angles are always positive, with 0, > 0, and correspond to laboratory scattering
angles of the detected particle, that is, the angle of the scattered projectile if it is detected and the
angle of the recoiling target nucleus if it is detected. Note that the recoil angle is very sensitive to
the kinematic Q-value assumed for small angle scattering of light nuclei on a heavy target. The above
input string is modified if the circular detector flag CRD in CONT is activated for this experiment, as
described later.

E,E,,..Exg Energy meshpoints at which the exact Coulomb excitation calculations are performed
(MeV). These must exceed or at least equal the range over which the integration is to be performed
to obtain reliable spline interpolation.

0.,0,,..0yNr Projectile scattering angles (degrees) in the laboratory frame, input in increasing order,
are used as meshpoints to define the ¢ angular shape of the particle detector boundaries. Note, if the
target is detected then the projectile scattering angle corresponding to the detected recoiling target
angle must be input with a negative sign to set the flag specifying the target nucleus detected. The
input order has the recoil # meshpoints in decreasing order of |#|. The input angles must correspond to
the detected particle angular range which exceeds or at least equals the range of angles subtended by
the detector to obtain reliable spline interpolation. Do not input these angles for the circular detector
option.

NFI The number of ¢ ranges for each 6; meshpoint needed to describe the 6(¢) dependence. Omit
NFI input if either the circular detector option or axial symmetry is specified.

b1, by, - NF1 pairs of ¢ angles describing the ¢ range for given 6;. Omit ¢ input if either the circular
detector option or axial symmetry is specified.

The above two records must be input for each § meshpoint specified. NF'I should not exceed 4. In
most cases NFI =1, then the pair of ¢ angles simply specifies the lower and upper ¢ limits for a given 0
meshpoint. However, for some geometries, such as for rectangular shaped detectors, it is necessary to include
more than one ¢ range for some 0 values. For example, a rectangular detector placed with its normal at 45°
to the incident beam has (6, ¢) contours shown in Figure 7.1.

This ends the input required to calculate the y-ray yields integrated over azimuthal angle ¢ at the specified
set of meshpoints. This part of input must be repeated for all experiments defined in EXPT.

The second stage of the input is required for the integration and once again has to be entered for all
experiments:

NP Number of stopping powers to be input, 3 < NP < 20. If NP = 0 then the stopping power table
is taken from the previous experiment and the following input of energy and dE/dx values can be
omitted for this case. This is useful where experiments differ only with regard to range of scattering
angles or bombarding energies.

E,E,, .. Eyxp The energy meshpoints (in MeV) at which values of the stopping power are to be input.
(‘2—5)1..(‘2—5) NP Stopping powers in units of MeV/(mg/ cm2). Interpolation between the energy mesh-

points of the stopping power table is performed during integration. Consequently it is important to
ensure that the range of energy meshpoints of the stopping power table exceed the range of energies
over which the integration is to be performed. As discussed in chapter 5.3, it is strongly recommended
that the Ziegler[ZIE08] code SRIM be employed to generate the stopping powers.
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Figure 7.1: A rectangular particle detector has a non-azimuthally symmetric shape in the 6, ¢ space of
projectile scattering angle. This shape must be defined by entering a number (NFI) of azimuthal angular
ranges. In the hatched region, NFI = 2 ranges must be entered specifying the two active regions. The solid
lines represent 6 meshpoints, while the dashed lines indicate 8 subdivisions. The rapid variation in active ¢
range in the hatched region necessitates input of the active ranges of A¢ at each subdivision specifying each
of the two active detection regions shown hatched.

NI1, +NI2 The number of equal subdivisions of energy (NI1) and projectile scattering angle (N12)
used for integration. NI1 < 100, |NI2| < 100. If SPL, is selected on the CONT suboption, then the
cubic spline interpolation subroutines SPLINE, SPLINT [PRE92] are used to interpolate between the
(E;,0;) meshpoints at which the full Coulomb excitation calculations of the deexcitation -ray yields
were performed (See Section 6.5). The rapid angle dependence of the Rutherford scattering cross
section at forward angles can cause problems with interpolation for the elastic channel if insufficient
angle subdivisions are used. Always use many integration subdivisions which has little impact on
the speed of the program since the full Coulomb excitation calculations are performed only at the
meshpoints, not at the intergration points, and interpolation is fast. NI1 should be even and not
exceed 100 while N12 must not exceed 100. If odd values are given the program increases them to
the next larger even number. However, the A¢ input will be confused if NI2 is negative and odd.
Important: NI2 can be negative and must be negative if NT is specified to be negative. Conversely,
NI2 must be positive if NT is positive. If N12 is negative then the following input must be provided:

Ady, Ay, ... AP N 1241 where A¢; is the total range of ¢ (in degrees) for each equal subdivision of
projectile scattering angle as illustrated in Figure 7.1. That is, A¢, equals the sum of all ¢ ranges for a
given subdivision 6 value if the azimuthal angular range also is subdivided into non-contiguous regions.
The A¢ values correspond to equal divisions of projectile scattering angle from 6,;, to 0.y rather
than equal subdivisions of the meshpoints as in the normal input for N72 > 0. Note that there is an
important difference in how the interpolation over scattering angle is performed depending on whether
NT and N2 are both positive or both negative. For the positive sign the program interpolates between
the calculated yields at each § meshpoint. This produces excellent results if the ¢ dependence of the
particle detector is a smooth function of projectile scattering angle, 6. The negative sign option should
be used if the ¢ dependence is more complicated or if ¢ changes rapidly with §. When the negative sign
is used the program stores for each meshpoint the calculated yields per unit angle of azimuthal range,
i.e., the calculated yields divided by the total ¢ range specified at thatangle for the exact calculation.
The program then interpolates these yields per unit of ¢ between the meshpoints. These interpolated
values then are multiplied by the appropriate A¢ for each subdivision meshpoint prior to integration.
Note that the code uses NI12 equal subdivisions of projectile scattering angles. This is not the same
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as equal division of geometric angle of the detector if the recoiling target nucleus is detected.

The following sample input segment goes with Figure 7.1. It shows the input of the absolute azimuthal
angles under NFI, which are entered if the azimuthal symmetry flag was turned off in sub-option EXPT.
It also shows the entry of total azimuthal angular ranges when NT and NI2 are set to negative values.

0P, INTG

5,-10,634,650,24.0,60.0 NE,NT.Enin:Emaz,Omin: Omaz
634,638,642,646,650 Eq1,E2,E3,E4,E5
24.,28.,32.,36.,40.,44.,48.,52.,56.,60.

1 NFI

-2.0,2.0 $192

1 NFI
-12.5,12.5 192

1

-18.75,18.75 etc.

1

-18.0,18.0

1

-17.5,17.5

1

-17.0,17.0

1

-16.0,16.0

2

-15.0,-2.0,2.0,15.0

2

-14.5,-9.0,9.0,14.5

2

-13.75,-13.0,13.0,13.75

4 NP
625,635,645, 655 E1,Es.E3.Enp
32.395,32.401,32.404,32.404 (dE/dx)1,...
10,-18 NI1,-NI2
4.,16.25,24.5,31.25,37.5,36.9,36.25,35.6,35,34.1,33.25,
32.6,31.9,29.2,26.5,18.5,11.2,5.7,1.5

The last two lines contain the NI12 + 1 = 19 values of A¢ for § = 20.0° to 60.0°. These correspond to
the 6 values 20.0°,22.0°,24.°,... in Figure 7.1.

The circular detector option (CONT CRD,) incorporates a feature to calculate automatically the azimuthal
angular range A¢ at each subdivision of scattering angle 6. Consequently, do not input A¢ values when
using the circular detector option.

The integration-related portion of the input must be repeated for each experiment defined in suboption
EXPT.

It is recommended to use as small a number of meshpoints as possible because the full Coulomb excitation
calculations performed at the meshpoints are time-consuming. In many cases the required accuracy
can be achieved by requesting a large number of subdivisions between the meshpoints, the values in
subdivision points being found by fast interpolation.

Circular detector option

The input for a given experiment differs slightly if the circular detector option is selected. This option is
activated by the flag CRD, in the CONT suboption of either OP,COUL or OP,GOSI. For such experiments
the input to OP,INTG is as follows:
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NE,NT.E, ;. E;;.ox, 0, 9,0, 5 In this case 6 and ¢ are the angular coordinates of the center of a
circular particle detector subtending the half-angle ¢,,5. The remaining entries are identical to the
ones described in the previous section.

E,E,,...,Eyxg The energy meshpoints for the full Coulomb excitation calculation, analogous to those
described in the previous section.

The above input is used in the first stage, that is, in the meshpoint calculation. When using arrays of
PIN diodes follow the instructions described in the instructions in CONT; switch PIN. The input of the
second stage, that is, the integration section, should look as follows:

NP Number of stopping powers to be input.
E,E,y,..,Exp Energy meshpoints for the stopping powers in MeV.

(dE/dx),,...s(dE/dx) yp The values of the stopping powers, analogous to the normal input. If NP = 0 the
values of this table will be those from the previous experiment.

NI1,NI2 Number of subdivisions of energy (NI1) and projectile scattering angle (N12) used during
the integration. Both shall be even numbers and shall not exceed 100 and 50 respectively.

Although OPINTG has been deprecated in favour of OP,INTI, the following example illustrates a case
where OP,INTG still can be of use. An inverse kinematics experiment is performed and one of the two
kinematic solutions is separated in the data acquisition. In order to correctly compare the predicted yields
with the measured yields, the OP,CORR and OP,INTG/INTI steps must correctly separate the measured
solution as well. If the p-gamma data are then separated in the sorting into two or more particle scattering
ranges, then more sensitivity in fitting is obtained by normalizing these Gosia “logical” experiments together.
See the EXPT section. The user will then have to use the original OPINTG option, paying attention to
the accuracy of defining the cutoff angle (section 6.5.2). This is because separation of the two kinematic
solutions with OP,INTT is accomplished by selecting the target recoil as the detected particle and setting the
recoil angle limits to choose either the forward or backward center of mass solution. As noted in section 7.32,
logical experiments that specify recoil detection must be normalized independently in the present version
of Gosia. If the cutoff angle cannot be defined accurately enough to obtain the desired accuracy in the
calculations, then the alternative is to use OP,INTT and commit to some loss of sensitivity in the fitting, but
with greater accuracy. The loss of sensitivity may or may not be problematic, depending on the quantity
and precision of spectroscopic data in the fit (section OP,YIEL).

Summary of input to OP,INTG - Normal input
OP,INTG

NE,NT,E ., Fmax, Omin, Omax
Ei,Ey, ... Eng
+601,109, ..., 20N

NFI

¢1;¢2; "'7¢2NF171,¢2NF1

This portion of input is to be entered for each experiment defined in EXPT, unless the axial symmetry
or circular detector option have been used.

NP
El, E27 "‘7ENP
(dE/dz),,(dE/dx),, .., (dE/dz) \ p
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NI1,+ NI2
A¢1a A¢2) sy A¢|N12H-1

This portion of the input again must be given for each experiment.

Summary of input to OP,INTG - Circular detector option
OPINTG
NE,NT,E iy, Eppax,0, 0,012
BBy, ... Eng

This input should be defined in the part of the input related to the calculation of the meshpoints. The
remainder, listed below, should be included in the integration-related section.

NP

E\,Es,....Exp

(dE/dz),, (dE/dz)s, ..., (dE/dx) \ p
NI1,NI2

7.12.1 Calculation of observables:

Chapter 6.6 gives the equations needed to evaluate typical observables using the Gosia output. For conve-
nience the basic equations are reprinted here.

Absolute coincident p — v yields

Note that OP.INTG evaluates the integrated coincident y-ray yield for transition I — I that is defined by
equations 6.35—-6.44.

Integrating the angle-integrated yields through the thickness of the target gives the total integrated yield
Y;(I — Iy) are given by equation 6.44b. These are the y-ray yields that are fit to the experimental yields.
Note that Y (I — Iy) includes the Rutherford cross section, the sin(f,) term, the target thickness, integration
over the 6, ¢, for the detected coincident particles, the deorientation effect and ~-detector Qx attenuation
coefficients. OP,INTG does not include the detection efficiencies per unit solid angle for charged particle and
~-rays, €, and 5. The units for both the integrated coincident p —~-ray yields and the integrated Rutherford
p singles yields are mb - (mg/cm?)/sr where the 1/sr term is for the solid angle of the y-ray detector A2,

The total number of coincident y-rays detected then is given by

Detected p — v coincident events N; = 10730 . [%] : [%] Y (I — If) -ep - stpy - e4(Ey) - AR, (6.65)
where:

Q is the integrated beam charge in Coulombs [C)]

q the average charge state of the beam

2 the proton charge [1.602 x 1071°C]

Ny Avogadro number (6.022 x 10?3 Atoms/mol)

A target mass number (gm/mol)

‘zl—f energy loss in target in [%]

Y(I—Iy) is the angle and beam-energy integrated OP.INTG output in [mb - mg/em? /sr]

Ep particle detection efficiency per unit solid angle. Typically this is €, = 1 regardless of solid angle

covered by the integration in OP,INTG or OP.INTI.
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ey (Ey) the energy dependent y-ray peak detection efficiency per unit solid angle A€2,. This would
be, e, = 1 for a perfect blackbody ~-ray detector. Note that the efficiency e,(F,) must be evaluated at the
observed Doppler-shifted -ray energy £, when the photons are emitted in flight.

AQ,, is the solid angle subtended by the 7-ray detector. Read chapter 6.6.1 for a discussion of the
product e (E,) - AQ,.

Hpry the p — v live time efficiency factor to account for the fraction of the time for which the data-
acquisition system is dead due to system dead time, or pileup rejection.

Examples of the calculation of the absolute counts are given in chapter 6.6.1.

p — v yields normalized to the scattered “Singles” particle yields

For many experiments the observable is the ratio of the absolute integrated p—-y coincidence yields normalized
to the "singles" particle scattering yield detected using the same particle detector as used for detecting the
p—-y events. Typically the energy resolution for the particle detector is insufficient to resolve the elastic peak
from the individual low-lying excited states. Thus the observed "singles" yield is the sum over all excited
states.

The "p singles" yield for absolute normalization of the p — v coincidence yields is given by 6.70. The
units of Y5ingies are [mb - mg/cm?].

The total number of elastically scattered events detected is given by
N
Q:| ' |:7A:| : YSingles “Ep - Hp (670)

qe

The terms in this equation are the same as those defined in equation 6.65

Detected p singles events = Ngipgies = 10730 [

If the observable is the ratio of p — v coincidences normalized to particle singles, this can be computed
by the ratio
Detected p — v coincident events N; Y = 1If) s,

_ _ (B AQ 7.1
Detected p singles events Nsingles Ysingles pa ey (Ey) v (7.1)

For the ratio the total beam and target thickness factors in equations 6.65 and 6.70 cancel. There remain
two important factors needed to use the p — v yields normalized to the scattered singles particle yields in
order to measure the ratio of the p — 7y cross section to particle singles cross section . The first factor is
the ratio of the p — ~ lifetime efficiency sz, to the p singles lifetime efficiency s¢,. If both the p — v and
p singles events are not prescaled then /P” ~ 1. However, since the singles count rate typically is 100 to

1000 time higher than the p — -y rate it is usually to prescale the singles events by factors of 100 to 1000
to reduce the fraction of singles events. The time interval between individual singles counts is random.
Prescaling derandomizes the time between the prescaled single events causing them to occur at quasi-regular
time intervals. This derandomizing can lead to zero effective dead time for recording prescaled single events
in contrast to the deadtime losses for the p—~ coincident events. As consequence the livetime ratio ’” < 1.

Care must be taken to measure or calculate the livetime ratio J;‘” . The other factor that is needed to derlve
“p

the absolute p — cross sections from the relative yields is the total y—ray detection efficiency e, (E,) - AQ,.
As mentioned above, the factor e, (E,) - AQ, must include the p — v time gating efficiency as well as the
total y—ray peak detection efficiency.

Note that Gosia does not directly fit to the ratio Degi:iftf 1 g;f;gé’fgift‘f““ but such a fit can be acheived
by ensuring that the independent Gosia calculations of the p — v coincident event and the p singles yields

have a common normalization constant.

Relative target and projectile p — v yields observed in a single experiment

A frequent observable involves measurement of the ration of target and projectile p — v yields from one
experiment where both target and projectile Coulomb excitation occur. This type of measurement has the
advantage that many terms in equation 6.65 cancel. The ratio of the projectile and target p — ~ yields is
given by.

Detected projectile p — v coincident events NP YP(IP — If) ey (EF)

Detected target p — v coincident events NI YT (I — If) ' e4(ET)

(7.2)
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P
The only additional factor needed to convert the Gosia output to determine the observable is the ratio Zg‘;; .
¥

As discussed in chapter 4.6 the symmetry axis of the angular distribution is identical for either target or
projectile excitation. However, the Doppler shift is quite different for target and projectile in-flight ~-ray
emission because of the different recoil directions and velocities of the emitting projectile and target. The
ratio of target and projectile p — v yields can be performed using Gosia by ensuring that the independent
Gosia calculations for target and projectile excitation have a common normalization constant.

The special code GOSTA2, described in chapter 11, is specifically designed to handle the common nor-
malization occuring for such experiments, This helps the analysis when performing Coulomb excitation that
use weak intensity beams for which very few transitions are observed in either target or projectile excitation.
Further details can be found in chapter 11.
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7.13 OP,INTI  (INTEGRATE-2008)

The integrate command produces the most accurate calculation of the yields of deexcitation ~-rays follow-
ing Coulomb excitation to be used for realistic comparison with experimental data. This option includes
integration over solid angle of the particle detectors, energy loss in the target as well as full correction for
the recoil velocity of the deexciting nucleus and the deorientation effect. This option also integrates the
Rutherford scattering over the particle detectors and energy loss in the target which can be used as an
absolute normalization.

The 1980 version of the integration code, OPJINTG has been superceded by the integration code,
OP,INTI, which was developed by Nigel Warr in 2008 to handle a problem that occurs for integration
of systems involving inverse kinematics when the recoiling target nucleus is detected. This problem and the
solution are described in chapter 6.5.2. The OP,INTG and OP,INTI inputs are identical except that the
angles of the detected particle are always used as input for OP,INTI. This distinction is of consequence when
the detected particle is the recoiling target nucleus rather than the scattered projectile. The 6 meshpoints
in OP,INTI are specified by laboratory angles of the detected particle in contrast to OP,INTG where the
scattered projectile angles are used. A subroutine INVKIN uses the angle of the recoiling target nucleus to
calculate the the corresponding angle of the scattered projectile which is then used by GOSIA. For target de-
tection the IKIN input in EXPT is ignored by OP,INTT and this flag is set internally. Note that as described
in section 6.5.2 projectile recoil detection for inverse kinematics requires running the Gosia calculation twice,
once with IKIN=0 and once with IKIN=1 and then manually summing the calculated yields. The option
OP,INTI always should be used when running GOSIA. The option OP,INTG remains for running legacy
GOSIA inputs or for some inverse kinematics cases where normalization is needed.

OP,INTI comprises two distinct stages. The first stage calculates the yields of deexcitation v-rays
integrated over azimuthal angle ¢ for each energy and detected particle scattering angle meshpoint. This
calculation of the meshpoint yields should be repeated for each experiment according to the order that the
experiments appear in the EXPT input. GOSIA stores the calculated meshpoint yields as internal files.
The second stage uses the data stored in these internal files to integrate over bombarding energy and the
range of scattering angles subtended by the particle detectors which is performed by interpolating between
the 7 yields calculated at each meshpoint. It is permitted to integrate over any arbitrary (6, ¢) shape for
the particle detector including the case of several (< 4) ¢ ranges for each 6 value. An option is included to
simplify integration over circular detectors because of the frequent use of such a geometry. The input for
the circular detector is a slightly modified subset of the normal input.

It is strongly recommended that the SPL, X. option in CONT be set to

SPL, 1.
in order to select use of the cubic spline interpolation procedure. For more than 20 mesh points the Lagrange
interpolation approach is unreliable since it diverges.

Note that OP, GOSI, including its four suboptions, plus OP, Y IFEL, must occur in the input file prior
to OP,INTI in order to provide the input necessary to run OP, INTI.

The full input to OP,INTI is described below followed by the input for the circular detector option.
Since the input to OP,INTI is long, a summary of the input is given at the end of this section to serve as a
quick reference. Section 14.3 shows the correct location of OP,INTI in the input stream.

Normal input to OP,INTI

The input sequence is as follows:

OP,INTI
NE, iNTa Emin? Emax? eminv emax
where:
NE The total number of energy meshpoints at which full Coulomb excitation calculations will be

performed (NE < 100).
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NT The total number of 8 meshpoints at which the full Coulomb excitation calculations will be per-
formed, (NT < 100). Negative value of NT specifies that the A¢ data specifying the shape of the
detector will be entered by the user to improve the accuracy for complicated 6, ¢, shapes. ( see below)

Enin, By The minimum and maximum bombarding energies (in MeV) between which the integration
is to be performed.

Omin, 0,0 The minimum and maximum angles (in degrees) between which the integration is to be per-
formed. Note, 6 angles are always positive, with 0, > Omin and correspond to laboratory scattering
angles of the detected particle, that is, the angle of the scattered projectile if it is detected and the
angle of the recoiling target nucleus if it is detected. Note that the recoil angle is very sensitive to
the kinematic Q-value assumed for small angle scattering of light nuclei on a heavy target. The above
input string is modified if the circular detector flag CRD in CONT is activated for this experiment, as
described later.

E,E,,..Eyxg Energy meshpoints at which the exact Coulomb excitation calculations are performed
(MeV). These must exceed or at least equal the range over which the integration is to be performed
to obtain reliable spline interpolation.

6.,0,,..0Nr Detected scattering angles (degrees) in the laboratory frame, input in increasing order,
are used as meshpoints to define the ¢ angular shape of the particle detector boundaries. The input
angles must correspond to the detected particle angular range which exceeds or at least equals the
range of angles subtended by the detector to obtain reliable spline interpolation. Do not input these
angles for the circular detector option.

NFI The number of ¢ ranges for each 6; meshpoint needed to describe the 6(¢) dependence. Omit
NF1T input if either the circular detector option or axial symmetry is specified.

&1, by, - NFT pairs of ¢ angles (degrees) describing the ¢ range for given ;. Omit ¢ input if either
the circular detector option or axial symmetry is specified.

The above two records must be input for each 6 meshpoint specified. N FI should not exceed 4. In
most cases NFI =1, then the pair of ¢ angles simply specifies the lower and upper f limits for a given 6
meshpoint. However, for some geometries, such as for rectangular shaped detectors, it is necessary to include
more than one ¢ range for some 0 values. For example, a rectangular detector placed with its normal at 45°
to the incident beam has (0, ¢) contours shown in Figure 7.2:

This ends the input required to calculate the y-ray yields integrated over azimuthal angle ¢ at the specified
set of meshpoints. This part of input must be repeated for all experiments defined in EXPT.

The second stage of the input is required for the integration and once again has to be entered for all
experiments:

NP Number of stopping powers to be input, 3 < NP < 20. If NP = 0 then the stopping power table
is taken from the previous experiment and the following input of energy and dE/dx values can be
omitted for this case. This is useful where experiments differ only with regard to range of scattering
angles or bombarding energies.

E,E,,..Exp The energy meshpoints (in MeV) at which values of the stopping power are to be input.
(‘2—5)1..(‘2—5) NP Stopping powers in units of MeV/(mg/ cm2). Interpolation between the energy mesh-

points of the stopping power table is performed during integration. Consequently it is important to
ensure that the range of energy meshpoints of the stopping power table exceed the range of energies
over which the integration is to be performed. As discussed in chapter 5.3, it is strongly recommended
that the code Ziegler[ZIE08] SRIM be employed to generate the stopping powers.
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Figure 7.2: A rectangular particle detector has a non-azimuthally symmetric shape in the 6, ¢ space of
projectile scattering angle. This shape must be defined by entering a number (NFI) of azimuthal angular
ranges. In the hatched region, NFI = 2 ranges must be entered specifying the two active regions. The solid
lines represent # meshpoints, while the dashed lines indicate  subdivisions. The rapid variation in active ¢
range in the hatched region necessitates input of the active ranges of A¢ at each subdivision specifying each
of the two active detection regions shown hatched.

NI1, £NI2 The number of equal subdivisions of energy (NI1) and detected particle scattering angle
(N12) used for integration. NI1 < 100,|NI2| < 100. The cubic spline interpolation subroutines
SPLINE, SPLINT [PRE92| are used to interpolate between the (FE;,6;) meshpoints at which the full
Coulomb excitation calculations of the deexcitation «-ray yields were performed (See Section 6.5.2).
The rapid angle dependence of the Rutherford scattering cross section at forward angles can cause
problems with interpolation for the elastic channel if insufficient angle meshpoints are used. Always
use many integration subdivisions which has little impact on the speed of the program since the full
Coulomb excitation calculations are performed only at the meshpoints, not at the intergration points,
and interpolation is fast. INI1 should be even and not exceed 100 while N12 must not exceed 100. If
odd values are given the program increases them to the next larger even number. However, the A¢
input will be confused if NI2 is negative and odd. Important: NI2 can be negative and must be
negative if NT' is specified to be negative. Conversely, NI12 must be positive if NT is positive. If N12
is negative then the following input must be provided:

Ady, Ay, ... AP N 1241 where A¢; is the total range of ¢ (in degrees) for each equal subdivision of
projectile scattering angle as illustrated in Figure 7.2. That is, A¢,; equals the sum of all ¢ ranges for a
given subdivision 6 value if the azimuthal angular range also is subdivided into non-contiguous regions.
The A¢ values correspond to equal divisions of projectile scattering angle from 6,;, to 0.y rather
than equal subdivisions of the meshpoints as in the normal input for N72 > 0. Note that there is an
important difference in how the interpolation over scattering angle is performed depending on whether
NT and N2 are both positive or both negative. For the positive sign the program interpolates between
the calculated yields at each § meshpoint. This produces excellent results if the ¢ dependence of the
particle detector is a smooth function of projectile scattering angle, 6. The negative sign option should
be used if the ¢ dependence is more complicated or if ¢ changes rapidly with §. When the negative sign
is used the program stores for each meshpoint the calculated yields per unit angle of azimuthal range,
i.e., the calculated yields divided by the total ¢ range specified at that angle for the exact calculation.
The program then interpolates these yields per unit of ¢ between the meshpoints. These interpolated
values then are multiplied by the appropriate A¢ for each subdivision meshpoint prior to integration.
Note that the code uses NI12 equal subdivisions of detected particle scattering angles.
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The following sample input segment goes with Figure 7.2. It shows the input of the absolute azimuthal
angles under NFI, which are entered if the azimuthal symmetry flag was turned off in sub-option EXPT.
It also shows the entry of total azimuthal angular ranges when N'T and NI2 are set to negative values.

OP, INTI
5,-10,634,650,24.0,60.0 NE,NT,Eyin:Emaz.Omins Omaz
634,638,642,646,650 E1,Es,E3,E4,E5
24.,28.,32.,36.,40.,44.,48.,52.,56.,60.

1 NFI

-2.0,2.0 b105

1 NFI

-12.5,12.5 b109

1

-18.75,18.75 ete.

1

-18.0,18.0

1

-17.5,17.5

1

-17.0,17.0

1
-16.0,16.0

2

-15.0,-2.0,2.0,15.0

2

-14.5,-9.0,9.0,14.5

2

-13.75,-13.0,13.0,13.75

4 NP
625,635,645, 655 Ei,E2.Es.Enp
32.395,32.401,32.404,32.404 (dE/dx)1,...
10,-18 NI1,-NI2
4.,16.25,24.5,31.25,37.5,36.9,36.25,35.6,35,34.1,33.25,
32.6,31.9,29.2,26.5,18.5,11.2,5.7,1.5

The last two lines contain the NI12 + 1 = 19 values of A¢ for § = 20.0° to 60.0°. These correspond to
the 6 values 20.0°,22.0°,24.°,... in Figure 7.2.

The circular detector option (CONT CRD,) incorporates a feature to calculate automatically the
azimuthal angular range A¢ at each subdivision of scattering angle §. Consequently, do not input A¢
values when using the circular detector option.

The integration-related portion of the input must be repeated for each experiment defined in suboption
EXPT.

It is recommended to use as small a number of meshpoints as possible because the full Coulomb excitation
calculations performed at the meshpoints are time-consuming. In many cases the required accuracy
can be achieved by requesting a large number of subdivisions between the meshpoints, the values in
subdivision points being found by fast interpolation.

Circular detector option

The input for a given experiment differs slightly if the circular detector option is selected. This option is
activated by the flag CRD, in the CONT suboption of either OP,COUL or OP,GOSI. For such experiments
the input to OP,INTT is as follows:
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NE,NT.E, ;. E;;.ox, 0, 9,0, 5 In this case 6 and ¢ are the angular coordinates of the center of a
circular particle detector subtending the half-angle ¢,,5. The remaining entries are identical to the
ones described in the previous section.

E,Ey, .., Exg The energy meshpoints for the full Coulomb excitation calculation, analogous to those
described in the previous section.

The above input is used in the first stage, that is, in the meshpoint calculation. When using arrays of
PIN diodes follow the instructions described in the instructions in CONT; switch PIN.
The input of the second stage, that is, the integration section, should look as follows:

NP Number of stopping powers to be input.
E,Ey,..,Exp Energy meshpoints for the stopping powers in MeV.

(dE/dx),,...s(dE/dz) yp The values of the stopping powers, analogous to the normal input. If NP = 0 the
values of this table will be those from the previous experiment.

NI1, NI2 Number of subdivisions of energy (NI1) and projectile scattering angle (NI2) used during
the integration. Both shall be even numbers and shall not exceed 100 and 50 respectively.

Summary of input to OP,INTI - Normal input
OP,INTI
NE,NT, E, i, Emax; Omin, Omax
BBy, ....Eng
+601,+09, ..., £0NT
NFI

¢1;¢2; "'7¢2NF171,¢2NFI

This portion of input is to be entered for each experiment defined in EXPT, unless the axial symmetry
or circular detector option have been used.

NP
By, Ey,...Exp

(dE/dz),, (dE/dz),, ..., (dE/dx) \
NI1,+ NI2

Agy, Ags, ---7A¢|N12H-1

This portion of the input again must be given for each experiment.

Summary of input to OP,INTI - Circular detector option
OP,INTI

NE,NT,E i1, Eraxs0, 6,012

E\,E,,....Eng

This input should be defined in the part of the input related to the calculation of the meshpoints. The
remainder, listed below, should be included in the integration-related section.
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NP

E1,Es, .., Enp

(dE/dz),, (dE/dx)s, .., (dE/dz) y p
NI1,NI2

7.13.1 Calculation of observables:

Chapter 6.6 gives the equations needed to evaluate typical observables using the Gosia output. For conve-
nience the basic equations are reprinted here.

Absolute coincident p — v yields

Note that OP.INTI evaluates the integrated coincident ~-ray yield for transition I — Iy that is defined by
equations 6.35—-6.44.

Integrating the angle-integrated yields through the thickness of the target gives the total integrated yield
Yi(I — Iy) are given by equation 6.44b. These are the v-ray yields that are fit to the experimental yields.
Note that Y'(I — Iy) includes the Rutherford cross section, the sin(6,) term, the target thickness, integration
over the 6, ¢, for the detected coincident particles, the deorientation effect and ~-detector Qx attenuation
coefficients. OP,INTT does not include the detection efficiencies per unit solid angle for charged particle and
~-rays, €p and . The units for both the integrated coincident p —~-ray yields and the integrated Rutherford
p singles yields are mb - (mg/cm?)/sr where the 1/sr term is for the solid angle of the y-ray detector A2,

The total number of coincident y-rays detected then is given by

Detected p — v coincident events N; = 10730 . [%] : [%] Y (I — If) -ep - stpy - e4(Ey) - AR, (6.65)
where:

Q is the integrated beam charge in Coulombs [C)|

q the average charge state of the beam

2 the proton charge [1.602 x 1071°C]

Na Avogadro number (6.022 x 1023 Atom.s/mol)

A target mass number (gm/mol)

‘zl—f energy loss in target in [m];/j/ec‘r/ﬁ]

Y(I —Iy) is the angle and beam-energy integrated OP.INTG output in [mb - mg/em?/sr]

€p particle detection efficiency per unit solid angle. Typically this is €, = 1 regardless of solid angle

covered by the integration in OP,INTG or OP.INTI.

e (Ey) the energy dependent y-ray peak detection efficiency per unit solid angle A€2,. This would
be, e, = 1 for a perfect blackbody ~-ray detector. Note that the efficiency e,(F,) must be evaluated at the
observed Doppler-shifted «-ray energy I, when the photons are emitted in flight.

AQ,, is the solid angle subtended by the 7-ray detector. Read chapter 6.6.1 for a discussion of the
product e, (Ey) - AQ,.

Hpry the p — v live time efficiency factor to account for the fraction of the time for which the data-
acquisition system is dead due to system dead time, or pileup rejection.

Examples of the calculation of the absolute counts are given in chapter 6.6.1.

p — v yields normalized to the scattered “Singles” particle yields

For many experiments the observable is the ratio of the absolute integrated p—~ coincidence yields normalized
to the "singles" particle scattering yield detected using the same particle detector as used for detecting the
p—-y events. Typically the energy resolution for the particle detector is insufficient to resolve the elastic peak
from the individual low-lying excited states. Thus the observed "singles" yield is the sum over all excited
states.
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The "p singles" yield for absolute normalization of the p — « coincidence yields is given by 6.70. The
units of Y5ingies are [mb - mg/cm?].

The total number of elastically scattered events detected is given by
Q} . [&

Detected p singles events = Ng;jpgies = 10730 { —
qge A

:| : YSingles cEp My (670)
The terms in this equation are the same as those defined in equation 6.65

If the observable is the ratio of p — v coincidences normalized to particle singles, this can be computed
by the ratio

Detected p — y coincident events N; Y(I—1If) s
- = : ! = : . Zey ey (E,) - AQ, (7.3)
Detected p singles events Nsi ngles Ysingles %

For the ratio the total beam and target thickness factors in equations 6.65 and 6.70 cancel. There remain
two important factors needed to use the p — v yields normalized to the scattered singles particle yields in
order to measure the ratio of the p — 7 cross section to particle singles cross section . The first factor is
the ratio of the p — «y lifetime efficiency s7,, to the p singles lifetime efficiency s¢,. If both the p — v and
p singles events are not prescaled then ”7”1 ~ 1. However, since the singles count rate typically is 100 to
1000 time higher than the p — ~ rate it is usually to prescale the singles events by factors of 100 to 1000
to reduce the fraction of singles events. The time interval between individual singles counts is random.
Prescaling derandomizes the time between the prescaled single events causing them to occur at quasi-regular
time intervals. This derandomizing can lead to zero effective dead time for recording prescaled single events
in contrast to the deadtime losses for the p—+y coincident events. As consequence the livetime ratio Z2* < 1.

Zp

Care must be taken to measure or calculate the livetime ratio %‘ The other factor that is needed to derive

the absolute p — 7y cross sections from the relative yields is the total y—ray detection efficiency ¢, (E,) - AQ,.
As mentioned above, the factor ¢,(E,) - AQ, must include the p — v time gating efficiency as well as the
total y—ray peak detection efficiency. o
Note that Gosia does not directly fit to the ratio chgizgtep;'y - mlc’,dcnt events ‘hut such a fit can be acheived
X . K A p singles events . X
by ensuring that the independent Gosia calculations of the p — v coincident event and the p singles yields

have a common normalization constant.

Relative target and projectile p — v yields observed in a single experiment

A frequent observable involves measurement of the ration of target and projectile p — v yields from one
experiment where both target and projectile Coulomb excitation occur. This type of measurement has the
advantage that many terms in equation 6.65 cancel. The ratio of the projectile and target p — ~ yields is
given by.

Detected projectile p — 7 coincident events NP YP(IP — I}D) ey (ED)

Detected target p — v coincident events NI YT (I — 17) e, (ET)

(7.4)

K2

P
The only additional factor needed to convert the Gosia output to determine the observable is the ratio Z—Eg}%
As discussed in chapter 4.6 the symmetry axis of the angular distribution is identical for either targetwor
projectile excitation. However, the Doppler shift is quite different for target and projectile in-flight ~-ray
emission because of the different recoil directions and velocities of the emitting projectile and target. The
ratio of target and projectile p — v yields can be performed using Gosia by ensuring that the independent
Gosia calculations for target and projectile excitation have a common normalization constant.

The special code GOSIA2, described in chapter 11, is specifically designed to handle the common nor-
malization occuring for such experiments, This helps the analysis when performing Coulomb excitation that
use weak intensity beams for which very few transitions are observed in either target or projectile excitation.
Further details can be found in chapter 11.
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7.14 LEVE (LEVELS)

Mandatory suboption of both OP,COUL and OP,GOSI. This suboption is used to define the level scheme of
the investigated nucleus. Each level of the investigated nucleus is defined by a single record. LEVE should
immediately precede ME in the input stream. Currently up to 99 levels are allowed.

Note that it is essential to add in each band at least one level above the last level observed because the
solution of a coupled channels system gives erroneous values for the uppermost state in each band. Note
that Gosia does not recognize bands; the organization of states into bands is only to simlify the organization
of the input and output for the user. Moreover, if the experimental sensitivity is poor it is possible that
virtual excitation will play a major role. In this case it is recommended that two levels be added above the
last observed level in each band.

The input is as follows:

LEVE

I,,IP,,S,,E, Each record describes one level, the number of records
I,,1IP,,S,. E, being equal to the number of levels of the investigated
I3,1IP;, S, Eq nucleus to be included in the calculations.

0,0,0,0 Terminates input to LEVE.

I Is a user-given state number. Each nuclear level will be referred to in the code by its I value. By
convention, index of the ground state must be 1.

IP Can be given values of 1. Positive parity is designated by 41 and negative parity by —1.
S Is a floating point number specifying the spin quantum number of the state.
E Is a floating point number specifying the excitation energy of the state in MeV.

The input to LEVE is terminated by four zeros.
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7.15 OP,MAP  (MAP)

This execution option causes the calculation and storage of the maps of the g-parameters (see Section 6.2).
Maps for Am =41 transitions will be calculated only if the inclusion of the magnetic substates was requested
for the approximate calculations by setting M = 1 in the input to EXPT. The maps will be read correctly
if the input to EXPT is subsequently changed to M4 = 0. However, the maps will be read incorrectly if
OP,MAP was executed with M4 = 0 and subsequently M4 was changed to 1. The maps are stored on
file7 and read from file7. Both minimization and error calculation require that file7 is attached to the job if
OP,MAP was not executed during the same run.

No input other than the command is required for OP,MAP. Section 14.4.5 shows the correct location of
OP,MAP in the input stream.
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7.16 ME (OP,COUL)

Mandatory suboption of OP,COUL

This suboption of OP,COUL is used to input and catalog the matrix elements. The suboption LEVE
must immediately precede ME since the catalog of matrix elements is performed using the level scheme and
state indices assigned using the LEVE command. Up to 999 matrix elements are allowed.

The input is as follows:

ME

A,0,0 Specify multipolarity .

INDEX1,INDEX2 ME List of matrix elements for multipolarity A.
INDEX1,INDEX2, ME
INDEX1,INDEX2, ME

A1,0,0 Specify multipolarity A;

INDEX1,INDEX2 ME List of matrix elements for multipolarity A;
INDEX1,INDEX2 ME

INDEX1,INDEX2, ME

0,0,0 Terminates ME input.

The matrix elements for each multipolarity are given separately. The set of matrix elements for a given
multipolarity is preceded by a single record defining the multipolarity A, i.e.

2,0,0

where A= 1 through 6 for E1 through F6 respectively while A= 7 for M1 and A= 8 for M2. The ME data
sets for each multipolarity must appear in increasing order for A= 1 through A= 8. Unused multipolarities
can be skipped in the input. The matrix elements for each multipolarity are read in as:

INDEX1,INDEX2 ME INDEX# is the user given state number as defined in the LEVE input

ME =< INDEX2||[E(M)\|INDEX1 > i.e., the multipole reduced matrix element defined by equa-
tion 3.17

Note that the definition of reduced matrix element does not include the i* term for the E)\ matrix
elements used in the original Winther-deBoer semiclassical Coulomb excitation code (WI66). The EX matrix
elements are given in units of e.barns™? ie., e (10728m?2)*2, The M\ matrix elements are given in units of
o, barns(*~1)/2. Within a given multipolarity, only matrix elements in the upper triangle, i.e. INDEX?2 >
INDEX1, should be given. Matrix elements in the lower triangle are set by the program. Within a given
multipolarity both INDFEX1 and INDEX?2 columns must appear in increasing order (odometer ordering).
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The header of the next multipolarity ends input for a given multipolarity. A single record of 3 zeros ends
the input to ME.

RESTRICTIONS:
Note that the sequence of matrix elements is uniquely set by the input conventions. An error message
will be printed and the job aborted if any of the following restrictions are violated.

a. Multipolarities must appear in order from lowest to highest starting with EX and then M.
b. Matrix elements must belong to the upper triangle, i.e., INDEX2 > INDEXI.
c. INDEX values must be in increasing order, i.e. odometer order.

MATRIX ELEMENT PHASES:

Note that the phase of a wavefunction is arbitrary. However, to facilitate comparison with models it
is best to fix the relative phases of states. Choosing one matrix element between two states to be positive
couples the relative phases of the wavefunctions of these two states to be the same. Then the phases of any
other matrix elements coupling these two states, relative to the phase of the positive one, are observables.
Consequently for typical collective bands it is convenient to choose the primary Al = 2, E2 transitions in
the band to have a positive phase locking the state wavefunctions of the band to have the same phase. In
addition the phase of one strong matrix element connecting two separate collective bands locks the relative
phase between the states in these collective bands.

When entering matrix elements in the upper triangle be careful to enter the correct phase remembering
that time reversal invariance relates the time-reversed matrix elements by

< .Jy HT/\H Jo >= (—)Jl_JQ_)\ < Js HT)\H J1 >

Thus the phase of the matrix elements in the lower triangle is related to the upper triangle phase by
the (—)7177/2=* phase term. Similar care must be taken comparing the observed relative phases with model
predictions.
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Figure 7.3: Model system having 4 states with £2 and M1 coupling. The 21+ — 2; coupling is assumed to

be of mixed M1 and E?2 character.

EXAMPLE:

An example of the use of the suboptions LEVE and ME for an OP,COUL calculation is given below.
Consider the definition for the following nuclear level scheme shown in the figure.

OP,TITL

Example of definition of nucleus
OP,COUL

LEVE

1,1,0,0 - Ground state is given index “1“.

2,1,2,0.500
3,1,4,1.000

4,1,2,0.750

0,0,0,0 - Ends LEVE input.
ME

2,0,0 E2 - matrix elements. All E2 matrix elements

1,2,1.0 equal to 1.0 e.barns.
1,4,1.0

2,2,1.0 INDEX1 and INDEX2 - in increasing order.

2,3,1.0
2,4,1.0
3,3,1.0
4,4,1.0

7,0,0 - Terminates input for E2. Starts input for

2,4,1 M1 - matrix element in units of p .

0,0,0 End ME input.
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7.17 ME (OP,GOSI)

Mandatory suboption of OP,GOSI

This suboption of OP,GOSI is used both to input and to catalog the starting set of matrix elements as
well as to set constraints on the variation of these matrix elements for the least-squares search procedure.
The suboption LEVE must immediately precede ME since the catalog of the matrix elements is performed
using the level scheme and state indices assigned using the LEVE command. Up to 999 matrix elements are
allowed, however, this upper limit may be smaller depending on the total memory usage. Gosia will output
an error if this is the case.

Although similar in many respects, the input to the OP,GOSI version of ME is more extensive than
that required by the OP,COUL version of ME (Section 7.16). The OP,GOSI version of ME differs from the
OP,COUL version in the following respects:

(a) Restrictions are placed on the range over which each matrix element is allowed to vary during the
least-squares search procedure. These restrictions are used to prevent the code from finding unphysical
solutions. Moreover, these restrictions limit the range of coupling coefficients ( over which the (-
dependence of the g-parameters is fitted.

(b) Specifications are given defining which matrix elements are to be treated as free variables, and
which are to be kept fixed or varied conserving a preset coupling with other matrix elements. This
allows a reduction in the number of unknowns by using other knowledge such as lifetime, branching
ratio or multiple mixing-ratio data to restrict the number of free parameters used in the least-squares
search. Note that lifetimes, branching ratios, multiple mixing ratios and E2 matrix elements also can
be included explicitly in the data set used for the least-squares search (See OP,YIEL, Section 7.32).
Restrictions on matrix elements can be overridden by the OP,RE,A , OP,RE,C and OP RE,F options,
or conversely, additional restrictions can be imposed using the FIX or LCK command of the suboption
CONT without changing the ME input. Input for the OP,GOSI version of ME requires a five-entry
record.

A summary of the input format is as follows:

ME
2:0,0,0,0 Specify multipolarity.

INDEX1,+INDEX2 ME R, R, List of matrix elements for multipolarity Ajplus lower (R;) and
upper (Rg) limits.

A2,0,0,0,0 Specify multipolarity.

INDEX1, £INDEX2 ME, R, R, List matrix elements for multipolarity As.

0,0,0,0,0 - Terminates input.

Matrix elements for each multipolarity are input as a set preceded by a single record defining the mul-
tipolarity, i.e., A,0,0,0,0 where A= 1 through 6 from E1 through F6 respectively, while A = 7 for M1 and
A =8 for M2.

Matrix elements are input as:

INDEX1, £INDEX2 ME, R, R, INDEX# is the user-given state number as defined in the LEVE
input.
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ME =< INDEX2||[E(M)\|INDEX1 > The reduced matrix element defined by equation 3.17. It
is given in units of e.barns*/? for EA matrix elements and /ﬁN.barns(”\_l)/2 for M A matrix elements.
The sign assigned INDEX2 plays no role in the definition of the matrix element. A negative sign
signifies coupled matrix elements as discussed below.

R; and Ry are the lower and upper limits, respectively, between which the given matrix element ME is
allowed to vary. Obviously Re >R;. Equality of R; and Ry implies that this given matrix element is kept
fixed at the value ME. Note that in this case, i.e.,R; = Rz, R1 need not be equal to the ME. For example
record 1,2,0.5,2,2 is equivalent to 1,2,0.5,0.5,0.5

Fixing matrix elements as in the first example is recommended because of two features of the code. First,
when an OP,RE command is used the limits of fixed matrix elements are set as Ry = |Ro| and Ry = —|Ry]|.
If fixing is done as in the second example the matrix element will be allowed to vary only in one direction,
i.e., between +0.5. Secondly, when fitting the g-parameters, the (-ranges are set according to the actual
limits Ry, Ro. If fixed matrix elements are released at a later stage during the analysis, then there is less risk
of incorrect extrapolation if the approach used in the first example is employed rather than later extending
the limits without recalculating the g-parameter maps. Note that neither Ry nor Ry should be exactly zero,
use a small number instead.

A negative sign assigned to INDEX2 specifies that the matrix element defined by the pair of indices
INDEX1, INDEX2 is not a free variable but is a coupled one. In this case R; and Ry are no longer upper
and lower limits but the pair of indices of the matrix element to which this matrix element is coupled.
The code automatically assigns upper and lower limits to the coupled matrix elements using the upper and
lower limits given to the one to which it is coupled while preserving the ratio of the initial values of the
coupled matrix elements. These upper and lower limits calculated by the code are used if this coupling is
subsequently released. The ratio of coupled matrix elements set by the initial values is preserved in the
least-squares search if the coupling is not released.

As an example consider the pair of matrix elements:

1,2,2.0,—4,4
2,-3,1.,1,2

The second statement signifies that the matrix element connecting state 2 to 3 is coupled to the matrix
element connecting states 1 and 2 in the ratio:

M(2—3)

=40.5
MIo2)

This ratio will be preserved in the least squares search if this coupling is not released. Limits (R, Rg) of
—2, 42 will be assigned by the code to the matrix element connecting states 2 and 3 if the coupling of these
matrix elements is subsequently released.

The convention of coupling matrix elements already described is valid only within a single multipolarity.
The coupling of matrix elements belonging to different multipolarities is performed by using 100\ +Rz as
input for the index Ry of the “dependent “ matrix element where \ is the multipolarity of the master matrix
element. The convention that A= 7 for M1 and A= 8 for M2 is still valid.

An important restriction is that there can be only one “master” matrix element with a number of
dependents coupled to it if a group of matrix elements are specified to be mutually related. For example, a
valid sequence is

1,2,2.,—4,4 E2 set of matrix elements

2,-3,2.,1,2

2,-3,0.5,1,202 M1 set of matrix elements

This describes the coupling of both the M1 and E2 matrix elements of the 2 — 3 transition to the F2
matrix element connecting states 1 and 2. The E2 matrix element connecting states 1 and 2 will be treated
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as a variable; any changes of this matrix element will cause proportional changes in both the M1 and E2
matrix elements connecting states 2 and 3.
An invalid sequence is

1,2,2.,—4.4 E2 matrix elements

2,-3,1.,1,2

2,-3,.5,2,203 M1 matrix elements

This is invalid because it couples the M1 matrix element to the F2 matrix element 2 — 3 which already
is a “dependent “. Coupling of a set of matrix elements to a fixed one is allowed, it will simply fix the whole set.
Nevertheless, it is not allowed to fix the master matrix element using R; = Ry of a sign opposite to the matrix element.

For example use of the statement:

1,2,2.0,—4,—4 will cause a flip of the signs of all matrix elements coupled to the above matrix element.
The correct statement is:

1,2,2.0,4,4 Note that it is useful to reiterate that it is not necessary to change the M E input in
order to alter constraints etc. in the fitting of matrix elements. The commands OP,RE,A; OP,RE,C;
and OP,RE,F can override some constraints introduced by the ME setup, while the FIX and LCK
commands of suboption CONT allow addition of new constraints.

RESTRICTIONS

Failure to comply with the following restrictions may cause erroneous results or an error message will be
printed and the job aborted:

a) Multipolarities must appear in order from lowest to highest starting with EA then M.

(

(b) Matrix elements must belong to the upper triangle, i.e. /INDEX1<INDEX?2.

(c) INDEX values must be in increasing order, i.e. odometer ordering.

(d) The limits Ry > R1 must be obeyed.

(e) Neither R1 nor R2 should be exactly zero.

() Do not set R1= R2 with a sign opposite to the matrix element if couplings are made to other matrix

elements.

MATRIX ELEMENT PHASES:

Note that the phase of a wavefunction is arbitrary. However, to facilitate comparison with models it
is best to fix the relative phases of states. Choosing one matrix element between two states to be positive
couples the relative phases of the wavefunctions of these two states to be the same. Then the phases of any
other matrix elements coupling these two states, relative to the phase of the positive one, are observables.
Consequently for typical collective bands it is convenient to choose the primary Al = 2, E2 transitions in
the band to have a positive phase locking the state wavefunctions of the band to have the same phase. In
addition the phase of one strong matrix element connecting two separate collective bands locks the relative
phase between the states in these collective bands.

When entering matrix elements in the upper triangle be careful to enter the correct phase remembering
that time reversal invariance relates the time-reversed matrix elements by

< Ji HT/\H Jy >= (*)Jlihi}\ < Ja ||T>\H J1 >
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Thus the phase of the matrix elements in the lower triangle is related to the upper triangle phase by
the (—)717/2= phase term. Similar care must be taken comparing the observed relative phases with model
predictions.

EXAMPLE:

To illustrate a typical input consider the example discussed in the previous section, but here used under
the OP,GOSI command. Let us assume that the number of experimental data is insufficient to perform a
completely model-independent analysis. Then some model is used to couple all the diagonal quadrupole
matrix elements to the 0 -2] transition matrix element. In addition, the E2/M1 mixing ratio for the 23 —23
transition is fixed. The sample input then will be as as follows:

OP,TITL

NUCLEUS DEFINITION FOR OP,GOSI

OP,GOSI

LEVE

1,1,0,0 ground state is given index 1
2,1,2,0.500

3,1,4,1.00

4,1,2,0.750

0,0,0,0 ends LEVE input

ME

2,0,0,0,0 E2 header

1,2,1.-2,2 free variable

1,4,1.-2,2 free variable

2,-2,1.,1,2 coupled to E2;1— 2 (indices, not spin values)
2,3,1,-3,3 free variable

2,4,1,.01,5 free variable

3,-3,1,1,2 coupled to £2,1 — 2
4-41,1,2 coupled to F2;1 — 2
7,0,0,0,0 ends E2 input, starts M1 input
2,-4,1,2,204 coupled to F2;2 — 4
0,0,0,0,0 ends ME input

In this example there are only four variables, i.e. the 1 — 2,2 — 3,1 — 4 and 2 — 4 E2 matrix elements.
All the diagonal matrix elements are kept equal to the 2 matrix element connecting 1 — 2. The 2 — 4 M1
matrix element which is equal to and coupled to the 2 — 4 E2 matrix element.
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7.18 OP,MINI (MINIMIZE)

This command causes execution of the least-squares fitting of matrix elements to the experimental data.
Refer to Section 6.7 for an explanation of the procedures used for the least-square search. The starting
set of matrix elements used by OP,MINI depends on the other option commands specified. If OP,RAND
is specified then OP,MINI uses the set of random numbers generated by OP,RAND as the set of starting
matrix elements. If OP,REST is specified, then the starting set of matrix elements is read from file2. If
neither OP,RAND nor OP,REST are specified then the matrix elements input using the suboption ME are
used as a starting set. Completion of an OP,MINI command causes the set of matrix elements resulting from
minimization to be written onto file2. This current set can be used as a new starting point for continued
minimization.

The OP,MINI command provides various switches to allow those matrix elements satisfying certain
criteria to be locked during the current minimization procedure. This reduction of the number of free
variables can greatly speed up the minimization procedure. The FIX command in the suboption CONT
provides another mechanism for fixing matrix elements (see Section 7.3). Section 14.4 shows the correct
location of OP,MINI in the input stream.

The input to OP,MINI comprises the title plus one record, i.e.

OP,MINI

IMODE,NPTL,CHILIM,CONV, TEST,LOCKF,NLOCK,IFBL,LOCKS,DLOCK

where:

IMODE Mode selector. IMODE should be defined as a four-digit number IJK L where:
I=1or2

I =1 specifies that the fast approximation will be used to calculate both S (Eq. 6.73) and its partial
derivatives.

I = 2 implies that S will be calculated using the full Coulomb excitation formalism while its derivatives
still will be estimated using the fast approximation.

Use of I =1 is recommended for almost all applications. The time required to complete the minimiza-
tion step using I = 2 is about an order of magnitude greater than when using I = 1. The use of I =2
should be reserved for small cases or for cases requiring extreme accuracy in locating the minimum.
The TEST switch, described below, provides a more efficient way of retaining high accuracy than using
1=2.

J=0orl1l

J =0 selects the simple steepest descent minimization (see Section 6.7.4), while J =1 selects the
gradient and gradient derivative method (see Section 6.7.5).

K=0or1l

K =0 implies that the absolute changes in matrix elements will be used to improve the minimum
while K = 1 requests the use of the relative changes. To first order K =1 corresponds to using the
logarithms of matrix elements as independent variables instead of the matrix elements themselves, as
when K = 0.

L=0Oorl

L = 0 specifies that the experimental yields, branching ratios etc. will be used as dependent variables
to construct the S function while L = 1 requests that a logarithmic scale will be used for dependent
variables which effectively smooths out the sharp valleys.

There are no restrictions concerning the selection of the above switches and any combination can be
used. Proper selection of IMODE can speed up the minimization procedure appreciably and is case-
dependent
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NPTL The maximum number of steps of minimization allowed.
CHILIM The S criterion to stop minimization. That is, the minimization terminates if S< CHILIM.

CONV The convergence criterion to stop minimization when |Mi+1 — MZ-|< CONYV where M; denotes
the vector of matrix elements at the i-th step of minimization. This convergence criterion also is used by
the iterative search for the minimum along the gradient direction. This iterative procedure is stopped
when the absolute difference between two subsequent iterations is less than CONV. Minimization may
be resumed after the CONV criterion is fulfilled if LOCKF =1 (see below). Note: any of the above
three criteria, namely NPTL, CHILIM and CONYV, stops minimization if fulfilled. The LOCKF switch
resumes minimization only when the calculation was terminated because convergence was achieved. A
reasonable value for CONV is 1074

TEST Specifies recalculation of the internal correction factors every time .S drops by a factor of TEST.
In the limit TEST < 1 the internal correction coefficients will be calculated at each step of minimization
which corrects for the discrepancy between the value of .S calculated using the fast approximation and S
coming from the full formalism. Note that this is faster than using I = 2 since only one full calculation
is required per step for TEST < 1 whereas each sampling of the minimized function during the one-
dimensional search along the gradient direction will require a full Coulex calculation using the I =2
option.

LOCKF Can equal 0 or 1. LOCKF = 0 implies that minimization will be terminated if the conver-
gence limit CONV is satisfied. LOCKF =1 causes the program to fix the NLOCK matrix elements
having the most significant S derivatives. This switch provides a different subspace of matrix elements,
which can be useful when trapped in a local minimum or when the matrix elements having weak influ-
ence on S should be allowed to vary. As described in Section 6.7, GOSIA will lock the matrix element
having the most significant S derivative if the search directions in two consecutive steps are close to
being parallel, even if LOCKF = 0.

NLOCK The number of matrix elements having the largest derivatives of S to be locked if LOCKF =1
and the convergence limit CONV is satisfied. See LOCKF.

IFBL May equal 0 or 1. If ITFBFL =0 then the derivatives are calculated using only the forward
difference method whereas I FFBEF'L = 1 causes the forward-backward difference method to be used for
calculation of the derivatives. The IF BPL = 1 option is justified only in the vicinity of the minimum
when the forward difference method may produce spurious results since the I[FFBF L = 1 option is a
factor of two slower than the ITFFBFL = 0 option.

LOCKS May equal 0 or 1. If LOCKS =1 then the code fixes, at the first stage of minimization, all
matrix elements M; for which the absolute value of the partial derivative of S with respect to M; is
less than DLOCKS (the gradient is always normalized to unity), i.e

| 05
oM,

| < DLOCKS
This allows an automatic reduction of the number of variables for which derivatives need to be calcu-
lated to only those having a significant influence. LOCK S = 0 switches off this option.

DLOCKS Specifies the limit of the derivative below which a matrix element will be fixed if LOCK S = 1.

Note that the yields printed by OP,MINI are defined to be

YPoint(I_) If)
or(0p) - sin(6,)
and do not include o g(6,) - sin(f,). Note that Yo" (I — I;) is given by equation 6.38. See also section
7.19, OP.POIN. The experimental values are compared to the calculated Y™™ (] — I;) which do include

the or(0,) - sin(f,) term. Thus these missing terms in YM"(] — I;) are absorbed into the normalization
constants for each experiment.
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719 OP,POIN (POINT CALCULATION)

This option causes execution of a calculation of the «-ray yields for one scattering angle and one bombarding
energy as specified for each experiment in EXPT. OP,POIN can be used to simulate ’corrected’ experimental
~ yields. In this mode OP,POIN also generates a 'corrected experimental yields file’ on file4, which can be
used subsequently for simulating the real experiments (e.g. to analyze the influence of the matrix elements
on the supposedly observed yields). Note: when executing OP,POIN one should set the experimental yields
file selector (NTAP in OP,YIEL input) to 0 - see 5.29. Section 7.4.3 shows the correct location of OP,POIN
in the input stream.
The input to OP,POIN is as follows:

OP,POIN

IFL, YLIM IFL = 0 specifies the normal calculation, I F'L = 1 the ’simulation’ calculation. Y LI M is
redundant if /F' L = 0, whereas if IF'L =1 it specifies that all transitions whose yield divided by the
yield of the normalizing transition (defined in OP,YIEL) exceeds Y LT M will be treated as ’experimental
observables’ and will be included in the file4 file. OP,POIN will also produce a file containing the
detector efficiency information if OP,RAW was executed and PRT, flag 20 was set to 1 (file23). Note
that the decay energies in file23 output are Doppler-shifted.

Note that OP.POIN evaluates the point y-ray yield in the laboratory frame for transition I — I; that is
defined by equation 4.16. That is:

» Ao (I — Iy)
Point N — f
YPomt (1 s 1) = sin(6,) /¢ i, (6.38)
where the integrand is given by
ol —1
T T1) (0,3 R0 151, Pin 03 2eosx(6, — 6,) — 030) (6.35)
dQ,dQ, -

x=0

Note that Y9 (I — I;) includes the Rutherford cross section, the sin(f,) term, integration over the
projectile ¢, angle, the deorientation effect and ~y-detector @ attenuation coefficients.
The total number of coincident v-rays detected then is given by

N .
Counts = 10727 . {Q} : {—A] pda] - YPORHT — 1) - AO, gy -84 - AL,

ge A
where:
Q is the integrated beam charge [C]
q the average charges state of the beam

€ the proton charge [1.602 x 1071°C]
Ny Avogadro number [6.022 x 10*3atoms/mol]

A Target mass number [g/mol]

pdx areal target thickness in [g/cm?]

yPeint(I — I;)  OP.POIN output in [-2-]

A, Projectile scattering angle range [rad]

€p particle detection efficiency per unit solid angle

Ey ~v-ray detector efficiency excluding the geometrical solid angle

AQ, geometrical solid angle of the y-ray detector. Note that usually one only knows the product
ey - AQ,



164 CHAPTER 7. INPUT INSTRUCTIONS FOR GOSIA

7.20 OP,RAND (RANDOM ME)

This option generates a set of random matrix elements which replaces the set defined previously for the
current job. Each matrix element in the random set is created assuming a uniform distribution of random
numbers lying between the limits specified for each matrix element in the input to ME. This option is used
to eliminate bias in the analysis and to test the uniqueness of the least-squares fit to a given data set by
retrying the minimization starting from a number of sets of random matrix elements. If OP,RAND is used
it should immediately precede OP,YIEL.

The input requires only one number:

SEED: A floating-point seed number for the internal random number generator. SEED should be larger
than unity and less than 32000. Note that FORTRAN random number generators are reproducible,
giving the same sequence of random numbers when called. Therefore SEED should be different for
repeated runs, otherwise the results will be identical.
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7.21 OP,RAW (RAW UNCORRECTED ~ YIELDS)

This option allows defining the ~y-intensities for some, or all, experiments as “raw“, that is, the raw ~-
ray yields are not corrected for the detection efficiency. In addition, the raw v intensities can be summed
over clusters of v detectors. This latter feature is important when analyzing data from multidetector arrays
(crystal balls). Raw counts from the « detectors symmetric with respect to the recoil direction, and correctly
Doppler-shifted, can be combined to increase statistics and to reduce the number of datasets that need to
be processed (such sets of data will be referred to as “clusters“). GOSIA can handle such raw data, which
is not detection-efficiency corrected, provided that the efficiency calibration of the individual detectors also
is input separately. This information should be given using OP,RAW and should be executed if at least one
experiment involves raw data or clusters. OP,RAW should immediately follow OP,YIEL (7.32). If OP,RAW
is to be used, the first entry of OP,GDET (7.10) should be negative to produce the additional file, file8,
required by OP,RAW.

Although OP,RAW is designed to handle raw «-ray yields not corrected for detection efficiency, it also
is very useful for clusters of detectors for which the experimental - intensities already have been detection-
efficiency corrected. This feature is possible by making the ~-ray detector efficiency an energy-independent
constant for each individual detector in a cluster as outlined in chapter 7.21.2. As described in chapter 4.6
this option is especially useful for correctly accounting for the p — v angular correlations for partitioning an
arbitrary detector shape into a cluster of axially-symmetric detectors. Examples are a GRETINA module
of four hexagons or a clover detector.

7.21.1 Input of raw uncorrected vy-ray yields

Energy-dependent efficiency calibration for each individual ~y detector is assumed to follow the functional
form used by the code GREMLIN (see Chapter 15).
The input to OP,RAW is as follows:

IEXP Number of experiment to be labelled as raw (according to the sequence of suboption EXPT).
A1, A2, ... A8 Logical detector 1
A1,A2, ... A8 Logical detector 2

A1,A2 ...A8 Parametrization of efficiency curves for all v detectors used in the experiment I EX P. Para-
meters Al through A8 correspond to ag,ay,aq,as, f, N,b,c, as defined in GREMLIN. See Chapter
15. Use f =0 to switch off the F' factor and ¢ =0 to switch off the W factor These sets of para-
meters should be ordered according to the sequence of “logical“ « detectors, as defined in OP,YIEL
(7.32) input. The Doppler shift of the « energies is taken into account when evaluating the detection
efficiency

NC Number of clusters.
ID1 Number of 7 detectors for cluster #1.

I1,12..I(ID1) Indices of “logical“ detectors forming cluster #1, according to the sequence defined in
OP,YIEL

0 IEXP = 0 ends input.

The sequence ID1... obviously should be repeated NC' times to define every cluster, unless NC =0
(no clusters). The whole input is to be defined for every raw experiment. The use of OP,RAW imposes
an important constraint on how the experimental « yields should be ordered in either file3 or file4d. The
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sequence of v yields data sets should follow the HIGHEST “logical“ detector index within a cluster. Single
detectors can be handled as if they were one-detector clusters, without labeling them as clusters.

OP,RAW can be exploited for clustering the physical detectors of multidetector arrays to fewer logical
detectors in order to reduce the number of logical detectors handled by Gosia and improve the statistics per
logical detector.

Example:

Three ~ detectors were used and the 7-ray spectra from the detectors labeled 1 and 3 in OP,YIEL
assignment were added. In this case there are two clusters, namely composite detector 1+ 3 and single
detector 2. The input to OP,RAW should then be as follows:

OP,RAW

1 experiment #1 labeled as raw
Al...A8  for logical detector 1

Al...A8 for logical detector 2

Al...A8 for logical detector 3

1 one cluster

2 two detectors in this cluster

1,3 logical detectors forming this cluster
0 ends OP,RAW input

In this case the experimental v yields from detector 2 should precede these from the 1 + 3 cluster (
highest logical detector index for the data from detector 2 is 2, while for 1 + 3 cluster it is 3).

7.21.2 Input of efficiency-corrected v-ray yields for clustered detectors

OP,RAW is especially useful for handling ~-ray yields for detector clusters that have already been corrected
for detection efficiency. An example involving measurement of angular correlations using Gammasphere
assumed logical clusters of 7 detectors comprising a central hexagon plus the six nearest neighbours. This
was performed using detection-efficiency corrected data and effectively switching off the OP,RAW efficiency
correction by entering efficiency parameters A1, A2, ... A8 that correspond to a constant detection efficiency.
According to the GREMLIN chapter, the efficiency calculated by Gosia can be set to be a constant € = x if
the following parameters are used:

ag = 0.0
ap = 0.0
as = 0.0
as = 0.0
f=1In(z)
N =0.0
b= —-50.0
c=0.0

If the individual detectors comprising a cluster have approximately the same absolute efficiency curve,
then setting ag, a1, as, as, f, N,b,ct00,0,0,0,0,0, —50 and 0 respectively switches off the OP,RAW detection
efficiency correction. This makes it possible to sum and pass the efficiency-corrected y-ray yield data for the
cluster to Gosia.

If individual detectors in a cluster have efficiency curves which differ only in the overall normalization,
but significantly different absolute efficiencies, Jyo then the parameter f can be set to equal In(e;) for each
detector to correct for the difference.

n;n
2
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7.22 OP,RE,A (RELEASE,A)

This option voids all coupling of matrix elements and releases fixed ones. As described in ME (Section 7.17)
matrix elements are fixed by specifying identical upper and lower limits R1 = R2. When a fixed matrix
element is released these upper and lower limits are set equal to —|R2| and | R2|, respectively. Consequently,
it is useful to use |R1| = |R2| > |M E| when fixing matrix elements to ensure that the released matrix element
can be varied within an appropriate range.

7.23 OP,RE,C (RELEASE,C)

This option releases fixed matrix elements but retains the couplings of matrix elements. No additional input
is required. As described in 7.17 and 7.18, when fixed matrix elements are released the upper and lower
limits are set equal to |R2| and —|R2|, respectively.

7.24 OP,RE,F (RELEASE,F)

This option voids the coupling of matrix elements but retains the fixing of matrix elements. No additional
input is required. As described in section 7.18, the upper and lower limits assigned to a coupled matrix
element on its release are calculated from the corresponding limits assigned to the master matrix element
using the ratio of initial values of the coupled matrix elements.

Note that if OP,RE is used it should immediately precede OP,ERRO or OP,MINI to function correctly.
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7.25 OP,REST (RESTART)

This option causes a set of matrix elements to be read from file12 which then replaces the set defined by
the input to ME for the current job. This option enables continuation of a minimization or performing most
other operations using the latest set of matrix elements instead of the one appearing in the ME setup. Note
that each OP,MINI command causes its final set of matrix elements to be written on file12. If OP,REST is
used it should immediately follow OP,YIEL.

OP,REST provides the possibility to manually overwrite some of the matrix elements stored on file2 for
the current job. This feature can be a useful time-saver when, for example, better estimates of some matrix
elements have been found during a preliminary diagonal errors calculation. The input to OP,REST should
be given as:

OP,REST
I,,Vv, Index of the matrix element ( according to the sequence of ME )
L, V, to be overwritten ( I ) and its new value ( V).
0,0 Two zeros terminate input.
Example:
OP,REST
0,0 This sequence leaves the values stored on file2 unchanged.

Note that if a set of matrix elements is couled to a “master”, and only a subset of these will be changed
in file 12, the others will retain their values in the ME section.
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7.26 OP,SELE  (SELECT)

This option creates the correlation matrix for use in OP,ERRO. To prepare the input information for SELECT
it is necessary to execute OP,MINI with CONT switch SEL, and the default value of the print parameter
4, i.e. 4,—2. This should be done at a final stage of minimization prior to the error calculation. The
information for SELECT is written by GOSIA on file18 which should be attached to SELECT also as filel8.
No other input is necessary. The output from SELECT is written on filel0 and should be attached to the
OP,ERRO job as filel8. IFC = 1 implies that the correlation matrix will not be used. In this case it is not
necessary to create and attach filel8. It is however strongly recommended that IFC =1 be used only for
small cases with all matrix elements of similar significance. Otherwise, selecting I F'C' = 1 will dramatically
increase the execution time with no effect on the result. IF'C' is redundant if IDF = 0.
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7.27 OP,SIXJ (SIXJ SYMBOL)

This stand-alone option creates a 6-j table to be used by the quadrupole sum-rules program SIGMA (see
Chapter 9). OP,SIXJ is not related to an investigated nucleus, thus it can be inserted anywhere in the input
stream, even as the only option command. The output is written to a file filel4. No further input is required.

Note: The execution of OP,SIXJ will cause GOSIA to stop the job after the 6 — j symbol table has been
written. The remainder of the input will be ignored.



7.28. OP,STAR  (START) 171

7.28 OP,STAR (START)

Execution command to calculate Coulomb excitation amplitudes and probabilities, not the ~-ray yields,
at the “point” energy and scattering angles specified in the EXPT input. This comprises a subset and
consequently an alternative to OP,POIN. The OP,STAR requires no input.

Note that OP,STAR is ( besides the OP,SIXJ and OP,GDET commands) the only executable option
which does not require the «-ray deexcitation related information provided using OP,YIEL and thus can
immediately follow OP,COUL or OP,GOSI commands.
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7.29 OP,THEO (COLLECTIVE MODEL ME)

Coulomb excitation is the preeminent probe of collective modes in nuclear structure. Consequently frequently
it is convenient to calculate Coulomb excitation cross sections assuming a set of matrix elements related by
a collective model. OP,THEO generates matrix elements according to the geometrical model following the
Bohr-Mottelson prescription ( General Structure of Matrix Elements, paragraph 4-3d in Nuclear Structure)
(BOHG69). See also chapter 2.4.3.

OP,THEO generates only the matrix specified in the ME input and writes them to the REST file.
Therefore it should be used after OP, COUL or OP, GOSI, but before OP,REST command is executed.
Fixing, coupling and releasing of the matrix elements is controlled by the ME and CONT commands, the
only function of OP,THEO being to create numerical values and write them to the restart file. This allows
making model-dependent analyses by specifying the coupling scheme, generating a set of matrix elements and,
keeping the values coupled, performing the minimization, thus effectively fitting only geometrical intrinsic
moments which can greatly reduce the number of fitted variables. To define the OP,THEO input the user
must divide the levels specified in the LEVE input into bands of definite values of K quantum number. The
first entry under OP,THEO is the number of bands, which, as an input-saver feature, can be given as a
negative integer, in which case the remainder of the input to OP,THEO will be ignored and the contents of
the restart file not affected. This is helpful if some matrix elements are added or removed using ME option
- OP,THEO then can be easily reactivated.

The OP,THEO input is divided into two loops. The first one is the definition of the bands and the levels
ascribed to be band members. As usual, LEVE-defined state indices are used to identify the levels. The
second loop is the multipolarity loop, which should exhaust all couplings defined in the ME input. Here
for each band-to-band coupling ( band indices being either identical for inband matrix elements or different
for interband matrix elements ) one should specify relevant intrinsic moments for a given multipolarity.
In general there are three intrinsic moments that could be involved. For in-band or equal-K interband
transitions only one of them, marked @1 is relevant. For non-equal K values generally two moments with
the projections equal to the sum and difference of K’s are required (Q1 and Q2), unless one of the K’s is
zero, when again only Q1 is needed. For the K-forbidden transitions a three parameter Mikhailov formula
is used. Thus, in general, three @)-values are to be input for each band-to-band coupling. Note that Q3 - a
decoupling parameter - is irrelevant if none of the K-values assumes the value of 1/2 and Q2 is irrelevant
for in-band transitions and for K-allowed, one K = 0 interband couplings. Nevertheless, three numbers are
required for each band-to-band coupling.

The specification of multipolarities follows the general convention of GOSIA - E1 through E6 are labeled
just by 1 through 6, while M1 is labeled as 7 and M2 as 8. The definition of bands and multipolarities
should exhaust all couplings included in the ME scheme. It is important that calculated matrix elements fit
within the user-specified limits.

The structure of the input to OP,THEO is:

NBANDS Number of user-defined bands. If negative OP,THEO is ignored.
K,NLEV Band definition - K of a band, number of levels in band #1
N1,N2.....,. NNLEV Indices of levels forming band #1

The above two records should be repeated NBAN DS times to define all bands

A1 Start of multipolarity loop - first multipolarity
NB;, NB; Band indices
Q1,Q2,Q3 Intrinsic moments

The above sequence should be repeated until all possible
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in- and interband couplings for the first multipolarity are exhausted

0,0 Ends first multipolarity definition
As Second multipolarity

NB;, NB;

Q1,Q2,Q3

0,0 Ends second multipolarity definition

0 Ends multipolarity loop and the input to OP,THEO

Example:

173

Assume an even-even nucleus X with two bands - a ground state band and a gamma-vibrational band.

The LEVE and ME setup is as follows:

LEVE
1,1,0,0

2,1,.2,.2 Levels 1,2,3 form the ground-state band, while 4,5,6 form the gamma band

3,1,4,.5
4,1,2,.7
5,1,3,1.1
6,1,4,1.5
0,0,0,0
ME
2,0,0,0,0
1,2,1,-2,2
1,4,1,-2,2
2,2,1,-2,2
2,3,1,-2,2
2,5,1,-2,2
2,6,1,-2,2
3,3,1,-2,2
3,5,1,-2,2
3,6,1,-2,2
44,122
4,5,1,-2,2
4,6,1,-2,2
5,6,1,-2,2
6,6,1,-2,2
7,0,0,0,0
2,4,1,-2,2
2,5,1,-2,2
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3,5,1,-2,2
3,6,1,-2,2

Matrix elements on the restart file can be generated by OP,THEO using the following sequence:

OP,THEO

2 Two bands

0,3 K of the gsb, # of levels

1,2,3 Level list for the gsb

2,3 K of the gamma band, # of levels
4,5,6 Level list for the gamma band

2 Multipolarity E2

1,1 In-band, gsb

1,0,0 Q1, two zeros irrelevant

1,2 Interband E2

1,1,0 Q1,Q2- Mikhailov formula, none of the K’s=1/2, so Q3 irrelevant
2,2 In-band, gamma band

1,0,0 In-band Q1, Q2 and Q3 irrelevant
0,0 Ends E2 loop

7 M1 loop

1,2 Interband M1

1,1,0 Q1 and Q2 for Mikhailov formula
2,2 In-band M1

1,0,0 Q1 for in-band transitions

0,0 Ends M1 loop

0 Ends multipolarity loop and OP, THEO input

As a result, the restart file will be created overriding the values of matrix elements as given in ME input.
If the first entry, NBANDS; is changed to -2 OP, THEO will become inactive.

Note that Rachel also incorporates the ability to generate matrix elements using collective models in-
cluding the Alaga rules, Mikhailov, or K-forbidden relations.
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7.30 OP,TITL (TITLE)

This option requires one input record consisting of up to 80 alphanumeric characters. This string is reprinted
as a run title. OP,TITL should appear as the first option command, or follow OP,FILE command if used,
since execution is immediate. Otherwise, the title will not appear as a header of the output. OP,TITL can
be skipped. If more than one title line is wanted this command can be repeated as many times as desired.
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7.31 OP,TROU (TROUBLE)

This troubleshooting option can be used to pinpoint erroneous experimental data and to check if the min-
imization is trapped in a local minimum. As described in detail in section 6.7.4, this module analyzes the
contribution to x? of the deexcitation y-ray yields to ascertain if there is an inconsistency in the data. The
parameter 1 defined in equation 6.120 is a measure of the consistency of the data. That is, it identifies if
the current minimum of x?2, with respect to a given matrix element, results from cancellation of large and
opposite contributions due to inconsistent data or whether all the data are consistent.

The input consists of one record:

NS,RL NS is the number of experimental yields giving the largest positive and negative components
of the derivative of x? with respect to a given matrix element to be selected and printed out. This
information will appear in the output if for this given matrix element rj exceeds RL. The x? function
is defined by Eq. 6.114.

NOTE:

1) OP,TROU must be used with, and immediately follow, OP,MINI. OP,TROU must be the last option
before OP,EXIT

2) OP,TROU must be used in conjunction with the yields sensitivity map, i.e. print control parameter] PRM (4)
in CONT (Section 7.3) must assume its default value equal to —2.

3) The OP,TROU analysis will appear at the end of the output file (unit 22).
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7.32 OP,YIEL (YIELDS)

This option is mandatory if it is desired to calculate the yields of deexcitation ~y-rays following Coulomb
excitation. The first part of this option is used to input the internal conversion coefficients and the description
of the y-ray detectors. This first section is used in conjunction with either OP,COUL or OP,GOSI. The second
part of this option is used in conjunction with OP,GOSI to input additional information required for the
least-squares fitting such as normalization constants, y-ray branching ratios, lifetimes, £2/M1 mixing ratios,
and diagonal or transitional EA/M A matrix element data to be included in the fit. The input to OP,YIEL
must be complete and consistent with the option of the code selected. Section 14.4 shows the correct position
of OP,YIEL in the input stream for various calculations.

OP,YIEL defines the “logical®“ v detectors, which are referred to everywhere in the input except in
OP,GDET. Different logical detectors may be in fact the same “physical“ ones. This distinction allows
reducing the number of experiments defined in all cases where the setup used is symmetric with respect to
the beam axis. As an example, let us consider the experiment in which two particle detectors are placed
symmetrically about the beam axis at angles (6, ¢) and (6, ¢, +7), respectively. Gamma rays are detected
in coincidence with scattered particles in one Ge detector placed at position (6, (;Sg), so the scan of event-
by-event data yields two ~ spectra. A straightforward approach is to define two experiments, differing only
by the placement of the Ge detector with respect to the scattered particles. Instead, one can define only
one experiment (keeping in mind that the Coulomb excitation depends on 6, but not on ¢) and two logical
detectors, one at (6, ¢g), and another at (6, gbg—i—w). Both are identified as the same “physical “ detector, but
different sets of 7 yields (both spectra resulting from the scan) are assigned to them. Such a manipulation
saves almost 50% of CPU time since evaluation of deexcitation ~y yields requires negligible computation time
compared to the excitation calculation.

GOSIA allows also to define logical detector clusters (see OP,RAW-7.21), i.e. sets of v yields which result
from summing the raw spectra, therefore the number of experimental data sets is not always equal to the
number of logical detectors. Further description will refer to the “logical® detectors simply as v detectors,
which should be distinguished from either “physical“ detectors or data sets.

Brief resumé of the input to OP,YIEL:

OP, YIEL

IFLAG Assumes the values of 0 or 1. ITFFLAG = 1 means that the correction to the angular distribution
of the y-rays due to a finite distance traveled by the decaying nucleus will be included in the calculation
(see Section 6.4). IFLAG = 0 switches off this correction.

N1,N2 Number of energies (N1 < 50) and multipolarities (N2) to define the internal conversion co-
efficients. If N1 is negative the internal conversion coefficients are taken from the table of values for
each transition created by OP, BRIC.

E,E,, ..., E\, Energy meshpoints for the internal conversion coefficients (in MeV), common for all
multipolarities for the nucleus of interest. The code uses spline interpolation between meshpoints if
the recommended option SPL, in suboption CONT is used. Note that the large discontinuities in the
internal conversion coefficients at the K and L edges can be taken into account correctly by ensuring
that there are at least two mesh points between the transition energy of interest and the nearest
discontinuity; that is, so that the four point interpolation does not does straddle any discontinuity.
This problem is avoided using OP, BRIC.

I1 Multipolarity I1.

CC(I1,1)..CC(I1,N1) Internal conversion coefficients for multipolarity I1 at each energy meshpoint
(N1 entries). Note that internal conversion coefficients can be obtained from the NNDC (US National
Nuclear Data center) at http://www.nndc.bnl.gov/bricc/.

12 This sequence should be repeated for all multipolarities defined, i.e. N2 times.

CC(I2,1)..CC(I2,N1)
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NANG(I).NANG(NEXP) Number of individual y-ray detectors for each of the N EX P experiments.
Each detector position in the laboratory must be included in N ANG. This includes each detector which
is used as a separate partition as well as each individual detector that is included in a summed cluster.
NANG(I) is limited to < 200. NANG(I) can be entered as its true value with a negative sign which
means that the v detector setup is identical to that of the previous experiment, for example if the
experiments differ only by the scattering angle. In this case the next three records need not be entered.

IP(1)..IP(NANG()) Identifies the v detectors used in a given experiment according to the sequence
the “physical“ detectors were defined in the input to OP,GDET (Section 7.10). For example, if
IP(L) = K, then it is understood that the L-th detector used in the current experiment is the K-th
detector defined in the OP,GDET input. This assignment of “physical“ detectors to the “logical“
ones is the only instance the “physical“ detectors are referred to. Everywhere else the v detectors are
the “logical“ detectors.

015---ONnaANG(I) 0 angles for « detectors used in experiment 1.
1y PN ANG(T) ¢ angles for v detectors used in experiment I.

The above sequence, starting from the definition of I P should be repeated for each of N EX P experiments
defined, except of the experiments for which N ANG is negative. The experiments must be ordered according
to the sequence they appear in EX PT input.

NS1,NS2 The transition from NS1 to NS2 to be used as the normalization transition where NS1
and N.S2 are the state indices.

End of input for OP,COUL. The remainder of the input is required only if OP,GOSI was specified. The
following three lines should be input if NANG(I) is positive.

NDST Number of data sets in experiment 1. Usually equal to NANG(1), unless detector clusters were
defined in OP, RAW .

UPL,..UPL, Upper limits for all v detectors used in experiment 1.

YNRM;...YNRM,, Relative normalization factors of « detectors used in experiment 1.

The above three lines should be repeated for all experiments according to the sequence of EXPT, except for
those assigned the negative value of NANG. Subscript n = NDST denotes the number of data sets.

NTAP Specifies the file containing experimental yields. NTAP = 0 is used when this file is not nec-
essary, e.g. when running OP,STAR or OP,POIN under OP,GOSI. Otherwise NT AP = 3 or 4 corre-
sponding to file 3 or file4, respectively. NTAP must equal 3 if OP,CORR is executed and must equal
4 if OP,ERRO or OP,MINTI is executed.

NBRA, WBRA Number and weight of branching ratio data.
11,12,13,14, B, DB... NBRA records of branching ratios.
(I1—12)/(I3 —14) = B/DB where I = I3 and

where I1,12,13,14 are state indices, B is the branching ratio with error DB. Note I1 = I3 is the
initial state that v decays and 12, I4 are the final states.

NL, WL Number and weight of mean lifetime data.
INDEX, T,DT T/DT is the mean lifetime of level INDEX.
N L records, lifetimes in picoseconds
NDL, WDL Number and weight of E2/M1 multipole mixing ratio data.

IS,IF, DELTA, ERROR  §£2(IS — [F) = DELTA+ ERROR
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NDL records

NAMX, WAMX Number and weight of known EM matrix element data.
LAMBDA INDEX,, INDEX,, ME, DME Repeat NAM X times.

LAMBDA is the multipole, FA with A =1,2,3,4,5,6 and M1 with LAMBDA =T7. INDEX,, is
the level index. Note the restriction INDEX, < INDEX,. MFE is the EX or M1 matrix element,
in the same units as for the M E input, while DM FE is the error, assumed to be symmetrical. In the
fit procedure the sign of M FE is ignored if INDFEX1 is not equal to INDEX2. Note that this inpuit
sequence was changed in 2006 to include LAM BDA that was needed to allow matrix element input
for more than the £E2 multipole.

Extended description of OP,YIEL

IFLAG Determines whether the effect of the finite distance traveled by the decaying nucleus on the
~-ray angular distribution is to be included (IFLAG = 1) or not (IFLAG = 0). This effect, taken into
account as a first-order correction (see Section 6.4), is important only for the long-living states and
should not be included in the cases where all the lifetimes are supposed to be in the subnanosecond
range to speed up the calculations. Also, the first-order correction may be inhibited if it is necessary to
change the sign of some matrix elements, in which case the lifetimes calculated during the minimization
may assume unreasonable values if the matrix elements determining the lifetime of a level happen to
be close to zero during the search procedure. In such cases GOSIA will automatically reset IFFLAG
to 0 if IFLAG was input as 1. It is recommended to use IFFLAG =1 only at the final stage of the
minimization, when the signs of the matrix elements are already defined. ITFFLAG = 1 should not be
used in conjunction with OP,RAND.

N1,N2 N1 is the number of energies used as meshpoints for input of the internal conversion coefficients
for the nucleus of interest. Energy meshpoints are presumed to be identical for each multipolarity.

a) For N1 positive Gosia uses cubic spline interpolation of the input internal conversion coefficients at these
meshpoints. At least one point below the lowest transition energy and one point above the highest are
required for reliable interpolation of internal conversion coefficients. Use a reasonable range of internal
conversion coefficients to ensure a reliable interpolation. Check the interpolated values at least once
by requesting the print-out of internal conversion coefficients (refer to print controls described in
Section 7.3). Note that the Lagrangian four point interpolation is not able to take into account the
discontinuities which may be present at low  energies due to the K, L, etc cutoff edges. GOSIA
calculates the K and L edge energies and uses different interpolation functions above the K edge,
between the K and L edges, and below the L edge to account for the discontinuities in the internal
conversion coefficients at these thresholds. Thus it is necessary to include at least three meshpoints
below the L edge and between the L and K edges. Since the interpolation uses two points on both
sides of the decay energy, make sure that the discontinuity is separated from the closest decay energy
by at least two meshpoints. This is important for converted transitions even if the «-ray branches are
not observed.

b) For N1 negative the internal conversion coefficients are taken from the table of values for each input
matrix element that has been created by OP, BRIC.

N2 is the number of multipolarities for which internal conversion coefficients are given. This must be
consistent with the number of multipolarities used for the matrix element setup in M FE.

E, E;,E;,..Ey; Input of the energies used as meshpoints for the internal conversion coefficients. Units of
MeV.

Il Multipolarity of the internal conversion coefficients. I1 = 1...6 for E1...6 respectively. I1 =7 for
M1land 8 for M2.
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CC1(I1),CC2(11),..CCN1(1I1) Internal conversion coefficients for multipolarity I1 at the energy
meshpoints given above. Repeat the multipolarity, 71, and internal conversion coeffient records C'C
for all N2 multipolarities.

NANG(1)..NANG(NEXP) NANG is the number of individual 7 detectors for each experiment.
Each individual «-ray detector location in the laboratory frame frame must be included in NANG.
This includes each individual detector which is used as a separate data partition as well as each
individual detector comprising a summed cluster, i.e. logical detector. NANG is limited to <200. In
many cases, a series of logically different experiments is in fact performed during one “physical“ run,
for example when position-sensitive parallel-plate particle detectors are used, providing the data for
a wide range of scattering angles. For this type of experiment the physical setup of the v detectors
remains unchanged, therefore repeating the y-detector related input would be redundant. To reduce
the unnecessary input, one can enter NANG(I) as the true value of the y detectors used with a negative
sign. It will be understood that the v detector setup is the same as for the previous experiment, in the
EXPT input sequence. In this case the next three records should not be input.

IP(1),IP(2)..IP(NANG(I)) The definition of the “physical“ v detectors used in an experiment I
according to the sequence of OP,GDET.

0(1),60(2),..0(NANG(I)) The angular coordinates (6, ¢) in degrees of each - detector in the same
coordinate frame as used for the EXPT input for this experiment.

(1), d(2),...0(NAMG(I)) The z axis always is in the direction of the incident beam.

N.B. It is recommended that for each experiment the 7-ray detector giving the best quality data be

selected as detector number one. This is because only y-ray detector number one is taken into account
81n(YIELDS) and

for certain features of the code, namely, generation of the yield sensitivity maps, i.e.( D In(ATE)

the consistency tests performed by the troubleshooting routine OP,TROU.

The sequence of input records starting from the definition of I P must be repeated for all experiments
NEXP as defined in EXPT input, except when NANG is negative for a given experiment.

NS1,NS2 The transition from the state with index NS1 to the state with N.S2 is chosen as a nor-
malizing transition. Make sure that the energy of state NS1 is higher than that for state NS2.
The transition is common to all experiments. It is used for setting upper limits of unobserved ~y-ray
transitions and for printout compiled by OP,POIN.

The input to OP,YIEL required by OP,COUL ends at this point. The remainder of the input is related
to the least-squares fitting and needs to be entered only for OP,GOSI. The following three lines should be
input if NANG(I) is positive.

NDST Number of data sets for this experiment. This is equal to the number of individual v detectors
that are not summed into a cluster, plus the number of clusters defined in OP,RAW for this experiment.
NDST < 32, while up to 20 clusters per experiment can be defined.

UPL,..UPL, These are the upper limit v-ray yields expressed as a fraction of the normalizing tran-
sition, NS1 — N S2. The number of entries in each record corresponds to the number of data sets for
each experiment defined, i.e. n = NDST'. If the calculated yield of any unobserved v-ray transition,
divided by the yield of the normalizing transition, exceeds UPL, then it is included in the calculation
of the least squares summation used for the fit. Otherwise, the unobserved transitions whose calculated
yields are below the limit of detection for a particular experiment are not included in the least squares
fit procedure. (See Section 6.7).

YNRM;..YNRM,, Y N RM, is the relative normalization factor for Ge detector i used in experiment
TEXP. GOSIA does not require the absolute normalization for a given experiment, instead, the code
finds the best normalization constant correlating calculated and experimental « yields. See record LN

in suboption EX PT (section 7.8). For each v detector ¢ used in experiment I EX P the calculated and
experimental ~ yields are correlated by:
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Y—icxp _ Yvicalc *CZ(IEXP)

where C;(IEXP) is the normalization constant for experiment /EX P and detector i. The code fits the
common normalization factor for all v detectors used in a given experiment I EX P, C(IEX P), related
to the individual v detectors’ normalization factors C;(IEX P) by:

C;(IEXP) = C(IEXP) «YNRM;(IEXP)

Different experiments may have a known relative normalization, e.g. when different projectile scattering
angle slices are defined as experiments. In this case the physical setup, i.e. the location of v detectors
etc. is the same for a whole group of experiments and their relative normalization is set only by the
Rutherford cross sections and the efficiencies of the particle detectors for specified scattering angle
ranges. The known relative normalization may be used by specifying the proper normalization control
LN indices in the EX PT input, then the code will use given Y NRM (I EX P) values to fit the common
C(IEXP) value for the whole subgroup of experiments, the definition of C;(IEX P) for individual ~
detectors remaining the same.

For beam (projectile) detection experiments, Y N RM; should be given by the following formula

00 Rutherford

YNRM; = (— 52

. mean
)glrgle)an X sm(@lab ) X €Ge X €p

where 0,;°" is the mean projectile scattering angle in the laboratory frame, and ege, €, are the relative

efficiencies of the germanium and particle detectors, respectively. If the v-ray yields have been corrected
for the relative Ge efficiency, then ege = 1.

For independently normalized experiments (LN = the experiment number), then

YNRM; = ege (7.5)

should be entered instead.

In the present version of Gosia, if target (recoil) detection is specified for a logical experiment, then
this experiment should be normalized independently. That is, it should not be normalized to any other
experiment, nor should any other experiment be normalized to it (regardless of whether the other
experiment is for target detection).

The RACHEL GUI calculates the correct YNRM values (with the same restriction for target detec-
tion) assuming that all ~-ray yields are efficiency-corrected for the relative efficiency curve of each Ge
detector defined. Note that it is possible to request independent normalization for each individual
v detector by using the CONT switch INR,. In this case the Y NRM input is redundant. The
normalization constants calculated using user-supplied information are printed by the code along with
the recommended relative Y N RM values calculated independently for each « detector.

Consider the example of "2Ge discussed in the description of EXPT (see section 7.8). Assume that there
are two y-detectors for each experiment and that the correction needs to be made to the detection efficiency
of the second detector. An input of the form:

2
0.05,0.10
1,0.7

2
0.02,0.03
1.,0.6
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means that unobserved transitions will contribute to the least-squares sum when their calculated yield
intensities exceed:

EXPT #  ~-Detector #

1 1 5% of normalization transition
1 2 10% of normalization transition
2 1 2% of normalization transition
2 2 3% of normalization transition

and the normalizations constants are:
EXPT # ~-Detector #

1 1 C1 calculated by the code
1 2 0.7 *C1
2 1 C2 calculated by the code
2 2 0.6 * C2

NTAP Specifies the number of the file on which the experimental yields reside. NT AP can have values
of 3 or 4 corresponding to file3 or filed. The file of original experimental yields is modified to correct
for the difference between full Coulomb excitation calculations, integrated over detector solid angles
as well as target thickness, and point calculations at fixed scattering angle and incident energy. This
modified file of experimental data is used for the least squares minimization and error estimation in
conjunction with point calculations. This correction is performed by the OP,CORR command (see
Section 6.5.1 and Section 7.4) which reads the unmodified experimental yields from file 3 and writes
the corrected experimental yields in file4d. Consequently, NT'AP must equal 3 when OP,CORR is used.
The least-squares minimization and error estimation require the corrected yields. In this case, NTAP
should be consistent with the file assignment given in the computer control statements preceding this
program. NTAP must equal 4 when OP,ERRO is executed with the CONTSM R, switch because
file3 is then reserved for the output needed by the quadrupole sum-rules program SIGMA. NT AP may
equal 0 when experimental yields are not required, e.g. when running OP,STAR or OP,POIN under
OP,GOSI. NTAP =0 implies that the code will not attempt to find and read in the experimental
yields file. This would be appropriate for reintegration of the predicted yileds using OP, INTI.

NBRA, WBRA Are the number of experimental branching ratios to be input and weighting factor,
respectively. A maximum of 50 branching ratios can be input. If NBRA = 0 then no further input of
branching ratios is required. The weighting factor, W BRA, is defined for all the branching ratios used
in the least-squares summation. Thus, normally W BRA = 1.0. It can be helpful, during minimization,
to switch off (WBRA = 0) or reduce the weight of the branching ratio data to eliminate a problem
caused by trapping of the search in the narrow valleys resulting from accurate branching ratio data.
For example, branching ratio data can cause the search to be trapped in a solution having the wrong
sign for a given matrix element.

If NBRA is not zero then the input is as follows:
11,12,13,14,B,DB Repeated NBRA times

where I is the level index specified in the LEVE input. The branching ratio B with error DB is
defined by the ratio of «-ray intensities:

11— 12
o PEPP
NL, WL Are the number of experimental mean lifetimes to be input and the weighting factor where

NL < 50. If NL =0 then no further lifetime records need to be input. The weighting factor, WL,
is used for all the lifetime data in the least-squares summation. Normally, WL = 1. The weighting
factor can be set to a smaller number or zero if it is desired to reduce or switch off, respectively, the
influence of the lifetime data.
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INDEX, T, DT NL records. INDEX is the index of the level, specified in the input to LEVE. T is
the mean lifetime, in picoseconds (10~ %secs), of the level.

Note, it is not the half-life T' o = In(2.) *T. DT is the error of the mean lifetime in picoseconds.

NDL, WDL Are the number of experimental F2/M1 mixing ratios to be input and the weighting
factor. NDL < 20. If NDL = 0 no further mixing ratio records are required. The weighting factor,
W DL, is used for all the data points in the least-squares summation. Normally, W DL =1.0. WDL
can be made smaller or zero to reduce or switch off the influence of the mixing ratio data.

IS, IF, DELTA, ERROR N DL records of mixing ratios. DELT A is the E2/M1 mixing ratio for the
transition from level IS to level IF. It is defined as:

2 < IF||M(E2)||IS >
M1 < IF[|M(M1)[|IS >

Note that the phase convention used is that of Krane [KRA70]. See [KRA70] for a discussion of the
various phase conventions. FRROR is the error in the mixing ratio. Note the error is assumed to be
symmetric to assure continuity of the least squares function.

DELTA = a( > = 0.835 E,(MeV)

NAMX, WAMX The number of experimental FA/M X\ matrix elements (NAM X) to be input and the
weighting factor (WAMX). If NAM X = 0 no more input is required. The weighting factor, WAM X
is common for all the matrix elements used in the least-squares summation. Normally WAMX = 1.0.

WAMX can be made smaller or zero to reduce or switch off the influence of these additional data,
NAMX <100

LAMBDA, INDEX,,INDEX,, ME, DME Repeat NAM X times.

LAMBDA is the multipole, EA with A = 1,2,3,4,5,6 and M1 with LAMBA =7. INDEX, is
the level index. Note the restriction INDEX, < INDEX,. MFE is the EX or M1 matrix element,
in the same units as for the M E input, while DM FE is the error, assumed to be symmetrical. In the
fit procedure the sign of M F is ignored if INDE X1 is not equal to INDEX?2.

The input of known electromagnetic matrix elements concludes the input to OP,YIEL. The experimental
deexcitation y-ray yields are input separately as described in Section 7.33.
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7.33 Input of experimental y-ray yields from Coulomb excitation

There are two methods to input the experimental «-ray yields for use for least-squares fits of the matrix
elements to experimental data. The direct method, implemented in the 1980 version of Gosia, involves an
inflexible format for specifying the initial and final level indices needed to identify each input yield value. This
method is especially inflexible to any change in the level or band structures. The 2011 method implemented
in Rachel, and described in chapter 8.4.5, uses names to identify bands which provides flexibility for addition
or removal of levels or bands. In addition it allows direct input of Radware ags files of yield data.

7.33.1 Direct input of y-ray yield data using the original Gosia format:

The experimental y-ray yields from the Coulomb excitation experiments should be put in a separate file 3.
(See also OP,FILE in section 5.9). GOSIA then creates file4 if OP,CORR is executed.
The structure of the file is as follows:

IEXP,NG,ZP,AP,EP,ND, WT This header record appears before the experimental yields for each
experiment and data set.

IEXP This is the experiment number. The experiments must be input in the same order as used for
EXPT and OP,YIEL.

NG Number of data sets for experiment I EX P. It is equivalent to the OP,YIEL input NDST.

zp Charge number of the projectile.
AP Mass number of the projectile.
EP Bombarding energy of the projectile (MeV).

ND Number of experimental v-ray yields to be input for the specific IEX P and data set.

WT The weighting factor assigned to a given data set (see Eq. 6.73). Normally WT = 1.0. This
weight factor can be made less than one or zero to reduce or switch off respectively the influence of
this particular data set.

All the entries of the header, except WT and ND, are used only for reprint of experimental data,
therefore using the values defined in EXPT and OP,YIEL inputs is not strictly required. Nevertheless, it is
recommended to enter [EX P, ZP, AP, EP and NG according to the previous definition to make sure that
the sequence of experimental yields is correct.

Each header should be trailed by ND records for that particular experiment and data set. The format
is:

ILIF,Y,AY

where:

17 Initial level index.
IF Final level index.
Y, DY  The arbitrarily normalized «-ray yield for transition
II — IF with absolute experimental error £AY.
For unresolved doublets, consisting of the 111 — I F'1 transition plus the 112 — [ F2 transition, the input
format is: (100 IT1 4 112), (100 IF1+ IF2), Y1 + Y2, A(Y1 + Y3) where:
111,112 Are the initial level indices for transition 1 and 2.
IF1,IF2 Are the final level indices for transition 1 and 2.
Y1+ Y2, A(Yr +Y3) Is the summed yield of the unresolved transitions
II1 — IF12 and 112 — IF2 with error +A(Y; + Y3).
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There are no restrictions regarding the sequence of the experimental data within the single data set. Data
sets within an experiment should be ordered according to the highest logical detector index. If no clusters
are defined (see OP,RAW) this is equivalent to ordering the data sets according to the sequence of logical
detectors defined in OP,YIEL.

Below is an example of an experimental y-ray yield data file for a 2°Na beam at 34 MeV. Experiments 1
and 2 have two physical v-ray detectors each, while experiment 3 has one. Note that the header is repeated
for each detector. The third experiment measured an unresolved doublet of the 7 — 6 and 5 — 4 transitions.
The second detector in experiment 2 is weighted 0.5.

1,2,11,20,34,2,1.
2,1,634.,6.
3,2,247.,3.
1,2,11,20,34,1,1.
2, 1, 454., 10.
2,2,11,20,34,2,1.
2, 1, 74., 13.

3, 2, 40., 10.
2,2,11,20,34,3,0.5
2, 1, 722., 32.

4, 3, 392., 20.

3, 2, 302., 13.
3,1,11,20,34,1,1.
705, 604, 9.6, 1.1

7.33.2 Rachel format for input y-ray yield data:

The Rachel format for input of experimental y-ray yield data is described in chapter 8.4.5.
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Chapter 8

RACHEL: A graphical user interface

A.B. Hayes, D. Cline®

“University of Rochester

RACHEL is a graphical user interface (GUI) for GOSIA written entirely in Python 2.6. This chapter addresses
the Rachel version 1.0. The purpose of Rachel is to allow the user to quickly develop inputs to the Gosia code
for standard problems and to run Gosia calculations and fits of matrix elements without editing the Gosia input
by hand—working entirely within the GUI. The Rachel code understands Radware ascii gated level scheme
(AGS) files and is able to read both the level scheme and, optionally v-ray yield data from the AGS files or
text files. By automatically generating ELAST or SRIM stopping power values and using the BRICC internal
conversion calculation option of Gosia, the input file generation is completely automated, except for several
input prompts by the terminal for the user which are preceded by explanatory notes. The process of setting up
the calculation is further streamlined for large level schemes of collective nuclei by allowing the user to define
entire sets of matrix elements using standard models (rotor, Mikhailov rotation-vibration coupling, etc.) in a
single command. Matrix element couplings, B(M\) values, y-ray yield data (measured and calculated) can
be instantly displayed graphically, so that the user does not have to extract these items from a lengthy Gosia
output file. This greatly facilitates fitting and analysis. If a non-standard problem needs to be treated, the
GUI can be used to generate a basic template input file, which the user can modify by hand and use to run
Gosia independently of the GUIL. One major advantage of starting to learn Gosia using Rachel is that the GUI
has the ability to quickly generate simulated data with optional random scatter of the yields, which can aid
users in planning experiments. That is, a simulated set of the desired measurements can be made assuming the
proposed experimental parameters, and the predicted uncertainties in the fitted matrix elements can be used
in experimental proposals.

8.1 Introduction

The standard input to Gosta [GOSO08] is long and time-consuming to write and debug, especially for
collective systems where many hundreds of matrix elements need to be included. The time-saving and
instructive prompting features described below not only streamline analysis of data from an experiment that
has already been collected, they solve an unfortunately common problem in Coulomb excitation experiments:
an experiment is performed, and there may be a wealth of data, but it only becomes clear after spending
months of analysis that the data will not yield the quantity that was desired, or with useful precision, or that a
semi-classical code such as GOSIA is inappropriate for the experiment. The push-button controls, instructive
input prompts, the “Help” button, automated accuracy-testing features, and data simulation capabilities
of RACHEL are designed to aid in analysis as well as experiment planning with predicted uncertainties in
measurements. Studying the Coulomb excitation analysis techniques to find the best approach, before a
proposal is submitted, can provide a tremendous benefit to planning.

A graphical display of matrix elements and functions to add many matrix elements using rotor, rotor-
vibrator models etc. provide a tremendous speed advantage to the user in setting up calculations for large
level schemes, including an automated re-ordering of the matrix according to the needs of GOSIA, when matrix
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Figure 8.1: The RACHEL level scheme display shows the couplings between bands (blue arrows labeled with
the multipolarity), in-band couplings (“E2” and “M1” at the tops of bands), fixed matrix elements (not
variable in fits) shown as black arrows between levels, selected master (fit parameter) matrix elements shown
as green arrows between levels, and matrix elements dependent on the masters displayed as red arrows.

elements or levels are added or removed (Fig. 8.1). An upcoming version is expected to have additional
tools to visualize data and highlight conflicting data in fits such as illustrated in Fig. 8.2.

In addition to the electromagnetic parameters, GOSIA requires a significant amount of information from
the user to describe the laboratory experiment. This includes beam and target species, particle and gamma-
detector geometries, and beam energy ranges as the beam traverses the target. It can simulate a 47 array
such as Gammasphere[GS98], or treat individual Ge detectors defined by the user. The only restrictions on
the layout of the Ge arrays are in the maximum number of Ge detectors as described in the GOSIA manual.
The user-expandable library of Ge detector types and arrays provides a tremendous increase in speed and
ease in preparing setup. When GOSIA inputs are written by hand, stopping power meshpoints as a function
of beam energy must be interpolated by the user and given as input data. Iterated energy loss calculations
must be performed to find the exit energy for thin targets or range for thick targets. Internal conversion
coefficients also must be interpolated and given to GOSIA, with special attention given to the interpolation
near electron binding energy edges. All of this information is calculated by RACHEL from a few simple
parameters given by the user and passed to GOSIA. A growing library of the properties of major 7-ray
detector arrays (Gammasphere, Miniball, Tigress, etc.) is included in version 1.0 to further speed the setup.

For collective systems, it can be very time-consuming to calculate sets of matrix elements and add them
in the proper “odometer” order in the GOSIA input, while removing a rotational band from the calculation
is tedious and prone to error, since it requires a complete re-numbering of excited state numbers and matrix
element indices. Rotational bands can be added or removed easily using RACHEL, and rotor model or other
systematics can be used to quickly create and add or replace sets of matrix elements. Couplings of matrix
elements to one parameter for fitting can also be done quickly with the GUI, by describing the set of matrix
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available in version 1.0. Data visualization

)

Figure 8.2: The plotting features (scatter plot and level scheme
windows (bar plots) will be implemented in an upcoming version.
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elements to be coupled and assigning limits for the fit to one “master”

can be decoupled and fixed again with simple commands.

Bands that the user has deleted from the GUTI’s level scheme can
be re-introduced at any time by re-reading the level scheme file and
deleting the duplicate bands. This means that bands can be deleted
from memory or added from the original level scheme file to fit matrix
elements to different excited bands. This makes it relatively simple to
fit the matrix elements to strongly-populated bands in a first fit, and
then iterate the fit as weakly-populated bands are added. As GOSIA’s
memory permits (<100 levels and <1000 matrix elements), decoupled
levels can be left in the level scheme. RACHEL will de-select nuclear and
~-ray yield data as appropriate for decoupled states.

The entire session can be saved at any time, so that the user can
revert to previous calculations or fits. Automated crash-recovery and
“Undo,” “Redo” buttons allow the user to quickly recover from mistakes
or system crashes, while running on remote machines.
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Figure 8.3: Popup help windows.

RACHEL gives descriptive prompts for information as well as optional pop-up tips to help the novice
user with the typical order of operations (Figure 8.3). A “Help” button and tutorial videos on the RACHEL
website are also available. (These videos in mp4 format can be played on most systems without downloading
a new plug-in.) The library of tutorial videos is being updated for version 1.0 as of the release date of this

manual.

The GUI handles normal and inverse kinemat-
ics for either beam or projectile excitation. Both
annular (or on-axis circular) particle detectors with

Exact and down-sampled detector shape

azimuthal scattering symmetry as well as arbitrary
polygon detectors are treated by version 1.0. Recti-

linear detectors are automatically converted to accu- 10

rate 0(¢) shape sampling data in the Gosia format

as illustrated in figure 8.4. The current version han-

T e
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\LLLL-

dles most arbitrary detector shapes except for PIN

diode arrays and off-axis circular detectors.

The GUI assumes that all y-ray yield data are ef-
ficiency corrected for the relative efficiency as a func-

theta [degrees]
&

tion of E, including differing relative efficiencies of a0
each Ge detector and the low-energy effects of ab-
sorbers, if any were used. Currently there is no plan

50

to handle non-efficiency-corrected yields.

Many accuracy, data handling and fit parameters .

/
-

,
~

are adjustable in Rachel 1 under the button “Gosia -0
controls” including weights of the nuclear data sets.

If it is necessary to use one of the many capabili-
ties of GOSIA that is not currently treated in the GUI,
then a basic GOSIA input can be generated, saved to
disk and edited as desired. Once a basic calculation
is defined in the gosia.inp file, this input can be com-
pared to the instructions in the manual to arrive at
the desired calculation. Note that the GUI does not

interpret gosia.inp files created by the user. Once a gosia.inp file is changed by hand, it is usually necessary
to abandon the GUI to continue calculations or fitting. One exception is the error analysis. Correlated error
calculations can be run outside of the GUI according to the Gosia manual, allowing more flexibility in the

procedure.

50 100
phi [degrees]

150

Figure 8.4: A rectilinear detector defined by the user in
its plane and automatically transformed into the required
0(¢) sampling for GOSIA.
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8.2 What is new in Rachel 1.0

Rachel 1.0 includes some new features that greatly facilitate preparation of Gosia input for complicated
systems. Refer to the appropriate section in the Rachel manual chapter for more information about these
added capabilities of Rachel.

Ge physical type library (Tigress, MiniBall, Gammasphere.)

A number of Ge crystal types for standard detector arrays are available in the “standard library” accom-
panying Rachel 1.0. New detector types can be added to the “user library.” Please submit new standard Ge
crystal definitions through the Gosia Forums: http://www-user.pas.rochester.edu/~gosia/phpBB3/

Fast, simple loading of Ge array definitions (positions)

Common Ge array definitions (MiniBall, Gammasphere, Tigress, etc.) are included with this Rachel
version. These can be imported and attached to one or more experiments using the button “Attach/delete
Ge dets.” New array definitions can be typed by the user in a human-readable text format and added to the
library. Please submit new definitions of commonly-used detector arrays through the Gosia Forums.

One-click loading of all experimental data

In the beta versions, the data file name for each detector in each experiment had to be specified by the
user. This meant lots of typing in the GUI or making copies of an array definition file, each with unique
file names. Now, loading data files for each detector in all experiments can be done using the systematic file
naming system used by Rachel 1.0. This can be done in a single click of the “Import yields” button.

Clearer, more accurate description of the efficiency corrections in simulations.

Early beta versions used an “intrinsic efficiency” that was defined as the probability (0—1) of a y— ray
falling in the photopeak if it was incident on the detector face. This definition was not appropriate for
detectors of arbitrary size and at arbitrary distances from the target. In Rachel 1.0 (and late beta versions)
the standard measure of y-ray efficiency is used and is completely controlled by the user, if the default values
are not applicable. Each crystal defined in the “physical” Ge crystal library distributed with version 1.0 has
an efficiency curve from an actual calibration run (e.g. Gammasphere, TIGRESS, MiniBall). Note that real
experimental data used in Rachel must be corrected for the relative efficiency. (The absolute efficiency is
irrelevant in Gosia fits except for cases where the ratio of the y-ray yields to elastic scattering is measured,
chapter 7.13.) The efficiency curves included in Rachel are used only for simulations in planning experiments.

Stopping power calculations at the best accuracy possible

The approximate stopping power and range calculations performed by Rachel as the user defines exper-
iments now use the Oak Ridge code ELAST, which is distributed with Rachel version 1.0. This replaces
the ELO (author unknown) calculations used in the beta versions. These stopping power calculations differ
significantly from SRIM calculations. Accurate stopping power and exit energy values are important for
accurate predictions and fitting of matrix elements. Rachel version 1.0 can make a call to the Rochester
SRIM server using the button “Stopping power” to load more accurate values.

Fast deorientation tensor calculation and lifetime calculation

The deorientation tensor can be calculated in seconds by running a “Deorientation coeff.” calculation.
This also produces an accurate calculation of lifetimes, including all decay branches and internal conversion
branches.

Scripting capability (under development)

The GUI will run scripts written in the Python version in use. This can be used for fitting parameters
that Gosia does not include in the y-squared minimization, iterating calculations automatically, producing
output files of data that are not normally written by the GUI, generating file formats for other codes, etc.
Simple user-accessors are not available now, but users are encouraged to contact Rochester with scripting
questions.

Automated setup script that compiles gosia, elast, and sets up Rachel.

A setup script is now included with the Rachel distributions. This script compiles the necessary executa-
bles (except gnuplot) and generates the .rachel setup file, which can be modified by the user.

User help

Popup tips (which can be turned off in the .rachel setup file) now follow each user action. These tips
suggest the next action to set up calculations and give advice and warnings. A “What’s new” video will
be available on the Gosia Wiki shortly after the release of version 1.0. The latest version of RACHEL is
available at:

http://www-user.pas.rochester.edu/ ~gosia/mediawiki/index.php/Rachel, a GUI for Gosia
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8.3 Summary of general features of Rachel
The following list summarizes the general features available in Rachel.

A user-expandable library of standard Ge crystals e.g. Gammasphere for instant setup
Fully-automated loading of experimental yield data using systematic file names
Partitioning particle-detector data by azimuthal and polar angles

Graphical definition of rectilinear or irregular-shaped particle detectors

47 experiments (e.g. experiments with no particle detection)

Normal or inverse kinematics experiments

Data from summed 47 Ge arrays

Data from pre-defined or user-defined Ge arrays

Partitioning of gamma-ray yields into summed clusters e.g. GRETA modules
Efficiency-corrected gamma-ray data only

Experiment planning aids: Generation of simulated data based on a proposed beam run with counts
calculated using absolute efficiency; Optional quasi-Gaussian random scatter in simulated data; Esti-
mated precision of the proposed measurement (B(MA) or matrix elements).

Accuracy testing to determine if Gosia will be appropriate for a planned experiment
Fitting and correlated error estimations

Reading level schemes and gamma-ray data from Radware AGS or user-readable text files and includ-
ing: Branching ratio data; Previously measured EM matrix elements, including the measured phases;
Lifetime data for excited states (not the ground state lifetime); Mixing ratios

Several supported data file formats: Radware AGS format; Rachel format nuclear data files; Gosia
format (experimental yield and fitted matrix element data)

Instantly generating plots of experimental vs. predicted yields via gnuplot
Automated generation of stopping power and internal conversion input for Gosia
SRIM stopping power lookup via the Rochester SRIM server

Push-button controls

A searchable help function

Saving the entire session to a file

Undo/Redo of most functions and crash recovery

8.4 The code

RACHEL is written entirely in Python with calls to GOs1A and ELAST (The Oak Ridge stopping power code).
Rather than passing data in and out of these two codes, the GUI calls the codes and then parses the output
files generated by them. Version 1.0 can also call the Rochester SRIM server for more accurate stopping power
data. (Chapter 5.3 illustrates the 10—15% discrepancy between SRIM and other codes or compilations.)

The Clebsch-Gordan coefficients function was translated into Python from the Fortran function NED
[NEDO03]. Use the “Help” button, topic “credits” to see all credits.

8.5 Installation

Refer to section 8.11 for information about specific architectures and operating systems.

Install the GUI on the machine where GOSIA will be run in a new directory by simply un-tarring the
distribution package. The GUI does not support running GOSIA remotely on a different machine.

Among other benefits, the use of Python allows for portability of the code. The GUI has been run
without modification on the following systems: OS X 10.5 and 10.6, Ubuntu version 10.04, SUSE Linux, as
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well as other Linux/Unix flavors. Currently, the GUI will not run under Windows because it uses a number
of Linux-type system calls. There may be graphics problems running under Ubuntu version 11.04 and higher.
In the short term, contact Rochester for help resolving graphics problems. An upcoming version will use
more portable GTK graphics.

Python version 2.6 is required to run RACHEL. It should be Python 2.7 compliant on most machines.
The following Python libraries, appropriate for the Python version in use, must be installed:

pickle! readline copy time math!

bisect numpy pylab matplotlib  pyplot (a module of matplotlib)
pygtk (version 2.%) gtk gobject  os pango

Sys subprocess random! string textwrap

After following the instructions in the remainder of this section, you can test for missing libraries by
invoking the GUI. If it reports a missing library, install it by using easy_install at the system prompt.
This is a standard Python auxiliary installer. (If you do not have sudo or root privilege, contact your IT
department.) Be sure to use the easy install version corresponding to the correct version of Python on
systems where a Python version older than 2.6 is also installed. Do not remove the original version of
Python from your machine. Other software may depend on this original version.

The .maplotlib/matplotlibre file in the user’s home directory may need to be modified to use the proper
graphics back-end for the system. On Linux, TkAgg usually works, but this depends on the configuration
of Python. On OS X systems use “macosx”. See

http://matplotlib.sourceforge.net/faq/installing_faq.html

for more information. See chapter 8.11 for more details.

In order to use the yield-plotting feature, gnuplot must be installed on the system and located in the
user’s PATH settings or by link or alias, i.e., gnuplot must be invoked by the command gnuplot at the
system prompt on the machine running RACHEL. (Other plot packages may be supported in the future.)

8.5.1 Compiling elast and gosia using the compile-all.sh script

Move into the directory where the Rachel tar archive was extracted (the location of rachel.py) and run the
compile-all.sh script. This is usually done by typing

./compile-all.sh

This will compile the Gosia version distributed with Rachel, which is in the gosia_source directory and
the Elast version modified for command-line use by J.M. Allmond, which is in the elast _source directory.

The compile-all script will also create a .rachel setup file in the home directory, which can be copied to
another account and/or a working directory. This setup file contains some user settings and the locations
of the executables and the BRICC data files. This file can be modified in a text editor, for example to turn
the popup tips on or off.

./compile-all.sh clean will remove the compiled executables.

Thanks to J.M. Allmond for the compiling script.

8.5.2 Compiling elast and gosia without the compile-all.sh script

Currently, RACHEL requires that ELAST is available for estimating the stopping power for the experimental
setup and that the BRICC data files are available for GOSIA.

Compile the versions of elast and GOSIA that come with the GUI package. Since the GUI uses a relatively
new GOSIA command OP,INTI , a recent version of GOSIA must be used.

To compile GOSIA and ELAST , use a standard Fortran 77 compiler such as g77 or gfortran.

Note that the BRICC internal conversion executable is not needed. To obtain a newer version of the
BRICC data files, refer to the NNDC website [NNDC].

The GUI requires that all executables and auxiliary files are on the machine where the GUI is to be
run. The GUI can be run remotely by piping the XWindows using ssh -[X|Y] ... or similar, but it is not
possible in the present version, for example, to run RACHEL on the local machine, calling GOSIA, ELAST, or
auxilary BRICC files on a remote machine.

IThis library and a number of other libraries in this list come with the standard Python installation.
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8.6 Getting started

8.6.1 Level scheme
Finalize the level scheme

For an accurate Coulomb excitation calculation, it is important to include one or two states in every sequence
or band above the observed transitions. This ensures that the contributions to the population of observed
states, due to the decay or virtual excitation of higher-lying levels, will be calculated accurately. Add these
“buffer” states before reading the level scheme into RACHEL . The level energies in Rachel must be entered
in keV for compatability with Radware and the NNDC' compilations. Rachel converts the excitation energies
to MeV as required when passing them to Gosia.

Note that the present version of the GUI will become confused if there are two or more states of the same
spin in the same “band.” (GOSIA does not consider bands, so the separation of states into bands is only for
ease of defining the matrix in RACHEL.) It will also cause problems to put states of different parity in the
same band. To avoid problems, create as many bands for the GUI as necessary, so that each band has at
most one level of each spin and only one parity for all states in the band. The even and odd signatures for
a band can be merged in the GUI if this simplifies adding groups of interband matrix elements.

The GUI will assume K values for each “band,” but these can be changed as desired using the button
“View / set K”. GOSIA interprets only reduced matrix elements and does not consider any K value; the K
values are used only to compute the matrix element Clebsch-Gordan coefficients when generating a set of
matrix elements using a collective model.

Using Radware

Choose band names so that they are easy to type and contain no spaces. Radware allows a maximum of
eight characters in a band name. Band names for each signature must be unique, unless it is desired to
permanently merge them in the GUI.

Once the gls file is finalized, use the Radware utility gls conv, option 3, to convert it to an AGS (text)
format file that RACHEL can read (below).

The GUI compresses all Radware band names by removing all whitespace. Hence, it is important to
choose band names in Radware that do not differ only in whitespace. For example, bands “b 17 and “b1”
used in the Radware level scheme would both be compressed to “b1” in the GUI and could cause problems.
Also, some of the gls/ags files in the Radware site level scheme library have two states of equal spin or
different parity which use the same band name and states with no spin or parity assignment. In order to
begin calculations with a level scheme file from the Radware library, these states must be moved to different
bands and spin-parity assignments must be made using Radware, before converting to the AGS format for
RACHEL .

Using text files for level data

An example of a properly formatted Rachel level scheme file follows:

41 89 # The Z and A of a phoney nucleus

gsb 1.5 - 0.0 # the ground state

gamma 3.5 # an incorrectly formatted line will be ignored

gamma 2.5 + 100. # The parity symbol should be separated by a space from spin and energy.
side 5.5 + 250. # Note that all the excition energies are given in keV.

side 7.5 + 300.

side2 9.5 - 350. # Only states of one parity can be in single band.

The band “gsb” has one level, spin 1.5, parity negative at energy 0.0 keV. This will be automatically
assigned band number 1. The band “gamma” will be automatically assigned the next available band number,
2. Tt has two states, spins 3.5 and 2.5, but the line for the I = 3.5 state is incorrectly formatted (missing
the parity and energy). This level will not appear in the level scheme. The GUI will be confused by spaces
in band names in text-file level schemes.
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Starting rachel
To start RACHEL make a separate working directory for each new Rachel setup. Type
python [path]/rachel.py

where python may require a path or a version number. On some systems with multiple Python versions,
for example, it may be necessary to use python26... or similar to invoke the correct Python version.
Alternatively, the first line in the rachel.py file

#!/usr/bin/env python2.6

can be modified to invoke the desired python environment. In either case, the full path to Rachel must be
specified, or the rachel.py executable must be found in the default path, or called by a shell alias. Since
the terminal is used for user prompts, Rachel cannot be run “in the background,” e.g. with

python [path]/rachel.py &

8.6.2 The .rachel setup file

If this is the first time that RACHEL is started, and there is no .rachel_setup file in the working directory or
the user’s home directory, then the GUI will issue a warning on startup that it cannot find the .rachel _setup
file, and it will prompt for the necessary information to generate the file in the working directory. It will
then write the file, re-read it, test the validity of the paths and executables defined and report any errors. If
errors are reported, it will give the option to regenerate the setup file correctly. An example of a correctly
formatted .rachel setup file follows.

ELAST_EXECUTABLE = elast

GOSTA_EXECUTABLE = gosia

BRICC_IDX_FILE = /home/schrodinger/programs/bricc/BrIccFOV22.idx
BRICC_ICC_FILE = /home/schrodinger/programs/bricc/BrIccFOV22.icc
RACHEL_DIRECTORY = /home/schrodinger/programs/rachel
MAXIMUMUNDOSTEPS = 30

The final entry is the maximum number of undo steps that the GUI will allow. (There is not a prompt for
this entry in the interactive setup.) Do not set the number of undo steps fewer than about 10, because the
GUI also uses the “undo” invisibly for accuracy-testing features and for crash recovery. Undo information
is stored in external files that are cleaned when quitting or re-starting RACHEL. These files are usually very
small. For large, rotational nuclei (e.g. A ~ 180 or A ~ 238), they will usually be no larger than ~ 200kB
each, so setting a large number of undo steps should not use significant disk space.

If the .rachel_setup file is placed in the user’s home directory, then it will not be necessary to generate
one in each new working directory. A setup file in the working directory, however, will supersede one in the
home directory.

8.6.3 Add the matrix elements

1. This can be done by adding one reduced matrix element at a time using the button “Add (Iy||MA||I; >”
after selecting the multipole in the top-right pull-down tab and entering the initial and final band numbers
in the “initial / final band ” text entries. The GUI will interpret mathematical operations including Clebsch-
Gordan coefficients at the prompt that follows.

—or—
2. Rotor model parameters can be entered for matrix elements in a similar way by selecting the multipole
and equal initial and final band numbers and the button “Add/change m.e.” This will prompt for the
appropriate intrinsic moment for inband E2 or M1 matrix elements, which, in this case must be a number,
not a mathematical expression. This will add an entire set of inband matrix elements based on the rotor
model. M1 static moments are not included, because they consume space in the limited memory of GOSIA
and have insignificant effect on the population cross sections.

Interband matrix elements can be added by either of the methods above. If they are to be entered
systematically using method 2, then before using the “Add/change m.e.” button, select a ”systematic” from
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the pull-down tab just above the “Initial / final band” entries. Individual matrix elements or sets of matrix
elements can be selected as fit parameters, to allow GOSIA to deviate from these initial guesses of systematics.

To add nominally K-forbidden interband matrix elements, either change the K values of bands as desired
before adding matrix elements, or use the rule “Kforbidden” in the systematic pull-down tab. This uses the
systematics of equation 4.95 in [BOHG69].

8.6.4 Experiments

Refer to the GOSIA manual for a definition of an “experiment.” In short, it can refer to a unique laboratory
experiment, to a partition of the projectile or target scattering angles, or to an individual particle detector.
Experiments can be added or deleted with the button “Add/delete expt,” which prompts the user for all
necessary information to define the experiment.

The GUI button “Examine setup” has an option “Experimental setup,” which will print a catalog of the
following form:

Experiment catalog

# 1 2 3 4 5
theta_min 25.0 34.0 43.0 35.0 24.0
theta_max 34.0 43.0 52.0 50.0 31.0
un-inv. Z 54 54 54 82 82
un-inv. A 136 136 136 208 208
Ebeam 650.0 650.0 650.0 985.0 985.0
Norm to expt # 1 1 1 4 4

In the example above, experimental yield data for experiments 2 and 3 will be interpreted by Gosia and
the GUI as normalized to the data of experiment 1, and similarly, experiment 5 is normalized to experiment
4. Generally, normalizing one data partition to another for the same beam run experiment will greatly
increase the sensitivity of the fit of the matrix elements to the data, so it should be attempted wherever
possible. It is not likely that two different laboratory experiments can be normalized one to the other, since
generally the different beam doses have not been measured and taken into account in normalizing the yield
data from each.

Do not attempt to “chain” the normalizations of experiments. There should be only one normalizing ex-
periment within a subset of experiments. For example, in most cases the GUI will refuse to allow experiment
3 to be normalized to experiment 2 if experiment 2 is normalized to experiment 1. The following example is
not valid.

Experiment catalog

# 1 2 3 4 5
theta_min 25.0 34.0 43.0 35.0 24.0
theta_max 34.0 43.0 52.0 50.0 31.0
un-inv. Z 54 54 54 82 82
un-inv. A 136 136 136 208 208
Ebeam 650.0 650.0 650.0 985.0 985.0
Norm to expt # 1 1 2 4 4

The normalizations for logical experiments 1—3 are “chained”: experiment 3 is normalized to experiment
2, and experiment 2 is then normalized to experiment 1. This could cause inaccuracy in fitting matrix
elements to experimental yield data.

8.6.5 Yield data

To make Coulex simulations, including the generation of simulated data to test the uncertainties for a planned
experiment, skip this section. In that case, only one level scheme file is needed.

Each data set corresponds to one laboratory (“logical”) detector in one logical experiment. (See the
GOSIA manual for the definition of a “logical experiment.”) A detector can be defined as a 47 array in
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the GUI. For more than one (logical) detector or more than one experiment (the majority of cases), the
experimental yields for each detector must reside in a separate AGS or text file. AGS files contain both the
level definitions and the intensities, while Rachel-format text files keep the level scheme in one file and the
yield data in one or more separate files.

When the GUI writes yield data for Gosia, it will not include data for states which cannot be populated
and which cannot decay according to the current matrix definitions. This will save space in the limited array
sizes of GOSIA.

Using Radware ags files for yield data

When using Radware programs gls, escl8r or levit8r to record the yield data, make sure that the overall
normalization will allow all experimental yields to be represented accurately within the precision of the gls/ags
file output. These files round intensities to 10™%, so the yield and error should be represented accurately
within this precision. Only relative yield intensities are considered in GOSIA, the overall normalization being
adjusted as a fit parameter. Naturally, if the y-ray yield data for one GOSIA logical experiment are normalized
to that of another logical experiment, then the yields for these experiments must use the same normalization.
One AGS file is required for each GOSIA data set (one per Ge detector for each logical experiment) in
Rachel, since each GLS or AGS file represents the data from one detector. Use the Radware “edit gamma”
function (EG) to give the measured intensity by hand if the intensities were not fit using escl8r or levit8r.
Convert the gls file to an ags (ascii gated level scheme) file using option 3 in Radware gls _conv:

$ gls_conv
GLS_conv Version 2.0 D. C. Radford Sept 1999
Welcome....

Type 1 to create a level scheme figure in postscript
from a .gls file,

2 to output level and gamma data (.dat file) from a .gls file,

3 to convert a .gls file to an ASCII (.ags) file,

4 to convert an ASCII .ags file to a .gls file,

5 to calculate B(M1)/B(E2), B(E2)/B(E2) and B(E1)/B(E2) ratios,
or 6 to calculate E(bandl) - E(band2) or E - RigidRotor

energy differences.

...Response = 73

If transitions have no yield data for a particular data set (.ags file), the arrows representing
these transitions should either be deleted or toggled to “tentative” dashed arrows, so that
their Radware default intensities will be ignored by the GUI.

Using text files for yield data

Any overall scale for the yield data in text file format is acceptable, within the machine precision, unlike in
the Radware .ags file method.
An example of a properly formatted yield data file for one detector follows.

gamma 2.5 gsb 1.5 1.0 0.1
side 9.5 side 7.5 .5 .05
side 7.5 side 5.5 .4 .04
side 9.5 side 5.5 .3 .03
side 5.5 gamma 2.5 .2 .02

The yield of the transition from band “gamma’”, spin 2.5 to band “gsb”, spin 1.5 is 1.0 + 0.1, etc.
Obviously, these band names must be identical to the band names in the AGS or text-file used to generate
the level scheme. If bands are merged in the GUI, it is not necessary to edit this yield file; the
GUI will remember the original band names and assign the yields to the proper states.
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8.6.6 Nuclear data

Here, the term “nuclear data” means only those quantities that are intrinsic to the excited states’ decays, i.e.,
(v-ray) branching ratios, E2/M1 mixing ratios, lifetimes and measured matrix elements (phase sensitive).
All nuclear data should be entered into the rachel_nuclear_data.txt file, which is in a “human-readable”
format as of Rachel version 2.0.0.beta. Refer to the example rachel_nuclear_data.txt.EXAMPLE included
in the RACHEL distribution. It is best to use the original band names (with whitespaces removed) for
separate signatures, so that the branching ratios will be understood if the signatures are not merged in the
GUI session. If bands are merged in the GUI, then either the original signature name, or the final name of
the merged band may be used to identify the states in the branching ratio data. (It is not necessary in that
case to rework the file.)
An example of a properly formatted rachel_nuclear_data.txt file is given below.

# This is an example file. Data are meaningless!

lifetime gsb 2.0 400. 80. in picoseconds

< gsb 2.0 || E2 || gsb 0.0 > = 2.17 0.02 Sign is interpreted as positive [eb]
mixing gam 2.0 gsb 2.0 0.35 0.05 any user comment

< gamod 3.0 || E2 || gsb 4.0 > = -0.45 0.12 Sign is interpreted as negative

< gsb 2.0 || E2 || gamod 3.0 > = 0.23 0.08 BACKWARD--WILL BE TIME-REVERSED!*

branching gam 8.0 gamod 7.0 gsb 6.0 0.042 0.005
#branching band3 3.5 bandl 1.5 bandl 2.5 0.04 0.01
lifetime gam 2.0 5. 2.

gamma-decay branches only, not conversion
This line is commented out
cite Jane Doe, PRC 5, 289 (1994)

H o HF H HH HH

*Note that time-reversal is done automatically for a consistent phase convention when passing nuclear data
to Gosia.

Refer to the GosiA manual for more information and mathematical definitions of these four types of observ-
ables, units, etc.

If the nuclear data file exists in the working directory, then the GUI will automatically read and select
all applicable data from this file, storing but not passing to Gosia data that pertain to decoupled or missing
states. This data collection is done at each fit or error-calculation step, and the file may be modified between
successive steps. A “#” symbol in the first column will “comment-out” (de-select) that line.

8.7 Recommended order of operations

The order of operations described below will result in the most accurate calculations. In some cases, skipping
steps could result in an incorrect interpretation of the results. For example, the calculated (“integrated”)
yields are not updated by the fitting or correlated error calculation and must be re-calculated after any step
that changes the matrix or experimental parameters. Suggestions are printed in the terminal window (or
optional pop-ups) before and after running most processes to ensure that the user does not skip an important
step, such as re-writing the gosia.yld file after importing new data. Refer to Figures 8.6,8.7, and 8.8 for
the best sequence of operations.

8.7.1 Set up the level scheme

Make a working directory and copy the level scheme file and any ~-ray yield data files (one for each detector
per experiment) into it. Note that the level schemes do not need to be identical in each yield data file, but
band names must be consistent. If fits are not going to be done on data, such as in experiment planning,
then only one level scheme file is necessary. If Radware AGS files are used, the v-ray yields will be ignored
when reading only the level scheme. In the working directory, start RACHEL (section 8.4).

Once the GUI control panel is displayed, the level scheme can be read. Click “Read level scheme” on
the control panel, and answer the prompts for the type, AGS or plain text, and file name in the terminal
window. (Remember that only the AGS ascii version can be used. The GUI will not read GLS files.) Enter
the mass number of the nucleus if the prompt appears for it in the terminal window.

The following order of setup is recommended.
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Delete unwanted bands.

Bands can be deleted at any time during a RACHEL session. In version 1.0, if there are experimental or
calculated yields in memory, and a band is deleted, it is not necessary to reload any experimental data.

The total number of levels in memory is displayed at the top-left of the level scheme. If there are more
than 99 levels, some bands must be deleted, or individual levels must be deleted from the original level
scheme file(s). In the latter case, one or more bands should be deleted from memory, and the level scheme
should be re-read.

Weakly populated bands or decoupled bands that are not necessary for the calculations can be deleted to
save space and simplify the display in an initial fit of the matrix elements of the strongly-populated states for
a large level scheme. Bands can be left in the level scheme if their levels have no interband matrix elements
that can populate them. In this case, yield and nuclear data for these bands will be automatically left out
of the data set sent to GOSIA. If a change is made to the level scheme or matrix, the gosia.yld file should be
written again using the button “Write gosia yld file.” The gosia.yld file is not written automatically so that
it can be edited by hand if desired, but this is not recommended.

To delete a band, click the “Delete band” button and enter band numbers one at a time. Press “enter”
to quit.

Merge bands if desired

Bands may be merged at any time in version 1.0. Usually, this would be done to merge the even and odd
signatures of a rotational band. In many cases, it will be much easier to enter the EM matrix elements
systematically, if both signatures are combined, but this is not required.

Enter the initial band number into the first text-entry below “Initial / final band”. This will be merged
into the band whose number is entered in the second text-entry, and the name of the final band will be kept.
Click “Merge bands.”

The GUI automatically makes the required phase changes to matrix elements when merging bands.

Change the ordering of the bands as desired.

Note: Band 1 must be the GSB, so that GosiA will understand which is the initial state of the nucleus before
the collision. To change the ordering of bands, enter the band numbers to be interchanged in the “Initial
/ final band” text entry fields and click “Swap bands.” The GUI automatically makes the required phase
changes when swapping bands.

8.7.2 Add matrix elements

Be sure to follow a consistent phase convention and add all matrix elements in the upward direction (lower-
to-higher energy) in a band and from a lower-numbered band to a higher-numbered band. Note that this
differs from the GOSIA input where the order of the input matrix elements must be with inderl < index2,
that is, in the upper right triangle. As discussed in chapters 7.16 and 7.17, a consistent phase convention
is essential to avoid errors due to unintended interference effects. The GUI will automatically correct any
matrix elements for time-reversal as necessary, but the user must of course enter a phase that is correct for
the direction in which it is entered.

Enter the initial and final band numbers in the “Initial / final band” text entries first. The initial and
final band numbers can of course be the same for in-band transitions and static moments.

For large level schemes with rotational band structure, the button “Add/change m.e.” can be
used to enter a set of matrix elements in one step. If the matrix elements are in-band, then the rotor model
will be used by the GUI to generate the set of matrix elements. For M1 transitions, static moments are not
included, since they do not have any significant influence on the population probability. (GOSIA assumes one
common g-factor for all states in calculating the deorientation effect.)

In addition, there is a tool (option “ka” in the Tools button menu) that adds all K-allowed matrix
elements to the level scheme using the user’s estimates of E2, M1 strengths, etc.

If a set of interband matrix elements is added using the “Add/change m.e.” button, then a rule must be
selected in the second pull-down tab in the right column of buttons. Currently, as described in chapter 2.4.3,
there are three choices: Alaga rule, Mikhailov rule (for rotational-vibrational coupling, e.g. for coupling
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the ground-state band to the 7-vibrational band) and K-forbidden, which assumes Bohr and Mottelson’s
treatment of K-forbidden transitions [BOHG9].

Follow the prompts to add matrix elements. After they are added, they can be viewed by clicking the
“Show m.e.” button at the left. The B(M ) values can be plotted in the level scheme window by clicking “Plot
B(ML).” The reduced transition probabilities are plotted with units of e, b, i, in the excitation direction
(low-energy to high-energy and left to right) to follow the convention used by GoOsIA, but the Weisskopf unit
is displayed as a red dashed line in the traditional downward direction.

Matrix elements can be deleted with the “Filter (delete) m.e.” button by entering Boolean rules according
to the instructions in the terminal window. The “Undo” button can be used to revert to the previous matrix.

The “Update LS window” will show which bands have been coupled and which have in-band matrix
elements. In both cases, one or more matrix elements define a “coupling.” Alternatively, choose the multipole
and initial/final band numbers and click “Show m.e.” to see each reduced matrix element defined by an
arrow indicating the correct direction to be passed to Gosia.

8.7.3 Select fit parameters

To fit matrix elements to data, fit parameters may be set as individual matrix elements (“masters”), and
optionally other matrix elements (“dependents”) may be coupled to them. The dependents will vary in
proportion to the masters. There are no restrictions on which matrix elements can be coupled to which
masters, except that dependents must always be coupled to a master. Never “chain” the couplings by
coupling dependents to other dependents. This is not allowed by Gosia and the GUI should always refuse
to allow it.

To add master and dependent matrix elements, select one of the options from the “Fit parameters” menu.
Option “s” is used to set an individual master matrix element. Follow the prompts to define the master.

To add the dependents, either answer “yes” to the prompt after adding a master, or choose option “d,”
from the menu later. Follow the instructions for selecting the master again and enter the Boolean rules to
select the dependents. Note that in Python the Boolean equality operator is “==," not “=.” Be careful to
define the Boolean rules selectively enough that you do not make unintended couplings. After adding the
dependencies, the master and dependent definitions can be displayed for each separate parameter by clicking
“Examine setup” and selecting option “p.” Each master will be shown in green on the level scheme, and all

of its dependents will be shown in red.

Using Boolean rules allows the most flexibility. Every rule is added using a logical “and” to the preceding
rule. Below are some examples.

Specifying all matrix elements coupling band 1 to band 2

Enter rules to define the matrix elements dependent on this master.
Use the variables ib (initial band number)
fb (final band number)
ii (initial spin)
fi (final spin)
ml (multipole--same codes as for the master definition above)
and the boolean operators ==, <, >, not, and, or.
Expressions on separate lines will be combined by a logical ’and’.
For example, entering "ib==1 and fb==2 and ml==7" will specify all
M1 matrix elements coupling band 1 to band 2 as dependent on the
master matrix element specified above.
IF YOU MAKE A MISTAKE, ENTER "False" (without quotes, case sensitive)
on a separate line. This will cancel the operation.
Enter ’q’ to quit when all rules are entered:
Rule>ib==1 and fb==2
Rule>q
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Specify as dependents only the E2 matrix elements coupling band 1 to the even-spin states of
band 2

Rule>ib==1 and fb==2 and (fi % 2) ==
Rule>ml==2
Rule>q

In this case, the modulus operator % is used to select transitions with an even-integer final spin “fi.”

Notes on matrix element couplings

Note that it is not allowed by GOSIA to couple any dependent matrix element to another dependent matrix
element. The GUI will refuse to do this and will print an error, if it is attempted. Instead, couple the desired
dependent to the master matrix element for this set.

While GOSIA can fit a large number of parameters, it is wise to select the minimum number of master
matriz elements possible to obtain the best fit to the desired measurements. Fitting large numbers of masters
requires a tremendous amount of data to obtain a unique x> minimum and can give misleading results.
However, a correlated error calculation should expose this problem by giving very large errors.

Tip: fit the matrix elements coupling to the strongest states first, and then iterate the fit for the
weakly populated states by adding more fit parameters in subsequent fits.

8.7.4 Define the germanium crystal types

Note that this defines the “physical” detectors used, not the “logical” detectors (both as
defined in the gosia manual). In short, a physical detector is defined as one type of Ge crystal or a
47 array. If an individual crystal is defined, then each geometrically unique detector type used in the data
collection must be defined. Two physical detectors must also be specified as unique types if their distances
from the target are different.

To define a Ge crystal or 47 array type, click “Define Ge det” on the control panel, and answer the
prompts for the geometry of the detector. The GUI will display the standard and user-defined types in the
library files. The user can choose from these or define a new type at the appropriate prompts.

Complicated arrays with several types of crystals can be defined using a user-readable text file of the
following format. All dimensions are in cm.

somecrystal

description Some type of Ge crystal
distance 20

outer_radius 4

inner_radius .4

length 9

someother

description some other type of Ge crystal
distance 30

outer_radius 3

inner_radius .3

length 10

To read this file, select option “ip” from the Tools button menu. These may be added to the user’s library
if they are successfully defined. Be sure to use a unique name for each type defined. Once they have been
read into the session they may be “attached” to an experiment as described below.

8.7.5 Define the “logical” experiments

A logical experiment as defined in the GOSIA manual is different from an experiment in the traditional
sense of the term. A unique partition of the particle scattering angles, or obviously a different beam/target
combination or different beam run will require the addition of a logical experiment.
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Click “Add/delete expt,” follow the instructions and answer the prompts in the terminal window to define
all logical experiments. New experiments can be added at any time during a session.

ELAST is used to estimate the exit-energy from the target and stopping powers automatically when
adding experiments, the user may change the stopping power by hand or call the Rochester server for SRIM
data. If SRIM is used the exit energy is recalculated using the SRIM stopping powers. The use of the
ELAST and SRIM tables limits calculations to Z < 92. Rachel version 1.0 can make a call to the Rochester
SRIM server using the button “Stopping power” to load more accurate values. The user can specify a known
target thickness or a known exit energy. For stopped beams, this server call automatically changes the
initial specification of target thickness to the calculated range, so that absolute cross sections (in mb) will
be reported correctly in simulations and plots. This version also handles thick target experiments where the
backscattered projectiles are detected from collisions near the surface of a thick target. In this case, the user
can calculate (outside of the GUI) the energy threshold for which backscatters are detected, and the GUI
can recalculate stopping power data for this range.

Tips:

1. Coupling one logical experiment to another for the same beam run (only) reduces the number
of fit parameters which increases the sensitivity of the fitted matrix elements to the data. You
can do this at the prompts when adding experiments, and you can change the couplings later by
clicking “Gosia controls” and choosing option “n.”

2. The present version of Gosia will not give accurate fit results if you couple any logical ex-
periment with a target-detection experiment; the GUI will force you to leave target-detection
experiments self-normalized. Alternatively you can define those experiments with the equivalent
beam scattering range defined, if this can be done accurately.

3. Separate particle detectors must be defined as additional experiments, with the exception of
PIN diode arrays, which are not yet handled by the GUI.

8.7.6 Attach Ge detectors

Note that for simulations, Ge detectors can overlap in space. For example this can be used to compare the
count rate for a 4w array and a single detector.

After defining all of the logical experiments for different beam runs or partitions of the full data set,
input the germanium detector positions used for each experiment. (These are defined in the GOSIA manual
as “logical detectors”). That is, they may be of the same “physical detector” type defined above, but each
at a unique laboratory 6, ¢ position. This can be done in either of two ways.

For few-detector arrays or 4w arrays, click “Attach/delete detectors.” If the same type and position of a
Ge detector is used for all logical experiments, then the Ge detector can be attached to all experiments at
once, following the prompts.

Any arbitrary spherical-polar coordinate system can be used, as long as it is consistent between the
particle scattering angles and the Ge detector angles, and the polar angles of detectors are consistent with
the beam direction at the polar angle 61,;, = 0.

During this procedure, you can specify a data file (AGS or TXT) to load data “automatically.” Auto-
loading is done using the “al” option in the Tools button menu. If the auto-load feature is to be used,
the logical detector should only be attached to one experiment at a time!

The simplest way to load data is to use the fully-automated system. Refer to section 8.7.7.
To use the completely-automated data loading, it is not necessary to s