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ABSTRACT

INTERMEDIATE-ENERGY COULOMB EXCITATION OF THE NEUTRON-RICH
RADIOACTIVE IsoTopPEs 2NE, 28-3INa, 30-31Mg, 3435AL, 33S1 AND 3P

By

Boris V. Pritychenko

The subject of this thesis is the study of collectivity and deformation in light
neutron-rich radioactive nuclei in the Z ~ 12 and N ~ 20 region. Recent experimental
and theoretical results indicate the existence of strongly deformed nuclei near the
N = 20 shell closure. In a Coulomb excitation experiment conducted at RIKEN, large
values for the reduced transition probability (B(E21)) and deformation parameter
B in *2Mg were reported. These results are in good agreement with shell-model
predictions, which take into account an inversion of the normal v(f7/2)v(ds/2) shell
ordering.

To achieve a more complete understanding of the nuclear properties of light nuclei,
intermediate-energy Coulomb excitation experiments were conducted at the National
Superconducting Cyclotron Laboratory at Michigan State University. Radioactive nu-
clear beams of 2628Ne, 28=31Na, 30-34 Mg, 3435A], 33Si and 34P produced by projectile
fragmentation with energies of F & 50 MeV /nucleon were directed onto a secondary
197 Ay target, where Coulomb excitation of the projectile and target took place. The
de-excitation photons were detected in an array of position-sensitive Nal(T1) detec-
tors, which were selected for in-beam v-ray spectroscopy.

The energies and B(E2;0}, — 27) values for the lowest J™ = 2% states in the
neutron-rich radioactive nuclei 2628Ne and 3*32Mg were measured. In addition, a
1.436 MeV state was observed in 3*Mg. An upper limit on B(E21) was established

in **Mg. The energies of the first excited states, and excitation cross sections were



also measured for: 283%31Na, 3133Mg, 3435A1 33Si and *'P. Data on 3'Na and 3*Mg
indicate that excited states are highly collective as predicted by the island of inversion
hypothesis. These results imply large collectivities in the Z > 11 and N > 20 region.

Due to the mixing ratio-, spin- and parity assignment uncertainties in the odd nu-
clei, only the maximum possible values for B(E1t1), B(E21), B(M11) and B(M21)
were extracted. Comparison of these values with recommended upper limits for -
strengths in light nuclei allowed us to exclude M2 and often M1 excitations as possible
explanations. The extracted upper limits on transition intrinsic electric quadrupole
moments in 2$293%3INa were compared to reported ground state moment measure-

ments.



To those

who believe

v



ACKNOWLEDGMENTS

The research described herein was performed at the National Superconducting
Cyclotron Laboratory (NSCL) and it involved the collaborative efforts of many at
the NSCL. It is a difficult task to express my gratitude to all those esteemed people,
and I apologize to those I may neglected to mention.

I must first thank my advisor, Professor Thomas Glasmacher. T would like to
thank him for his guidance in the many stages my research, for teaching me a good
deal accelerator nuclear physics; for his enthusiasm and most of all, for his patience.

I also would like to express my gratitude to Heiko Scheit and Richard Ibbotson
for teaching me about nuclear data analysis. I would also like to thank them for their
assistance and encouragement during my research. I was very fortunate to find such
an enlightened comrade as Heiko. I believe he made me a better person.

I am indebted to Prof. Vladimir G. Zelevinsky for actively serving on my guidance
committee. He and Alexander Sakharuk provided me with theoretical calculations
for my thesis project and a good deal valuable information about nuclear theory. I
must thank him for his constant help and support during my stay at the NSCL.

I was very fortunate to have an excellent collaboration with Florida State Univer-
sity; Professors Kirby Kemper and Paul Cottle taught me a great deal about physics.

I will remember John Yurkon for assisting me with many difficult aspects of ex-
perimental nuclear physics, and also helping me with my work at the NSCL.

In addition, I will also remember Takashi Nakamura for his valuable insights into
Coulomb excitation and for exposing me to Japanese culture.

I am also thankful to the cyclotron operations group for running the accelerator
during my thesis experiments, and to the computer department for their help and

patience during my data analysis.



Special thanks go to Barry Davids and Joann Prisciandaro for proof reading my
thesis. I was also lucky to have Luke Chen and Richard Shomin as office mates. They
provided help and a good environment for productive research.

I would also like to acknowledge the generous moral support of Lulu Rinkleib
throughout this project.

Finally, I would like to express my gratitude to Professors James Linnemann,
S. D. Mahanti and Michael Thoennessen for their help, expertise and for serving
on my guidance committee. The financial support of the NSF is also gratefully

acknowledged.

vi



Extended Curriculum Vitae

I was born and raised in the Former Soviet Union. In 1979 I attended Tomsk
State University and after one year in Western Siberia transfered to the Department
of Physics and Technology at the Khar’kov State University. I was granted a Diploma
in 1985 for experimental nuclear physics and received the rank of lieutenant in the
reserve of the Red Armed Forces. From the summer of 1984 until December 1991 I
worked at the Baksan Neutrino Observatory, Institute for Nuclear Research, Academy
of Sciences of the USSR (Northern Caucasus, Russia).

Looking back, I must admit that I was very lucky to be there and work for Prof.
Alexander A. Pomansky [1], despite the low pay and poor living conditions. To say
that Pomansky became a professor under the leadership of Bruno M. Pontecorvo and
convinced the leadership of the Tyrnyauz district not to support communist hard-
liners on August 20, 1991, this would not be sufficient to describe him. He was the
son of a known Russian painter and was well versed in art and history. Life in the
Caucasus mountains was rough, we basically had two choices: to succeed in physics or
to find another place of employment. The first option was the more interesting, and
from 1988 until I moved to Berkeley in 1991, I worked on the dark matter problem.
Somehow Pomansky was able to predict that I would not return to Russia but never
tried to stop me. I learned a great deal from him, unfortunately, he died in April,
1993 from the heart failure. My first Ph.D. project was never completed.

A few weeks later, I spoke with V.M. Novikov and V.P. Spiridonov. They sug-
gested that I become a graduate student in the States and forget about my "ego”. I
would like to thank “BOBA” and Slava for their help during this difficult moment in
my life. I still remember that day in June of 1993. I was standing on the corner of

Telegraph Avenue and Derby in Berkeley, when I made my final decision to stay in

Vil



this country. I would like to express my gratitude to the Center for Particle Astro-
physics and to Prof. Bernard Sadoulet, for allowing me to stay despite the obvious
problems with my former employers. I also would like to express my gratitude to Prof.
F. T. Avignone (University of South Carolina) and R. E. Lanou (Brown University)
for their help and support. During my stay in Berkeley I was able to get a different
look at myself and learned a lot. Without doubt, it was the most remarkable period
in my life and I have never been the same.

In September of 1994 I became a graduate student at Michigan State with the
serious intention of obtaining a Ph.D.; in spite of unfavorable circumstances. I soon
came to realize the difference between my expectations and reality in East Lansing,
which resulted in two unhappy years satisfying the Michigan State University degree
requirements. In the Fall of 1996 I passed my comprehensive exams and started to
work for Prof. T. Glasmacher at the National Superconducting Cyclotron Laboratory.
I really appreciate the fact that Thomas invited me to work with the Gamma group,
it was during this time I was able to recover from some of my problems and confide
in such friends as Heiko Scheit.

I would also like to express my gratitude to this wonderful country, which accepted
me with all my strengths and weaknesses. I have finally come to terms with myself,
and can freely admit that I do not feel the need to prove myself anymore. I'm tired of

many remarkable things which happened to me and would like to have just a normal

life.

viii



CONTENTS

LIST OF TABLES

LIST OF FIGURES

1

Introduction

1.1 Physics of Atomic Nuclei . . . . . .. ... ...
1.2 Single-Particle Approach . . . . . .. ... ...
1.3 Collective Approach . . . . . . . . . ...

Intermediate-Energy Coulomb Excitation

2.1 General Description . . . . . . . . ... ...
2.2 Excitation Cross Section . . . . . . . ... . ...
2.3 Angular Distribution . . . . . ... o000
2.4 Experimental Cross Sections . . . . . .. . .. ... ... ...
2.5 Doppler Shift . . ... ... o

Experimental Setup and Main Principles of Data Analysis

3.1 Exotic Nuclear Beams . . . .. .. ... ... ... ... ...
3.1.1 Nuclear Fragmentation . . . . .. ... ... ... ... ....
3.1.2  Fragment Separation . . . . ... ... ... ... ...

3.2 Experimental Setup . . . . . . ... o oL
3.2.1 The NSCL NaI(Tl) Array . . . ... ... ... ........
3.2.2  Zero-Degree Detector . . . . . .. .. ...
3.2.3 Fragment Identification with Silicon Detector . . ... . ...
3.24 Electronics . . . . . . ..o

3.3 Calibration and Gain Matching of the NaI(Tl) Detectors . . . . . ..
3.3.1 Gain Matching . . . . ... oo oo
3.3.2 Position Calibration . . . .. ... ... ... ...
3.3.3 Energy Calibration . . . . .. ... ... ... ...
3.3.4 Stability of Calibrations . . . . ... ... ... ........

3.4 Efficiency Estimations . . . . . .. . ... .o 0000
3.4.1 Efficiency for an Isotropic Source . . ... ... ... .. ...
3.4.2 Efficiency for De-excitation Photons . . . . . .. . .. .. ...
3.4.3 Photons Absorption in the Target . . . . . .. . ... .. ...

3.5 Data Analysis . . . . . . . ...

1X



3.5.1 Experimental Gates and Particle Groups . . . . . ... .. .. 49

3.5.2  Calculation of Incoming Flux . . ... ... ... ... .... 50

353 TimeCut .. ... .. .. . ... . 51

3.5.4 Photon Multiplicity . . . . .. ... ... 000 53

3.5.5 Experimental Errors . . . .. ... 000000 53

4 Experimental Results 55
4.1 Primary and Secondary Beams . . . .. .. ... ... ... ... 95
42 36Ar Test Beam . . . . . . . . . ... 56
4.3 Even-Even Isotopes of 26?8Ne and 303234Mg . . . . . .. . ... ... 58
4.3.1 Experimental Results . . . . . . .. .. ... 0000 o8

4.3.2 Quadrupole Moments Calculation . . . . . ... ... .. ... 64

4.4 Coulomb Excitation of Sodium Isotopes. . . . . . .. .. .. ... .. 68
4.4.1 Experimental Observations for 262*3Na . . . . . .. ... .. 68

4.4.2 Experimental Observations for 3Na . . . . . .. ... .. ... 70

4.4.3 Cross Section Corrections for 3 Na . . . . ... ... ... .. 72

4.4.4 Shell-Model Calculations for 3Na . . . ... ... ... .... 75

4.45 ECIS Calculations of ' Na . . . . . .. ... ... ....... 78

4.4.6 Data Interpretation . . . . . . ... oL 81

4.4.7 Intrinsic Quadrupole Moments in 2293031Ng . . . . . . .. .. 84

4.5 Coulomb Excitation of 333Mg, 3435A1, 33Siand P . . . .. ... .. 86
4.5.1 Odd Tsotopes of 313Mg and 3%3°A1 . . . .. ... ... .... 88

4.5.2 N = 19 Isotopes of Silicon and Phosphorus . . . . . . . .. .. 92

5 Summary 97
A Cross Section Calculations 100
B Calculation of Angular Distributions 110
C Detector Calibrations 117
C.1 Position Calibrations . . . . . . . .. ... ... ... 0. 117
C.2 Energy Calibrations . . . . . . . . ... . o 118
C.3 Efficiency Calibrations for Isotropic Source . . . . . . . . ... . ... 119

D ECIS Calculations 126
LIST OF REFERENCES 130



LIST OF TABLES

3.1
3.2
3.3

4.1
4.2
4.3
4.4
4.5
4.6

4.7

4.8

4.9

4.10

C.1

Ratio of energy losses in the silicon detector for different nuclei.

Efficiency for an isotropic source fit to equation 3.12. . . . . . . . ..
Fit parameters for equation 3.21 for the absorption cross section of
photonsin gold. . . . . . .. ..o L oo

Beam parameters for the isotopes with observed y-transitions.

Experimental parameters and results for even-even nuclei. . . . . . .
Possible excitations of the 2321 keV state in **Mg. . . . . .. .. ...
Experimental parameters and results for sodium nuclei. . . . . . . ..
Charge and matter density distributions in *Na.. . . . . ... .. ..
ECIS calculation. Excitation cross sections (integrated over 6,,,<3.25°)
for states in *'Na from coupled channels calculations with an optical
model parameter set determined for the 7O + 2%Pb reaction at 84
MeV/A [83]. . . o o o o
Experimental upper limits on reduced transition probabilities for as-
sumed F1, E2, M1 and M2-transitions in 262%3031Na deduced from the
measured excitation cross sections in Table 4.4. . . . . . .. .. ...
Recommended upper limits for reduced transition probabilities in light
isotopes (21<A<44). Recommended v-strengths are taken from [70,
71] and Weisskopf (single-particle) estimates of the reduced transition
strengths are extracted from Refs. [31,84]. . . .. ... ... ... ..
Coulomb excitation of 3133Mg, 3435A1, 33Gi and ®*P. Spin and parity
assignments for electromagnetic transitions from the shell-model cal-
culations [5] (denoted by *) and [73] (denoted by ). Spin and parity
assignments extracted from systematics [62] (denoted by t). . . . ..
Experimental upper limits for reduced transition probabilities in odd
nuclei. n/a - denotes multipolarities excluded by selection rules in the
cases of known spins and parities. . . . . . .. ... ...

Description of the calibration 7-sources (x - denotes uncertainties at
the 99% confidence level, 1 - denotes uncertainties with an unknown
confidence level and i - denotes a corrected source strength). . . . . .

xi

48

o7
62
63
70
77

79

81

82

86

87



LIST OF FIGURES

1.1

1.2

1.3

2.1

3.1
3.2
3.3

3.4

3.5
3.6
3.7

3.8
3.9

Neutron dripline and the island of inversion. Isotopes produced at
the NSCL for this thesis with an experimental yield more than 1 par-
ticle/sec are shown in gray, the slashed boxes represent the island of
inversion and the dashed line represents the calculated neutron dripline
[2]. .
Nilsson diagrams for light nuclei. Each nuclear state is described by the
following parameters: total number of quanta, number of quanta along
the z-axis, projection of orbital momentum on the z-axis and projec-
tion of the total momentum on the z-axis. This particular diagram is
explained in section 4.3.2. . . . . . ... oL
Energy spectra for the rotational nucleus "Hf and the vibrational
nucleus *2Ni. Data is taken from [33]. . . . . . . . ... ... .. ...

Classical picture of the Coulomb-projectile trajectory. The projectile
nucleus is deflected by means of electromagnetic interaction with the
target nucleus, which is located at the center O. . . . . . .. ... ..

Schematic layout of the NSCL facility [46]. . . . . .. ... ... ...
Schematic illustration of nuclear fragmentation. . . . . . ... . ...
The A1200 fragment separator of the NSCL. A *Ca primary beam
strikes a “Be production target and produces a variety of light nuclei.
The radioactive beam of interest is selected by using two sets of dipole
magnets [46]. . . ... L
Typical isotope identification pattern. Energy losses in a thin fast
plastic scintillator are plotted vs. time of flight. Light isotopes were
produced by fragmentation of a *Ca primary beam on a Be target at
80 MeV/nucleon (Bp =3.15T-m). . . ... ... ... ........
Schematic view of the experimental apparatus around the secondary
target. . . ... Lo
One-dimensional position sensing by light division in the position-
sensitive Nal(T1) erystal. . . . . . . . . .. .. ... ... ...
Schematic time characteristics of the phoswich zero-degree detector. .
Electronics Diagram. . . . . .. . . ... ... L o000
Position spectrum of a Nal(Tl) detector. . . . . . ... ... .. ...

3.10 The vy-spectrum of Y in a NaI(Tl) detector. . .. .. ........

xii

14

23
25

26

27

28

29
31
34
37



3.11

3.12

3.13
3.14

3.15

3.16

3.17

3.18

4.1

4.2

4.3

4.4

4.5

Position response of a Nal(Tl) detector. The reconstructed position
(see equation 3.7) is plotted versus geometrical position with respect
to the beam pipe flange for any ~-ray from a %°Co source. . . . . . . .
Position-dependent energy calibration. The left panel shows the mea-
sured energy versus position for an %Y source before application of
a position-dependent energy calibration. The right panel depicts the
same spectrum after the position-dependent energy calibration.

The y-spectrum of 88Y. . . . . . . .. ...
The NSCL Nal(T1) array efficiency. The efficiency for isotropic angular
distribution was measured with ??Th, ?Na and Y ~-sources located
at the target position. . . . . . . ..o oo Lo
Absorption cross sections in gold versus photon energy. . . . . . . ..
Bits Spectrum. The particle-singles and particle-y events are defined
as single-channel histograms. . . . . . . .. .. ... Lo
The time spectrum contains two peaks, the peak on the left is created
by photons from the target or projectile de-excitations in the target
and the peak on the right is due to de-excitations in the phoswich
detector. . . . . . .. L
32Mg data as a function of multiplicity. The left panels contain time
spectra and the right panels show the corresponding v-spectra for dif-
ferent multiplicities gated on the 3?Mg particle group. The nuclear
fragmentation events (large multiplicity) produce many photons in the
target area and increase the y-background in the 3?Mg data. . . . . .

Experimental results for even-even isotopes. The upper panels show
photon spectra in the laboratory frame. The 547 keV (7/27 — g.s.)
transition in the gold target is visible as a peak, while the (2t —
g.s.) transitions in each projectile are very broad. The lower panels
show Doppler-shifted y-ray spectra. The 27 — ¢.s. transitions in each
projectile sharpens. . . . . . . . . . ... o
32Mg gates. The upper gate contains **Mg beam and the lower gate
has a possible admixture of neutron-stripping events (**Mg + 3'Mg +

)
Mg data with total energy gates. Doppler-shifted y-ray spectra for
Mg and 32Mg + Mg+ ... . . ...
Systematic behavior of transition energies and collectivities for the
known even-even isotopes of Ne, Mg and Si. Data is taken from [17,

32

Calculations of electric quadrupole moments as a function of the de-
formation parameter § for 2626 Ne and 30323*Mg. The “experimental”
electric quadrupole moments are shown as bands bounded by dashed
lines corresponding to experimental uncertainties. The bands are lo-
cated at both positive and negative values since the experimental data
cannot distinguish between prolate and oblate deformations. . . . . .

xiii

39

40
41

45

49

o1

52

o4

99

60

61

65



4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

Experimental results of 262%39Na. The upper panel show background
photon spectra in the laboratory frame and the 547 keV (7/2%7 — g.s.)
transition in the gold target is visible as a peak. The lower panels show
Doppler-corrected ~-ray spectra. . . . . . . .. ... L.
Energy spectrum of 3'Na. The upper panel shows photon spectra in
the laboratory frame and the 547 keV (7/2% — g.s.) transition in the
gold target is visible as a peak. The lower panel shows Doppler-shifted
y-ray spectra and a peak at 350(20) keV becomes visible. . . . . . ..
Equivalent photon numbers versus the incident beam energy for a 3'Na
nucleus incident on a '%7Au target. The impact parameter distribu-
tion is integrated from b,,;, = 16.46 fm to infinity corresponding to a
Coulomb excitation reaction. The transition energy in *'Na is assumed
tobe B, =350keV. . .. ...
ECIS calculation. Shown is the angular distribution of the reaction
Y7Au(3Na,* Na*)19"Au exciting the 5/2% state of 3!Na. The dotted
and dashed curves represent the cross sections for the nuclear and
Coulomb excitations, respectively. The solid curve corresponds to the
coherent sum of two excitations. . . . . . . ... ..o
Recommended and experimental upper limits on reduced transition
probabilities for E1, E2, M1 and M2-transitions in 28293031Na. . . . .
Intrinsic electric quadrupole moments for the ground and transition
states in sodium isotopes (ignoring possible feeding from the higher-
lying states. Data for the intrinsic electric ground state quadrupole
moments were taken from [85].. . . . . ... o 0oL
Recommended upper limits and experimental results in 31:33Mg, 343° Al
33Si and 3P. Recommended upper limits are extracted from [70, 71] and
experimental upper limits are deduced using the formalism described
in [35]. . . L
Energy spectrum of y-rays emitted from the 33Mg+!%"Au reaction at
54.3 MeV /nucleon. Upper panel contains photon spectra in the labo-
ratory frame and lower panel contains Doppler-shifted y-ray spectra.

One-neutron removal in 3*Mg. Doppler-shifted y-spectra for the 3*Mg
and 33Mg +*?Mg particle gates. . . . . . . . ... ... ... ... ..
Experimental y-ray spectra of 3Si and 3*P. Upper panels contain pho-
ton spectra in the laboratory frame and lower panels contain Doppler-
shifted ~-ray spectra. The 547 keV (7/2%7 — g.s.) transition in the gold
target is visible as a peak, while 1010 keV, 1941.5 keV and 429 keV,
625 keV transitions are present in the Doppler-shifted y-ray spectra of
3Gi and 3P, respectively. . . . . ... ...
Level schemes of 33Siand 4P. . . . . . . . .. .. ... ... .....

xiv

69

71

73

80

83

85

89

90

91



Chapter 1

Introduction

1.1 Physics of Atomic Nuclei

The experimental study of atomic nuclei is currently motivated by:

e The unique nature of nuclei as the main constituents of matter.

e The necessity of establishing the limits of nuclear stability, radioactivity and
searching for the neutron and proton driplines [2].

e The search for nuclei with unique physical properties (large spatial neutron or
proton halos [3, 4] and large deformations in neutron-rich isotopes [5]).

e The extension of experimental knowledge of fundamental nuclear processes [6].

e Astrophysical applications (solar neutrino problem, origin of the elements [6, 7]).

e Industrial and medical applications of nuclear physics [8].

The interplay of nuclear stability and radioactivity shaped the world as we know
it. The study of these phenomena allows us to gain a better understanding of our uni-
verse useful in many different applications: astrophysics, radioactive dating, geology,
industry, power production and nuclear medicine.

The study of the fundamental properties of nuclei such as neutron or proton halos

and deformations in neutron-rich isotopes is part of the search for an understanding



of the fundamental properties of nuclear matter. Currently, the center of interest in
nuclear structure has shifted to nuclei far from the line of stability. In halo nuclei,
most of the nucleons occupy standard single-particle states, forming what is usually
called the “core” of the nucleus. This core is relatively inert in nuclear reactions at
low energies. Only a few neutrons (one or two) occupy outer orbitals and create a
“halo” stretched in space far away from the core. The most studied halo nuclei are
"Be and ''Li [4]. The halo phenomenon has also been identified in *Be, '"B and '°C
[9].

First evidence for the existence of an “island of deformed nuclei” near the N = 20
shell closure was obtained in 1975 by Thibault et al. [10] from mass measurements
of sodium isotopes. They found that 3'Na and *’Na are more tightly bound than
expected from the spherically symmetrical 7(sd)-shell model. (Figure 1.1 shows the
region of light neutron-rich nuclei with N ~ 20.) In the same year this phenomenon
was explained by Campi et al. [11] via the introduction of neutron f7/, intruder orbits
for Z < 14 nuclei (i.e., an “inversion” of the standard shell ordering) in the frame-
work of Hartree-Fock calculations. Theoretical research in this field [5, 12] created a
basis for understanding the unusual properties of **Mg, which was studied at CERN
[13, 14, 15] and RIKEN [16]. Using the technique of intermediate-energy Coulomb
excitation, Motobayashi et al. [16] reported the reduced transition probability of the
first excited 2% state in **Mg, B(E2; 0/}, — 2{) = 454(78) e*fm*, with a correspond-
ing deformation parameter of 3y & 0.52. A similar result was recently obtained at
the National Superconducting Cyclotron Laboratory (NSCL) [17]. Recent calcula-
tions by Caurier et al. [18] predict that intruder configurations dominate the ground
states of 3'Ne, 3 Na, and 32Mg, and that they are nearly degenerate with the closed
shell states in 3'Ne, 32Na and **Mg. However, the exact boundaries of the island of

inversion are still not known experimentally [5, 19]. The technique of intermediate-
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Figure 1.1: Neutron dripline and the island of inversion. Isotopes produced at the
NSCL for this thesis with an experimental yield more than 1 particle/sec are shown in
gray, the slashed boxes represent the island of inversion and the dashed line represents
the calculated neutron dripline [2].

energy Coulomb excitation is well-suited for this kind of research because it allows
the deduction of reduced transition probabilities (collectivity) from experimental ex-
citation cross sections in a model-independent way [20, 21]. A detailed discussion of
intermediate-energy Coulomb excitation is presented in chapter 2.

The unusual properties observed in the island of inversion region motivate the
study of these nuclei. For this thesis, experiments were conducted at the NSCL, in
which the isotopes 2628Ne, 2-31Na, 30-3t1Mg, 3435Al 33Si and *'P were studied via
intermediate-energy Coulomb excitation. Interpretation of the experimental data was
done on the basis of theoretical nuclear models, which are described in general terms

in sections 1.2 and 1.3.



1.2 Single-Particle Approach

In the single-particle approach we often employ the widely used shell model [5, 18, 22]
or Hartree-Fock calculations [23, 24, 25, 26, 27]. In its current form [5] the shell
model represents a very powerful tool for predicting the structure of nuclei. In the
independent-particle approximation model the effect of all nucleons in the nucleus
is replaced by an average or mean field. The nuclear Hamiltonian is then a sum of

single-particle terms

n

H® = e(i)n;, (1.1)

=1

where the summation is over all single-particle states. The energy of each single-
particle state is represented by €(i) and n; is the number operator which measures
the occupancy (0 or 1) of the single-particle state 7. In this model, the nuclear single-
particle spectrum is not smooth; it has relatively large energy gaps between groups
of single-particle states. When each group of states is completely filled, the Fermi
energy of the nucleus is just below one of these large energy gaps. Thus more energy
than usual is required to excite the nucleus. Nuclei fulfilling this condition for either
protons and neutrons are called closed shell (magic) nuclei. With all the orbits filled,
the ground state of the nucleus is tightly bound and spherical in shape. By adding
the residual interaction V to the independent-particle model (1.1) and truncating the
space of orbitals ¢, one performs a diagonalization of the total Hamiltonian H® + V/
and obtains many-body states and their energies. This allows one to describe nuclear
deformation. In the framework of the shell model large deformation typically requires
a large number of basis states.

The Hartree-Fock method is used for determining the average one-body poten-
tial and single-particle energies €(i) from the nucleon-nucleon interaction [26, 27].
This method allows a self-consistent study of nuclear structure starting from a given

Skyrme type nucleon-nucleon force V;; and determines the average nucleonic proper-



ties (binding energies, nuclear radii, density distributions, ...) and the excited states
in each nucleus. Because of the need to describe average nuclear properties, the
nucleon-nucleon force is parameterized with a relatively small number of parameters,
to be determined throughout the nuclear mass region.

For many nuclei, a deformed intrinsic shape is more stable. Then it is possible
to use deformed average potentials. The desire to obtain a simple picture leads us
to the Nilsson model [28; 29, 30, 31]. In the case of axial symmetry the Nilsson

single-particle Hamiltonian is given by
H=Hy+ Hs+al-s+bl1?, (1.2)

where Hj is the spherical part, generally taken to be the Hamiltonian of an isotropic
three-dimensional harmonic oscillator. 1 and s are the orbital angular moment and the

nucleon spin, respectively. The deformation is produced by H; due to a quadrupole
field,
1 5 [167

Hs(r;) = —5osc§uw§ri ?YQO(@-) ) (1.3)

Here ,, provides a measure of the departure from a spherical shape and r; is the
coordinate of nucleon 7. ¢ and b are phenomenological parameters for each shell, and
for large deformations, effects due to 1-s and 12 are less important. Nilsson orbitals
for light deformed nuclei recently calculated by A. Sakharuk [17] are presented in
Figure 1.2. It is easy to see that for N = 20 and 0 > 0.4, the f/; nuclear orbitals
penetrate into the sd-shell (intruder states). Therefore N = 20 ceases to be a magic
number. This phenomenon explains the existence of the island of inversion.

Experimental observables for the disappearance of the shell gap include:

e Low energy of the first excited state.

e Large degree of collectivity (deformation).

e Relatively large neutron- or proton capture cross sections.
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Figure 1.2: Nilsson diagrams for light nuclei. Each nuclear state is described by the
following parameters: total number of quanta, number of quanta along the z-axis,
projection of orbital momentum on the z-axis and projection of the total momentum
on the z-axis. This particular diagram is explained in section 4.3.2.



For an independent-particle approximation in the deformed basis, the residual
interaction is ignored and the nuclear Hamiltonian is a sum of the single-particle
Hamiltonians over all active nucleons. In this model, all states are separated into
three groups: the core states, the valence states and the empty states. Since the
single-particle Hamiltonian H (r;) is, in part, a result of the interaction of the valence
nucleons with the core, the actual value of the deformation depends on the equilib-
rium shape of the core. The Nilsson model provides a reasonable description of a
wide variety of nuclei. It was successfully applied to calculating intrinsic quadrupole
moments in 26%Ne and 3%3%3*Mg [17]. The comparison of the calculated and exper-
imentally measured moments (see equations 4.1 and 4.2) allows us to deduce that

these nuclei likely have a prolate shape.

1.3 Collective Approach

Many observed properties of nuclei can be described in a picture that includes the
motion of many nucleons “collectively”. It is convenient to describe nuclear properties

with a Hamiltonian expressed in terms of macroscopic coordinates of the system.

Rotational Model. From the previous discussion it follows that nuclei away from
the filled shells tend to be deformed. In general, the nuclear shape tends to be prolate,
i.e., elongated along the z-axis, at the beginning of a major shell, and oblate, i.e.,
flattened at the poles, toward the end of a major shell. The deformation has the same
sign as the quadrupole moment. The appearance of rotational spectra indicates onset
of deformation. In quantum mechanics, rotation can be observed only for asymmetric

(non-spherical) objects. For an axially symmetric object with angular momentum

J=1lw, (1.4)
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Figure 1.3: Energy spectra for the rotational nucleus '"°Hf and the vibrational nucleus
%2Ni. Data is taken from [33].

the rotational Hamiltonian is

h2
Hrot = EJZ, (15)

where [ is the moment of inertia for rotation around the axis perpendicular to the
symmetry axis and w is the angular velocity. For a given intrinsic state, the nucleus
can rotate with different angular velocities. A group of states, each with different
total angular momentum J but sharing the same intrinsic state, forms a rotational
band. The ground state band for '"°Hf is presented in Figure 1.3. The energy of a

rotational band is
2

h
EJZWJ(J+ 1)+ Exk, (1.6)
where Ej represents contributions from the intrinsic part of the wave function. In

the rotational model we also can calculate static moments and transition rates. For



example, the observed quadrupole moment is

3K —J(J+1)
(J+1)(2J +3)

Qik = Qo (1.7)

where K is an eigenvalue of J3 (J = K for the ground state) and @ is the intrinsic
quadrupole moment, which is a function of deformation. The reduced transition

probability in the limit of the rigid rotator is taken from [30] as
)
B(E2;J; — J;) = Fe"‘Q§<JiK20|JfK)Z, (1.8)
m

where the Clebsch-Gordan coefficient (J;K20|J;K) represents the conservation of
the quantum number K in the transition between the rotational states of the same

intrinsic structure.

Vibrational Model. A large number of nuclear properties can be explained from
the liquid-drop model as the interplay between surface tension, Coulomb repulsion
and volume energy of the drop. Coulomb or nuclear excitation can excite nuclei and
set them into vibration around the equilibrium. For example, the nucleus can change
its size without changing its shape. Such motion involves the oscillation of density
and is called a breathing mode [31]. To preserve the nuclear shape, the breathing
mode generates 07 states. Low-lying 01 states in %0, 4°Ca and °Zr indicate the
presence of a breathing mode. A second type of vibration is an oscillation in the
shape of the nucleus without changing the density; such collective behavior can be
also explained in the liquid-drop model [30, 31]. The shape of the liquid drop can be
described in terms of a set of shape parameters a,:

R(0,¢) = Ro{1 + ;Ow(t)YAu(& )} (1.9)

i

where R(0, ¢) is the distance from the center of the nucleus to the surface at angles

(0,6) and Ry is the radius of the equivalent density sphere. In even-even nuclei,



spin and parity assignments for the ground and first excited states are usually 0
and 2%. Figure 1.3 shows a triplet of levels with J™ equal to 0T, 2 and 4" with
energy roughly twice the excitation energy which is a good indication of quadrupole
vibrations. The Hamiltonian for vibrational excitation around spherical equilibrium

shape can be written as [30, 31]

dOz,\u
dt

1 1 2
H)\ = §CAZ|CV)\;¢|2 + QD)\Z| | <110)
I I

where the quantity C) is related to the surface and Coulomb energies of the nuclear
fluid and D, is a quantity having the equivalent role as the mass in nonrelativistic
kinetic energy in mechanics. However, the vibrations can be also described microscop-
ically, and the resulting Hamiltonian still has, in the harmonic approximation, the
form (1.10). If different modes of excitation are decoupled from each other, then for

small oscillations the amplitude o, undergoes harmonic oscillation with frequency

O\ 3
wy = (D—i) : (1.11)

where hw, is a quantum of vibrational energy for multipole A. A shape vibration
of order )\, with density vibrations, is characterized by large values of the multipole

moment (related to the total particle density p(r) )

M) = / () (0, 0)dr . (1.12)

The electric multipole moment for a spherical charge distribution is exactly the same
as for a surface deformation in a system with constant density and a sharply defined

radius R (liquid-drop model)
3 A
M(E)\, /,L) = EZ@R Axy - (113)

Finally, the transition probability for exciting a vibrational quantum is very similar to

the rotational model (see equation 1.8) except for the geometrical (Clebsch-Gordan)

10



coefficient [32]
3

4

2
B(EXiny = 0—ny = 1) = ( ZeRA) B,% . (1.14)

For even-even nuclei both models produce an identical result for the deformation

parameter

47 1/ B(E2)

1Bol = 5~ - (1.15)

The collective models were introduced to describe coherent motion of many nucle-
ons and these models successfully predict properties of heavy nuclei. Unfortunately,
the experimental measurement of the transition probability between the ground and
first excited states by itself does not discriminate static and dynamic (vibrational)

deformations.

11



Chapter 2

Intermediate-Energy Coulomb

Excitation

This chapter contains a general description of the semi-classical theory of intermediate-
energy Coulomb excitation. Possible physical implications of the theory are discussed

and limitations are given.

2.1 General Description

Coulomb excitation is a very powerful tool for the study of low-lying nuclear states
(34, 35, 36]. The excitation of target or projectile nuclei occurs by means of the
electromagnetic interaction with another nucleus. Since the interaction strength is
proportional to the charge Z of the projectile nucleus, Coulomb excitation is especially
useful in the collision of heavy ions, with cross sections proportional to Z2. Coulomb
excitation dominates nuclear excitation in scattering when the bombarding energy
is below the Coulomb barrier or when the distance of the closest approach between
nuclei is larger than the sum of the projectile and target nuclear radii (“touching

sphere” distance) [37]. This can be experimentally achieved by selecting only events

12



with small scattering angles. The Coulomb excitation cross sections provide a model-
independent way to measure collectivity and deformation parameters for even-even
and odd nuclei [35, 38] with in-beam ~-spectroscopy [21, 39], when the isotope of

interest is short-lived and a stable target cannot be produced.

2.2 Excitation Cross Section

The two-body scattering problem can be reduced [40] to the central-body problem
(motion of a single body in an external field when its potential energy depends only
on its distance r from some fixed point). Consequently the path of a particle lies in
one plane and the classical Lagrangian can be written in polar coordinates r, ¢ as

follows

1 i
L= §m(7‘2 +r2¢?) — U(r), (2.1)
where 7 and ¢ are the radial and angular velocity of the particle, respectively. In a
central field the path of a particle is symmetrical about a line from the center to the
nearest point in the orbit (OA in Figure 2.1). Here the deflection angle x is equal to
|T — 2¢g| and ¢y is given by

@ (M /r%)dr
© = o ot vy -

where is M = mr2¢. For infinite motion it is common to use the initial relative velocity
Vs Of the particle and the impact parameter b instead of the constants energy (E) and
angular momentum (A). The impact parameter is the length of the perpendicular
from the center O to the direction of v, i.e. the distance at which the particle would

pass the center if there were no field or force, and F = %mvoo2 and M = mbv,,. After

13



Figure 2.1: Classical picture of the Coulomb-projectile trajectory. The projectile
nucleus is deflected by means of electromagnetic interaction with the target nucleus,
which is located at the center O.

substitution the equation for ¢q becomes

(b/r*)dr
¢[1 — (2/r?) — (Ui,

The last integral describes the scattering angle y as a function of b. Assuming that

ho =

(2.3)

the scattering angle is a monotonically decreasing function of the impact parameter
we can deduce that only those particles whose impact parameters lie between b(y) and
b(x)+db(x) are scattered at angles between y and x+ dx. The effective cross section
is do = 2mbdb. The dependence of do on the angle of scattering can be introduced as

follows
db(x)

do = 27b(x) ‘ ax

‘ dx . (2.4)

The above described formalism can be applied to a Coulomb field. In this case U

= a/r and after integration

L a/Mmug2b

\/[1 + (a/muse?b)? ’

$o = cos™ (2.5)
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where 0% = (a/muu2) tan’gy; after substituting ¢o = (7 — x)

b = ( a 2)2(:0‘52 Ex] . (2.6)

MUso

Differentiation of the last expression with respect to xy and substitution into 2.4

produces the Rutherford equation

2cos |y
da:w( « 2) E ], (2.7)
MV sin® [%X]
which is often written in the c.m. system as follows
a \? dw
do = ( ) , 2.8
2Ms,2 sin4[ % X] ( )

where dw = 2wsinydy.

In the semi-classical theory of Coulomb excitation the nuclei are assumed to follow
classical trajectories and the excitation probabilities are calculated in time-dependent
perturbation theory. At low energies one assumes Rutherford trajectories for the
relative motion, while at relativistic energies one assumes straight-line motion. In
intermediate-energy collisions, where one wants to account for recoil and retardation
simultaneously, one should solve the general classical problem of the motion of two
relativistic charged particles. The semi-classical solution can be deduced by using the

relativistic Lagrangian

1

2 ZpZt€2

1 .
_ 2 2, 232
L——moc{l——cz(?“ +7r°¢°)} .

(2.9)

But, even if radiation is neglected, this problem can only be solved if one particle has
infinite mass [41]. This approximation is valid if we take the collision 3*Mg + 97Au
as our system. An improved solution may be obtained by use of the reduced mass
mo = mymy/(m,+m;), where m, and m; are masses of projectile and target nucleus,

respectively [36, 41].

15



For pure Coulomb excitation, where the charge distribution of the two nuclei do
not overlap at any time during the collision, the excitation cross section can be ex-
pressed in terms of the same electromagnetic multipole matrix elements characterizing
the electromagnetic decay of the nuclear states [34]. According to Winther and Alder
[35], in most cases it is sufficient to assume that the relative motion takes place on a
classical Rutherford trajectory, and the cross section for exciting a definite state |f)

from the state |i) is given by

da) (da)
o) _(97) p,, (2.10)
<dQ CE ds2 Ruth -

where P, is the probability of excitation from the initial state [i) to the final
state |f). Assuming that the electromagnetic interaction potential V(r(¢)) is a time-

dependent perturbation, P;_,; can be deduced as

Py =laisy)* with (2.11)
I .
ainp == [ SV )iy dt, (2.12)

where wy; = (Ey — E;)/ h. The amplitudes a;_,; can be expressed as a product of two

factors
- A
aisp =12 XA (2.13)
)
where the excitation strength

) Zpe{fIM{ ) |0)

Xz'—)f - A ’ (2.14)
RA{"" }bq
is a measure of the strength of the interaction,
= d =2 (2.15)
=——— an == .
fy 1 — /82 c bl

vp the projectile velocity in the laboratory system, b, is the distance of the closest

approach in the collision and the function fy(§) (fi(§) = 1 for & = 0 and fy(§) ~

16



e ™ for £ > 1) measures the degree of adiabaticity of the process in terms of the

adiabaticity parameter &, which is defined as the ratio of the collision time
b
Teoll — —— (2.16)
CO "}/

to the time of internal motion in the nucleus

h
Tnucl = wal = E . (217)

Therefore Coulomb excitations are possible when & < 1. This limits intermediate-
energy Coulomb excitation when v ~ 0.3 ¢, b ~ 15 fm and

AE

SN EMev

(2.18)

to the study of low-lying collective states with energies of several MeV. Such limitation
can be avoided by using heavy projectiles (Z, > 1) for excitation of collective states,

where the strength parameter
X()\) ~ V)\(ba)Tcoll/ h 3 (219)

which is measuring the action of the field, is larger than unity. In this case perturba-
tion theory breaks down and multiple excitations may occur [35, 36].

The Coulomb excitation cross sections are usually calculated by integrating the ex-
citation probability from a minimum impact parameter b,,;, to infinity. Final results
can be deduced by introducing an adiabatic cutoff and integrating the absolute square
of the excitation strength |x|* from by t0 byna, instead of integrating Py =[x f(€)[?

from b, to infinity:

o bma,x
o =2 / Pybdb = 21 / y[2bdb (2.20)
bmin bmin

where b,,,, is a function of transition energy AE

= = AE (2.21)

bmaa:
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This produces an approximate expression for the excitation cross section as a function

of the reduced transition probability B(mA,0 — A)

2\ 2 A—=—1)"1 for A>2
7 B — _ (o) >
O\ A ( p® ) 1(TA,0 = A) b%zln A ( ) , (2.22)
fic e? bona o
21n (b—) fOI‘ A = 1

where 7 is the parity and A is multipolarity. In general, B(wA,0 — \) depends on

the multipole operator for electromagnetic transitions (M (wAp)) as follows [31]:

Bo(m\ Ii = I) = > [(Je M| M(m )| JiM;)|*
uMpy

— 1 \ 2
= S AMENIE.

where (J¢||M(7A)||J;) is the reduced matrix element.
The exact expression for the excitation cross section, summed over parities and

multipolarities, was derived by Winther and Alder [35]

Zpe2\* oy 1y Be(mA, I — I;) c
o= () g = o 1)
Timf (hc) % e? Ay

2

9u(E(bmin)) ,  (2.23)

where

oo 5) = et () ()9
<(A + DA+ “)P;tl (E) A= mu+ UP;‘H (E))

220 +1 20 +1 v

for electric excitations (7 = E) and

o (7) = s () () -0) o () e

for magnetic excitations (7 = M), and P{(z) are associated Legendre polynomials

evaluated for x > 1. For u < 0 the following relations are applicable
GE)\,M = <_1)HGE)\M and GM/\fu = _<_1)MGMAp y (2.25)

where i is

pw=M;— M. (2.26)
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In the present chapter we denoted k& = %, Z, is the proton number of the projectile,
E, = AFE is the excitation energy, and By(m\,I; — If) is the reduced transition
probability of the target nucleus. The MATHEMATICA code boris wi79.m for cross
section calculations is based on equation 2.23 and shown in Appendix A.

Finally, it is important to notice that the Coulomb excitation cross section is

directly proportional to the reduced transition probability
Oi—»f X B(ﬂ')\,[z — If) . (227)

Consequently, for given )\ and pure transitions the B(mw\) value can be extracted in a
model-independent way from a cross section measurement. In the present review the
relation between the cross section and the reduced transition probability for target
excitation was obtained. The cross section for projectile excitation is given by the
same formulas with B; substituted by B, and Z, by Z; [35].

The transition between an initial nuclear state JI and a final state Jf is usually
dominated by the lowest multipolarity allowed by angular momentum and parity
selection rules [30, 31]. The angular momentum (triangle) selection rule for the A-th

multipole electromagnetic transition is
|Jp—Jil <A< Jr+J; (2.28)
and the parity selection rules are
mmy = (=1)* (2.29)

for electric and

mmy = (=1)*! (2.30)

for magnetic transitions.
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2.3 Angular Distribution

The angular distribution of v-rays is important for the calculation of detection effi-
ciency. A complete analysis of Coulomb excitation angular distributions is given in

[39], here I will present only final results. The angular distribution W (6) is given by

wo = ¥ 1euErecr () )

k even,u ,LL _/’L 0
L,/
I Ik ,
x 3 VE(L L Ig Iy) V2R H T Pi(cos(9)) 6000, (2.31)

where Py (cos(f)) are Legendre polynomials, and the Winther and Alder functions

i) = 2 (2) [otolkiconr

b

- 2#/|Ku(m)\2xdm
3

= 7€ KO - KO - LK (©F,6)]

K,,(€) is a modified Bessel function and the v — -y correlation function Fy(L, L', I, I5)

depends on Clebsch-Gordan and Racah coefficients as follows [39, 42]

F(L, L' I, ) = (=)'t /(26 + 1) (26 + 1)(2L + 1)(2L' + 1)
LLk LL kK
. 2.32
X<1—10>{121211} (2:32)
In the Coulomb excitation data analysis we express the angular distributions as

W(0) = > arPy(cos(9)), (2.33)

k even
and use MATHEMATICA [43] for the calculation of the coefficients a; as demon-

strated in Appendix B.
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2.4 Experimental Cross Sections

The cross section is an experimentally observable parameter which is often measured
in nuclear physics. The Coulomb excitation cross section ¢ to a bound state is defined
as the ratio of the number of detected de-excitation photons NNV, from this state to the
product of efficiency €, the number of incoming beam particles N, and the number

of target nuclei per unit area Ny,

N,, 1
o=—" . 2.34
€rot NpNVy ( )

The number of target nuclei per area N, is calculated as a product of Avogadro’s
number (N4 = 6.02-10%® 1/mole) and target areal density p (in g/cm?) divided by

the atomic mass A (in g/mole) of the target material,

N, =—2F (2.35)

Incident flux calculations are presented in 3.5.2. The efficiency is more difficult
to determine because photons can escape without detection mostly due to imperfect
geometry of the detector and the statistical nature of the interaction of v-rays with
matter. A detailed discussion on the interaction of v-rays with matter is presented

in 3.4.

2.5 Doppler Shift

At intermediate energies (v, ~ 0.3c) relativistic effects become noticeable (y =
1.0483), photons emitted from the “moving” or projectile frame have different en-
ergies in the “stationary” or laboratory frame. The relation between the v-ray energy
in the projectile (E,) and laboratory (Ej;) frames is affected by Doppler shift as
follows

E, = vE;(1 — Bcos(0ia)) , (2.36)
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where 6, is the angle between the direction of motion of the particle and the direction
of the v ray as measured in the laboratory, § is the beam velocity in units of the speed
of light, and ~ is the Lorentz factor. For the photons emitted from target excitation
Doppler correction is not necessary.

Experimental parameters such as spread in beam velocities A5 [21, 39] and energy
loss in the target contribute to the uncertainty in the measured ~-ray energy (energy
resolution) as follows

2
AEz“z? COS(9zab) 2 ’ 2 5Sin(9lab) 2 2
S =|l— A —— ] Af°. 2.
( El(“rb) ; 1 — Bcos(Orap) by F+ 1 — Bcos(Orap) (2:37)
a opp
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Chapter 3

Experimental Setup and Main

Principles of Data Analysis

This chapter contains a general description of the NSCL facility [44] and the NSCL
NalI(T1) array [45]. The schematic layout of the NSCL facility is presented in Figure
3.1. While a complete discussion on the experimental beams will be presented in
chapter 4, I will present a short introduction here, which is necessary for a better
understanding of the experimental technique [21]. Primary beams were produced with
the NSCL superconducting electron cyclotron resonance ion source (SECR) and the
K1200 cyclotron. Secondary beams were produced via fragmentation of calcium and

argon primary beams in a °Be primary target, located at the mid-acceptance target

s 4 lias
A 1200 F-line (Transfer HaII)w ' ;

Figure 3.1: Schematic layout of the NSCL facility [46].
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position of the A1200 fragment separator [47] and delivered onto a " Au secondary
target, located in the center of the NSCL Nal(T1) array. The experimental setup, the
background reduction procedures, and principles of data analysis will be presented in
this chapter. A review of position, energy and efficiency calibrations for the NSCL

NaI(Tl) array will be given.

3.1 Exotic Nuclear Beams

There are ~300 stable and up to 8000 radioactive isotopes in nature. The study of
radioactive isotopes is one of the frontiers in modern physics. The nuclear properties
of stable isotopes are mostly known. Radioactive isotopes often have short half-lives
and because of that it is very difficult or often impossible to manufacture a target
made of a radioactive species for studies. Radioactive nuclear beams overcome this
problem and the only limiting factor is the time of flight, which should be less than
the life time. There are two main methods of radioactive nuclear beam production
[48]: isotope separation on-line (ISOL) and nuclear fragmentation. ISOL facilities
such as the ISOLDE mass separator at CERN use sophisticated chemistry for the
extraction of radioactive nuclei with half-lives up to few msec from the production

(primary) target [49] * .

3.1.1 Nuclear Fragmentation

Chemical selectivity and microsecond life times of radioactive isotopes are not prob-
lems for nuclear fragmentation facilities such as MSU, RIKEN, GANIL, and GSI;
because of the quick physical separation of wanted and unwanted isotopes (~107°

sec). Re-acceleration of the radioactive ions is not necessary since the fragmentation

!The shortest-lived isotope studied up to date at ISOLDE (**Be) has a half-life time of only 4.3

msec [50].
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Figure 3.2: Schematic illustration of nuclear fragmentation.

products have essentially the primary beam velocity. Nuclear fragmentation was first
described by Serber [51] as a peripheral, highly energetic, two-step heavy-ion reaction
in which each step occurs in clearly separated time intervals graphically illustrated
in Figure 3.2. The first step consists of the initial collision between the constituents
of the target and projectile nuclei and occurs within ~1072* sec. This can create
highly excited objects (prefragments) which lose their excitation energy through the
emission of nucleons (neutrons, protons, small clusters) and vy-rays. The second step
(de-excitation) proceeds slowly relative to the first step (~10717 sec) and depends on
the excitation energy of the prefragrament. A disadvantage of this beam production

technique is poor quality of beams due to large emittance.

3.1.2 Fragment Separation

The A1200 fragment separator was constructed at the NSCL [47] to separate out the
radioactive beams of interest. Figure 3.3 presents the fragment separator which is
achromatic with two intermediate images between two sets of dipoles that bend in
opposite directions. Two images allow for the use of degrading wedges and provide
space for momentum measurement. Since nuclear fragmentation beams, such as those
produced in the A1200, may contain more than one isotope it is necessary to identify

them on an event-by-event basis. A typical pattern of isotopes produced by the A1200
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Figure 3.3: The A1200 fragment separator of the NSCL. A “®Ca primary beam strikes
a ?Be production target and produces a variety of light nuclei. The radioactive beam
of interest is selected by using two sets of dipole magnets [46].

fragment separator is presented in Figure 3.4.

For the identification of the isotope of interest several techniques can be used. A
time of flight (TOF) method in combination with an energy loss measurement and
knowledge of the magnetic rigidity (Bp) of the A1200 allows the identification of
the beam particle before the secondary target. The magnetic rigidity is measured in
[Tesla-meter| and is equal to the momentum of the particle divided by its charge? .
The TOF method is based on the measurement of velocity of the projectile nucleus
using the time signals from two separate detectors. For this purpose a thin plastic
scintillator located after the A1200 focal plane and a PIN silicon detector placed
before the Nal(Tl)-array (secondary target area) can be used. The PIN detector,
which is described in 3.2.3, is also good for energy loss (§F) measurements, which
uniquely define the atomic number of the nuclear fragment. This Z-measurement is
based on the fact that energy losses in the thin absorbers are small and the velocity

of the projectile (/) is roughly constant. The mean energy loss, of the fully stripped

0.5
21t is convenient to express magnetic rigidity as Bp = 3.10715 ~§ [(%)2 + %] [52], where

A is a number of nucleons, ¢ is the charge of the isotope and FE is an energy in MeV /nucleon.
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>

Time of Flight

Figure 3.4: Typical isotope identification pattern. Energy losses in a thin fast plastic
scintillator are plotted vs. time of flight. Light isotopes were produced by frag-
mentation of a **Ca primary beam on a ?Be target at 80 MeV /nucleon (Bp = 3.15
T-m).
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Figure 3.5: Schematic view of the experimental apparatus around the secondary
target.

nucleus, can be approximated by the Bethe-Bloch formula [53]:

Z 2
oF = 27TNaT‘62meC2p§ (E) T, (3.1)

where are 27 N,r.2m.c®* = 0.1535 MeV cm?/g and p, z and a are properties of the
absorbing material and x is the absorber thickness. At the same time, it is important
to know the isotopic composition of the beam after the secondary target because
nuclear reactions can take place in the target. Such information is necessary for
the identification of gamma rays from the isotope of interest. For this purpose, we
measure the energy loss and total energy of each nuclear fragment in the Coulomb
excitation experiments with the plastic phoswich detector (discussed in subsection

3.2.2), located at zero degrees with respect to the beam.

3.2 Experimental Setup

The experimental apparatus (NSCL Nal(T1) array, silicon PIN, TOF and AE/E and
tracking detectors) was located on the F-line in the transfer hall of the NSCL. A
schematic view of the experimental apparatus is presented in Figure 3.5. The position

and direction of each fragment incident on the 702 and 518 mg/cm? secondary gold
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Figure 3.6: One-dimensional position sensing by light division in the position-sensitive
Nal(TI) crystal.

targets were measured with two parallel-plate avalanche counters (PPAC) [54] and
identified in the phoswich detector. Photons were measured in coincidence with the

scattered beam fragments by the NSCL Nal(Tl) array [45].

3.2.1 The NSCL Nal(Tl) Array

The NSCL Nal(Tl) array consists of 38 detectors, which are arranged in 3 concentric
rings, of 11 (inner), 17 (middle) and 10 (outer) detectors, respectively. The radii of
the three detector rings are 10.8 cm, 16.9 cm and 21.8 cm, respectively. The crystals
are cylindrical, approximately 18.0 cm long and 5.75 cm in diameter and placed into a
0.45 mm thick aluminum shield. A 1 cm thick quartz window is attached to each end.
Optical glue was used to connect 5 cm in diameter photomultiplier tubes (PMTs) to
each window. To shield the Nal(Tl) detector array from photons originating at the
phoswich detector, the PPACs, and natural radioactivity, the entire array was placed
into a 16 cm thick lead shield.

In intermediate-energy Coulomb excitation experiments with radioactive nuclear
beams, position sensitivity of the ~-array is necessary for Doppler shift correction of
the photons’ energies and has been presented in section 2.5. For sensing position in
one dimension, long cylindrical crystals can be used with PM tubes positioned at each
end as illustrated in Figure 3.6. For this geometry, the intensity of light measured at
each end of the crystal drops off exponentially with the distance from the origin of

the scintillation light [55]. Thus, the signal amplitude E;(E;) for PMT1(PMT2) is
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given by

Fi= Ebzf expl—a(L/2 + 7)] (3.2)
E, = ngexp[—a(L/Z — )], (3.3)

where F. is the energy deposited by the y-ray, P is probability that a light quantum
produced at one end will generate a photoelectron in an adjacent tube, Ej is the
energy deposited per photon created in the scintillator and « is the light attenuation
coefficient and z is the distance between the end of the crystal and the origin of the
scintillation light. The position of the interaction can be found by

1 E, FE,

= Loz o ol0g2 3.4
v 2a OgEl OgEl ( )
It is convenient to keep z always positive by introducing an additional offset of 2000,

which will be discussed in subsection 3.3.2. By multiplying equations 3.2 and 3.3, we

find the deposited energy E, is independent of the position within the crystal

E
Evz,/ElEQFOexp[aL/Q] ~ \VE\E,. (3.5)

3.2.2 Zero-Degree Detector

After passing through the secondary target, the secondary beams are stopped in a
cylindrical fast-slow plastic phoswich detector (called the zero-degree detector, or
ZDD) which allowed charge identification of the secondary beam particles. The sec-
ondary beams are often run in “cocktails” which contain several species in a single
separator setting. The ZDD and time of flight measurements in the beam line pro-
vide positive isotope identification. In addition, the zero-degree detector serves the
following purposes:

e Provides a trigger and time signal for particle-y coincidences.

e Selection of beam particles scattered into laboratory angles < ;4.

e Counts the number of nuclear fragments during the experiment.
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Figure 3.7: Schematic time characteristics of the phoswich zero-degree detector.

The phoswich detector has a diameter of 101.6 mm and is made of 100 mm thick
slow plastic scintillator (Bicron 444) and a thin layer (0.6 mm thick) of fast plastic
scintillator (Bicron 400) is glued to it. The zero-degree detector is viewed through
a lightguide by 2 PMTs (THORN EMI ElectronTubes 9807B02). The PMTs were
attached by using Tracon F113 epoxy. In addition, a water cooling system was in-
stalled to cool down the PMT voltage dividers [56] because the detector operates in a
vacuum. To improve the light collection, 1.5 ym aluminized polyester foil was placed
on the front part of the detector, and Teflon tape and reflecting paint (Bicron 620)
were used on its side.

Figure 3.7 illustrates that ZDD signals consist of two different time components.
The thin fast plastic is responsible for a sharp (~10 nsec) pulse at the beginning of
the time scale and the slow plastic produces rather broad (~400 nsec) pulse. The
different time responses in combination with pulse shape discrimination allow the use
of one PMT for detection of both signals.

The thickness of the fast plastic was chosen so that fragments would lose up to 20
% of their energy and their velocity would be roughly constant. For example, after
passing through the thin fast plastic scintillator, **Mg ions at 49 MeV /A will lose
5.8% of their kinetic energy and 3°Mg ions with 26.1 MeV /A will lose 20.7% of theirs.

Equation 3.1 indicates that energy losses in the fast plastic provide an opportunity to
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measure Z for each fragment. Time of flight (fragment mass) measurements are based
on the start signal from the thin fast plastic scintillator located after the A1200 focal
plane and stop signal from the phoswich as shown in Figure 3.5. The rate capability
of the phoswich is as high as 50,000 - 70,000 ions/sec. It is convenient to present the
zero-degree detector data as follows:

e Energy loss in thin fast plastic scintillator versus time of flight (for nuclear
fragment identification and corresponding gates for particle-y coincidences).

e Energy loss in thin fast plastic versus slow plastic scintillator (to test that
particular nuclear fragments are passing through the secondary target, if some of the
fragments are missing the target then the AE/FE spectrum has two particle groups
with the same AFE but different E values).

e Energy loss in slow plastic scintillator versus time of flight (for separation of the

isotopically pure secondary beams).

3.2.3 Fragment Identification with Silicon Detector

The basic ideas behind fragment identification in a thin (~300um) silicon detector
are the same as in the case of the thin fast plastic scintillator. Moreover, silicon
detectors have better energy resolution and the detector response function is more
uniform over the active area of the detector.

The silicon detector data also provides an additional possibility for fragment iden-
tification. From the Bethe-Bloch formula (see equation 3.1), the ratio of energy loss

for two different fragments in the cocktail beam is

5B 2152>2
921~ , 3.6
0E, <Z251 (3.6)

where 31, By are fragment velocities and Z;, Z, are their respective electric charges.

The same ratio can be experimentally measured as a ratio of vertical positions of

the particle group centroids, when energy losses are plotted versus time of flight
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Table 3.1: Ratio of energy losses in the silicon detector for different nuclei.

Nuclei Calculated Ratio Measured Ratio

of Energy Losses of Energy Losses

35A1/32 Mg 1.195 1.187(32)
82Mg/2Na, 1.216 1.221(34)
29Na/*Ne 1.242 1.250(34)

(see Figure 3.4). Table 3.1 demonstrates a successful test of this method of particle

identification with secondary beams from *8Ca.

3.2.4 Electronics

The basic electronics setup for Coulomb excitation experiments was already described
in [39, 45]. In Figure 3.8 I will present the set of nuclear electronics which was used
in the present experiments.

In general, nuclear fragments produce photons while passing through the sec-
ondary target and some of those photons interact with Nal(TIl) crystals. PMTs
convert scintillations (optical signals) into electrical signals, which are directed into
custom built NSCL/MSU fast amplifiers and splitters. The splitter produces two data
streams which are used for recording of timing and energy information. The first data
stream is directed into a constant fraction discriminator (LeCroy 3420 or MSU 1806),
which is used for an event trigger, timing and scaler signals. The second data stream
is directed into a 16-channel CAMAC shaping amplifier with a shaping time of about
5 psec (Pico systems) and signals are digitized in 16-channel CAMAC peak-sensing
ADCs (Phillips Scientific 7164H). The signals from the zero-degree detector are am-

plified and split into three different paths. The first group of signals is directed into
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Figure 3.8: Electronics Diagram.
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Leading Edge Discriminator (LED) and used for determination of the beam intensity
and particle-y coincidences. The second and third groups are delayed and directed
into the first and second QDCs (FERAs), which are gated on the zero-degree fast and
zero-degree slow gates, respectively.

The event trigger requires two simultaneous signals within <200 nsec from any of
the Nal(T1)-crystals and the zero-degree detector. The coincidences between 7-signals
from the CFDs and particle signals from the phoswich detector were realized in the
Quad four-fold coincidence unit (Phillips Scientific 755), which contains particle-y
coincidence, master-gate and master-gate-live signals. The master-gate-live signal
produces an ADC gate, a trigger-bit gate, a bit gate, a TDC-start signal and gate for
the zero-degree detector QDCs (LeCroy 4300B).

CAMAC crates are read out via crate controllers (Bi-Ra systems). The VME
crate contains the Master processor, the Slave processor and a Branch driver, which
perform following functions:

e Master broadcasts data over ethernet.

e Slave sends commands to CAMAC modules through the branch driver.

e Branch Driver connects the slave to the CAMAC modules via the branch high-
way cables and crate controllers.

The data is collected by DEC 300 alpha workstations via ethernet and recorded
onto DLT and 8 mm tapes. The dead time of the data acquisition system arises from
the fact that a typical event read-out time is ~300 psec. The front end produces
a veto signal for the master-gate-live unit when it processes an event. Typical data
acquisition rates for the **Ca secondary beams were ~500 events/sec with a life time
of 99.8%. The high voltage (~+1400 V) for the NSCL Nal(Tl)-array was provided

by a multi-channel power supply (LeCroy Systems 1440).
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3.3 Calibration and Gain Matching of the NalI(TI)
Detectors

Position, energy and efficiency calibrations are an important part of the data anal-
ysis. The ideas behind the calibrations are the topic of this section and a detailed

description of the corresponding procedure is presented in Appendix C.

3.3.1 Gain Matching

The gain matching of PMTs in the Nal(Tl) array, which usually precedes the calibra-
tions, was performed with a collimated vy-ray source placed in the center of the array.
The collimator consists of two “HeviMet” (tungsten/copper alloy) cylinders each 7.62
cm long and 14 cm in diameter arranged co-axially with a 4.6 mm gap in between.
A 0.5 MBq %°Co source is centered between the two cylinders. An aluminum stick
with glued measuring tape is attached to one of the cylinders. The gain matching
procedure with the collimated source in the center of the array was conducted as
follows:

e The voltage for each phototube was adjusted to produce a negative ~70 mV
response signal into 50 Ohm impedance.

e The shaper gains were adjusted to produce simultaneously an energy calibration
of ~2 keV/channel (see equation 3.5) and a position peak in channel ~2000 (see
equation 3.4).

A typical position spectrum is shown in Figure 3.9 and typical gain-matched -

spectrum of ®¥Y is shown in Figure 3.10.
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Figure 3.9: Position spectrum of a Nal(Tl) detector.
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Figure 3.10: The vy-spectrum of Y in a NaI(T1) detector.
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3.3.2 Position Calibration

The position calibration of the array is required for the Doppler correction of the
photon energy and efficiency calculations. A detailed description of the position
calibration procedure is presented in Appendix C.1.

The position calibrations are usually performed before and after the Coulomb
excitation experiments by moving a collimated v-source through the center of the
NaI(Tl) array and measuring the detector response. The whole collimator can be
inserted into the beam pipe for simultaneous position calibration of the entire array.
A reference location for the NSCL Nal(Tl) array is the beam pipe flange. A typical
position calibration is done in steps of 1.27 ¢cm and signals from both PMTs for each
detector and the geometrical position of the collimated source are recorded by the
data acquisition system.

The SMAUG histogrammer [57] is used to produce 1-dimensional spectra of the

reconstructed position. The reconstructed position was pameterized as
X, = 2000 + 1000-log(Y;/Y3), (3.7)

where (Y1/Y2) is the ratio of PMT signals for each detector. A typical position
spectrum is shown in Figure 3.9. The offset of 2000 was added into equation 3.4 for
convenience (to avoid negative numbers for X, ). Peaks in the position spectra were
fitted with the GF2 (GeLi Fit) peak fitting program [58]. The detector’s response

was fitted in PHYSICA [59] with a third order polynomial
X, =a+ba+ca?+da®, (3.8)

where a is the offset and b,c,d are fit parameters. The parameterization of the detec-
tor position response is appropriate for the center of the detector. This polynomial
also includes the turnover of the curve close to the edges of the detector. However,

edge-related effects (due to non-uniform conditions for light collection) are definitely
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Figure 3.11: Position response of a Nal(T1) detector. The reconstructed position (see
equation 3.7) is plotted versus geometrical position with respect to the beam pipe
flange for any vy-ray from a %°Co source.
present and the curve flattens there. These regions close to the edges are excluded
from the data analysis.

Figure 3.11 shows the position response for detector #3 plotted versus geometrical
position.

This procedure produces an average position resolution of about 2 cm and an
angular resolution of emitted photons for the inner-ring detectors better than 10°.

This angular uncertainty yields an uncertainty in the reconstructed energy of about

5% (see equation 2.37),which is small compare to the intrinsic detector resolution of

8%.

3.3.3 Energy Calibration

Differences between the Nal(T1)-detectors and the dependence of the uncalibrated en-
ergy on position creates a need for a position-dependent energy calibration as demon-

strated in Figure 3.12 for detector #3.
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Figure 3.12: Position-dependent energy calibration. The left panel shows the mea-
sured energy versus position for an Y source before application of a position-
dependent energy calibration. The right panel depicts the same spectrum after the
position-dependent energy calibration.

Suitable photon sources for the energy calibrations of Nal(Tl) crystals are **Na
and %Y, because they have two well-separated and easily-identifiable y-lines. Among
other y-sources, *®Th is valuable because of its high-energy (2.614 MeV) and low-
energy (0.24 MeV) 7-lines. In the current thesis, energy calibrations were done by
using *?Na (0.511 and 1.275 MeV) and %Y (0.898 and 1.836 MeV) 7-sources. —ach
detector was split into 20 virtual slices of reconstructed position (see equation 3.7)
with a photon multiplicity of one (meaning that only one detector in the array trig-
gered). A typical y-spectrum of Y collected for one slice is shown in Figure 3.13.

xperimental details are described in Appendix C.2.

Photoabsorption peaks [53, 55| from the v-transitions in the calibration sources
were fit with the GF2 routine. Their centroid positions are plotted for each slice as
measured energy versus known energy and fit in PHYSICA with a linear fit. The linear
fit reflects the fact that the response function of the Nal(Tl) detector is close to linear

over most of the energy range significant in this work [55]. The immediate impact
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Figure 3.13: The «-spectrum of Y collected for one slice.

of the position-dependent energy calibration is demonstrated in the right panel of
Figure 3.12. The energy resolution of a typical detector is usually ~8% at 662 keV.
The position-dependent energy calibrations were tested in-beam by comparing the
experimentally measured (calibrated) energies for transitions in the projectile and
laboratory frames in the ' Au target ( = 547.3(5) keV) and 3¢Ar projectile ( =
1971.2(2.0) keV) with the known energies: 547.5 keV and 1970.4 keV (see discussion

on the test beam experiment in section 4.2).

3.3. tability o Calibrations

The stability of the array calibrations during the experiment is important for success-
ful measurements. In our case, the NaI(T1) detectors’ instability is mainly defined by

an instability of the photomultiplier tubes, which have gains on the order of 10°. An
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overall gain for a PMT is defined by [55]
a = , (3.9)

where is the fraction of all photoelectrons collected by the multiplier structure,
is a number of electrons produced by the first dynode for each incident photoelectron
and  is the number of stages. quation 3.9 implies that the tube’s gain is a sen-
sitive function of the applied voltage . For conventional dynodes, varies as some
fractional power of the interdynode voltage so that for a 10-stage tube the overall
gain is typically proportional to ©

Three major factors can contribute to PMT gain instability during the experiment:

High voltage power supply instability.
Temperature and humidity variations.
xternal magnetic fields.

In the present thesis experiments an air conditioner in the transfer hall was not
operational and the array was in a hot and humid environment. During the calibra-
tions conducted after completion of the experiments a sliding door to the vault was
open and the temperature change led to 3-5 % PMT gain increase over the next 24
hours. This phenomenon was recognized during the data analysis and only position
calibrations and ?*Na-energy calibration data (collected in the first 4 hours after the
Coulomb excitation experiments) were used. The remaining calibration data came

from the measurements performed before and during the experiments.

he following is a description of the efficiency calibrations for the NSCL Nal( 1) array.
A good knowledge of the array’s efficiency is important for a precise determination

of e citation cross sections (see equation 2. 4).
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E ideny or n sotroi ore

In general, the detection efficiency is a function of photon energy and detection geom-
etry (overlap between the angular distribution of the -rays and the detector geome-
try). Assuming that photons are emitted from the center of the target, the efficiency
for a certain  ed angle ( , ) and energy  is given by

_ # of detected -rays of energy ~ with direction ( , )

()

= .10
# of emitted -rays of energy  into direction ( , ) (-10)

In the current thesis, calibrated radioactive sources of *Na, Y and ?* h (see
Appendi C. ), placed in the secondary target position, were used to measure the
position- and energy-dependent detector efficiency. he interaction of -rays with
matter has been described by many authors [ , ] and I will present only a short
summary. At low energies, the photoelectric process (photon absorption by atomic
electrons and further emission of electrons by atoms) dominates the total cross section.
Compton scattering, which reduces the photon energy by producing electron recoils,
becomes dominant in the appro imately 0.2- MeV energy range. air production
has a threshold of 1.022 MeV and is important for high energy photons. Coherent
scattering, which preserves the energy of photons, is important for so-called narrow
beam e periments, where both the source and the detector are well collimated, and
this is not the case for secondary beams. In this work we used the efficiency of total
absorption, i.e. a photon is absorbed in a single crystal due to photoeffect or multiple
scattering effects followed by the photoeffect. Consequently, the number of counts
under the photoabsorption peak indicates the total number of absorbed photons.

he efficiency for an isotropic angular distribution was deduced from the e peri-

mentally measured photoabsorption peak efficiencies for different energies as follows

() =4 (,,)d (.11)

his is integrated over the solid-angle range ( ) efficiency with the weight (= ).
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o calculate the efficiency for an isotropic source each detector was split into 10
virtual slices over calibrated position (appro imately 18 mm each). Depending on
the individual detector and the e periment, the rst and last slice were discarded in
the data analysis and efficiency calibrations due to poor energy resolution. fficiency
calibration data were analyzed for each slice and photoabsorption peaks were t using
the G 2 routine [ 8]. he total number of counts under each peak, combined with
the length of the measurements and the data acquisition live time was divided by
the intensity for the particular -line. his intensity is equal to the source activity
multiplied by the branching ratio for the particular -line. his procedure yields an
e perimental efficiency for each slice (differential efficiency ( , , ) ). inally, the
total array efficiency ( ()) was obtained as a sum of the differential efficiencies.

he measured total efficiency of the array was tted in hysica [ 9] with an efficiency

function of the form

() =20+ - C/)zC/C /), (12)

where , and are t parameters and (= 0 keV. he second factor accounts
for low-energy (400 keV ) threshold effects. During this t an additional systematic
error (%) associated with the udgment of the t boundaries, was assumed. he

t parameters with 2/degree of freedom = 1.1 1 are presented in table .2. he

root mean square statistical errors are the square roots of the diagonal elements of

the covariance matri . he covariance matri for this tis givenin ( .1 )
2 02928 00 4 0 484
2 = 00 4 00104 0040 (.1)
2 0 484 0040 04212
e results of t e t are grap ically presented in igure .14. e relatively large

errors fort e Y easured efficiencies are e plained by t e large uncertainty (+ 0%,
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able .2 fliciency for an isotropic source t to equation .12.
ara eter | Value oot Mean Square oot Mean Square
Statistical rror otal rror of sti ate
of sti ate (Standard rror)
- .40 0. 411 0. 80 1
1. 12 0.10 0.11122
-4.044 0. 28 0. 004
0
10 . L -
| efficiency(350.0 keV) = 0.2659 |
: efficiency(885.5 keV) = 0.1442 i
, 228 efficiency(1436.1 keV) = 0.0907 |
- Th 22Na [
. i L
O
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2 07 :
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m - =
-2
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Bnergy (keV)
igure .14 e NSCL Nal( 1) array efficiency. e efficiency for isotropic angular

distribution was

position.

easured wit 22

, 2Na and Y -sources located at t e target



-0%) of t e radioactive source intensity.

e efficiency error is de ned by t e error propagation equation | 0]

2 2

— + 2 — + +2 — — + (.14)

w ere 2, 2, are diagonal and off-diagonal covariance atri ele ents and

—, — are partial derivatives of t e efficiency function .12.

2 E ideny or ee it tion P otons

It was found in section 2. t at t e angular distribution of -rays in Coulo b e -
citation ( ( )) is nonisotropic. erefore, suc angular distributions can lead to
over/underesti ations of t e detection efficiency. A detailed discussion of t is prob-
le is presented in [ 9], ere I will present a s ort su  ary.

e total efficiency can be obtained by folding t e detector efficiency ( , , )

wit t e calculated angular distribution () as follows

()= (1)

e angular distribution of t e rays integrated over all space is nor alized to
unity

()d =1 (1)

us, if one assu es t e efficiency to be constant over t e range of



e efficiency ( , , ) is related to t e efficiency for an isotropic source in

equation .11t roug
()=— (1)
erefore, t e total p otopeak efficiency can be e pressed in ter s of t e ea-

sured isotropic efficiency and t e calculated angular distribution as follows

= — () ()d , (.18)

W ere ( , , )isobtained fro t e efficiency calibration and () is de ned
by equation 2. 1.

esides an efficiency correction for a particular e peri ental angular distribution,
t e efficiency calculation code presented in Appendi C. also calculates an efficiency

correction for p oton absorption in t e target, w ic is discussed in section .4. .

P otons bsor tionint e rget

Absorption of p otons in t e secondary target odi est e efficiency int e Coulo b
e citation e peri entsfro t e efficiency for an isotropic source.  is odi cation is
especially crucial for low-energy p otons and t ick targets, suc ast e = 0(20)
keV p otons e itted by *'Naint e 02 g/c 2! Autarget. e present et od
closely follows t e description found in [ 1, 2| and assu est at t e life ti e for an
e cited state is less t an 10 2 sec,i.e. t e p oton is e itted in t e target.

e decrease in intensity of a parallel bea of p otons passingt roug an absorber
of t ickness d is given by [ 1]

= 2 (.19)

w ere gand aret e bea intensities before and after passing t roug t e target.
dy o is an absorber alf-t ickness. or a onoisotopic absorbing aterial (suc as

t e gold target) t e quantity d; o can be e pressed in ter s oft e p oton energy
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able . it para eters for equation .21 fort e absorption cross section of p otons

in gold.
ara eter | Value oot Mean Square oot Mean Square
Statistical rror otal rror of sti ate

of sti ate (Standard rror)

1 . 0.29 09 0.08 0

2 .891 2 91 90

44.10 49.8 8 14.492

4 1 .8 1 .11

9.20 10.08 29 01

and properties of t e aterial

-log2
dy 2 = ) (.20)
()
W ere is Avogadro’s nu ber, ist e density of t e absorbing aterialand ( )
is an ato ic cross section. e ato ic cross section includes contributions fro t e

co erent ( ayleig ) and inco erent (Co pton) scattering, p otoelectric effect and
positron-electron pair production [ , | |
o esti ate t e efficiency corrections for a gold target t e total absorption cross

sections [ | were tted wit a second order e ponential

()= 14 2ep( / )+ 4dep( /[ ), (.21)
W ere is t e energy of t e e itted p oton. 1, 2 , 4 and are t
para eters, w ic are presented in table . and ( )ise pressed in b. igure

.1 grap ically represents t is t (wit a total 2/degree of freedo = 0.084 and

a con dence level of 99.4 %). e t results were folded wit t e p otons angular
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distribution of p otons and used for efficiency calculations.
e reliability of t is procedure was tested wit a 30Ar test bea and a ! Au
target, w ic will be discussed in section 4.2. During t is test t e known Coulo b

e citation cross sections were reproduced wit good accuracy.
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