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ABSTRACT

THE SEARCH FOR SUPERDEFORMATION IN ODD-ODD
PRASEODYMIUM-132

By

Christine Veronica Socha Hampton

Results are presented from a fusion-evaporation experiment, conducted at the
Holifield Heavy lon Research facility at Qak Ridge National Laboratory. The reaction
100Mo(37Cl,y)¥"Pr* was studied using a beam energy of 160 MeV from the Tandemn
van deGraaf generator. Approximately 250x10° coincidence events with a three-
fold or higher multiplicity in the 20 HPGe Compton Suppression Spectrometer y-ray
detector array were recorded for analysis. The objective of this work was to determine
the rotational band structure of '>Pr at high spin and to search for superdeformation
in this nucleus. Superdeformed rotational bands (SD) have the properties of deformed
prolate rotors (J= .35-.5) and appear to originate from highly deformed intruder
orbitals such as the i#3/; neutron orbital and have been attributed to quasiparticle

alignments.

A double gating method was developed to better select the '3?Pr transitions.
Events in coincidence with four major transitions (116, 130, 178, 283 keV) were
scanned into a 2-D array; then selected energy gates were summed to represent each
band. Spectra of interest were extracted from the 2D arrays and refined using a novel

Fast Fourier Transform technique that we developed during the course of this work.

The coincidence spectra for '*?Pr, in general, confirm the three rotational bands
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observed in a previous (low spin) study. The negative parity, prolate shaped why;/;
@ vgz/2 (band 1) and the triaxial why,/; © vhyy/, (band 2) have been extended by
a few energy transitions. We have seen five additional energy transitions, extending
the decay scheme of the doubly decoupled band based on a why,/, @ viy3/, orbital

coupling.

Four regularly spaced, weakly populated rotational bands were observed in coinci-
dence with low-lying transitions in the ground state structure of **Pr. The four bands
have very similar rotational characteristics. The spacings of successive transitions is
comparable to those observed in superdeformed bands in the region. Cranked Shell
Model (CSM) and Total Routhian Surface (TRS) calculations using a Woods-Saxon

potential suggest a small set of plausible structures.

Also, in the course of this work, we have developed an extremely sensitive search
technique for superdeformed bands. Our initial objective was to construct a fast
method that would locate the same peaks within a simple total projection of all
the energies within the data set. The Segmented FFT technique works through a
mathematical investigation of the peaks that are present in the total spectrum. Peaks
will be located depending on the presence of their spectral harmonics. The important
features of this technique are: 1) the extreme sensitivity allows SD bands to be located
within a total energy projection spectrum, as well as a spectrum generated without
background subtraction from the sum of energy gates on the band and 2) the method
is extremely fast. Once the parameters and conditions have been optimized, the
analysis is complete within minutes instead of weeks that other methods require. 3)
The technique can be used to confirm the presence of a known SD band or to locate
a potential SD band prior to setting gates on a data array. When using a template
for a known band, the Segmented FFT routine can be a diagnostic tool that cannot

be matched by any other search techniques.
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PREFACE

A most dramatic, historically important event occurred during the time of this
research experiment. We drove to Oak Ridge, Tennessee for two weeks to do the
experiment and on the way back we heard that the Berlin Wall was being torn down,
making way for the most unprecedented strides in thinking that this Century has
known. Minds were open and the stage was set for tremendous change: The people
of the Soviet Union said no to communism. Israel and Palestine talked peace.... And,

on a personal note, for me, freedom and scientific research were forever linked.

There are many people who deserve acknowledgment for this work. Foremost, for
help during the experiment at HHIRF, Oak Ridge National Lab, and for advice about
the analysis, I would like to express my gratitude to: Professor William C. McHarris,
Reg Ronningen, Aracelys Rios, Wade Olivier (NSCL), Rahmat Arvaeinejad (EG &
G Idaho), the Oak Ridge Nuclear Structure Group: Francis McGowan, Jim McNeil,
[.Yang Lee, Mark Whitley, Shi Yong, Noah Johnson, Cyrus Backtash, J.D. Garrett,
the Tandem Operators who provided days of a 160.00 MeV, *"("l*" beam, and Franda
Irving and the people who coordinate the Holifield Joint Institute for Heavy lon

Research facility that provided accommodations for the stay at Oak Ridge.

After the experiment, the actual day-to-day work was replete with tedium and
trial-and-error repetition of the analyses until the results looked right. The data
tapes were spinning so often that one of the post-docs suggested that the computer be
renamed ‘Hampton’. I found a source of consolation and inspiration in the following
anonymous poem entitled ‘dream big’ that was published in The State News circa
1991. It was the lead-in to a computer advertisement section called ‘The big paper

about ideas, college and Macintosh’ and was helpful on many more than one occasion.



If there were ever a time to dare,

to make a difference,

to embark on something worth doing,

it is now.

Not for any grand cause, necessarily —
but for something that tugs at your heart,
something that’s your aspiration,
something that’s vour dream.

You owe it to yourself

to make your days here count.

Have fun.

Dig deep.

Stretch.

Dream big.

Know, though. that things worth doing
seldom come easy.

There will be good days.

And there will be bad days.

There will be times when you want to turn around,
pack it up.

and call it quits.

Those times tell yvou

that you are pushing yourself,

that you are not afraid to learn by trving.
Persist.

Because with an idea,

determination,

and the right tools,

you can do great things.

Let your instincts,

your intellect,

and your heart

guide you.

Trust.

Believe in the incredible power of the human mind.
Of doing something that makes a difference.
Of working hard.

Of laughing and hoping.

Of lazy afternoons.

Of lasting friends.

Of all the things that will cross your path this vear.
The start of something new

brings the hope of something great.
Anything is possible.

And you will pass this way only once.

Do it right.
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For help during those long, seemingly countless days of spinning tapes and gen-
erating data arrays, thanks go to: Bill Milner from the Oak Ridge computer group;
the NSCL computer group: Richard Au, Ron Fox, Barbara Pollack, Lisa Besko, Lori
and Cindi Ramon and Bill Paddock. We would like to express our appreciation to
Karl Hauschild (LBNL) and the authors of Ref. [hau95] who provided the '33Ce SD
data to help with the development of the SD search technique. Also, we acknowledge

those who sent data to test out our FF'T signal enhancement techniques: Nada Jevtic

(SRI), Thomas Semkow (Albany), Arlyn Antolak (Sandia), and K. Hauschild.

We would like to thank Henry Blosser, Sam Austin, and Konrad Gelbke, direc-
tors of the National Superconducting Cyclotron Lab for the extended use of the
facilities. Also, we would like to acknowledge the aid of the guidance committee:
Professors Katherine Hunt, John McCracken , William Reusch, Victoria McGuffin,
and the late Professor Carl Brubacker from the Chemistry Department, and Profes-
sors Aaron Galonsky from NSCL and the Physics/Astronomy Department and Jerry
Nolen now Director of the ATLAS facility at Argonne. All of those who have been
in the McHarris group, in one capacity or another, deserve acknowledgment: Wen-
Tsae Chou, Wade Olivier for the tremendous help with the program development
for the FFT search technique and the shell model calculations, Aracelys Rios, Yves
Dardenne, Bin Lian for help with the initial FFT program, Tony Hsieh, and Nancy
Davis; for help in various phases of the data analysis: Jill E. Johnson, Jeff Wesley,
Ron Brown, and Christopher P. Maloney, MSU chemistry students completing their

undergraduate degrees.

I would also like to bid adieu to those that I have shared office space with: Hong
Ming Xu, Wen-Guang Gong, Cornelius Williams, Wen-Chien Hsi, James Dinius, Af-
shin Azhari, Ray Min-Jui Huang, and Omar Bjarki. To Rilla, the other Dr. McHarris,
I say thanks for help with the figures, for the many discussions, — for everything. To

my family, without whose generous emotional and financial help this work would not
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have been possible, I give my deepest gratitude. To Professor William C. McHarris,
someone wise once sald that good teachers show their student the way but great
teachers allow the student to look through their eyes and listen with their ears, to

discover it for themselves. For encouraging the discovery process, I truely thank you.

Okemos
March, 1994
revised
March, 1999
C.V.H.
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Classical Kinematic calulation using Aineq: A plot of the Residual
Particle energy in MeV versus the particle out energy in MeV for the
reaction: 160 MeV 3°Cl on '®Mo. The lines represent the nuclei pro-

duced. In decending order, from the top are: *°La-a, !**Pr, %°Ce,
19 a-a, 133Pr, 132Ce, '2La-a, *?Pr, *La-p. ... .. ... ..... 25

Threshold energy for 1®Mo(37Cl, 5n v)'3?Pr relativistically calculated
at multiple angles. Plots of the Beam energy versus the kinetic energy
of the outgoing particle from the reaction are shown. The bottom
frame is an expanded view of the energy threshold region containing
dual energy values from angles 0° to 90°. . . . .. .. ... ..... 28
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3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

Plot of the cosine of the detector angle § versus the inverse of the
calculated Doppler Shift factor . . . . .. .. ... ... .......

A classical Kinematic calculation using Kineq : A plot of the residual
particle center-of-mass angle versus the residual particle velocity in
cm/ns. An enlargement of the circled region is included. The lines
represent the various nuclei produced in the experiment. At 8 = 0° the
order of the nuclei, from left to right are !34Pr, !33Pr, 132Pr, 130La-p,
133Ce, 132Ce, '2La-a, '®La-a, *°La-a. . ... ... ... ... ....

A classical Kinematic calculation using Kineq : A plot of the residual
particle laboratory angle versus the residual particle velocity in cm/ns
versus the residual particle energy in MeV. The saddle shaped ellipses
represent the various nuclei produced in this experiment. At § = 0°
the order of the nuclei, starting at the center, from left to right are:
130La_p’ 132PI‘, 1341)1‘, 1:;,31)1.’ 133Ce + 132Ce, 128[4&-0’, 129La—a, JOLa-Ot.
Note that the order depends on the viewing perspective. . . . . . ..

Classical Kinematic calculation using Kineq: A plot of Residual particle
energy versus residual particle velocity. The upper left inset is an
expanded view; the curves represent, from the top, A=134 to 132 and
A=130 to 128. Three of the curves overlap. The lower right inset shows
the effect of an axes change for the same data. The velocity multiplied
by the square root of one half the mass of the residual particle is plotted
versus the square root of the energy. All curves converge to one straight
line. . . . . . e e e e

Cross section values calculated for various beam energies for Ba, La,
Ce, and Pr isotopes created during the reaction: 3°Cl on Mo, from
CASCADE calculations using Nuclear Model 0. The experimental, 160

MeV. beam energy is marked. . . . . ... . L o000

Cross section values calculated for various beam energies for Ba, La,
Ce, and Pr isotopes created during the reaction: 3’Cl on Mo, from
CASCADE calculations using Nuclear Model 3. The experimental, 160

MeV. beam energy ismarked. . . ... ... ... ... ... ....

Cross section values calculated for various beam energies for Ba, La,
Ce, and Pr isotopes created during the reaction: 3’Cl on Mo, from

CASCADE calculations using Nuclear Model 5. The experimental, 160
MeV. beam energy is marked. . . . . .. .. .. ... ...

Cascade Nuclear Model Comparison for 160 MeV Cl on '®Mo. A 3-D
lego plot of atomic mass versus atomic number versus Cross Section

for NmO . . . . . . e e e e e e

Cascade Nuclear Model Comparison for 160 MeV Cl on 1Mo. A 3-D
lego plot of atomic mass versus atomic number versus Cross Section
for Nmland Nm2. ... ..... .. .. ... ... ... ...,

Cascade Nuclear Model Comparison for 160 MeV Cl on 1®Mo. A 3-D
lego plot of atomic mass versus atomic number versus Cross Section

for Nm3and Nm4. . ... . . .. . . . . e

Cascade Nuclear Model Comparison for 160 MeV Cl on 'Mo. A 3-D
lego plot of atomic mass versus atomic number versus Cross Section
for NmS5and Nm6. . .. ... ... ... ... ... .. .. ...,
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3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

Cascade Nuclear Model Comparison for 160 MeV Cl on 1®Mo. A plot
of the sum of the atomic mass (A) contributions for Z=55-59 versus
Cross Section in pbarns for the Nuclear Mass Models (NM). The filled
bargraph represents the corresponding model with Wigner term. . . .

Sum of the Cascade cross sections for 160 MeV plus 140 MeV. Cl on
199Mo and 160 MeV plus 135 MeV Cl on °°Mo. A 3-D lego plot of
atomic mass versus atomic number versus Cross Section for Nm 3. . .

Sum of the Cascade cross sections for 160 MeV plus 140 MeV. Cl on
190Mo and 160 MeV plus 135 MeV Cl on '®Mo. A 3-D lego plot of
atomic mass versus atomic number versus Cross Section for Nm 5. . .

A) 3-D spin population matrix for 32Pr, even spins, calculated from

the ORNL experiment: 160 MeV. *’Cl on Mo, using nuclear model
3. B) The same data plotted in a contour format with the log of the
cross section represented by the dotted curves. . . . . . .. ... ...

A) 3-D spin population matrix for '*?Pr, calculated from the Stony-

brook experiment: 87 MeV. '°F on !'’Sn from reference [hil86, shi88].
B) The same data plotted in a contour format with the log of the cross
section represented by the dotted curves. Nuclear model 3 was used
for the calculation. . . . .. ... ... . .. oo oL,

A) 3-D spin population matrix for 33Pr, calculated from the ORNL

experiment: 160 MeV. 3Cl on Mo, using nuclear model 3. B) The
same data plotted in a contour format with the log of the cross section
represented by the dotted curves. . . . . . .. ... ... .......

A) 3-D spin population matrix for !32Ce, calculated from the ORNL

experiment: 160 MeV. 3"Cl on Mo, using nuclear model 3. B) The
same data plotted in a contour format with the log of the cross section
represented by the dotted curves. . . . .. .. ... ... .. ... ..

A) 3-D spin population matrix for *°La, calculated from the ORNL

experiment: 160 MeV. 3"Cl on Mo, using nuclear model 3. B) The
same data plotted in a contour format with the log of the cross section
represented by the dotted curves. . . . . ... ... ... ... ....

Angular momentum versus excitation energy plot for the reaction: 76
MeV !°F on 27Al. The left side is a very simplified contour plot showing
particle threshold regions for #4Sc, one of the residual nuclei. The right
side of the plot shows the most probable decay chains for the compound
nucleus. From [puh77). . ... ... ... L oo oL

A) Three different fusion reaction contour plots for the production of

18Er along with one for a transfer reaction near the yrast line. B)

The observation of dual maxima on a contour plot for the reaction:
BSUSBNI,ONDPMU. [guiB7]. . . . . o o o

Excitation Function: Exqerimental relative intensity ratios obtained

for specific energies from !3?Pr (283 keV), '32Ce (325 keV), '33Ce (170

keV), 133Pr (310 keV) at three different Beam energies. a) 160MeV. b)
155 MeV. c¢) 145 MeV. All areas are normalized to the 130 keV peak

for 132Pr . . . s

57

59

60

62

63

64

65

67

68

69



s

hf.t

.
wh
[
Tt
i
e
i
-
te )
!

)




4.1

4.2

4.3

4.4

<t

4.7

4.8

4.9

4.10

4.11

4.12
4.13

4.14

4.15

5.1

Schematic diagram of the Tandem Van de Graaff accelerator at Ho-
lifield Heavy Ion Research Facility, Oak Ridge National Laboratory.
Drawing 76-2474C. From reference [hol87]. . ... .. ... ... ..

Partial floor plan of the HHIRF facility showing the relative placements
of the tandem, beam line #23 and the compton suppression ~y-ray
spectrometer. Adapted from references [kra88, hol87). . . . . . .. ..

A pictorial view of a reverse biased HPGe crystal showing the Lit and
B~ contacts and the depletion region of the p-n junction. .. .. ..

A plot of photon absorption coefficients versus energy for Germanium.
From [gou74]. . . . . .. ...

Compton Scattering. . . . . . ... .. ...

y-ray spectra of ®°Co taken with the Compton- Suppression Spectrom-
eter at HHIRF. The top spectrum is the normal compton plus photo-
peak spectrum; middle is the scattered events from the shield detec-
tors; and bottom is the compton suppressed spectrum. A4) 1333-keV
photopeak; B) 1170-keV photopeak; () 1333-keV compton edge; D)
1170-keV compton edge; E) 1333-keV single escape peak; F) 511-keV
v+ annihilation peak; () 1333-keV double escape peak; H) compton
backscattering. From [hol87). . .. ... ... ... ... ...

A comparison of v ray spectra of '*’Cs taken with a Nal(Tl) scintil-
lation detector (Top) and a Ge(Li) semiconductor detector (Bottom).
From [fri81]. . . . . . . . . . .

Geometry of the HHIRF Compact Ball Compton Suppression Spec-
trometer, showing the frame support for the detectors and shields. N
and S designations represent detector numbers. . . . .. ... .. ..

A drawing of the CSS Spectrometer with the hemispheres separated

and all the detectors in place. The arrow indicates the beam direction.

A cross sectional view of a single BGO Compton suppression unit used

in the HHIRF Compact Ball CSS Spectrometer. From [hol87].

Block diagram of the electronics used in y-coincidence experiments on
the Compton Suppression Spectrometer. . . . . .. ... ... ....

PLU input and output logic signals: Truth Table Definitions . . . . .

A pulse diagram illustrating the correspondence between the Ge de-
tector and Shield signals. . . . . ... ... .. ... ... ... ...

Structure of Triple Coincidence Buffer Events: The data is read from
right to left. The detector identification tags are specified in the Event
Handler code. By definition, a minimum of three detector-energy-time
sequences must exist for every event; eg., the shaded area represents
oneevent. . . . . . L. L e e e e e e e e e e e e

A description of the pre-experiment tests for Ge and shield detector
operation. Top, Rejection Ratio; Middle, False Veto; Bottom, Peak
to Total. C refers to the Clean spectrum of ®°Co; D, to the Dirty
spectrum. The shaded areas represent the integrated regions that the
test values were obtained from. (These are simulated spectra.) . . . .

Composite Spectrum: Total plot of all photons from detector 3.
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5.2

5.3
5.4

3.5

5.6

5.7

5.8

5.9

5.10
5.11

5.14

6.1

6.2 .

6.3
6.4

Angle effects observed for the gain shifted data: Each point represents
the channel number centroid of the 310 keV. peak for every 8 detector
angle. . . .. L e

Spectra for the calibration standards: '**Ba,'?Eu,%°Co, 8Y. . . . ..

A graphical illustration of the effect on the raw data of gain shifting and
doppler shifting. The 310 keV peak is plotted from various detectors,
represented by their @ angle. . . . .. .. ... ...

The effect of neutron damage during this experiment on detector res-
olution. . . . . . . L e e e e

Absorber transmission, photon efficiency, and absorber corrected effi-
ciency curves, averaged over all detectors. . . . . ... .. ... ...

A portion of a two dimensional Energy versus time (TAC) array. A
small TAC profile is positioned along the y-axis and a composite en-
ergy spectrum is positioned along the x-axis in order to emphasize the
method of obtaining time and energy spectra from this array.

TAC profiles for select energies from the 2-D Energy versus Time
array. Energies are marked on theplot. . ... ... ... .. .. ..

Halflife determination from a mixture of unrelated activities. [ar83b].

An example of successive decay: 'Ru to 'Rh to '*Pd [ar83c].

Background 2-D array: E,; versus E,; with a TAC gate on the pre-
prompt region. . . . . ... L. Lo e e e e e e e e

2-D array of the sum of all triple coincidences from E.; versus E,;
COMPATISONS.  « + v v v e v e v e e e e e e e e e e e e e e e e

2-D array from the multiple '**Pr gate. The predominant perpendic-
ular lines represent the primary gates at 310, 551, and 709 keV. The
diagonal line contains the sum of the Simple gates from these primary
ENEIGIES. .« . v v v it e e e e e e e e e e e e e e e e e e e e

2-D array from the multiple '32Pr gate. The predominant perpendic-
ular lines represent the primary gates at 115, 179, 283, 130 keV. The
diagonal line contains the sum of the Simple gates from these primary
ENETEIES. . . v v v v v e e e e e e e e e e e e e e e e e

Equivalence between FFT frequency and spectral channel number: A
plot of a forward FFT (linear) of a 240 keV gate. Since there is a direct
relationship between points on the frequency axis and on the channel
number axis, setting the range for the reverse FFT is based on channel
number. . . .. .. L e

An example of the amount of noise rejection after FFT using an ex-
panded view of the 240 keV gate: A) Original data, B) Subtracted
Noise C) Data after FFT. . .. ... ... ... ... .........

Flowchart of The FFT and SNIP spectral enhancement algorithms.
Comparison of the original (low intensity) channel number 174 gate

with a first FFT (LLS) spectrum and a second FFT (In/log™') spec-

trum. . . . . L e e e e e e e e e e e e e e e
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6.5

6.6

7.1
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7.4

7.5

7.6

7.7

Comparison of the original (medium intensity) channel number 179

gate with a first FFT (LLS) spectrum and a second FFT (In/log™!)

SPEeCtIUM. . . . . . . . L e e e e e e e e e e
Comparison of the original (high intensity) channel number 202 gate

with a first FFT (LLS) spectrum and a second FFT (In/log™!) spec-
trum. . ... e e

SNIP baseline generation for low and high intensity peaks. . . . . ..
A) Original, single gate at channel 174. B) First FFT (LLS) on original

data. C) Second FFT (In/log™'). D) Three point smooth on original

data. E) Five point smooth on original data. . .. ... ... .. ..

Separation of the first five harmonics of a sawtooth wave by retrans-
forming an increasing number of frequency channels into energy space.
The numbers on the frames represent the frequency channel number
range that is retransformed into energy space. . . . .. ... ... ..

Analysis of a test spectrum: a) The original computer-generated test
spectrum with a saw tooth wave (b) hidden within the baseline. By
retransforming the frequency segment (channels 76-80), the first har-
monic (c) of the sawtooth wave was revealed. d) The reverse transform
of random frequency segments (e.g., channels 485-490) may result in
physically non-interpretable yet artistically creative spectral shapes,
which when summed together can regenerate the entire spectrum.

Spectral synthesis: By adding spectral components that range from
low to high frequency, a realistic computer-generated spectrum can be
constructed: a) baseline profile, b) baseline modulation, c¢) rotational
band, d) superdeformed band, e) systematic noise, f) spectrum formed
by summing varying amounts of spectra a) through e). All intensities
are in counts per channel and are normalized to fit each window.

a) A computer-generated SD rigid-rotor, twelve-transition band in en-
ergy space can be transformed into frequency space. b) This expanded
region of the frequency spectrum reveals the positive- and negative-
going peak maxima SP) and the near-zero areas between the peaks
that we refer toas valleys (V). . . .. ... ... ... ... .. ...

Uniquely shaped energy spectra: By selecting frequencies in Figure
7.4b that correspond to peaks or valleys and then retransforming these
small frequency segments into energy space, only two distinct spectral
shapes result: Energy spectra a) and c¢) correspond to frequency-space,
peak-centroid P segments; b) and d) correspond to valley V segments.
The channel numbers corresponding to the frequency segments that
are retransformed into energy-space are written on each frame.

By adding a) the sum of the frequency P segments with b) the sum of

150

156

161

167

168

the frequency V segments, c) the original SD band can be regenerated. 169

A comparison of search results for a) the 33Ce SD standard band
with b) search results from a “control”, i.e., a search using the same
template parameters on an unrelated data set. The lack of matching
peaks indicates that the search template does not introduce spurious
peaks into the 133Ce SD analysis. . . . .. .. ... ..........
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7.8

7.9

7.10

7.11

7.12

7.13

7.14

7.15

Peak-width study: These five frequency spectra are derived from the
same rigid-rotor SD band as in Figure 7.4, with the exception that
the energy peaks vary in width from 2 to 10 channels, full-width at

half-maximum. Notice the variation in relative peak intensities in each. 174

Study: Random staggering of peak centroid. a) Frequency spectrum
of a SD band with the individual peak centroids staggered by 2 to
3 channels with respect to the rigid-rotor SD band used to generate
the frequency spectrum in b). c¢) The first four energy peaks of the
rigid-rotor SD band and the SD band with random staggering of peak
centroids (dots). d) Search results for the rigid-rotor SD band and the
SD band with random staggering of peak centroids (dots). . . .. ..

Signal/Noise intensity study. a) The original SD band. b) The energy
spectrum contains the SD rigid-rotor band plus computer generated
noise in a 1 to 3 intensity ratio. c¢) Retransforming 5% of the total
frequencies results in a regeneration of the SD band. . . . . ... ..

Comparison of frequency window widths: The energy space spectrum
contains the SD rigid rotor band plus computer generated noise in a
1 to 3 intensity ratio. a) Retransforming 7% of the total frequencies
results in a regeneration of the SD band. b) A retransformation of
15% of the total frequencies. c) A retransformation of 19% of the total
frequencies. Only the peak sums are displayed; the valley mask has
not been included. . . . . ... . o o Lo oo

a) Computer generated SD rigid-rotor standard spectrum. b) Multi-
component test spectrum in energy space. c¢) The search result shows
that a retransformation of frequency segments into energy space re-
constitutes the SD band even in the presence of overlapping peaks in
energy space. d) A search result on the spectrum in b) with the ad-
dition of a baseline profile (e.g., Figure 7.3a). This spectrum was not
masked with the summed valley segments from the standard band.

Study examining the effect that the relative position of the band in
the energy spectrum might have on its corresponding frequency spec-
trum: Each energy spectrum contains fifteen transitions with a peak
centroid spacing of 90 channels and identical relative peak intensities.
The band-head energy varies with each spectrum. A portion of the
corresponding frequency spectra are displayed. The band-head posi-
tions for each spectrum are: a) 100, b) 300, c) 1000, d) 2000, and e)
2800 channels. . . .. .. ... ... ... e

Study examining the effect that the number of transions in the band
in energy space might have on its frequency spectrum. Each energy
spectrum contains a band-head energy peak at channel 1000. The
peak centroid spacing is constant at 90 channels. However, each energy
spectrum contains a different number of transitions in the band. Their
corresponding frequency spectra are displayed for SD bands containing
a) twelve, b) seven, c) five, and d) three transitions. . . ... .. ..

Study to determine the effectiveness of one template in locating the
same SD band at various positions in the energy spectrum. a) Noise
plus three SD bands with peak centroid separations of 90 channels. b;
The three SD bands having relative maximum peak heights of 1:2:3. ¢
Search results for the three SD bands. d) Search results for the noise
plus three SD bands. e) Search results for the noise without the SD
bands. . . . .. ...
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7.16

7.17

7.18

7.19

7.20

7.21

8.1

8.2

a) The standard !*?Ce SD band 1 generated from Ref. [sin96, kir87].
b) The search results from this standard band. The search results from
a dose response study are shown in the remaining frames. The approx-
imate ratios of the standard band intensity to the data-set background
intensity are c) 1:2, d) 1:5, and e) 1:13. The presence of the peaks are
confirmed even at the lowest signal-to-background ratio. . . ... ..

a) The ¥2Ce SD band 1 from Ref. [sin96, kir87] in energy space. b)
The corresponding forward transform or frequency space spectrum of
this standard band. Notice that there are three regions that repeat the
frequency burst, encoded R1, R2, and R3. The second two have been
enlarged (x26) for viewing purposes. When each of the frequency
regions is retransformed into energy space, it nearly regenerates the
original spectrum, and the SD peak centroids are re-established. The
retransformation for each region is shown in energy space in ¢) Rl, d)

R2,ande) R3. . ... .. . . . .. . ...
Search results for !**Ce SD band 3 in: a) The standard '**Ce SD

band 3 spectrum formed from the difference between the sum of the
double gated SD data and the background data. b) Sum of the double
gated SD peaks. c) Background spectrum. d) The difference spectrum
formed by subtracting the search results, spectrum c) from spectrum

FFT search in survey mode: Comparison of the results for 1**Ce SD3
standard using various search templates. The numbers on each frame
represent the equidistant peak spacings reflected in the templates.

FFT search in survey mode: Comparison of the results for the 33Ce
SD3 standard spectrum displaying the 1850 to 2500 channel number
range. The numbers on each frame represent the equidistant peak
spacings reflected in the templates. The intensity maximizes in frames
120 and 130, indicating the presence of peaks with those approximate
SPACINES. & v v vttt e e e e e e e e e e e e e e e e e e

130 channel number template search: Comparison between a) the re-

sults for the background spectrum, b) individual results for !*3Ce SD1
(solid), SD2 (dot dash), and SD3 (dash), c) a sum of the results for

133Ce SD1 plus SD2 plus SD3, d) the difference between a) and c)
showing potential SD peaks. . . . ... ... ... ... ... ...

Two examples of peaks from the segmented FFT search show a phase
shift in the data (solid), background (dash), and difference (crosshatch)
peak centroids, suggesting that a compression or expansion of the x-
axis had occurred between the double gated SD data and the single
gated data used as background. . . ... ... ... 000000,

Examples of artefact peaks formed during the test comparisons from
the calibration rebinning experiment: from the top, Test 1 1m4, Test
1 2m3, Test 2 2m4, Test 2 1m2. . . .. ... ... .. ... .....
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8.3

9.1

9.2

9.3

9.4

9.5
9.6

9.7

9.8

9.9

9.10

9.11

9.12

Results of the recalibration experiment employing subtle changes in
calibration between the data and background spectra show changes in
the published SD band in !*3Ce. a) Represents four of the SD peaks
with the original calibration. b-e) Represent changes to the quadratic
term. f) Includes a cubic term to the calibration. See text. . . . ..

Energy levels obtained by solving the Schrodinger equation using an
infinite well potential (right) and a harmonic oscillator potential (left).
The center levels are produced with a potential intermediate between

these two. The numbers in parentheses indicate the nucleon occupan-
cies [kra88, hyd64, may55]. . ... .. ... .. Lo L.

The effect of spin-orbit coupling produces the ‘magic’ shell-gap num-
bers. Shown are energy levels calculated with a potential intermediate
between a square well and an harmonic oscillator and on the right, the
shell model results calculated with the intermediate potential plus a
spin orbit parameter [kra88, hyd64, may55]. . ... ... ... .. ..

A schematic N versus Z chart of the nuclides showing regions of nuclei
with stable, static deformation. The overlap with the magic numbers
shows that these regions occur midshell [hyd64]. . .. ... ... ..

7

Single particle orbits with j = 7 and their possible projections along

the symmetry axis for prolate and oblate deformations. Only the pos-
itive projections are shown [kra88]. . . . ... ... ... .. ... ..
Variation of the stability of the Q states with deformation [kra88]. . .

A) Schematic of the angular momentum coupling for an odd mass
nucleus. B) Schematic of the angular momentum coupling for an odd-
odd nucleus. See the text for an explanation of the symbols [mch65].

Nilsson energy level diagram for the 50 through 82 shell-gap regions
[kra88]. . . . . . e e e

A general plot of excitation energy versus angular momentum for a
nuclear reaction. The nucleus de-excites via either an yrast mechanism

or a statistical cascade. Below the yrast line there are no energy levels .

The left hand side of Figure 9.9 depicts a collective rotation of a prolate
spheroid and a corresponding example of a rotational cascade in 238U,
The right side shows a cascade of single particle states in 2!2Rn along
with a simplistic view of how the angular momentum from the single
particles may couple with the core. [dia84]. . ... ..........

Examples of backbending plots for the yrast band in *®Er using the
moment of inertia, the total spin and the aligned spin versus the rota-
tional frequency. From [dia84). . .. ... .. ... ... ... ...,

a) Schematic depiction of nucleons in a closed shell occupying all levels
up to the fermi level. b% A depiction of a smeared pair distribution
around the fermi level. c) Blocking of the pairing force with the addi-
tion of an odd particle at the fermi level. Adapted from [hey94].

A schematic Potential Energy versus 3 deformation plot showing an
approximate view of a 1-D PE surface for various regions of valence
particles. Deformed nuclei are expected to be in region III [kra88].
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9.13

9.14

9.15

10.1

10.2

10.3

10.4

10.6

10.7

10.8
10.9

An example from "Kr and "®Kr of the way potential energy contour
plots translate to 1-D PE curves. 8 cuts at two different v angles are
plotted along the horizontal showing their corresponding minima in
the potential energy. [eis87]. . . . .. . ... ... ... ...

a) Correlation spectrum for *2Dy. The ridges parallel and close to the
E,1=E,,; diagonal for energies between 0.80 and 1.35 MeV. are taken

to represent an SD band [nya84]. b) Three cuts perpendicular to the
E,1=E., diagonal in a correlation spectrum for **Nd. The arrows

indicate where the ridges are located [bec87]. . .. .. ... ... ..

Summed, gated spectra for three SD bands in **Dy [joh89]. . .. ..

Nuclear energy level diagram for the y ray cascade in '**Pr. From

[shi88]. . .« o e

132Pr spectrum representing the yrast rotational band 1, from a 2-D
multiple gate technique. . . . . . . .. ... Lo,

132pr spectrum representing rotational band 2, from a 2-D multiple
gate technique. . . . . .. ... Lo o oL o

132Pr spectrum representing rotational band 3, from a 2-D multiple
gate technique. The upper right hand corner contains an expanded

view of the 1008 and 1011 keV peaks. . . . . . ... ... ... ....

Sum of the simple gates at 62, 130, 240, 115, 266, 283, 178 keV for the
132Pr nucleus. The inset is an expanded view of the region containing

low-intensity multiple peaks from which the SD bands emerge. The
378 keV gateismarked. . . .. ... .. oo L Lo L

Spectrum gated on 378-keV transition. The four new bands are marked
with plotting symbols, other transitions in !3?Pr are labeled with tran-
sition energies. . . . . . . . oL i e e e e e e e e e e e e e e e e e

Aligned angular momentum of the SD bands in 3?Pr. The large range
of plausible values for initial alignment results from the uncertainty in

the assignment of the bandhead spins and true K quantum number for
theband. . . . .. .. ... ..

132Pr total alignment plot. . . .. ... ... ... ..........

Aligned incremental angular momentum of SD bands in '*?Pr. Iden-
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Multiplegate. . . . . . . . . .. . L

E.53 Sum of gates at 115, 179, 229, 277 keV for band 12 in !32Pr, Multiple
gate. . . . . L e

E.54 Sum of gates at 294, 506, 665, 784, 835 keV for band 13 in '3?Pr,
Multiplegate. . . . . . . . . .. ..

E.55 Sum of gates at 396, 624, 775, 880, 934 keV for band 21 in '*?Pr,
Multiplegate. . . . . . . . ... L

E.56 Sum of gates at 130, 267, 240, 384, 321, 453, 396, 483 keV for band
22 in 132Pr, Multiplegate. . . . .. ... ... ... ... .......

E.57 Sum of gates at 396, 624, 775, 880, 934, 1019, 1130, 507, 705, 848,
943 keV. for band 23 in !*?Pr, Multiplegate. . . . . .. ... ... ..

E.58 Sum of gates at 576, 595, 541, 521, 661, 745, 792, 837, 912 keV. for
band 3 in '3?Pr, Multiplegate. . . . . . .. .. ... ... .......

E.59 Energy gated TAC spectra for 114, 178, 229, 277 keV. . . . . .. ..
E.60 Energy gated TAC spectra for 506, 352, 408, 130 keV. . . . . . . ..
E.61 Energy gated TAC spectra for 266, 240, 383, 321 keV. . . . . .. ..
E.62 Energy gated TAC spectra for 407, 623, 294, 395 keV. . . . . . . ..
E.63 Energy gated TAC spectra for 452, 507, 283, 63 keV. . . . . . .. ..

F.1 ID 388. Simple gate from *Pr,band 1. . ... ... ........
F.2 ID 414. Simple gate from '3*Pr, band 1. . . ... .. ... ... ..
F.3 ID 530. Simple gate from '**Pr, band 1. . . ... ... .......
F.4 ID 567. Simple gate from "*3Pr,band 1. ... .. ... ... ....
F.5 ID 606. Simple gate from 33Pr, band 1. .. ... ... .......
F.6 ID 698. Simple gate from **Pr,band 1. .. ... ... .......
F.7 1D 833. Simple gate from »**Pr, band 1. . . ... ... .......
F.8 ID 939. Simple gate from 33Pr, band 1. .. ... ... .......
F.9 ID 982. Simple gate from '33Pr, a link between bands 1 and 3.

F.10 ID 1020. Simple gate from 33Pr,band 1. . . ... .. ... ... ..
F.11 ID 164. Simple gate from *Pr, band 2 (or 5). . ... .. ... ...

F.12 ID 400. Simple gate from **Pr,band 2. ... ... ... ... ...
F.13 ID 452. Simple gate from **Pr,band 2. ... ... ... ... ...
F.14 1D 477. Simple gate from !*3Pr, band 2. . ... ... ... ... ..
F.15 ID 488. Simple gate from '**Pr,band 2. ... ... ... ... ...
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F.16
F.17
F.18
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F.20
F.21
F.22
F.23
F.24
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F.32
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F.38
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F.40
F.41
F.42
F.43
F.44
F.45
F.46
F.47
F.48
F.49
F.50
F.51
F.52
F.53

ID 623
ID 682
ID 720
ID 787
ID 909

. Simple gate from '*3Pr,band 2. ... ... ... .. ...,
. Simple gate from !33Pr, a link between bands 2 and 3.

. Simple gate from !*3Pr,band 2. .. ... ... ... .. ..
. Simple gate from "*3*Pr,band 2. .. ... ... ... ....
. Simple gate from *3Pr, band 2. . . ... ... ... ...,

ID 1004. Simple gate from *3Pr,band 2. . . . . ... ... ... ..
ID 1016. Simple gate from !*3Pr,band 2. . ... ... ... ... ..

ID 130
ID 310
ID 551
ID 709
ID 812

. Simple gate from !*3Pr array, for the '*?Pr nucleus.

. Simple gate from **Pr,band 3. .. ... ... ... ....
. Simple gate from *Pr,band 3. . ... ... .. .. ....
. Simple gate from '**Pr,band 3. . . ... ... ... ....
. Simple gate from '**Pr, band 3. .. ... ... ... ...

ID 864-868 triplet. Simple gate from '**Pr, band 3. . . ... . ...

ID 922
ID 990
ID 103
ID 107

ID 149.
ID 170.
ID 245.
ID 327.
ID 395.
ID 448.
ID 496.
ID 763.
ID 768.
ID 251.
ID 337.
ID 409.
ID 472.
ID 196.
ID 244.
ID 296.
ID 351.
ID 404.
ID 454.
ID 501.
ID 587.

. Simple gate from **Pr,band 3. .. ... ... ... ....
. Simple gate from !**Pr,band 3. ... ... ... ... ...
7. Simple gate from "*3Pr,band 3. . . . ... ... ... ...
8. Simple gate from **Pr,band 3. . . . ... ... ... ...
Simple gate from **Pr, band 4. . . ... ... ... ....
Simple gate from '**Pr, band 4. . . ... ... ... ....
Simple gate from '**Pr, band 4. .. ... ... ... ....
Simple gate from **Pr, band 4. .. ... ... ... ....
Simple gate from "*Pr, band 4. . . ... ... ... ....
Simple gate from '**Pr, band 4. .. ... ... .......
Simple gate from *3Pr,band 4. . . .. ... ... .....
Simple gate from 3Pr, band 4. ... .. ... ... ....
Simple gate from '*3Pr,band 4. . ... ... ........
Simple gate from !*3Pr, band 5. . . . ... ... ......
Simple gate from '**Pr,band 5. . ... ... .. ......
Simple gate from "**Pr,band 5. . . ... ..........
Simple gate from '*¥Pr,band 5. .. ... .. .. ......
Simple gate from "¥*Pr,band 6. . . ... ... ... ....
Simple gate from "¥3Pr,band 6. . ... ... ........
Simple gate from '33Pr,band 6. .. ... ... .......
Simple gate from "**Pr,band 6. .. ... ..........
Simple gate from '33Pr,band 6. . . ... ... ... ....
Simple gate from ¥3Pr,band 6. . . ... ... ... ....
Simple gate from '*®*Pr,band 6. . . ... .. .. ......
Simple gate from ¥3Pr, band 6. . .. .. ... ... ....
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F.54
F.55
F.56
F.57
F.58
F.59
F.60
F.61
F.62
F.63
F.64

F.65
F.66
F.67
F.68
F.69
F.70
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F.76
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F.78
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F.80
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F.85
F.86
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F.89
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F.91

ID 388.
ID 414.
ID 530.
ID 567.
ID 606.
ID 698.
ID 833.
ID 939.
ID 982.

Multiple gate from **Pr,band 1. . ... .. .. ... ...
Multiple gate from **Pr,band 1. . . ... ... ... ...
Multiple gate from '*3Pr,band 1. . . .. .. ... ... ..
Multiple gate from '**Pr,band 1. . . ... ... ... ...
Multiple gate from '3*Pr,band 1. . . ... ... ... ...
Multiple gate from '**Pr,band 1. . ... ... ... ... ..
Multiple gate from *3Pr,band 1. . .. ... ... ... ..
Multiple gate from '*3Pr,band 1. . ... ... ... .. ..

Multiple gate from !33Pr, a link between bands 1 and 3.

ID 1020. Multiple gate from '**Pr,band 1. . ... .. ... ... ..

ID 164.

ID 400.
ID 452.
ID 477.
ID 488.
ID 623.
ID 682.
ID 720.
ID 787.
ID 909.

Multiple gate from '**Pr, band 2 (or 5). . . ... ......

Multiple gate from **Pr,band 2. . .. ... ... ... ..
Multiple gate from **Pr,band 2. . . ... ... ... ...
Multiple gate from '**Pr,band 2. . . ... ... ... ...
Multiple gate from !*3Pr,band 2. . . .. .. .. ... ...
Multiple gate from '**Pr,band 2. . ... .. .. ... ...
Multiple gate from '**Pr, a link between bands 2 and 3.

Multiple gate from **Pr,band 2. . . ... ... ... ...
Multiple gate from '33Pr,band 2. . . ... ... .. ....
Multiple gate from "**Pr,band 2. . ... ... ... ....

ID 1004. Multiple gate from '**Pr, band 2. . . ... ... ... ...
ID 1016. Multiple gate from '*3Pr,band 2. . . ... ... ... ...

ID 130.
ID 310.
ID 551.
ID 709.
ID 812.

Multiple gate from '*3Pr array, for the 32Pr nucleus. . . .
Multiple gate from **Pr,band 3. . . ... ... ... ...
Multiple gate from '3*Pr,band 3. . . ... ... ... ...
Multiple gate from *3Pr,band 3. . . ... ... .. .. ..
Multiple gate from '**Pr,band 3. . ... ... ... ....

ID 864-868 triplet. Multiple gate from '**Pr, band 3. ... ... ..

ID 922.
ID 990.

Multiple gate from '*Pr,band 3. . .. ... ... ... ..
Multiple gate from '**Pr,band 3. . ... ... .. ... ..

ID 1037. Multiple gate from '**Pr,band 3. . . . ... ... ... ..
ID 1078. Multiple gate from 3*Pr,band 3. . . .. ... ... .. ..

ID 149.
ID 170.
ID 245.
ID 327.
ID 395.
ID 448.

Multiple gate from *3Pr,band 4. . .. ... ... ... ..
Multiple gate from *3Pr,band 4. . .. ... ... ... ..
Multiple gate from '**Pr,band 4. . ... .. ... ... ..
Multiple gate from !33Pr, band 4. . . ... ... ... ...
Multiple gate from **Pr,band 4. . ... ... ... ....
Multiple gate from '**Pr,band 4. . ... .. ... .. ...
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F.92 ID 496. Multiple gate from **Pr,band 4. . ... .. ... ... ..
F.93 ID 763. Multiple gate from *3Pr,band 4. . ... ... ... .. ..
F.94 ID 768. Multiple gate from *3Pr,band 4. . . .. ... ... .. ..
F.95 ID 251. Multiple gate from **Pr,band 5. . .. ... .. ......
F.96 ID 337. Multiple gate from **Pr,band 5. . .. .. ... ......
F.97 ID 409. Multiple gate from **Pr,band 5. . ... ... ... .. ..
F.98 ID 472. Multiple gate from ¥3Pr,band 5. . . ... ... .. .. ..
F.99 ID 196. Multiple gate from *3Pr,band 6. . . ... ... ... ...
F.100 ID 244. Multiple gate from **Pr, band 6. . . .. . ... ... ...
F.101 ID 296. Multiple gate from '**Pr,band 6. . . ... ... ... ...
F.102 ID 351. Multiple gate from **Pr,band 6. . . ... ... .. .. ..
F.103 ID 404. Multiple gate from *3Pr,band 6. . . . ... ... ... ..
F.104 ID 454. Multiple gate from **Pr,band 6. . .. ... ... ... ..
F.105 ID 501. Multiple gate from 3Pr,band 6. . . .. ... ... .. ..
F.106 ID 587. Multiple gate from '**Pr,band 6. . . .. ... ... .. ..

F.107 Sum of gates at 414, 606, 567, 388, 530, 698, 833, 939, 1020, 1092
keV. for band 1 in 'Pr, Simplegate. . . . . . . ... ... ......
F.108 Sum of gates at 477, 623, 667, 452, 488, 632, 787, 909, 1004 keV. for
band 2 in '¥Pr, Simplegate. . . . . ... ... .. ... ... .....

F.109 Sum of gates at 813, 866, 922, 990, 1038, 1078, 1140 keV. for band 3
in I3¥Pr, Simplegate. . . . ... ... .. .. ...
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band 4 in "3Pr, Simplegate. . . . . . ... ... ... ... ......
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band 2 in ¥3Pr, Multiplegate. . . . . . .. .. ... .. ........
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in 133Pr, Multiplegate. . . . . ... ... ... ... ... .......
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band 4 in '3Pr, Multiplegate. . . . . . .. ... ... .........
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Chapter 1

Introduction

1.1 Historical Perspective

Between 300 BC and 1700 AD there existed a form of philosophical thinking that
captured the interest of pcople from many different cultures. The basic structure
of three of their major principles are relevant today: They believed in the notion
that one metal could be changed into another; they searched for a substance or
method that could catalytically influence this transmutation process; and they had
an understanding of a cosmic unity of all matter. Their objectives were not reached,
per se, but the concepts of transmutation in nature and a grand unification principle
were centuries ahead of its time, so much so that Alchemy is often acknowledged to
be a forerunner of modern chemistry. [tre81] Science had to wait until the discovery
of oxygen (Lavoisier, 1775), electrons (Crookes, 1879, and Thompson, 1897) and x-
rays (Rontgen, 1895) before the secrets of transmutation in nature were discovered
(Antoine-Henri Becquerel, 1896) [eis58]. Two years later in 1898, Pierre and Marie
Sklodowska Curie announced that the phenomenon reported by Becquerel was an
atomic decay of one element into another [fri81]. This was remarkable insight since
the notion of an atomic nucleus did not coalesce until 1911 when E. Rutherford
noticed that a-particle scattering on thin metal foils occurred at very large angles.

He suggested that this could be produced only by an intense electric field within the

1
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atom. Therefore the positive charge and most of the mass were concentrated within an
atomic core. The charge was balanced with electrons spherically distributed around

the center [fri81].

A method to influence catalytically the transmutation process: The first
laboratory transmutation reaction was performed by Rutherford in 1919. Nitrogen
was bombarded by alpha particles from a natural radioactive source to produce (in
retrospect) 7O and protons. Just prior to this, researchers at several laboratories had
developed devices for the acceleration of hydrogen and helium ions to energies at which
artificially induced transmutations might occur. This was reported in 1930 when
J. Cockcroft and E. Walton observed the first nuclear transmutation using protons
artificially accelerated with an electrostatic accelerator of their own design. However,
it wasn’t until 1934 when Irene and Frederick Joliot-Curie discovered that boron and
aluminum targets would become radioactive after exposure to a rays from polonium,

that the concept of artificially induced radioactivity was actually understood.|fri81]
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Neutron Number

Figure 1.1: Early evidence for Nuclear Shell Structure: A plot of the change in nuclear
charge radius, AR, for every pair of neutrons. The sudden changes at 20, 28, 50, 82

and 126 show transitions to the next shell and are now referred to as ‘magic numbers’.
[she76].

By 1913 Niels Bohr had advanced the theory of the structure of the atom to include

electron orbitals surrounding the nucleus and introduced the concept of quantum

2






levels. Later, a quantum-mechanical description of the atom was developed in 1926
by E. Schrodinger and W. Heisenberg [fri81]. As early as the 1930’s, speculations
existed about an inner structure of the nucleus of the atom [eis58]. The discovery
that the proton was a separate nuclear entity was made by J. Chadwick in 1932
[fri81]. According to Eisenbud and Wigner, the stability of certain groupings of
protons and neutrons was noticed by W. Elsasser in 1934 [els34]. Figure 1.1 shows
the evidence that inspired researchers to develop what was to be called the Shell Model
of the nucleus - the change in nuclear charge radius, AR is plotted for every pair of
neutrons. The sudden changes at 20, 28, 50, 82 and 126 show transitions to the next
shell and are now referred to as ‘magic numbers’ [she76]. In 1949, Maria Goeppert-
Mayer published the development of this mathematical model, providing “convincing
evidence for the preferred nature of these numbers ” [may49]. (Haxel, Jensen and
Suess concurrently, yet independently, helped develop this model [hax50].) Spin and
orbit coupling of the protons or neutrons caused the formation of energetically stable

levels within the nucleus.

Since these early days, the model of the structure of the atomic nucleus has evolved
in many directions. The present emphasis in nuclear structure studies is an attempt
to explain what is referred to as superdeformed (S5D) nuclear shapes. The SD bands
have the properties of deformed prolate rotors (major to minor axes ratio less than
2:1) and have been observed only at high spin. The study of these bands may provide

insight into the shape characteristics of the nucleus.

1.2 Objectives

In this work, we use the concept of transmutation to change Mo into a highly
excited *"Pr intermediate nucleus using a beam of accelerated 3"Cl ions in order to

study energy levels of the final reaction products. Our philosophical ancestors might



be futrinen

)

p

e
el Al

NS, ]
RPN
are @i
1 .
et
"»:Y ‘e
OIS

St
SO

We
{(}:“L;.(i .
iﬂ T};i'\ &

B for

I‘”HM] .
1

B R

iy .
S 1

g{y‘d Car
el



be intrigued by the process:

When fast-moving, high-energy particles move close enough to a target nucleus to
overcome the coulomb repulsion, the force acting between the nuclei is an attractive
one and the particle is captured. Within a time frame of less than 107'3 s. a v ray,
neutron or other type of particle can be emitted from the compound nucleus that has
been formed. This type of transmutation reaction is called fusion-evaporation: two
nuclei collide and fuse into a highly-energetic compound nucleus from which parti-
cles “boil off”, leaving behind a residual nucleus. Because an accelerator produces
particles that are travelling at a large fraction of the speed of light, there is a consid-
erable amount of angular momentum taken up during the collision by the compound
nucleus. This produces highly-energetic residual nuclei that can de-excite through
a cascade of changes in rotation about the nuclear axis. These changes in rotation
are accompanied by the emitting of a v ray for each incremental change in spin. By
detecting the energies of the photons, information can be obtained about the various
spin states of each residual nucleus. This technique, referred to as in-beam y-ray

spectroscopy, is the one we used to investigate the various reactions.

We chose to examine the high spin rotational band structure of normally de-
formed (nonspherically shaped), odd-odd '*?Pr and to search for superdeformation
in this nucleus, primarily because a moderate amount of structural information ex-
ists for the surrounding even-even and odd-mass nuclei and also because superde-
formed rotational bands have been reported for other nuclides in this region: 132Ce,
133,134,135,136,13TN {1303, and !3!Ce [god89, fir94], 1*3Ce, and '**Pr [hau94]. The N=73
isotones in this region exhibit superdeformation therefore !3?Pr would appear to be a

good candidate for this study.
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1.3 Synopsis

Most of the information has been written either to guide those who may want to
follow this type of study or to jog my memory in the future. This work is divided into
12 chapters. Chapter 2 is a general description of electromagnetic properties of the
nucleus, mainly from a classical perspective; Chapter 3 contains information about
the various aspects of investigating fusion evaporation reactions. Both relativistic and
classical kinematic calculations are included for the reaction under study. Chapters
4 and 5 include all of the necessary information from the experiment and the data
analyses. Chapter 6 describes the development of mathematical spectral enhancement
techniques as an aid to understanding the data. Chapter 7 contains information
on our development of a y-ray search routine based on a segmented Fast Fourier
Transform method. Chapter 8 presents investigations into the possibility of spectral
artefacts. Chapter 9 describes the mathematical development of the nuclear shell
model and rotational and superdeformed bands. The rotational band results for !**Pr
and 132Pr can be found in Chapter 10 along with Cranked Shell Model calculations and
a discussion of the possible identification of the new bands found in !*?Pr. Chapter
11 contains a summary and recommendations for future developments are made in
Chapter 12. The bulk of the spectra for '**Pr and '*’Pr are contained in the various
Appendices (D through F) along with tables of Q-Value calculations (A), various
spin population matrices calculated for residual nuclei in the reaction under study
(B), energy and efficiency calibration plots specific to each detector (C), and the

necessary computer routines (G) that were developed in the course of this work.

“My efforts to cut out 50,000 words may sometimes result in my adding 75,000.”

—Thomas Wolfe
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Chapter 2

Electromagnetic Properties of the
Nucleus

In the study of nuclear structure, the electromagnetic interaction of nuclei is used to

probe the distribution and motion of nucleons in the nucleus.

2.1 The Nuclear Potential

The distribution of charge and currents within the nucleus produces inseparable elec-
tric and magnetic fields. The electric field E(r) is related to the gradient of the

electrostatic potential :
E(r) = =V o(r). (2.1)

When the same reference is chosen for the electrostatic potential and for the potential
energy, the electrostatic potential is related through the charge, ¢q. to the central

potential energy, U(r), of the nucleus : [rei80, kra88]

U(r) = —¢q ¢(r). (2.2)

Two important properties of the nucleus, that are related to nuclear structure, the
magnetic dipole moment and the electric quadrupole moment can be obtained by

analyzing these fields. The nucleus might be approximated by the following example.

6
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In fact, Coulomb’s Law. on which the example is based. holds for the electrostatic re-
pulsion between nuclei at distances greater than = 107'* meter. At smaller distances.

the strong force dominates. [rei80)

Charge & Current
Distribution

Observation r-r
Point g

Origin

Figure 2.1: The nuclear potential described in terms of vectors. The total magnetic
and electrostatic potentials are found from the integral over the entire current and
charge distributions. [kraS8].

Consider an arbitrary charge distribution of volume 17, enclosed by a sphere of
radius, a. See Figure 2.1. The charge is localized at the origin of coordinates with
a charge density. p(r’). The distance to the observation point. defined by vector r is
large compared with a. The dv’ represents a portion of the chaige distribution whose
location is defined by the vector r’. The distance between this dv’ and the ol:servation
point is |[r — r’|. Then the potential at r is related to the charge density thiough a

volume integral and can be written:

] p(r') ' .
o(r) = v
A(r) 4/’1’(0./\/ r —r" @ (

where ¢, is a constant of proportionality called the permittivity of free space. A

h~
[
-

binomial expansion of |r — r'|~! is made in terms of r'/r. Terms higher than 2 are

omitted. This vields:

Q pr K& luar .
?+—r3—+22375_j(2u+”' (2.4)

=1 j=1 “

~1
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where

Q = (monopole moment) = /Vp(r') dv' (2.5)

p = (dipole moment) = /Vr'p(r')dv' (2.6)

Qi; = (quadrupole moment) = /(3;1’2;1?; — &%) p(r') dv’ (2.7)
\%

where §;; is the Dirac delta function and r;,x; are the Cartesian components of
r. The electric monopole moment is just the total charge. In quantum mechanical

terms, the (3x}a — 8;;r'*) term is known as the electric quadrupole operator [rei80].

From a magnetic point of view, the distribution of currents in Figure 1, is repre-
sented by the current density, J(r’) which specifies the magnitude and direction of
t he electric current per unit volume, dv’. The magnetic induction is obtained from

t he curl of the magnetic potential:
B=V xA. (2.8)

"T"he magnetic vector potential can be written:

Ho J(r,) ' 9
= — v’ 2.9
Alr) 4 ./v [r — 1| d (2.9)

where p, is a constant designed for mks system units compatibility and is specified

by 41,6, = 1/c% c, being the speed of light.

This can be expanded in a fashion similar to the electrostatic potential, resulting

in the following form for the first non-vanishing term:

Ar)=He X0 (2.10)

47 73

The quantity p is defined as the magnetic dipole moment of the current distribution

And can be written as:

y= %/r' x J(r') dv'. (2.11)
8
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This can be rewritten in quantum mechanical terms of the charge density, e|y(r')|?

and the angular momentum,

e
- - / /’ / ! 9
= [0 ) @' (2.12)
This reduces to:
eh

If the wave function corresponds to a state of definite ¢,, only the z-component is non-

vanishing. This yu, is defined as the nuclear magnetic moment that corresponds to the
maximum possible value of the z-component of the angular momentum. [kra88, rei80].
Each electromagnetic multipole moment has a parity. The parity of the electric mo-
ments is (—1)¢, where ¢ is the order of the moment. The parity of the magnetic
morments is (—1)!. It is important to note that all odd-parity static multipole mo-
ments vanish; i.e., the electric dipole, magnetic quadrupole, electric octupole, etc. To

compute the expectation value of a moment, evaluate an integral of the form:
(moment) =/¢' 0y dv (2.14)

where O is an electromagnetic operator. The parity of ¢ does not affect the integral

value. If O has odd parity, the integrand is an odd function of the coordinates and

the integral must vanish [kra88].

2.2 Nuclear Shapes and Vibrational Distortions

From the previous discussion, it should be clear that a spherical charge distribution
Bives only a monopole electric field (i.e.,the total charge); the higher order terms van-
ish. A circular current loop has only a magnetic dipole field. Therefore, if multipoles
higher than the magnetic dipole are measured for a nucleus, the nucleus is not spheri-

cal [kra.88]. This is the case in mid-shell regions, even-even and odd-mass nuclei exist

9






with stable and permanent quadrupole deformations. In these regions, the normally
spherical shape is easily deformed by the collective motion of the extra particles out-
side closed shells coupled with the core. This results in collective excitation modes,

referred to as phonon excitations, where a phonon is a vibrational quantum.

A= 2 A= 3_
Quadrupole Octupole

A=4 t‘<0 Asd t‘>0
Hexadecapole

Figure 2.2: Nuclear distortions based on the spherical harmonic multipoles. Adapted
from [kra88], [hyd64], and [cas90].

This deformed shape is significant because nuclei can be stabilized in non-spherical
8round states and the rotations of a deformed nuclear shape are the origins of rota-

tZonal bands.

In order to quantify these shapes, the nuclear radius, R, can be redefined in terms

of Spherical harmonics, Y (0, ¢).

R =R,

1+ o, }i\“(0¢)] : (2.15)

Ap

Where R, is the radius of a spherical nucleus of the same volume. A refers to the

Order of the spherical harmonics and p is the projection of A on a spaced fixed axis,
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i.e., the angular momentum component. When this is expanded in powers of a, the
coefficient of the spherical harmonics, then the shape oscillations are classified by their
multipole order, A and their parity, 7 = (=1)*. A = 2 is referred to as a quadrupole
deformation; A = 3 is octupole, etc. The corresponding shapes are shown in Figure

2.2. Notice that the dipole vibration is merely a translational mode [hyd64, cas90].

: 120 60’ >/
* prolate X ' b ' obll:z —’-
. lol—cnllccllv ‘ . . collective A

&, :
| g
oblate 180° Z Z o Pprolate
3 >,
S8 &
Y prolate Y X oblate
collective _120° =60° non-collective

Figure 2.3: 3 — v Polar Plot. Adapted from [hyd64].

The quadrupole deformation is the most significant in nuclear spectroscopy be-
CAuse it has a large effect on the nuclear shape. These can be quantified using polar
COordinates to define the ellipsoidal nuclear shape. For A = 2, the expansion coeffi-

Clengts, a can be written in terms of 3 and 7. [cas90]:

ay=a;=0 ap = cosy a;=a_y3=f siny.

11



The J rep:
AT
plat of J
Ay e
paraneter
are three
P o
HaNISRRT
il .1"‘1\ 1
pate
faiing

0 F’E‘_“v"!‘

F’l‘%vg
Az



The B represents the extent of quadrupole deformation and «, the degree of axial
asymmetry. ! The quadrupole deformation is best visually represented by a polar
plot of 8 and vy - see Figure 2.3. The radius vector is 3 and v is the polar angle.
Any nuclear deformation (for example, point P) can be specified with these two
parameters. A spherical shape would be represented by a point at the origin. There
are three ellipsoid axes (X, y, z) superimposed on the polar plot at 60° to each other.
If P is located on any of these three axes, the nucleus has rotational symmetry with
respect to that axis. To put this in terms of the quadrupole moment, for a spherical
nucleus the value of @;;, from equation 2.7 equals zero . If @);; > 0 the shape is called
prolate deformed; if @;; < 0, the nuclear charge density along the z-axis is reduced
causing a flattening of the spacial distribution. This is referred to as oblate. (Refer
to Figure 2.4). The main difference between prolate and oblate shapes is that prolate

1s extended in one direction and compressed in two; oblate shapes are extended in

two and compressed in one. [cas90]

Prolate Oblate

Figure 2.4: Prolate and Oblate static nuclear shapes generated from multipole order

= 2.

In the 3 —~ plot, the nucleus is prolate at v = 0° (for each x, y, z axis). If v = 60°

Qa; 1 3 is also related to the eccentricity of an ellipse: 3 = 4/3\/x]5 AR/(R,A%) where A R is the
f¥erence between the semimajor and semiminor axes of the ellipse. [kra88].
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or 180°, the nucleus is oblate. Notice that if v = 0°, a prolate shape has +3 and an
oblate shape has —3. Another shape classification exists called triaxial (non-axial),
where there is a flattening of the nucleus in one of two directions perpendicular to
the symmetry axis. This happens at v # (n7/3) , i.e., 30°.

The 3 and v parameters are also used to describe vibrational excitation states.
The term [ vibration refers to oscillations of the ground state in the 3 direction
causing the formation of various spheroidal and ellipsoidal shapes. vy vibration refers
to oscillations in the 4 direction. This results in a cross sectional distortion of the

nucleus (circle « ellipse) and has been referred to as a ‘breathing’ motion. See Figure

2.5.

< >

side view end view
B - Vibration Y - Vibration

Figure 2.5: A pictorial description of 3 and v vibrations for A = 2. [cas90].

2.3 Radiation Fields of the Rotating Nucleus

P reviously, we discussed how the nuclear charges and currents produce static magnetic
and electric fields and how they can be analyzed in terms of expanded multipole
Moments. If the charge and current distributions vary with time - as they do in a
TOtating nucleus - a radiation field is produced. This field can also be analyzed in
termgof multipoles. The total angular momentum is specified as the multipolarity of
the yadiation. [eis58] The electric field arises from the net charge; this is the zeroth
(EO) or monopole moment and is related to 1/r?, where r is the nuclear radius.

The first (E1), or dipole moment is related to 1/r3. The second (E2) or quadrupole

13






moment is associated with 1/r*. The magnetic multipole moments (M1,M2...) are
similar except there is no known monopole. The parity of the radiation is defined by

( and the electromagnetic character (E or M). An E transition has parity, 7 = (—1)¢

an M transition has parity, 7 = (—1)/*!. The radiation field has, for a given ¢ and =,
2( + 1 different states, characterized by 2¢ + 1 different values of the z component of

the angular momentum: p, = —¢, (=€ + 1), ...,({=1), €

2.3.1 Moment of Inertia

Besides the quadrupole moment, there is another important quantity that describes a
deformed nucleus - the effective moment of inertia, & about the axis of rotation. The

kinetic energy of a rotating object is related to this S and the frequency of rotation,

o

| -

E=:3 . (2.16)

N

t

"T"he orbital angular momentum, ¢ is a product of this rotational frequency and the

efFective moment of inertia:

(=3 w (2.17)

If we rearrange this in terms of w and substitute the value into the previous equation,
the energy can be written:
2
E= R (2.18)
Note that , if I represents the angular momentum quantum number, the quantum
Mechanical value for 2 is:

=1 (I+1)R? (2.19)

By combining the last two equations we arrive at an expression that describes the

STNergy of a rotating object in quantum mechanical terms: [kra88]

h‘Z
E=s 1(I+1). (2.20)
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If the nucleus is described as a rigid body ellipsoid the moment of inertia can be

written in terms of the mass A and nuclear radius, R,:
2
Srigid = 54 R2(1+0.313 +0.443%...) (2.21)

where 3 refers to the shape deformation parameter described in Section 2.2.

Fligure 2.6: A pictorial description of the difference between the concepts of nuclear
1movement through rotation and through irrotational flow. The counterclockwise ar-
row shows rotation of a rigid rotor; the internal arrows depict an irrotational flow of

a fluid.

The nucleus has often been described in terms of a liquid drop (hydrodynamic)
model, wherein there is an irrotational flow of an incompressible fluid. Figure 2.6 is
a pictorial description of the difference between the concepts of nuclear movement
through rotation and through irrotational flow. The counterclockwise arrow shows
Totation of a rigid rotor; the internal arrows depict an irrotational flow of a fluid. The
Nucleus arrives at an identical displacement in both cases, however, the the moment

©f inertia is differerent. 3 then has the form:
2 2 32
irat = AR B, (2.22)

The actual experimental & determined from the rotational band measurements is two

O three times larger than Si.ro¢ and closer than predicted to Syigig [hyd64]. These

15



Vanatin?
e

V‘, »'\.w e

l)

Wiw

Tie

et |




variations in the description of the nuclear model and therefore 3 have consequences
for the rotational band sequence that will be described in Chapter 9 since S is inversely

proportional to the energy levels. (Equation 2.20)

2.3.2 Nuclear Gyromagnetic Factors

The quantity efi/2m in equation 2.13 is called the magneton. If the proton mass is
used for m, the quantity is called the nuclear magneton, pun [kra88]. ? Using equation

2.13, the magnitude of the nuclear magnetic moment, g can be written:
=g € py (2.23)

where g, is the gyromagnetic factor associated with the orbital angular momentum,
€. For protons g, = 1; for neutrons g, = 0. The intrinsic spin contribution, g,; of the
nucleons can be written in the same form. To allow for the effects of both orbital and

1ntrinsic spin contributions of a spherical nucleus, we can write [mor76]:

A
=3[9 € + gu si] un/h. (2.24)

=1

In an odd-odd nucleus, the orbital contribution can be written using the symbolism

of Section 9.1.2 [sla84].

J
= [Kgx L 2.25
p = [Kgx + gr] T (2.25)

Where, gi and gg are the intrinsic and rotational gyromagnetic ratios, J refers to the

SPin state of the transition under study and
Kgx = ga, £ Qa9q,- (2.26)

The difference between gx and gp is approximately constant within a band and can

be yged to estimate the intrinsic structure of a particular band.

9K — g4 _ 0.871 E? 1

0. Ushu-D & (2.27)

2 un = 3.1525 x 10-8¢V/T.
If the electron mass is used the quantity is called the Bohr magneton:
#p =5.7884 x 10~5¢V/T.
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where, Q, is the intrinsic quadrupole moment, F., is in MeV. and é? is the mixing
ratio between transitions in different bands in a cascade. This ratio can be determined

from angular distribution measurements. See [sla84].

2.3.3 Angular Distributions

The theoretical directional correlation function, w(?) describing the angular distribu-
tion of vy rays emitted from a nuclear reaction, i.e., an oriented nuclear state can be

stated by the following formula: [kra7l, ste91]
w(d) = Z QkBk("TkAk Pk((‘.OSl’) (228)
k

where, @y is the solid angle correction factor; By specifies the orientation of the initial
level; U/, corrects for the effect of unobserved intermediate radiations; Ax describes
the properties of the v rays observed; ¥ is the angle between detector axes; Py are the
ordinary Legendre polynomials. ® This function can be rewritten as an expansion of

a Legendre polynomial: [cam69)
w(l’) = Ao [1 + _4./21)2(00619) + 14{1[)4(005]9) + - ] (229)

Since the Q) term, besides being a function of the size and shape of the detector and
the source to detector distance is also a function of the v ray energy, Ay = QrAx. The
Test of the factors are incorporated into A,. Using least squares regression analysis,
fit toa Legendre polynomial (4th order), the coefficients A} /A, that correspond to
the multipolarity of the transition can be determined. One example of this type is

shown in Figure 2.7 from reference [sla84].

The functions for transitions of known multipolarities can be plotted and used as

‘templates’ for transitions of unknown multipolarity.

Usually, the standard method of obtaining average intensity ratios to determine

multipolarities is to gate on a known quadrupole transition then compare the peak

3i.e., Py(cos?) = (3 cos® — 1)/2 and Py(cosV) = (35 cos*t) — 30 cos®9 + 3)/8.
17
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Figure 2.7: Angular distribution plots from various multipolarity transitions. From
[sla84].

intensities at 90° with that at another angle. [fri81, kra71, pau87] This is referred to
as an anisotropy parameter and can be determined with the following equation:

w(180°) — w(90°)

A= w(90°)

(2.30)

where 4 = > Ai/Ao If the unknown transition is a quadrupole (E2), the intensity
ratio would be equal to or greater than 1.0. If the transition is a dipole (M1), the
intensity ratio would be less than or equal to 0.7. If the transition has a mixed
Multipolarity, the intensity ratio would be between 0.7 and 1.0. This method is
Subject to a high degree of error. Peaks may contain more than one type of v ray.
If multiple gates are used to create a more selective spectrum, the intensities may be
Compromised by a low signal to noise ratio. Errors could be reduced if peak areas are

generated for all detector angles, as shown in Figure 2.7.

18
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2.3.4 Selection Rules

When considering transitions between different states, a set of empirical selection
rules governing the parities have been observed. If the initial and the final transitions
have the same parity, only even E multipoles and odd M multipoles are possible. If
the transitions have opposite parity, the polarity of E is odd and the polarity of M is
even. Note that there are no ¢ = 0 transitions; the 0¥ — 0% transition deexcites by

internal conversion. The I values must form a vector triangle: [kra88, eis58, may55]

[ = 1| < (< L+ 1. (2.31)
Am =no: even E,odd M (2.32)
Am =yes: even M,odd E (2.33)

In general:

® The lowest permitted multipole usually dominates.

® Transition rates of E and M multipoles decrease with increasing ¢.

® An M ¢-pole should give a lower rate than an E f-pole.

® M ¢-pole and E(¢ + 1)-pole have ~ the same order of magnitude transition rates.
They can occur in the same transition and often compete.

® If J; and I; differ by several units, the multipole radiation will be of high order and

the transition, slow. By definition, this would be a nuclear isomer. [ste91, kra88]

2.4 Conversion Electron Production

Besides v radiation and the production of electron-positron pairs, the excited nucleus
can de-excitate through a competing process called internal conversion. This is an

electromagnetic interaction that can be viewed as a “direct coupling of a bound atomic
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electron and a nuclear multipole field which results in the emission of extranuclear
electrons” [ada70]. In other words, the nucleus de-excites by transferring energy
directly to an atomic electron. With this extra energy, the electron is ejected from
the atom and a vacancy is created in one of the inner electronic shells. The atomic-
orbital vacancy is often filled by an electron from the next level. This rearrangement
results in the emission of x-rays and in an internal photoelectric process (Auger) with

the emission of additional extranuclear electrons [kra88].

The conversion coefficient, « is the ratio of the electron emission rate, A jectron to
the + emission rate, A,:

@ = /\r.l(:ctron / /\'y (234)

The coefficient depends on four nuclear parameters: the nuclear charge (Z), the energy
and the multipolarity and parity of the nuclear transition, and the atomic subshell
from which the electron is ejected. Coefficients for the i, L and M shell have been
separately determined and are listed in the Nuclear Data Tables. [ros78]. In gen-
eral, the coefficients increase with decreasing energy, increasing mass of the residual

nucleus, and increasing difference between the initial and final state of spin. [ada70].

2.5 v Emission Rates

The matrix element of the multipole operators discussed in Section 2.1 determines
the decay probability for each type of v emission. The decay constant is defined as
the probability per unit time. This is expressed as the average radiated power divided

by the photon energy, h w; [kra88]

Az0) 2(6+1) (w

2641 ) ‘
T Ghl[(20+ )12 ?) (M(=O] (2.35)

M(z¥) represents the matrix element of the individual multipole operators, z¢. The

double factorial means (2¢0+1)-(2¢—1)-- - 3-1. When specific values are substituted for
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the individual multipoles, the following estimates, often referred to as single particle

Weisskopf estimates (or Moszkowski approximations for magnetic transitions), can

be made:
ME1) = 1.0 x 10MA?3E? (2.36)
ME2) = 7.3 x107AY3E® (2.37)
ME3) = 344%E7 (2.38)
ME4) = 1.1 x 107°433E° (2.39)
MM1) = 5.6 x 10VE? (2.40)
MM2) = 3.5 x 107437 (2.41)
AMM3) = 16AY3LT (2.42)
MM4) = 4.5 x 107 A*E? (2.43)

These estimates when combined with the selection rules, provide rough predictions
about which multipole is emitted. For example, in a transition from I~ = 15/2
to I— =11/2 in the '33Pr nucleus, with a transition energy, £ = 0.310 MeV, the
calculated emission probabilities are: A(M1) : A(E2) : A(M3) : ME4) =1:8.7x
1075 . 1.8 x 10712 : 8.1 x 10~!7 This large value for M1 suggests that the transition
is Mmostly M1. However, it should be noted that in cases of deformed nuclei, the
Measured A(E2) > A(M1) because this calculation does not account for collective
effects where E2’s contain an M1 contribution. The total decay rate is the sum of the
deCay rate of each transition that depopulates the state. If two transitions depopulate

A state at a, and b energies, then the total decay rate can be written:
/\f == /\1'0 + ’\!,b (2.44)

The total decay rates are influenced by both v and internal conversion rates, so that
this can be written:

At = ’\‘v.a(l + a,) + ’\’v‘b(l + ab) (2.45)
21
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If the relative intensities of the 4 rays have been measured to be x and y, then the

partial decay rates can be calculated: A, , = x Ay and A, = y A, . This calculated

value can then be compared with the partial decay rates of each transition determined

) measurements (See Chapter 5), where

from half-life (¢

L
2
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Chapter 3

Nuclear Reaction — Theory

3.1 Kinematics of the Nuclear Reaction

The kinematics of a reaction describes the energetics — the energics, masses, momenta

and angles involved in generating a nuclear reaction.

3.1.1 @ -Value Calculations
Consider a nuclear reaction of the form:

T (piuv Pout ) P,-.(sv (;1)

Where, T'is the target nucleus, pi, is the projectile, i.e., the input particle, py, is the
Outgoing particle and P, is the excited residual nucleus formed during the reaction.
Froma laboratory coordinate perspective, the reaction might proceed along the sim-
Plistic course shown in Figure 3.1A. The target, T is in the center with momentum
Vectors for the input particle, p;n, the outgoing particle, p,., and the residual par-
ticle, P.., shown. The center-of-mass (cm) coordinate perspective for the identical
Teaction is shown in Figure 3.1B . A nuclear reaction produces polarized products; a
directional anisotropy exists. The products are formed in a conical distribution about

the beam direction axis; the angle 8 describes the particle’s direction from this axis.

Classical kinematic calculations were performed with the Oak Ridge software

23
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A: lab Frame

pin

B: cm Frame

Figure 3.1: A) Simplistic view of a nuclear reaction from the laboratory frame per-
Spective: The target is in the center with momentum vectors for the input particle,
Pin, the outgoing particle, p,.:, and the residual particle, P.., shown. @ is the angle,
measured from the beam direction, for the residual (res) and outgoing (out) parti-
cles. B) The center-of-mass (cm) coordinate perspective for the identical reaction.

Adapted from [ar83d].
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Kineg for the various reactions from 3’Cl on '“’Mo. The linear relationship between
the energy of p,, and P, is shown in Figure 3.2. The lines represent the nuclei
produced in this experiment. In decending order from the top are the nuclei: '*°La-a
out, 3Pr, 13Ce, ®La-a out, **Pr, 132Ce, La-a out, *?Pr, *°La-p out. Their

corresponding reactions are listed in the tables in Appendix A.

T T I
= 60 —
[}]
5 -
> -
b
[
o -
[=}
L‘J -
5
o 40 —
2 L
O
e}
e -
o
a, L
20—
CL 1 I

20 30 40 50 60
Residual Particle Energy (MeV)

Figure 3.2: Classical Kinematic calulation using Kineq: A plot of the Residual Particle
€nergy in MeV versus the particle out energy in MeV for the reaction: 160 MeV 3"Cl
on %Mo, The lines represent the nuclei produced. In decending order, from the top
are: 13,5 q, MPr, 3Ce, 1¥La-q, ¥Pr, 1¥2Ce, BLa-a, '3Pr, ®Lap.

The order of the nuclei does not strictly follow mass; the momentum must also
be accounted for. So that total energy and linear momentum are conserved, the

energetics of the reaction can be described in the following terms: [kra88, ar83d]

mr C2 + 1{T + 7nl’tn C2 + 1\'P|n = m‘Pont C2 + A’Pout + mPres 62 + I\'Prq-s (3‘2)
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where, m is the rest mass and A" refers to the nonrelativistic kinetic energy. The heat
or ()-value of the reaction is defined as the initial mass energy minus the final mass

energy or, the final kinetic energy minus the initial kinetic energy.

Q = (mr+m,, —m,,, —mp., )c (3.3)

Q = K, +AKp,, —hr—K,, (3.4)

A spontaneous reaction has a positive @-value and is referred to as exothermic or
exoergic; it is energetically possible even in the limit of zero beam energy. [eis58] A
reaction which can occur only if the kinetic energy of the colliding particle exceeds
the energy difference between products and reactants is called endothermic or endo-
ergic and has a negative @J-value. This describes the reaction under study. @-value
calculations were performed for all of the possible products from the reaction *"Cl on
1%Mo; the results are listed in the Tables in Appendix A. In addition, all Mo target
1sotopes were used, the relative abundances, of which, are listed in Table 4.1. ‘Fxact’
nuclear masses, obtained from either Wapstra’s Mass Table [wap85] or a set of mass
formula coefficients [gar69], were used for the calculations. The method is listed in

the @Q-value tables as T or G, respectively.

It should be noted that these are ground state @-values, i.e., @,. Excitation
energies, F.;, would be needed to determine the more precise Q..-value. [kra88]
Since,

Qer=Qo — E.; . (3.5)
3.1.2 Threshold Energy

"X he conservation of linear momentum, P, along the beam direction and perpendicular

T o it provide the following equations: [kra88)

P = PPoul cos ao‘uf + pPre, Cos ares (36)

tn

0 =P, sinb, — Pp,, sinb,., (3.7
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By combining the last two equations with equation 3.4 and eliminating 6,.s and Kp,_,

a relationship between 6,,, and A, ,, can be derived: [kra88, ar83d]

1\';‘{“2' [mp,., + m,,..] = (mp,,Mp,., [\',,,m)l/2 c0s 0, (3.8)

. : N
+ [777,,”,7711,0“,I\,,mcosz&,,, + (mp,.. + mp,..)[mp,..Q + (mp,., — m,,m)I\,,m]]

Using this information and a relativistic kinematic calculation from the Oak Ridge
software, Kineq, a plot of the beam energy, K, versus k,_, for various 6, values
was generated. It is presented in Figure 3.3. For endothermic reactions, an interesting
situation exists below 90°. There is no longer a one-to-one correspondence between
the beam energy and the energy of the outgoing particle. Dual energies, hence dual
velocities, for the outgoing particle are produced. The + portion of equation 3.8 is
responsible for this phenomenon. Another important observation is that the reaction

does not continue to A, = 0; there is a threshold energy, Es, below which, the

reaction will not occur. This is defined by the following: [ar83d, kra88]

E'h = (_Q) [ 7n'Prrs’TIP0u! ] / [ 7nPres + 7npout - r”'Pln ] (3'9)

Ev, = (-Q)1+4my,, / m7] (3.10)

For the reaction under study, threshold values were calculated, corresponding to the

listed Q-values and are also presented in the Tables in Appendix A.

3.1.3 Energy Loss in Absorbers

‘When an ion beam impinges on the surface of the target, many different phenomena
Occur. The first is a sputtering action: at lower energies (keV) ions, neutral atoms
&and atomic clusters are ejected from the plasma formed at the point of contact on
T he surface. The plasma is a type of ‘primordial soup’ comprised of internally gen-
©rated and sustained fields of electrons, atoms, ions and x-rays that etches away at
the surface. Multiple chemical reactions occur, such as the formation of oligomers
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X igure 3.3: Threshold energy for 1%Mo(3"Cl, 5n v)!32Pr relativistically calculated at
TInultiple angles. Plots of the Beam energy versus the kinetic energy of the outgoing
P article from the reaction are shown. The bottom frame is an expanded view of the
<nmergy threshold region containing dual energy values from angles 0° to 90°.
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from surface and vacuum contaminants and the sputtered target components (7'), for
example, [T(C Hy), H)*Y and [T:(H20),]*Y. These reaction products are produced
at angles transverse to the beam direction; they are normally reactions that are chem-
ical, rather than, nuclear, in nature. A lattice phenomenon also occurs; much of the

beam energy is converted into thermal movement of the bound atoms.

With energies in the MeV range, nuclear reactions occur and the energy lost to
thermal motion becomes significant in determining which products are formed. There
must be sufficient energy remaining in the beam, as it traverses the target, in order
to induce specific endothermic reactions. This amount of energy is the E;, that has

been discussed previously.

The Oak Ridge software STOPX [z1e80] was used to determine energy loss values
through the target. Table 3.1 shows the results of this calculation using a beam of
37C1 at 160 MeV and two equally thin targets (=~ 0.5 mg/cm?) of a Mo composition
listed in Table 4.1. Under normal operating conditions, the beam is never totally at
maximum energy. There is a velocity distribution due to the flow characteristics of the
1ons in the beam which produces a AE in the energy. Also, the spot size of the beam
and therefore, the beam intensity slightly change with the angle of the target and
any mechanical vibrations that may be in the system. This AE is not accounted for
in the energy loss calculations. Since the target was previously used, the sputtering
Process would have changed the surface, therefore, the exact thickness is not known.
"T"he Table lists calculations for a target of 0.48 to 0.55 mg/cm? and a 160 MeV beam.
E L., represents the amount of energy loss to the beam, i.e., the energy deposited in the

target lattice. The reduced beam, E!_;,, then enters the second foil and undergoes
A nother ~50 % attenuation ; the amount of energy deposited in the second foil is

| Y

2,, and the second exit beam is E? ;. Since the beam exit energy is significantly

exit*

Lower than the 113.7 MeV threshold energy needed to produce '*?Pr, another study

Was performed based on two, thin targets of equal thickness between 0.23 and 0.27
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Table 3.1: Energy Loss Calculation: The beam throughput energy, E..;; and the
amount of energy deposited in the Mo Target, E,, with a 3’ C1 Beam. The calculations
were done with one beam energy, E0 and two equally thin targets, 0.48-0.55 mg/cm?.

Target E0 Ecllbs Egbs E;xit Eg.z:it
mg/cm? | MeV | MeV | MeV || MeV | MeV

48 160 | 78.07 | 40.7 || 81.93 | 41.07
.49 160 | 79.18 | 40.7 || 80.82 | 39.96
.50 160 | 80.66 | 40.7 |{ 79.34 | 38.85
5l 160 | 81.77 | 40.7 || 78.23 | 37.74
.93 160 | 83.99 | 40.7 || 76.01 | 35.52
%) 160 | 85.84 | 40.7 || 74.16 | 33.48

mg/cm?. In addition, three beam energies were investigated, 145, 155, and 160 MeV.
"The results are listed in Table 3.2. As the beam energy increases more energy is lost
to the target. As the target diminishes in thickness, the beam exit energy increases.
Only a target of 0.25 mg/cm? or less would produce a beam exit energy > E,; for

132Pr

Since the first foil is exposed to an unattenuated beam and the second foil receives

a beam that is very much reduced in energy, the surfaces, after prolonged use, would

be etched to different degrees. This prompted another study, one in which the foils

have different thicknesses. Table 3.3 contains the results of a study in which the
second foil has a thickness of 0.25 mg/cm? and the thickness of the first foil is varied
between 0.15 and 0.24 mg/cm?. Table 3.4 contains results of an identical calculation,
©xcept that the thickness of the second foil is held at 0.21 mg/cm?. It is obvious
From these studies that the target thickness plays a significant role in choosing what
beam energy and, therefore, what reaction(s) will occur in the second foil. The initial
b eam energy is the key feature that selects the reaction(s) of interest in the first foil.

Because the beam energy changes for each of the two targets, a dual set of reactions
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Table 3.2: Energy Loss Calculation: The beam throughput energy, E.,:; and the
amount of energy deposited in the Mo Target, E,;, with a 3"Cl Beam. The calcula-
tions were done with three beam energies, E0 and two equally thin targets, 0.23-0.27
mg/cm?.

Target | EO | E! E? E! E?

abs abs exit erit

mg/cm? | MeV | MeV | MeV || MeV | MeV

23 145 | 39.55 | 29.50 || 105.45 | 75.78
155 | 42.14 | 31.61 || 112.86 | 81.33
160 | 43.25 | 32.60 || 116.75 | 84.28
.24 145 | 41.03 | 30.16 || 103.97 | 73.56
155 | 43.62 | 32.31 || 111.38 | 79.11
160 | 44.73 | 33.34 || 115.27 | 81.69
145 | 42.51 | 30.79 || 102.49 | 71.71
155 | 45.10 | 32.97 || 109.90 | 76.89
160 | 46.21 | 34.05 || 113.79 | 79.48
.26 145 | 43.99 | 31.35 | 101.01 | 69.50
155 | 46.58 | 33.60 || 108.42 | 74.67
160 | 48.06 | 34.71 || 111.94 | 77.26
27 145 | 45.47 | 31.90 || 99.53 | 67.65
155 | 48.43 | 34.19 || 106.57 | 72.45
160 | 49.53 | 35.30 || 110.47 | 75.04

b
ot
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occurred with !32Pr being preferrentially selected by the first target and !*3Pr, by the
second target. These studies show that a low (.15 to .16 mg/cm?) target thickness
is most probable for the first target. The thickness of the target determines whether
the residual particles are trapped within the lattice or whether they freely recoil into
vacuum. This is referred to as the stopping power of the target; the value for this
target was determined to be 5.7018 MeV/(mg/cm?). The residual particles have been
determined to have much higher energies, therefore, they pass through the target, as

they are created, and into the vacuum.

3.1.4 Doppler Shift of v - Rays

Again consider a nuclear reaction of the form: T'(pin, pout) P%,. If the target used is

res*

thin, the stopping power will not be great enough to contain the reaction products.

Therefore, P*

> s Will recoil freely into vacuum with its full initial velocity. Then another

reaction will occur:

. =
Pres ’) P"C’S k]

(3.11)

the de-excitation of the excited nucleus via ¥ decay. The nucleus recoils with a
momentum equal and opposite to that of the vy ray and there is a corresponding recoil
kinetic energy, Tr given to the nucleus. Conservation of total energy and momentum

can be written:

E;=E;+E, +Tr (3.12)

W here, E; is the energy of P,

res

and E is the energy of P,.,. [kra88] By substituting
1n the relativistic value for the kinetic energy and rearranging, the energy of the ~

Tray can be determined:

g

—(v C21/2
£y (L= (o)) 513)

1
E, = §(E.’ — Ef)(1 + 1 — (v/c)cosh

"This is the relativistic Doppler-shift formula. [ale71]. It includes the velocity of P,

> and the laboratory angle # between the particle and the detector. If we substitute
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Table 3.3: Energy Loss Calculation: The beam throughput energy, E..;; and the
amount of energy deposited in the Mo Target, E,;, with a 3’Cl Beam. The calculations
were done with three beam energies, E0 and two thin targets; the thickness of target
2 is 0.25 mg/cm? and that of target 1, varied.

Target | EO | E! E? E! E?

abs abs erit erit

mg/cm? | MeV | MeV | MeV || MeV | MeV

15 145 | 27.13 | 35.30 || 117.87 | 82.43
155 | 28.65 | 37.71 || 126.35 | 88.72
160 | 29.35 | 38.81 || 130.65 | 91.68
16 145 | 28.76 | 34.82 || 116.24 | 81.33
155 | 30.39 | 37.34 || 124.61 | 87.24
160 | 31.16 | 38.44 || 128.84 | 90.20
A7 145 | 30.39 | 34.38 || 114.61 | 80.22
155 | 32.12 | 36.71 || 122.88 | 86.13
160 | 32.94 | 37.71 || 127.06 | 89.09
18 145 | 32.01 | 33.90 || 112.99 | 79.11
155 | 33.82 | 36.23 |[ 121.18 | 85.02
160 | 34.67 | 37.34 || 125.33 | 87.98
.19 145 | 33.57 | 33.45 || 111.43 | 78.00
155 | 35.52 | 35.75 || 119.48 | 83.91
160 | 36.41 | 36.86 || 123.59 | 86.50
.20 145 | 35.15 | 32.97 || 109.85 | 76.89
155 | 37.34 | 35.27 || 117.66 | 82.43
160 | 38.07 | 36.37 || 121.93 | 85.39
21 145 | 36.67 | 32.53 || 108.33 | 75.78
155 | 38.81 | 34.82 || 116.19 | 81.33
160 | 39.92 | 35.93 || 120.08 | 84.28
22 145 | 38.07 | 32.09 || 106.93 | 74.67
155 | 40.29 | 34.34 || 114.71 | 80.22
160 | 41.40 | 35.45 || 118.60 | 82.80
23 145 | 39.55 | 31.64 || 105.45 | 73.56
155 | 42.14 | 33.90 || 112.86 | 79.11
160 | 43.25 | 34.97 || 116.75 | 81.69
.24 145 | 41.03 | 31.24 || 103.97 | 72.45
155 | 43.62 | 33.42 || 111.38 | 78.00
160 | 44.73 | 34.49 || 115.27 | 80.59
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Table 3.4: Energy Loss Calculation: The beam throughput energy, E..,;; and the
amount of energy deposited in the Mo Target, E,;, with a 3”Cl Beam. The calcul<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>