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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 Ion Research facility at Oak Ridge National Laboratory. The reaction
1%Mo(*"Cl,7)13"Pr* was studied using a beam energy of 160 MeV from the Tandem
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 132Pr at high spin and to search for superdeformation
in this nucleus. Superdeformed rotational bands (SD) have the properties of deformed
prolate rotors (8= .35-.5) and appear to originate from highly deformed intruder

orbitals such as the t13/2 neutron orbital and have been attributed to quasiparticle

alignments.

A double gating method was developed to better select the 32Pr 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 '32Pr, in general, confirm the three rotational bands




observed in a previous (low spin) study. The negative parity, prolate shaped wh; /2
® vgr/2 (band 1) and the triaxial mhi1/2 ® vhiyye (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 7hy; /2 ® Viizyy orbital

coupling.

Four regularly spaced, weakly populated rotational bands were observed in coinci-
dence with low-lying transitions in the ground state structure of !32Pr. 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—S;onn

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
res,;earch 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 Aryaeinejad (EG &
G Idaho), the Oak Ridge Nucleaj Structure Group: Francis McGowan, Jim McNeil,
I.Yang Lee, Mark Whitley, Shi Yong, Noah Johnson, Cyrus Backtash, J.D. Garrett,
the Tandem Operators who provided days of a 160.00 MeV, 37C[+7 beam, and Franda
Irving and the people whoy coordinate the Holifield Joint Institute for Heavy Ion

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. Tt 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 your 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 you

that vou are pushing yourself,

that you are not afraid to learn by trying.
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 year.
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 3Ce SD
data to help with the development of the SD search technique. Also, we acknowledge
those who sent data to test out our FFT 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 tile
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

vil




have been possible, I give my deepest gratitude. To Professor William C. McHarris,
someone wise once said 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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lego plot of atomic mass versus atomic number versus Cross Section
for Nm3and Nmd4. ... ... .. ... .

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 Nm 5 and Nm 6.
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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 100Mo. A plot
of the sum of the atomic mass (A) contributions for 7=>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
T00Mo and 160 MeV plus 135 MeV Cl on 1®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
100\ 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 132Pr, even spins, calculated from

the ORNL experiment: 160 MeV. 37Cl 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 132p; 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.

............................

A) 3-D spin population matrix for 133pr calculated from the ORNL

experiment: 160 MeV. 37Cl 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. . .. .. ..o

A) 3D spin population matrix for **?Ce, calculated from the ORNL

experiment: 160 MeV. *"Cl on 100)\fo, 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 1305 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. . . . .. ...

Angular momentum versus excitation energy plot for the reaction: 76
MeV 19F 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]. '

.........................

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

158Fr along with one for a transfer reaction near the yrast line. B)
The observation of dual maxima on a contour plot for the reaction:

23577 (58N1,%Ni)234U. [gui8?)].

Excitation Function: Experimental relative intensity ratios obtained
for specific energies from 132Pr (283 keV), 132Ce (325 keV), 133Ce (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.
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4.2

4.3
4.4

4.5
4.6

4.7
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"4.10
4.11

4.12
4.13

4.14

4.15

3.1

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 7-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.

...........................

~-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. A) 1333-keV
photopeak; B) 1170-keV photopeak; C) 1333-keV compton edge; D)
1170-keV compton edge; E) 1333-keV single escape peak; F) 511-keV
7+ annihilation peak; () 1333-keV double escape peak; H) compton
backscattering. From [hol87]. . . . .. ... .. .. ... L.
A comparison of v ray spectra of *"Cs taken with a NaI(Tg 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
one event.

.................................

A description of the pre-experiment tests for Ge and shield detector
operatiort. 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.

xxiil

74

76

79

81
82

83

84

86

87

90

93
96

96

99

100

104




5.2

5.3
5.4
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5.7

5.8

5.9

5.10
5.11

5.12

5.13

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 § detector
angle. . ..o

Spectra for the calibration standards: '**Ba,'%2Eu,®°Co, 88Y. . . . . .

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. . . ...

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 markedon theplot. . ... ... . ........

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

An example of successive decay: '®Ru to ®Rh to 1%Pd [ar83c].

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

2-D array of the sum of all triple coincidences from E,; versus E,;
COMPATISOMS. & v v v v v v v v e v 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
EMETEICS. & . . v b e e e i 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 115, 179, 283, 130 keV. The
diagonal line contains the sum of the Simple gates from these primary
EMETEIES. . v v v v v 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. . . ...

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. ...
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6.5

6.6

6.7
6.8

7.1

7.2

7.3

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™)
spectrum. . . . ..o 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-
frum. ... 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, ¢) 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 &P) and the near-zero areas between the peaks

that we refer to as 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

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

A comparison of search results for a) the ¥3Ce 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 33Ce 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). ¢) 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. ¢) A retransformation of 19% of the total
frequencies. Only the peak sums are displayed; the valley mask has
not been included. '

............................

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. . ... ... ... .. . . 7 P

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

Elusdthree SD bands. e) Search results for the noise without the SD
ands.
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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 ¢) 1:2, d) 1:5, and €) 1:13. The presence of the peaks are
confirmed even at the lowest signal-to-background ratio. . ... ...

a) The '*Ce 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 c) R1, d)

R2;ande) R3. . ... ... ... . ... .. ..

Search results for '**Ce SD band 3 in: a) The standard '33Ce 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
b)) e

FFT search in survey mode: Comparison of the results for 1*3Ce 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
SPACITIIZS. & v v v v i e 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 33Ce SD1
(solid), SD2 (dot dash), and SD3 (dash), c) a sum of the results for

1%3Ce 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. . . .. ... ... ... ... .. ...

Examples of artefact peaks formed during the test comparisons from
the calibration rebinning experiment: from the top, Test 1 1m4, Test
12m3, Test 2 2m4, Test 2 1m2. . .. ... ... ... .. ......
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Results of the recalibration experiment employing subtle changes in
calibration between the data and background spectra show changes in
the published SD band in 133Ce, 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. . . ... 210

Energy levels obtained by solving the Schrédinger 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, may5s]. © . . ... L CoenpAn 213

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 harmonjc oscillator and on the right, the
shell model results calculated with the intermediate potential plus a
spin orbit parameter [kra88, hyd64, may55). . ... .. . . 214

A schematic N versus Z chart of the nuclides showing regions of nuclej
with stable, static deformation. The overlap with the magic numbers -
- shows that these regions occur midshell [hyd64]. . ...~ .. .. .. 217

Single particle orbits with J= % and their possible projections along

the symmetry axis for prolate and oblate deformations. Only the pos-
itive projections are shown kra88]. ... ... T 218

Variation of the stability of the 0 states with deformation [kra88]. . . 219

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]). 220

Nilsson energy level dizgram for the 50 through 82 shell-gap regions
lera88]. 7T e e 221

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 . 224

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!2Rp along

- with & simplistic view of how the angular momentum from the single
particles may couple with the core. [dia84). . ..... .. .. . .. 226

Examples of backbending plots for the yrast band in '*8Er using the
moment of inertia, the total spin and the aligned spin versus the rota-
tional frequency. From [dia84r. ..................... 230

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. ¢ Blocking of the pairing force with the addi-
tion of an odd particle af the ferm; level. Adapted from [hey94]. .. 232

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 I11 [kra88]. . 235
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9.14

9.15

10.1

10.2
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10.4
10.5
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. § 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 ¥ ray cascade in '3?Pr. From

[Shi88]. . . . .

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

.........................

'32Pr spectrum representing rotational band 2, from a 2-D multiple
gate technique. . . . ... L

32Pr 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
'32Pr nucleus. The inset is an expanded view of the region containing

low-intensity multiple peaks from which the SD bands emerge. The
378 keV gate is marked.

Spectrum gated on 378-keV transition. The four new bands are marked
with plotting symbols, other transitions in *2Pr are labeled with tran-
sition energies.

.........................

..............................

Aligned angular momentum of the SD bands in *?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

the band.

132Pr total alignment plot.

.................................

.......................

Aligned incremental angular momentum of SD bands in !32Pr. Iden-
tical bands generally cluster about values of +0.5 or +1.

10.10 Dynamic moments of inertia for the 4 highly-deformed (SD) bands in

.....................................

10.11 Dynamic moment of inertia plots for SD bands in A = 130 — 137 mass

region.

..................................

10.12 Second derivative energy plots for the four highly-deformed (SD)

bands in 132Pr.
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10.13 Total Routhian Surfaces of !32Pr with: (a) The odd neutron occupying
lowest available negative parity-positive signature orbital (-,4) and the
odd proton occupying the lowest negative parity - negative signature
orbital, and (b) Neutron (+,-) and proton (-,4) configuration. Note
that both configurations yield structures which are prolate deformed
witha B2m0.24. . . . . ... 268

10.14 Total Routhian Surfaces of !*?Pr calculated with the neutron (+,)
and proton (-,4) configuration, as in Figure 10.13 and a variation in
the rotational frequency. Note that in addition to the prolate deformed
minimum at B; ~0.24, a second minimum appears between 3; ~0.3-

0.4 as the spin increases beyond I =17. ... ... .......... 269
10.15 132Pr total routhian plot for protons. . . . ... ... .. ...... 270
10.16 !32Pr total routhian plot for neutrons. . . . ... .......... 271

10.17 Single particle Routhians calculated at 8,=0.30 34=-0.004 and v=0.0
Routhians for particles of particular interest are labeled. All Routhians
follow the convention of (parity,signature) (m,a) are denoted: solid=(+,+),
dot=(+,-), dot-dash=(-,+), and dash=(-,-). (a) Protons with blocking
of the lowest (-,+) level and (b) Neutrons with blocking of the lowest
() level. . . . oo oo e e e 272

10.18 Nuclear energy level diagram for the v ray cascade in *3Pr. From

[hil86, Bil88]. -+ . v ot e e 273

10.19 !33Pr spectrum representing rotational band 6, from a 2-D multiple
gate technique. (The 546 keV peak has been partially erased by the
551 keV primary gate.)

B.1 A) 3-D spin population matrix for 32Pr, calculated for the reaction:

145 MeV. 37Cl on ®Mo using the Seeger nuclear mass model (Nm 5).
B) The same data plotted in a contour format with the log of the cross
section represented by the dotted curves. . . . ... .. .. ... ... 295

B.2 A) 3-D spin population matrix for 3?Pr, calculated for the reaction:

147 MeV. ¥Cl on ®Mo using the Seeger nuclear mass model (Nm 5).
B) The same data plotted in a contour format with the log of the cross
section represented by the dotted curves. . . . . . ... .. ... ... 296

B.3 A) 3-D spin population matrix for '3?Pr, calculated for the reaction:

150 MeV. 37Cl on ™Mo using the Seeger nuclear mass model (Nm 5).
- B) The same data plotted in a contour format with the log of the cross
section represented by the dotted curves. . . . . .. ... ... . ... 297

‘B.4 A) 3-D spin population matrix for 3?Pr, calculated for the reaction:

155 MeV. 3Cl on ®Mo using the Seeger nuclear mass model (Nm 5).
B) The same data plotted in a contour format with the log of the cross
section represented by the dotted curves. . . . . ... ... ... ... 298

B.5 A) 3-D spin population matrix for 32Pr, calculated for the reaction:

160 MeV. Cl on ®Mo using the Seeger nuclear mass model (Nm 5).
B) The same data plotted in a contour format with the log of the cross
section represented by the dotted curves. . . . . .. ... ... ... 299
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