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Abstract

The decay of Np=-237 was examined using Ge(Li)
gamma ray spectrometers. Chemical separation of the
contaminating daughter vroduct was éffected through
anion exchange., Forty-two gamma rays were identified
in the singles svnectrum of which five are reported
here for the first times 115.5, 140.6, 153.5, 194.7,
and 222.5 keV. A new level is proposed at 303.8 keV.
Gamma-gamma coincidence measurements were used to study
the level diagram of the excited states of Pa-=233.

The singzle varticle half-life of the 86.51 keV level
was calculated and compared to the experimental value.
The intensity ratio of two "K-forbidden" transitions

was calculated and compared to the experimental value.
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CHAPTER I

Equipment and Methods

1, Ge(Li) Gamma Ray Detector:

The germanium, lithium-drifted, Ge(Li), gamma ray
detector 1is the currently accepted method of obtaining
the energies and intensities of gamma rays (see table 1
for the detectors used ih this study.} Surpassing the
now obsolete sodium iodide, thallium-doped  NaI(Tl)
detector, Ge(Li) detectors, having very much superior
resolution, are able toiresolve two gamma rays very
close in energy into separate components,i A gamma ray
impinging on a germanium crystal detector deposits its
energy in the crystal in the form of excitation and
ionization events at a rate of approximately 2.85 eV
per electron-hole pair,i These pairs are then collected
at the anode and cathode under the influence of a d-c
bias across the crystal. The signal is then sent
through a charge sensitive preamplifier giving a fast
rising voltage pulse. The pulse height is proportional

to the number of charges collected and hence the energy



Table 1

Detectors
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of the gamma ray.

The excitation and ionization mechanisms in the
crystal involve various well-known processes viz. 1)
the preduction of electron-~-positron pairs which occurs
at high energies with a threshold of 1,022 MeV 2)
compton scattering in the intermediate energy range 3)
'photo“electric absorption, which predominates below 150
kevoi The detector . operates as a diode 'with the
germanium crystal lightly doped with gallium to produce
a p-type region. Lithium is deposited on one face very
heavily giving a strong n~-type region. Due to
impurities in the germanium the conduction of the
crystal is too great to permit the application of a d-c
bias across the crysﬁalf' The Llithium is drifted into
the crystal from the face. Lodging between atoms in
the crystalline structure, the lithium reduceé the
conductivity making the region “intrinsic.” The
intrinsic region is separate from the p and n-type
regions, forming a p-i-n juhctionb diode, At room
temperature the lithium atoms have a high mobility in
the germanium crystalline structure. To keep the
lithium atoms in the crystal, it is maintained at
liquid nitrogen temperature (77°K)°i For this reason
the crystal is mounted on a cold finger immersed in

liquid nitrogen and maintained continuously at low



temperature. To reduce the noise of the system the
first stage of the charge-sensitive preamplifier is
also mounted on the cold finger and maintained at

liquid nitrogen temperature.

2. Singles Measurements

To record the gamma ray spectrum of a radioactive.

source, a Ge(Li) detector is used for what is called “a
singles measurement" (see figure 1.) To accomplish this
a high voltage d~c bias (H. V.) is established across
the detector crystal (DET.) The charge is collected
when a gamma ray enters the crystal and is amplified by
the charge-sensitive preamplifier (P.A.) The pulser
(PUL,) is a device which simulates the detector output.
The pulser output is fed into the preamplifier
primarily for the purpose of testing the operation of
the system. The output of the preamplifier is fed into
the main amplifier for further amplification and pulse
shaping. At all points throughout this circuit the
pulse height is proportional to the incident gamma ray
energy. After leaving the main amplifier the pulses
are analyzed according to their heights and this
information is stored in a computer-type memory, the
function of the multi-channel analyzer (MCA.) The

analysis is performed by a part of the multi-channel




Figure 1

Singles Measurements
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analyzer called the analogue to digital converter
(ADC) . When a pulse of a particular height enters the
analogue to digital converter, one count is added to a
memory channel, say N. If the pulse would have had a
slightly larger (or smaller) height, a count would have
been registered in memory channel (N+1) or (N-1). This
mode of opération is referred to as ‘"pulse height
analysis.”™ The multi-channel analyzer in use in this
laboratory is a Nuclear Data Model ND=-2200, Nuclear
Data, Inc., Palatine, Illinois. This analyzer, used
with three analogue to digital converters, has a total
memory of 4096 channels with the possibility of storing
up ﬁo one million counts in each channel. The memory
ﬁay be used as one L4096 channel unit oxr two 2048
channel units or three 1024 channel wunits. The
analyzer also 1is responsible for controlling the
various output and display devices.

The resultant two-dimensional array, | channel
numbér versus counts per channel, is feferred to as a
spectrum. To first approximation the channel numbers
are taken to be linearily related to the energy, viz.:

E=FX + B
where E 1is the energy, X is the channel number and F
and B are constants usually called the conversion gain

and the digital zero shift, respectively. For a more




accurate determination of energies, the well-known
mixed source technique is used to determine the
non-linearity of the system, The source uhder
investigation is placed in front of the detector along
with several standard calibration sources of known
energies (see table 2)., A spectrum is then accunulated
and analyzed° Two known energy calibration photo peaks
are chosen and F and B are calculated from these. All
the other known calibration photo peaks positions are
combined with the values of F and B to give a set of

calculated energies E The difference between the

eal °

calculated energy and the known energy 1s the energy

deviation from linearity. The energy deviation is
plotted against channel number - vielding a
"non~linearity curve." Taking the positions of the

photo peaks of unknown energy and combining with F, B
and the energy deviation, an accurate determination of
the energies of photo peaks may be obtained.

The intensity of a gamma ray is found by obtaining
the area under the photo peak and Subtracting the
contribution due to background radiation. Of course,
the Ge (Li) detectors are not 100% efficient in
detecting gamma rays. Assuming the direction of
enission of gamma rays is isotropic, the first loss in

efficiency is that not all the gamma rays are emitted




Table 2

Energy-Intensity Standards



Calibration Standards
Source | Energy (keV) Intensity TV&
Am-~241 } 26,345 % 0.001 (7.0 & 0.6 {433 vy.
59.537 + 0.001 {(100)
Ra=-133 80,998 #0.008 |52.6 * 1.0§7.2 v.
276.397 + 0,012111.4 * 0.3
302,851 £ 0,015{30.2 * 0.6
356.005 + 0.017 ({100}
383.851 £ 0.020(148.4 % 0.3
Co=57 122,061 £ 0.0710{(100} 270 d.
136.473 & 0.015 13;@ 1.7
€s=-137 | 661.64 ¢ 0.08 [(100) 30 v.
Fu~155 45,299 x0.002 181 v.
Mn-54 834,81 % 0.04 (100) 313 4.
Ta-182 67.750 + 0.0017 |295 & 10 115 d.
100.107 & 0.002 {160)
152,430 * 0,003 |49 % 3
179.390 = 0.004 |24 % 2
222,104 * 0.004 (52 * 2
229.316 % 0,005 {24 % 3
264,070 % 0,005 (23 & 3




in the direction of the detector. The solid angle
subtended by the detector, taking the source as a point
at the center of a sphere, is the first factor in
determining the efficiency. The number of gamma rays
actually detected in the photo peak divided by the
number of gamma rays emitted in ail directions in space
is called the "absolute efficiency" of the detector.
The absolute efficiency is obviously dependent on the
distance between the source and the detector, but it is
also a function of the energy. To see this, consider a
source at a fixed distance from the detector emitting
gamma rays of both high and low energies. For gamma
rays emitted off the axis determined by the centers of
the source and the detector the probability is greater
for gamma rays of lower energy to deposi all their
energy in the crystal. Because of the increase in
photo electron and Gomptoh cross sections with
decreasing energy the probability of energy escaping
from the edge is lower for lower energy gamma rays.
Effectively, for the lower energy gamma rays the cross
section for absorption in the crystal is increased.
However, the iower the energy, the more likely is the
absorption of gamma rays in the front of the crystal in
a dead region that has a high concentration of lithium.

Likewise, the efficiency falls off at high energies as



the mean free path of the gamma rays increases with
energy and the probability of absorption decreases.

To compensate for the energy dependence of the
absolute efficiency it is necessary to calibrate each
detector: the process is called "efficiency
calibration." Again standard sources are used whose
energies and intensites are well-known., To do an
efficency calibration on an absolute scale for a given
source - to - detector distance it is also necessary to
know the exact source strength at the time calibration
is performed. Knowing the source strength and the
intensities of the standard gamma rays gives the total
number of gamma rays emitted. The number of counts
under the photo peaks gives the number of gamma rays
detected, the quotient then is the efficiency which can

be plotted against the energy of the gamma rays,

3. The Gamma-Gamma Coincidence Measurements

Gamma-gamma coincidence is a method for
investigating systematics in the energy 1level diagram
of a nucleus? With this method it is possible to
observe cascades of gamma rays as they fall through the
various excited states to the ground state, It 1is
assumed that the lifetime of any particular excited

state is very short, generally of the order of



picoseconds. The time difference that the gamma-gamma
coincidence circuit can resolve will be discussed
later.

The simplest type of gamma-gamma coincidence
circuit is one placing only an energy requirement on a
regular singles measurement: see figure 2a. Gamma rays
enter detector #1 and the signal is amplified, then fed
into a single channel analyzer (SCA). The output of
the single channel analyzer is logic pulses; if the
voltage of a pulse falls between V and V + AV one logic
pulse. is generated, if a pulse does not fall in this
range no pulse is generated. The value AV 1is called
the window width, V is the lower discrimation level and
V 4+ AV is the upper discrimation level.

The logic pulse £from the single channel analyzexr
triggers coincidenée circuits in the linear gate (LG).
The gate is then opened and the amplified results of
the scanning detector 2 are recorded in the
multi-channel analyzer. The major fault in this system
is that whatever is seen with detector #2 when a gamma
ray of the proper energy enters detector #1 is recorded
by the mnmulti-channel analyéer, There 1is no time
requirement on the spectrum of gamma rays recorded.

To put a time requirement into the system a

leading edge timing circuit is constructed: see figure




Figure 2a

Slow Coincidence

Figure 2b

Time Resolution Measurement
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2b, The fast amplifiers (FA) are present to increase
the preamplifier output to a large enough amplitude to
fire the time pick-off wunits (TPO.) When the time
pick-off unit detects a sharp increase in voltage, thei
leading edge of a pulse, a logic pulse is generated and
hence the name "leading edge timing." The outputs of
the time pick-off units are fed into a time to analogue
converter (TAC)., The output of the +time to analogue
converter 1is a pulse whose height is proportional to
the time difference of logic pulses entering the
"start"” and then the ‘"stop" inputs. The time to
analogue converter output is recorded on the
multi-channel analyzer with an energy gate set by the
single channel analyzer. The particular source used in

setting up this circuit was selenium~75 whose decay

NN

scheme is shown in figure 3. ASetting the single
channel analyzer gate on the 135.99 keV line and using
the Ortec Ge(Li) X~ray detector #1 as the gating
detector and the Ortec 35cc Ge (Li) detector as the
scanning detector, a time spectrum was acquired as
shown in figure 4. The full width at half maximum of
this time peak is the resolving time of the systemn,
The delay amplifier is wused to set the time scale.
Introducing a known delay of several microseconds into

the "stop" channel, each time to analogue converter



Fizure 3
Se=75 Decay
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Figure 4

Resolving Time
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output pulse is heightened by a constant guantity.
This moves the time peak into the higher channel range
of the spectrum. Locating centroids of the original
and delayed peaks, the number of channels between
divided by the delay time gives the scale. The
resolving time was measured to be 56 nanoseconds.
Contained in the time to analogue converter is a
single channel analyzer. Setting the window of this
single channel analyzer on the time peak, a logic pulse
is generated if the time pulse is of a proper height.
Figure 5 shows how using this mode of operation for the
time +to analogue converter as "fast" coincidence and
using a single channel analyzer as "slow" coincidence
the +totel coincidence system with time and energy
requirement; is constructed. The names "fast" and
"slow" comeagﬁhe relative time durétion of the logic
pulses from the time to analoéue converter and the
single channel analyzer. The system was tested using
again selenium-75 and also barium—133 whose decay
scheme is shown in figure 6.5 For selenium-75 the
single channel analyzer was set to gate on the 135.99
keV line. Figure 7a shows the singles spectrum and
figure 7b shows the coincidence spectrum. Clearly

three lines are in coincidence with the 135.99 keV

line: 66.05 keV; 198.6 keV; 264,6 keV. Referring to

10



Figure 5

Coincidence System
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Figure 6
Ba=133 Decay
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Figure 7a
Se=75 Singles

Figure 7b

Se-=75 Coincidence
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the decay scheme these three lines and only these are
in cascade with the 135.99 keV gamma ray. Notice also
the structure just to the left and right of the 135.99
keV line in the coincidence spectrum. These are
Compton edges at approximately 130 kev and 140 keV,
They arise from the 264.6 keV and the 279.6 keV gamma
rays. When setting the single channel analyzer gate at
135.99 keV not only will the 135,99 keV gamma rays open
the gate but the background under the peak will open
it, too. Imagine a gamma ray entering the scanning
detector and Compton scattering off an electron. The
new energy of the gamma ray re-emitted is the
difference of the original energy and the amount of

energy deposited in the detector, and is given by:

where ﬁe is the mass of the electron, E% is the
original energy of the gamma ray and H is the angle
‘between the original and new trajectories of the gamma
rays. If 9 is near 180° we have back scattering and
the chances are very good the back scattered gamma ray
will leave the detector without interacting again. But
the trajectory will take it now into the gating

detector where it will be registered in coincidence

11



with the energy loss in the scanning detector. If the
energy of the scattered gamma ray falls within the
boundaries of the gate, the Compton edge will be
counted as being in coincidence. Also the opposite
situation may occur with the initial gamma ray first
entering the gating detector and then back scattering
into the scanning detector. If the energy loss in the
gating detector, the difference of the initial gamma
ray energy and the energy of the back scattered gamma
ray, falls within the boundaries of the gate, the
backscattered garma ray will be registered in
coincidence. -

For barium-133 the single channel analyzer was set
to gate on the 81,04 keV line. Because of the
proximity of the 79.67 keV line, gamma rays in cascade
with +this line will also show up in the coincidence
spectrum. Figure 8a shows the. singles spectrum for
barium-133 and figure 8b shows the coincidence
spectrum. Here we see seven lines in coincidence:
53.16 keV; 79.67 keV; 81.04 keV; 223.1 kev; 276.38 keV;
302.71 keV: 356.08 keV. Again referring to the decay
scheme we see that each of the seven is in cascade with
either the 81.04 keV or the 79.67 keV gamma rays.

The theoretical true to random ratio is given by

6
the expression: T

_ |
= —
R, 2 74

r

12



Figure 8a

Ba=133 Singles

Figure 8b

Ba=133 Coincidence
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where Zi; is the time resolution of the system and g%
is the source strength. This assumes that there is 1no
background under the line being gated on and that the
single channel analyzer has been set perfectly. With a
source strength between five and ten microcuries and a
time resolution of approximately 50 to 60 nanoseconds
the true to random ratio will be between U0 and * 20,
The selenium~75 spectra were analyzed to find the
experimental true to random ratio. Using the 135.99 keV
and the 264.6 keV lines the true to random ratio was

found to be 27,

4, Data Analysis

| Once a spectrum has been acguired with the
nmulti-channel énalyzer, the data is in magnatic core
storage. There are several output devices that can be
attached to the multi-channel analyzer to retrieve the
data. An IBM typewriter can be used to print channel
by channel the contents of the memory. A plotter may
also - be used to produce a graph of the spectrum. The
primary data acquistion unit, however, is a paper tape
punch. After punching, the paper tape is then read
into an IBM=1620 computer which will punch computer
cards containing the data. The cards may then be read

into the 1IBM~360 computer and the data stored on

13



direct-access devices, The IBM-360 computer is
incapable of handling paper tape directly.

With the data stored in the IBM—36O system
analysis may be performed by various computer programs
developed in this laboratory and run from a terﬁinal in
the laboratory. These programs are in a library called
Cutipie,. Plotting, 1listing, peak fitting and data
smoothing are some of the functions that can be
performed. The'peak fitting program, Cutiej' is the
heart of the program library. Analysis with this
program gives the position, area, FWHM aﬁd associated
errors of photo peaks in gamma ray spectra. Cutie will
automatically search a spectrum and locate the
approximate peak positions. A least squares fit is
made to each peal, and there are two choices for the
shape of the peaks. The first and simplest is a true
gaussian which is placed on a straight line background,
but the best peak shape is a gaussian on the high
energy side with a decaying exponential on the low
energy side. The background used with this shape is a
polynomial of second order. The only input that is
required to start automatic analysis is the region to
be analyzed and the approximate FWHM in this region,'
Manuél operation is also possible by giving the program

the approximate peak positions. Up to six peaks nay be

14



fitted 1in any one region and this makes the program
ideal for simple X-ray groups.

Coincidence spectra tend to show a great deal of
scatter channel by channel at the higher energy ends,
Convolution of each point using least squares method
smooths +the data into a more nearly continuous curve.
The position and area of photo peaks remain unchanged

after application of this program (see Appendix.)

5. Source Preparation

Neptunium~237 is an alpha particle emitter with a
half-life of 2.14 x 105 yo8 The source was purchased
from Amersham/Searle Corporation, The Radiochemical
Centre, Amersham, Buckinghamshire, England.
Approximately 100 milligrams wers chtained in 2 ml cf
nitric acid. The daughter product in the decay of
Wp-237 is protactinium-233, a Dbeta emitter with a

half-life of 27 d¢q

This presents a disturbing problenm
immediately. In all gamma spectra of Mp-237 the gamma
spectrum of Pa-233 will be present as a contaminant,
One milligram of Np-237 will have a strength of 0.71
microcuries., If this quantity is originally free from
all Pa-233, in one week the strength of the Pa-233 will

be 0.11 microcuries, in two weeks 0.21 microcuries and

in a month 0.36 microcuries. Fortunately the daughter

15
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of Pa-233, uranium-233, is long lived, 1.62 x 105y°,_
and hence will not contaminate the spectra.

To remove the disturbing influence of Pa-233 as
much as possible, chemical separation through anion
exchange was e ffected, For singles measurements
an -.ion exchange column was used as described
below. For the coincidence measurements an initial
separation was performed and then the protactinium was
-allowed to grow freely into the source. A micro column
was filled with the ion exchange resin Bio-Rad AG 1x8.
The neptunium is in a +6 valegEeistate and is retained
in the column at a molarity of §% Passing through the
column at this molarity is protactinium and americium
in valence states of +5 and +3, respectively. The
neptunium can then be released by changing the molarity
‘of the wash to 0.1. This manner of purification was
repeated once a menth to producé a series of sources
pure enough to be useful., The sources still contained
Pa-233 in amounts that increased with time, but a
previous investigation in this laboratory of the
spectrum of Pa-233 gave the energies and intensities of
the gamma rays. With this knowledge icentification of
the effects of the contaminant became simplified and

routine,

Sources were prepared on special plastic

16



microscope slides, A nine~sixteenths inch diameter
hole is near one end of each slide. A square of mylar
150 millionths of an inch thick was glued over the
hole, A drop of the recently purified neptunium
solution was placed on the mylar. This operation was
- performed in a glove box to prevent contamination from
this long 1lived neptunium isotope. The drop is
evaporated to dryness and another drop is deposited,
then dried and so on until a source of sufficient
strength was obtained. Another layer of mylar was then
rlaced over the source thereby minimizing the
possibility of contamination of the laboratory.

While the slide sources were sufficient +to do
coincidence experiments, something better was needed
for the singles measurementsc A lucite cell was
constructed to hold the resin and the source. The cell
was then inserted into the continuous purification
system depicted in figuré 9. Working as above with the
same resin and using 3N HCl1 as the wash the
concentration of protactinium was maintained at a level
lower by a factor of two or three over that obtainable
with slide sources, However, the resin acted as a
reducing agent for the neptunium, slowly changing the
neptunium valence state and causing the source to be

washed out of ' the cell, An alternate procedure,
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Figure 9

Continuous Purification System
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proposed by Browne}gwas to use the same resin but a
different valence state of neptunium, the +4 state, and
a different washing solution, 10N HCl + 0.3 HF., To
oxidize the resin before use, it was treated with this
mixture of hot acid. The hydrofluoric acid was used in
the wash because the solubility of protactinium is very
high in HF solutions. This procedure worked extremely
well, reducing the protactinium concentration
approximately fifteen times over the previous used
continuous purification procedure. However, the
hydrofluoric acid had a tendency to attack the.cell and
the +tubing, limiting +the amount of time the new
- continuous purification system could be used.

It was found that the gamma rav spectra taken in
the presence of the resin still contained considerable
contributions from the gamma rays of protactinium. The
reason for this was that the Pa was impacting in . the
resin crystals. VWhen a five Mevialpha particle departs'
from a neptunium nucleus the resultant protactinium
nucleus receives a recoil energy of appfoximately 100
kev, If the recoil of the protactinium is directed
into the resin crystal, the protactinium will be lodéed
in the crystal and the washing solution will be unable
to remove the contaminant. The best results were

obtained by washing the neptunium for a long period and

18



then releasing the Mp from the column. The gamma ¥Yay
spectrum is then recorded for a short period and then
the neptunium is repurified on the column and the
process is repeated. With this method the
concentration of protactinium was reduced to 5 x 10
parts relative to the neptunium. This concentration
gave a specific activity of 0.06% protactinium relative

to neptunium.
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CHAPTER IT

Energies and Intensities

1, Selective Absorption Across the K Edge of a Material

Consider recording a gamma ray spectrum consisting
of +two photo peaks of different energies. Say this
spectrum is recorded with a strong source placed near
the detector. Two peaks will appear corresponding to
the two gamma rays. Also a third peak will appéar much
less intense and slightly wider: the sum peak. The
energy of this new peak is the sum of the energies of
the two gamma rays. Two gamma rays entering the
detector within the resolving time of the detector and
its preamplifier will look like one gamma ray to the
detector. The sum peak is then due to the small time
interval for which the detector will fail +to resolve
two signals and will treat the composite signal as
single. The increase in width arises from the slight
difference in time of entry of the two gamma rays. In
general, this situation is not desired; there are

enough peaks in a spectrum without generating even
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more. A simple solution is to reduce the counting rate
(time consuming but effective.) A better way which
does not work well much above 100 keV but is very
effective at low energies is to use a filter. Gamma
rays passing through matter are absorbed but the
absorption is 2 function of the enerdgye. For each
element the energies of the X and L absorption edgesg2
are tabulated. A possible problem in this work is the
strength of the I, X~rays of heavy elements, with
energies ranging from about 11 to 20 keV. These X-rays
are plentiful and they sum with themselves and with
gamma rays of high intensities. To‘find an effective
£ilter and get it +the right thickness would greatly
sinplify spectra taken in the low energy region. The K
absorption edge of germanium is at 11.104 kev, making
it an ideal material for such a filter. Obtaining an
old detector crystal that had been drifted through, we
sliced a thin wafer 0.25 millimeters in thickness oOr
0.130 g/cmz, Placing the filter between the source and
detector effectively eliminated from the spectrum the L
X-rays from heavy elements. As an example figure 10a
shows the L X-rays and the 29.37 keV gamma ray from the
decay of neptunium-237, and figure 10b shows the effect
when the' germanium filter is interposed between

detector and source. The I X=-rays are very much
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Figure 10
Ge filter
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reduced compared to the 29.37 keV line, but germanium K
X-rays are now present through fluorescence. In
practice, the counting rate was kept low and the filter

used to make sure that no summing was occurringe.

2. Enerqgy calibration of 29.37 keV and 46.53 keV gamma rays

To calibrate the enerqgy of gamma rays the mixed
source technique is invaluable. In the low energy
regions the K X-rays are very helpful tools. The
energies of K X-rays are well known’%nd provide us with
numerous useful calibration lines. It was known before
starting this project that the lowest energy gamma ray
in the decay of neptunium—237 has an energy of about
29.3 kev, Clinel3quotes 29.375+0.020 keV, Browne”
however has the energy as 29.29%0.10 keV. Calibration
sources were chosen to place lines a few keV above and
below this line. Americium-241 decays with the
enission of a gamma ray at 26.345 keV., For the other
source cesium-137 was chosen. The only gamma ray
emitted in its decay is one at 662 keV and is therefofe
barely detected in a X-ray detector but the barium Kg
X-rays are at 31.817 and 32,194 keV. The germanium
filter was used to absorb the L X-rays from the

neptunium decay and also the L X-rays from the

americium decay. The energy value of the neptunium
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gamma ray was then found to be 29.373+0.005 keV
assuming perfect linearity between the 32.2 and 26.3
keV lines. (This is verified bv calculating the energy
of the Ba Kaz X~ray and finding 31.817 keV; the
tabulated wvalue is 31,817 keV.) Previous work by the
present author on non-linearity in this region has
shown that the assignment of five eV error in the curve
itself 1is quite conservative for the region used (ie.
the intrinsic error iﬁ energy from the linearity curve
is 0.0£5.0 eV,) hence the final value of 29,373+0,010
keV is given for this gamma ray.

To calibrate the 46.5 keV gamma ray of neptuniun
the mixed source technique was again used. A neptunium
gﬁurce along with a europium=155 source were used,
Europium=155 emits a 45,299 kevgégamma ray and
gadolinium X-rays. These lines were used to calibrate
the neptunium gamma ray. The germanium filter was not
used here to present a challenge to our peak fitting
program. A sum peak located at 46.303 keV is expected;
summing between the protactium Pﬁaxmray (16,930 keV)
and the neptunium gamma ray at 29.373 keV. Figure 11
shows how the peak fitting program handled this
situation. The energy of the neptunium gamma ray was
found to be 46.534+0,040 keV and the energy of the sum

peak was found to be 16,303£0.050 kev, The value of
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Figure 11
46.53 keV Gamma Ray Calibration
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46.534 + 0.040 keV can be compared to Cline's value of
46.5 + 0.5 keV and Browne's value of 46.46 % 0.10 keV.

It must be pointed out here that energy
calibrations are only as accurate as the standards
used. Gamma rays calibrated on bent crystal
spectrometers make excellent calibration sources.
X-rays also make excellent calibration sources be they

observed after a nuclear decay or excited by

fluorescence, for their energies are very well known.

3. Energies and Intensities

The singles gamma ray spectrum of the decay of
neptuniﬁm—237 displayed a large number of photo peaks.
A total of 42 gamma rays were observed in the neptunium
decay. It also must be remembered that the products of
the decay of Pa-233 were present to some extent in all
spectra, and 11 gamma rays from the decay of Pa-233
were observed. Also present in the spectra were X-rays
of protactinium and uranium from the nuclear decays of
Np-237 and Pa-233, respectively, and X=-rays of
neptunium produced by fluorescence of the source
material were alsoc observed in some sources. All this
amassed together produced an extremely complicated
spectrum.

Energy calibration of the neptunium gamma rays was
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performed wusing the mixed source technique, A Np-237
source was placed in front of a detector along with
various calibration sources and a spectrum accumulated.
A non-linearity curve was drawn and the most intense
neptunium lines were calibrated (see fiqure 12 for an
example of a non-linearity curve. Shown here is an
extreme case with a large non-linearity. The use of a
better amplifier gave the same shape for the curve but
with much less non-linearity.) This process was
repeated several times with different combinations of
calibration sources, The weaker gamma rays were then
calibrated  using the previously measured strong
neptunium gamma rays as calibration standards.

Figure 13 shows the gamma ray spectrum for
neptuniumn~237, taken with the germanium X-ray detector
#2 using the germanium filter. Clineﬁleports-a gammna
ray at 43.,5%0.5 keV. It was found, however, that this
is a sum peak; summing between the Lg X-ray énd the
29,37 keV gamma ray. An interesting feature in this
region 1is the gamma ray at 94,.,66%0.05 keV, directly
underneath the uranium Kaa X~-ray. The presence of this
gamma ray is inferred by comparing the intensities of
the uranium ngand Kmpx-rays. Scofield’zas calculated

the ratio of the intensities of X,  to de as a
2

function of the atomic number, Z. Computer analysis of
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Figure 12

Non=1linearity Curve
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Figure 13

X=-ray Detector Singles
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the spectra gave the intensitiés for the four X~rays in
the Ky group of protactinium and uranium. The Kaé to Ka!
iatio for the protactinium X~rays agreed with
Scofield's prediction of 0.622, but the same ratio for
uranium produced a number far greater than Scofield’®s
predictibn of 0.625., The only possible solution for
the disagreement of values was to propose a gamma ray
of sufficient intensity directly beneath the uranium K“ﬁ
X-ray. The peak fitting program was unable to separate
the U Kg, component from the gamma ray. Hence, the
gamma ray must be directly under the X-ray and the
energy of the gamma ray must equal the energy of the
X~ra¥.

Another interesting regidn is centered on the
195,10 keV gamma ray. Apparently there are four photo
peaks bunched together in this region. Analysis shows,
however, that the fwhm of the four peaks 1is
significantly greater than neighboring peaks. The
conclusion drawn from this is that there is a £fifth
peak located somewhere in this group. Figure 14 shows
how the peak fitting program handled this situation. A
fifth peak was located close in energy to the most
intense gamma ray in this group. With this fit the
fwhm of the photo peaks became comparable to that of

neighboring photo peaks.
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Figure 14
Cutipie Analysis of 195.10 keV Group
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Figure 15 shows the gamma spectrum taken with the
30cc detector; rénging from 25 keV to 320 keV. The
presence of the Pa-233 gamma ray photo peaks at the
high energy end puts a small background under the
neptunium gamma ray photo peaks. This background made
the energy and intensity calibration slightly more
difficult to achieve with great precision. The
advantage of using the 30cc detector is the greater
efficiency at higher energies compared to the X-ray
detector. TFor example, compare the appearance of the
186.8 keV 1line in the two singles spectra (figure 13
and 15.) Obviously the 30cc detector is better suited
to observe this peak. The main disadvantage of the
30cc det.ector is the resolution obtainable is
considerably poorer than the X-ray detector resolution.
This can be seen by comparing the group centered on the

195,10 keV line in the two spectra. The X-ray detector
shows the structure of this group much more clearly
thén the 30cc detector.

Table 3 gives the values obtained in this work for
the energies and intensities of the gamma rays observed
in the decay of neptunium-237. Several new gamma rays
were discovered in this investigation: those of energy

115.5, 140.8, 153.5, 194.7, 222.5 keV and these can all be
| pléced in the level diagram., All the gamma rays listed

are accompanied by the values obtained by others and all
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Figure 15

30ce Detector Singles
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Table 3

Gamma Ray Energies and Intensities
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Table 3

Gamma Ray Energies and Intensities

EY (keV)

ra and Browne and
Asaro

29.29(10)
46.46(10)
57.15(10)

86.49(10)
88.07(10)
94.66(10)
106.22(10)

117.65(7)
131.11(7)
134.23(7)

143.26(7)
151.31(7)

155.20(7)
162.38(7)
169.09(7)
170.56(10)

175.93(10)
180.66(10)

186.86(30)

191.34(10)
193.05(10)

194.91(7)
196.81(10)

201.68(8)
x203
209.07(8)
212.28(7)
213.92(10)

229.84(10)

237.91(7)

248.60(40)
257.14(40)
262.48(40)

-—

and 99.8 *

Cline

29.375(20)
*

57.112(20)

86.486(10)
#*
*

Present
Work

29.373(10)

46,534 (40).

57.15(4)
62.5(5)
86.503(20)
88.04(16)
94.66(5)

106.300(200) 106.12(5)

*

117.720(20)
131.110(20)
134.280(20)
%
143.250(10)
151.410(10)

155.25(20)
162.520(30)
169.16(30)
170.640(50)

172.600(200)

176.060(50)
15G.780(50)

184.400(100)

187.4(1)
191.42(30)
193.220(30)

194.970(20)

196.800(100)
169.900(100)

201.67(20)

209.180(30)
212.33(20)
213.960(40)

229.9(1)
237.91(20)
248.8(5)
257.15(50)
262.42(50)
280.4(5)

Vara, J.M. and Gaeta, R.
In addition 62 other y-rays, unobserved by other workers,

These five y-rays together with
0.2 are marked on th

of 237Np y-rays

115.45(20)
117.681(30)
131.043(30)
134.23(4)
140.60(10)
143.208(25)
151.375(35)
153.52(20)
155.22(4)
162.50(6)
169.17(5)
170.63(8)
172.55(20)
176.09(7)
180.80(8)

186.8(5)

191.45(6)
193.26(4)
194.67(20)
195.096 (20)
196.84(6)
200.17(10)
201.72(5)
202.69(25)
209.25(5)
212.415(25)
214.09(5)
222.51(25)
230.01(10)
238.04(4)
248.90(10)
257.20(20)
262.44(15)
279.4(4)

Vara and Browne and

Gaeta
(1969)

100

totlt ot 1 wi Ol

1

ot ol

t oo |

o

i

1969. Nucl. Phys.

.77
.46

.77

.08

.38

.077

.77
.77
.115

.17
JT7

.15

Al130,

I (1 = 100)
Y 86,5.
Cline Present
Asaro Work
111 + 16 75 1327
1.11+0.16 - 0.95+0.2
3.33+0.3 6.25 3.53+0.2
- - ~ 0.1
100 100 100.0
1.27+0.16 - 1.1 #0.3
6.66+0.6 - 5.04x0.35
0.47+0.05 0.80 0.36x0.07
- - 0.021x0.006
1.35%0.16 1.40 1.47+x0.10
0.71+£0.07 0.70 0.83+£0.12
0.563:0.06° 0.60 0.66%x0.13
- - 0.15x0.04
3.33+0.32 3.61 3.76x0.23
1.98+0.24 2.00 2.03+0.13
- - 0.058%0.013
0.77x0.07 0.80 0.79+0.06
0.31+0.03 0.30 _O.33i0.06
0.60%£0.06 0.60 0.67x0.07
0.159+0.024 0.150 0.133x0.02
- 0.0375 0.057x0.015
0.175£0.024 0.13 0.139+0.028
0.19x0.024 0.169 0.18%0.04
- 0.069 -
0.056%x0.112 - 0.026x0.026
- 0.031 -
0.230x0.032 0.237 0.140+0.024
0.429+0.05 0.46 0.35x0.035
- - 0.41+0.12
1.67+£0.16 1.6 1.37%0.17
0.214+0.024 - 0.20 0.186%0.027
- 0.038 0.029:0.011
0.357x0.037 0.40 0.36%0.04
o~ 0.03 0.039+£0.015
0.13+%0.017 0.169 0.157+0.016
1.26x0.16 1.40 1.35+0.09
.3520.04 0.35 0.38£0.03
- - 0.014+0.014
0.11+0.016 0.681 0.093:£0.023
0.54+0.05 0.550 0.61+0.07
0.040+£0.01 0.038 0.039x0.017
0.056+0.014 0.05 0.053+0.028
0.056+0.012 0.063 0.062:0,018
- 0.0188 0.014+0.014
586. )
are listed.
+ 0.5, 70.5 + 0.1,

transitions of energy 43.5
e spectrum but are not 1ncluded in the list



in Table III are placed in the level diagram except the
248,90 keV line,v The intensities of these gamma rays
were found as described in chapter 1 by first obtaining
the area under the photo peaks and then compensating
for the detector efficiency (see figure 16.) The area
divided by the efficiency gave the intensity.

It can be seen the values of energy and intensity
correspond closely between the works of Cline, Browne
and Asaro and the vresent. The values of Vara and Gaeta

are not in agreement with others,
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Figure 16

X-ray Detector Efficiency
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CHAPTER IIT

Coincidence Measurements

l. Coincidence Measurements

After determining the energies and intensities of

the gamma rays it  is necessary to construct a decay -
scheme, The spectrum of neptunium-237 shows g larqge
number of alpha groups, indicatina that several levels

By

in brotactinium-233 are ropulated directly, The levels

. G

above the ground state are cslled "excited states, ™
g

Qs

The excited states of a nucleus are duantized in enerqgy
and anagular momantium and the decay scheme depicts the
excited states., The gamma rays are emitted when the
nucleus undergoes a transition from one excited state
to another or to the ground state. As can be seen from
this discussion while this study ig investigating the
decay of neptunium-237, actually under investigation
are the excited states of protactinium-233,

While it is nossible to construct a de ay scheme
or level diagram from just the eneragies of the gamma

rays, a much more reliable method involves the use of



coincidence measurements. In coincidence spectra ve
look for cascades of camma rays 1.e. one gamma ray
feedinag into an excited state and another depopulating
rhe same state is a cascade. By settina the sincgle
channel analvzer to gate on one particular gamma ray we
hopa to see in the coincidence spectrum all the gamma
ravs in cascade with the gating line. Of course, since
radioactive decay is a random pProcess, coincidence-
spectra also contain random elements; this is the
meaning of the true to random ratio. Consider just two
gamma rays in a spectrum, one in cascade with the
gating line and one not in cascade., Call the camma ray
in cascade the first and let it have a singles
intensity I; , call the one not in cascade the second
and let it have a singles intensity Ié . Both peaks
will appear in the coincidence spectrum, the second
peék totally due to random coincidences with an
intensity Ip. The first pealk, with intensity T;, will
bhe a combination of random and genuine coincidences.
To calculate the true to random ratio we assume the
random components of both peaks ‘are in the same ratio
ag the singles intensities, This is trué provided
there is nothing under the aating photopeak which micght
be in coincidence with either gamma ray. Separating Ty

into the random component IaR and the cenuine comnonent



I,s» the singles ratio gives:
r

i

QR I

Iza

b BN N

Having marde this assumption it is now easv to calculate
the true to random ratio:

_Ii-Ix

I

2 |~

Once the coincidence svstem ﬁad been constructed:
and tested, a number of coincidence spectra were
gathered, Altogether nine separate meagnrerments were
made, the average duration of a run being approximatelv

ed  in the

[.J.

two weeks, The nine major gamma ravs stud
coincidence measurements were 29.37, 57.15, 86,50,
117.68, 143,21, 151.38, 195,10, 212.42 and 238.04 keV,
Of the nine gamma rays used for gatinog only three did
not have other neptunium gamma rays in near proximitv.
Consequentially, six of the coincidence spectra had
more than one gamma ray falling in the gaté. Most of
these six were strong peaks with a nearby weak peak,
The worst case in this sense is the 195.10 keV gamma
ray. The single channel analvzer set to gate on this
peak also gated on four other gamma ravs in the

immediate neighborhood. Also ovening the cate in all
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coincidence measurements was the background under the
peak. If back scatterinag from a strong gamma ray falls
in the gate, the Compton edge will arise in the
coincidence spectrum.

The statistics of the coincidence spectra were
poor compared to those of the singles spectra, but this
was to be expected. The problem of statistical scatter
in the coincidence spectra was the impetus which led to
the construction of the computerized smoothing program.
With large background scatter weak lines were
frequently obscured. Hence, a gamma ray that appears
in cascade in the decay scheme will not necessarily

stand revealed in the coincidence spectrun.

2. Coincidence Spectra

Coincidence spectra were acqﬁired using the 35cc
Ortec detector and the Ortec X-rav detector #2. For
almost half of the coincidence runs the X-ray detector
was used as the gating detector and the 35cc as the
scanning detéctor. This arrangement worked well until
the energies of the gating lines became too high.
Above 150 keV i was necessary to use the 35cc detector
as the gatinag detector and the X~ray detector as the
scanning detector. The 86.50 keV gate was also run

with the 35cc detector as the gating detector and the
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¥-ray detector was scannindg.

29,37 keV oate:

The coincidence spectrum for the 29,37 keV line is
shown in figure 17. Three linés are definitely
enhanced above the singles intensities of thé randoms:
57.15 keV, 143.21 keV and 151.38 keV. A possible
fourth line that is probably enhanced isvthe 117369.kev

)

we see the 57.15 keV level is fed hv the 29.37 keV

[#>%

gamma rave Referring to the decay scheme (figure 2
qamma ray. The 151.38 keV gamma T2y populafes the
86.51 keV level which de-excites by the 29.37 keV gamma
rav. But to accommodate the 143.21 keV and the 117.68
keV gamma rays it iz necassaryv to insert & Ccrossover
rransition from the 94,88 keV ievel to the 86,51 keV
level. This transition has heen proposed by F. Browne
15 '
and F. Asaro previously through 2 gimiliar line of
reasoning. This coincidence spectrum lends additional
support for the existence of this transition. The X

¥-rays shown in the figqure are composites of the

uranium and protactinium X-rays.

57.15 keV gate:

l_l-
0N

The coincidence spectrum for the 57.15 keV line

=t
3

shown in fiqure 18, There are no lines enhanced
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Figure 17
29.37 keV Coincidence
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Figure 18
57.15 keV Coincidence
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this spectrum althouch from the decay scheme numerous
gamma rays are expected to be in coincidence. So here
we have an example of a weak gating line with weak
lines xpected in coincidence but too weak to he seen

against the background. The X-rays and the 86.50 keV

cgamma ray appear as random components.

86.50 keV gate:

The coincidence spectrum for the 86.50 keV line is
shown in figure 19. Also falling in this agate was the
88,04 keV gamma ray from the décay of Np=237 and the
86.59 keV gamma rav from the decayv of Pa-233. The
151.38 keV gamma ray feeds the 86.51 ¥eV level and
hence is expected and seen in coincidence. The 117.68

and the 143.21 keV gamma ravs feed the 94,68 keV level

g4}

A

and hence are expected to be in coincidence through the
8.17 keV transition. The singles intensity of the
131.04 keV line is oreater than the 134.23 keV 1line.
But fhe 131.04 kev 1line does not appear in the
coincidence spectrum. So the 134.23 keV line is in
coincidence with the 86.50 keV line. It is now
necessary to introduce another crossover transition
from the 103.69 keV level to the 94.68 keV level. This
transition has been proposed again by Browneﬂénd this

spectrum lends support to the hypothesis,
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Figure 19

86,50 keV Coincidence
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Also slightly enhanced is the 94.66 keV line,
This enhancement is spurious, however. As can he seen
from the decay scheme the $4.66 keV line is not in
coincidence with the 86.50 keV line. %hen setting the
gate on the 86.50 keV line it is possible that some of
the Xg X-rays will also open the gate. The 35cc
detector used for gating has considerably poorer:
resolution than the X-ray detector. The enhancement of
the 94.66 %keV 1line is then éxplaineﬁ ‘as follows,
Tnternal conversion of X electrons of the 143,21 and.
the 117.68 kevgiransitions will give rise to X X-rays
-inv coincidence with the 94.66 keV gamma ray. If the X
X=rays were falling into the gate the observed
enhancement is expected,

By the same line of reasoning internal conversions
of the 151.38 kev%%ransition will populate the 86.51
keV level. If the gate opens from the K X-rays emitted
after a transition populating the 86.51 keV level, the:
86.50, 57.15 and 29.37 keV gamma rays are expected to
be enhanced. The intensities given in the coincidence
table (see below) for this gate assume the 86.50 keV
line appearing in this spectrum is entirely due to
randoms. But as seen here this is not completely
correct, so the intensity values will he svstematically

too low. The 117.68 and 143,21 keV transitions will
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also feed the 86.51 keV level through the 8.17 keV
transition giving the same effect.

7 Finally the 86.59 keV gamma ray of
protactinium-233 will also fall in this gate. We then
expect to see and do see the 311.89 keV gamma ray of

Pa-233 in coincidence, too.

117.68 keV agate:

The coincidence spectrum for the 117.68 keV aamma
ray is shown in figure 20. The Compton edge for the
311.89 keV gamma ray is seen at approximately 160 keV.
As explained in chapter 1 the Compton edge will arise
due to the back scattering. Because Compton events of
the 311.89 keV gamma ray in the gating crystal may fall
into this gate, all o¢amma rays in cascade with the
311.89 keV gamma ray in the level scheme of uranium-233
will appear in the coincidence spectrum. Three gamma
rays from the decay of protactinium-233 are seen then
in this coincidence spectrum: 75.28, 86,59 and 103.87
keV. Referring to the coincidence spectrum we also see
the 94.66 eV gamma ray clearly in coincidence. The
86.50 keV peak is considerably wider than in the
singles spectrum. This is probably due to the 88.04
keV gamma ray being in coincidence with the 117.68 keV

gamma ray. The crossover transition between the 94,68
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Figure 20

117.68 keV Coincidence
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and the 86.51 keV levels requires that some enhancement
of the 86.50 keV gamma ray be present. This is not
inconsistence with the data as there is no entirely

random gamma ray appearind.

143,21 keV gate:

The coincidence spectrum for the 143.21 keV aqgamma
ray is shown in figure 2). The Compton edages of the
300.10 keV and the 311.89 keV acamma rays are present as
well as the the other protactinium-233 gamma rays in
cascade with them. The only neptunium gamma ray that
shows a possible enhancement in this spectrum is the
88,04 keV gamma ray on the hiqh energy tail of the
86.50 keV gamma ray. While any trace of the 94,66 keV

gamma ray is obscured by the X X-rays.

151.38 keV gate:

The coincidence spectrum for the 151.38 keV gamma
ray is shown in figure 22. For this measurement and
all the followina coincidence measurements the role of
the X-ray detector and the 35cc cdetector was reversed,
The 35cc detector was used as the gatina detector and
the X-rav detector was the scanning detector. The
gamma rays in coincidence in this spectrum are the

29,37 keV, 57.15 keV and the 86,50 keV lines. Also
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Figure 21
143,21 keV Coincidence
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Figure 22
151.38 keV Coincidence
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appearing in coincidence are the 75.28 keV and the
103.86 keV lines from Compton events in the gating
detector of the 311.89 keV gamma ray in Pa-233. The
151.38 keV gamma ray feeds the 26.51 keV level giving

the observed coincidences.

195,10 keV gate:

The coincidence spéctrum for the 195.10 keV gamma-

ray is shown in ficure 23. There are five gamma rays
falling into this gate, from the 191.45 keV line to the
196.84 keV line. There is no enhancerment of any gamma
rays in this spectrum. The 29.37 and 86.50 keV 1lines

appear as random components.

212.42 keV gate:

The coincidence spectrum for the 212.42 keV garmma
ray is shown in figure 24. Also falling in this oaate
is the 214.09 keV camma ray. The only peaks that show
a definite enhanéement are the 29.37 keV, 57.15 keV and
86.50 keV garma rays. It also appears the 46.53 keV
gamma ray may be slightly enhanced, however this may be
due to summin¢ between L g ¥-rays and the 29.37 keV
gamma ray. The enhancement of the 29,37 keV, 57.15 keV
and 86.50 keV gamma rays may be explained by the 214,09

keV gamma ray which populates the 86.51 keV level. The
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Figure 23
195.10 keV Coincidence
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Figure 24
212.42 keV Coincidence
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212,42 keV gamma ray is a around state decay and we Ao
not observe the enhancement of the very weak 153,52 kevw

camma ray feeding the 212,42 keV level,

238.04 keV gate:

The coincidence spectrum for the 238.04 keV gamma
ray is.shown in figure 25. Sjince the 238.04 keV gamma
ray is a transition to the ground étate,_the only gamma
ravs expected in coincidence are +those feeding the
238.0 keV level. The 62.5 keV gamma ray +then is +the
only expected cascade., Tn the spectrum there ddes Seemn
to be a. slight enhancement at 62.5 %eV but it is

uncertain,

These nine coincidence spectra represent a gate on
each of the most intense lines of the neptunium~237
decay. The results of the coincidence measurements are
summarized in Table 1V, the coincidence table.
Horizontally are the various gating lines and
verticaliy are the lines observed in cascade, The
numbers in the table are the relative intensities for.
each coincidence spectrum with the strongest 1line
nermalized to lOO. From this table and the energies of
the obsefved gamma rays it is now possible to assemble

a decay  scheme for the excited states  of



Figure 25
238,04 keV Coincidence
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Table 4

Coincidence Results
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CHAPTER IV
Rotational Structure and the Decay Scheme

The success of the Nilsson modef7in describing the
properties of heavy nuclei has been considerable, The
heavier nuclei have a shape deformed away from the
simple spherical case to an ellipsoidal shape. General
interpretations of the rotations of deformed nuclei
have made necessary modifications to the j-j coupling
schemes of the shell model. The interpretations of
these intermediate or rotational couplina schemes gives
rise to the lilsson rotational bands. Tﬁé decay scheme
for the decay of neptunium-237 is shown in figure 26,
On the left side of the decay scheme are the Nilsson
rotational band assignments for the energy levels from
Brownel.l The form of the Nilsson band assignments is
EanAJ XTI, where M is the total number of nodes in the
wave function, ng is the number of nodal planes
perpendicular to the symmetry axis and A, the orbital
anqular momentum component along the symmetry axis, can
take on values N—nz,N-na—Z,..., 0 or 1. I is the spin
of the level and X is the projection of I along the

symmetry axis of the nucleus and 7r is the parity.

The energy levels within one rotational band are
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Figure 26

Decay Scheme
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given by the formula:

E, = Eg + A[I(I+1)-K(}§+1)]

i
where E, is the energy of the’ lowest member of the
rotational bhand. This equation holds if the other
modes of motion (i.e. vibrational) are negligible. In
the case where the couplina of the vibrational and
rotationél notions is important an additional term is

19
needed:

e - EI + B[I(I+l) + ngﬁlz .(-,)I"' Z(I_*Uz”

Special consideration for the rotational bands with K =

1/2 1is reaquired bhecause of the decoupling of ancular

momenta between bands (Coriolis decoupling.) For K =
20

1/2;

Y,
2B(I + 1/2).

I+

Fy= Eo + A[I(I + 1) - 1/2] + (-1)
Using these ecuations on the four rotational bands
in the decay scheme, it was attempted to predict the
energies of new excited states. At this time the level
shown at 303.8 keV had not been observed. Calculating

the expected eneray of the fifth member of the mixed
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rotational band 1/2 I+ (4 0 0) + 1/2 I+ (6 6 0) using
the last ecuation, it was found that the 9/2 + member
of this band should have an energy of 300.9 keV. The
difference between calculated and experimental energies
is less than 1% and can be considered to be in good
agreement. Other possible evidence for this level
comes from Baranov et, §A=2I Thev observed an alpha
particle aroup with an energy of 4,572 MeV in the decay
of neptunium-237, this would correspond to a feed to a
level of 305 keV,.

Figure 27 shows the energy of Nilsson single
particle orbitals as a function of the deformation.
The particular diagram shown here is for odd proton
levels in nuclei with atomic number greater than 82;
this is the <case for the Pa-233 nucleus with 91
protons. The amount of dJdeformation in the Pa-233
nucleus is customarily taken to be € = 0.22.22 This is
shown by a dashed vertical line in the fiqure. It can
be seen that the locations of the lowest members of
rotational bands in the figure does not correspond to
the locations in the decay scheme, This 1is a
consequence of configuration mixing. The last proton
in Pa-233 is in the lh@kshell level alona with eiaqht
other protons. The Nilsson wave functions are single

particle wave functions for varticles outside the core.
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Figure 27

Nilsson Diagram
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This, however, 1is not the case for Pa-233,
where many different mixtures of configurations can
occur.

A comparision of the experimental and theoretical
lifetimes of the 86.51 keV level was performed. The
half=1life of a level may be calculated, again assuming
single particle orbitals, by studying the transitions
de-exciting the level. For electric multipole

transitions, the transition probability is given by:

+ 2 2A+]
Ts‘f}\): /\[zjfs.ﬂl_’)iz ()\33) (/955“\,/) 21\5{ A Z;

wvhere A is the multipole order, a is the nuclear radius

and S is the "statistical factor" agiven bv:

Sizar)= (2L )< 1 A I ]’éo>

where <j‘m|j2m2bm> is the Clebsch-Cordon coefficient,
There are two transitions that de-excite the 86.5) keV
level;: the 29,373 keV and 86.503 keV gamma rays. The
multipolarity of both these gamma rays is krnown to be
Elf4 The single particle Weisskopf half-1life of the
86.51 keV level was calculated to be 1.5 x quzsec, but

. -8 25 L.
the measuraihalf=lifeis 3,6 x 10 sec. The transition
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is retarded by a factor of about 20,000 over the sinagle
particle value. This result is expectead
experimentally, Rl transitions in other nuclei exhibit

g

retardations of similiar magnitude, but this is not
. 26
understood theovretically very well.
"g-forbidden" transitions were also studied in

this investigation. A  transition between bands is

called K~forbidden if:

AR = Kg= X; > A

where X is the multipole order. The transition
27
probability of a K-forbidden transition is:
}
P = e SRR
j A . y117 2 $»’pf §~J
wi{2A+ijll h {hel

where B is the reduced transition probabhility. All the

information pertinent to the nuclear structure is

contained in the reduced transition probability. For a

X~-forbidden transition the reduced transition

probability is given by:28

BlA; LK1, K+AK)=

MECT, A Keak-n AT, Ko e ('I,—;K)S(Iw



where <jlmwj2 §m) is +the Clebsch-Gordon coefficient
2

and where M"is a constant that gives the mixina between
the ®'s of the initial and final states and states with

AY . N 0
. +Xand ¥,~A ., To eliminate the constant a ratio of

{ $
transition probabilities is formed from two gamma rayvs
depopulating the same level going to the same

rotational band. The two transitions used were the
238.04 kev and the 180.80 keV gamma rays. The 238.04
eV transition was known to have a multinolarity of-El,‘6
The multipolarity of +the 180,80 keV transition was
assumed to be also El (spin change of one and varity
change.) The ratio of the transition probabilitiés of
the 238.04 kev +to the 180,80 keV gamma rays was
caleculated to be 12.8. This value can bhe compared to
the wperimentally determined intensities of the two

gamma ravys., The experimental intensity ratio should
equal the ratio of the transition vprobhabilities. The
experimental ratio was found to be 3.21+0.80, The
discrepancy probably only indicates the 180.80 kev
gamma ray is not a pure Fl transition as assumed. if
We assume an 112 admixture the first obsexrvation is the
M2 component is not K-forbidden. This would increase
the theoretical intensitv of the 130,80 keV gamma ray

giving bhetter agreement with the experimental result.

Also Browne and Asaro have shown that there is
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considerable Coriolis mixino in the rotational bands of
this nucleus., Ignoring this nixzing could also lead to

the discrepancy of intensity ratios.
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APPEMDIX

Mathematical Smoothing of Camma Ray Spectra

In acquiring coincidence spectra it is noted
readily that there is a great deal of scatter in the
contents of consecutive channels. mhig is especially
noted in the higher enerqgy range of a swvectrum. This
effect is easily explained by remembering that if a
particular channel has N counts in it, the expected
error is the Poisson error Or the sauare root of W. If
M is relatively small, this exror I8 of & large

magnitude compared to N. To overcome the diffic

fa
=
o
<
fte
=)

handling this the anthor has written a computer program
called amooth to do a mathematical smoothing of
coincidence spectra.

studyvina the literature on smoothing techniquesz%
the author has picked a particular algorithm that is
especially suited for this tvpe of work. The smoothing
is performed point by point across the spectrumn, for
each point a small neiqhborhood'of points around the
point to be smoothed is chosen. A least squares fit to

a power function 1is performed in the neighborhood and a



new smoothed value for the one point is agenerated.

3 3

This technigue is called "convolution.”

Mathematically, the smoothed value §; of the data D; is

found hy:

i

J. = W 4 . e

S; = My 28mi Diyj
‘j:-—m

30 . '
. are constants depending on how large

i

a neighborhood is selected: the nejichborhood here has

where M,, and a

2m+1 points,

[~te

I

Nf primary importance in this echnicue is the

size of the naichhorhood. It is found that for m less

rhan +wo +the procedure simply does not work. So the

first possible value for m is two, this gives what is

called a five-pnoint smooth; m equal to three gives a

’

seven-point smooth and so On. It is found that an
n-point smooth works bhest on ¢gamma xay photo peaks
whose full width at half maximum lies between n and n+2
points. This criterion, the detector resolution, is
then used to determine the size of the neighborhood to
be used in the smoothing algorithm.

T+ is also noted that the resolution of Ge(Li)
gamma rav detectors is a function of the energy of the
photo peak. The functional relationship is that Vthe

TIIM increases as the square root of the enerqgy. Using



this fact, smoothing of a gamma ray spectrum is
accomplished by first dividinag the specﬁrum into
regions where the FVHM ranges from 5 to 7 points, 7 to
9 points, ect. and then smoothing these regions with a
five-point smooth, seven~-point smooth, ect. The
maximum number of points that can be used in this
program in a smooth is 25, making the maximum allowable
FWHM 27 points. If this maximum is exceeded an error
message is returned and the program terminates.
Comparing an original coincidence data set to the
smoothed data set we find in all cases the intensites
and positions of vhoto peaks remain the same within
calculated experimental error. It is also generally
found that the calculated eXperimental error for
intensites and positions become smaller after the
smoothing procedure is applied. Comparing an original
data set with excellent statistics with the smoothed
data set, several observations are made, First, having
smoothed the data the peaks bhecome wider but lower,
conserving the area. The peak positions usuwally fall
within experimental error but a 7&a test between
smoothed and original positions shows non-equivalence.
2 . .
The‘)( test was used to examine the hypothesis that the
smoothed peak positions were equal to the original peak

positions. As was mentioned earlier, smoothing is done
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by dividinag the spectrum into regions. In the reaion

es between five and seven points a

[.l-

where the FWHM var
five point smooth is used. For peaks in this vrecion
that have a FWM that is closer to Seveh than five it
is more likely the smoothed peak wpositions will wvary
from +the original positions. If the actual FWHM is
close to the numher of points used in the smooth the
peak positions will be the same for emoothed and
original peaks. Judging from these results the program
should only be used on coincidence speCtra where large
errors are expected. Application of the smoothing
program did level out the background into a more nearly
continuous line, but did not reveal the presence of -

weak peaks previously unseen in the original spectrum.
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