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I. INTRODUCTION

This report summarizes the work performed during the period November 6, 1968
through October 31, 1969 under Contract AT(11-1)-1549 between the University of
Wyoming and the U.S. Atomic Energy Commission. In addition to the projects
discussed in the previous progress report, the expansion of ouf efforts into high
. precision gamma ray spectroscopy and activation analysis are‘discussed.‘

1. | GAMMA RAY SPECTRUM FROM: Ga®%

) S. Browne and H. B. Eldridge, University of Wyoming
and
C. S. Zaidins, University of Colorado

As discussed in the previous progress report, a search for the isotope Ge64

was initiated. The first attempt: Zn64(He3,3n)Ge64 with the measurements of the
half life of the granddaughter Zn64 gamma rays was not successful. This procedure
was necessary since the Ga64 lines were not known. As our next step, it was
decided to measure the energies of the Ga64 lines; however, this required a n,y
coincidence experiment. As our second experiment, 16 Mev protons produced at the
cyclotron of the Universfty of Colorado at Boulder, Colorado, were directed along

@ zero-degree beam to impinge upon a thin target of Zn64. The reaction
2084 (p,n)6a®*"
occurred to produce an excited state of Ga64 which immediately (lo'zzsec.)

decayed to the ground state, accompanied by the emission of a gamma ray.
Detection of this de-excitation gamma was attempted using a lithium-
drifted germanium diode reverse biased at 600 Volits; its high energy resolution
(~ 3 Kev) made it ideal for an accurate measurement. But to insure that only Ga
gammas were measured, a coincidence was established with the gallium-creating
neutron expulsion. A stilbene scintillator optically coupled to an RCA photo-
multiplier tube was used to detect neutrons; the 10th dynode was fed to an Elron
PSD-il=1 Pd]se-Shabe Discriminator which distinguished between the "fast"
gamma pulses and the "slow" neutron pulses produced in the stilbene. With a
1000:1 rejection ratio for gammas in the "slow" output, with a full spectrum
(down to 100 Kev) of neutron recognition, we were assured of detecting only

64

coincidence neutrons.
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Coincidence itself was established with the fast outpufs of both the stilbene
and Ge(Li) detectors. A Time Pickoff unit connected to the anode of the photo-
multiplier marked the rise of a stilbene pulse; this signal (when properly delayed)
initiated the sweep of a Time-to-Pulse- -Height Converter. The sweep
was halted by the zero-crossing output of a svngle ~channel analyzer connected to the
Ge(Li) detector's Linear Amplifier.

The timing for coincidence was adjusted by using a 10 uc Na22 source between
the two obverse detectors.' The anhihilation reaction produced true y-y coinci-
dence which could then be timed. The oetput of the Time-to-Pulse-Height Con-
verter was displayed on a multi-channel analyzer. The three peaks represent
different logic delays in the stilbene circuit, 250 nanoseconds apart. The central
peak, with a full width at half maximum of less than 30 nanoseconds, was used.
This spread is due to the.non- consistent delays in the various systems, such as
walk in the zero-crossing analyzer. .

A single-channel window was placed on the output of the Time-to-Pulse-
Height Converter. The window was adjusted to allow 50 nanoseconds to be counted
on either side of the central (coincidence) peak. The logic pulses from this
window indicated stilbene-Ge(Li) coincidence; it was and-gated with the appropriatel
delayed pulse from the Pulse Shape Discriminator which indicated neutron detection
in the stilbene. Thus, our final logic signal guaranteed neutron detection and
coincidence; this was used in a coincidence mode to gate the 1024-channel Pulse
Height Analyzer whose linear signal was the properly delayed pulse from the Ge(Li)
amplifier, v

There were several geometric difficulties encountered with this system.

The desirability of maximum detector solid angle presented to the zinc target
suggested moving the detectors close in; but high- -intensity radiation from the
bombarded target area distorted the Ge(Li) pulses enough to impair the detector's
energy resolution. A compromise of 6" from the target for the Ge(Li) and 2"

from the target for the stilbene was reached. In addition, the stilbene was
placed almost in line with the beam, assuming that conservation of momentum
dictated the emi tted neutrons would appear in the same direction as the incident.
protons. An extremely low-1ntens1ty proton beam irradiated the target, thus
minimizing unwanted excess radioactivity from the target area.

Having incorporated all these compromises, the tight coincidence network
reduced the operating experiment to 3 counts per minute. A six-hour run yielded
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~ about 1000 counts, and when this wés;Spread over 1024 channels, the statistical
deviation per channel turned out quite high. Thus, to date, no definite peaks
have been observed in the spectrum. However, longer runs (36 hours) in the
future should reveal the desired spectrum with sufficient accuracy to distinguish

the characteristic Ga64 de-excitation gamma rays.

This work was presented as a paper at the meeting of the American Nuclear
Society, Albuquerque, New Hexico, April 26, 1969 |

III. NEUTRON SPECTROMETER COHSTRUCTION
H. B. Eldridge . University of Wyoming
C. S. Zaidins University of Colorado

"A. Efficiency Studies
This project has been left in the same state as the last progress
report awaiting the development of the burst selection system at the Colorado
Cyclotron. ‘

B.  y-Background Reduction :
This project is essentially completed and resulted in a publication;
Health Physics, Vol. 16, pp. 765-769. This publication is included in the
appendix. |

Iv. A Determination of the Absolute Efficiency
: of Various Size Ge(Li) Gamma Ray Detectors
In the Energy Range 60 to 2734 Kev.
J. Jarmer and H. B. Eldridge, University of Wyoming.

Several research projects in the accelerator léboratory at the University
of Wyoming involve measuring the absolute intensity of gamma lines in a complex
spectrum. In order to measure the absolute intensity acchrately, detector effi-
ciency as a function of gamma ray energy must be known. :

In principle, one could calculate the absolute efficiency since the cross
sections for ionization, Compton scatier, and pair production are known. The
problem with making an accurate calculation is that one must know accurately the -
size and shape of the sensitive volume. Since this information is usually not
available, it is easier to measure the efficiency experimentally for a given
geometry. | : : ‘ .

In the energy range under consideration (60-2734 Kev) the gamma ray can
interact with the germanium detector by photoelectric absorption, Compton scatter-
ing, or pair production. The photoelectric effect would be most prominent at



lower energies and except for the .irregular behavior near the K, L, M x-ray
absorption edges, would decrease with energy. The Compton effect shows a similar
behavior; however, the pair production increases with energy above the threshold
at 1.02 Fev. The net result of all the above types of interaction is that the
total probability of interaction which is proportional to the efficiency should
Idecfease with increasing gamma ray energy for a given size detector and solid
angle. The detector size would of course affect the efficiency such that the
efficiency should decrease as the size decreases.

The method involves measuring the activity (gamma ray emission rate) of
several calibrated sources for which the activity is accurately known. The '
absolute efficiency is then defined as the ratio of the measured activity to the
activity of the calibrated source for a given geometry. .

Three Ge(Li) detectors of different volumes were used in the investigation.
Two of the detectors had volumes of 22.4 and 4.6 cc. respectively. The third

detector had an unknown volume but was thought to be 20 cc. Each detector was
mounted in its own cryostat and connected through a pre-amplifier to an amplifier
and then to a 4096 channel pulse height analyzer. Figure IV-1 shows one of the

detectors. The large dewar contains the liquid nitrogen and the detector is
Tocated on top of the dewar. Figure IV-2 shows the multi-channel analyzer and
screen of the oscilloscope. The rest of the equipment shown in this figure is
used for other experiments.

Eight calibrated sources were borrowed from the University of Colorado.
_Each source was mounted 10 cm. from the detector and its gamma spectra was
accumulated and stored on magnetic tape at the University of Wyoming Cohputer
Center. Computer progréms were written to help in the data analysis. With the
aid of the programs the peaks in the spectrum of each foil were located, back-
ground subtracted off, area under the peaks determined and activity calculated
by dividing the area under the peak by the count time. The measured activity
for each line was then corrected for activity at the time the source was calibrated
to obtain the absolute efficiency.

Figure IV-3 is a typical page from the computer output. The ordinate gives
the number of counts and the abcissa 15 the channel number which can be read
directly as energy in ¥ev. The plot'shows how -the computer fits the background
to the peak. ’ " '

The results are shown in Figure IV-4. Figure IV-4 is a semi-log plot of the
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absolute efficiency as a function bfuenergy. The curves were draWn'by eye to fit
the experimental boints. The points were not corrected for 4n geometry nor were '
the low energy points corrected for absorptioh. The error bars are smaller than
the size of the points. The errors were due to three causes: 1) statistical

error in the number of counts; 2) error in the activity of the calibrated

~sources; and 3) error in the area under the peaks due to background fit.

An interesting result was obtained by comparing the measured efficiencies
of our detectors with the efficiencies published by Walford and Doust for
detectors of the same size. We found that the efficiency of our 22.6 cc. detec-
tor corresponded to a detector of 23 cc. according to Walford and Doust, and our
4.6 cc. detecfor corresponded to about a 3 cc. Since the volume of our third
detector was not accurately known, its efficiency was compared to the published
results and its volume was found to be about 8 cc. :

When the analysis of the fu11~energy to double escape peaks are éompleted,
a’publication of this work is planned for Nuclear Instruments and Methods.

This work was presented as a paper at the A.A.A.S. meeting in Colorado
Springs, Colorado Hay 7, 1969.

V. Activation Analysis of Vanadium in Residual 0il
- J. P. Flaherty and H. B. Eldridge, University of Wyoming

The Accelerator Laboratory's aid has been solicited to investigate the
possibility of using activation anélysis as a means of quantitatively determining>
trace element concentrations in crude o0il at various stages of the refining
process. The interest arose from another research group which was in the
process of developing suitable commercial techniques to reduce the sulfur content
in crude o0il which had the more volatile constituents such as gasoline retorted
out of it. The oil left after the retorting, most commonly called residual
0il, is used for fuel oil purposes once the sulfur content is lowered to a safe
value. The basic technique they employed was the passing of this oil through

"a cobalt-molybdate catalyist which withdrew the sulfur along with several trace

metals. In their analysis they determined that the trace element, vanadium,

was the primary element other than sulfur which was being extracted from the
crude oil and that it, vanadium, was coating the catalyist and subsequently
poisoning it at a faster rate then was desired. Hence, they were interested

in determining the rate of extraction of the vanadium from the o0il. The vanadium
also was of interest because there was the possible interesting'side feature,
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that if enough vanadium and other trace elements were‘being deposited on the
catalyist, it might be economically profitable to extract these metals from the
catalyist after it had become 1mpotent due to this poisoning.

We proposed to the chemists the possibility of using the methods of neutron
activation analysis in their meaSukements of vanadium concentrations. This
technique seemed to have two major attributes which would avail themselves
nicely to their needs. One was the sensitivity of the method which would allow
them to measure small concentrations very accuratedly. The second -being the
‘rapidity of the method which would lend itself to commercial on-line applica-
tions. We subsequently obtained several samples from them and embarked on the
analysis. |

The theofy involved in activation analysis is very straight forward and the
technique has been employed for many years. '

If a sample containing say N atoms of the nuclear species in question is
bombarded, with say neutrons as is done in our case, the activity (A) at any
time (t) is given by the following equation: '

A=Hag¢ (1-et102/Ty,
where N = number of nuclei present
o = cross section of this nuclear species
¢ = bombarding flux used
T, = half life of the nuclear species

N\v—

As can be seen from the equation and as drawn in Figure V-1 there is a
saturation value which is exponentially apprdached. This saturation value
determines the maximum count rate obtained after irradiation and subsequently
the accuracy of the concentration measurements attempted, for as is well known
high count rates give the best statistics and is the most effective means of
minimizing the effect of background. Therefore for a given concentration
‘of a nuclear isotope we obtain best results with (1) a neutron source having
the largest possible flux and (2) with those nuclear isotopes which have the
largest cross section.

In our work in activation analysis, we simultaneously irradiate two samples
containing the same nuclear species in question, one sample being of pre-
determined ‘concentration and the other sample being our unknown. If we do this
and take the ratio of their activities, we see from the above equation that
we get,




-t Tn 2/T
fg _ Nyoe (1-e’ ) _ ﬂg

Thus, if we measure the ratio of the activities simultaneously at some time
after irradiation and know the number of atoms in our standard sample, we can
readily calculate the number of atoms (N ) in our unknown sample. By knowing
the weight of the unknown sample we can then calculate its concentration.

For a neutron source we are presently using an Atomics International
L-77 10 watt reactor which gives a neutron flux of approximately 108 neutrons
per cm2 per second, This, admittedly, is a low flux and limits our general
field of operation. In the very near future, we plan to have a Cockroft-Walton
accelerator operat1onal which will give us a flux of approximately 109
neutrons/cm /sec. Ue also have at our disposal a large power reactor having a
flux of 10]3 and a cyclotron which enables us to do charged particle irradia-
tions. ,

To count the activity of our samples we use two 3-inch Nal crystals
covered with lead shielding as is shown in Figure V-2. These are connected
through amplifiers and single channel analyzers to two scalars as are shown in-
the console in Figure V-3. Also shown in this figure is a Nuclear Data pulse
height analyzer having 4096 channels. This is often used in conjunction with the
Nal detectors and also with a Ge(L1) detector to obtain the gamma ray spectrum of
our samples. : .

The procedure followed in making a typical run is the following:

First a Ge(Li) spectrum is taken of the unknown to determine if it is
interference free, i.e. to see if it has any other gamma lines other than those
originating from the nuclei of interest (vanadium in our case). From this we
can determine the need to take steps to correct for any interference present
and to determine the optimum settings for our single channel analyzers. If
there is no interference from other lines, we can then set the windows on the
analyzers to include the gamma Compton envelope as well as the gamma photo-
peak. - This increases our total counts and consequently our statistics. In

 Figure IV-4, we see a typical Nal spectrum with and without the windows of the
single channel analyzers set. In the bottom spectrum of this figure, we see
the complete spectrum and in the top spectrum of this figure, we see the same
spectrum with the windows set to count just the photopeak and most of the
Compton edge of the s1gna1 of interest.
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Once the above has been determined and the windows set, we then proceed
to make a calibration run using a master known (a 2000 ppm sample of vanadium
in water for this work) and diluted samples of the same. The latter were
samples of concentrations 1000, 400, 100, 50, 10, 5, and 2.5 ppm. A 2000 ppm
sample was always simultaneously irradiated and counted with each one of the
diluted samples. Thus we know the ratio of atoms in the diluted samples to
that of the 2000 ppm samples and by taking the ratio of their count rates and
plotting these two things against each other we get the data as drawn in the
Figure V-5. As can be seen in this figure, a very straight line was obtained as
it should be from the expression derived previocusly. '

~ This calibration chart gives a measure of the accuracy of the procedure
used and allows us to determine the number of nuclei of an unknown without
having to know the relative counting efficiencies of the two Nal crystals.

After having made the calibration run, we are then ready to run our
unknown. To do this we irradiate simultaneously the unknown along with a
standard. We used a 2000 ppm vanadium in distilled water for our standard in
the unknown run as well as in the di]utioh run. After irradiation, we put
the samples in our Nal shields and counted their activities simultaneously.

By taking the ratio of their activities, and since we know the number of vanadium
nuclei in our standard, we can then determine using the calibration curve the
number of nuclei of the unknown nuclear species.

In Figure V-6 the results obtained from the residual oil samples furnished
by the Laramie Petroleum Center are shown. These samples were taken from the
outlet side of the cobalt-molybdate catalyst which had oil in the range of
440 ppm of vanadium going through it. These four samples were taken at four
different times ranging over a 10 day period. However, instead of time, the
total volume of the residual oil through the catalyst over the volume of the
‘ catalyst is plotted on the abscissa. The behavior indicated by the curve
drawn through the data points, although admittedly the data points are too
few for a decisive conclusion, is characteristic of the operation of catalyst
in general and characteristic of the daté the chemists at the Laramie Petroleum
Center had observed with their sulfur concentrations in the same oil.

In conclusion then, the preliminary data looks encouraging, but many more
samples will have to be used and many more runs will have to be made in order
to verify the reproducibility of the results and to give us a better idea of
the accuracy of our procedure. We have obtained some more samples and are
planning on continuing this work.
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This work was presented as a paper at the A.A.A.S. meeting in Colorado
Springs, Colorado, May 7, 1969. When more samples are analyzed to give better
definition to the curve in Figure V-6, a publication is planned for analytical
Chemistry. '

VI. 37.7 Mev Helium-3 Induced Reactions in Zinc
D. Crisler and H. B, Eldridge, University of Wyoming
C. Zaidins, University of Colorado -

INTRODUCTION:

In an attempt to understand nuclear reactions at excitation energies much
larger than the average binding energy per nucleon, the concept of the compound
nucleus has proven to be quite useful. The basic assumption is that an external
particle which strikes a nucleus will rapidly share its energy with all the
nucleons in the struck nucleus. Consequently, a relatively long time evolves
before a single nucleon in the "compound nucleus" can acquire enough energy to
escape. Thus, as has been verified experimentally, one would expect that the
decay of a compound nucleus should be independent of its mode of formation.

The cross-section for the decay of a compound nucleus found in channel o of
excitation energy E into an exit (decay) channel 8 may be written as:

caFB
UGB (E) = __r—

where o, = cross-section for formation of compound nucleus in entrance channel o,

r
f§-= relative probability for decay of the compound nucleus into channel
B and T is sum of all possible decay modes.

The relative probability of decay into a given channel can be written in
terms of the cross-sections for formation

I‘Bko

T

where ki is the wave number of channel i which gives the same excitation energy
to the compound system, and we sum over all possible i,

We have initiated a program within the Accelerator Laboratory at the Univer-
sity of Wyaming in collaboration with the Nulcear Physics Laboratory at the
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University of Colorado to deduce the relative probabilities for decay of a

given compound nucleus by measuring the radidactivity in the target after bombard-
ment. We are currently in the process of measuring °aB(E) for a range of differ-
ent compound nuclei versus a range of excitation energies. With our modern high
resolution gamma ray spectroscopy system we believe we can measure °a8(E) for
several values of B8 at the same time without having to perform radiochemical
separation of the target after bombardment.

EXPERIMENTAL SET-UP:

An enriched Zn64 target of approximately 30 mg is placed in a holder as
shown in Figure VI-1. The target holder is water-cooled with cold water in direct
contact with the target backing plate. The beam of He3 particles from the cyclo-
tron is adjusted to get maximum current of 3.8uamp on the target. As shown in
Figure VI-1 the current in measured off- the graphite collimator and the holder, -
both of which are isolated from ground. The beam is adjusted until the collimator
current is a minimum and the holder current a maximum.

After the target had been bombarded for 6.75 hours, it was taken from the
holder and allowed to decay from ~ 100 R/h at 1 ft to ~ 3 R/hr at contact after
which time it was flown to the University of Wyoming where gamma spectra covering
the energy range of 0-4 Mev were taken as a function of time.

The equipment used at the University of Wyoming consists of a 2cc Ge(Li)
diode, preamplifier, linear amplifier, and 4096 channel PHA. See Figure VI-2.

EXPERIMENTAL PROCEDURE:

Although we did not calibrate our Ge(Li) detectors for absolute efficiency
versus photopeak energy, we were able to gét a "secondary" calibration by compar-
ing the measured relative efficiency of our detector versus published data on .
absolute efficiencies of Ge(Li) detectors of different sensitive volumes. See
Figure VI-3,

As the spectra were being accumulated clock time as well as live time of
the PHA were recorded to allow later corrections. After a spectrum had been -
accumulated, the memory contents of the PHA were punched on paper tape. The
paper tape was then read into the computer, interpreted, and stored on magnetic
tape. By a computer program, the entire 4096 channel spectrum is plotted out, 100
channels per page. See Figure VI-4. By scanning these plots, the relevant peak
centroids are easily ascertained, and then by a second computer program, the
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position of these peaks are fitted with a background subtraction (Figure VI-5)
from which the computer tabulates the net areas as a function of time, makes a
plot of the logarithum of the area versus time, and then computes the half-life
and disintegration rate for each peak for the time at the end of the bombardment
of the target.

RESULTS: \
From the energy and half-life of each gamma line, the identification of
~various isotopes was possible. See Figure VI-6. The two main constituents of our
target, Zn64 and Zn66

Hed + znB%
66

» gives us these reactions
67*

69*

+ Ge

He3 + In > Ge

from which these compound nuclei can decay by emission of neutrons, protons,

or other particles. Theoretical calculations made by Stuart Ahrens of our
laboratory reveal that isotopes of'mass 64 or 65 can result only from the decay
of Ge67* and isotopes of mass 66 or 67 can result only from the decay of Ge69*.
These calculations were for 3 particle emissions of neutrons and/or protons
only, and presentiy he is working on 4 particle emissions of neutrons and/or
protons as well as He3 and He4 particle emissions.

With a knowledge of the initial disintegration rate and the relative gamma
intensity of each line, one can determine the cross section for formation of
each isotope present in the target. Relative yields of identified isotopes are
shown in Figure VI-7. If we use the 1039 Kev line of Ga66 as the standard and
compare all yields relative to it, we get the value shown in the figure.

CONCLUSION:

The results obtained indicate that we can successfully measure the relative
yields for the various isotopes produced by this method. Some other isotopes
yet to be identified will give us additional information about-yiers and cross
sections for decay into a specified channel for several values of 8.

This work was presented as a paper at the A.A.A.S. meeting in Colorado
Springs, Colorado, May 7, 1969.
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VII. Neutrons from Heavy Ion Bombardment
W. G. Simon and S. T. Ahrens
University of Wyoming

We have examined in detail the effects of transfer reactions from heavy ion
bombardment on the emitted particle spectra. According to recent measurements(]’z)
a large fraction of the total reaction cross section consists of transfer reactions.
We assume that the transferred part of the heavy ionAplus the target nucleus
form a compound system which then emits particles according to the statistical
model. There is some evidence for this assumption in the observations of Phohl.
Owing to the forward momentum of the non-transferred particle this compound
system moves backward in the center-of-mass system. We have incorporated a multi-
ple particle evaporation computer code, which includes the effects of angular
momentum to calculate the effects of transfer reactions on the particle spectra.
Some general features of the spectra are: 1) a "softening" of the spectra
resulting from Tower average excitation energies; 2) a backward peaking of
particles at most energies which results from the backward motion of the evaporat-
ing system; 3) charged particles appear in the center-of-mass system well below
the Coulomb barrier for compound nucleus reactions and these are forward peaked
in the c.m.s. This latter result can be understood if we consider that particles
emitted near the barrier in the compound system will appear at still lower
energies in the center-of-mass system if emitted in the forward direction. Thus
we add still one more explanation to the long list of reasons(3) given for
the observation of particles emitted well below the Coulomb barrier in reactions.
This cannot account for all cases since such emission is observed for proton
bombardment where the explanation does not apply.

The results of these calculations have been compared with our own neutron
measurements and with the results of Knox et. al. for charged particle spectra.
The calculations are in reasonable qualitative agreement with experiment. We
emphasize that no adjustable parameters were used. For the case of neutrons,
the softening of the spectra and the backward peaking are very definite in the
observed spectra. For the Case of charged particles the expected features are
not so clear in the observed spectra, although there is no clear disagreement.

We interpret the 16 MeV alpha particle, (see Figure VII-1) angular distribution to
be the result of a backward peaked evaporation spectrum plus a forward direct
reaction peak. Someone else may interpret this to be a nearly symmetric angular
distribution resulting from compound nuclear interactions. _However, the dip

(2)
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- He" on In.

at 90° is much deeper than any angular momentum calculations would indicate.
- Similarly for alphas at 8 MeV, owing to the lack of information at backward
angles, there is some question whether the particles are forward peaked as pre-

dicted by the ca]cu]at1ons .

The penetrat1on factors used in this analys1s, based on the Hill-Wheeler
formula, are probably inaccurate enough to affect the results. Ue are replacing
these by "back nucleus" penetration factors.

References

(1) L. Kowalski, J. C. Jodogne and J. M. Miller, Phys. Rev. 169, 894 (1968).
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VIII. Calculation of Excitation Functions
S. T. Ahrens, University of Wyoming

In conjunction with the experimental work on the excitation functions for
3 64 and Zn66, a calculation adapted from West] has been used. Basically
this program gives the probability of ending up with a given Z and N, providing
the projectile and target form a compound nucleus.
The program has been adapted from West's original program in the fo]lowing'
way. First, instead of ‘considering only the case where three nucleon emission
is possible, the program is now capable of handling excitation energies where

from one to four nucleons are emitted. Secondly, the form of the output has

been changed to give relative yields as a function of Z and N, instead of the
spectra of emitted particles. Lastly, the pairing energies of Cameron2 have

‘been replaced by those of Seeger.3

The major limitations of this .analysis can be stated as (a) a complete
neglect of other than nucleon emission and (b) a complete neglect of angular momentu:
The next version of this calculation, which is beihg written up now, will over-
come these limitations. :

A typical output is shown in Figure VIII-1. Each square corresponds to a
given value of Z and N, the arrangement of the squares being the same as on the
Chart of the iluclides. Within each square there are three numbers. If we
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assume that we have. formed 10,000 compound nuclei (upper right square), then

the three numbers per box can be read as follows: "In", refers to the number of
times that the particular isotope of interest has been formed during the evapora-
tion process; "Out", refers to the number of times that the isotope of interest
has been formed and then undergoes further nucleon evaporation; and “"Left", refers
to the number of times that the isotope of interest has been formed, but does

not evaporate off any further nucleons. It is this latter category that is of
primary iﬁterest in excitation function work. Thus if one forms 10,000 Ge67
compound nuclei with 37.7 MeV He3 on Zn64, one should end up with 0 Ge66's,

2 Ge65's, 24 Ga65's, etc.

A summary of the excitation function for He3

on Zn64 and Zn66 is shown in
tabular form in figures VIII-2 and VIII-3. Again all numbers have been normalized
to 10,000. '

References

(1) West, R. W., Proton Emission in 42-MeV Alpha Particle Bombardment of Several
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IX. Neutron Spectra from Charged Particle Reactions
W. G. Simon, S. T. Ahrens, H. B. Eldridge, University of Wyom1ng
D. Lind, Unlvers1ty of Colorado

The neutron spectra from the following four reactions,
(1) 26.0 MeV Protons on ni%0
(2) 26.0 ieV Protons on Cu63
(3) 31.3 MeV Alphas on Ni%0
(4) 31.3 MeV Alphas on Cu®3
have been obtained and are shown in Figures IX-1, IX-2, IX-3, IX-4. While these
four reactions have at least one parameter in common with one another, reactions
(1) and (3) both yield the same compound nucleus at the same excitation energy,
but with’different average angular momenta.
The following observations can be made:
(1) At.low energies (4 MeV and below) all of the reactions are nearly
symmetric about 90°. It is thus believed that these are compound

nucleus neutrons.




(2) At higher energies (4 MeV and above) all of the reactions (except
no. 1) show a forward peaking which increases with neutron energy.
It is believed that the asymmetry is due to a contribution from
direct reaction neutrons.

(3) At low énergies'(4 MeV and below) the proton induced reactions
(1) and (2) are much flatter than the alpha induced reactions (3) .
and (4). This difference is attributed to the different angular
momentum which the proton and alpha induced reactions have.
Reactions (2) and (3), as mentioned earlier, differ only in their
average angular momenta, and thus they will be used in making a
quantitative study of the fole,of angular momenta in compound
nuclear reactions.

(4) Lastly, although there is some question about the reliability of
the absolute value of the total cross sections, there is a
noticeable increase in total cross-section as oﬁe goes from
reactions (1) to (4). It is to be noted. that this is consistent
with the trend of the geometric cross-sections.

This work was presentéd as a paper at the A.A.A.S. meeting in Colorado
Shrings, Colorado, May 7, 1969.

X. Charged Particle Spectra from Charged Particle Reactions
' S. T. Ahrens, W, G. Simon, H. B. Eldridge, University of Wyoming

To complemént the neutron spectra obtained from the four reactions listed in
-section IX, we are preparing to measure the charged particle spectra for these
same four reactions. The charged particles of interest are the proton, deuteron,
triton, helium-3, and helium-4. It is hoped that we wiTl be able to identify and
‘ record energies down to 2 HMeV for the Z = 1 particles, and 8 MeV for the Z = 2
| particles.

The charged particle spectrometer to be used is shown in Figure X-1. It
is: the Particle Identifier Output (P.I1.0.) which is of main importance here, and
its resolution is largely dependent on the thickness of the AE detector.

Tables X-2, X-3, X-4, X-5 shows the effect of the thickness of the aE
detector on the P.I.0. for the particles types and energies mentioned earlier.
Thus if one ignores all noise, and 2(v detector gives the best resolution for our
experiment. ‘

Currently, this calculation is being expanded to take account of noise
in the detector, preamp]ifiers; and amplifiers. We suspect that this will show
that the optimum thickness will be greater than 20u,

-15-
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A =NgO(l-g tme/Tny
where | I
A =activity (dN/dt)
O =cross section
0, = flux ,K

~T,.= half-life
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ISOTOPES PRODUCED IN ZINC BOMBARDMENT

_ WITH 37.7 MEV He3 IONS
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| 3 B The double escape peak of these lines was observed.
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DE DETECTOR THICKNESS = 20 MICRONS

Incident P.1.0. P.1.0. P.ILO. P.1.0. P.1.0.

Energy Proton Deuteron Triton Helium Three Helium Four
0.5 3.83 3.83 3.83 : 3.95 3.95
1.0 2.39 2.39 2.39 ) 2.39 2.30
1.5 2.30 4,51 4,87 4,87 : 4,87
2.0 2,00 3.61 5.06 8.08 8.08
2.5 1.88 i 3.30 4,55 11.97 11.97
3.0 1.82 3.16 4,31 16.50 _ ' 16.50
3.5 - 79 3.07 : 4.18 21,65 21.65
4.0 - . 1.76 3.02 4,10 - 27.38 27.38
4.5 - 1.75 2,98 4,05 v 23.92 o 31.62

- 5.0 1.74 : 2,96 4,01 21.84 28.54
5.5 1.73 : 2.94 - 3.98 20,57 ' 26.54

- 6.0 1,72 c 2,92 ©3.96 19.70 o 125.22
6.5 1.72 2.91 ‘ 3.95 , 19.07 24,29
7.0 1.72 2.90 © 3.94 18.60 - 23.59
7.5 1.71 . 2.90 3.93 18.23 23.05
8.0 1.7 2.89 3.92 17.93 ' 22.62
8.5 1.7 2.89 3.9 - 17,69 22,28
9.0 1.71 _ 2.88 3.91 17.50 22.00

9.5 1.71 _ 2.88 3.90 - 17.33 21,76

10.0 1.7 2.88 .3.90 17.19 - 21,57
11.0 - 1.72 2.88 3.89 - 16,96 : 21,25

12.0° 1.72 - 2.87 3.89 16.79 21,01

13.0 1.72 2.87 3.89 16.66 -20.83

14.0 1.73 2.87 3.89 16.55 20.68

15.0 1.73 - 2.87 3.89 16.47 20.57

16.0 1.74 - 2.88 3.89 16,80 . 20.47
17.0 1.74 2.88 3.89 ' 16,33 20.39
18.0 1.75 2,88 - 3.89 16.28 - 20.32
19.0 1.75 : 2.88 3.89 16,24 20.27

20.0

1.76 2.88 3.80 . 16,20 120.22

Figure X - 2




DE DECTOR THICKNESS = 40 MICRONS

Incident P.1.0. | P.1.0. '  P.I1,04 P.1.0. | P.I.0.

Energy Proton Deuteron - Triton ~ Helium Three Helium Four
0.5 0.70 0.70 0.70 0,70 0.70
1.0 2,39 . 2.39 2.39 2.39 - 2.39
1.5 4.87 - 4,87 4.87 - 4,87 4.87
2.0 5.57 8.08 8.08 8.08 - 8.08
2.5 4.50 9.52 11.97 11.97 11.97
3.0 4.1 7.84 11.78 16.50 16.50
3.5 3.90 7.16 10.33 21,65 - - 21,65
4.0 3.77 6.79 9.61 : 27.38 27.38

4.5 3.69 , 6.55 . 9.17 33.69 33.69
5.0 3.63 6.38 8.88 40.55 : 40,55
5.5 3.59 6.26 8.68 - 47,96 - 47.96
6.0 3.56 o 6,17 '8.52 .~ 55,90 : - 55,90
6.5 3.54 6.11 8.41 ' 59,12 T 64.35
7.0 3.52 ‘ 6.05 8.32 51.78 73.32
7.5 3.50 6.01 8.24 47.69 : 66.61
8.0 3.49 5.97 . ' 8.18 . 44.98 61.08 -
8.5 3.49 ‘ 5.94 ‘ 8.14 ‘ 43.01 57.44
9.0 3.48 5.92 - : 8.09 ' 41,52 - 54.82
9.5 3.48 5.90 .- 8.06 ' - 40.34 . .. 52,83 .
10.0 3.47 5.88 8.03 39.39 51.26 -

- 11.0 3.47 5.86 - 7.98 . 37.94 - 48.93

12.0 3.47 5.84 7.95 : 36.90 47.29

13.0 3.47 5.82 : 7.92 - 36.1 46,08

14.0 - 3.48 - 5.8] ‘ 7.90 ‘ 35.50 45.14

15.0 3.49 . 5.81 7.88 35.02 .. 44,41
16.0 3.49 - 5.80 7.87 34,63 43.82
17.0 3.50 ‘ 5.80 7.86 34.30 - 43.33
18.0 3.51 _ 5.80 7.85 34,03 . 42.92
19.0 3.52 - '5.80 7.85 33.80 42,58

- 20.0.

3.53 5.80 7.84 33.60 42.29

Figure X - 3




DE DETECTOR THICKNESS = 60 MICRONS

Incident P.1.0. . P.1.0, - p.1.0. P.1.0. . P.1.0.

Energy Proton ~ Deuteron’ - TJriton ° Helium Three Helium Four
0.5 0.70 0.70 0.70 0.70 0.70
1.0 2.39 2,39 2.39 2.39 2.39
1.5 4.87 4.87 4,87 o .4,87 . 4,87
2.0 8.08 8.08 ‘ 8.08 8.08 8.08
2.5 .8.90 - 11.97 11.97 11.97 11,97
3.0 7.14 ' 16.50 16.50 16.50 . 16.50 -
3.5 6.47 - 13.22 . 21,65 21.65 21.65
4.0 - 6.10 11,72 17.88 o 27.38 , - 27.38
4.5 5.87 - 10,92 16.04 , 33.69 33.69
5.0 5.71 10.41 15.00 .. 40,55 ‘ 40,55
5.5 - 5.60 10.06 - 14.32 7 47.96 o 47.96
6.0 5.52 - 9.81 , 13.85 ' 55.90 55.90
6.5 5.46 9.62 13,50 64.35 - . 64,35
7.0 5.41 9.47 - 13.23 73.32 E 173.32
7.5 5.37 9.36 13,02 82.79 - .82.79
8.0 5.34 9.26 12.85 ‘ 92,74 92.74
8.5 5.32 9.18 S VA 89.47 103.19
9.0 - 5,30 9.12 12,59 79.96 114. 1N
9.5 5.29 - 9.07 12.50 74.28 108.62

10.0 5,28 9,02 12,4} -70,33 98.84

11.0 5.26 - 8.95 12,28 65.08 - 88,03

12.0 5.26 8.90 12.18 61.68 81.82

- 13.0 5.25 8.86 12.10 ' 59.29 77.70

14.0 5.26 - 8.83 12,04 57.51 74.74

15.0 - 5.26 8.80 12.00 56.14 o 72,52

16.0 - 5.27 8.79 11,96 55,06 70,78

17.0 5.28 - 8.78 . 11.93 : 54.18 4 - 69.39

18.0 5.29 8.77 11.90 53.45 . 68,26
19.0 5.30 8.76 11.88 - .52.85 : 67.31

20.0

- 5,32 ) 8,76 11.87 52:34 66.52

Figure X - 4
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N ot o el ad omrd ol and med el d

P.I.OQ
Proton

0.70

2.39
4,87
8.08
11.97
11.81
9,72
8.84
8.33
8.01

7.78

7.62
7.49
7.40

7.32

7.27
7.22
7.18
7.15
7.13
7.09
7.07
7.06
- 7.06

- 7.06
$7.07
- 7.08

7.09
7.10
7.12

DE DETECTOR THICKNESS =

P.1.0.
Deuteron

0.70
2,39
4,87

- 8.08

11.97
16.50
21.65
19,03

16,56

15.29
14.48
13.93
13.52
13.22

- 12.98

12.79
12.63
12,50
12.39
12,30
12.16
12.05
11.97

-11.9

11.86
11.83
11.80

11,78

11.77
11.76

Figure X - 5

80 MICRONS

Triton

0.70
2.39
4.87
8.08
11,97
16,50
21,65
27.38

595.74

23.23

21.38

20,21
19.40
18.80
18.34
17.97

'17.68

17.44
17.24
17.07
16.80
16. 60
16.45
16.33
16.23
16.15
16.09
16.04
15.99
15.96

P.I.0.
Helium Three

0.70

2,39

4.87

8.08
11.97
16.50
21,65
27.38
33,69

40.55 .

47.96
55.90
64.35
73.32

- 82.79

92.74
103.19

nan

125,50
127.43
104,06
93.95
87.83
83.63
80.56
- 78.21

. 76.36

74.86

73.63

72.60

. P.I.0.
Helium Four

0.70
2,39
4.87
8.08
11,97
16.50
21.65
27.38

"~ 33.69

40,55
47.96
55.90

. 64,35

73.32

82.79

92.74

103,19

114. 11
125,50

1137.36
162,44
133.35

120.12
1121
106.60
102,55
99.43
96. 96
94, 95
93,29

]



