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I. Introduction

The expansion of the nuclear power industry in the United States and
abroad has generated increased world concern about the diversion of nuclear

(1)

material from peaceful uses to weapons. In an effort to improve nuclear
material accountabiiity, nondestructive assay techniques have become important
tools for safeguards monitoring. Active and passive assay methods are
becoming more widely used with improvements in detection systems and nuclear
instrumentation. The large variety of nuclear fissile material forms has
led to a diversity of applications of nondestruc?ive assay procedures. Active
assay requires penetrating radiation for both the interrogation source and
the detected isotopic signatures. Passive assay relies on well known gamma
rays or neutron signatures which vary from one nuclide to another.(l)
A requirement for an accurate and rapid active assay method based on the
detection of fission-product gamma rays is the availability of absolute, time-
dependent, gamma-ray spectra following fission of the major isotopes. In
this investigation short-lived fission-product gamma-ray information, which is
important to active assay, is collected by transferring an enriched sample of
235U between interrogation neutrons and a Ge(Li) gamma-ray spectrometer system.
To enhance the information collected, a cyclic activation technique is used.
Attempts to collect gamna-ray signatures using both 252Cf and - TRIGA Mk II
reactor thermal column neutrons are reported. The entire data collection
process, including timed control of the pneumatie transfer system, is coordinated
by a small NOVA minicomputer, which is also used in the reduction of spectral
data. The resulting fission-product gamma-ray signatures are compared with

previous short-lived data, when possible, and possible fission-product contri-

butors are presented.



I1I. Review of Previous Work

Nondestructive Assay

With increasing demand being placed on nuclear energy systems in meeting
the world's energy needs, the accurate accountability of nuclear materials is
of paramount importance in the areas of quality and process control, safeguards,
criticality safety, and nuclear materials management.(z) Because nondestructive
assay techniques for nuclear material control are novel and diverse, a whole
new generation of techniques and instrumentation has evelved. The nondestruc-
tive assay techniques currently used are classified as being either passive
or active, Passive assay uses the detection of naturally ocurring neutron or
photon radiations for isotopic concentration determinations. Active assay uses
interrogation radiation of either photons or neutrons to induce fissions in a
sample which yields detectable radiation for isotopic concentration determi-

(1)

nation.

Passive Assay Techniques

The general mathematical procedure for gamma assay is given by the

equation(3)
CR-CF
M= K IT.1
where M = the mass of the isotope of interest
CR = the measured count rate from the signature isotope
CF = the correction factor for sample attenuation
K = the calibration factor

The factor K is determined by a measurement of a standard source located in

the same detector geometry as the sample, with a known mass and a known atten-
uation correction factor. The measurement of the standard source provides an
accurate estimation of the detector efficiency, specific activity of the gamma-

(3)

ray source of interest, and geometric effects. The major limitation of passive



gamma-ray assay is the attenuation of the gamma-ray peaks and the resulting
change in the response which occurs depending upon the distribution of the
fissile material within a large sample.(l)
To help eliminate the attenuation problem in passive gamma-ray assay,
gamma scanners have been developed which incorporate four independent segments:
the scanning mechanisms, collimating slits, detector assembly, and the data
acquisition unit. The scanning mechanism allows five degrees of freedom:
X, Y, Z, tilt, and rotation, which give a precise determination of the

(4)

examination area of a sample. The data acquisition units of such scanners
are often controlled by a small computer, such as a PDP-11, which speeds the
calculation of sample assay. The gamma scanner effectively flattens the gamma
ray response from various interior positions, and is used to scan samples whose
sizes range from quart bottles to 55-gallon barrels. Thus, the key to gamma-
ray detection for passive assay is accurate transmission, with existing gamma
scanners having accuracies of a few percent for small, well-defined samples to
10-15% for the large 55-gallon samples in a typical analysis time of 10 minutes.(l)
Most gamma scanners use Nal crystals in a battery of about eight detectors with
vertical and ajustable horizontal collimation. Except for their cost, Ge(Li)
detectors are preferred for passive assay since they have superior resolution.(B)
Scanning devices have also been used to determine the burnup of power reactor
fuels.(s)
Passive neutron detection has been improved with the development of
high-efficiency neutron coincidence detectors for assay of spontaneous fission
in 240Pu and 238U. Coincidence counting systems employ 47, polyethylene-
moderated assemblies using BF3 or 3He detectors. This assay system was first

developed for a one-gallon sample size, and later it was modified to assay

55-gallon drums. Practical counting systems have heen able to detect 50 g or



less of 238U in spite of the low spontanecus fission rate of 238U. Assays

have been done to within the 5% procision limit of chemical sampling for

10 kg samples with an analysis time of about 3 minutes.(l)

Active Assay Techniques

Passive assay methods have been proven useful for most plutonium assay
cases, but since the only useful passive signature of 235U has an energy of
185 keV, its value is limited because of the highly attenuating nature of most
235U-bearing samples. This low energy gamma ray is also not distinguishable in
cases where the sample is highly radioactive such as spent reactor fuel. For
these cases, active interrogation provides a means of quantitative assay. Active
interrogation uses an external source of neutrons or photons to cause the
sample material to fission, so that observations of the emissions after fission
may be used for assay.(l)

Neutron interrogation of samples is the most common method of active
interrogation. After neutron interrogation, the detection of either neutrons
or delayed gamma rays results in quantative assay of unknown samples. The delayed
neutron yield method is based on the fact that there are differences in the
group yields and energy spectra of the delayed neutrons between fissioning

(6,7)

isotopes. By varying the energy of the incident neutrons to use the

subthreshold and superthreshold characteristics of various fissioning isotopes,

isotopic discrimination can be obtained so that separation of the response of

fissile isotopes (233U, 235U, and 239Pu) from fertile isotopes (238U and

232Th) can be made.(l’g)

By measuring the delayed-neutron activity after
neutron interrogation, the concentrations of the fissile isotopes can be

deduced.



Incident neutrons produced by irradiating a deuterium target with a
bremsstrahlung beam produced by 4 to 6 MeV electrons from an electron linear
accelerator (LINAC) system are used in a transportable assay system. In the
pulsed source mode, delayed neutrons are measured by proton-recoil detectors
with the prompt neutrons used for a normalization of the induced delayed—neutron
yield. The high intensity of the LINAC source and the high efficiency of the
neutron detectors more than compensate for the fact that the delayed-neutron
yield is two orders of magnitude lower than the prompt neutron yield.(s’g)

Spontanecusly fissioning radioactive neutron sources provide another source
for interrogation neutrons. Such sources are simple to handle and reliable to
use so that they are appealing to use for quality control of reactor fuels as
well as process stream and ;crap material monitoring. Because of their rela-
tively low gamma-ray heat outputs and high neutron yields (2.4 x 1012 n/g sec),

252 (1,10)

Cf sources have received much attention. In 3 current four-rod fuel

assay system using 252Cf neutrons, in-plant data shows that the system is
uncomplicated to operate and gives immediate assay results with a precision of
1.1 to 1.5% (lo) and an effective throughput rate of one rod per minute. The
system operates using 4He detectors which detect high energy neutrons. The
high energy 252Cf source neutrons which reach the detectors give a constant
background rate from which a feedback system automatically stabilizes the
system re5ponse.(ll’12)

The fission-product mass yields depend upon the atomic weight of the
fissioning nucleus and significant differences have been reported.(l3)
Figure II.1 shows the mass-yield curves for the thermal-neutron fission of
233U and 239Pu. For each neutron- or photon-induced fission approximately
14 MeV of gamma-ray radiation is emitted with roughly 8 MeV occurring promptly

8y

and 6 MeV occurring over a period of up to years. The assay use of
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fission-product gamma rays has the advantage over neutron assay of removing

effects on the data caused by the ‘nterrogating neutrons.

2

A modified 43 Cf interrogation system is in operation detecting fission-

product gamma rays. The system used both active and passive methods to measure
fissile content, as well as pellet-to-pellet composition in the fuel rods.(la)
The total fissile content is determined by counting the high-energy delayed
gamma rays (>1200 keV) from induced fission with 5" x 5" NaI detectors. The
pellet-to-pellet change in enrichment is monitored by detecting the lower energy

passive gamma rays from the fuel rods.(ls)

Cyclic Activation

The usefulness of short-lived isotope detection for activation analysis
depends upon the experimental ability to quickly transfer the sample from a
neutron source to a fixed, well-defined geometry at a detection system. By

repeating the activation and counting of a sample in a cyclie manner, the

sensitivity of assay of short-lived isotopes is enhanced.(l6’1?’18’lg) The

total cycle time for one cycle of a cyclic activation (T) is defined as(zo)
- 1

T ta+td+tc+td II.2

where t activation time

transfer time to detector

rt
]

[as
I

= counting time
t,' = transfer time back to activation site.
The number of counts from one isotope accumulated for one counting

period in a cycle is given by the expression(zo)



eV &
a

[l—exp(-lta)J exp(-ktd)

Ro = A
°[l—exp(-ktc)] II.3
where A = radioactive decay constant
V = sample volume
LI = macroscopic cross section

¢ = neutron flux
€ = detector efficiency

"R
o

the total number of detected counts per cycle,

In a cyclic activation scheme, the number of accumulated counts for n

cycles is

R=R G II.4
o

where G is the cyclic gain factor defined as

_ 1 . _ exp(=AT)[1-exp(=AnT)]
€= [l—exp(—AT)J [n l-exp (-AT) J Bl 2
(20)

and where the total time for n cycles is nT.
For one cycle, the gain factor is equal to 1.0, and for a large number of

cycles the gain factor may be approximated by the function

II.6

. n _ exp(-AT)
G(n,T) = 1-exp (-AT) ~ [l-exp(-AT)]?

Thus, once a cycle time T is selected, the gain factor becomes linearly

. related to the total number of cycles. The advantage of cyclic activation

over the single activation and detection method for short-lived isotopes is



that the counts obtained in a gamma-ray peak can be increased without
inducing an excessive activity in a sample which causes dead time errors

in the detection system. As an example of the importance of this technique,
assume n is large and T equals two half-lives, so that for a sample with one

short-lived isotope Eq. II.6 becomes(zo)

Gn) = Y- II.7

Figure II.2 shows the increase in detector response using a cyclic scheme
versus an activation-counting scheme in which the sample is irradiated for one

half the total experiment time and counted for the other.(zo)

Short-lived Fission-Product Gamma-ray Spectra

Previous studies of short-lived 235U fission-product gamma rays have been
conducted using cyclic activation in attempts to identify isotopic signatures.
In 1966 Boggs(21) used a pneumatic rabbit system to transfer a small strip of
enriched 23SU foil between the thermal column of the Omega West Reactor and a
germanium lithjum-drifted detector system. For each cycle, eight 200-channel
subgroups of spectral information were collected at successively longer times
after fission and for successively longer counting periods. The collection
of spectra was controlled by scalers and timers which switched the analyzer
from subgroup to subgroup. Since only 200 channels were available per spectrum,
the energy spread covered was limited. The data showed the gamma-ray activity of
energy subgroups for both long and short times after fission. Boggs observed
over 200 gamma-ray peaks, about half of which had half-lives less than 20 seconds.
Identification of specific isotopes was attempted by computing half-lives for

the gamma rays reported and matching these values with tabulated gamma-ray values.
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Twenty-eight fission-product gamma rays with thelr energies and computed half-
lives were assigned to fourteen fission-product iostopes. The results pre-
sented did contain more detall than previous spectra, but most of the peaks
were unresolved. Boggs recommended that the study be extended to include
higher energy peaks with a larger Ge(Li) detector and analyzer system for

2350 as well as other fissile 1sot0pes.(21)

In 1971 Atkinson(zz)

used cyclic activation to extend the detection of
short-lived fission-product gamma rays to higher energy and he attempted to use
both passive and active assay methods on samples of varying 235[1 enrichment.
Samples of four different enrichments were analyzed by the total-peak-area
method for passive assay. Atkinson reported that with his system passive

assay was possible provided that standards of similar enrichment to the
"unknowns'" were available, even though his system was not specifically

designed for use in passive assay. He reported a lower limit of detecta-

(22) Atkinson used a 1 milligram 252Cf source as

bility of about 130 ppm.
an interrogation neutron source for active assay and short-lived gamma-ray
detection purposes. Cycle control was achieved by a control unit which
consisted of a2 timing circuilt of preset scalers, a reference clock, and a valve
switching circuit. A total of 17 gamma-ray spectra were collected for active
interrogation analysis which exhibited the spectral characteristics of short-
lived 235U fission products. As in the Boggs analysis, Atkinson observed

many unresolved peaks. While he reported marginal quantitative analysis

ability, he was able to detect complex gamma-ray spectra which verified previous
work and were composed of gamma-ray peaks unique to short-lived fission products.
Atkinson concluded that while cyclic activations using 252Cf appeared

promising for assay of fissile materials, the volume of spectral data

generated warranted the use of a minicomputer system for cycle control

and data reduction.(zz)
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ITI. The Experimental Components

Pneumatic Transfer System

The cyclic activation analysis of short-lived 235U fission products required

an automated and rapid transfer system. The system needed two terminals: one
for neutron activation, and one for gamma-ray spectroscoplc analysis. The
system needed to be dependable and durable since consistent operation over
several hundred cycles was desired. A pneumatic transfer system was chosen as
being the most easily constructed, maintained, and operated.

The components of the transfer system included a pair of matched three-
way solenoid-operated control valves, transfer tubing, end terminals, gas supply
hose, gas pressure regulator, a supply of nitrogen gas, and a particulate filter
over the exhaust. The solenoid gas valves used for the transfer system were a

1

L" orifice, 115 volt,

matched pair of three-way Skinner Electric Valve Co.
60 cycle, 10 watt valves, which operated over a pressure range of 5 to 150 psi.
These valves were first used with manual switches, and later with electric

relays to test their reliability. They gave a consistent switching response

up to about fifteen cycles per second. These valves were connected so that

when one valve was in the gas inlet position, the other valve was in the exhaust
position, and the sample was driven toward the exhaust position valve.

The transfer tubing was seamless polyethylene with a 0.5 inch inside diameter
and a 0.05 inch wall thickness. Polyethylene tubing was chosen because of its
"firm-wall" nature, low frictional drag with the polyethylene sample capsule,
and ease of assembly. The overall length from the neutron source to the detector
was about 8 meters. The polyethylene tubing also did not cause excessive
activation problems,

The end terminals were made from 0.5 inch inside diameter elbow fittings
for common waterline, and were purchased from a hardware store. Inside the

elbow fittings, epoxy was inserted, then ground away to form a seat to position
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the sample and a gas flow obstruction to chamnel the gas, ensuring that the
sample would transfer smoothly. At the detector, two elbows were fitted
together and cemented with epoxy in a groove in a plexiglas detector cover,
while at the activation terminal the same style elbows were Iinserted next to
the neutron Source.. The arrangement of the activation terminal is shown in
Figure III.1, and the detector cover plate is shown in Figure III.2. The
cover was designed to allow a constant sample geometry over several hundred
cycles of operation. The cover plate provided about 0.25 inches of plexiglas
shielding for beta radiation and thus reduced the bremsstrahlung interference.
Up to about 0.25 inches of lead could be inserted into the cover to absorb some
of the lower energy gamma rays emitted from the activated 235U to reduce the
analyzer dead time. The lead was not used in all of the data trials, however,
and it was not thick enough to stop many of the higher energy gamma rays used in
this analysis. A thin (4 mm) foam rubber cushion acted as a shock absorber
between the cover and the detector cap to reduce the vibration resulting from
the sample transfer to the detector.

The gas supply and exhaust hoses were soft clear-wall plastic. The
inside diameter was 0.5 inches and the wall thickness was 5/32 inches.

Nitrogen gas was chosen as being the most readily available and least
expensive transfer gas. Helium gas was considered to be the ideal gas since
it does not undergo neutron activation, but it is costly and the neutron flux
levels were low enough to allow the use of nitrogen without causing excessive
activation. The nitrogen was obtained in standard gas bottles pressurized
to about 2000 psi. The gas was regulated to a pressure of about 20 psi
for the best compromise between gas economy and fast transit time. A block

diagram of the complete pneumatic transfer system is shown in Figure III.3.
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. 235
To prevent any accidental release of U in the event of complete

capsule rupture, a high quality two-stage air filter was placed over the

exhaust from the transfer system. The filters were obtained from a Kewaunee

Mfg. Co. glove box system which was not in use.

Ge(Li) Gamma-Ray Spectrometer

The gamma-ray detector used for this analysis was a Canberra Model 7227
germanium lithium-drifted (Ge(Li)) detector. The crystal had a diameter of
37.5 mm and a length of 22.5 mm and was coaxially drifted. A Canberra Model
970 preamplifier was directly coupled to the Ge(Li) detector. A Fluke Model
415B high voltage power supply provided the detector bias of 1800 volts. An
Ortec Model 451 spectroscopy amplifier served as the main amplifier and was
coupled to a Northern Scientific Model NS-623 analog-to-digital converter
(ADC). The data were transferred to a Northern Scientific Model NS-636 series
multichannel analyzer with a total of 4096 channels. Data taken from this
unit were then deposited on magnetic tape for later compute analysis. A block
diagram of this equipment is shown in Figure III.4.(23)

To reduce the background interference, the detector was housed in a lead
shield. The inside walls of the lead shield were no less than four inches
from the detector cylinder, and were lined with copper sheet to reduce X-rays
produced in the lead by source gamma-rays. A similar shield was constructed

in the reactor bay to reduce the background for the analysis using the thermal

colum neutrons.

Automatic Computer Control

The entire data acquisition and reduction process was automatically
controlled by a programmed NOVA computer. The NOVA computer, manufactured by

Data General Corporation, was a Model 1220 with an 8K memory and a 16-bit
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word length organized around four accumulators, The available peripheral

equipment included teletype, high speed paper tape reader and punch, magnetic

(24) By changing the com-

tape unit, and an interface to the NS-636 analyzer.
puter program, the programmed NOVA 1220 accurately controlled the activation
time, transfer of the sample, spectra collection, data transfer to magnetic
tape, and cooling delay of each cycle and was able to identically reproduce
the cycle hundreds of times.

After the collection of the spectra on magnetic tape, a NOVA computer
program was written to sum the corresponding spectra of the one hundred or
more cycles. This was done to produce composite spectra of the corresponding

time "windows" of the cycles. The composite spectra were then analyzed for

fission-product peaks, and decay half-lives.

Interface Circuit

Control signals were needed for the pneumatic transfer system from the
NOVA computer. Since the computer did not have a general-purpose interface
for this control signal, it was convenient to use the computer control of the
NS-636 analyzer to generate the signal which was sent to an unused output pin

(25) The plotter enable pin on the rear of the

on the rear of the analyzer.
analyzer was selected to furnish signals of either ome or two pulses within
a few hundred microseconds. An interface circuit was nceded between these
signals and the three-way solenoid transfer-system valves. The interface had
to logically decide the nature of the input signals, and give output signals
activating the proper pneumatic valve corresponding to the input. The circuit
also had to control the amount of time each pneumatic valve was open.

The plotter enable command from the computer to the NS-636 analyzer gave

an output pulse from the N5-636 that rose from 0 to +2 volts and had a duration of

about 50 microseconds before falling back to 0 volts. The generated signal was
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either a single pulse or a double pulse with a controlled delay between the
pulses of the double pulse signal, The electronic interface operated by
determining if one or two pulses came in as the input signal.cze)

A simple block diagram of the eircult is shown in Figure III.5. The
first input pulse passed through a buffer section which eliminated noise and
reshaped the pulse. Next, the pulse was divided to change the output of a
flip-flop from the initial Q = 1 to Q = 1 and to fire a long-duration one-shot
multivibrator. If a second pulse was received during the output of this
one-shot, the state of the flip-flop would be changed back to the initial
a = 1 state. The falling edge of the pulse from the first one-shot was used
to fire a second one-shot of much shorter duration. The logical 1 output from
the second one-shot was sent to two NAND gates where it was compared to the Q
and Q flip—-flop outputs. If only one pulse was received as the input signal,
then the Q output would have the same logic state as the second one-shot output.
This gave the response used to fire a driver circuit connected to the "one pulse"
solenoid valve and réset the flip—-flop through one-shot number 3. If two
pulses were received as the input signal, then the Q output would have the
same logic state as the second one-shot output. This gave the response which
drove the "two pulse" solenoid valve and reset the flip-flop through one-shot
number 3. The operation of this circuit had to ensure that the proper output
would be given for any sequence of input signals, and that both valves would
never be open at the same time.

Since the electronic components for this logic circuit operated from a
+5 volts power supply and the solenoid valves operated on 115 volts ac, a
+24V dc solenoid relay driven by a transistor switch was used to couple the

27 g
27) This was done to ensure noise-free operation between

ac and dc operation.
the dc and ac components. The design of the solenoid relay driver circuit is

shown in Figure III.6.
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The final overall circuit diagram is shown in Figure III.7. Because
the pulses from the NS-636 were not very sharp, they were first sent to a
pulse generator which gave constant +5 volt, 50 microsecond wide pulses for
each input pulse of any amplitude or duration. This extra stage of pulse
shaping helped to ensure that properly-shaped, noise-free pulses were received
by the interface circuit.

The entire interface circuit was tested extensively with the ac valves
connected. Problems with feedback noise from the magnetic fields surrounding
the solenoid valves and relays were encountered. Most of these noise problems
were cured by housing the circuits in grounded boxes, using shielded signal
cables and placing the valves and relays on independent base boards located a
few feet away from the interface circuit. With these modifications, the entire
transfer unit operated successfully over the hundreds of trials required to

acquire the data for this analysis.

Uranium—235 Sample

The analysis of short-lived fission-product gamma rays from the fission of

235U was conducted on a sample containing 2.1047 # 0.0001 g of 93.11% enriched

235U. The enriched 235U was obtained from Aerojet Nuclear Corporation at

Idaho Falls, Idaho, through a grant from the Atomic Energy Commission, Depart-
ment of Nuclear Education and Training. The sample was contained in a tertiary
capsule; the outer layer was a sealed polyethylene vial, the second layer was a
machined plexiglas inner vial with a sealed 1lid, and the third layer was a

region of paraffin molded around the metallice 235U strips. The total capsule

weight was 4.2735 + .0001 g . The sample assembly is shown in Figure III.S8.
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The polyethylene and plexiglas vials were washed with soapy water and
rinsed several times; then they were rinsed in dilute nitric acid followed by
distilled water. After the vials were air dried, the 235U strips were placed
in the inner vial and their mass was determined om a Mettler balance. Next,
molten paraffin was poured into the vial to fill amy air spaces that would
permit the strips to wear against each other during the experiment. The top
of the plexiglas vial was sealed with methylethylketone after the paraffin
had solidified. Next, the plexiglas vial was inserted into the polyethylene
vial so that its lid end fit against the base end of the polyethylene wvial.
The top of the polyethylene vial was sealed and the hinge tabs were removed.

2520f Source

The 252Cf source used in the first part of this analysis was a 5.295 micro-

gram sample and was obtained from the USAEC Savannah River Nuclear Engineering
and Materials Section.(za) The source strength on March 16, 1973 was specified

by the Savannah River Laboratory as 12.237 x lO6 neutrons per second with a

standard deviation of 3.0%. Since 252Cf has a half-life of 2.65 years, the

approximate source strength at the time of this analysis was 7.10 x 106 neutrons

per second.

252
The Cf source had a tertiary capsule to protect against any leakage

(28) The source was fabricated by the uniform electro-

during normal handling.
depositing of californium hydroxide on a 90% platinum-10% iridium cathode, and
was of the short afterloading cell type (SALC). The cathode was heated so that

2

sealed in two 90% platinum-10% iridium cells with a "Braze 560" process. The

Ccf 03 formed to increase the adherence of the deposit. The primary capsule was

inner capsule had a wall thickness of 0.20 * 0.012 mm while the outer capsule
had a wall thickness of 0.5 * 0.012 mm. The tertiary container was made of

stainless steel with an external diameter of 4.76 * 0.15 mm, an external length
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of 48,50 * 0.50 mm, and an active length of 15.00 * 0.50 mm. The tertiary

capsule was sealed by a "TIG Fusion Weld". At the top end of the source
capsule there was an "eye" fitting (or hole) through which a stranded steel
wire about 0.5 meters long was inserted. This wire permitted ease of handling
between the shipping container and the moderation-shielding assembly used in

this analysis.(zs)

The 252Cf source has an effective half-life of 2.646 * 0.004 years, and
an alpha decay half-life of 2.731 % 0.007 years. The average neutron energy
was 2.348 MeV, and the number of neutrons per spontaneous fission is 3.76.

The neutron energy spectrum of 252Cf is shown in Figure III.Q.(IO)

When not in use in the moderation-shielding assembly, the 252Cf source
was stored in the KSU TRIGA Mk II reactor bay area in its locked shipping
container, which was a steel drum filled with water-extended polyethylene
to absorb most of the emitted neutrons.

2520f Moderation—-Shielding Assembly

To ensure as small as possible neutron and gamma-ray doses to both the KSU

neutron activation analysis (NAA) laboratory and operating personnel, a

(29)

moderation-shielding assembly was constructed. The assembly consisted of

borated paraffin blocks molded in wooden boxes which measured 16 x 16 x 31.5 cm‘3I

and smaller boxes of Boraxo which measured 4 x 19 x 12.5 cm? The blocks were
arranged around a central block of non-borated paraffin cut as shown in Figure
IT11.10, which acted as the activation terminal for the 235U sample. The design
of this block was such that the neutron flux at the sample position would be
maximum. The approximate location of the shielding assembly with respect to
the other components in the laboratory is shown in Figure III.1l1.

252

The dose rates of the Cf during its use were of interest since it was

desired to safely use the source at all times. For this reason, the neutron
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and gamma-ray doses were monitored for both the 252Cf in its shipping container,

and for the 252Cf in the moderation-shielding assembly, The results are shown

in Table III.1.

Table IIL.1 Dose Rates for the 2520f source
Dose Rate Dose Rate
Side Surface Top Surface
{(mrem/h) (mrem/h)
Shipping Neutron 8 6
Container Gamma 10 3
Shielding Neutron 0.35 0.70
Assembly Gamma 0 1.0

The neutron dose rates were measured with a Texas Nuclear Model No. 9146
monitor, and the gamma-ray dose rates were measured with an Eberline Instrument
Corporation Model E120G survey meter.

The neutron and gamma-ray dose rates in the room were also of importance and
were monitored. At a distance of about 4 meters from the shielding assembly
near the Ge(Li) detector, the neutron dose was less than about 0.0l mrem/h,
and the gamma-ray dose was not measurable. This result showed that there was
no significant increase in the background in the room which might affect the

analysis.

KSU TRIGA Mk II Research Reactor

To obtain a higher neutron flux to give more intensity to the fission-product
gamma rays, neutrons from the thermal column of the KSU TRIGA Mk II research
reactor were used. The detector, analyzer, computer, and pneumatiec transfer
system were moved into the reactor bay. The activation terminal of the transfer
system was fully inserted into the central stringer position of the thermal

column where the neutron flux was reported as 10.4 x 104 n/cm2 sec watt by
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G. D. BOuchey.(Bo) By changing the reactor power and activation time, various
activation schemes were achieved. The location of the activation terminal is
shown in a vertical cross section of the reactor in Figure III.12,(31) and
the support equipmeqt locations are shown in a horizontal cross section of the

(31) An experimental description was written for and

reactor in Figure III.13.
approved by the KSU Reactor Safeguards Committee and is included in Appendix A.
The activation terminal and transfer tube were fully inserted into the

central stringer of the thermal column. Access was provided to this location
by removing the stringer access plug which was made from a heavy-aggregate-
concrete-filled steel tube. Shielding arcund the open access was provided
to ensure that radiation levels in the reactor bay were below the limitations
specified in lOCFRZO.(32)
The transfer tube was bent upward and to the left to prevent any streaming
of radiation and about 10 cm of lead and 0.5 meters of concrete were stacked
in front of the access hole. A radiation survey in the bay area was taken at
low reactor power with the access plug removed and the shielding in place as it
was during the collection of data. No excessive leakage of neutrons or gamma
rays was observed. Background spectra at power levels of 0.1, 1.0, 10, and 100
watts were recorded to determine how much change in background to expect during
the analysis. At these low levels, the background change with power was insig-
nificant at the Ge(Li) detector location. The change in background as recorded
with the Ge(Li) spectrometer between the neutron activation analysis laboratory
and the reactor bay was next determined by comparing the summation of counts
per channel in the low energy region of the spectra between the two locations.

The ratio of these summed counts was 4.39; i.e., the background was 4.39 times

higher in the bay than in the laboratory.
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IV. Experimental Procedure

Cf-252 Measurements

The analysis of short-lived fission-preoduct gamma rays from 433

U was first
attempted using neutrons from the 5 microgram 2520f source. The equipment
settings used for the 252Cf analysis are shown in Appendix B.

Each time data was taken, the 252Cf source was moved from its storage
location in the KSU TRIGA reactor facility bay into the neutron activation
analysis (NAA) Laboratory. A safety procedure for the movement and use of
the 252Cf source was written for and approved by the KSU Radiation Safety
Officer, and is included as Appendix A. It was removed from its shipping
container and carried about two meters to the paraffin activation terminal
block in the moderation-shielding assembly. Borated paraffin blocks and
Boraxo boxes were stacked around the source in the assembly, and the neutron
and gamma-ray surface doses were determined to ensure that there would be no
streaming of radiation into the room.

Before the collection of data began, a calibration source spectrum, a
spectrum of the 235U sample with the calibration source, and a spectrum of the
235U sample alone were taken so the energy calibrgtion and background level
could later be determined. The activation, data transfer, and cooling times
were inserted into the computer program, and the computer was programmed to
control the collection of data. For the data considered here, the sample was
activated for 10 seconds, and three spectra were collected for each cycle at
times of 0.3 to 3.3, 6.3 to 9.3, and 19.3 to 23.3 seconds after fission. The
transit time for the sample in the NAA Laboratory was 0.3 seconds, and 200

252Cf source

cycles of data were collected. After the data were collected, the
was removed from the room in its locked shipping container, and was taken

back to the reactor bay.
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The data were next compiled by the NOVA program which summed the corres-
ponding spectra of each cycle. Composite spectra of 200 cycles were then
deposited on magnetic tape. Table IV.l shows the spectra generated and their

locations on magnetic tape.

Table IV.1 Tagword Assignments for 2520f Activations
Tagword Spectrum
0002 120 sec Ccalibration source
0003 500 sec 235U and calibration source
0004 500 sec 235U sample before analysis
0005 0.3 to 3.3 sec summed over 200 cycles
0006 6.3 to 9.3 sec summed over 200 cycles
0007 19.3 to 22.3 sec summed over 200 cycles

KSU TRIGA Mk II Reactor Measurements

The analysis of the short-lived fission products of 235U using neutrons
from the KSU TRIGA Mk II reactor required the movement of the detector, analyzer,
NOVA computer, and other experimental equipment into the reactor bay. After
the equipment was moved and adjusted, a preliminary data trial was run to deter-
mine the intensity of the gamma-ray peaks at a reactor power of 10 watts. The
equipment settings were the same as for the 25")'Cf data trial. Two spectra were
collected for one hundred cycles at 0.5 to 3.5 and 26.5 to 29.5 seconds after
transfer. The activation time was for two seconds. The sample transit time
for the system arrangement in the reactor bay was 0.5 seconds.

After the initial test run, three data acquisition trials were run. The

first trial was at a reactor power of 10 watts with an activation time of 10

seconds. Spectra at various two second time windows were collected. The sample



had a total analysis and cooling time of 55 seconds per cycle. Since the
magnetic tape would only hold about 600 spectra, a total of six spectra per
cycle could be taken for 100 cycles to fill one tape. To gain further infor-
mation at this power level and activation, a second 100 cycle series was run.
A spectrum was collected common to both so that a normalizing factor could be
found to correct for any intensity changes between the two runs. Table IV.2

shows a list of the spectra collected for this trial, and their locations on

magnetic tape.

Table IV.2 Tagword Assignments for Trial 1

Tagword Spectrum
0001 200 sec 237U before analysis
0002 200 sec 235U and calibration source
0003 2 to 4 sec summed over 100 cycles
0004 7 to 9 sec summed over 100 cycles
0005 12 to 14 sec summed over 100 cycles
0006 17 to 19 sec summed over 100 cycles
0007 50 to 52 sec summed over 100 cycles

Second Data:

0004 0.5 to 2.5 sec summed over 100 cycles
0005 5.5 to 7.5 sec summed over 100 cycles
0006 12 to 14 sec summed over 100 cycles
0007 50 to 52 sec summed over 100 cycles

The second trial used a higher power and a longer activation time to
saturate longer-lived fission products than the first trial. The activation
time was 30 seconds at a power level of 20 watts. Spectra were collected at
about 10 second intervals, so that the total data aquisition and cooling time

per cycle was about 4 minutes and 15 seconds. Including the activation time,

37
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the total cycle time was about 4 minutes and 45 seconds. Because of this long
cycle time, only 75 cycles were run. Table IV.3 shows the spectral

information for this trial.

Table IV.3 Tagword Assignments For Trial 2

Tagword Spectrum

0001 200 sec 2350 and calibration source before
activation

0002 12 to 14.5 sec summed over 75 cycles
0003 23 to 27 sec summed over 75 cycles
0004 33.5 to 37.5 sec summed over 75 cycles
0005 43.5 to 48.5 sec summed over 75 cycles
0006 54.0 to 60.0 sec summed over 75 cycles
0007 230 to 255 sec summed over 75 cycles

The third trial was run to investigate higher energy gamma-ray peaks. To
accomplish this, the analyzer settings were changed so that the higher energy
information was included on the spectrum. The equipment settings for the third
reactor trial are listed in Appendix B.

For the third trial, a reactor power of 100 watts with an activation
time of two seconds was used. Two spectra were collected, and no cooling delay
was allowed, so that each cycle was only about 19 seconds long. A total of
600 cycles of this nature were collected on two magnetic tapes and later
summed to give composite spectra. Table IV.4 shows the spectral information

for trial 3.

Table IV.4 Tagword Assignments for Trial 3

Tagword Spectrum

0001 200 sec 235U and calibration source before
analysis

0002 0.5 to 5.5 sec summed over 600 cycles

0003 8.5 to 13.5 sec summed over 600 cycles
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V. Computer Operations

NOVA Computer Control

For the cyclic activation analysis of short-lived fission product gamma
rays, several unique problems were encountered. The 235U sample had to be
transferred between the activation site and the Ge(Li) detector and back again
for hundreds of cycles with identical transit times and positions of the sample.
Data had to be collected in the same time windows for these cycles and deposited
on magnetic tape for later analysis. The samp%e activation and cooling times
had to remain identical for each cycle. The system control had to allow
variations which were made between experimental trials. Figure V.1 shows
the desired time sequence and control for an example cycle.

This control was achieved by writing assembly-language subroutines for
the pulse height analysis program NSI-73-43-01, which was written by Tracor
Northern(33) for the NOVA 1220. These subroutines were accessible through
keyboard commands from the teletype. The pulse height analysis program was
written to allow the completion of a sequence (or chain) of commands. The
commands in such a chain could be repeated any selected number of times. The
generation of control signals to the pneumatic system, a delay for neutron
activation, a delay for data transfer, and a cooling delay were controlled by
subroutines in the main program. By changing a timing constant in each of the
programs, the cycle timing sequence could be altered from trial to trial.

Teletype commands "U" and "D" were written to control the activation
and cooling delays, respectively. To insure that the time allowed for data
transfer to magnetic tape would remain constant, a delay was written which
started with key "R", allowed the data-transfer commands to occur, and finished

with key "F". The timing subroutines are listed in Appendix C.
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Since a general-purpose interface for the NOVA 1220 was not available,
it was convenient to use computer-generated signals from an unused output
pin on the NS5-636 analyzer.(zs) The plotter-enable signal was a computer—con-
trolled pulse which was used as an input signal to an electronic logic circuit.
The circuit activated the pneumatic driver system. Teletype command 'Q" was
written to generate one plotter enable pulse which was used to send the sample
to the detector. Teletype command "J" was written to generate two pulses
within a few hundred microseconds which sent the sample to the neutron source.
The programs that control these functions are listed in Appendix C.

After the data for each trial were collected on magnetic tape, the spectra
for corresponding time windows after transfer were summed and redeposited on the
tape., The NOVA system had only 8K of memory, so it was impossible to sum the
spectra in the memory while the data was collected. For this reason, a special
assembly-language program was written for the NOVA computer. The initial and
final tagwords as well as the number of spectra generated per cycle were inputs
to fhe program. The program operated by first initializing the contents of 4096
memory locations with a zero value, and searching the magnetic tape for the
initial tagword. When the initial tagword was found, the spectrum was read
into the N5-636 memory, and then summed with the zeros in the NOVA memory.

The result, which was the initial spectrum, was stored back into the NOVA
memory. The program raised the initial tagword by the number of spectra
generated per cycle and searched for this, the next corresponding spectrum.

In this manner, all of the proper spectra were summed until the last tagword
was reached. The program then rewound the tape and deposited the composite
spectrum at the initial tagword location. It then incremented the initial
tagword, zeroed a portion of the NOVA memory, and continued the summing until
all of the composite spectra were generated. A copy of this summation program

is included in Appendix C.(34)
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IBM 370/158 Computer Analysis

When the composite spectra were generated and deposited on magnetic tape
by the NOVA computer, the spectra had to be removed and modified so that further
analysis could be done to determine the effective half-lives and energies of
the peaks recorded. Using the KSU Department of Nuclear Engineering's TRAPL
computer code(35) (Tape Removal And PLot code), the data was removed from
magnetic tape. The program was used to punch the spectral information on
computer cards, print the number of counts per channel for each 4096 spectrum,
and give a semi-log plot of the information. A special loop was writtem into
the program to allow some curve smoothing by summing the information over
three channels before the plotting was done. This summing helped visually in
deciding which peaks were significant enough for later analysis. A copy of
the TRAPL code and an example of the printout is included in Appendix D.

Each spectrum was broken into five segments and the energy axis was expanded
to further aid in visual analysis by reading overlapping groups of 1024 punched
computer data cards into the Gamma Spectrum Plotting Program Code, or GASP-A.(36)
This code gave a linear plot of each spectral segment. Also, the size of the
plot was controlled by a data input card. A copy of the GASP-4 computer code is
included in Appendix D.

After the data had been plotted, punched, and printed, it was
investigated for peak and energy information. Using the calibration-spectrum
peaks of known energy and channel number, an energy calibration curve was
generated for each trial by fitting the known data to either a linear or
quadratic least squares fitting program. The program used for this analysis
was from P. R. Bevington(37) modified by N. D. Eckhoff(BS). The program generated
errors on the calculated constants, so errors on calculated peak energies could
be determined. A copy of this code and the resulting least squares output for

the trials are included in Appendix D.
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Peak Identification and Analysis

To determine the energy of valid peaks, Lagrangian interpolation was used.
In this method, a quadratic polynomial was passed through the centermost three
points of a peak, and the maximum 1o§aticn was used in the calibration polynomial
expression to determine the peak energy. If n equals the center channel of the

three most intense channels of a peak, then the maximum location - is given by

(2n+l)Cn_ -lmCn + (2n—1)Cn+1

1

max

c — 2Cn + Cn+

n-1 1

where Cn = counts in the center channel
Cn-l = counts in the channel left of center
Cn+1 = counts in the channel right of center

This procedure is equivalent to finding the centroid of a Gaussian function.(zz)

To analyze the exact peak intensity, the total-peak-area (TPA) method

(22) In this method, the net peak area N was defined as

was used.
N = G-E, V.2
where G was the gross peak area defined as
-1
G = L C, 5 V.3
i=g+1 *

where the base area B was defined as

B = %(Cytc ) (r-2-1), v.4
and where
Ci = counts per channel i
2 = channel number of left minimum
r = channel number of right minimum.
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This method is based on the definition of a peak as being that part of a
spectrum which is bounded on the left and right by parts which are concave up.

The variance of the net peak area is given by the expression

o2(N) = G + B (r-2-1)/2 . V.5

A validity check for each peak considered was made. A peak was considered for
analysis if N > 1.96 o(N). The standard deviation associated with each peak
area was o(N) of Equation V.5.

The peak energies were determined by substituting the maximum location
(nmax) found from the previous method into the least squares formula generated
by the computer program.

After both the peak intensity and energy were found using a programmable
calculator, the data were normalized to counts per second by cerrecting for
long-lived background interference, for the number of cycles and counting
time used, and for the detector efficiency. A detector efficiency versus
energy curve for a source at the experimental sample position was generated
by using a National Bureau of Standards mixed radionuclide gamma-ray point

(38)

source of known intensity. From a spectrum of this source, the peak areas

for 137Cs at 0.66164 MeV, 6000 at 1.17323 MeV, and 60Co at 1.33251 MeV were
calculated. The gamma-ray intensity (gammas/min) was corrected for radioactive

(39) The detector efficiency

decay from the calibration data for each of the peaks.
for these three points was found by dividing their detection rates by their

intensities:

e = A/N V.6
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where N = intensity of calibration gamma ray
A = count rate in peak
e = detector efficiency

The log of the efficiency versus log energy for these points is shown in

Figure V.2.
This efficiency measurement was extended to higher energies by activating

isotopes with well-known gamma-ray intensities in the KSU TRIGA reactor. The

isotopes produced were 24Na and 49Ca. Sodium was selected because it has two

(40)

gamma rays at 1.36853 and 2.7539 MeV with equal intensities. By extending
the detector efficiency curve through the 1.36853 MeV energy position, the

efficiency at 2.7539 MeV was found using the equation

Allel = Azlez or
2 Al 1
where 1,2 = 1lst and 2nd gamma rays.

490a has three gamma-ray energies with known

Calcium was activated because
relative intensities extending to high energy. The energies used were 3.08,
4.07, and 4.74 MeV. At these energies, the relative intensities were 0.921,
0.070, and 0.0021, respectively.(AI) By extrapolating the efficiency curve
from 2.75 to 3.10 MeV, the efficiency at 3.10 MeV was estimated. Using the

49Ca, the detector efficiency up to

relative intensities of the gamma rays of
4.7 MeV was found. Figure V.2 shows the resulting efficiency versus energy

curve with a visually-fit curve through the data points.
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VI. Results

252Cf Analysis

The first part of this analysis is devoted to the investigation of the
short-lived fission-product gamma rays from 235U after activation with a small
(5 microgram) 252Cf source. Several attempts to collect useful data were made,
and while each attempt led directly to improvements in the equipment and pro-
cedures, none yielded useful information. The collected spectra, located in
Appendix E, do not show enough gamma-peak information to allew detailed
analysis. The problem encountered was that the neutron flux was not intense
enough from the 252Cf source to achieve the gamma-ray intensity required for
the short-lived analysis. The decision to extend the scope of the project to
include the use of the thermal column of the KSU TRIGA Mk II reactor was made
to achieve a greater neutron flux. All data trials, for both the 2528f
analysis and reactor analysis, were made with the National Bureau of Standards
mixed gamma-ray source and 22Na calibration source near the detector. The
peaks from these sources were used to calibrate the pulse height analyzer and
to check the stability of the detection system. The peaks would appear broadened

if any gain shifts occurred during the collection of data. No evidence of

instability was seen.

TRIGA Mk II Analysis

Three data collection trials were made transferring the sample between
the reactor and tne Ge(Li) detector. The activation time, data collection

times, reactor power, and number of cycles per trial were shown in Table IV.1.
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Table VI.1 Data Trial Information

Trial Activation Reactor Data Time Cycles
Time(sec) Power (watts) Windows (sec)

1. 10 10 2
4 100
7
9

2. 30 20 12 - 14.5
23 =27 75
33.5-37.5
43.5-48.5
54 - 60
230 - 255

3 2 100 0.5-5.5
8.5-13.5 600

The data collected are plotted on overlapping segments of 1024 channels for
ease in the visual determination of peaks. Using the total-peak-area methodszz)
the locations of the peaks were found and their areas were calculated. A cal-
culation was made to determine the standard deviation of the peak areas and

to determine if the peaks were statistically significant (N > 1.96 o(N)). The
net peak areas and their standard deviations were corrected for counting time,
number of cycles, long-lived background, and detector efficiency. The calculated
values for the peaks considered for Trial 3 are included in raw data tables in
Appendix F. Representative plots of low and high energy spectra with the energies
of the peaks considered are shown in Figures VI.1l, VI.2, and VI.3. For a visual
comparison of the change in peak area with time after transfer, spectra collected
at both short and long times after transfer for Trials 1 and 2 and a complete

set of spectra for Trial 3 showing the higher energy peaks considered are shown

in Appendix G.
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Most of the peak-intensity information was complex, that is, there were
possibilities that peaks contain several unresolved gamma rays and that some
decays represent short-lived fission products with longer-lived precursors.(zz)
Figure VI.4 shows four examples of the peak intensities, with their standard
deviations, plotted versus time. Further time-dependent information for other
energies is located in Appendix H. The peaks for Trials 1 and 2 show complex
decay behavior. The curves shown were drawn by a visual fit through the data
points. In a few cases straight lines were fit through all of the error bars
and so an effective half-life from the slope of the line is reported.

Since only two spectra were collected for Trial 3, and the half-lives
for the higher energies are short compared to lower energies, the log of both
inténsity points were plotted and connected with a straight line and effective
half-lives are reported for these energies. First and second escape peak con-
tributions from peaks above about 1.5 MeV may have contributed to the complex
nature of the data reported here.(ag)

The peaks correspond, in most cases, to peaks observed in earlier cyclic
activation experiments, except for the higher energy peaks where information
from earlier work was incomplete. Table VI.2 shows the peaks which correspond

(21.22)  mpie VI8 shows & list of peaks

between previous work and this analysis.
observed which don't correspond with previous cyclic activation analysis
information. The peak energies observed and their relative intensities per
trial were next compared with literature lists of gamma-ray energies in Table

(40442) Few of the gamma-rays observed in this analysis correspond with

VI.4.
gamma table values. This is attributed to the fact that the gamma-rays observed
have half-lives which are less than one minute, and the fission product data is

still incomplete in this time range.
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Table VI.2 Comparison of Measured Gamma-ray Energies With Literature Values

0.7751

Energy Measured (MeV) T;i {eff) Literature Energy T;ia L

Trial 1

0.296 + 0.001 - 0.29583:0.00018 -
0.29595+0.00041

0.469 + 0.001 - 0.46946+0.000492 22 + 4.5 sec

0.536 + 0.001 - 0.5368° -

0.546 = 0.001 4.80 + .25 sec 0.5446410.00025: 2. + .3 sec
0. 54556+0. 00034 66 * 34 min
0.5458 -

1.103 * 0.002 - 1.1027gi0.000633 1.1 sec

1.501 + 0.002 = 1.5003 =

Trial 2

0.137 + 0.001 = 0.13710.0005"'”a .
0.136+0.00047 -

0.143 + 0.001 0.1419940.000752 1.8 sec

0.175 + 0.001 = 0.174110.00053a 20. + 3 sec
0.1751+0.00061 1 min

0.211 + 0.001 - 0.2122510.00058: 10 + 4 sec
0.21146+0.00066 =

0.218 + 0.001 - 0.21953i0.0006ga 24 + 10 sec
0.21984+0.0006 -

0.258 + 0.001 = 0.2596+0.000672 9 + 2 sec
0.25901+0.00072 13 % 4 min

0.397 + 0.001 - 0.39667+0.000422 45 + 3 sec

0.511 + 0.001 0.5098810.00069: 13 + 7 sec
0.51043+0.00047 annihilation

0.594 + 0.001 0.59206+0.000592 1.7 + 2 sec
0.596420.00089% ot

0.686 + 0.001 0.68376+0.000812

0.775 + 0.001 31.842.5 sec 0.7763,@10.00034a 13 + 3 sec



Table VI.2 (Continued)

1.119 + 0.002 -

1.250 = 0.002 30.0+2 sec

1.313 + 0.002 -

1.559

I+

0.002 -

Trial 3

1.842 + 0.004 -

4.273 £ 0.010 11.5 = 0.3 sec

a
b

:+ J. F. Boggs 1966 (reference 21)
: G. Atkinson, Jr., 1971 (reference 22)

1.11833:06000102a
1.1189

1.1198:
1.1206

1.2484°
1.3124P

1.565P

1.8415°

4.2765°

47 £ 7 sec
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Table VI.3 Unmatched Observed Peaks

Peak Energy (MeV) T% (eff) (sec)

Trial 1. 0.205+0.001 -
1.219+0.002 -

Trial 2. 0.205+x0.001 =

Trial 3. 1.779+0.003 -
1.790+0.003 e

1.811+0.004 2
1.842+0.004 -

1.898+0.004 -
1.912+0.004 -
1.928+0.004 =
2.011+0.005 =
2.185+0.005 -
2.519+0.005 -
2.761+0.006 -
2.907+0.006 10.6+0.3
2.932+0.006 6.4+0.2
2.949+0.006 17.0+0.3
2.968+0.006 13.0+0.3
3.137+0.007 -
3.30410.007 10.4%0.2
3.344+0.007 35 £ 1.5
3.5.5+0.008 22.2%0.5
3.530+0.008 16 * 0.5
4.273%0.010 11.5+0.3
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VII. Conclusions and Recommendations

The short-lived fission-product spectra generated by cyclic activation
in this analysis show general agreement with previous attempts at recording

the unique gamms-ray signatures of 235U fission—products.(21’22)

The data pre-
sented in Chapter VI give additional gamma-ray energies not previously reported
by the cyclic activation technique. Table VII.1 summarizes information from
Tables VI.3 and VI.4 on the energy, effective half-life, and relative intensity
of the new peaks observed.

252Cf used in the first part of this analysis

The source strength of the
was not enough to generate useful gamma-ray data, and so the experiment was
done using TRIGA Mk II reactor neutrons, where the neutron flux was directly
controlled by changing the reactor power level. A similar analysis could have
been done using a large 2526f source. To calculate the required 252Cf gource
size to duplicate the reactor results, the source is assumed to be located
at the center of a polyethylene sphere 20 cm in diameter, and the activation
location is assumed to be 1 cm away from the source. The polyethylene serves

2 .
as both a reflector and a moderator for the 25 Cf neutrons. For this con-

(29)

figuration, the design data is well known; one centimeter from the center
of the polyethylene sphere, the thermal flux is 0.0205 neutrons/cm2 sec for

each source neutron emitted, so that the source size is calculated directly

from the desired neutron flux knowing that 252Cf emits 2.34 x 1012 n/sec g .

Table VII.2 lists the calculated 2520f source size required to produce the

(28)

nevtron flux of the reactor power levels at the fully inserted position in

the thermal column.(Bo)



Table VII.1 Observed Gamma-rays and Relative Intensities

Previously not Reported by Cyclic Activation Analysis

Energy (MeV)

Relative Intensity

T,

(eff.)(sec)

Trial 1

1.219+0,002

Trial 2

0.205%£0.001

Trial 3

1.779+0. 003
1.790+0.003
1.811+0.004
1.8420.004
1.898+0.004
1.912+0.004
1.928+0.004
2.011+0.005
2.185£0.005
2.51940.005
2.761%0.006
2.907+0.006
2.932+0.006
2.949+0.006
2.968x0.006
3.137%0.007
3.304£0.007
3.344%0.007
3.515%0.008
3.530£0.008
4.273%0.10

62+5

2914

547
1009
9014
17+8
6510
43110
35+11
3347
25%7
14+5

10.6#0.3
6.4%0.2
17.0+0.3
13.0+0.3
10.420.2
35#1.5
22.2+0.5
16%0.5
11.5%0.3
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2
Table VII.2 Required 52Cf Size to Duplicate the Neutron Flux for the
Reactor Power Levels Used.

Reactor Power (W) Thermal Column Neutron Flux(BO) 2520f size (g)
10 1.04 x 10° 2.168 x 107°
20 2.08 x 10° 4.336 x 107°
100 1.04 x 107 2.168 x 107>

With recent developments in the quality of Ge(Li) gamma-ray spectrometers
and the ability of minicomputers, the use of sophisticated techniques for non-
destructive assay by active interrogation has great potential. An active
interrogation assay system using information from high energy gamma-ray

fission-product spectra can probably be designed to determine the concen-

35

trations in mixed 2 U and 239Pu samples. The relative fission-product

gamma-ray intensities are dependent on the fission yields of the fissioning

isotopes and the energy spectrum of the interrogating neutrons. Figure VII.1

shows the ratio of the thermal fission yields of 239Pu to 235U versus mass

(43)

number. The variation in this ratio indicates that a computer—-controlled

assay system could be used to unfold complex spectra of the penetrating
. ; ’ 235 239
gamma-rays to determine the isotopic concentrations of U and Pu in a
sample. The use of 252Cf neutrons would allow changes in the energy of the
source neutrons to optimize the fission yield differences.
Extensions of fission-product gamma-ray analysis can be done in several
major areas. Further identification of the short-lived fission-product spectra

should be done for 239Pu with emphasis on the isotopic discrimination ratios

relative to 235U. The differences in the spectra observed for interrogating

neutrons of different energies could be explored using a tailored 2520f source

spectrum. A more sophisticated data analysis could be done by extending the
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memory of the computer. With continued research using modern gamma-ray spectro-

meters and minicomputer systems, active nondestructive assay of materials con-

taining 235U, 239Pu, or mixtures of these isotopes can be improved.
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Appendix A

Correspondence to the KSU Radiation Safety Officer and Reactor Experiment

235

Number 38, "Detection of Short-Lived Fission Products of U by Cyclic

Activation".
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May 20, 1975

Mr. John P. Lambert §
Radiation Safety Officer

Ward Hall

Kansas State University

Dear Sir:

In agreement with our discussion on May 18, 1975 about the use of
the 252cf source in the Neutron Activation Analysis Lab (Ward Hall rocom 11)
for my master's thesis, I am submitting the following neutron and gamma-ray
activity analysis.

Using the Texas Nuclear Model No 9146 Count Rate Meter, the neutron
dose rate from the 252Cf scurce was mnonitored at the top and side surfaces
of both the 2%2Cf shipping container and the wax-boron shielding assembly
used in my experiment. Table I shows the recorded dose rates.

TABLE I
Dose Rate Dose Rate
Side Surface (mr/hr) Top Surface (mr/hr)
Shipping
Container B 3]
Shielding
Assembly 0.35 0.7

At a distance of about ten feet from the shielded assembly near the
analyzer and Ge(Ll1) detector, the activity was recorded as less than 0.01
mr /hr.

Using the Eberline Instrument Corpeoration model E-120G Geiger Counter,
The gamma-ray dose rate at the top and side of both the 222Cf shipping
container and the wax-boron shielding assembly was next recorded. The
results are shown in Table II.
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TABLE II
Dose Rate Dose Rate
Side Surface (mr/hr) Top Surface (mr/hr)
Shipping
Container 10 3
Shielding
Assembly 0 - 1

At the ten foot distance near the detector, the gamma-ray dose rate
was not measurable with this instrument.

: 252 ; i .
Next, the effect of the Cf on the Ge(Li) system was investigated
by comparing two minute spectra taken with the source in and out of room 11.

The summed activity of 25 channel groups are shown in Table III.

Table III
Total Counts Total Counts
Channels 252¢f in Room 11 252cf out of Room 11
1-25 48 | 36
26-50 7 44 ’ 36
51-75 60 43
100-125 60 50
200-225 36 32
300-325 29 21
400-425 12 9
500-525 11 11

These results show no significant increase in background because of
the presence of the 252Cf source in the room.

To insure adequate safety during my analysis, the following procedures
are followed for the handling and use of the 252Cf source.
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1.) The analyzer room (Ward Hall Room 1l1) is kept locked
at all times when the source is in the room.

2.) A radiation warning sign and written explaination are
located outside the locked door to explain the reason
for the door being locked.

3.) The wax-boron shielding assembly and analyzer areas are
roped off from the rest of the room.

-

4,) The Texas Nuclear Model No 9146 Count Rate Meter is located
within the roped off area to monitor for neutron activity.

I hope that this letter will answer any safety questions concerning
my analysis, and I =ncourage you to make any further comments.

Thank you.

wek

cc Dr. M. Krick
Dr. N. D. Eckhoff

Sincerely,

A g ) \
oy > oo
ol N Uz :'(;. g

i L ) b/‘?.
William E. Kennedy Jr. v

Graduate Student
Department of Nuclear Engineering
Kansas State University
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MEMO

TO: Reactor Safeguards Committee

FROM: M. S. Krick M

DATE: 27 May 1975

SUBJECT: Proposed reactor experiment #38: Detection of Short-Lived Fission

Products of 235U by Cyclic Activation

A copy of proposed experiment #38, revised according to the recommendations
produced in the reactor safeguards committee meeting #77, is attached. Please

indicate your approval or disapproval below and return this polling memo.

I approve disapprove proposed reactor
experiment #38.

Signed
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12.39 EXPERIMENT 38 - DETECTION OF SHORT-LIVED FISSION PRODUCTS OF 235U

BY CYCLIS ACTIVATION

OBJECT. To determine gamma energies and half-Tlives of short Tived fission
products of 235U bj a cyclic activation technique using thermal column
neutrons.

BACKGROUND. An encapsulated sample of 23°U containing 2.1017 gms of 93%
enriched 235U with a total capsule weight of 4.2671 gms. will be transferred
between the thermal column of the reactor and a_Ge(Li) detector automatically
by a NOVA computer system. Spectra corresponding to different times after
transfer will be generated for each cycle, and corresponding spectra will

be summed over hundreds of cycles giving composite spectra which will be
analyzed for fission product half-lives and gamma energies. To insure that
the sample will not rupture during the analysis, it has been encapsulated
with three distinct layers; the outer capsule is a small sealed polyethylene
vial, the second capsule is a machined plexiglass container with a sealed
1id, and the third is a region of paraffin molded around the 235y metal
strips. To prevent saturation of the detector, and for safe operation of
the reactor, the power levels of the reactor will be kept as low as possible.
PROCEDURE. After the beam port is opened by the reactor operator and ra-
diation surveys are run to insure as low an exposure to personnel and
equipment as possible, the pneumatic transfer system activation terminal
will be placed into the thermal column of the reactor, and the detector
terminal will be placed over the top of the Ge(Li) detector. For each run,
the NOVA computer will control the specific activation delay, data collec-
tion procedure, and cooling delay. After the pneumatic transfer system is
tested for correct operating pressure, the reactor will be brought to the
desired low power Tevel, and the NOVA computer will be programmed to exactly

repeat the cycle hundreds of times. When all of the data are collected, the
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corresponding composite spectra will be generated by a separate NOVA program.

These spectra will be taken to the KSU IBM computer for spectral plots and
counts per channel information for determination of gamma energies and half-
lives. For an analysis of the amount of radicactive iodine fission product
isotopes generated, a conservative over estimate of the power will be assumed
of 1 kw. At the innermost position of the column, the flux has been determined
to be 10.4 X 104 n/cmz—sec-watt, or 1.04 X 108 n/cmz—sec. at a power of 1 kw.
The thermal fission cross section of 235U is 577 b, and the sample weighs
2.1017 gms, so the total expected fission rate is calculated as:

(5.77 X 10’22cm2)(1.04 X 108 n/cmz-sec)(g;lpl7 gms )(6.022 X 1023at. /gmole)(0.9311)
235 g/gmole

= 3.006 X 108 fissions/sec.
The saturated activity of a fission product can be expressed as:

A .= L Y? * Fission Rate, where Yg is the fractional

sat .
i 1
yield of the isotope i of the element j. For the isotopes of iodine, the

calculation for this conservative case yield:

TABLE 1
{131 .
ASAT =2.36 X 107! mCi
Aéliz = 3.49 X 10~ mCi
Aél$3 = 5.28 X 1071 mCi
1134 R
Adyp = 6.50 X 1071 nCi
1135 R
Asar = 5.20 X 107" mCi
I
EASAT = 2.283 mCi

The summed activity produced at saturation for these isotopes is 2.283 mCi
which is below the 5mCi Timit specified in the technical specifications of
the R-88 license. It should be noted that this case is for total saturation
of the sample and this is an extremely conservative estimation. For the cal-

culation of the maximum concentration in air of these isotopes in the case of
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sample will only be activated less than 10% of the time of each cycle. Since
the cycle time will be short compared to the half 1ife of the shortest-1lived
jodine isotope, the maximum activity reached equals.the ratio of the activation
time to the cycle time times the saturation activity. The volume of the
reactor bay from Appendix A of the TRIGA R-88 license is 144,000 ft3 or 40.78 X

108cm3, so that the resulting maximum concentrations at a factor of 10 below

saturation are:

TABLE 2
1SOTOPE CONCENTRATION IN AIR RESTRICTED AREA
uCi /m] 10CFR20 LIMIT
uCi/ml

15 5.80 X 1072 9 % 1079
1132 8.55 x 1079 2 x 1077
1133 1.29 X 1078 3 X 1078
1134 1.59 x 1078 5 X 1077
1135 1.27 X 1078 1x 1077

These calculations show that for this conservative case, the 1imits of 10CFR20

are not exceeded. If other sample masses or cyc1eh0des are desired, the

experimenter will provide calculations showing that the 10CFR20 limits for

iodine will not be exceeded.

REFERENCES.

1. Technical Specifications of the TRIGA R-88 reactor license.

2. "Experimental Neutron Flux Measurements and Power Calibration in the
Kansas State University Triga Mark II Nuclear Reactor," A Master's Thesis
by Gary Don Bouchey, Kansas State Universiyt, Manhattan, Kansas, 1967.

3. Nuclear Reactor Theory, John R. Lamarsh, New York University, (Addison-

Wesley Publishing Company Inc., Reading, Massachusetts), 1966.

4. Title 10, part 20, Code of Federal Regulations of the Federal Register,
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Personal Communications with Dr. M. S. Krick, 5/75, at Kansas State

University.

William E. Kennedy Jr.
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Appendix B.

The equipment settings for the data collection trials using both

and reactor neutrons.

252

Ct
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Equipment Settings for both the 2520f and Reactor Trials 1 and 2.

Device Settings
Ortec-451 Fine Gain = 13.25

Course Gain = 20.00

NS-623 Group Size 4096
Conversion Gain = 4096
Coupling = DC

1.2

[l

Lower Level

Upper Level = 10.0

Zero Level = 0.15

Anti Coincidence = analyze
NS-636 Memory Group = 1/1

Sub Group = Off

Mode = Computer

Nz Gas Supply Operating pressure = 20 psig



Equipment Settings for Trial 3

Device

Ortec-451

NS-623

NS-636

N2 Gas Supply
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Settings

Fine Gain = 13.25
Course Gain = 10.00
Group Size = 4096
Conversion Gain = 4096

Coupling = DC

Lower Level 1.2

Upper Level = 10.0

Zero Level = 0.74

Anti Coincidence = analyze
Memory Group = 1/1

Sub Group = Off

Mode = Computer

Operating Pressure = 20 psig
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NOVA computer programs written in assembler language for process control

and data reduction. The NSI-73-43-13-01 program was originally written as a

pulse height analysis program controlling the N5-636 from teletype commands to

the NOVA. Control of this experiment was achieved by writing interface sub-

routines which were activated by teletype commands. The teletype keys and the

program descriptions are:

Key U;
Key D;

Key R;

Key F;

Key J;

activation delay (timing constant at location 15555)
cooling delay (timing constant at location 15561)

starts a delay which allows data transfer to tape (timing
constant at location 15562)

waits for the finish of the delay started by Key R

Generates the two-pulse transfer signal

Key Q; generates the one-pulse transfer signal.

The Summation of Spectra program generated the composite spectra for

each trial by summing the corresponding spectra of each cycle.



88a25

15443
15444
15445
1544¢€
15447
15458
15451

15452
15453
15454
15455

18762
68353
15643

15644
15645
15646

€@352

18535
15556
15557
5568
15561
15562

EC40L

15588
15581
15882
15583
15584

86422
15576
15571

15572
BELEC
1560

15601
15682

E8EADS
€15443
m15443
g2es12
p48577
24512
Aa4s512
824511
#28573
BARSES
p2as5e84
lBC4RL
AAETT3
FAB35A
B1E762
£F2353
EEFE3S3
a1 5644
G15€¢43
BTTT?7
615644
514777
FEeEBTT
EA22E2
EHEA352
&11235
B15555
FEBL 44
GOEEADH
FOOERY
greops
FRELLY
gHORED
peaass
#1508
815558
pefael
AABSA4D
824455
Fa4455
fPET743
EREL22
£15578
FEL15574
gce772
HA¢ANL B2
FB0354
BOBATE
E15¢E8
£E15c86
EDLTST
BLLTSY
CAHELD

15443

Lne

® au -

425 ey U

ULO':
LTA
STA
LA
STA
ATt

15443
A,K2
#,K1
L.TTI
1.7T2

LA

LTA

S5TA

LDA
. sy=
JMP AD
JMP 354
JLOT 1B7E€2
JMP A353

1,7T2
8,x1
#8,X3
#,¥3
#,1,5LZR

Junp to ]5443

Joad AC's with
constant info.

——

+LOC 3253 —
15644

«LOT 15643
Kl 77777
«LOT 15€¢44
DEZ. Kl
NIQ TPU
dMp 4352
«L07T 352
11835

+L0T 15555
¥e: la4q
“3: B

cTl: 1
~T2: @

K4: 144
¥5: 62

SLOT 404
15568
LT 15508
LA gua¥4
STA #,K1
1,°T)

LDa
STA 1,772
AD

Jup
Loc 4292

e LU

1557#H
+L0T 15578
LTeE g,KS
STA G.¥1
JMP 354

oL{:“: 4F 6'
15608
«LDT 15€F08
LPs 1,771
STA 1,772
JMP AT —

s TR

—_—t -

The following program controls
the delays activated by teletype

keys U, D, and R to F.

waiting loop for all delays

this loop tests the difference
between two constants and when
zero 1s reached it jumps out to
preform the next teletype command

tuese commands enable the clock
service routine and decrement the
delay cnce for each clock pulse
which is compared above for a
zero value

these commznds are from key D and
decrement the proper constant once
for each clock pulse

these command% are for key R which
enables the decrementing routine
without waiting for the finish allowing
other commands to operate

These commands enable key F which
waits for the finish of the decrementing
started by key R



~T]
~T2
K1
K2
X3
K4
K5

015447
@15557
8155€8
615643
@15555
B1555¢6
815561
815562
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This page shows the constant
locations for the previous program.




or421

15487
1541@

15411
15412
15413
15414
1541585
1541¢
15417
15420
15421
15422
15423
15424
15425
15426
15427
15438
15431
15432
15433
15434
15435
1543¢
15437
ls44@
1 5441

eanrs2l
g15411
Bl E4R7
gesas2
eAFnaD
neeadl
fem231
BeRETT7
geee77
fneraT?
£24772
Bcendl
fenaET7
BEmNT?
RevBT?
fedl 3l
BeEnT7
BeraTT
PeeEA7T
@231
GeanT?
BEeRBTT
AeaRT?
B24756
Been 3l
BecCTT
BEeERTT
eecraT?
BednT?
EEFATT
#or354

.LOT 421
15411

10" 154087

Mi: 2

M2: B8

SMTRL = 31

pT:  MIQC FNTRL
N1Q FPU
NTIQ TPU
MIC CPU
LA (,M]
nn® |, TNTPRL
NI ©PU
NTQ oPy
NIQ FPU

MIODS TNTRL

NI0
NID
NIQ

MIOT

MID
NIO
NTO
LTa
Aata -]

MIQ

MIO

NIO

MID

NIQ

JMPp
B

L ey

~PU
~PuU
cPU
CMTRL
cPy
cPU
cpn
1,M2
1, TMNTRL
°PU
~PU
cay
cpu
opu
354
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The following program generates one
plotter enable pulse used for control
of the pneumatic sy:iem.

when the pulse is generated, the device
is disabled and the program returns
to service the next teletype command



ENTRL
Ml
M2
PT

gane3d)
a15487
ois41@
g1541)
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This page contalns the addresses of
the constants used to generate one
plotter command.




g8412

05466
@54€7

gs470
#5471
65472
85473
ES4T4
BS475
@547¢€
g5477
gssoe
gs5501
#5582
#5583
#5584
e5565
B550¢
655687
B551@
£5511
#5512
g5513
#5514
#5515
#SSl 6
M5517
e5528
F5521
#5522
85523
65524
#5525
#5526
65527
8553@
#5531
#5532
#5533
#5534
#5535
#5536
#5537
85540
#554]
F 5542
#5543
65544
#5548
" @5546
#5547
65550

gega12
FE5473
BOSAEG6
HAFRED
BREEER
FEFE 3]
gar102
pageen
BeR231
BenNBTT
seoer7
BeERT?
B24770
Feem3l
gcpn77
AeHETT
PERASTT
AeE 131
BCERATT
GERETT
BERMTT
BeE231)
BEHETT
BeaB7T
BEGETT
A247 54
PEEeS]
f24753
Ba4753
£14752
BERTTT
geE231
EcaaT77
BEEATT7
BenaT7
a24741
BEEATI
BEBETT
AEHEETT
GEaaET?
MEDSL 3L
Bean7T
HeaRT7T
BeBBTT
fean3l
GEARATT
BeBsaT7T
fepeTT
§24725
B66P 31
PeBnT7
Bean7T7
ECRETT
AeamTT
BAG3S4

sLOT
5473
JL0r
Kis 2
Ke:r 8
"M TERL
¥5: 1
K7: @
PT2:

ErD

412
54¢€6

E -
= 31
50

MIDT CMTRL
MID TPU
NIg TPU
MN!o °PU
Lma 1,K1
™o0? 1, TNTRL
MIn 7PU
Nig TPU
Mip CPU
MIDS THMTRL
MID TPU
MID CPU
Nig TPU
MIOT FCMTRL
MID CPU
MIn CTPU
NIQ °ByY
LA |,¥2
DoBR 1, TNTRL
LA 1,K5
STA 1.,K7
nSZ K7

JMP L, =]
NIQC CMTRL
MIO TPU
Mg CPU
MIO TPU
L™A LK1
no® 1, CMTRL
NIO TPU
MIO TPU
MIQ TPU
NIOS TNTRL
MIC TPU
NMIO TPU
MIO C°PU
MINS CMTRL
NMID TPU
Nilo CPU
Nte CPU
LA 1,¥2
~o® 1, THNTRL
NIO TPU
NIO TPU
Bic CPU
Hio CTPU
JMP 354

85

The following progrza penerates
two plotter enable pulses used in
control of the pneumatic transfer
system

these commands enable the N§-636

in the plotter mode and generate one
pulse, then the plotter is disabled

and a loop waits about 200 microseconds
before re-enabling the plotter for

the second pulse.

when finished, the program jumps
back to service the next teletype
command



THTRL
Kl
Ke

B5
" K7
PT2

LEALE MR
BOS4€6
285467
gesqae
g25471
685472

This page contains the addresses
of the constants used to enable the
Plotter command.

86



geineg
gple]
‘eplng
ening
rp1na
neLes
oplec
ep1n7
gnl1e
e6nltl
gp112
1210 0
el 4
pells
aftle
o117
¢gel2e
neLzl
fe122
88123
eel24
ea125
pel12é
eEp127
Fal 36
np131
gr] 32
G133
oel34
ee135
BB13€
fe137
gelAf
apl14l
fE142
#0143
eota4
BR145
rPlaé
68147
eal1se
afls]
ARl 52
6m153
CMml1S4
FOLS5
8156
BELST
roler
“Al6l
EFl €2
ARl €3
FBEl 64

nAcIce

LLLLEY

LA T ]
spRAn22
oARp32
nrPE23
BEP2TT
624143
PEER ]
620144
024154
AHHP2E
p4a2m20
#14145
AFEEIPE
#2B146
p4r) 45
Or41 56
026147
B4an)SE
AR4] 66
pr4y226
P21 51
P2415A
1237686
r4amt se
838155
112436
EPBL1E
112415
geEdl11 ¢
PAAISE
ecPn7T
6rFE3FLS
614152
reant 37
2153
FIFR147
reelE]
BERNTT
eErPT7
eEnmn|
EFEREP
rlenpm
(A Ed ]
FRARED
egrAcen
FPEROE
PERALLC
C1PNE3
PEFRAED
AM11 3!
Fen23l
0E3¢32
FAMLIST
0133
063632
FFe] €2
ACF222

LOT 188
CMTRL=31
TAT=38
MSMa=22
M158=32
MPTER=33
INTDS
LIMP: LTA |,0NE
~e 1,TNTRL
L™ PB,ZTRO
- LA 1, T™L
STA- 1,28
LOND: STA p,a268,8
nSZ MTMOR
JMP LOOP
LA B,MT=M
STA BE,MTMOR
JSR EMROL
LoA B, ITNITL
STA 0,REFER
nH: JSR KEY
JSR READT
LTA B,SIX
L™a ],REFER
APD 1,0
STa B, REFER
LTA 2,LAST
suezZs p,2,St2
JMP DX
suBs g, 2, SNR
JMP 0K
JSR EMROL
MIO TPU
: JMPp TSALT
HTRT; DSZ SOoX
JMP BK |
JMP acal T)
BUl: ¥SZ IMITL
JMP LIMP
MID TPU
MID TPU
ovMe:r |
ZTRN: L}
METMOR: 1680R@
MTM: |EOBP
IMrTL: 2
RTTTR: 6
SIX: 6
SNXs: 6
SALT]: FINAL
TML: TOTAL
LAST: 1131
EMROL:MNIQT TMTRL
SKPT™ MISS
JMP -1
MIOS MPER
SKPTN MISS
l.'NIP -'l

MIOT HSMa
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This is the summation of spectra program
for the NOVA 1220 computer written
by Hector Ocampo and William Kennedy.

/

this loop zeros 4096 memory locations

MAIN PROGRAM

subroutine key hunts on the tape the
proper tagword

READT reads the proper tagword
the tagword is incremented by SIX

If the tagword is the last one, increment
the initial tagword and rewind the tape
to deposit the composit data. If not,
continue. .

DSALE deposits the data at the proper
tagword.

If all of the spectra for the trial are
complete, the program stops. If not,

it continues by zercing the mempry again.

These are the constants used
in setting the program information
for a given trial.

ENROL rewinds the magnétic tape unit.



— Ol &5
Beleé
8ol e7
o170
ep171
ep172
gE173
68174
88175
8176
e6e177
gezer
-an2n}
gg2n2
f8283
go2ry4
e82es
eo2h 6
er2e7
ae21e
ge211
e6az12
EE213
08214
epz21s
es21¢
88217
go22e
£e221
rE222
gp223
EB224
BE225
BA22¢€
gp227
gp238
em231
fam232
868233
8A234
£8235
en23¢
en237
en248
ff24]
eA242
eB243
GE244
#0245
AR246
66247
en2sn
ARZ25SI
e|2s2
#mp2s3
BE254
FE255
AE256
6e257
FA266

SR LA
£54225
gen231
0en23r
sen222
3022
g72831
PE3738
prel 74
P63431
608176
874438
f7143€
175288
gl14a22]
gap2m2
1511¢€0
814223
een2e5
157€EE
#24222
844221
£24224
844223
11e4t4
6AR1 74
EH2225
BEEELS
EEPEL A
PROEL 4
FEOEBL
fERAEY
eseenn
854384
gem222
Bfer231]
g24277
ge7831
pec230
g3n36e8
272131
863531
PEB236
Aen] 3t
BE3631
engzan
Ae3731
ARA243
PER222
geml 31
AE3€631
gar246
B6ENT]
3P 154
B85FrB2]
6SAA22
f£243M3
EETEIR
AeEE338
6€6353€F

oo A3

KTY: STA 3,5ALT2

MIOT OMTRL

MIOT TACT

MIOT MEMO

LDA 2,M2IN

nne 2,TNTRL

TAZUYUD; SKPTZ AT

JMP o =-1

SKp=N THTRL

JMP -1

DA 3,PA7T

nro 2, TAC

MOVR 3,3

nezZ TI12 "

JMP 0'2

MAyL 2,2

nSZ T4

l.”'!p -"2

ATD 2,3

LDA 1,T127

STA [,T12

LTa 1,TAT

STA 1, T4

syes f, 3, SLR

JMP TACHD

JMP ASALT2

MRTIN: 15

Ti12: 14

T12C: 14

TH: 4

TaT: 4

SaLT2: @

RTANT: STA 3, SALT4
NIDT NSMA
MICT OMTERL
Lea 1, UMD
™o 1, TNTRL
MIOT DAT
L™aA 2,MIN
nnBg 2, TNTRL
SKPRZ TMTRL
!.-'MP c“l
NIOS THNTRL
SKPD™NM OMTRL
!JMP 0‘2
S¥P™Z CNTRL
JMP =1
NTAC MSMc
NInS TMTRL
SKP™ CTMTRL
JMP =2
ng® 1, TMTRL
Lna 2, TML
STa 2,21
STA 2,22

LOOPl:LTA |, TAN
~neT o1, DAT
MIAp Dar”
SKP®Z TACT

Subroutine KEY searches the tape for
the given tagword and jumps back to
the main program when it finds it.

~

Here are the constants for KEY.

Subroutine READT reads the correct
spectrum into the NS-636 memory.



Br2¢62
B02€3
0E2¢€4
AB2ES
MR26E
BA2€7
#6270
ee271

gp272
BA273
£n274
nA275
gp276
rE277
CEIBE
g66381

as3n2
6B363
g83nk4
AB3AS
Bp38¢e
ea3n7
eE318
£8311

6A312
em313
EE314
e@315
aB31¢6
ge317
AE328
6321

pag322
A®323
60324
8325
gE32¢6
ea327
eA33e
882331

ap332
6333
8R334
€8335
gn33¢
AA337
an3ae
ea341

€0342
AR343
fifa344
ga34c
BB34¢€
ge347
ce3s5e

BEJS]

ERA352
8353
€8354

grez2en
Gc4430
el3se2l
167rP8
8460822
Ale3e3
814362
efe255
#eg231
82r38]
sfqe3p2
p24l44
Au4383
PE2384
erEFR)
aAmE1S
rlreee
FIAPRE
rrARAR
(A A
BeAz31
f22558
624541
1224€€
PBEES543
€24547
8cel 31
#3531
PAS314
Beml 3]
FE3€3!)
#8336
83731
fBa321
FeE231
8e3€632
AEBE324
feM333
Be3632
pep327
gem222
B28516
ge2131
863631
fEp334
8e8!31
FE3€31
ABR336
Ear4aES
624154
aa4823
2650 6
€363
rea33e
863530
ree3aT
g32r23
71830
Bsec13A
BE3530

uMo: |

o=

1, AT
3,%21,9
351

JItF
DiA
LA
ADD
STA 1,%22,80
ISZ CAN

nsz EFFEC
JMP LOOP]
MNICT TMTRL
LTA 68, THANL
STA 8,TFFET
LA 1,LZERD
STA 1.TAN
JMP ASALTYH

MINM: IS5

CUANL:

Tcrrer H

1eoge
leecée

caN: @8

SALT4:

NSALT:

TUTRT:

Loop2

(13

e
MIOT CMTRL
LDA #,8INIT
LA [,UND])
suz 1,8
JSR #KET
LA |,MACT
™0BS 1,TNTRL
SKpPBZ TMTRL
JMP I-l
MIDS TMTRL
SKPIDN CNTRL
L‘MP «=2
SKPIZ TNTRL
JMP . =1
MIQT TNTRL
SEPPEM MISS
JHP =1
MIQOP MPTR
SKPTN MISS
I.!MP -"l
MIOT MSMA
LPA B,UND]
nOBS g, CTNTRL

‘SKPT™ TNTRL

JMP . =1
NTQOS TMTRL
SKPTN TNTRL
JMP -2
JMP CLTAR
LTa 1, ™ML
STA 1,23
LTA 8, FIRST
™OT 8, AT
MIOP PAT
SKPBZ DAT
'J“'!P e-1
LTA 2,%23.,8
TOA 2, DA7
NIOS TAC
SKPEZ DTAC

89

These constants are for the data
handleing subroutine READT.

Subroutine DSALE searches the tape for
the proper tagword and deposits the
contents, of 4096 memory locations on
the magnetic tape.



#8356
en3s57
es360
gel6!

e8362
00363
GB364
#0365
88366
s8367
gB370
€8371

ge372
ge373
88374
8375
86376
ee377
gBaep
gnan|

cpae2
geap3
884684
s08485
fB486
oR467
e840
8041

eEL12
#8412
€Bala
re415
en416
ge417

gnszce

88421
gpq22
e8423
egazs
e€8425
#8426
06427
oB436
80431
€8432
#e433
B8434
PA435
BB436
88437
neasn
PEA4]
58442
BB 443
Be444
€E8445
BpLaucb
res47
RA458

T e e

p1eaT74
814467
a8nlay
832475
1511680
814475
ene362
gcE231
BEcB8ETT
Bene77
Becan7y
B24456
828456
eé62m31
B63531
ERB374
AT1638
BGEBIE
ecERTT?
gep231
BEBBTT
E28446€
ge2131
#3531
ane77T7
gcel 3l
863631
ABB7T7E
863731
ENB777
866231
EcHET?
gemz222
p2e8426
848426
826426
64EA3FR
826434
64p434
earl 34
g24421
838426
626420
167008
B6ETR3E
€T1e38
eeE138
#63530
fBB777
fl4a405
neaT?]
n24484
Bran82
a8A342
slecps
aglapen
gleaes
AEFRPR
fOFNE|

CLTAR:L DM

MTXT:

TANATL,

TANMN
LOTA
~TRO:
(1 ]

L

1
teu

15Z FIRST
DSZ LOTAL
JMP LOOP2
LA 2,9INIT
MOVL 2,2
nsZ TTI2
JMP -2
NioT TNTRL
NIDO TPU

NI!O TPU

MID TPU
L™A 1,7TERO
LTA E,UND]
™02 6., TNTRL
SKPBZ TNTRL
JHP L] -l

T0A 2, TAT
ooR 1, TAC
MIO TPU
NIDOT TMTRL
MIO TPU
LTA #,MACQOF
nO®S B, TNTRL
SKPBZ CNTRL
JUP .=} .
MIOS TNTRL
SKPDNMN CNTRL
G..’MP - -2
SEPDZ TMTRL
!JMP =1
MIOQOT TNTRL
NIQ TPU
MIOQT MSMZ
LA 6, CTANNL
STA E,L0TAL
LA 8, TERO
STA 8, FIRST
LDA E,TT2
STA 8, TTI2
JMP HERE

1, TERD
2. TERO
a,ung|]
e,1

LTaA
LTA
ADD
nar |, DA
DOA 2, DAT
NIOS DAC
SKDPEZ DAC
JMP
nSZ
JMP
LTA

c-l

CANAL

MIZXT

1, TaNNL

STA 1., TANAL

JMP THERE
1EnBA
1PEDE
18068

L4

I

20

i

After the data is deposited on the
magnetic tape, the computer memory is
cleared and the control constants
are incremented to start the summing
process again



2

aa552
89453
es4asa
63455
AB4A56
eaas57
egace
Pgacl

18463

BmgRenao
PAAFAPR
agereen
ABE]l 6F
EABL1SE
neel a7
eEne14
faeel 4
aempeils
6lRrAA]
fepasl

ALY o R S
ETRST:
SALTE:
Hery KEY

TMRQ: TMROL

TMITy TMITL

TT2: 14

TTI2: 14

MART: 15

TOTAL: =LK 106868]
TIMal: JMP o+ ]
s R

o hQ

91



- b
TAM
TAMAL
TAMML
CTRD
CHANL
CLTAR
TNTRL
DAT
DSALY

crros

INROD
EMROL
FiNaAL
FIRST
HERE
IMIT
INITL
KEE
=Yy
LAST
LIMP
LOTAL
- LOOP
LooP]
LonpP2
MAC!
MazZOT
MM

M B4R
MEIN
MIN
M1SS
MPER

NEXT -

N SMe
oKX
ONE
READT
REFER
SALT])
SALTR
SALT4
SALTE
srx
SoX
Ti2
Ti127
T4
T4T
TACGYD
THERE
T™L
TOTAL
TTl2
TT2
UNQ
UNO|
ZTRO

L2820 DA NS By
ees3pl
gaRL44
SBR 445
fepay?
genael
PEBA2ZE
erpE3]
eepede
gep3ns
gep2m2
#88455
gBE156
n1B4a63
e88452
BeA134
EBR 456
gep147
apB454
LB Y
eeB155
L BE.N
BeB4a46
BABLIAE
sBp 255
feB344
ABA4LE]
erg45]
gasl4e
eée8145
gep228
geE38L
FEEAR32
EFEBB33
geR43|
gssg22
rEgllé6
268143
BBB226
gaelse

 BA®153

E8E8225
fgREc84
EBB 453
eEE1S!
eFEB152
gnse22]
gsg222
een223
eEB224
eanl74
BrE342
eesl1s54
eeRs62
BB 468
EEA457
eee277
8084560
EGB144

92

This page contains the constants used
in the previous program and their
gddresses.
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Appendix D

The IBM 370/158 computer programs. Printouts from TRAPL which was used
to print, plot, and punch computer cards of the composite spectral data, GASP-4
which was used to plot overlapping 1024 pieces of each spectra from the punched
data cards, and the least squares program which gave quadratic or linear fit

for energy calibration to the gamma-ray data, all follow in this appendix.



$J038 NDELTI¥=100,PA,Z5=100 94

1 DIMENSEODY X(LO0) ¥ 100) 3 STGMAY (1000 ,M(10),y YEIT(LOO)4ACLU D, > 1GHAAL
_ 1 10),RUEC), TITLY(2G) .
2 10 FORMAT( $FLGL2 )
11 FORMATL 2004 )
4 12 FORMATL 2Xy AL 1 T4 %) =040 15,64 +00=" 31 15a60" 200, 14,%) =%,115.6)
5 - 13 FORMATL 2Xe% CHISOR = 9, 01906/ 24s " UL = %y 15.6/2X,'FTEST = 1,

1 Elv.6)
5 L4 FIRMATL 1))
7 15 FUSMATL 2X3 ' Al) = Y196 " 400 ="3215.6A)
8 L6 FORMAT [ Y0 X ¢ 16X 'Y, LaX,'YFITY)
9 LT FOUMATL 2K BELlBaf 4244815 .642XebLl545)
1) 18 FORMAT{20A4)

11 79 HEAD Lo sdPTS eI C,NTLRNKS

12 [F(dPTS.Cu.O)CALL ELIT

13 READ 1a, (TIILECT),I=1,20)

14 READ 10 (AL D) oYU D)o SIGHAYIT )y I=148N"T3)

15 N READ L1l o (MOI) 0= 04041005

15 SALL REGAESTI XY s SIOMAY 3 PTSyINIERMS y MeMUDE,YFITAD, Ay [GMAL, 5 1 5 AA,
1 RyBRMUL,CHISORIFTEST)

L7 ) PRINT 14 _ o ) -

13 PRAINT 1w (TITLR(T),1=1,20)

13 PRINT L9eA0,510Ma0

20 PRINT L1209 010 A0} sSTGHAACLY 91 4RAT Yy I=1yi:T0RES)

21 PUINT 13,CHISQRs2MULITES

22 PRINT LA

23 PRINT 17 {X0L)s YD) 4 YFIT(L),0=1,5NPTS)

24 50 Ta 927

25 (=N ¥

SUBADUTIHE AEGAES

PURPISE
MAKE A MULTIPLE LINCAR REGAESSLIUN FET 100 DATA AITH A SPECIFII
FUNCTION wHICH i5> LENFAR [ CLEFFICITNTS

USAGE
CALL REGRESI Xy Yy STOMAY NPT Sy T iV oy ¥ MG, YFIT,
AU! A' S [(:erAAG'SI‘:;J-’jl{L“l {’R"‘UL,C“I f?-',‘::’{.FT"-,.‘,”

JESCRIPITUN OF PA2AMEIZRS .
X ARRAY O9F UATA POINTS FURL ENDEUVENDENT VARILARLF
Y = ARRAY OF DATA PIOINTS Ful DEPRPEIE T VARTAZLL
SIGMAY = ARAY UF STAILARD DLV IATINGS 160 ¥ DATA POL14TS
NPTS = uMsER OF Scis UF BATY pelars
NTERMS = "IIIMEER OF COETFLITIENT S
4 = ARRAY OF [ OLJSTOH/REACCIICN S HIIZ2LA FOL FZ L
MODE = DUIERMINES MolbUD OF e lGHT I, LeAST=SQJARLS FIT

+1 (IANSTRUMENGTAL)Y wELSHTUL) = 1./SIGMAY ([ ) %%
O () WELGHTEING)  weloHiil) = 1.
=1 (STATILTTUAL)Y wzZIGHICD) = (./Y(1)

YFIT = ARRAY M5 CALLLLATIL ¢ :L:iS OF Y

i} - CHrSTANT Ti e

A = ARAY NF CUGEFILTRANT S

SIGMALG = STAYNDARD e JIATLION G- 4%

STouMAA = AZRAY NF LTAMNDARD DodTATINUNS Hill COEFFICIFENTS
|2 = ARPRAY OF L IAEAR S22 AT LU COICFFICIENTS

OO OO OoOOOOCOO OO OO OE G

AU = FULTTIPLE LI h AR Soet EAT LS CoORFEICTENT
CHI DO = FDCLD Chl AQUARS Fur 11
& FTEST = VALUE OF © FLYT TENT O FIY

)



217
23

oy

30
31
32
33
34
35
34
37
33
39
49
41
42
41
44

4
45
417
43
43
50
51
52
53
94
53
56
57
58
5y
6J)

26

OO OO0 OO0

[N ]

T O

11

17
21

28

30
31
32
33

37

12
41

SUBROYUTINES AL rUNCSTION SUSPRBGRAMS REQ'IRED 95

FCTin{Aylydyit)

EVALUATES THE FUHCTTION 672
SPLCIFY TraMs I THE FUNCT [ON

USING Ttk Aiday M T
MATENVIALRAY NTEINS , 0ET)

Tali JTWH pRM o AQD ITH DAYA POTAT

INVERTS A SYFAeT 10 TwO=GIMe 3L TONAL MATRTX UF DeGlck
PSS Py AMINAYT

NTEAMS AR CALCULARTS

CCMMEATS
DIEMSTON SATAEMENT vaLlD
10

FOR

NPTS UP T3 103 AND NToRMS UP Tu

FRACM PL.R. BEVINGTICN, DATA REDJICTLuce AND £3220R ANALYSTS FOL TiHt
PHYSICAL SCIENLCESyMIGRAW-HIIL,1349,P 1 {2-MUDIFIED PY

Nella ELKHOFT»10/27/73

SUBROLTIHNE REGUES (X g¥ 3 STSGMAY p NPTS  IT L2MS, M, VD E, YFIT,
1 AQ A SIGMAD, STUAA 3R, AMUL, SHISUR,FIEST)
DOUBLE PRECISITT ARRAY» SUM YMEAT,STGMAL LT SO XMEAN, SIGMAX,DSART

CBOUBLE PRECISICG FReEl
DIMENSLON N(LOD) oY (LO0) ,STGMA
L 10}y WeI5HTCLOU) s XMLANT 100, 51

[INITIALIZE SUMRS A4D ARZRAYS

SUM=0

YMEAN=0
STGMA=0
CHISW=9Q

g 248

AMEANL
SIGHMAX
{J)=C
AlJ)=C
STGMAA(D) =0

J0 238 K=L0lEars
ARIAY (J,K)=0

— e L e e

ACCUMULATE SUMS

U 50 I=1,%PT5

LF(MOCE) 32437, 373
IFLYLL)) 325437,.33
ACIGHT(T =1, /Y1)

B TA 44
WEISHT (L) =1./7 (=Y (1))

o0 T 4]

ACIGHI(T =1,

GO T a1

WEIGHT (L) =1 /51GvAY ([ ) x+2
SUM=SUME e I5HTLT)
YMEAN=YMEAGNAE TGHT L )&l |)
DO 44 Jd=] 45T 1RHS

Y130
SHAX(

)
1
i

PFLEOYy YRITOLOO ALY, 515 AN
0] ,:‘n{.‘.;’\\'(";’)plﬁl,:{(lo)

KMZANEI) = A LW TSHT LI #TET 3Ky Ty dy i)

LAHIT T U
YMUA=YMEAS 251



61
62
63
64
65
6%

X
64
63

70
71
72
73
T4

15
74
77

g

739
83
81

82
B3
B4
85
86
817
88
839

90
91
92
93
9%
95
94
97
93
32
100
101
102

103
104
L0O
106
107

YOy

[aNaNR

oo

oo

14

53

1
]

61

67

71
T2

78

51

91

101
102

104
105
104
107
104
111

113

124
i3l

DO 53 J=1yNTERPS
YMEAN(J)=XMEAN(S) /SUM
FNO2TS=NTS
WMEAN=SUM/FRPTS

20 57 [=14+APTS

WEIGHTUI ) =BIGHTIT ) £k A

ACCUMJLATE MATRICES H AN ARAY

ull 67 [=1,4PTS

STMA=SIGMA+WEIGHT O I ) = (Y (I )-Y9EAN )Y &X2

DO 67 J=1,4dTE”MS

STOMAXL Y =STINMAX{ )+ WS IGHTOL IR (FOTHN(R s Ly g MY =YMEAN{Y) Y FX2

RN =R I +nb IoHT LI #tFCTRl X1y Je M) 2MEANT ) S{Y (L) -YMEAN)

CO 67 K=1,J

ARZAYI I K) =ARRAY [JyKY+dbTGHT (L) (FCT NI Ky T deM)=sMEANLD) ) *
(EZTAI X Lo KyM)=YMEAN(K) )

FREEL=KNPTS-1

SISMA=DSORIISIGYAZFREEL)

DO 78 J=1,NT8408

STOMAX(J)=DSORAT (S TSHAXEI )Y /FYEEL)

RN =R{II)/IFREEL *STOMAX (LY FS [GMA)

DO T8 K=1,J

ARHAY(J»K!=ARK&Y£J,ﬂ}IiPiEEl*SISRAX!J)*blGM&XIKl]

ARRAY (K3 J)=ARAY (Jy K )

 IWVERT SYMMFTRIC MATRIX

CALL MATEnY (ARRAY,NTERNS,DET)
IF(DET) 1CL,31.,1ul

Af)=0

SITGMAC=U

AMUL =0

CHISOR=0

FTLST=0

GO TC 1%0

SALCULATE COERFICIENT S FIT4AND ChHl SQUAR:

A=Y ME AN

B0 104 J=1NTETMS

DO 1C4 K=1,NFEIMY
AlJ)=A0d I+ 0¥ ) #ARRAY(Jd k)

ALII =AY ESTOMA/SIGHARLD S
AN=AN=-A(J) =XMEAY(T)

Bi} 10d I=1,NPT5
YEIT(I)=YERITOL)+ALII*FOC] il 1gdet)
N 113 T=],3PTS

YELT( D)=y L T{[}+a0
CHISQ=CHISUAWETIGHTO LYY (L) =-YTIT{L))*=2
FREEN=RPTS=-NTEPRS-]

3 ZHISQR=CHISQ+WYE AN/ FQE

CALCULATYE JHCERTAINTLLS

[F(MODEY 102,124,412

I VARICES Lo /M AN

GO TO 15
VA LI =CHT S 00
() 133 Jd=j,0TL MY



108 132 STGMAALJ)I=ARRAY L B, J ) =VARNCEF{FRFELESIGMA X D) 42}

107 SIGMBA(J)=SORT(SIGMAALL)) 97

110 133 RMUL=RMUL+A(J) &0 5 51GMAXT) /7 STEHA

111 FReEJ=NTERMS

112 13% FTEST = (RMUL/FREEJI/Z (1L o=RMUL J/FREEN)

113 136 AMUL = 3020 (ML)

114 oo l4l STHMAQ = VARNLIE/ENPTS

115 DO 145 J=1,NTERMS

116 STGMAD = STGMAN+KMEAN( ) %52 «S TGHAA (] ) &%2

117 DO 145 K=1,dIERMS

113 145 STSMAG=4 TGMAD#VARNCE #XMEANT J ) XXMEA L (K ) #ARRAY{ I K) Z(FREELESTGHAX(J)
1 *SIGNAX(K))

117 146 SIGMAU=522T(SI5MAU)

129 150 RETURN

121 ~ END

FUNCTION FCTHl (POWER LERAILS)

PURPDSE - , )
EVALUATE TERMS OF PULLYNIMIAL FUNCTIDN FGR REGRES SUSROUTINE

FCTHIX T ,J, JTERMS) = X(I)=¥J1EXMS (1Y)

~ USAGE
RESULT = FCTH(Xy1,J,JTERMS)

DESCRIPTION OF PARAMETERS

X - ARRAY 0OF DATA PJINTS FUP INDEPCNDENT VARIABLE
I - INDEX 0OF GATA POLATS o |
J - INDEX OF Ti-)M LN POLYHOY1AL Fu T 10N

JTERMS = ARRAY OF POWERS

SUBROUTINES AND FUNCT 10N SUBPROGAMS REQJIRED
NUNE

FRCM P.R. BEVINGTUGN, DATA REDJCT Ly AND ERTEDR ANALYSIS FOR Thir
PHYSICAL SCIENCESMCSRAR-HILL,  969,P, 17"

OO OCOOPONOOOOMNO0OOEO 6
‘ i

122 FUNCTION FCTN(X, I+J+JTELAS)
123 DIMENSION X(100),JTLAMS(10)
124 1 JEA?=JTERMS(])

125 FCTN = X(I)#*xJExXp

125 RETJRA

127 END

SUBROUTINE MATILHY

PURPOSE o .
INVERIT A SYMMETRIC MAITRIX AND CALCUL ATl ITS DCI1ZRMINAYI

USAGE
CALL MATINY (ARRAY, (LADER,DLT)

DESCRIPIION OF PARAME IERL

ARAY = INPUT MATRIX aHIZH [S DFPLACFY BY I TS INVERSE
NCRDER - DESRE. OF MATRIXTORDER GF DETEMAINANT)
DET = DEFERNMINANGE OF INPUL MATREZ

SUBRLCUT INES AND FUNCT ION SUB2RIGRAMS PEQUIRE)D
NGz

OCOOOMmO GO0 0o 0

COMMENTS



128
1272
130
131
132

155
157
158
153
160
161
162
163
164
165
166
167
168
163
170
171

OO

2 ERERE )

10
11

€1 0 O

21
23
24

30

31
32

41
43
50
51

5%

60

[ B o T

61

63
7o
Tl

T4
[}
80
g1

83
20

100

e

COATINUE

CIMOCNSINAN STATEMED VALID FDX NURDEXR UP TO 10 98

FROW PoRe BEVING TN DATA REDUCTLIN ARD L0t ANALYSES FOR ThHE
PHYSTCAL SCIENCESyMUGRAW-HILLy } Y6, 307

SUBROGTING MATTHVIAKRIAY , AVER, DET)
GOUSLE PRECTISION ARRAY ZAMAY , SAVYE DAl
DIMENS TON ARRAY (L0 1G )Y, IK(L10O), I L1T)
ber=1.

D0 1CC K=1,N0WER

FIRD LARGEST ELEMUNT GF ARRAY(1,J)} T~ REST OF MATRIX

AMAX=C.

DO 30 [=K NORDER

D3 30 J=K,NJIRDER
[FAOAES{AMAX)Y —DABS ARRAY LT, J3) ) 24, 24,30
AMAL=AAY(I,J)

IK{K)=1

JEK(RY=J

INTERCHANGE RNOWS AND COLEMNS 10 2UT AMAX 1N ARRAY(K,K)

[IF(AMAX) 41,32,41
BET=0.

GO TN 140

[=IK (K]}

IF(I"‘K} 21:51|43

DO 50 J=1,N0O%BFR

SAVE = ARRAY (K, J)

ARAAY (X, J) ARRAY(1,4d)
ERAAY(1,4) =-SAVE

J = JK{¥)

IF{J=-K) 21,611,523

J3 6C I=1,0RDER

SAVE = ARZAY(I LK)

ARRAY (I.K) = ARRAY ([, J)
ARAAY(I ,J) = ~5AVE

ACCUMULATE ELEMENTS OF LYNVEARSE MATALX

DY 7O T=1,N0ACR

IF{I-K) 63,700,463

ARZAY (14K) = —ARUAY({[,K)/ZAMAX
COaTiNGE

DO BC I=1+H0RDFR

U0 30 J=1y,NNRUERR

IF{I-K) Ta4,60,74%

[FLJ-F) 75%,80,75

ARRAY (Lo J) =ARTAY(T 2 J)+a22AY( L ,0) #A LIAY(R 4 J)
CONT LNV .
2N G0 J=i,n03ID0s

IF(J-K}Y 683,990,483

ARRAY IK s ) = ADRRPAY (K, J}/ AaMax
CONT I NUE

ARHAYIKyK) = 1 ./AFAX

LET = UFT#AMAYK

RESTuRe OADERIMG (F MApRIX



101

105

110

111

113

120
130
140

00 130 L=1NDRUER

K = NCRDCR=-L+L

J = [TK(K)

IF{J-K) 111s1114105

DO 110 I=1,NORDER

SAVE = ARRAY(I,K)

ARMAY ([ +K) —ARRAYI(I4+Jd)
ARZAY ([,.0) SAVE

I = JK{)

IF(I-K) 130,130,113

) 120 J=1,N02GER

SAVE = ARRAY(K,J)
ARRAY{K,J) AR RAY(],J)
ARRAY ([ 4J) SAVE

CONT IAUL

RE TURN

[T}

CEND

99



0.5 TO 2.5 ScC. AFTER FISSION 5/29/175

100 CYCLES

AD 0.387005F-C1+40%~-  0.184456E-01
Al 1) =  0.7949CSE-03+40R=-  0.11371%C-04 R( 1) =
AL 2) = 0.1557T223E-CS+0%=  0.5239435-08 R{ 2) =

CHISOR = 0.453345E-0¢

RMUL = 0.99999SE 00
FTEST = 0.239674F 06

) X Y o YEIT
0.594080F 03 0.511000F 00 0.510995F 00
0.142724E 04 C.117332F 01 0.117354€ 21
0.155411E 04 C.1275008 Ol 0.127445c 0l
0.162751E 04 0.133251€ 01 0.133284¢ 01
CORE USAGE CBJECT CCDE= 9672 BYTES.ARRAY ARECAS

DIAGNOSTICS

COMPILE TIVME=

NUMBER 0OF ERROR &=

C,

0.999998E 00
0.997443F 00

2B4 PYTES,TOGTAL AV

NUMBER CF WARNINGS=

0.60 5tC,

WATFIV -

100

0, NUF

JuL 1973 Vi




12 7C 14 SEC.
Ce37291SE~-C1+CR-

C.79125EE-C2+0R-

-0.34692CE-C9+40R—

AQ =
A{ 1)
L 2)

CHI SOR

RAUL =
FTEST

non i

X
0.5S4474E
0.784039¢
0.142726E
C.155507E
0.1628CCE

CCRE USAGE
 DIAGNOSTICS

COMPILE TIME=

0.6CT623E-C7

03
013
04
04
04

C.969691E CC
0.151145E C6

Y

€.511C00E

C.EE1£64CF
C.117222E
C.127500t
C.122251E

CGBJECT CCDE=

AFTER FISSION CALIB. POINTS
Na496542 €02

C.33559CE-05 R
0.15022¢€E-08 R

cc
cc
c1
01
C1

YFIT
0.510906¢
C.6€1791E
C.l117326L
0.127479E
C.133272¢€

(
(

Qo
aa
gl
01
oL

W

10888 BYTES,ARRAY AREA=

NUMBER CF ERRCRS=

0, NUMBER CF WARNINGS=

0.5 SEC,EXECLTICN TINME=

101

0.999999E 00
C.556982E 00

21284 BYTES,TCTAL AL

0.09 SEC, WATFIV - JUL 1973 V1|



0.5 Ti 5.5 SEC. AFTER FISSICN 5/31/775 600 CYCIUES 102

AD C.343166c GO+OR- 0. 316262E-C1
Al 1) = 0.117428F-02+4CR- 0.332427E-04 2 ( 1y = 0.9992 00t GO
CHISOR = 0.225412€6-C3
RMUL = 0.999195F CO
FTEST = 0.124751E 04
X i YEIT
0.275143E 03 C.661640F CC 0.666287E 00
O.6927+6E 03 €.117332F 01 U.115676F Ol
0.793032€E 03 0.1274%00c 01 0.127444L 01
0.85302GE O3 C.133251E 01 U.134494t 01
CORE USAGE UBJECT CODE= ET2 UBYTESLARRAY AWCA= 3286 BYIES,T0LEAL A
DIAGNOSTICS AMUMERER OF FRRCRS= Oy NUMBLER OF WARMINGS= Oy MUY

COMPILE TIME= 0.S4 SECEXCCUTICLN TIME= 0.04 SECe WATFIV — JUL 1373 Vi




EFFICIENCY VS, ENFRGY CALIRRATION CURVE 103

AQ = 0.752361E-0L+0R- 0.1403420-02
Al 1) = 0.160163E=-0240%-  0.158754E6-2% A( 1) = 0.999999: 00
CHISQR = 0.24L425F =06
_ RMJL = D.349239€ 00
FIEST = D.BTLO3RE 06
X Y YEIT
J.366134E 03 0.661640t 00 0.6617311 00
 0.6853G0C 03 0.117332F 01 0.117293: 01
0.78511 0 03 0.133251E 0} 0.133280k 01
"~ CURE JUSAGE OBJECT COLE= 9672 v YTESLARRAY ALl a= 3244 BYTES,TUTAL A
 DLAGNOSTICS NUMBER OF FRRRS= Oy NUMBER UF WAIRIR3S= 0y Nt

COMPILE TIMES= 0.90 SEC»EXECUTION TIME= 0.01 SCC, HWATFIV - JUL 1373 v.




LEVEL 21 MAIN CATE = 72117 11752701

OO0 OG

o0

sXalizslslale ol NaEsNaleNaNaXalu e

104

BERBABEFEFRERRKEBRLBE R LG R GAkFE SR TRAPL #dokdortoh fokodop o dok ok ok % o ok ok b ook o oop o ootk o
*
TRAPL CCCE - TAPE RENMCVAL AND PLCT CCDE *
BASED ON THE *CARDS' CCOE BY M.S. KRICK ANC J. DEVCRE. :
MCCIFIEC €Y N.C. ECKFECFF AND J.K. SFLLTIS (5/1:5/73).
MCCIFIEC BY F.H. PRATT JANUARY 16974

Eed

E ]

*

%

%

%

*

* THIS PRCGRAM IS USELC TC REMOVE CAMMA SPECTRA FROM A MAGNETIC TAPE

¥ GENERATED BY THE KSUNES NMULTIPARAMETER SYSTE¥. THIS CONDE WILL PRINT
* PUMNCH, OR PLOT TFHE SPECTKA COCNTAINFO IN SELECTED RECCRDS CN THE
*

&

%x

*

*

*

*

*

L .

MAGNETIC TAPE.

THE SPECTRA MAY BE 1024,2C048,3072 CR 4C96 CHANNELS IN SIZE. MIXING
OF DIFFERENT SPECTRAL SIZES IS PERMITTED.

EACH SPECTRLM RECLIRES CNE CATA CaRC.

*onE R

*

Aok ool b ok dop ok ok ok b o ok o B o o o ok ok o ok ok o A o ok o o o o e i ol woadeal e ook ok ok ok ok ok ook R o ok e R A

INTEGER I1ARRAY{4CS6), FEALCER, WCRDS, HEACI(4), I1£RP14096&), IFELPI{1l1l

1)

LCGICAL*]1 JARRAY{1€384)

EQUIVALENCE (I12RRAY{1) +JAFRAY{1))

CIMENSICN Y{4CSE8),BUF({1COC),TITLELL1T) 3
$3$%% INITIALIZE THE PLCTTINC SUBROUTINE =

CALL PLOTS{BUF,1000) o - N -

CALL FLCTI(0.0y—14.0,3)

CALL PLCTI{C.Cy=-13.0,4-3)

1START=1

REALIS5,G59) ANCHE
NCH = THE NUMBER CF CHANNELS AVERAGED CVER

WRITE(6,681) NCH
98 FORMAT{1HO,'RESULT IS AVERAGEC OVER?,]2,¢% CHAMNMELS'Y

TR AR

SR

$$¢¢% READ IN INPUT DATA FCR EACH CATA SET
11 READ{5,594END=24,ERR=23) WORDS,NCARCSsNPLCT,NRECRD,ITAG,(TITLELI),

11=1,17)
Rdoxg gk koRRckRk kKR 3Rk ko ka k. INPUT CATA #3kdkshgkmddddksd £k vomkdopb b rorfor st w3 |

%

¥  EACH SPECTRUM REQUIRES CNE CATA CARC WITF A FCRMAT (14,12,211,14,17A

*  FCR THE FOLLOWING QUANTITIES:

* WORDS = NC CF CHANNELS IN SPECTRA

% NCARDS= 0 *%% WILL PFODUCE PUNCHED CARDS

* = 1 #**% WILL NCT FROCLCE PULNCFEC CARCS

* APLCT = 0 #*%% WILL NCT PLGT SPECTRUM

* = 1 #*#% WILL GIVE CNLY A LINFAR PLCT CF SFECTRUW

* = 2 #%x WILL GIVE CALY A SEMILGG PLOT CF SPECTRUM

* = 3 #%% WILL GIVE FOTH A LINEAR AND SENMILCG FLOT OF SPECTRIM
* NRECRC= 0 IF ERTIRE SPECTRUM IS CCMTAINEC CN CNE TAPE RECCRD

* 1 IF WCRES > 1024 BUT TAPE FAS SPECTRUM [n 1024 CH RECHRDS
* ITAG = TAG NO. OF TAPE RECCRD

* TITLE = CAPTICN THAT IS TO APPEAR CN ANY CATA PLOT (68 CHARACTFRS)
-4

BARR R AR X RR R R ek A DD G hd o h ot ok ko bk o o ook ok o ok o e ket okt ook ok o ok o o ko ek R B
99 FCRMAT(I14,124211,14.,17A4)

IF{WORDS.EGQ.0) GC TC 22

LAST=4%W0ORDS
16 CCATIMUE

DO 10 TI=1,4CSé&




L]

TRAN 1V G

Toad W) '-JU'U!1"&»!‘\.1}"-'L?uUﬂ:‘ﬂU‘U!:‘WNO-C)OU-?—JO-m&\LﬂN’-‘OO

.8

LR I R I T VAN 5 AR ey

od

A,

LEVEL

C

c

10

21 MAIN CATE = 751717

TARRAY {I1)=C

$5$% 8 REAC A SPECTRUM

9
88

300

209

211

212

87
111
112
113

READ{E,RB) (JARRAY (L) L=2,4])
FCRMAT(3A1)
FEADER=T1ARRAY(1)/4056

IF (HEADER.EQ.4CS5)GCTCL2
HEAC(4)=MOCL(FEADER,8)

DC 30C 11=2,4
FEADER=HEADER/E
HEAC{5—11)=MOC (HEADER,8)
IF{ISTART.NE.L) GC TC 211
JTAG=C

CC 205 I=1,4

1J=5-1

1l=1-1

JTAG=FEAD( IJ)I*10%*T14JTAG
CONT INUE

IF(JTAG.NE.ITAG) GO TO 9
ISTART=ISTART+1

IF (NRECRD) Z11,211,212

READ{B,87+END=Z10,ERR=210){(JARRAY(I+J)4J2=1,3),1=1,LAST,

GC 7C 210

REAC(E,87) ({JARRAY(I4J)4d=1+432),1=1,4CS€44)

IF {WCRDS.LE.1C024) GC TC 210

REAC(E,88) (JARRAY{L),L=1£282,16384)

READI(B,8T) [{JARRAY(I+J),4J=1,31,1=4CG7,81G2,4%)}
IF twCRDS.LE.2C48) GC TC Z10

REAC(E,88) {JARRAY[L)},L=1£6282,16384)

READ(E€,87) ((JARRAY{I4J)+J=1,43)1,1=81G3,12288,44)
IF (WGRDS.LE.3072) GG TC 210

REAC(8,88, END=2101 (JARRAY{LI),L=1€6382,1£284)

105
Li/52/¢

4)

READIB+BT4ENG=210) ((J2RREY(I+J)4J=14+3),1=1228%,16384,4)

FORMAT(128{128A1)}
FCRMATI2X,411,1216,12)
FORMAT(2X,13,1142X,1C17)

FORMAT( /2X,*LENGTH CF SPECTRUM = *,14,% CHANNELS?',9X,"SPECTRUM IC

(CCTAL NOTATICN)I="4411,/2X,'CCUNT TINE (SEC) IS FCUNP
21%,7)

IN CHANNEL

115 FORMATI ZX.'CHNU',BX,'l',EX.'2‘,6X,'3'16X,'4',6X;'5',6X,'6',éX,‘?'

LoOX gt EY y6X 19" 35Xy 10 51X "1 22CUTH*T )

116 FORMAT{1HL)}
210 CCANTINUE
$$1t% CFECK CN TAG NG.
JTAG=C
DC 225 I=1,4
1J=5-1
Il=1-1
JTAG=FEAD(IJI*10%%[1 + JY2G
225 CONTINUE
IF(JTAG.NELITAG) GO TC 16
DC 22¢ F=2,wWCRCS
IF{TARRLY (M) GT.838ESC) TARRAY(NM)=C
226 CCNTIMNUE
AVERAGE OVER NCH CHANNELS

IFIR=(NCH+1}/2
ILAS=4CS6-NCH/2

DG 232 I=IFIR,ILAS
fsSur=0



TRAN IV G LEVEL

70
T1
72
73
T4
75
1¢&

77
78
79
30
5 |
22
i3
4
25
6
7
18
49

' 20

o i "
MNP D)W OB N e

L I R Il & TRV S L S S RV I A VY

AL S B

L b

e

21 MATN CATE = 75177

JFIR=1-NCH/2
JLAS=T+NCH/2
CO 23C J=JFIR,JLAS

230 ISUM=ISUM+T1ARRRY(J)

232

234

TARB(TI)=1ISL¥/1
CC 234 1=1,4056
TARRAY(I)=TAPE(TI)}

C ¢3%¢$ PRINT A SPECTRUM

201

205
206

101

117
202

15

22
501

23

WRITE(6,116)
WRITE(6,113) WCRCS,HEAC
WRITE{6,115)

LLS=0

11=0

IL=WCRDS/10.0

tL10=C

CC 201 LL=1,IL

LLI=LLLO+1

LL10=LL1+9
WRITE(64112)LLS, 11, (TARRAYIL) L=LLL,LLIC)
LLS=LL

LLI=LL10+]
IF(WORDS.GT.1024)GD 10 202
LLIO=1024

GC TO 206
[F{WCRDS.GT.2048)C0 TC 204
LtL10=2048

GC TO 2Cé¢
IF{WORDS.GTL.3072)G0 TO 205
LL10=2072

GC TC 206

LL10=4C56 .
WRITE(6,112)LLS,11,(TARRAY{L) L=LL]1,LLIN)
WRITE(6,113} WCRCS,HEAC

IF {NCARDS.GT.C) GO TC 202

$59¢¢ PUNCH & SPECTRLM

LC=1

IHI=12

WRITE(7,111)FEAD

NHI=wWCRLS/12

DO 101 I=1,NHI

WRITE{(7,111) FEAD,(IARRAY{L),L=LO,I11),!
LC=LC+12

IFi=IFI+12

ILC=12%NHI+1

IL=NHI+1

WRITE(74117) FEAC, {IARRAY{L)}L=ILC,WCRDS),IL
FCRMATI(2X 4411 4416,48X,12}
IF{NPLOT.EQ.C)GO TG 11

$$$8¢ PLCT THE SPECTRUM

DC 15 T=1,WCRCS

YII)=TARRAY(])

CALL CASP({YsWURDS,NPLCT,TITLE}
GO 710 11

$$%%% END CF PRCCRAM OPTICNS

WRITE(6,501)

FORMAT(*1 NOPMAL END - BLANK DATA CARD ENCCUNTERED')

GC 1O 199
WRITE(64:502)

106
1175270



, 'RAK IV G LEVEL 21

24
25
26
e §
28
x9
gl ]
21
32
43
34

502

24
503

12
200
199

MAIN CATE = TE1177

FCRMAT('1 CATA CARLC ERRCR?') )

GC 70 198

WRITEt6,5031)

FORMAT('] UNEXPECTEOLY RAN CuT CF CATA CARDSY)

GC TO 199

WRITE{6,20C) ,
FORMAT('1 NORMAL END - TAPE NUMBER 7777 ENCCUNTERED')
CALL FLCT(20.0,0.0,599)

REWIND 8

STCP

END

107
11/752/0]



" TRAN IV G LEVEL 21

B!
;2
33
4
- 175
36

155
=

<8
9
:0
1l
=4
-3
14
15

T
&

7
:8
t9
20
21

22
23
4
5
26
77
28
29

20
3 |
32
=3
14
35
36
17
38
19
-0
41
-2
+3

108

CASP DATE = 751177 11/52/C1

SUBRQUT INE GASP(Y,NPTIS,LOGLIN,TITLE)
CIMENSICN Y(4CSB)},TITLE(LT7)X(4CS8},Cx%x(4)
COMMONZAXICCM/MDEL

IF (LCGLINLEC.Q) RETURN

MDEL=4

MULT=NPTS/1024

DC 4 I=1,NPTS

4 X(Ii=

I

IF (MULT-1) 10,1C,11
Ll XLENTH=NULT*6,00
YLENTH=8.00
GC TC 12
10 XLENT+=8,.0QC
YLENTH=6.00
12 ACV=XLENTH + 6.00
X(NPTS+1)=0.0
X(NPTS+2)=NPTS/XLENTH
DX{(1}=0.0
DXx(2)=NPTS

CALL

TINC=

SCALEICX, XL ENTHy2,41)
DX{4)/X{NPTS+2)

Cx#*% | INEAR PLOT SECTICN
IF {LCGLIN.EC.2) GO TC 50

CALL
CALL
CALL
CALL
CALL
CALL
CALL

SCALE(YyYLENTH,APTS,1)

DAXIS{O-O,0-01XLENTH,OQO'TINCQ-I,
SAXIS(X(NPTS+1)+CX(4)40y1s—1,yL4FCFANNEL NUMBER,-14])
AXIS{0s0,40.046FCCUNTS 6, YLENTH 90,0, Y{KFTS+1),Y{NPTS+211
LINE{XsY,NPTS,+1,C,0)

SYMBCL{O0.Cy=0eT730.14,4TITLE+0.Cy€8)

PLOT{ADV,C.Cy-3)

Cx*x LCC PLCT SECTICN
50 IF{LCGLIN.EC. L} RETURAN
DO 51 I=1,NPTS
51 CCNTINUE

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

EAXIS(G-O'O-O' XLENTH '0.0QTI'\Cj-l,

SAXISUXINPTS+1) +CX(4)4041e—1,14FCHANNEL NULNMBER,~14)
SCALOG(Y,YLENTH,NPTS,1]}
LGAXIS(0.,0,0e0,6FCCUNTSy &3 YLENTHSG0CyYINPTS+1},Y{APTS+2))
LGLINE{X y Y+ NPTS 91 ,0,C,+1)
SYMBCL{744,-CoTeCelbsTITLE,C.C,E8)
CAXIS(Ce049.04XLENTH+0.0,TINC,+1)

PLOT({ADV,C.Cy=3)

RETURN

END



109

. LENGTH [OF 3PRCTANYM = 4045 CHANMELS SPECTRIM D (7CTAL HNTATICN)=1904
CHINT TIME (SEC) IS Srund IN CHANNEL
_CHND Y 2 3 & 5 £ 1 8 9 10
00 2322 15 0 0 ¢ 0 0 ) n n
10 n 0 n 0 0 o} 0 % 0 £
Y B R 0 0 0 I . ¢ 0 0
th) 0 0. N 0 o ) ¢ 0 a )
40 0 0 0 0 n o} G j) b C
L L e a0 00 0 0 ) ) )
60 0 0 0 0 B 0 o 6 0 L
70 0 0 0 Q 0 a 0 n 3| 3
80 0 N 0 0 0 n 6 0 0 0
90 0 0 0 0 0 0 ¢ 0 SO G
100 c 0 0 0 0 0 0 0 b} 3
110 . 0 0 0 -0 0 G 0 G 0 9
120 ) 0 0 0 c 0 0 0 o c
130 0 0 0 0 0 0 0 0 ) 0
149 _ .9 0 . 6____60 _ ¢ 0o 0 _C 0 0
159 y c 0 n n 0 0 0 N0
162 a 0 0 s c ) C 0 o 0
170 00 0o 0 0o 6o o @ 0 G
18¢ n 0 0 0 0 § n c 0N 0
190 0 0 ) 0 0 C Q G ) o
20¢ O 0 N o_ . _ 0 o .0 G ) ¢
219 0 0 0 0 o n 0 I+ S T 9
220 0 o} 0 o 0 0 c ) 0 G
.23 .t ot 0 1 0 0 o 0 n 5
240 22 B4E 26623 87425 54382 STL04 %272 567386 58404 55628
250 55121 54376 582%4 55300 E8A31 S4052 55315 E4347 H5238L  S1042
260 520685 Fun1g a1 g9g 52137 £110685 L2513 S3433 0 52478 B2EFH 57545
270 61873 40532 AI3ED enG3 17318 6147 59245  B4420 S1I29  wwiiu3
280 48447 44514 43487 4%290 52315 52313 83408 51379 £30149 L4214
290 62114 51256 18%4 2336 5564 51011 52312 &0les  4Tlhz 47374
309 47111 45336 50124 4853 444436 A4E4AZ 45522 4541€ AGHES]  ATRAS
319 45009 55%%3: 43601 42363 42959 490435 ATL17? 454735 4G T4 43654
320 47266 50435 50839 60025 2604 25309 4E6TT7 4491l 4AT0e 4 1277
330 471578 53178 61159 43267 42703 G733 40623 41111 42512  +1%921
340 406102 41940 42017 422R6 44231 541177 400483 40747 3Y9RSA  45G27
350 39992 33444 33078 37332 35A17 41493 46537 445144 61 8R40
3890 4033¢& 32724 31281 37415 382953 38134 3C191 40 77¢ 54507 19506
370 36765 35316 A61€5 35746 24590 28107 35131 34575 qa gk 340G
380 34647 33763 34026 36240 3455 27149 34071 2377 34457 Anec
isce 37954 43834% 39553 34248 3E6e61 34042  32G44  FEDJIE 0 Ahr04 REEAT
400 37605 24002 32249 31519  213%6 23409 336574 24145 417293 43A%1
410 32734 20632 3C7Cs 31028 21526 32650 3226S 21967 %1647  i.14%
420 35228 33537 3INGS5 29365 29474 29337 PRI2G JLG47 2261 pIv)A
439 27364 20046 27991 24204 29164 233z 34109 16276 Py hEl4a 24920
440 317100 31%H 0 23411 23599 26074 27435 25366 2uyig 20075 Gl
450 27442 29156 W446 29215 28243 dr4l]l 29565 2T804 T4 22470
460 2E249  FAOTL 25193 25350 255352 26277 2¢T0T 27223 25377 susab
470 74265 25%0%4 25160 25473 26005 23E50 39341 10993 2F0SY 273519
480 28521 30014 23352 2T62C 30133 31T 3NGlY 25124 salsl zn=e§
390 23450 23008 2368 23740 231450 22941 22562 237116 234905 73571
5010 23414 23Ga0 2ALTA 2BRET 0 27938 24001 73F22 24200 26376 3Ny
510 2RSTL 26n6l 20026 262500 22542 2atér  PEZGT 0 24140 puGET 4,244
£20 21634 21777 20545 29957 927100 2216540 27831 25441 PRAGLT Dhn4f

530 259973 29420 2H471 2147537 211660 Z1sah 2IP07 0 210640 20080 e



1000

1029
1C39

1040

1051
1060

1079

1034
1090

_1ino

11ie
11240

_Lt49

101¢

223174
23437
18468
20246
17941

..20%14

18112
16502

. 1le719

1569%2
157418
16350
1510y
15038

13482

15464
12949

14495

12631
11020

_ . 12536

1C73%
10591

9449

15474
12200

11652
1586
14717
15¢2

6706

5942
6546

7643
£558
6118
5651
5622
6188
5782

53564

5099
517¢
5454
4395
4878
4343
4936
4614
4466
4516
425h
4225
4200
33yl

216547
2lagn
Lanad
16172
13254
13R37
15204
16111

1717¢
1A7¢:¢

16785

165870
14538
14&£3¢€
13403
12755
12870
14479
12500
16562

113568

10735
10775
5498
12330
125313
8471
8he 2
285%
1324
763¢€
15713
14721
1495
1503

6777
£E£9¢

H91 7
7501
£30%
5398
56954
565Gy
6072
5934
€143
5324
5224
5411
4929
179
47TH%G
4745
4740
4504
448
4209
41467
4O 7
EE IR N

n2EN
1934
19414
13442
1 346,74
17711
22563
15977
16812
17187
17117
15113
La264
14CRG
13500

188501

126410
135873
11808
11147
10675
114550
10425
10939

10065

L4236

n2e2
H2EL

3252
1124
8204
15751
7123
7L14
7172

68Cs

H4E2
TCER
7053
€117
5753
5406
853
5754
SEEZ
5451
5317
5269
5204
463G
5192
4 €834
460
N
44539
455611
41165
4 PO7
41060
29146

15601
23430
2] 0%
LH23H
L5574

1M1

??iHl
lr ?(

16473
143249
11407
15065
l4629)
14102
1 462%
15275
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Appendix E
252
Typical spectrum collected from the Cf trial.
NOTE: The pronounced peaks on the spectrum are due to National Bureau of
Standards calibration sources which were used to identify the energy cali-
bration and monitor for energy spectral shifts. The low energy gamma-ray peaks

are due to the 235U.
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Appendix F

Raw data for the calculations of reactor trial 3.



Peak Area Determination
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Trial 3
Peak (Pr) Energy (MeV) N(600 cycles) N(e corrected)/sec-cycle
2183.13 (1) 2.90699 369.60+50. 39 843,84+115.05
(2) 218.41+35.50 498.65+81.05
2204.70 (1) 2.93233 678.13%62.44 1569.751144.54
(2) 279.32+38.43 646.57+88.96
2219.02 (1) 2.94914 609.73+93.10 1411.41+215.51
(2) 440.91%66.59 1020.62+154.14
2234,9756 (1) 2.96788 436.27+65.93 1016.95%153.68
(2) 282.16162.11 657.72+144.78
2379.07 (1) 3.13710 105.40+53.02 262.19+131.89
(2) 177.27+40.21 440,97+100.02
2520.83 (1) 3.30358 259.73+58.88 687.12%+155.55
(2) 148.07+38.88 391.72+102.86
2555.62 (1) 3.344 206.53%62.42 555.19+167.80
(2) 177.05+39.37 475.94+451.07
2700.98 (1) 3.51514 187.73+43.02 515.46%£118.12
(2) 145.57+30. 60 399.70184.02
2713.54 (1) 3.52990 142.13+43.02 390.25+118.12
(2) 99.32+26.44 272.71+72.60
3555.06 (1) 4.28328 53.07+£21.38 215.73+86.91
(2) 32.95+8.39 133.94+34.11



Standard Deviation Analysis

Trial 3

Peak Energy (MeV) o2 () o () 196 o(N)

2.907 2534. 40 50.39 98.67

1260. 23 35.50 69.58

2.932 3898. 47 62. 44 122.38

1476. 59 38.43 75.32

2.949 8668. 33 93.10 182.48

4434 . 66 66.59 130.52

2.968 4346.67 65.93 129.22

3857.73 62.11 121.74

3.137 2810. 90 53.12 103.91

1617.27 40.21 78.82

3.304 3466.4 58.88 115.39

1511.87 38.88 76.21

3,515 1850. 93 43.02 84.32

936. 65 30.60 59.98

3,530 1319.73 36.33 71.20

699. 32 26.44 51.83

4.28 456.93 21.38 41.90

70.45 8.39 16.45
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Appendix G

Selected fission-product spectra.

1)
2)
3)
4)

5)

0.5 to 2.5 sec Trial 1.
50 to 52 sec Trial 1.

12 to 14.5 sec Trial 2.
230 to 255 sec Trial 2.

0.5 to 5.5 sec Trial 3.

123

The spectra included are:

The channels included in each plot are listed in the title of each (beiow

the scale).
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Appendix H

Plots of the log of the observed intensity versus time for the major

gamma-ray energies observed.
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Abstract

Time-dependent, fission-product, gamma-ray spectra, useful in the active
nondestructive assay of nuclear materials, were collected following the thermal=-
neutron induced fission of 235U. Fission-product gamma rays were investigated
by cyclic activation analysis using interrogating neutrons from both a small
252Cf source and the thermal column of a TRIGA Mk II reactor. Fission-product
gamma rays with half-lives shorter than one minute were investigated using
several data acquisition trials consisting of up to 600 cycles per trial.
Each data acquisition trial had a different activation and cooling time. In
each cycle spectra were accumulated in as many as six time intervals after
activation. The entire data collection process, including control of the
pneumatic transfer system and reduction of the spectral information, was
controlled by a NOVA minicomputer. The major peaks identified were compared
with previous cyclic measurements and known fission-product gamma-ray energies.
High energy gamma-ray peaks (above 2 MeV) which had not previously been analyzed

by this method are reported. Peaks which appear to be particularly useful for

active nuclear material assay are tabulated.





