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FOREWORD

This report has had classified material removed in order to
mak2 the information available on an unclassified, open
nublication basis, to any interested parties. This effort to
veclassify this report has been accomplished specifically to
support the Department of Defense Niiclear Test Personnel Review
(N'Pr) Program. The objective is to facilitate studies of the
Tov levels of radiation received by some individuals during the
atrospheric nuclear test program by making as much information
as possible available to all interested parties.

The material which has been deleted is all currently
cili¢ssified as Restricted Data or Formerly Restricted Data under
the provision of the Atomic Energy Act of 1554, (as amended) or
is idational Security Informaticn,

This report has been reproduced cdirectly from available
copies of the original material. The locations from which
materiai has been deleted is generally obvious by the spacings
arnd "holes" in the text. Thus the context of the material
deleted is identified to assist the reader in the determination
of whether the deleted information is germane to his study.

t is the belief of the individuals who have participated
in preparing this report by deleting the classified material
and of the Defense Nuclear Agency that the report accurately
portrays the contents of the original and that the deleted
material is of little or nc significance to studies into the
amounts or types of radiation received by any individuals
during the atmospheric nuclear test program,
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ABSTRACT

Project 2.3 was assigned the problem of meas-
uring the neutron flux encountered in the detonation of
the nuclear devices at Operation CASTLE. The tech-
niques used to accomplish this task are the same as
those used at Operations SNAPPER and UPSHOT-
KNOTHOLE. Gold, sulfur, and tantalum were used
to measure the flux in the thermal region and the region
above 3 Mev. The fission detectors were used to
measure the ]l Mevregion of the neutron spectrum and
to give an idea ofthe shape of the spectrum above that
point.

Because of the short half lives of some of the
induced activities it was necessary to provide count-
ing facilities in the field. Two trailers were installed
on Elmer for this purpose. These two units were
equipped to handle the counting of gold[ and
plutonium. The remaining samples were sent to
Naval Research Laboratory for counting.

The plutonium samples were included to provide
data in the region above 200 ev. Oak Ridge National
Laboratory supplied these samples and the personnel
to handle them.

Due tothe unanticipated situation which arose after
the firing of Shotl and the long delays which followed,
the participation of Project 2.3 was considerably modi-
fied. This group exposed samples on only the first
two shots. Because of shifts in shot sites and the
modification of the Shot 5 weapon it was deemed advis-
able to curtail further participation.

The data acquired in the Shots 1 and 2 1nd1cate
that the neutron flux is relatively small outside the
radius @f extreme damage caused by blast and thermal
radiatian.
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FOREWORD

This report is one of the reports presenting the results of the 34
projects participating in the Military Effects Tests Program of
Uperation CASTLE, which included six test detonations. For readers
interested in other pertinent test information, reference is made to
WI-934, Summary of Weapons Effects Tests, Military Effects Program.
This summary report includes the following information of possible
general interest. .

a. An over~all description of each detonation, including yield,
height of burst, ground zero location, time of detonation,
ambient atmospheric conditions at detonation, etc., for the
six shots,

b. Discussion of all project results,

c. A sumary of each project, including objectives and results.

d. A complete listing of all reports covering the Military Effects
Tests Program,
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CHAPTER 1

OBJECTIVES

1.1 OBJECTIVES

It was the purpose of this project to provide data on the neutron
fluxes present in the detonation of the nuclear devices in Operation
CASTLE. This work provides information for the evaluation of the
effects on equipment, materials, and personnel exposed to the radia-
tions of such devices.

In the light of recent findings, that the maximum biological effect
results from neutrons concentrated in the region of 1 Mev, it was
deemed advisable to make a more thorough investigation of this region
of the neutron spectrum. Plutonium was used in the CASTLE series
for this purpose.

In addition to the support rendered the biomedical people, a
second objective of the project was to provide data on how the radia-
tion of 1arger‘ devices compared both as to intensity and spec-
trum, with the smaller, more standard weapons studied in previous
tests.

Another objective of this project was to further the development
of new methods of neutron dosimetry. For this purpose germanium
crystal dosimeters were placed in the field with the cooperation of the
Medical Physics Section of University of California at Los Angeles.
This afforded an opportunity to test new and more sensitive germanium
detectors.

13



PART I

THRESHOLD FISSION DETECTORS

CHAPTER 2

EXPERIMENT DESIGN

2.1 INTRODUCTION

The methods used to make the neutron measurements were simi-
lar to those used in Operations SNAPPER and UPSHOT -KNOTHOLELY/
The general technique is that of neutron activation of various elements,
that is, a sample of a given element is exposed to a neutron flux which
induces an amount of activity proportional to that flux. Under ideal
conditions a single activity is induced in the sample by neutrons of a
discrete energy, thus the activity becomes a measure of the number
neutrons of that energy which passed through the sample. Practically,
it is not quite so simple however, for few, if any, elements respond so
nicely. Most samples used respond to neutrons above a certain energy
or, as in the case of gold, below a certain energy. Gold is used to
detect thermal neutrons since its captur'e cross section rises sharply
below about 1 ev, the resulting activity has a characteristic half life
of 64.4 hours. It can be seen from the foregoing that a number of dif-
ferent elements must be used to cover the anticipated neutron
spectrum since any given sample will yield information about only one
energy in that spectrum. Project 2.3 used a number of different sam-
ples, each of which will be treated separately in succeeding paragraphs.

Since the activity at the instant following exposure to neutrons is
the activity of interest, all counting rates must be extrapolated back to
time Tg,, the time of exposure. Hence the initial count rate becomesthe
measure of the neutron flux and all count rate data taken on the exposed
samples is treated in such a manner as to yield this information.

14



2.1.1 Detectors
2.1.1.1 Gold

Gold is used as a thermal neutron detector. It has a relatively
long history in the field of neutron detection in connection with weapons
effects tests, having been used at RANGERYand GREENHOUSE? as
well as at SNAPPER and UPSHOT-KNOTHOLE. Thermal neutrons
cause an (n,y) reaction which results in Aul98  The Aul98 decays by
the emission of a 0.97 Mev beta ray and an 0.41 gamma ray in cascade
to stable Hg198.

Dual gold samples must be used because of a resonance in the
gold cross section at about 3-5 ev (Fig. 2.1.) One sample is cadmium
shielded, the cadmium absorbing all thermal neutrons and passing
those neutrons above its “cutoff” (1 ev). By taking a difference
between the unshielded and the shielded samples the effect of the gold
resonance is eliminated, this so called “cadmium difference” is then
the measure of the thermal neutron flux.

10
7
5 [
4 /
3 A /I \
. T \ “
cd Av
10!
7 -
s \
4 \
3
- 2 \
-
[ 3
® 0t \s \
a , N /
b7 ~_ T 7
4 )
3 \
\ \
10!
7 \\\
s -
4
3
2
10° !
.ot 0.1 En (ov) o) 10

Fig. 2.1 Gold and Cadmium Cross Sections
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2.1.1.2 Tantalum

Because of the relatively high cross section of gold for the (n,y)
reaction, the gold samples tend to become too active to count for some
time after exposure when irradiated in high thermal fluxes. This
leads to prohibitive counting losses or long time delays. To get around
this difficulty tantalum is used as an auxiliary thermal detector, since
its cross section is only 0.003 that of gold it can be exposed to much
higher fluxes without leading to excessively high counting rates. The
tantalum samples are subject also to an (n,y) reaction under thermal
neutron bombardment, this reaction leads to the 117 day activity of
Tal There is also the possibility of a 16.4 min. activity appearing
from the (n,y) reaction and an 8.0 hr activity from a (y,n) and the
(n,2n) reactions resulting in Tal80, Fortunately a combination of
small cross section and short half life renders the 16.4 min activity
no problem. This group has never detected the presence of any 8.0 hr
activity.

Because of the presence of several resonances in the tantalum
cross section curve it is necessary to make use of the cadmium dif-
ference technique in this instance also.

2.1.1.3 Sulfur

Sulfur has a resonance in the region of 2 Mev, the fact that this
resonance occurs just above the point where the reaction cross section
starts to rise on a barrier penetration curve produces, in effect, a
threshold. The effective threshold for the S32(n,p)P32 reaction is
taken to be 3 Mev and it is assumed that the cross section remains
flat above that point. Sulfur then responds to all neutrons above 3 Mev.

The (n,p) reaction results in P32 which decays by beta emission
with a 14.59 day half life. )

Sulfur samples were exposed in powder form in steel containers.
(Fig. 2.2). When being prepared for counting, the samples of relatively
high counting rate were pressed into 1 in. pellets 1/8 in. thick and
counted on an end window counter. Those samples which had low
activity were melted at 130°C. and poured into a cylindrical mold
(Fig. 2.3). The resulting sample was a 1/8 in. thick sulfur cylinder
inside a brass sleeve. This cylinder was slipped over a thin walled
aluminum counter tube, the counter tube was hooked in anti-coincidence
with a shielding ring of nine similar tubes to lower the background
counting rate. With this system it is possible to detect total fluxes
as low as 10° neuts/cm®”.

16
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2.1.1.4 lodine

Iodine has a threshold for the (n,2n) reaction at 9.3 Mev. Being
monoisotopic iodine makes a convenient detector. The reaction of
interest is 1127 (n,2n) 1126. the half life of the product 1126 513 days.
A complication arises from the fact that 1127 i subject, also, to a
(y.n) reaction. To enable us to differentiate between the results of
these two reactions the iodine is exposed in two thicknesses of lead.
By this means the effect of the (¥ ,n) reaction may be subtracted from
the desired one. (See Section 2.4.2 for further discussion.) The
contribution of neutron reactions within the lead does not seriously
enter this correction since any ¥ induced product in the sample is the
result of two reactions. In the first instance the y ray is the result
of an (n,y) reaction in the lead (or some other reaction) which has a
cross section and then the (y.n) reaction in iodine has a cross section
which makes the resultant activity very low in probability with respect
to the original (y ,n) reaction.

The exposure container for iodine was a steel container sealed
with a copper gasket. The iodine is in pure crystal form when exposed,
for counting purposes it is ground slightly in a mortar to break down
the larger crystals and poured into a plastic cylinder with a thin inner
wall (0.010 in.). (See Fig. 2.4.) This unit is then slipped over the
center tube of a counting assembly similar to that used to count the
low activity sulfur.

Fig. 2.4 lodine Sample Holder and Loading Funnel
18



2.2 FIELD OPERATIONS

2.2.1 Station Design

The field installations used by Project 2.3 were of two distinct
types, each of which will be described independently in the following
paragraphs. The stations were designed with the idea in mind of keep-
ing the samples outside the “fire-ball” of the weapon, and away from
the zone in which great design and construction costs would be required
to provide a protection, for the samples, against loss to blast damage.

The “Bunker” type station was essentially a large concrete block
anchored to the ground and below the surface of the ground, except for
one sloping surface, facing the point of detonation, which protruded
about 18 in. A steel panel about 1 in. thick and covering the entire face
of the exposed concrete, was bolted to this surface. The samples to be
exposed were secured to the steel plate by means of heavy bolts. There
were cavities in the concrete, behind the plate, for mounting the shielded
iodine samples. This type of sample station was designed by the “J"
Division at Los Alamos Scientific Laboratory (LASL), and was used by
Project 2.3 in cooperation with them. The “Bunker" type of station was
used in the 50-100 psi region at ranges of 2000 to 3000 yd from ground
zero.

Recovery from these stations was made either by removing the
Wwhole plate from the concrete block or by unfastening the samples

19



individually from the steel plate, whichever proved simpler at the time
of recovery. A complete drawing of this installation is shown in Fig.
2.5.
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Fig. 2.5 LASL Bunker Station

Fig. 2.6 Sample Mounting Plate

The “Wide Flange” section was the second type of installation to
be used by Project 2.3. It was actually a 12 in. H type piling, driven
approximately 15 ft into coral with roughly 6 ft above the surface of the
water or ground, depending upon the location. A plate 3 ft high by 15 in.
wide was bolted to the upper end of the exposed section (Fig. 2.6). It
was to this steel plate that the samples were bolted. These sample
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stations were designed to provide for installation in either shallow
water or on the islands to compensate for the lack of real estate. The
“Wide Flange” section was designed to withstand overpressures up to
50 psi and was used at ranges of 3000-5000 yd from ground zero. (See
Fig. 2.7.)
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Fig. 2.7 Wide Flange Station

Only one H type piling was used for Shot 1. It was located west of
Able on the reef, 2600 yd from the Shot 1 ground zero. This station
failed to survive and all samples on it were lost. The remaining piling
stations on Fox and George were unused due to the change in shot
schedule.

2.2.2 Participation

Project 2.3 participated in the first two shots. Listed in Table 2.1
are the samples which were exposed, the stations at which they were
placed, the range and samples which were recovered.
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TABLE 2.1 - Project 2.3 Participation

Shot | Station [Range (yd) Samples Results
1 231.02 2592 Au,Ta,S,],Pu, Destroyed
: U,Zr,Ge,Np_ _
1401 2500  |Au,Ta,S§,I) - |Recovered
1403.01 | » 2200 Pu,U Ge,Np | Damaged but
e recovered

1403.02 2100 ~ [Au,Ta,S,I| J,Ge Recovered

1403.03 | (2000 ‘“PA\%U .Ge Np |Recovered
1403.04| 190 \Ge \ |Recovered

1403.05 1800 .Ge ,U,Np Recovered
1403.06 1700 F 1Ge Recovered
2 11401 2500 U,Np Recovered
1402 1307 Ge Recovered
1403.02 2100 Ge,U,Np Recovered
1403.03 2000 Pu,Ge,U,Np,T Recovered
1403.04 1900 Pu,Ge,U,Np,T Lost from
lagoon
1403.05 1800 Pu,Ge,U,Np,T Recovered
later
1403.06 1700 Pu,Ge,U,Np,T Partially
recovered

Recovery was delayed after both shots, beyond the time originally
planned on. On the Shot 1 recovery was not effected until B plus 5 days
and on Shot 2 it was not completed until shot day plus 3. As may be
noted in that part of this report on the plutonium, the late recovery
affected the calibration of the plutonium samples. The recovery
operations were carried out as planned by means of helicopter and
DUKW with no serious difficulties despite the rather high residual
radiation encountered. '

Figure 2.8 shows the station locations used by Project 2.3. The
eight stations located on the northern run of the atoll were not used
due to changes in participation.

2.2.3 Field Counting

For the purposes of counting at the Pacific Proving Grounds two
vans were equipped. One was a standard cargo trailer modified for
this purpose, the other was an ANMDQ/1, mobile radiochemistry
laboratory, which has been slightly modified, loaned to us by the Signal
Corps.
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The Naval Research Laboratory (NRL) van was air-conditioned
and contained facilities for countingf plutonium in addi-
tion to those for test and repair of electronic components. Provision
was made in this trailer for the processing of data and the preparation
of report material. (See Figs. 2.9 and 2.10.)

The equipment in this van included two complete scintillation
spectrometers for: Jcounting and a scintillation unit for
counting the plutonium samples. A counting-rate meter was included
to monitor the background as a protection against contamination of the
unit. A supply of spare parts and tools was provided, so that the van
served a secondary purpose as a stockrocom.

The Signal Corps van was modified to the extent of replacing the
original counting equipment with scalers and counters developed and
tested at NRL. Its main equipment was the flow counters for handling
the exposed gold samples.

Both of these trailers were located throughout the test series on
Elmer. _

The samples counted in the field were gold. _ ]and plu-
tonium. The remaining samples were flown to NRL for processing.
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Fig. 2.10 Interior View of NRL Trailer

2.3 INSTRUMENTATION

The counting equipment used in this project will be treated in this
section. Because of the diversity of the counting units, each will be
discussed in a separate paragraph. It is felt that such a lengthy treat-
ment is warranted on the basis that the technique will be of interest to
the person reading this report and the fact that the accuracy of the
reported measurements is entirely dependent on the reliability of the
counting equipment described.

2.3.1 Sulfur Counters

The counting apparatus for those samples of relatively high count-
ing rate, consists of an end window geiger tube, power supply and
scaler. The geiger tube is mounted in a multiple sample holder so that
12 samples may be processed during one counting period. The scaler
controls the count, recording, reset and sample changing automatically.
An automatic print-register is included in the set-up to record the
date, time, elapsed time of the count and the number of particles
detected. Built into the print-register is a continuously running master
clock and integral timer. In operation the scaler is usually set for pre-
set count use, so that when the count is accumulated the stop pulse of
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the scaler initiates the print cycle of the register which in turn pro-
vides a reset signal for the scaler and starts the drive motor on the
sample rotator. When the sample table has turned one unit, a micro-
switch stops it and releases the relays holding the scaler and register
in the reset state and the unit is ready for the second counting interval.
The convenience of this system is evident from the foregoing for
it enables one to accumulate data continuously without the necessity
of having an operator present at all times.
A more complete picture of this apparatus may be obtained by
consulting Fig. 2.11.

Fig. 2.11 Sulfur Counter

2.3.2 Anticoincidence Counters

These counters were originally designed to count sulfur samples
of very low activity, in the region of a few counts per minute. With
the ordinary geiger counter tube, surrounded by a nominal amount of
lead or iron shielding, the background counting rate is still about 20
to 40 counts per minute. Because the neutron flux at ranges greater
than 1000 yd from the normal weapon is relatively small above the
threshold for sulfur, it became desirable to count activities lower than
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the usual background. The method adopted to achieve this is to pro-
vide a shield of counter tubes around the principal counter. The shield-
ing tubes are electrically coupled to the center tube in such a way that
when both the shielding tubes and the center tube respond to an ionizing
event at the same time, no count is recorded in the scaler. This is the
so-called anticoincidence technique. The circuit is designed so that
when the center tube alone responds to an event the resulting pulse is
recorded by the scaler and is actually the result of activity of the
sample being measured. It should be noted here that the samples
counted on these systems are the tubular ones mentioned in the section
describing the sulfur samples and their processing. Using this method
it was possible to reduce the background to less than 4 C.P.M. The
increase in overall sensitivity was calculated to be a factor of 111, by
the following means:

Cal. No. (end window tube) « Background (end window)

Sensitivity ratio =
Cal. No. (anti. coin.) Background (anti. coin.)

_7.18x107 28 20104 _,,
4£15x 106 7 " 18.04

The counter tubes used in this apparatus are thin walled aluminum
tubes. This type is necessary since the only radiation from the sulfur
is beta radiation. The shielding tubes are arranged in a ring about 6
in. in diameter, there are a total of nine tubes in the ring. The count-
ing tube is mounted in the center of the ring with its axis parallel to
the axis of the ring. The entire assembly is in a lead jug the end of
which opens to permit the samples to be inserted and removed with
facility. Figures 2.12 and 2.13 give an overall view of this counting
arrangement.

2.3.3 Continuous Gas Flow Proportional Counters

The counters used to process the gold samples are of the con-
tinuous gas flow type operated in the proportional region. These
counters have an unlimited operating lifetime and excellent plateaus
making them ideal for extended counting periods. Their one disadvant-
age is that they require the use of much higher voltages than the con-
ventional geiger tube, operating in the region of 4000 volts as compared
to under 1000 volts for the geiger tube. Because these counters are
operated in the proportional region they require the use of a preamp
and an amplifier; in the NRL systems a linear amplifier is built into
the scaler making a very compact unit. The counter itself is one
designed and built by Radiation Counter Laboratories MK-12 mod. 2,
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Fig. 2.12 Anticoincidence Counter

Fig. 2.13 Anticoincidence Counter
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it contains three counting wells so that while one sample is counting
another is in a chamber where it is flushed with gas, this is a time
saving feature since a short wait is usually required after introducing
a new sample to the counting volume to allow the gas to flush out any
air in the counter. The third well is open to the operator for loading
or unloading samples. The counting volume is approximately 1 inch in
diameter and 1 1/2 inches long. The electrode is 1 mil wire bent ina
loop 1/2 inch in diameter. These counters were chosen because they
have a good plateau with pure methane gas rather than a helium,
butane mixture and the pulse size is great enough in the proportional
region to use a relatively low gain amplifier. It is quite possible that
other units operating at lower voltage on a gas mixture would function
as well, this group has not covered all the available types. (See Fig.
2.14.)

The operating plateau of this type counter is about 500 volts long
and has a slope of approximately 3 percent per hundred volts. With the
counter mounted in the lead shield as shown in Fig. 2.14 the background
is reduced to 11 counts per minute. The scalers used with this counter
have one microsecond input strips and one microsecond first scaling
strips. There are no appreciable counting losses up to 1.6 x 10
counts per second.

Fig. 2.14 Flow Counter
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2.3.4 Scintillation Spectrometer

td —

In order to facilitate the counting of the\ _.samples a
gamma coincidence spectrometer was constructed. This unit consists
of two 6292 photomultipliers and Nal(Tl) crystals mounted facing each
other across a 1/4 in. gap, the output from each phototube is fed
through its own preamp to a single channel analyzer (one for each
tube). The outputs from the analyzers are fed to a coincidence circuit.
The two channels are set so that they cover the region from 400 to 600
kev, bracketing the 511 kev line from the positron annihilation. At this
setting the output from the coincidence circuit, as recorded on the
scaler, is taken to be the count of the positron activity{

and is calibrated to give the neutron flux. -

The two single channel analyzers and the coincidence circuit are
constructed on one chassis making a very compact assembly. This
design was originated by C. W. Johnston at LASL. The analyzers
differ from the conventional types in that the pulse height selector and
the “window” width are not independent; in this setup the pulse height
is set and the “window" is set by raising the pulse height limit the
desired number of volts above the pulse height threshold, i.e,, if the
threshold is set at 75 volts and the pulse limit is set at 80 volts then
effectively the “window” width is 5 volts. Each analyzer has its own
linear amplifier and a delay line is also provided so that it may be
switched into one channel to check on the accidental rates. The singles
rate from either channel may be checked by the same switch. The
resolving time of the coincidence unit is 1 microsecond.

The sample to be counted is placed between the two crystals in a
rigid mount to preserve the geometry of the system. A sodium-22
source is used as a standard source. Two of these units may be seen
installed in the NRL trailer in Figs. 2.9 and 2.10.

2.4 EXPERIMENTAL PROCEDURE

2.4.1 Sample Calculation

Following is a sample of the type of calculation used to determine
the neutron flux from the sample data.
The first step is the calculation of the initial counting rate of the
sample. (I.C.R.)
At-t))
I.C.R. = C.Rg.©

where C.R.; is the counting rate at some time t, and A is the disinte-

gration constant for the particular half-life under consideration. The
C.R.; is the average counts per minute of several counts taken, on both

E o



top and bottom of the disc samples, this is done to average out direc-
tion effects and the chance misloading of these samples. The time t,
is the time of the weapon detonation.

Then:

1vt = (I.C.R.ypshielded - 1025 x L.C.R.ghielded)

x (calibration no.)

This example shows the use of the cadmium difference technique
used in the calculation of the thermal flux from gold or tantalum data.
The factor 1.025 is the correction for epithermal neutrons absorbed
in the cadmium.shield. (That is 2 1/2% of the epithermals are
absorbed in the 0.045 in. of cadmium surrounding the shielded sam-
ples.) For samples used to measure the higher energy neutrons the
above equations reduce simply to the I.C.R. times a calibration number.

Several of the calibration numbers are listed below:

Gold - - - - - 8.16 x 102 neuts /cm? per count/min. (cd diff.)
Tantalum - - 2.31 x 108 neu.ts./cm2 per count/min. (cd diff.)
Sulfur - - - - 7.18 x 107 neuts/cm® per count/min.

2.4.2 Calcilation of Effect of Gamma Flux on
Count Rate
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Solving for a and b in these three equations one obtains:

2
C1C3 - CZ
a =
C1a2—2C2a+C3
) ZClCZa - clzaz - czz

Zczd - cldz - C3

The value “a"” then becomes the corrected initial counting rate, and
this number times the calibration number then gives the
integrated neutron flux.

TABLE 2.2 - Shot 1 Data

I.C.R.
Sample |Range (yd) [(Corrected) Nvt Nvt x R
Ta 2100 | 3.24x10° |7.48x 103 |1.57x 107
2500 | 1.10 x 105 |2.54x 1013|6.35 x 101
Au 2100 1.18 x 108 |9.57 x 1013 2,01 x 1017
2500 | 3.16 x 107 |2.57x 1013]6.42x 1016

2.5 RESULTS

Table 2.2 lists the initial counting rates and calculated fluxes for
the various samples exposed on Shot 1. The I.C.R.'s for gold and
tantalum are actually the cadmiumn differences for those samples,

Figures 2.15 through 2.18 show the data from the various samples.
These graphs are plots of the neutron flux (nvt) x R or R? versus the
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range (R), depending upon the region of the energy spectrum covered
by the detector. This type of plot is made to provide a straight line
presentatxon which enables one to determine convenient parameters
for describing the flux. The parameters generally used are the 1/e
distance (so called e-fold) and the range = 0 intercept. These may be"
determined directly from the graphs.
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Fig. 2.15 Gald Data, Shot 1
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The data acquired in this test series exhibit abnormally large
e-fold distances in all but the case of) In previous tests,
namely UPSHOT-KNOTHOLE and TUMBLER-SNAPPER, the data
yit¢lded e-fold distances of from 190-240 yd, where as the figures for
the CASTLE data are in the region of 390 yd. A shorter e-fold
distance was expected because of the fact that this series of tests were
run at sea-level while those at the Nevada Proving Grounds were all
at altitudes greater than 4000 ft. As may be seen from the graphs the
curves are all based on two data points, except for th _—‘]this
might account for the long e-fold distances (the scatter in two points
being quite capable of producing this effect), if it were not for the other
data acquired from different detectors. The uranium data given in
Chapter 3 and the germanium data in Chapter 5, to a certain extent,
also give evidence of the longer e-fold distances, thus tending to indi-
cate that the fault does not lie in fact that there are only a small num-
ber of points on the flux curves. It is felt that the answer is con-
tained in the experimental setup, either through some scattering
phenomenon or in some diffusion or attenuation effect associated
with the ball of fire generated by the device.
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CHAPTER 3

MEASUREMENTS WITH FAST NEUTRON FISSION DETECTORS

3.1 PURPOSE AND GENERAL METHOD

The fission threshold detectors used in these tests consisted of
electrodeposits of the oxides of U238, Np237, and Th?32 faced against
NTC nuclear plates. The nuclear plates were 25 microns thick and
recorded the full residual range of any fission fragments that were
produced in the deposits and entered into the emulsion. By micro-
scopically counting fission track densities in the emulsion, applying
absorption corrections, and using values for fast-fission cross-section
listed in the literature, the number of neutrons above threshold energy
that penetraled the area of the deposit couldbe deduced for each detector.

The primary purpose of this method was to obtain some knowledge
of flux densities of neutrons in the energy-intervals (0.5-14 Mev) and
(1.5 - 14 Mev) at various distances from several of the weapons used in
- the present tests.

3.2 DESCRIPTION OF DETECTORS

Crage 10 W Deleked .
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Weighings were done with a Type FDI1 analytical balance, Wm.
Ainsworth & Sons, Inc. Denver, Colorado, using the method of swings.
Individual weighings were found to be repeatable to within + 7 micro-

grams with reasonable caution. Sample weights are given in Table 3.2,
together with activities.

3.2.2 NTC Nuclear Plates

The nuclear plates used in these tests were frgm the same batch
as those used by L. Fagg in UPSHOT -KNOTHOLE.® Sections were
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Fig. 3.1 Fission Detector Assembly

cut from 1 in. x 3 in. glass plates covered with Eastman-Kodak 25-
microns thick NTC emulsion, and were fitted into cadmium or brass
containers, as shown in Fig. 3.1. :

The plates used were several years old and had been de-sensitized
somewhat by remaining under refrigeration. Tracks of alpha particles
were not recorded. L. Fagg made extensive tests to ascertain that
alpha particles would not record on these emulsions at least within the
range of developing techniques that might be used. A further check
was made on these emulsions as part of the calibration experiment
(next section).

A disc containing 100 pg per 0.44 cm? of natural uranium was
placed against an NTC plate in the calibration experiment and remained
in contact for 17 days. Since the activity of the discs was 80 counts/
min, 340 alpha particles had impinged on the nuclear plate per 107-
micron diameter field of view. None of these alpha particle tracks
were observed during scanning for fission fragments; the fission
fragment track density on this same plate was about 1 track per field
of view.

All plates exposed to the alpha emitting discs were found to have a
high density of developed grains within the first 2 microns of surface.
This density seemed to be proportional to the amount of alpha-radiation
exposure. Due to delays in recovery, this surface density was so great
that it had to be removed from some of the field exposed plates before
sufficient illumination and discrimination could be had (see Sec. 3.4.2.).

Samples of NTC plates were exposed to gamma intensities up to
2000 r from a cobalt-60 source. No evidence of appreciable increase in
background grain density due to these exposures was discernible. From
this, it was concluded that gamma intensities inside the detector
stations would not affect experimental results.



The plates were developed by the following procedure:

Development - 10 minutes in Kodak D-19

Wash - 2 minutes in distilled water

Fix - 30 minutes in 30 per cent Na, S, O3
The above times were found not to be critical. The plates used in the
field experiments were coated with a protective film of motion picture
lacquer after drying. During development, some of the emulsions were
loosened from the glass backing and had to be spread carefully on the
glass again during drying. The area of the image was sometimes
stretched and had to be remeasured for use in data analysis.

Plates were scanned with a Leitz ortholux microscope, using 12x
periplan eyepieces and a 100x apochromatic oil-immersion objective.
A 6 x 6 square graticule was fitted into the léft eyepiece to allow ease
of counting high track densities. Calibration with a stage micrometer
showed that the diameter of the field of view was 106.8 microns and the
area of a field of view was 8.96 x 10™2 cm?.

3.2.3 Detector Assembly and Calibration

The detector assembly consisted of the 10 mil thick, 1.3 cm
diameter platinum disc, containing a 17 mm diameter (0.442 cmz)
fissionable deposit; a 4 mil thick polyethylene separator, 3.4 cm in
diameter with a 9.5 mm D hole through the center; an NTC coated
nuclear plate, about 2 cm x 2 cm; a 1/32 in. thick cadmium (or brass)
container for the fission disc and nuclear plate, consisting of a ring
3.5 ¢cm in diameter and 0.3 cm wide with front and back discs to fit
inside the ring and enclose firmly the fission disc against the plate; an
outer brass container to contain two cadmium containers and give fur-
ther protection against heat or shock. The inner cadmium containers
were held together with black photographic tape; the outer containers
were held together with three screws and were made light tight with
photographic tape. The fission discs were held in position by Scotch-
taping them to the polyethylene separators which fitted tightly into the
cadmium containers. A few neptunium detectors were exposed in
inner brass containers to ascertain whether thermal neutron flux
levels were really unimportant to the experimental design. A dis-
assembled view of a detector is shown in Fig. 3.1.



This calib.ation will be used in the data analysis, Sec. 3.5.2, to deter-
mine the effective thickness, b, of undeveloped surface deposit in which
no track grains can be discerned, and it will be important in calculat-
ing fractional self-absorption of fission fragments in the deposits.

3.3 LOCATION OF FIELD INSTALLATIONS

The detectors were placed in the bunker stationsl® on island
Able, or in the wide flange stations (see Fig. 2.7) as listed in the
Table 2.1. A view of the geometry of the detector in the bunker sta-
tion is shown in Fig. 3.2.
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Fig. 3.2 Schematic of Detector in Bunker Station

3.4 RECOVERY AND PROCESSING OF DATA

3.4.1 Recovery

Recoveries were made after residual radiation had reached a level
that precluded exposure of any individual to more than 3.8 r during the
entire operation. Therefore, samples from Shot 1 were not recovered
and processed until 2 weeks after the shot, giving a total exposure of
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the plates to alpha radiation of 42 days.

Plates from Shot 2 were

exposed to alphas for 50 days. The recovered samples and their loca-
tions are given in Table 3.3.

TABLE 3.3 - Presentation of Data

No. Fission
Tracks [Number of|Fraction of Total

Station and |Range| Counted |Detectable| Fissions Fissions

Detector (Yd) | >4 grains Tracks | Detectable in Deposit
Shot 1
14.03.03,U12|2000 [1117+34 5.37x10° 0.098+0.018/5.47+0.99 x 104
14.03.03,N18|2000 71+ 8.4 1.48x10° 0.318+0.041(4.65+0.84x10°
Shot 2
14.03.06,U7 |1650 126 +11.2 8.72x 103 0.075+0.014 1.1610.25x105
14.03,06,N2 |1650 115410.7 {9.22x 105 0.310+0.041{2.97+0.48x 106
14.03.06,N17({1650 106£10.3 {6.30x 107 0.171+0.040|3.68+0.92x 10
14.03.03,U14(1950 76+ 8.7 870 0.1074+0.019(8.14+1.71x 103
14.03.03,T4 [1950 4 110 _ |0.102+0.019 ~103
14.03.03,N26 1950 117+11 3.80x 105 0.195+£0.039(1.954+0.43x 103
14.03.02,N29 2050 287 +17 1.10x 102 0.166 +0.039 6.62;{:1.65x105
14.01 ,U16 2450 96+ 9.8 2.72x10° [0.150 +0.027)1.81+£0.38x 10
3.4.2 Processing

After recovery, the detectors were disassembled and the plates
were developed according to the procedure of Sec. 3.2.2. It was found
that in some cases, particularly the highly active neptunium detectors,
the surface grain density was so great that not enough light could pene-
trate the plate to allow the focusing of the emulsion underneath. In all

cases the darkness of the ermnulsion surface that had been opposite the
deposit was about proportional to the alpha dose received. Also, this
surface density was limited to a 2-micron layer after development.
Areas of the emulsion surrounding the deposit were transparent indi-
cating that gamma radiation did not cause the darkening. Emulsions
that were exposed to highly active alpha emitters or extreme gamma
intensities did require extra caution to discriminate against random
grain alignment.
In all deposits, the surface layer of grains due to alpha bombard-
ment was removed before track-counting by lightly-rubbing with a

chamois soaked in xylene.

Care was taken to remove no more of the

surface than required to allow discrimination of fission tracks. After
the plates were rubbed, they were allowed to dry for a few minutes
before scanning.
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3.4 3 Methods of Scanning

All data were obtained on the Leitz Ortholux microscope with 12x
Periplan eyepieces and a x100 Apo Oel objective. Shillaber’s immer-
sion oil, Grade A, was used as a medium between emulsion and lens.
The field of view with the above lenses was measured with a stage
micrometer to be 106.8 microns in diameter and 8.96 x 10-° cm?.

Plates with many tracks per field of view were scanned by select-
ing enough fields scattered around the area of the image to give good
statistics and a representative coverage of the image. Tracks were
counted only if they were 5 grains or more in length and if they seemed
to originate at the surface of the emulsion. Of course, the part of the
track which lay within the heavy surface layer of grains could not be
discriminated, and therefore this surface layer had to be considered in
calculating effective absorption of the fragments (see Sec. 3.5.2). When
5 random grains aligned and were not definitely recognized as a track,
closer scrutiny was required. In these cases, the characteristic
close-spacing of grains at the end of a fission track, and the larger
size of track grains compared to colloidal silver grains, had to be
taken into account in deciding whether the track was produced by a
fission fragment. In plates with higher density of background grains,
this discrimination was more difficult and led to larger uncertainties
in track count.

3.4.4 Presentation of Data

The data obtained in terms of total tracks counted, and the calcu-
lated value of total tracks produced are presented in Table 3.3.

3.5 TRANSLATION OF DATA TO RESULTS

3.5.1 General Considerations

As mentioned in Sec. 3.2.1, deposits were selected of thicknesses
that allowed considerable fractional absorption of fission fragments
produced. Moreover, the presence of a 2-micron surface layer of the
emulsion in which tracks were not identifiable further reduced the
fraction of fission fragments produced that was seen in the emulsion.
Therefore, in data analysis it was first necessary to translate the
fraction of fission fragments counted to total number of fissions pro-
duced in the fissionable deposit. Next, the proper fission cross-
sections were selected to convert fissions produced to total neutron
flux within the detector station. Then, the proper scattering cross
section had to be determined for converting neutrons read by each
threshold detector into incident fluxes outside the station. And finally,
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the fractional solid angle of incidence was estimated from multiple
neutron scattering phenomena to estimate total neutron fluxes and
doses at a point outside of each detector station.

3.5.2 Fractional Absorption of Fission Fragments by Deposit

An analysisl—s/ of the problem of fission fragment absorption in

a deposit leads to the following equations for the fractional number of
fissions that produce recognizable tracks:

Case |
- _ 1 aT 1 1
F—N—f—[——2-<b+—2—>((-;—l+6;>JvTérehv (34)
Case ]
_ 1J 1 arek) 1 1
SITNIBTOE IO
2\
1/, _ b\ (¢ a (T2 reh)
* 3 c—)( “ren)- g \z " =)
1 1
rop< TS el (3.5)
Case IJI

F = (same as above, with T replaced by r_; in the second

C

T>r,, (3.6)

where the symbols represent:

a - ratio of linear stopping powers, deposit to emulsion,

b - thickness of insensitive layer of emulsion,

C - ary - Rf, where r is the linear range of a fragment
in the deposit and R} is the minimum detectable range
in undeveloped emulsion.

C,,Cy - values of C for the light and heavy fragments,
respectively,

F - fractional number of fissions in deposit that produce
recognizable tracks in the emulsion,

N - number of fissions produced per unit thickness of
deposit,

Q - number of tracks produced in the emulsion by fissions
within the layer, O-T,
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re; - “effective™ range of light fragment in deposit, equal
; v
torgy - Ry - b,
a a
ron - “‘effective” range of heavy fragment in deposit, equal
tor,, - R;. - b,

a a
Tol'Ton - total ranges in deposit of light and heavy fragments,
respectively,

T - Thickness of deposit.
Assuming a density of 7.3 gm/cm3 for U30g and extraneous
deposit, the following values of parameters were obtained:
a=9.7;C =arg - R;__ =9.7(1.48) - 4 = 11.3 microns;

. 1 1
C, =ar_, - R_=9.7(1.15)-4 = 7.1 mlcronS'(—+ —>= 0.2295
h oh ’
microns - ; Ci Cu
F = 0.213 for detector UC calibration (see Sec. 3.2.3); a value of
2,03 x100 .
T = =0. ;
0442 x 7.3 x 106 ™ 0.62 microns for detector UC; and a

value

b = 3.46 microns from successive approximations using F = 0.213;

T = 0.62 microns, Equations 3.4 and 3.5, and the definitions of Tel

and rep,.

Considerations in the selection of some of the above parameters
were as follows:

Each fission was assumed to produce symmetricallylit_zo/ frag-
ments of mass 143 and 96, and of energy 65 Mev and 97 Mev, respec-
tively. The ranges in emulsion of these heavy and light fragments
from uranium are taken from Demers.2Y The emulsion ranges for
heavy and light fragments are, respectively:

Ry, = 11.14 microns,
R, = 14.32 microns. ,
The value of R), agrees with that calculated from the equationzz'23

7A
R=R, —b » (3.7)

a 2
(z‘eff)
where
R, - range of alpha particle of the same initial velocity,
A) - mass of fragment, 143
Z ¢s - effective charge on frajment,
22 in electronic units R

For an energy of 65 Mev, the fragment has an initial velocity v = Ve

9.3 x 108 cm/sec. An alpha particle with this velocity has a kinetic
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energy of 1.81 Mev, and a rangeéé/ of 6 microns in emulsion. Substi-
tuting these values in Equation 1.4 gives R = 12.6 microns, which is
close to that obtained by Demers.

According to Segre and Weigand2V 2.7 mg/cm? of U30q4 is
equivalent in absorbing power to 1 mg/cm? of Al. and 1 micron of
emulsion is equivalent to 0.028 mg/cm? of Al1.2V From these values
the range table, Table 3.4, is constructed.

TABLE 3.4 - Ranges of Fission Fragments

Range Light Fragments | Heavy Fragments
Emulsion (microns) 14.32 11.14
Emulsion (mg/cng 0.558 0.434
Aluminum (mg/cm¥) 0.401 0.312
U30g (mg/cm?2) 1.083 0.842
U30g (microns, p = 7.31) 1.48 1.15

The ratio of the total linear stopping powers of fission fragments
in deposit and emulsion was taken as the inverse ratio of ranges listed
in Table 3.4:

. stopping power of U3Og _11.14

=9.7
stopping power of emulsion  1.15 ?

a =354
Se

The range in undeveloped emulsion, R;, corresponding to a mini-
mum grain length of 5 grains was measured under the microscope to
be 4 £ 1 microns.

The value of b was determined from Equations 3.4 and 3.5 by suc-
cessive approximations of b and r.} using the 14-Mev calibration of
detector UC in terms of detectable tracks/neutron (Sec. 3.2.3); the
measured value,g—& 1.2 barns, for the fast neutron fission cross sec-
tion for U23 for 14-Mev neutrons; the radiometrically determined
weight of uranium on disc UC of 100 pig; and the average ratio of total
deposit weight to uranium weight from the 12 weighed uranium discs,
2.03 £ 0.31.

From the calibration, the fraction, F, of fissions causing detectable
tracks in detector UC may be calculated:

The absorption coefficient is

23
1.2 x 10724 c;m2/atom x §—(—)—27’;—8—1—0—- = atoms/gm

u

3.05 x 10°3 cmz/gm.
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The fraction of neutrons above the uranium threshold that are
incident and produce fissions is:

100 pg x 106

=69 x 107
0.442 cm?

uT =3.05x 1073 x

Thus,

F - detectable tracks/cm®

neutron flux x 6.9 x 10'7
1.12 x 104
7.62x%x 1010 x 6.9 x 1077

(from Sec. 1.2.3)

0.213

Using this value of F, a UC deposit thickness of 2.03 x 100

0.442

460 }1g/cm2 = 0.62 microns (U3Og density is 7.3), the fission fragment
ranges listed in Table 3.4, and a required residual range, R;_, of 4
microns in undeveloped emulsion, the value b = 3.46 microns was cal-
culated by Equations 3.4 and 3.5 as described above. In developed
emulsion this thickness would shrink toLQ x 3.5 = 1,4 microns, which
agrees reasonably with the rough focusing-vernier measurement of
the thickness of the dense surface layer of grains. This value of b was
used together with Equations 3.4, 3.5, and 3.6 in calculating the frac-
tional number of fission fragments counted from each of the experi-
mental detectors. This calculation should be the most accurate for the
uranium detector since each of these detectors was weighed separately
and the above parameters apply to U30g films. However, the densities
and stopping powers of the neptunium and thorium deposits should be
close to those of uranium. Therefore, the ranges and parameters

for uranium deposits were assumed applicable to the neptunium and
thorium deposits. The calculated values of fractional fission fragment
detection are listed in Table 3.3.

3.5.3 Effective Detector Thresholds

Effective detector thresholds and cross sections were estimated
averages from the data of reference 28. The values selected are given
in Table 3.5. In absence of pretest knowledge of the shapes of the
neutron spectra, the neutrons detected by fast-fission were assumed
to be mostly in the region above the initial threshold and before the
second, or roughly between 1 and 6 Mev. The effective threshold
energies represent the energy at which the fast-fission cross section
reaches 1/2 the plateau value. For fission spectrum neutrons, a mean fast
neutron fission cross section of 0.306 barns has been calculated.—z—/
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TABLE 3.5 - Fast Fission Detector Thresholds

Effective
Threshold Region | Plateau Threshold |[Average o¢
Element (Mev) (Mev) (Mev) (barns)

Uranium-238 1.4 -2.0 2.0 - 6.0 1.45 0.55
7.0 —14.0 | Unimportant 1.1

Neptunium-237 0.5 ~-1.5 1.5 - 6.0 0.64 1.5
7 - 2.6

Thorium-232 1.4 - 2.2 2 -6 1.5 0.15
data not available above 6 Mev

3.5.4 Calculation of Flux Inside Bunker Station

The neutron fluxes as measured inside the detector stations were
calculated by the relation

DA

N

where symbols are:

Og
D -
w
A -

t

- fast neutron fission cross section, cm®,
total number of fissions in deposit,
weight of fissionable element in deposit, grams,

gm-atomic weight of fissionable element, grams.

- 2
= o W 6.02 x 1023 neutrons/cm

2

(3.8)

As an example, consider detector Ul2. The nuclear plate was

scanned by strips 104 microns wide at intervals of 500 microns.

The

number of tracks counted was 1117 t 34, giving a total number of

observable tracks of (500/104) x 1117 = 5370 * 138, due to fissions in
the adjacent deposit. Since deposit Ul2 contained 183 ug of UZ:‘}8 and
a total deposit of 365.7 £ 7.0 ig, an absorption correction, as calculated
by the method given in Sec. 3.5.2, of [0.0982] -1 gives a total number of

fissions 5.47 x 10%,

Taking the effective cross section from Table 3.5

to be 0.55 x 10-24 cm?, the neutron flux inside the 4-cm lead-shielded
hole of station 14.03.03 was, according to Equation 3.8,

5.47 x 10% x 238

N =

0.55 x 10-24 x 184 x 10-% x 6.02 x 1023

H
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3.5.5 Attenuation Introduced by Station

In Fig. 3.2 is given a schematic view of the location of a detector
within a bunker station. The detector is essentially shielded on all
sides by adequate thicknesses of concrete, and is shielded in front by,
in most cases, the 4-cm thick lead plug and the 1/2 in. steel plate. It
is assumed for the problem of calculating station attenuation, and it is
justified in Appendix A, that the neutron flux incident on the detector
station is practically isotropic both in numbers and energy. This
results because the stations are many mean free paths for collision
of neutrons in air. Assuming an average total cross section for N,
and O of 1.75 barns, the mean free path is about 120 yd.

Since the mean free path is long compared to the dimensions of
the station, there will be no intense multiple scattering in the air close
to the station. Therefore, considering the flux to be isotropic, neutrons
arrive at the detector station in the following ways (see Fig. 3.2);

A. From beams within some effective half angle @,.

B. From beams incident to the lead plug at angles where
9e< 0 < 90° to the axis of the detector well, These beams are neces-
sarily narrower than those of A, and moreover, will scatter a
relatively small fraction of neutrons in the lead plug toward the detec-
tor at such large scattering angles.

C. From beams incident at angles greater than 90° to the axis of
the well. These beams will be considered totally absorbed by the
surrounding concrete.

Only the beams A will contribute significantly to the fast neutron
flux inside the station. The processes by which neutrons from beams
A enter the station and arrive at the detector are as follows:

(1) Neutrons penetrate to the detector without interaction.

(2) They are scattered coherently in the lead mostly within
angle30/ 0, =_% where A is the neutron wave length divided by 2, and

R is the radius of the lead nucleus, 8.7 x 1013 ¢cm. For 3 Mev neu-
trons, 90 = 109°. Since the detectors were so close to the lead plugs,
it is assumed that elastic scattering away from the detector is com-
pensated for by elastic scattering toward the detector from parts of the
beam not originally traveling toward the detector. (Also see reference
33 for the results of beams incident to detectors enclosed in lead
spheres.)

(3) Neutrons incident within half-angle 6, are scattered inco-
herently in the lead plug. A large fraction of these are reduced to
energies below the threshold of the detector and are scattered almost
isotropically in the laboratory system. However, from the data of
Phillips et. al., a considerable fraction of 14 Mev neutrons scattered
inelastically in lead spheres was detected by a threshold detector
responding to neutrons greater than 2 Mev. This suggests the
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TABLE 3.6 - Inelastic Scattering Cross Sections in Lead

ain(En'Et)
Detector Incident '|Total Inelastic |Inelastic Cross
Threshold |[Neutron Energy |Cross Section Section <E;
(Mev) (Mev) (barns) (barns) Reference
0.5 1.5 2.81 0 32
0.75 3.0 2.76 0.7 32
0.9 1.5 2.81 0.4 32
1.0(u?38) 2.5 - 0.55 32
1 (u238) Rn-Be - 1.34 41
1.50 3 2.76 1.2
2 14 2.77 0.91+0.06 42 & 32
3.7 2.57 ¢+ 1.0 43

consideration of an “effective” inelastic cross section 0; (E_,E.),
which includes only scatterings that produce neutrons below threshold
level. It is assumed, as in elastic scattering, that the geometry of the
detector station makes scattering toward and away from the detector
mutually compensatory. The ;,(E_, E;{)'s used in absorption calcu-
lations were selected from data listed in Table 3.6, for 2-3 Mev inci-
dent neutrons, and the selected ¢g’s are presented below:

Threshold | 0;,(E,, E})

Element (Mev) (barns)
Uranium-238 1.45 0.9 £0.2
Neptunium-237 0.64 0.7 £0.2
Thorium-232 1.5 0.9 +0.2

Using the selected values of ¢;,(E,, E{) the mean absorption of
neutrons incident to the lead plug within half-angle Oe was calculated
as shown in Appendix B. The multiplying factors to convert measured
detector fluxes to fluxes incident to the station within a cone of half-
angle Oe are presented for each detector in Table 3.7.

3.5.6 Fluxes Outside Station

To estimate the total neutron flux above ground near each detector
station, it was again assumed that the flux was isotropic after 15-20
mean free paths. Although the coral ground occupied nearly half the
solid angle subtended at the detector station, it will be assumed that
scattering of neutrons from the ground makes the effective fraction of
neutrons incident from directions outside the cone of half-angle 6, the
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TABLE 3.7 - Conversion Factors for Station Attenuation

Detector

Mean

Atten. Corr.

LARGE WELL
8 cm pb plug

SMALL WELL
4 cm pb plug

U & Th
Np

U & Th
Np

+ I+
=]
wn
w

+ 1+

Solid Angle* Total

Geom. Corr. |Multiplying Factor
53+1.3 7.4 3.5
53+1.3 6.9 £3.3
49+1.2 59 1.8
49 +1.2 56 1.7

*Error represents maximum fixed error estimated as one-half of the
lower 27 solid angle.

same as it would be if the station were located in an infinite medium

of air.

Obviously this assumption would be more valid if the weapon

were detonated at greater height and if the ratios and angular distri-
butions of scattering and absorption were the same in the coral as in
air. Factors to convert fluxes within an effective cone of half-angle
0 o to total fluxes also are presented in Table 3.7, together with the
overall conversion factors for converting fluxes inside stations to

fluxes outside.

The doses given to a point receiver near each station
were estimated, assumingli/ 1.4 x 107 neutrons/crn2 per Rem in the
3-Mev region and 2.8 x 107 n/cm?2 per Rem in the 1 Mev region, and
are presented in Table 3.8 together with total fluxes.

TABLE 3.8 - Summary of Results

Flux (F;) Flux F,

Above Threshold Above Threshold : Dose Above

Station and Distance (D)| Inside Station FiDZz 2 Outside S?tion Fo 2 Threshold
Detector® (yd) (nfcm?) (n-cm”“.yd“) (n Zcm®) (n-cm™“.yd") {rem)

SHOT 1
14.03.03.U12 2000 213038 x10!1)8.52 4 1.53 x 1017] 1.26 £ 0.45 x 10°2} 5.04 £1.81 x 1018 9.0 £33 x10*
14.03.03,N18 2000 1.26 $0.23x 10121 5.04 1 0.91 x 1018] 7.06 ¢ 2.54x 1012} 282 4 1.01 x 1029{ 25 109 x 105
SHOT 2
14.03.06,U7 1650 438 $092x10'1]1.19 +0.25x 1018] 258 1 096 x 10!2] 7.02 4 2.60x 10'® } 1.84 1 0.68 x 10°
14.03.06,N2 1650 7.90 £ 1.30 x 1012] 215 + 0.34 x 10'?] 4.43 £ 1.50 x 1013] 1.20 2 0.41 x 1020} 1.58 1 0.54 x 10®
14.03,06,N17 1650 6.74 £ 1.70 x 1012/ 1.83 £+ 0.46 x 1019]3.78 + 1.47 x 1013} 1.03 1 0.40 x 1020 1.35 3 0.53 x lo:’
14.03.03,U14 1950 3.00$4063x 100911430 24x 1017|177 20651011} 6.72 1 248 108713 t0.5 x10
14.03.03.T4 1950 1.5 x 1010 5.7 x 1016 8.86 x 1010 3.4 x 1017 6.3 x 103
14.03.03,N26 1950 381 £0.84x10'2]1.454032x10192.1320.81x 10‘: B.10 4 3.08 x lo:z 7.6 $2.9 x10°
14.03.02,N29 2050 1.20 £ 0.30 x 2012|504 + 1.26 x 10}8] 6.72 s 2.62x10'2| 283 s+ 110 x 10! | 2.4 109 x 105
14.01,U16 2450 758 +1.59 x 10'0) 4.55 1 0.96 x 1017} 447 s 1.65x 10!}] 268 1099 x 10'8 3.2 ;1.2 x10%

*Pre-fixes U,N, and T of detector numbers indicate y23s, Np

237

and ThZ3Z detectors, respectively.

The results of detectors N18 and NI7 contain additional uncertainties as a result of the great non-
uniformity of the deposita in these detectors.
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3.6  SUMMARY OF RESULTS

3.6.1 Presentation

The results of the fission threshold measurements are sum-
marized in Table 3.8. The number of detectable tracks listed repre-
sents the total number that could have been counted under the criterion
of counting tracks greater than 4 grains in length. The number of fis-
sions was derived from the total number of tracks by the methods of
Sec. 3.5.2. See Sec. 3.4.4 for data presentation. The fluxes represent
the total number of neutrons of energy greater than threshold energy
that passed through an area of 1 cm*®, inside and outside the stations.
The dose from neutrons above threshold for each detector is estimated
in terms of roentgen-equivalent-mammalz’—s/ (rem), where the flux of
2-3 Mev neutrons equivalent to 1 rem is taken as 1.4 x 107 neutrons/
cm? and the flux of 1-Mev neutrons/cmz equivalent to 1 rem is taken
as 2.8 x 107 n/cmz.i‘%/ Fluxes inside the stations are plotted as a
function, FjD% versus D in Fig. 3.3. Fluxes outside the stations are
plotted similarly in Fig. 3.4, and dose versus distance is plotted in
Fig. 3.5.

The Shot 2 uranium curve of Fig. 3.3 was assumed to be a straight
line, and was drawn through the most reliable point (U7), minimizing
the sum of the squares of the deviations of the other two points (Ul4
and Ul6). Likewise, the Shot 2 neptunium line was drawn through N2,
minimizing the sum of the squared deviations of N26 and N29. Since
the Ul2 Shot 1 point is much more reliable than the N18 point (see
Table 3.8), the estimated Shot 1 uranium curve was drawn through Ul2
and parallel to the Shot 2 uranium curve. However, the N18 point was
ignored in drawing the estimated Shot 1 neptunium curve; instead, this
curve was drawn parallel to the Shot 2 neptunium curve in such man-
ner that the neptunium flux ratios would be the same as the uranium
flux ratios for the two shots.

The corresponding FODz curves of Fig. 3.4 were drawn parallel to
those of Fig. 3.3. The Shot 2 curves were again drawn through the
points of U7 and N2, respectively, and approximately the same flux
ratios between the two shots were preserved. The dose curves of
Fig. 3.5 were fitted to the experimental points using extra points cal-
culated from the straight lines of Fig. 3.4.

3.6.2 Discussion

The overall errors listed for neutron fluxes include statistical
and estimated fixed errors of the experimental method used in these
measurements, and also the uncertainities in the parameters selected
from the literature. An attempt was made to include all errors that
would lead to the over-all probable error obtaining if these
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measurements were made by a number of individuals using the same
procecdures given herein. However, additional errors due to uncertain-
ties of position of samples in the stations, and to scattering and absorp-
tion by other samples, were difficult to estimate and are not included.
These effects may explain the considerable departure of some of the
points from the straight line FDZ curves.

The greater part of the error listed in the table of results is com-
posed of fixed errors due to not accurately estimable fission-fragment
absorption, or to radiation attenuation by the detector stations. These
fixed errors would not change appreciably with distance and would be
expected to lie in the same direction (plus or minus). Therefore, the
slopes of the curves of flux versus distance are probably more
accurate than would be indicated if the errors of the points were purely
statistical.

Since there are large uncertainties in the measured fluxes and in
the “effective™ thresholds of the fission detectors, it is difficult to
estimate the differential flux or dose due to neutrons in the energy
interval between the neptunium and uranium thresholds, However, the
results indicate that the majority of the neutrons with energies
greater than 0.5 Mev have energies lying in the region 0.5-2.0 Mev.

The brass-enclosed N17 detector gave the same reading as the
cadmium-enclosed N2 detector, showing that thermal fluxes had no
effect on experimental results. The T4 thorium detector was the only
thorium detector recoverable and its track density was sparse; how-
ever, the track density checked roughly the results of the Ul4 detector.

The doses listed at each station estimate the fast-neutron doses,
interins of roentgen-equivalents of biological damage, that would be
received by a point receiver near the station. Small animals would
receive nearly this dose at all parts of their bodies. A man in such
isotropic fields would receive fractional amounts of less than half of
these doses at various organs within his body, due to the shielding
provided by one part of the body for another. Figure 3.5 shows that
from Shot 1 a neutron dose of 100 rem was received at 4200-4400 yd;
from Shot 2, 100 rem was received at 4100-4300 yd.

Assuming an exponential attenuation in air, the curves of Figs. 3.3
and 3.4 lead to an e-fold distance of 290 yd for neutrons of the spectrum
recorded by the uranium detectors. The neptunium detector measure-
ments lead to an e-fold distance of 350 yd. The y-axis intercepts in
Fig. 3.3 for Shot 2 uranium, Shot 1 uranium, Shot 2 neptunium, and
Shot 1 neptunium are 3.7 x 1029, 8.8 x 1020, 2.3 x 102!, and 5.8 x 1021,
respectively. The correspondm%ly y-intercepts in Fig. 3.4 are
2.3 x 1021, 5.4 102 » 1.3 x 102 , and 3.6 x 1022, respectively.

It may be noted that the fluxes at 2000 yd from Shot 1 were about
1000 times the estimated minimum in Table 3.1. Those from Shot 2
were 100 times the estimated minimums. Moreover, the fluxes did not
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decrease as rapidly with distance as predictions had indicated. Extra-
polating the neptunium curves of Fig. 3.4 to 1 yd and assuming iso-
tropic sources, the total fast neutron yields of the Shot 1 and Shot 2
devices were about 4.5 x 1023 'and 1.6 x 1023, respectively.

A recommended improvement in the procedure used herein, in
view of the appreciable amounts of extraneous deposit encountered and
the difficulty of observing fission fragment tracks in the first few
microns of emulsion surface, is that deposit thicknesses be held to a
maximum of 100 micrograms/cmZ of the fissionable element. Other
important considerations in future applications of the fissionable
deposit nuclear plate technique are: (1) The plates should be exposed
to the alpha-emitting deposits no longer than necessary; (2) Tests
should be made to ascertain that the nuclear plates do not record
alpha-particles or that they at least provide easy discrimination
between fission-fragment tracks and alpha tracks---plates may be
de-sensitized if necessary,gﬁ/ (3) A calibration should be made with
monoergic neutrons of energy where the fission cross-sections are
well known for the detectors used. The methods of Sec. 3.5.2 are
generally applicable for the determination of deposit self-absorption
and the thickness of any insensitive surface layer of emulsion, or other
absorber, that may have to be accounted for. An important advantage
of the methods of this section are that they are unaffected by the
intensities and energies of the gamma radiation encountered in weapons
tests. With the above precautions, the methods outlined in this section
could be used in the future with better accuracy than was attainable
in the present tests. Furthermore, due to the small size of the sensi-
tive part of the detecting instrument, and its ability to withstand gamma
intensities of the 10,000 r level, it would be possible at the greater
ranges to take measurements subtending any desired solid angle of
space without introducing any neutron shielding other than that
required for blast and heat protection.
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PART II

NEUTRON MEASUREMENTS BY DETECTION OF
FISSION PRODUCT GAMMA RAYS

CHAPTER 4

EXPERIMENT DESIGN

4.1 PRINCIPLES OF OPERATION

The measurement of neutron intensity, spectrum, and tissue dose
with fission threshold detectors was developed and used at UPSHOT-
KNOTHOLE, Spring, 1953.44/ This report covers further develop-
ment of this method and its use at CASTLE, Spring, 1954.

The purpose of these measurements is to give information on the
neutron intensity and spectrum from an atomic device in the region
between thermal energy and 2.5 Mev. This energy region includes a
large majority of the neutrons formed in the primary fission process
and the number of neutrons in this region can exceed the remaining
number by one or more orders of magnitude, depending on the type of
device and the distance of the point of measurement from the device.
Although the tissue dose per neutron increases with neutron energy,
the large number of neutrons in this intermediate region causes them
to contribute the major part of the neutron tissue dose.

The method consists of exposing suitably encased samples of
fissionable material to the incident radiation. Neutrons cause fis-
sions to take place in the samples. The samples are recovered and the
gamma rays resulting from the decay of the fission products are
detected and counted. The counting rate at a given time can be related
to the number of fissions which occurred in the sample, and knowledge
of the sample weight and fission cross section enables the neutron
intensity to be calculated. The use of materials with different fission
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threshold energies and a relatively constant cross section above the
threshold makes possible a rough measurement of the spectrum of the
ingident neutrons. The tissue'dose (rep) which would be received can
then be calculated from the spectrum.

4.2 SAMPLES, CROSS SECTIONS, AND THRESHOLDS

The fissionable materials used were Pu239, Np237, and U238. The

table below gives the fission cross sections and thresholds. The values
used are discussed in the previous paper.4—/

. Average Average
Idealized |Cross Section |Sample Weight
Sample* | Threshold (barns) (gms)

Pu239 | 200 ev(a) 2.0 1.0

1000 ev{b)
Np237 .75 Mev 1.5 .050
y 238 1.50 Mev 0.43 .66

2

(a) Surrounded by 5.5 gm/cm® of normal B4C.
(b) Surrounded by 2.9 gm/cm2 of pure B10,

*We are indebted to Dr. Jane Hall of LASL
Laboratory for the preparation of the Pu sam-
ples, and to B. Harmatz and G. W. Parker of
Oak Ridge National Laboratory for the U and
Np samples, respectively. All samples were
sealed in lucite holders, 1 in. in diameter and
1/8 in. thick.

4.3 SAMPLE HOLDERS

The sample holder used for Pu and U is shown in Fig. 4.1 and the
one for Pu and Np in Fig. 4.2. They were constructed with 1/4 in.
mild steel walls and filled with pulverized B4C, packed to a density
of 1.74 gm/cc or powdered metallic Bl0 packed to 1.50 gm/cc. These
holders were fastened to 5/8 in. steel plates which in turn were
fastened to the concrete bunkers for steel “H" frames discussed in
Sec. 2.2.1.

4.4 COUNTING SYSTEMS

In order to detect the fission product gamma rays with maximum
sensitivity, the inherent gamma rays from the sample (approximately
0.4 Mev from Pu, 0.3 from Np) must be discriminated against. To

63



DETECTORS

Fig.4.1 Sample Holder for Pu and U

DETECTORS

025" CADMIUM

PLUG

Fig. 4.2 Sample Holder for Pu and Np

accomplish this a scintillation counter with a Nal(Tl) crystal and an
integral pulse height discriminator are used. A lead filter between
sample and crystal gives further discrimination against the (relatively)
low energy gamma rays from the samples by taking advantage of the
increase in the absorption coefficient with decrease ingamma ray energy.
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It should be noted that no chemical or physical treatments of the
samples are required before counting and that samples may be reused
after, a suitable decay period.

The field equipment used at CASTLE, shown mounted in the
trailer-van in Figs. 2.9 and 2.10, consisted of two independent systems,
each containing the following: Harshaw X6L4 1-1/2 in. x 1 in NaI(Tl)
crystal and Dumont 6292 photomultiplier with preamplifier in a 4 in.
thick lead shield, Fluke 400 C power supply (operated at 900 volts),
Atomic 204B linear amplifier, Atomic 510 single channel analyzer
(operated as an integral discriminator) and an Atomic 1050 decade
scaler and register. This system has operated quite satisfactorily and
seems to have the desired characteristics of energy resolution, sensi-
tivity, stability and reliability for field usage.

4.5 OPERATING CONDITIONS

To determine the optimum conditions for counting each of the
samples for discriminating against the inherent gamma ray activity,
the data shown in Fig. 4.3 were taken. The curves show the counting
rate versus integral pulse height discriminator settings (PHS) for
the total background of the unirradiated samples and for fission pro-
duct gamma rays 15 hr after exposure of Pu to thermal neutrons {Pu
sample background subtracted). These data were all taken with a 1/4 in.
Pb cap over the crystal.

It can be seen that the sensitivity of the system (defined as the
ratio of the count rate due to fission products to the count rate due to
sample background) is a maximum for Pu at PHS 45. The sensitivity
is nearly constant for Np above PHS 30 and for U above PHS 15. In
order to get high counting rates and still allow for drifts in the count-
ing system, the settings chosen were 35 for Np, 20 for U, and 45 for
Pu.

A similar set of curves taken with a 1/2 in. Pb filter showed a
slightly lower sensitivity and the counting rates were lower by about
a factor of two.

The pulse height discriminator was calibrated in terms of _Famma
ray energy by taking differential pulse height curves with Cs!37 and
Co%0 sources. The resolution and peak/valley ratio for Cs!37 were
9 per cent and 20, respectively.

In terms of the gamma ray energy, Pu was counted by observing
the fission product gamma rays with an energy above 0.81 Mev, Np
those above 0.62 Mev and U those above 0.34 Mev.

In addition to maximum sensitivity (or “signal/noise ratio”), the
optimum operating conditions chosen have other advantages. The
relatively high background counting rate means that good counting
statistics may be obtained with reasonably short counting times. Also,
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since the background from the sample itself is several times greater
than the natural background (counter plus atmospheric), fluctuations
in the latter are of relatively minor significance.

4.6 CALIBRATION

Calibration of the counting system is accomplished by taking
advantage of the relatively high Pu fission cross section for thermal
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neutrons. (Thermal neutrons are eliminated in the field measure-
ments by boron shielding.) A Pu sample is exposed to a known thermal
neutron flux and the counting rate of the sample is determined, as a
function of time after irradiation, at the PHS determined in Sec. 4.4.
Since the fission cross sections, sample weights, and thermal neutron
flux are all either well known or easily measured, the calibration of
the system is relatively simple and accurate.

Calibration was carried out in the thermal neutron flux of the
ORNL graphite reactor. The flux was measured using gold foils, as
discussed in Sec. 2.1.1, with both the ORNL and NRL standard count-
ing systems.

Due to the high thermal neutron cross section of Pu (700 barns)
it is necessary to use a smaller sample (0.1 gm) for calibration in
order to have a “thin® absorber and avoid large flux perturbations.

The sample calculation below illustrates the cahbratxon procedure

0.105 gm Pu exposed for 600 sec at 5.61 x 107 thermal n/cm? sec.
Ten hours later, the net counting rates were 35,500 c¢/min at PHS 20,
16,000 at PHS 35, and 7700 at PHS 45. Thus, the counting rate at PHS
35 for 1010 fast neutrons/cm2 on 1 gm of Np would be

16,000 ¢/ min < 1.5 barns (Np, fast) < 1 gm Np
5.61x 107 n/cmZsec x 600 sec 700 barns (Pu,therm) 0.105gm Pu

x 1010

or 97.1 {c¢/min)/( (1010 n/cm ) for 1 gm of Np at 10 hr after exposure.
The calibration curve obtained in this manner is given in Fig. 4.4.

The decay of the gamma ray activity by a power law relationship
of the form C Kt ¥ is primarily due to the statistical nature of the fis-
fion process, as discussed by Way and Wigner. 45/ A difference from
the usually quoted t~ 1.2 s not unexpected since this relation is valid
(approximately) for N(E)EdE, the total energy liberated by the fission
products, while this experiment measured Eg N(E) (E)dE, where Eg
is the bias energy and (E) is the efficiency of the NaI(Tl) crystal as a
function of gamma ray energy. 46/ A power law relation with x = 1.30
has been observed at low bias (0.3 Mev) from 1 hr to, at least, 250 hr
after exposure. As the bias energy is raised, x increases and is 1.72
at 1.0 Mev for the first 30 hr after exposure The faster decay rate
at higher energy is due to the general fact?Y that the higher energy
transitions have shorter half lives.

At the bias of 0.81 Mev used for counting Pu, x = 1.63 from 0.5 to
45 hr, at which time there is a very sharp break in the curve (Fig. 4.4)
with x 0.72 from 50 to 250 hr. A change in the power law exponent with
time is reasonable at a high bias in that fewer fission products are
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Fig. 4.4 Calibration Curves

being detected and thus the statistical process responsible for the power
law decay breaks down. A preliminary analysis incidates that the
observed deviation is caused by the 0.83 Mev gamma ray from 1.68 day
Lal40 growing in from 12.8 day Bal40,  Additional work will be neces-
sary to substantiate this and to choose a new set of optimum operating
biases at very long times after exposure.
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4.7 STANDARDIZATION

Due to drifts in the high voltage supply, amplifier gain, etc., the
counting system must be standardized frequently. This is accomplished
by using a standard gamma ray source and adjusting a fine control on
the high voltage to reproduce a standard coupnting rate. The present
system uses a half microcurie source of Co 0, in a standard lucite
holder placed on the lead cap over the crystal, to give 35,000 c/min at
the Pu bias of PHS 45 (0.81) Mev. The fine control is a 100 K, 10 turn,
helipot in series with the high voltage lead to the 3 meg photomultiplier
bleeder. One-tenth turn on the helipot changes the counting rate by
100 ¢/min under these conditions.

When it is necessary to calibrate another crystal-photomultg%lier-
amplifier setup, this can be accomplished by using this same Co
source. The discriminator on the equipment being calibrated is set
to have the same PHS versus gamrna ray energy relation as the original
equipment by adjusting the photomultiplier high voltage or the ampli-
fier gain so that the photoelectric peaks of the Co®0 lines or the high
energy cutoff of the integral spectrum occur at the same PHS settings
on both sets of equipment. The geometry and sensitivity factors are
then determined by counting the standard source at the standard biases
for Pu, Np, and U. A Csl37 source can be used conveniently to pro-
vide a check on the new calibration.

4.8 MINIMUM DETECTABLE NEUTRON INTENSITY

It is assumed that for field conditions one would be satisfied with
counting a minimum induced activity in a sample equal to 20 per cent
of the sample background activity. An accuracy of 10 per cent of the
induced activity is possible in a counting time of 5 to 10 minutes due to
the high sample background. The number of neutrons per cm? neces-
sary to give this counting rate has been calculated from the calibration
curves and the background data (Figs. 4.3 and 4.4) and is shown in Fig.
4.5. The calculations have been made for the following cases - 1.0 gm
Pu, total background - 350 ¢/min; 0.1 gm Np, total background - 500
c¢/min; and 0.66 gm U, total background - 520 ¢/min.

4.9 NEPTUNIUM ACTIVATION ANALYSIS

Analysis of the UPSHOT-KNOTHOLE results®¥and of unpublished
work at the ORNL 86 in. cyclotron showed that Np exposed in the
standard B4C holders and counted under the same conditions as Pu did
not follow the standard fission product decay observed in Pu. Instead,
the results could be interpreted in terms of the fission process plus the
formation of Np by neutron capture, with subsequent beta decay with
a 50 hr half life and the emission of a one Mev garmma ray. When
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counting within a few hours of exposure is possible, the results can be
analyzed in terms of a composite decay curve and the counting rate
due to the fission product gamma rays determined. Since very early
recovery is not always possible, an attempt was made to eliminate

as rnuch as possible of the neutron capture reaction. Np 7 has a
thermal neutron capture cross section of 170 barns and the assumption
was made that it also has a fairly high capture cross section in the
epithermal region. Preliminary tests at the ¢yclotron showed that
additional boron shielding gave a resolvable decay curve at 25 hr. The
Np holders used in the CASTLE tests contained 2.9 gm/cm? of pure
metallic B10, giving an attenuation of 1.1 x 10-7 at 50 and .006 at 500
ev, as compared to .015 and 0.26 for the 5.5 gm/cm? of normal B4C

in the standard Pu-U holders. As a further safety factor against
thermal neutron activation the samples were shielded with 0.020 in.

of cadmium.
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Unfortunately, the two Np samples available were not recoverable
after the second shot at CASTLE, though the recovery of some of the
Pu and U samples at 120 hr after exposure showed that this would have
been an excellent test of the analysis given above. It also showed that
the observed fission product decay rates of Pu and U exposed to fast
neutrons were the same for at least 250 hr after exposure as for Pu
exposed to thermal neutrons.

4.10 RESULTS

The results obtained for the first two shots at CASTLE are shown
in Table 4.1. The large amount of fallout and consequent operational
and transportation difficulties resulted in a delay of five days between
exposure and the start of coudting. The activity of the samples was
followed for another four or five days to establish that they decayed
at the rate observed in the laboratory with thermal neutron activation
of Pu. The counting rates at 200 hr were of the order of 10,000 ¢/min
for the Pu samples and 500 ¢/min for the U samples.

TABLE 4.1 - Fission Detector Data

‘7‘"’%\ n/cm2 x 10-12
Range
Shot NS’; (£t) Pu Flux U Flux| Pu/U
I
1 10e> 6000‘_/6503 150 5.3 | 28
2::>| 6000 190 6.5 29
273 | 7775 |Station damaged
2 70| 5100% 52 5.4 9.6
/821 5400%* | Station damaged
1921 5700 | Station damaged
2= 1 6000 31 2.1 15
*Np installed at these two stations was not

recoverable.

The higher flux measured at a greater distance from ground zero
on the first shot has not been satisfactorily explained. The inversion
in the U flux shows that thermal neutron effects (i.e., a “leak” in one
of the By (holders) could not have been responsible. The only reason-
able possibility seems to be that some ground structure partially
shielded the closer station, although care was taken to avoid this on the
installation of the stations.
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PART III

EXPERIMENTAL GERMANIUM FAST
NEUTRON DOSIMETERS

CHAPTER 5

EXPERIMENT DESIGN

5.1 BACKGROUND AND THEQRY

The intial exploration of this method of measuring fast neutron
energy flux was undertaken on a small scale as Project 29.2 of the
Civil Effects Test Group in UPSHOT-KNOTHOLE. The results
were encouraging enough to indicate that attempts should be made
to refine the method to obtain higher sensitivity and reliability.

The Naval Research Laboratory became interested in setting up
some germanium dosimeters at CASTLE. University of California,
Los Angeles agreed to supply Project 2.3 with improved dosimeters
for 15 stations. A new supply of single crystal germanium was pur-
chased from Hughes Aircraft Co., and was specially prepared by Dr.
M. Becker to provide optimum properties and purity for the intended
application.

Fast neutrons produce Ge atom recoils in the crystal lattice.
These recoils produce defects in the lattice structure which trap elec-
trons coming from the Fermi levels. The unoccupied Fermi levels
or “holes” act as if they were positive electrons endowing the crystal
with conductivity. Hence a decrease in resistance represents the
effects of the fast neutron flux to which the samples were exposed. The
magnitude of the effect as a function of neutron energy has not been
studied. Since dislocation is the effect measured, any neutron trans-
ferring sufficient energy can produce the effect. In this work it is

72



assumed that the cross section for a dislocation is the geometrical
collision cross section. A low measuring temperature is used to avoid
the shunting effect of electrons appearing in the conduction band by
thermally excited transitions.

5.2 EXPERIMENTAL PROCEDURE

The new germanium strips were the same thickness (about 0.030
in.) as those used previously, but they were 2 mm wide and 4 mm long,
instead of about 3 mm wide and 10 to 15 mm long. Instead of soldering
on copper strip leads, the butt ends of the strips were tinned with
ordinary solder. For measurement of the electrical resistance at low
temperature, 10 strips were held in a specially constructed holder
(Fig. 5.1). The small crystals were held in slits in a micarta strip.
The tinned ends of the crystals made common electrical contact on one
end with a metal sheet, and on the other end were contacted by
individual phosphor bronze springs. The terminal on each spring was
connected by an insulated wire to the measuring instruments.

Fig. 5.1 Special Holder for Measurement
of Germanium Strips

The whole assembly after being loaded was lowered into a wide-
mouth Dewar flask containing a very low viscosity silicone liquid. The
temperature of the bath was kept at -30°C by adding dry ice to the
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bath as needed. The resistances of the strips were accurately meas-
ured and recorded.

The measured strips were placed in a multiple pocketed sack of
shaved teflon. Teflon was used to avoid contact of the germanium with
hydrogen containing material that might proauce recoil protons that
would penetrate slightly into the germanium. The teflon sack was
packed in fiber glass in a slot in a steel bar, as shown in Fig. 5.2.
After the cover was screwed in placed on this unit, it was then ready to
be mounted on the Project 2.3 instrument line in the field.

Fig. 5.2 Method of Packing of Germanium
Strips in Field Test Container

Upon receipt of the samples after field exposure, they were
remeasured at -30°C. The decrease in resistance, represents an effect
of the fast neutron flux to which they were exposed.

5.3 CALIBRATION

Two calibration runs were made at the Crocker Lab. (UCLA) on the
cyclotron using the Be (dn) reaction. The exposures were made at two
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distances from the target. The results of these calibration rurs . re
tabulated below. The great spread in the result is to be noted, it s

felt that this error may be due, in part at least, to the method of
attaching the leads to the germanium crystals and to the over=Il sample
design. Recent improvements in sample preparation are aimed & cor-
recting this difficulty.

TABLE 5.1 - Germanium Calibration Data

1

Distancwvs Flux Change in Cond. (mho)- |Calib. neuts/mno
5in. |7.27 x 1012 205 x 10-4 4 23 37x10'%
10 in. [1.82x 1012 123 x 10°% 4 71 1.5x 1014

It is assumed that the total cross section of germanium for fast
neutrons remains approximately constant with increasing energy, so
that for the calibration runs, which were made with neutrons between
15 and 20 Mev, the calibration is arrived at directly from the above
figures. This number, an average from the calibration data is:

2.5x 1014 neuts/mho + 50%.

5.4 CALCULATIONS

The method of calculation of the change in conductivity is given
below, where A is the change in conductivity:

R RO Wt

R, resistance (OHM) of crystal before exposure
R resistance (OHM) of crystal after exposure
L measured length (MM)

W measured width (MM)

t measured thickness (thousands of an inch)

The flux is then calculated by simply multiplying A times the calibra-
tion number.

Flux = 2.5 x 1014 neuts/mho x A
5.5 RESULTS

Figure 5.3 is a graphical presentation of the results from Shots 1
and 2 on which germanium was exposed. The data are presented in the
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customary form of nvt x R% vs. Range. This was done mainly for the
sake of uniformity in the report, for on examining the data it can be
seen that it is quite difficult to characterize the data in the usual man-
ner by quoting an e-fold distance and a range 0 intercept. The scatter
in the points is quite large and data from both shots show a discon-
certing rise in measured flux beyond 3000 yd. It has not been deter-
mined whether this is a coincidence in scatter or a function of the
experiment. One thing is obvious that a more extensive line would have
been advantageous, for it would have provided additional data which
might have shown a trend at least.

TABLE 5.2 - Germanium Data

AK
Change in
Shot |Range (yd) {Cond. (mho) nvt nvt x RZ
1 1700 [460.5x 10" % |1.2x 1013 {3.4 x 10!9
1800 [287.9 x 10-4!7.2x 1012 |2.3 x 10!
1900 |261.2x10°%4]6.6 x 1012 |2.4 x 10!9
2100 {4608 x10-4|1.2x 1013 (5.2 x 1019
2200 |446.0x 10-4{1.1 x 1013 {5.2 x 10!9
2 1700  [156.8 x 104 (3.9 x 1012 1.1 x 10!?
1800 [623.5x 104 |1.5x 103 [5.0 x 10!?
1900 [141.5x 10-4 /3.6 x 1012 {1.3 x 10?7
2000 73.9x 104 [1.9 x 1012 | 74x 109
2100 |151.7x 104 {3.8x 1012 {1.7 x 107

Table 5.2 lists the data, by range, for Shots 1 and 2. The figures
in the AK column are the averages of readings from seven crystals
making up each sample, and in many cases the average of reading
from two samples mounted on each station. The data yield flux fig-
ures of approximately the right order of magnitude; this at least is
encouraging.
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APPENDIX A

ISOTROPY OF NEUTRON FLUXES

A.l NUMBER FLUX ISOTROPY

Elastic scattering will be of primary importance in the collision
of neutrons with O and N atoms. In elastic scattering, the mean
cosine of the scattering angle in the laboratory system, averaged over
neutron directions, is given by——/

2
COSm(ak_l,ak) = 3—;, (Al)

where A is the mass number of the target nucleus.

Now, the cosine of the angle between the original direction aj, of
a neutron and its direction after n elastic scatterings,is, after averag-
ing over azimuthal directions ¥ in each collision.3¥/

cos(ac‘,an)l,bav = cos(aj, a;) cos(a,a;,)...cos(a,_},a,) (A.2)

Substituting Equation A.l into Equation A.2 the mean cosine of the
directions of the n- scattered group of neutrons is:

cos (a,.a,) = <§Zx> " (A.3)

For air, A~ 14 and > = 0.048. Since a distance of 2000 yd in air
corresponds to about 17 mean-free-paths, most of the neutrons
arriving at the detector stations have gone through many collisions.
Consider a group of neutrons that has gone through 16 collisions. The
mean cosine of the direction of this group would be about 8 x 107™%,
Thus, the corresponding angle would be very close to 90° to the origi-
nal direction (the vector from the source); i.e., it is indicated that the
distribution of directions of neutrons of this nth scattered group is such
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that the average of their cosines with a vector from the source is close
to zero. Obviously, an isotropic distribution would satisfy such a con-
dition, and an assumption of isotropy seems the most reasonable to
make from an intuitive consideration of the large number of statistical
events involved and the fact that each of these events has a distribu-
tion not too different from isotropie in the first place. The latter
statermnent is true even at energies where the nitrogen absorption
resonance is involvedé—v— at least for the purpose of the fast-fissipn
detector measurements.

A.2 ENERGY FLUX ISOTROPY

Consider the energy loss for scattering at the angle of the average
cosine. Cos ¢— /2 0, and the mean scattering angle, @, is close to
90°. Since the Iaboratory angle ¢ and the center of mass system
angle § are related by

tand = A sin$

1 + Acosé (A.4)

and since tan ¢ is large, cos 8 (p) - I'IX: -0.072. Now, the fractional
energy, E//E, remaining after scattering in the center of mass sytem
is given by:

E' A%+ 1 + 2A cosé

F = A+ 1)2 (A.5)

Substituting cos # = -0.072, and A = 14, the fractional energy loss of a
neutron scattering at the mean angle @ is 0.867. Therefore, a neutron
scattering elastically 16 times at the mean angle & will retain (0. 867)1

= 0.1 of its original kinetic energy. Thus, it can be seen that a good
fraction of the neutrons were scattered below threshold energies by the
time they reached the detector stations, and it is necessary for solid
angle considerations to know if the energy flux as well as the number
flux is isotropic.

To argue qualitatively that the energy flux is isotropic, consider
the possibility that after n-1 collisions a distribution of neutrons is
isotropic in direction but that neutrons of energy E < E_ (where E
the threshold energy of the detector) are strongly peaked in the back-
ward direction and neutrons of E > E; are strongly peaked forward.
After the ntP collision, neutrons of E < E; from the n-1 group will still
form a large part of the distribution <E_, but each energy level of
these neutrons will have been scattered with only slight anisotropy.
Thus, neutrons in the n-1 interval E < E, will have become more
closely isotropic in the nth distribution. Neutrons of E > E;{ in the
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(n-1) group will lose energy fractions from 0.75 to 1 in colliding with
nitrogen atoms. Thus, neutrons in the energy region just greater than
E; will contribute an additional fraction of neutronsto the E < E; inter-
val of the n'h distribution; but these neutrons will have been contrxbuted
with nearly isotropic, and the same, angular distribution, since the
angular distribution is independent of energy (being always isotropic

in the C.M. system for elastic scattering). Therefore, neutrons in the
particular energy interval E < Et{ become more isotropic from the

(n-1) th distribution to the n'h distribution; similar effects hold for the
mterval E > E;.

Thus, since scattering a distribution tends to make the neutrons
within an energy interval more isotropic, an assumption of complete
isotropy of neutrons at many mean-free-paths seems reasonable for
solid angle considerations in the fission detector measurements. Of
course, the arguments above may not be valid in measurements where
lower-energy neutrons are important, since in the tenth-Mev region,
cross-sections become _stronger functions of energy.

Exact calculations3®/ of angular distribution are too difficult and
unwarranted for the purposes of these experiments.
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APPENDIX B

ABSORPTION BY LEAD PLUG

B.1 MEAN ATTENUATION OF BEAM WITHIN CONE
OF HALF-ANGLE Oe

Assuming isotropic incidence of neutrons, the average attenua-
tion of the beams within a cone half-angle 6, (Fig. 3.2) is:
e
e Hlsin 9 dhd¢

J¢=27r
I ¢ =0 0
<E>avg. i f: Zﬁze
®

0

]

sinf@dfd¢o
=0 =0
= Q. -#T
0 0 e Cosesinede
= 2= B.1
l-cos Oe ( )

where @ and ¢ are the spherical coordinates with respect to the axis
through the detector chamber, tg is the path length.through the lead
absorber at angle 6, T is the thickness of the lead plug, and Oe is the
limiting angle of incidence as estimated from Fig. 3.2.

To evaluate the integral in Equation B.1, let v = (1/cos 8),
dv = (l/cosZG). sin@d #, a = - uT. Then3

1
v = av
fe e‘ﬂT/COSO sinfd 6 =J’ cos be 9-2— dv=e? _'ea/cos e cos 6,
0 v=1 M
= 1/cos 8,
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. t
To evaluate the last integral in equation B.2, let v = 2 dv = —.

- -a
Then,
v.=1/cos 8, ty = -afcos B
€ - av =£ € _dt
v =1 v L = -a t
o0 [~ ~]
-t -
:f ‘."__dt-f €__ dt
t t
t t2
- [Eita)] oy, - [-Ei(-x)] ‘=t (B.3)

using the notation -Ei(-x) from reference 40.
From Equations B.3, B.2 and B.1

I - -
i = 1-*-—1 9 e HT _o HT/cos fe cos B,
o avg -cos 8

- uT { EEi(-x)]x T EEi(-xﬂ x = EE%:}:‘ (B.4)

Equation B. 4 is used together with the tables of reference 40 in
Sec. 3.5.5 for calculating the lead plug absorption factors given in
Table 3.7.
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