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PREFACE

The papers presented at the First Semiannual AHP Shielding
Information Meeting are published in three volumes. Volumes I and
III are also identified as ORNL-2115.
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UNCLA^SglED

SCINTILLATION RESPONSE OF Lil(Eu) CRYSTALS TO
MONOENERGETIC FAST NEUTRONS

by

R. B. Murray J. Schenck
Oak Ridge National Laboratory

Oak Ridge, Tennessee

The scintillation response of Lil(Eu) crystals to mono-
energetic fast neutrons has been investigated in the course
of a study directed toward the development of a more versatile
and efficient fast-neutron spectrometer. The scintillation
response has been determined as a function of neutron
energy (in the range O.63 to 14.9 Mev), Eu concentration,
Li isotope concentration, and crystal temperature. The pulse
height spectra of those crystals containing Li° demonstrate
a peak from the fast neutron induced Li° (n,a)t reaction.
At room temperature the peak from fast neutrons of energies
less than 6 Mev is broad and roughly rectangular in shape. A
substantial improvement in the shape and resolution of the fast-
neutron peak is found, however, on cooling the crystals to
about £lty&?C. -

The investigation which is reported here is a part of the program at
this laboratory directed toward the development of a more efficient and versa
tile fast-neutron spectrometer which would be suitable for the measure
ment of fission neutron spectra, i.et, continuous spectra in the energy
region 1-12 Mev. Previous measurements of this type have been carried
out with proton recoil spectrometers which have the twofold disadvant
age of extremely low sensitivity and the requirement of a n«utfcon collimation.
The scintillation response of Lil(Eu) crystals to neutrons is due to the
Li°(n,a)t reaction (Q = U.78 Mev); the reaction products in slowing
down and stopping excite the crystal to radiate light which can be
detected by a conventional photomultiplier arrangement. Analysis of
the photomultiplier pulse height spectrum provides a measure of the
total energy released in the crystal, hence the energy of the incoming
neutron.

The advantages offered by a Lll(Eu) crystal as the detecting element
in a fast-neutron spectrometer are several: (l) the crystal is an
isotropic detector, so that a neutron collimator need not be used to de
fine the direction of the incident neutron; (2) the crystal is small
(e.g., 1 in. in diameter, l/8-in.-thick), making possible spectral
measurements at a "point;" (3) the detection efficiency is orders of
magnitude greater than that afforded by proton recoil spectrometers; and
(k) pulses from gamma rays below about k.8 Mev fall below the thermal
peak, and can thus be biased out. The difficulties which may be
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encountered are: (l) response to high energy gammas; (2) the qnjmmjgrl.';
resolution for fast neutrons is rather broad; and (3) the crystals are
hygroscopic and must be maintained in a moisture-free environment.

c

The detection efficiency for crystals of Li°I as a function of
neutron energy is shown in Fig. 1. The shape of the curve is determined
entirely by the energy dependence of the Li°(n,a)t cross section. The
pulse height spectra shown in this paper (except the Li?I spectrum) are
from crystals of 2 mm thickness; the spectra obtained from 10 mm crystals
are quite similar.

Monoenergetic fast neutrons in the energy region O.63 to 1^.9 Mev
were obtained from the (p,t), (d,d), and (d,t) reactions using gas
targets. The incident particle, was accelerated by the ORHL 2.5 Mev
Van deataaffgenerator. The pulse height spectra shown in Figs. 2, 3>
and k are from 2 mm crystai of Li°I with 0.025 mole percent europium
activatfcr>, with incident neutrons of energies O.63, 1.57; and- 5.79 Mev,
respectively. These spectra were obtained at room temperature. In
each case the large thermal peak arises from neutrons degraded in energy
by scattering from the walls, floors etc. The magnitude of this peak
is due to the very large cross section for the (n,a) reaction at thermal
energies. In these spectra it is seen that the fast-neutron peak appears
as a broad and "rectangular" ban&, rather than the sharp Gaussian shape
of the thermal-neutron peak, This behavior is tentatively ascribed to
a difference in the scintillation efficiency of Lil(Eu) for the alpha
and triton at room temperature. For the fast neutron induced reaction
both the alpha and triton have a range of energies available to them,
since the energy division between the reaction products depends upon
their angular distribution, For very slow (thermal) neutrons, however,
the energy distribution between the alpha and triton is uniquely
specified.

Figure 5 shows the pulse height spectrum from 5.79 Mev neutrons
on an 8 mm thick crystal of Li7l(Eu). This may be compared with Fig. k,
5,79 Mev neutrons on Li°l(Eu), in which a large fast-neutron peak occurs.
No evidence of a fast-neutron peak was observed in the Li' crystal.
The small thermal peak in Fig. 5 is due to a trace of LiD impurity; the
continuous background is presumably due to gamma rays produced by
inelastic scattering or radiative capture of neutrons either in the crystal
or in the laboratory.

The pulse height spectrum from 14.9 Mev neutrons on Li l(Eu) is
shown in Fig. 6. Two qualitative differences between this spectrum and
those at lower energies are observed. First, the fast-neutron peak has
a nearly Gaussian shape with a full width at half maximum of about 956.
Second, the continuum is quite large compared to the 1^.9 Mev neutron
peak, and rises sharply to a plateau just below the (n,a) peak. In the

UNCLASSIFIED



10

>- 1
V
z

y 0.5
u.
UJ

2 0.2
o
LxJ

g 0.1

0.05

0.02

0.01

-3

UNCLASSIFIED

0RNL-LR-DWG 13421

J

J
——^

\

710 mm PDVCTAIITim LniO 1AL

^

y~

!-mm CR>fCTAI /
c O 1 Ml—

—1—1 1

0.1 0.2 0.5 1 2 5 10 20

NEUTRON ENERGY (Mev)

50 100

Fig. 1, Detection Efficiency of Lrl as a Function of Neutron Energy



LlI

3
O
O

LU
>

LU

10,000

5000

2000

1000

500

200

100

50

20

10

-4-

UNCLASSIFIED

ORNL-LR-DWG 13423

/^THERMAL PEAK

',\^
/ /
/ /

S>S^

I ^\
\ (1 MHbRMAL PEAK
J qilRTRArTFD

500 600 700 800

PULSE HEIGHT

900 1000

Fig. 2.Scintillation Response of Li I(0.025%Eu) to Fast Neutrons.

Crystah 24-mm-dia x 2 mm thick; £^ = 0.63 Mev.



3000

2000

1000

500

200
UJ

<
a:

o 100

3

o
o

LU

>

LU

50

20

10

-5-

UNCLASSIFIED

ORNL-LR-DWG 13424

THERMAL
PEAK

1 • 1

9 •

J
J
9

500 600 700 800 900

PULSE HEIGHT

1000 1100

Fig. 3. Scintillation Response of Li6I(0.025 7o Eu) to Fast Neutrons
Crystal: 24-mm-dia. x 2 mm thick ; En =• 1.57 Mev.



10,000

5000

2000

1000

500
LU

z 200

8 10°
Ld

>

<
_l
Ld
<Z

50

20

10

-6-

UNCLASSIFIED
ORNL-LR-DWG 13425

^THERMAL PEAK

IT

| I
1
I

\ 1
\ \
\ J

X >

V
\
\
\ ^•^\ V
\ M
\ 1

•

,

k«-v

i
i
i

1
i

200 300 400 500 600 700

PULSE HEIGHT

800 900 1000

Fig. 4. Scintillation Response of Li6I (0.025 7o Eu) to Fast Neutrons.
Crystal: 24-mm-Dia X 2 mm Thick; ^ = 5.79 Mev.



-7-

UNCLASSIFIED

ORNL-LR-DWG 13426

1000

3 Sjr-

\«

•

\ ''

I \*
A T

— •* -J;

\
\

LU

I-
<

CD

3

O
O

LU
>

LU
01

500

200

100

50

20

10

1.0

0.5

0.2

0.1

200 300 400 500 600

PULSE HEIGHT

700 800

Fig. 5. Scintillation Response of Li7I (0.046% Eu) to Fast Neutrons.
Crystal: 24-mm-dia x 8mm thick; £^ = 5.79 Mev.



10,000

5000

2000

1000

uj 500
h-
<
lT

| 200

o
o

UJ
>

LlI

100

50

20

10

1

8-

UNCLASSIFIED

ORNL-LR-DWG 13422

%

\k
•

m
\ i

^ >**«_

-^v

\J
0 100 200 300 400 500 600 700 800 900

PULSE HEIGHT

Fig. 6. Scintillation Response ot LibI(0.025% Eu) to Fast Neutrons.
Crystal: 24-mm-dia. x 2 mm thick; En = 14.9 Mev.



UWCLAffilFIED

case of 14.9 Mev neutrons there are other fast-neutron reactions which
can contribute to the background; e.g., Li°(n,p)He° and Li°(n,d)He5(n)He1*.
This does not necessarily mean, however, that neutrons in the 1-8 Mev
region of the fission spectrum will be obscured by the background from
the higher energy component; the fission neutron spectrum falls off
very rapidly in energy so that the background from high energy neutrons
will still be small.

Figure 7 shows a plot of pulse height vs. total energy released
for the Li6l(0.025# Eu) crystal. The data are plotted as full width of
the peak at half maximum. It is seen that the midpoints of the peaks
can be Joined by a straight line, indicating that the relationship
between pulse height and neutron energy is linear throughout the range
of interest.

Measurements of fast-neutron pulse height spectra have been carried
out on other crystals of Lil(Eu) with various concentrations of europium
activator and Li° isotope. The spectra observed have all been basical
ly similar to those shown in Figs. 2, 3, k, and 6. Pulse height spectra
from fast neutrons on a 10 mm thick crystal of Lil(0.1# Eu), with the
natural concentration of Id°, have been reported in OBNL-I798, p. 32.

Another variable which can affect the scintillation properties of
a crystal is its temperature. In order to examine the effect of varying
the temperature, pulse height spectra from 5.3 Mev neutrons on Li°l(Eu)
have been recorded at several temperatures. These spectra are shown in
Fig. 8 f|dbl(0.025# Eu)j and Fig. 9 [Li°l(0.06#Eu)J. Figures 8 and 9
demonstrate two interesting effects. First, the scintillation efficiency
increases with decreasing temperature. In Fig. 8 the pulse height of
the thermal-neutron peak and the 5f3 Mev neutron peak is increased by
a factor of 1.7 on cooling from room temperature to -138°C. Second, the
fast-neutron peak assumes a nearly Gaussian shape at the lowest tempera
tures, and the resolution is substantially improved over that at room
temperature. The resolution indicated in these spectra is somewhat
deceptive, in that it is the full width at half w^yitimin divided by the
pulse height of the maximum, following the usual convention. From the
standpoint of neutron energy, however, the zero of energy occurs at
the position of the thermal peak, so that the neutron energy resolution
is greater than that shown.

The considerable Improvement in fast-neutron response observed in
these crystals upon cooling has provided the motivation for a continued
study of pulse height spectra at low temperatures. It will be of im
mediate interest to examine the spectra at various neutron energies,
and at even lower temperatures. It is hoped that cleaner spectra may be
obtained by collimating the fast-neutron beam through a shield of
lithiated paraffin, so as to cut down the number of degraded neutrons
reaching the crystal.

-9-
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IHVESTIGATION OF THE HORNYAK BUTTOH

AS A FAST-H1UTRON DOSIMETER

by

F. J. Muckenthaler

Oak Hidge national Laboratory

Four Hornyak buttons, (70-4)a25-u,b.750-in.-thick} (70-4)
25-p, .150-in.-thick,' (70-4) 25-u 1-in.-thick with l/8-in. lucite
rods vertical in the crystal; (70-4) 3-5-tf 1-in.-thick have been
compared to the Hurst-type fast-neutron dosimeter to determine
the energy range over which their dose rate was equivalent to the
Hurst-type,monoenergetic neutrons were obtained from a 3 Mev
Van de Graaff generator here at the Laboratory using protons
and deuterons on tritium and deuterons on deuterons. This gave
energy variations from approximately 100 kilovolts to about 17
Mev. The comparison showed that above 1.5 Mev the dose rate
ratio between the Hornyak button and dosimeter oscillated about
abfe The ratio at lower energies was greatly improved by in
creasing the ZnS lucite ratio and decreasing the button thick
ness. The maximum ratio observed for the optimum thickness
and concentration used so far was about three at a neutron

energy of approximately several hundred kilovolts. Such an
optimization process will be continued.

The Hornyak button is a homogeneous mixture of lucite and ZnS pressed
into cylinders of various thicknesses. These are then encased in a light
shield and mounted on a phototube. The impinging neutrons produce proton
recoils which In turn excite the activated ZnS particles. These then emit
photons whose wavelengths lie within the sensitive regions of the photo
tube. The pulses are fed into a preamplifier, an A-l amplifier, and then
into a scaler or 20-channel analyzer. The button is calibrated in the same
manner as the Hurst-type dosimeter, using a Po-Be source of known intensity
at a known distance.

The success of the button as a dosimeter and its usefulness in shielding
measurements depends on several things. Its range of neutron detection should
lie from near 100 kev energy to as high as 15 Mev. It should be capable of
weighting each Individual proton recoil within^ the crystal, that is, it should
do within the crystal what the integrator does for the Hurst-type dosimeter.

a« 70 parts lucite, k parts ZnS by wt.
b. Particle size», dia. '
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The crystal should be small so that the point of detection is well-known.
It should, in general, be an isotropic detector. Along with all this,
it should be capable of working in a high gamma-ray background, biasing
out any effect the gamma rays may have. Too, the sensitivity of the
detector to temperature change should be negligible. The detection
efficiency should also be equal to or greater than the presently used
dosimeter. Not all of these requests have been satisfied but data to date
is encouraging.

Biasing out the effects of gamma rays on the Hornyak button can be
done several ways. One is to run the neutron PHS curve for a Po-Be
neutron source and for the unknown neutron source to be measured and then r;

set the bias where these two curves become parallel. This must be done
where the gamma field is greatest. If the strength of the gamma-ray
field is approximately known ahead of time, the button may be set vm In
the same manner as is done for the dosimeter. This means that a Co°° gamma-
ray source should be placed so that the field surrounding the button is
known. If operation Is to be in a 1 r/hr field maximum, the gain of the
system and the high voltage are adjusted so that when a bias of 6 volts is
used, the scaler will record about 25 to 35 counts/min. If the gamma-ray
background is to be 100 r/hr, the over-all gain of the system is merely
changed so that the same 25 to 35 counts/min are obtained.

Some time ago measurements were made by the Bulk Shielding Facility
group with both the Hurst-type dosimeter and a Hornyak button in the water
surrounding the Bulk Shielding Reactor (Fig. l). A 3-in.-thick lead shield
which was held aFconstant distance from the detector on the reactor side

reduced the gamma-ray flux to less than 1 r/hr. For these measurements
the detectors were used in conjunction with an A-l amplifier and a 20-
channel analyzer. The four Hornyak button curves in Fig. 1 are all from
the same run, but they are plotted as a function of a lover limit on the
pulse height selector. One hundred and twenty channels on the analyzer
compares to a coverage of 100 volts on the pulse height selector. The
data at each point an curve 1 is the sum total of counts obtained between
channels 6 and 43 at that particular water thickness. Curve 2 gives the
counts between channels 10 and 43, etc. Since the curves remain parallel
with this variation in the pulse height selector setting, it is assumed
that gamma rays were not contributing to the counting rate even at the
lower settings. From this data it can be seen that the sensitivity of
this particular button and phototube combination is less than that of the
dosimeter but that curves from the two detectors are parallel.

The effect of varying the temperature of the detector and phototube
was investigated (Fig., 2) using a Po-Be neutron source. Curve 1 represents
the change in counting rate when only the Hornyak button temperature was
changed (effected by inserting a 4-in. length of lucite light piper between

-2-







the detector and phototube). The change in counting rate is less than
4# over 4o°C. Curve 2 shows what happened when both the phototube and
Hornyak button temperature was variedj the sudden change in slope at the
upper end of the temperature range is due to change in the photocathode
surface. In this case the counting rate varies about 17$ over 40°C.

It is hoped that by decreasing the ZnS particle size the slope of
the PES curve for the Po-Be neutrons would be much less. This would be
advantageous because it would allow one to operate at a higher PHS with
little loss in counting rate. As can be seen in Fig. 3, the change is
not large but In the right direction. Along with this process of trying
to improve the neutron detecting efficiency through the use of small
size particles, it was hoped that Just the opposite effect would take
place regarding gamma rays. Figure 3 also shows what happened in that
respect. The over-all electronic gain for the system was increased by
a factor of about 3 to bring the neutron response for the (70-4)a 3
to 5-u-dia particle button equal to that of the 25-u-dia particle button
at one PHS. In doing this, the gamma-ray response was increased to such
an extent that it would be necessary to operate at about twice the previous
PHS to obtain a counting rate independent of gamma rays. As can be seen,
this counting rate is also somewhat less. The over-all gain was increased

i again to bring the (70-4), 3 to 5-u-dia particle button response equal to
the other two at a common point. By using a smaller concentration of ZnS
the number of small pulses increases.and the number of large pulses decreases.

Probably the best procedure for determining the dosimetry capabilities
of the Hornyak button is to compare it directly with the Hurst-type dosimeter
using monoenergetic neutrons. This has been done for several button compo
sition, particle sizes, and thicknesses. The source of the monoenergetic
neutrons was the 3-Mv Van de Graaff generator here at the Laboratory. The
neutron energies were obtained using protons on tritium, deuterons on
deuterons, and deuterons on tritium. The three ranges of resulting energies
thus covered were approximately 100 Kev to 1.5 Mev, 2.5 to 5«5 Mev, and
14 to 17 Mev. With the exception of a few runs both button and the dosimeter
were placed at an angle of 15 deg with the generator beam, thus insuring
that both counters saw the same intensity and same energy neutrons. For the
2.5"and l4-Mev neutrons, it was necessary to move the counter to an angle of
90 deg with the generator beam. For any individual set of runs the distance
between center of detection and source remained the same.

Both the dosimeter and the Hornyak button were set up such that a bias
of 6 volts was used with an over-all gain that gave 30 counts/min when placed
in a 1 r/hr gamma-ray field. The pulses from the Hornyak button were fed into
a 20-channel analyzer and those from the dosimeter were fed into a 20-channel
analyzer as well as into an integrator. Only four buttons were used, (70-4),

a. 70 part8 lucite, 4 parts ZnS by weight.
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25-u-dia, 0.750-in.-thick; (70-4), 25-n-dia, 0.150-in.-thickj (70-4),
25-u-dia, 1-in.-thick with 1/8-in. lucite light pipers in the crystal;
and (70-4), 3 to 5-u-dia, 1-in.-thick. To eliminate any error due to
counting time or beam intensity, both counters were run at the same
time for the same amount of beam current.

Some of the results from these runs are shown in Fig. 4. Plotted
here is a ratio of the dose rate as measured by the dosimeter to that
measured with the Hornyak button as a function of neutron energy. For
the button which was (70-4), 25-u-dia, and 750-mil-thick the ratio is quite
high at low energies, approaching 1 near 1.5 Mev. Above this energy the
ratio is near 1. For a button which was (70-0.4), 3-5-p-dia, and 1-in.-thick
the ratio is much smaller at the low energies, approaching 1 at less than
1 Mev. For a (70-4), 25-u-dia, 1-in.-thick button with 1/8-in. lucite rods
in it the curve is essentially the same as for the 750 mils thick button.
When the thickness for the (70-4), 25-U-dia button was decreased to 150 mils,
the lower energy ratio drops to that shown here for the 3 to 5-u-dia button,
but approaches 1 in the same manner as the 750-mil crystal.

A check was made on the efficiency of the Hornyak button using the
(70-4), 25-u-dia, 750-mil-thick crystal. For a neutron energy of O.165
Mev it is about 0.001#j at 0.5 Mev it is about 0.02#; and at 1-5 Mev it
is about 0.2l6#. The dosimeter at this latter energy is about 2$ efficient.
The calculations are based on the number of neutrons passing through the
counter determined from the beam current, differential cross section, and
number of atoms of gas in the target.

Other runs on the Van de Graaff were made more recently using only the
p, T reaction. The compositions of the Hornyak buttons used were (70-4),
(70-20) and (70-50) with a 25-u-dia particle size. One (70-4) button had a
3 to 5-p-dia particle size. This time the thickness of the buttons was
varied in an attempt to find some combination that would reduce the dose
ratio at the lower energies. The results plotted in Figs. 5,6 and 7 are
the dose rate ratios against proton energy. Since this is preliminary data,
no attempt was made to calculate the neutron energies. It can be noticed
that as the thickness of the crystal decreases, the lower energy ratio
improves. At about a 20-mil-thickness the point of diminishing returns
appears to be reached.

The best curve from each of the Figs. 5> 6 and 7 are plotted in Fig. 8
which shows that as the concentration is increased the tendency is for more
of the low energy neutrons to be observed with the Hornyak button. The
present information does not give a full optimization of all components
involved. The data does seem to indicate a need for larger ZnS concentra
tions in the crystal and optimum crystal thickness<> No check has been made
regarding response to gamma rays at these higher concentrations. More work
is needed in regard to both the 25-u-dia and the 3 to 5-u-dia particle
crystalso
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ABSTRACT

The problem of heat generation in a reactor gamma shielding
material is defined, and a technique that is adequate for estab
lishing preliminary design requirements is developed. The
results are presented in a manner facilitating application by
the designer of the best pertinent experimental data which may
be made available from time to time.

The salient simplifying assumptions are:

1) geometry may be represented by a plane slab (gamma
shielding) of finite thickness and infinite extent bounded
by a reactor core region and a neutron shielding region;

neutron fluxes in the slab follow simple exponential dis
tributions (thermalization of fast neutrons is not considered);

gamma rays which leave the slab do not return;

neutrons scattered from the plane slab region into the
reactor core region do not return to the slab (albedo of
source region is zero for neutrons);

albedo of the neutron shielding region is known for
neutrons;

primary neutron and gamma ray currents incident upon
the slab are known;

certain nuclear parameters (discussed in the text) are
known for the case of interest;

annihilation photons are absorbed near their points of
origin; and

first order corrections for multiple Compton scatterings
are sufficient.

Although considered adequate for preliminary design, the simple ex
ponential function (representing the volumetric source strength of
gamma rays arising in the shield) may be modified, when warranted,
on the basis of appropriate experimental data.

As an example, the heat generation distribution in a slab of iron
six inches thick is estimated for a given set of parameters.

ER NO. 8018



I. INTRODUCTION

The treatment of nuclear radiation heating discussed in this
paper was developed at the Martin Company, and was presented
in rough form at the Convair Shielding Symposium during August,
1955. The underlying theory, parametric curves, and a sample
application of the technique are presented herein.

A. DEFINITION OF GENERAL PROBLEM

Radiation heating, which may cause severe thermal stresses and
creep in reactor external shells and reactor shields, confronts both
the reactor designer and the shield designer. The radiation heating
problem is characteristic of power reactors, where it influences the
design of reactor shells and requires special provisions for dumping
heat generated in reactor shields.

An evaluation of thermal stresses resulting from radiation heating
requires the resolution of three interconnected problems:

1) determination of the magnitude and distribution of energy
associated with the radiation;

2) ascertainment of the heat transfer rates and temperature
distributions based on the physical properties of the material
and the manner in which heat is being removed from the
material; and

3) calculation of the thermal stresses resulting from the
temperature distribution derived from the heat transfer
solution.

B. DEFINITION OF SPECIFIC PROBLEM

The purpose of this paper is to discuss the first of the afore
mentioned problems. Results derived therefrom will facilitate the
definition of shield cooling requirements. Although the derivation
specifically applies to a slab of finite thickness and infinite extent,
designs involving practical geometries can be based upon the results.
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Complexity is inherent in any attempt to determine the magnitude
and distribution of energy associated with reactor radiation. The
analytical treatment must account for the geometries and physical
properties of the absorbing media, and for the energy spectra, ge
ometries and spatial distributions of the sources, as well as for the
energy and angular distributions of the radiation leakage entering
the shield. Resolution of the problem leads to consideration of the
following areas:

1) self shielding characteristics of the reactor core, and
determination of neutron and gamma leakage therefrom;

2) absorption of energy from core gammas in the reactor
shell and shield;

3) absorption of energy from capture gammas due both to
thermal neutrons and to fast neutrons that have been
thermalized in the reactor shell and shield;

4) absorption of fast neutron energy in the reactor shell and
shield due to elastic scattering;

5) absorption of energy manifested in gammas arising from
inelastic scattering of fast neutrons in the reactor shell
and shield; and

6) absorption of energy arising from (n,a), (n, p), and (n, f)
reactions where shielding materials are contemplated which
may have significant cross-sections for these reactions,
as might be the case, for example, in a power-breeder reactor.

Specifically, the task is to express the contributions to shield heating
from thermal neutrons, fast neutrons, core gammas, capture gammas,
charged particles, Compton scattered gammas, inelastic scattered
gammas, and fission fragments (in exotic shielding materials) as
functions of the source strength, energy spectra, and spatial coordinates
involved.
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II. METHOD OF APPROACH

The approach employed here is intended to provide preliminary
design data.

Due to the large number of variables and to the lack of basic
knowledge, analytical solutions are based upon several simplifying
assumptions. It is usually necessary to consider a number of discrete
energies in the core gamma leakage because a single energy is
seldom representative of the emitted energies. Each gamma group
is characterized by a different absorption probability in a given
material. Determination of the inelastic scattering contribution is
generally restricted by the lack of data on inelastic cross sections.
The leaking neutrons are subdivided into two or more energy groups.
The various means of determining neutron and gamma core leakages
are not discussed.

It is logical and convenient to define an effective energy absorption
coefficient ( \i') for gammas in the slab material:

H* - h'pe + Mpp + u^d + fn^s

where

^PE s fraction of energy deposited in medium per centimeter of travel
due to photoelectric process

HPP = fraction of energy deposited in medium per centimeter of travel
due to pair production

^c = fraction of gamma rays that undergo Compton scattering per
centimeter of travel

= nc.d 'c.s

u j = fraction of energy that is deposited in medium per centimeter
' of travel due to Compton scattering

|i s fraction of energy that is scattered per centimeter of travel due
' to Compton scattering

f = fraction of energy of secondary gamma ray that is absorbed
locally after primary Compton scattering

By judicious choice of the fraction f, a first order approximation of
the multiple scattering effect may be accomplished. It should be noted
that since
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^c,s ^c " ^c,d

it generally represents a small contribution to the effective energy
absorption coefficient.
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III. HEATING DUE TO NEUTRON-INDUCED GAMMAS

An evaluation of the heat generation arising from (n,y ) reactions
is probably the most complex problem to be encountered in radiation
heating studies and is the one involving the most uncertainties. A
realistic evaluation of these sources of heat demands a knowledge
of the neutron flux in every portion of the region under consideration,
the neutron capture probability and the energy distribution of the
resulting gamma radiation, as well as a detailed investigation of
the particular geometry under consideration.

An approach to this problem has been made by Enlund (Ref. 1),
who defines the heating in a semi-infinite volume bounded by a plane
upon which thermal neutrons are incident. An integrated treatment
for a slab of finite thickness is presented here, together with suggested
analogies between the capture and inelastic scattering processes.

In the following sections it is assumed that the rate of decay of
compound nuclei has reached the rate of formation.

With reference to Fig. 1, let the point i' denote any arbitrary
x(o< x<b) in the neighborhood of which the heat generation rate per
unit volume per unit time due to contributions from a given type of
event taking place at all points (x, y,9) in the volume under consideration
is to be determined. Let the given event be the emission of capture
or inelastic scattering gamma rays by the atoms of the material com
posing the slab, then

b • 2k
H(x') = / / ; dH(x,x', y,<p) (1)

x = 0 y = 0 9=0

EP (x) y dy dip dx u' e"^ ^-§£
dH(x, x', y,<p) = . if?

ds di
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where

b = slab thickness

E = energy of gamma

P(x) 2 volumetric gamma source strength

^ = total interaction cross section of the material for gammas of
energy E ^ up£ + ^ + ^

^ i = effective energy absorption coefficient of the material for
gammas of energy E ^ "pE + Hpp + H +fHc,s

i2 . |x-x'|2 + 2

Let Hj (x') and H2 (x») denote the capture gamma heat generation
rate per unit volume in the neighborhood of x' due to fast neutrons
and thermal neutrons, respectively. Then, from Eq. (1),

Hl(x')=^ / P(x) El(u| x - x' I) dx
x=0 1 ' ' (2)

Eq. (2) may be integrated after selection of the function P(x).
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ds

Fig. 1: Slab Geometry: Slab Source Distribution
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A. FAST NEUTRON CAPTURE

Assuming that the function P(x) can be derived from a simple
diffusion theory prediction of the neutron flux in a plane slab of
finite thickness and infinite extent, it follows that

-KjX KjX
P(x) = C1 e + C2 e

where

*<\ - V Ji \
(l+2Kj_ D1)(ti1 - Kj_) - (1 - 2Kj_ D1)(tj1 +Kj_) e_2Klb

c _ kJ1^-{l+2X1B1)C1
2 1 - 2 L D*L

n
i ^i-1

i " 2D 0 + 1

(3)

^1 = fast neutron albedo of the neutron shielding region bounding
the slab at x = b, Fig. 1

4 $/*!

J1 = fast neutron current incident upon the slab (note that J1
denotes the incident rather than the net neutron current

at x = 0, Fig. 1)
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a

£ = macroscopic absorption cross section of the slab material
for fast neutrons

D- = "diffusion" coefficient for fast neutrons in the slab material

Substituting the right side of Eq. (3) into Eq. (2), it is shown in the
appendix that

Hi(x,) =[Ci^x') +cjA(x,2] iaC (4)

where

b -K X

| (x>) * / e K^E (n|x-x'|) dx
x=0

-K X'

Q^ (a^X') +e "• Q^ (a,K,_z)

b K_X

A(x«) * / e L K1E1 (n|x-x'|) dx
x=0

K_ X'

=Q^ (a,KLX') +e1" Q* (a,Kj_Z)

Q" -Ex [aCK^.]] +e"KlX' jin^ -E± [(a-l) K^
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Q2 = in a+1^ +E1 QCa+l^Z -e XEx J^ad^zf]

^ K1X' I. a+l _
+ e < in + E..

a 1
Q+ s - E1 [ad^X')^ (a+l^X^J

Qg ^ in ^J -Ex [VUK^ +e^ Ex [ad^zf]

a
K,

Z s b-x'

7 Blim (- in t + £ n"1 ) =0.5772157'
t-»oo n=l

-s dsEl(X) - / e-b|^.-T(-x)*
s=X

* T (-x) is generally tabulated as E. (- %).
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X
e «»

ds . -t dt

s=0 £nB t=-X X

11

The dimensionless symbols Q~ and Q are to be associated with the heat
generation rate due to gamma sources in the region 0 < x < x', and are
derived from the exp (-K^x) and exp (I^x) portions, respectively, of
the function P(x). The quantities Q„ exp (-KjX') and Q„ exp (K.x') have
the corresponding physical significance in the region x' < x < b.

Curves are presented in Section VIII showing the various Q's as
functions of Kx' or Kz in the range 0<oc < 10. These curves are useful
for evaluation of neutron-induced gamma heating.

B. THERMAL NEUTRON CAPTURE

The expression for the capture gamma heat generation rate in a
small region about x' due to thermal neutrons can be obtained from

a

Eq. (4) by replacing the quantities tu, K-, J-, £ .., D-, and 0 1 by their
respective correspondents for thermal neutrons (r\. by t}_, etc.). The

reciprocal of the quantity K1, for example, would be replaced by the
diffusion length of thermal neutrons in the material.

It is noted that the model does not lend itself to accounting for the
thermal neutron source due to slowing down of fast neutrons in the slab
material. A correction for this source could be included in the function

P(x). In many cases, however, the refinement that would be obtained
does not warrant the increased complexity of the integration.
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C. INELASTIC SCATTERING GAMMAS

The contribution to the heat generation rate due to inelastic scattering
a

gammas may be estimated from Eq. (4) by replacing 1 , K., J.,Z D.,

and P1 by their respective correspondents for neutrons in the inelastic
1 as

scattering energy range. For example, 2 would be replaced by £ . —

a suitably weighted macroscopic inelastic scattering cross section oi
the material for neutrons.*The reciprocal of the relaxation length for
neutrons engaged in inelastic scattering would differ from K*, in general,

since the neutrons undergoing inelastic scattering are usually in a
different energy range from neutrons engaged in fast capture. Usually
inelastic scattering occurs at higher neutron energies than those pre
dominating in fast capture. It is noted that E would be replaced by E. ,

the energy of the inelastic scattering gamma, and that u_ and u_' are
functions of gamma energy.

D. CONSIDERATION OF SECONDARY GAMMA
ENERGY DISTRIBUTION

In those cases where a neutron interaction may give rise to
gammas of various discrete energies (Ref. 2), Eq. (4) may be ap
plied by dividing the gammas into m groups. The quantities asso
ciated with neutrons (J, r\ , etc.) will be the same for all groups,
while_u , u_', and E will vary. Denoting the values for the ith group
by the subscript i. Eq. (4) becomes

Hl (*'
m

) = Z r n
i=l 1

where

r _JL
1 = 2K-,

- K

A (Q11 +e "

ni = H Ei h

(5)

,+ . V^n

qi = number of gammas in ith group per neutron interaction
( £ q. / 1, in general)

* This substitution is to be made in Eq. (3), but not in the
equation connecting D and K .
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It is convenient to normalize each term of the sum in Eq. (5)
to the value of n.; letting

n.

A. = -L
1 n.

J

it is seen that Eq. (5) may be written
m m H (x1)

IL (x1) = n. £ r. A. =n. £ A. — (6)1 J i=1 i i J 1=1 i n ±

where the subscript j represents any of the gamma groups,
l<j<m. -
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IV. HEATING DUE TO CORE GAMMAS

With reference to Fig. 2, the contribution to the heat generation
rate in the neighborhood of a point x within the slab due to a core
gamma group of energy E may be estimated as follows:

00 2*

G(x,n) = / /

y=0 9=0

yd® dy J cos11 Q -u| , ._.
did! 2 e H E ds di <7>

rtl

n 2where J cos 9 exp(-|il )/ni is assumed to adequately represent the
number of photons of the pertinent gamma group in the neighbor
hood of x due to gammas entering the slab through the elementary
area (yd0 dy). It should be noted that J must be taken so that

it/2

I = / J C0Sn 9 2* sinQdO =2J
n n+1

9=0

where I_ represents the number of photons per unit area of the
given gamma group incident on the slab. It is assumed that I
(and hence J) is independent of y and 0. For simplicity the build
up of gamma energy has been neglected, but it will be a signifi
cant factor for thicknesses of more than one or two mean free
paths in heavy elements. In these cases a correction for this
effect should be made by estimating an average buildup factor.

2 2 2
Let v = |il , then since I = x + y , ydy = Idl and

coso = x/l, Eq. (7) maybe written:

00

-V-

or

G(x,n) =2 j/ (^x)n EJ / S_|I (8)
v

V=|iX

G(x,n) / \n „ , N
%TEJ = (^x> En+i^x) , n-0, 1, 2 . . . (9)
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where E .. (^x) may be found by use of the recursion formula

En+>X> - V~^ "-V- (10)
and the previous definition of E,(x) following Eq. (4). These func

tions, are tabulated for n = 1, 2 and 3 in the argument range 1 <x
<20 (Refs 3 and 4)f The function G(x,l)/2 n'EJ was computed for
various values of |ix < 20 and is presented in the appendix.

The exponential integral function of first order, E,(x), is tabulated in
Refs. 8 and 9 for both positive and negative arguments over a wide
range.
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Fig. Z: Slab Geometry: Plane Source Distribution
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V. HEATING DUE TO NEUTRON ELASTIC SCATTERING

Although generally negligible, the direct neutron contribution to
the heat generation rate may be estimated from Eq. (11) in cases of
interest.

Let He denote the heat generation rate per unit volume due
to elastic scattering of fast neutrons in the materal, then

-K x K,x s /a

He =ai(ClS +C2e ) \/\ (11)

where the new symbols are defined as follows:

a-, = average loss of energy per elastic scattering collision =

1/2 l^j (l - cos 9') E
n

A = atomic weight of the material

E = energy of neutron prior to primary collision in the material
n

^ s macroscopic scattering cross section for fast neutrons in the
s material

£3s9t = average cosine of the scattering angle (note that cos9' = 0
or 2/3A) for isotropic scattering in the laboratory or center-
of-mass system, respectively.
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VI. HEATING DUE TO OTHER SELECTED REACTIONS

The contribution to the heat generation rate from (n,p), (n,<i)
and (n,f) reactions may be divided into two parts:

1) that from gamma radiation associated with these reactions and

2) that from dissipation of kinetic energy associated with
charged particles emitted in these reactions.

The gamma ray contribution may be calculated from Eq. (4) by
replacing u_, ^, E, £a, J , K,etc. by their correspondents for the

reaction under consideration. Note that the macroscopic cross
section for the reaction under consideration would replace £^ in
Eq. (3), but that the equation connecting D and K would remain
in terms of the £a associated with the appropriate neutron group.

The charged particle contribution is deposited locally and may be
determined from Eq. (11) by replacing £s , J-j. , K^ , etc. by their
correspondents and replacing a-, by a , the energy released in

the reaction minus the energy of gamma radiation accompanying the
reaction.
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VII. AVAILABILITY OF DATA

The foregoing treatment assumes that values of the various para
meters are readily available. Unfortunately, this is not the case at
the present time.

Values of npE , Upp , ^ and nc d are fairly well known;

for example, where the electron binding energy is negligible the
Compton coefficients may be determined directly from the. Klein-
Nishina equation (Refs 4, 5, and 6). The lack of neutron data, how
ever, suggests that this is an area in which a great deal of basic
research may profitably be done. Particularly needed are branch
ing ratios for the different neutron - induced reactions as a function
of neutron energy.
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VIII. PARAMETRIC CURVES

This section contains parametric curves which may be used to
facilitate the calculation of heating due to gamma rays.

Figures 3 through 5 present Q1 and Q. versus KX with a as a
parameter. These terms are defined in Eq. (4).

Figures 6 through 9 present curves for Q„ and Q„ versus KZ

(where Z = b - x' ), with a as a parameter, and in addition nomographs

for obtaining values of Q„ exp (KX ) and Q~ exp (- KX1 ). Again the
terms are defined in Eq. (4). In the appropriate nomograph, the value

of QTexp (+ KX ) is read at the intersection of the Q~ exp (±KX )
l +

axis and the straight line joining the intersection of the KZ and Q~
axes with KX' on the left hand axis.

The functions Or and Q* are to be associated with heating due to
induced gamma rays. In Figs. 10 through 12 curves are presented
which are to be associated with heating due to reactor core gammas,

C(X 1)
and the function 0 , ' _ — *s plotted as a function of ^X. These terms

4 (i JCiJ

are defined in Section IV.
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Fig. 3. Q~ Versus KX* (0.1 < a < 1.0)
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IX. EXAMPLE

As an example of the application of the formulas derived for
the heat generation in a plane slab, values have been calculated
for the various heat contributions in a slab of iron. Iron has been
chosen for this example because more complete information is
available for iron than for most materials.

A. TABULATION OF SELECTED PARAMETERS

The following values of the parameters have been selected:

Slab thickness = 6 in. = 15.3 cm

12 2Incident fast neutron current = 1 x 10 neutrons/cm -sec

12 ?
Incident thermal neutron current = 1 x 10 neutrons/cm -sec

13 26-Mev gamma current = 1 x 10 gammas/cm -sec

13 23-Mev gamma current = 2 x 10 gammas/cm -sec

13 21-Mev gamma current = 5 x 10 gammas /cm -sec

Core gamma distribution = I cos 9

f = 0.85

1

1

Kj = 0.0428 cm

K2 = 0.788 cm

zj =0.0025 cm"1

Es = 0.0508 cm-1
in.

P. = 0.5 (This is an assumed value. It is selected because it gives
an interesting result.)

P_ = 0.821 (A water medium is assumed.)

The values of the incident neutron and gamma currents were selected

for convenience in the calculations. The values of K, £? and Z^ were
1 In

taken from Dr. L.G. Alexander's lectures (Oak Ridge School of Reactor

Technology) on reactor engineering.
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B. HEAT GENERATED BY CORE GAMMAS

For each of the selected core gamma energies a G(X) is computed
from the curves in Section VIII. These functions are presented in
Fig. 13.

C. HEAT GENERATED BY THERMAL NEUTRON CAPTURE

The gamma energy groups for thermal neutron capture are (Ref. 3):

i E.
l

E.
l "i qi A.

l

1 0-1 Mev 0.5 Mev 0.607
-1

cm 0.54* 0.1912

2 1-3 2.0 0.331 0.10* 0.0772

3 3-5 4.0 0.252 0.24 0.2825

4 5-7 6.0 0.244 0.22 0.3763

5 7 7.5 0.228 0.50 1.0000

* Estimated value

Using the normalization procedure outlined in Eqs. (5) and (6), a
composite Q. and Q„ are defined for the thermal capture process in

+
iron. These are presented in Fig. 14. The corresponding Q 's are not
shown because exp (-2 Kb) is approximately zero for this particular
example. The heat generation rate is given in Fig. 15.

D. HEAT GENERATED BY FAST NEUTRON CAPTURE

Since this is not a major contribution (K. is small), one 7.5

Mev gamma per capture is assumed. The resulting heat generation
is also plotted in Fig. 15.

E. HEAT GENERATED BY INELASTIC SCATTERING

A number of measured scattering cross-sections have been tabulated
by Feld (Ref. 7). Although cross sections and energies for several
of the possible reactions are well known, the data are not complete.
For this example an average energy of 2.0 Mev for the emitted gamma
ray is chosen. The results are given in Fig. 15.
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F. DISTRIBUTION OF HEAT GENERATION

The sum of the contributions shown in Figs. 13 and 15 are shown in
Fig. 16. Integration under the curve yields an areal heat generation

2
rate of 15.2 watts/cm . For a spherical shell of 65 cm radius (mean

4 2
area = 5.30 x 10 cm ) and the above thickness, the total heat generation
rate, neglecting geometrical distortion, is 8.8 x 10^ watts.
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Fig. 13. G(X) Versus X (iron slab)
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Fig. 15. Heat Generation Rate Versus X1 for Inelastic Scattering, Fast
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X. APPENDIX

This appendix contains details of the theory which were omitted
in the text in the interest of brevity and clarity and are presented
here for the sake of completeness.

A. DERIVATION OF EQ. (2)

With reference to the text,

b oo 2n

H(x') = J J / d H(x, x', y, q>) (l-A)
x=0 y=0 <p=0

=/ f J2* EP(x) ydy dcp dx u' e"M
x=0 y=0 cp=0 kit £

Pi 9 0
With reference to Fig. 1, it is seen that i = |x - x'| + y , and that
when y = 0 or«>, I = x - x or ~ , respectively. Furthermore, ydy =
Id I, since x is constant for any integration over y. Therefore, Eq.
(l-A) may be written:

m b oo pj[

x=0 i = |x - x'| l 9=0

-^ / P(X) dx /" e_M M
x=0 £ = |x - x'l l

•u

^r / PU) E. (u|x -x'|) dx (2"A)
x=0 L
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B. DERIVATION OF EQ. (3)

It is assumed that the neutron flux in the plane slab under con
sideration can be derived from simple diffusion theory.

fc^mm^^

— j+(0) j_(b) —

j_<0>— — j+(b)

Fission Region Gamma Shielding
Region

Neutron Shielding
Region

2^^m
x̂ = 0 x = b

With reference to the text and to the above diagram, it is seen
that the diffusion equation

V2 <P(x) - K2 cp(x) =0

is to be solved subject to the following boundary conditions:

1) a j+(0) = j_(0)

2) 3 j+(b) = j_(b)

where

cp s neutron flux in gamma shielding region

K2 3 Z/D
St

a = albedo of gamma shielding region

P = albedo of neutron shielding region

ER NO. 8018
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Integration of Eq. (3-A) gives

<p(x) = Ae"^ + B e** (*-A)

Then, since

VP(o) A - B1 + 2D f ( 1 - 2KD £ 1
„ <P(°) - A. +B (5-A)1-2D^4 " 1+2KD f-^§

Cp(Oj A + n

application of boundary conditions 1) and 2) above yields Eqs. (6-A)
and (7-A), respectively:

k J+(0) - A(1 +2KD) (6-A)
1 - 2KD

A= * h(0) (Tl - K) (7-A)
(1 + 2KD) (tj - k) - (1 - 2KD) (t] + K) exp (-2Kb)

where

- -A P - 1
n 2D p + 1

Hence, it is seen that

-Kx „ KxP(x) = Z <p(x) =C1 e"** +C2 e^ (8-A)

where C, and C2 are defined in Eq. (3).
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C. DERIVATION OF EQ. (4)

Upon substituting the P(x) obtained in Eq. (8-A), Eq. (2) or (2-A)
becomes

H(x>)-|£ (C^+CgA) (9-A)

where

|(x') . / e-KxKE1 (u|x-x'|) dx (l°"A)
x=0

b
KxA(x«) , / e**KE, (Ji|x - x'|) dx (ll-A)

x=0

Consider

b
»/ „, \ r -Kx -_ , t -u du>§(x') = / e K dx / e —

x=0 u>= u|x - x' I

where

X' oo
r ~-Kx „ , f -s ds= Je Kdx J e —

s

x=0 s= n(x'-x)

t> 00
r -Kx „ . , -t dt

+ J e Kdx/e -r-

x=x" t=n(x-x')

= I-, + i2 (12-A)

x

ftx- / e^Kdx / e"^x,-x)v ^ (l5.A)
x=0 v=l
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| s /b5KKax /"s^- '̂Jvdw (14-A)
c x=x' w=l

Consider

where

«• jix'v x' -(k-uv)x

- -KX' -^'v dv

00/ \ 00

vll V y ^V"K vll

= e"Kx' in |-tU + E-. (nx') - e-Kx' En (^x- - Kx') (15-A)

.(x) , -T(-X) * / e"U £i = -y -£nX - = ^
1 u=x n-n«

-x dtT(x) = ~\(x) +2 / sinh t ~ =7 +in |x| + Z _j£
t=0 n=l n.nJ

\u) +t(x) - / e~v ^ =2 z x21;;1
v=-x n=0 (2n+l)(2n+l)J

and the symbol is defined in Eq. (4).

ER NO. 8018



43

Values and expansions for the exponential integral functions (E. and T)

are accessible (e.g., Refs. 8 and 9). It is to be noted thatT, generally
tabulated as E^ is simply the Cauchy principal value of E, for X<0.

Similarly,

S,=Ke-H' ; dw

s2 =*6 VJ=]_ (nW4K)v -Ke^ /"e^b"X,)V jJZ
(uw-4K)w

w=l

-KX' r udv _,_ -KX' f dv

w=l uv+K w=l v

»5K' mHi* ^» El(nb-nX') +e10^ [(b-X')(n*)] (16-A)

Now, summing Eqs. (15-A) and (16-A), it is seen that Eq. (10-A) may
be written

S(X.).E1(MX.)+e-KX' Ln|H|j ^^'\^^.)

-E^uX'-KX1) +Ex (b-X'Xu-tfN

=0^ (a,KX') +i^' Q^ (o,KZ) (17-A)
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where the new symbols are defined in Eq. (4).

In a manner similar to that used above, it can be shown that
Eq. (11-A) may be written

A(X') =eKbE1(nb-MX') -E^uX') +e**' It* IH«
-L 1 ^ I Ji-K

E^uX' +KX') -E1 [ (n-K)(b-X')]|

= Q+ (a,KX>) + eKX Q+ (a,KZ)

where the new symbols are defined in Eq. (4).

N.B.

(18-A)

Throughout the report, upper and lower case Z's have the same
significance. The same is true for upper and lower case X's.
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GAMMA-BAT HEATING IN A 300-Mv CFR SHIELD

C. A. Goetz*

R. MV Davis**

The heat in the lead and alkylbenzene shield of a 300-Mv
circulating-fuel reflector-moderated reactor has been calculated
for the following components: (l) primary gamma-rays origina
ting in or near the reactor core, (2) fission product gamma-
rays from the heat exchanger, and (3) thermal-neutron capture
In the lead and borated (2jG boron) alkylbenzene. The third
component vas subdivided to account for secondary gamma-rays
from the lead, hydrogen and boron capture. Alpha particles
resulting from thermal-neutron capture boron vere also con
sidered.

A study of the gamma-ray heating in the lead and alkylbenzene shield
Of a 300-Mv circulating-fuel reflector-moderated reactor (Table I) has
recently been completed. Throughout the calculation the latest CTRMR-shield
mockup experimental data from.the LTSF vas incorporated as much as possible.
The heating in the shield vas resolved into three principal components:
(l) heating due to primary gamma rays originating In or near the reactor
core, (2) heating due to fission-product decay gamma rays from the heat
exchanger region, and (3) heating resulting from thermal-neutron captures
in the lead and borated (2$ boron) alkylbenzene. The third component vas
subdivided to account for secondary gamma rays from lead, hydrogen, and
boron capture. Alpha particles resulting from the thermal-neutron captures
by boron vere also considered. (This Is the only source of heating not
due to gamma rays included in the calculations.)

The results of the calculation are plotted In Figs. 1 through 6. The
methods of calculation are described belev.

♦Loan employee from The Martin Company.
**Loan employee from Pratt and Whitney Aircraft Company.
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IBIMARY GAMMA-RAT HEATIUG

The primary gamma-ray source includes both prompt and fission-product
gamma rays from the core, capture gamma rays from the Inconel core shell
cladding, and capture gamma rays from the beryllium. The heating In the
alkylbenzene and lead shield resulting from these gamma rays vas determined
by the procedure outlined belov.

The heating In the alkylbenzene vas obtained by use of a recent analysis
of LTSF measurements in vhlch the important source contributions to the gamma-
ray dose tete In vater beyond a CFRMR mockup vere determined for various lead
and vater thicknesses. The usual material and geometry transformations vere
applied to the resulting curves to obtain the dose rate in alkylbenzene be
hind various lead thicknesses. The dose rate vas then converted to heat
vith the following expression*

r cr

H«Siyl,pftalk3rl,tPb) -h. &%&<*'*'^tifoW^c^
vhere

B"aIkyl,P =heating due to primary gamma-ray sources (vatts/g),

*alkyl * thickness of alkylbenzene (cm),

t_. » thickness of lead (cm),

K • factor to convert from dose rate to heat

- 2.58 x 10"9 (vatts/g)/(r/hr),

rc » outside radius of reactor core (33.0 cm),

r • radius to a point In the reactor at vhlch heating is

computed (cm),

DP^LT^a'z»'*;Pb) " Primary dose rate (r/hr) in the LTSF at a distance

z from the LTSF source plate vith a radius a

(a = 35.5 cm),

H(a,z) = transformation from the dose rate of a finite disc

(radius a) source to that from an infinite plane source
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!(|iz)

Vf) -»! (p [i +(-*)]
<%/o£T = ratio of reactor to LTSF source plaS«|Mj»quivalent sur-

face source strength for neutrons,

^«r.<$ - rh? >

c

o

P » reactor power ( 3 x 10 vatts),
R

^p fLT

^jjj, « LTSF source plate power (3.5 watts)*,

c^ « change in attenuation due to replacing the ^--in.-thick
test heat exchanger mockup vith a particular reactor
Igffet exchanger composition and thickness (based on
exponential attenuation at 6.8 Mev),

cg • change In attenuation due to addition of small claddings,
correct pressure shell thickness and composition, etc.,

tij X Cg a 0.1*60,

c3 • change in attenuation due to substitution of alkylbenzene-
350 at 330°F, assuming that jy,^ -0.8 ^ Q
based on electron density. 2

The determination of the primary gamma-ray heating In the lead vas
made in a slightly different manner. Since there vere no LTSF curves of
primary gamma-ray dose rate as a function of lead thickness, it vas necessary
to use the transformed LTSF curves mentioned above, 1. e., plots of the
primary gamma-ray heating In the reactor as a function of alkylbenzene
thickness for various lead thicknesses. The lead thicknesses vere 0, 1.5,
3, ^.5 and 6 in. By integrating over r from the lead surface tor • infinity,
the total heating in the alkylbenzene lihind 1.5 in. of lead vas evaluated and
subtracted from that behind no lead, giving the total amount of energy deposited
in the first 1.5-ln. thick lead layer In the reactor as follows:

*xne latest calibration of the nev LTSF source plate has yielded a value of
3.5 vatts for the old source plate (see papersr.by.W. J. McCool and D. R. Otis
this repor-^.
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Spb^O^tpb S1-5 in.)

CO

^PalkylrHalkyl,p(talkyl,tPb=0) *** "^alkyl
knp.

'Fb

vhere

HFb,Pl0StPb41-5 **•>

oo

2

^lkyl^^aikyl,1^"3-5 im) r to
rQ+1.5 in.

(rQ +1.5 in.)3 - rQ3

average heating due to primary gamma-ray
sources in the first 1.5-in. thick lead
layers (watts/g),

r • inside radius of lead (cm),
o

jQpk » lead density (g/cm3),

Palkyl =alW-1:>enzene density (g/cm ),

alkyl,P alkyl'^Pb) - heating In the alkylbenzene at a distance

Vliyl benlad a ***»•" *Pb <* ^ad
(vatts/g).

Repeating this procedure for the other lead layers resulted in a histogram
of primary gamma-ray heating in the lead. A smooth, exponential curve vas
then fitted to the histogram.
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FISSION-PRODUCT GAMMA-RAT HEATING

In the absence of any experimental data for the contribution of
fission-product gamma rays from the heat exchanger region, It vas
necessary to calculate the heating from the fission-product gamma rays.
The results of recent spectrometer measurements of fission product
photons in the rotating belt experiment at the LTSF were used in the
calculation.1

The general procedure followed was to evaluate the heating con
tribution from each of several energies and then to perform a numerical
integration over the energy range. The energies chosen were 0.10, 0.25,
0.50, 1.0, 2.0, 3.0, k.0, 6.0 Mev. The surface source strength (at the
outer surface of the heat exchanger region) of photons of energy K was
determined first. The energy deposited at a distance from an Infinite
plane with this source strength was then computed, after which a geometrical
transformation was applied to convert to spherical geometry.

The choice of a buildup factor in determining the dose rate from an
infinite plane was critical. The preponderance of Inconel between the
heat exchanger and the lead suggested the use of the energy absorption
buildup factor for nickel vhen the energy deposition at the inner surface
of the lead vas computed, (in the actual calculation, the buildup factor
for iron vas employed, since that for nickel vas not available.) Vhen the
heating at a point a fev mean free paths Inside the lead vas computed,
however, the buildup factor for lead vas used. The buildup factor for
lead vas also applied for the heating in the alkylbenzene at the last lead-
alkylbenzene Interface. Water buildup factors were employed for results
at greater distances into the alkylbenzene.

The following expression was used in the calculation of the heating
from the fission-product gamma rays in the heat exchanger:

HHX(r) =[ HHX(r'E) **
where

h^, . fi£L 3b_ 5£l b. ^ jHd) ti Ea z^uidjti ,

K&

o r 1? a

mass energy absorption coefficient for photons of energy E,
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r^ • outside radius of reactor heat exchanger (32.872 in.),

PQ
S(E) -K(E) ^gyL(E),
K(E) -ENfp(E) 3.1 x1010 (fissions/sec)/watt,

Nf|p(E) « number of fission product photons emitted per fission per
unit energy interval centered about the energy E,

P = ^ „
o -S— vf'

Vf 0
PR »= reactor power (3 x 10 watts),

Vf = total fuel volume (20.11 cu ft),

vf = volume fraction of fuel In heat exchanger (0.27^),

u(E) • total gamma-ray absorption coefficient for photons of
energy E,

L(E) . 1- fjgi e-pCE)tn + e-p(E)tM -1
rHX° ps(E> 'BXo

r__ = Inside radius of reactor heat exchanger
ffii (25.8^2 in.),

t^ = heat exchanger thickness (7*03 In.),

BJ^»Vli(E)'ti " eaergy absorption buildup factor for energy E andJ.[*iPiCK)ti] •Zui(E)ti mean free paths,

El

00

-x

^(EHij- \ V4*-
\ piOOti
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HEATING DUE TO THERMAL NEUTRON CAPTURESIIN' THE- SHIELD

Heating In Lead by_ Capture Gamma Rays Produced in Lead. The heating In lead
by secondary gamma rays resulting from thermal-neutron capture In the lead
was calculated, using curves of the thermal-neutron flux in lead which vere
derived from Lid Tank curves of thermal flux In vater behind various thick
nesses of lead. The general method of calculation vas to construct a series
of spherical shells, concentric about the point at vhlch the heating vas
being determined, and to sum up the contribution from each, calculated by
means of the following expression:

SpB^r) =*& £c(5lL P r 0(r') B(ux) {L^- 2*x2 sin© d9 dx

*1 91

vhere

HPb S, (T} ~ bating in the lead due to secondary gamma rays produced in
' 1 the lead (watts/g),

Kg =1.6 x 10 ° vatts/faev/sec,

E » energy of lead capture gamma ray (j.h Mev),

«£»*g = lead capture cross section,

^/p • mass energy absorption coefficient,

0(r') = thermal-neutron flux at point r* vhere capture occurs,

x = distance from point r' to point r vhere the capture gamma
ray is absorbed.

Heating In Lead by Capture Gamma Rays Produced in Alkylbenzene. A rough
determination was made for the heating in the lead resu3a*ing from absorption
dii hydwfrgen and boron capture gamma rays produced in the borated alkylbenzene.
Heating contributions from several angles 0 about the poi*b of absorption
were computed, enabling a curve of heating per unit angle vs angle to be
drawn. An integration over 9 then yielded the desired result. The equation
employed was

-8-



rl .. -ux^S^-^l^Pb ^•)B(ux)|^-2nx2sin0d0dx
xo

where

BL. „ = heating in lead due to secondary gamma rays produced in
'2 alkylbenzene (watts/g),

E = energy of boron or hydrogen capture gamma ray (0.5 or 2.2
Mev, respectively),

^c =capture cross section for hydrogen or boron in alkylbenzene.

Heating in Alkylbenzene by. Capture Gamma Bays Produced in Lead and Alkylben
zene. The analysis-1, of the LTSF measurements vhlch gave the secondary gamma-
ray dose rate in vater beyond a CFRMR mockup vas employed in calculating the
secondary gamma-ray heating in the alkylbenzene. The secondaries consisted
of capture gamma rays from lead and from the boron and hydrogen in the alkyl
benzene. The heating was determined by means of the following expression:

Halkyl, S3 =%W7Cm ~" e't^/^H(a,zpb)
where

2

alkyl,S_ = heating in alkylbenzene due to secondary gamma rays produced
in lead and alkylbenzene (watts/g),

f= « dose rate (r/hr) in alkylbenzene from an infinite plane
source of secondary gamma radiation having the same surface
source strength as the LTSF CFRMR configuration containing
12 in. of beryllium and 4.5 in. of lead

=^LT^12 ta' Be' ^'5 **' Pb' *alkyl) H(aStalkyl^

fV DS;LT(X*Pb,*alkyl) (tabulated previously),2
Ds LT(12 in. Be, 4.5 in. Pb, talkyl)

f- = correction for the differences in composition and thickness
between reactor and LTSF heat exchangers

-9-



=e-^HX^^HX,LT)10-16 -e^BZ^^"10'1^ ,

Cm = correction factor to account for small material differences
between the LTSF and reactor,

tg^ • thickness of alkylbenzene cooling layers in the basic lead
shield (cm),

At = neutron relaxation length In alkylbenzene cooling layers
(determined to be approximately 6.0 cm),

H(a,zpb) « transformation from the neutron dose rate (at the lead surface)
from a disc source (LTSF source plate) to the amutron dose rate
from an infinite plane source, taken to be l/(l - e^/^Fb).

Heating in Alkylbenzene by Alpha Particles Produced in Alkylbenzene. In the
calculation of the heating in the alkylbenzene resulting from 2.3-Mev alpha
particle production by thermal-neutron capture by the boron, it was assumed
that the alpha particle gave up all Its energy at the point at which it vas
produced. The alpha heating in the alkylbenzene vas determined by means of
the following equation:

Halkyl a(r,tpJ = c?B r/tpb) (2.3 Mev) [x.6o x10-13 vatts/(Mev/sec) 1
' ralkyl L -1

where

^alkyl a^r>*Pb) = beating in alkylbenzene due to alpha particles produced
in the alkylbenzene (watts/g),

<e = thermal-neutron capture cross section for boron in
alkylbenzene,

•'W - S*Lt(z>W H(a>z> oS 4* e"V^ cmf7,
ip(z,tpb) = thermal-neutron flux in Lid Tank behind a thickness

tpb of lead.
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Table I.

Parameters of a 300-Mv Circulating-Fuel Reactor
Used in Gamma-Ray Heating Calculation

Reactor or Shield Region Thickness (in.) Radius (in.)

Beryllium island 6.700
Sodium passage 0.187 6.887
Inconel-X cladding 0.125 7.012
Core fuel region 5.988 13.000
Inconel-X cladding 0.156 13.156
Sodium passage O.I87 13.343
Beryllium reflector II.887 25.230
Inconel-X cladding 0.010 25.240
Sodium passage 0.066 25.306
Inconel-X cladding 0.010 25.316
Boron 10 0.200 25.516
Inconel-X cladding 0.010 25.526
Sodium passage 0.066 25.592
Inconel-X cladding 0.250 25.842
Heat exchanger 7.030 32.872
Inconel-X cladding 0.125 32.997
Thermal shield 1.035 34.032
Pressure shell 1.000 35.032
Insulation 1.000 36.032
Insulation Inconel-X shell 0.032 36.064 (91.60 cm)
Alkylbenzene passage 0.375 36.439 (92.56 cm)
Lead 1.000 37.^39 (95.10 cm)
Alkylbenzene passage 0.375 37.814 (96.05 cm)
Lead I.76 (rear) 39.574 (IOO.52 cm)

4.56 (front) 42.374 (IO7.63 cm)
Alkylbenzene 7.25 (rear) 46.824 (118.93 cm)

14.10 (front) 56.474 (143.44 cm)
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NEUTRON INDUCED GAMMA RADIATION

(Title Unclassified)
by

T. S. Webb

Convair, A Division of General Dynamics
Corporation, Port Worth, Texas

Approximate expressions for the calculation of
neutron induced gamma ray dose rates are presented.
Thermal and fast reactions in air are considered as
well as effects of ground and crew shield captures.
Calculated values of total theoretical dose rates
are compared to experimental results and reasonable
agreement is found in most cases.

INTRODUCTION

A number of recent experiments in the ANP program have
indicated an inability in many cases to understand measured
gamma ray dose rates in .terms of single scattering theories.
It is the purpose of the present paper to present several
elementary considerations regarding the role of neutron-in
duced gamma rays in this connection.

To render the problems amenable to hand calculations,
several oversimplifying assumptions have been made. While it
is true that these seriously affect the quantitative results,
it is still believed that the numbers are sufficiently
meaningful to allow qualitative conclusions to be drawn re
garding the importance of the various contributing effects.
This will, of course, allow one to select for further study
the more important phenomena in any given case.

The considerations are divided into five main parts:
1) radiative capture of virgin "thermal" neutrons in air,
.2) inelastic scattering and reactions of "fast" neutrons
in air, (3) "thermal" capture of degraded "fast" and "epi-
thermal" neutrons in air, (4) ground effects, and (5) crew
compartment effects.
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PROCEDURE

We consider a point source S and unshielded detector D,
each at a height h above the ground, separated by a distance
a. The source is assumed to emit Sf, Se> and St "fast",
"epi-thermal", and "thermal" neutrons per second, respective
ly. The definition of these components is somewhat arbitrary,
but may be given roughly in terms of the actual source spec
trum S(E) as:

ST = E|

SE = 5(E)dE

Sp = J S(E)dE

In these expressions Et is the thermal neutron energy, E3 is
roughly 300 Kev, and E2 is the order of 1 ev.

For the calculations of the air effects h is assumed to

be infinite, giving the geometry shown:

The contribution of virgin "thermal" captures
tt r,2

is esti

mated by assuming that the flux at P is 5T/^7rr|2 so that
the number of radiative captures per unit volume about P is

capture cross section in air.
thus be, approximately,

Z ST/t-7r^lz where Tq is the macroscopic thermal radiative

D(t.c.) = ^. 5r

where fc is the appropriate flux to dose conversion factor,
and 1) is the number of photons per capture. The volume
integral may be easily evaluated in the &,& coordinate system,
thus:

The gamma dose rate at D will

dV
z 2.

r, r*.
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These captures will occur predominantly in N-1-^ whose
radiative capture cross section we assume to be 0.10 barn
with 1.7 photons (6 Mev) per capture..(1). For this energy fc
is approximately 1.5 X 1CP photons/cm2-sec per rem/hr. Usin^
these values,

D(t.c.) = 8.8 X iq-12 St rem/hr.
a

with St in neutrons per sec and a in cm.

If the diffusion theory expression for the thermal flux
Sre.~Kr>/4-7r£r > is used, the result is;

D(t.c.) - VXcSr feKa£. (kb) + e-Kai7 (Ma)] ,
Bttslkd .

where K is the reciprocal of the diffusion length, D is the
diffusion coefficient,

El(x) -f°°-^- d-t , x>o ,
and E^_ (x) is the negative of the principal value of Ei(X)
for X < 0. In the primary range of interest (25-200 feet)
the two expressions for D(t.c.) differ by less than 25$, and
the former expression has therefore been used for simplicity.

The effects of anisotropic source terms and gamma air
attenuation have been investigated by R. L. French, D. L.
Smith, J. E. Ward, et. al. In all cases considered these
modifications have affected the results by less than a factor
of two.

An estimate of the "fast" effects may also be made by
using the above argument. We replace S^ by Sf, i?Zc by Z^,
where E^ is the average cross section for gamma production,
and fc by f-y where fy is the appropriate flux to dose factor.
The data on "fast"reactions in Nl4 and 0lb Indicates that
the principal effect will be.inelastic scattering in the
former. From the measured^) cross section at 14 Mev, 0.48
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barns, it would seem reasonable to take an average of the
order of 0.2 barns with about 1.5 two Mev photons per re
action. These values are estimated on the basis of a water
moderated (^ 20 cm) spectrum and represent only a rough
guess. On this basis fc = 4.5 X 105 and,

D(F) = 5.2 X 10-12_^F_ rem/hr.
a

For the contribution from degraded "fast" and "epi-
thermal" neutrons, we consider the Fermi age expression for
the slowing down density q, at a distance ri from a mono-
energetic source of strength S,

2,

q =
. SeTri '4-T

(<+ rr t
V*-

whereris the neutron age. If the age to thermal is some
what larger than the thermal diffusion length, then it is a
fair approximation to assume that all neutrons are captured
at the point of thermalization. Thus, the number of radi
ative captures per unit volume is approximately (n^z.^ at ,
where zz^ is the total thermal capture cross section^ q% is
the slowing down density evaluated at an energy just above
the "thermal" range. This will give a gamma dose rate at the
detector,

2 ,

*<">•>• Kc«,rr>*fe - r, / *f r
J
*i =

*c5
Z^iirr^

The integral may be evaluated approximately by observing that,
if 7"'^- >> d3 rtz may be replaced by r* in the
exponential. This may be seen by noting that for small r\
and V2 the exponential is approximately unity, and in the
region where it differs from unity (i.e., large ri) r^ ^ r2.
Using this approximation,

D(f.c.) = ^
fc Z-a (qrrr) 3/z r$4-T

dr

r.S-rrr-^
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Applying this result separately to the "fast" and "epi-
thermal source neutrons with n^l ZLa - o.osn^i

D(f.c.) = 1.5 X 10
Ts

For 7> and rE we use 4 X 10" and 4 X 10' cm2, corresponding
to initial source energies of the order of kev and
respectively. Therefore,

.ev,

D =3.8 x 10-16 (J£. + 5 )

In treating the contribution due to ground captures all
neutrons incident on the ground are assumed to be thermal."
This is a fair approximation in cases where the "thermal"
source term is somewhat larger than the "fast" and'fepi-ther-
mal" source terms since the greater penetration of the more
energetic components will tend to compensate for the "fast"
neutron effects (inelastic scattering, etc.).

Using the previous notation we consider the following
geometry:

The incident neutron current into the area dA at the

point P is assumed to be J0 ^^cosocdA/^-rrr,*2, where S •
STfSg+Sp. The diffusion theory expression for the neutron
flux at a depth "z", 0(z) = 4 J0e~**// + zko , is used
to obtain the number of gammas produced per unit volume at
(P, Z), -zsz^ip Cz.) . In these expressions K is the reciprocal
of the thermal neutron diffusion length, D is the diffusion
coefficient, rc is the radiative capture cross section, and

v is the number of photons per capture, all corresponding
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to the ground material. If ^ is the gamma absorption
coefficient in the ground and fg the flux to dose conversion
factor, then the dose rate at D is approximately,

*><6.o.) =JX
2. i

JAJi

Evaluating the integral over z, defining ^ =/</*, and noting
cos p - h/r2:

z„sv r / /
dAD(g.c.) = u-n-*fg k(i +zko) ^r* i +01

h

Using ds =. P^dPz d<f>z = ^dr^dt
defining /x/ h. - rf > x2h = ^ , we have:

/*,*-- *22 * r^/-r"A)(x/-/;/2c05 ^ ,

The integral over <pz is evaluated by using:

/'o (2 —b cos 96)I :V*

-r'^'z
7Tx? x „ if I + P *z)

(a -b) (a + b) '/*

5 N Z2"

, and

The integral over X2 may then be evaluated numerically.

For all calculations the ground material has been concrete
for which we have used:

-1Z = 0.01 cm

-p - 1.9 gammas per
capture (3-5 Mev)

-1yU- 0.1 cm

K » 0.1 cm"1

D - 1.0 cm

fg = 2.6 X 105 photons/
cm2nsec per rem/hr.
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Thus:

D(g.c.) =1.5 xio~8 -fr \ ( dx d<f>^
T77777T^7

A calculation of D(g.c.) using the "first collision
source" diffusion theory expression for the neutron flux in
the ground has also been performed for one case by D. L.
Smith, et. al. The calculated dose rate was lower than given
by the original expression by somewhat less than a factor of
two.

To estimate the variation of the groupd capture con
tribution with altitude, calculations have been made to
determine the dose rate as a function of h for a = 66.5
feet. These results are shown in Figure 1. Due to the
effect of multiple scattered neutrons, the ground capture
expression (which predicts zero dose rate at h = 0) is
probably not very accurate for small elevations, and rough
calculations indicate that the variation with h is not large
for h small. The results in Figure 1 are normalized to the
predicted maximum which occurs at about 25 feet.

A crude estimate of the effect of captures in a crew
shield may be made by assuming that rrrzs/'4-rra.z neutrons
per sec are captured in the crew shield whose average radius
is R. If we denote by .p the fraction of these which are
radiative captures, by fs the flux to dose conversion factor,
and by As the average attenuation in the crew shield, the dose
rate is, approximately,

A detailed calculation of the crew shield contribution
in one case has been made by B. T. Kimura using diffusion
theory results for the thermal flux in the shield. The result
of this calculation was in good agreement with the above ex
pression using p = 1/12, fs - 4.5 X 1()5, and As » 0.70. The
values for p and A3 were determined by considering only,
captures in hydrogen in the (borated) crew shield.

7
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COMPARISON WITH EXPERIMENTAL RESULTS

To illustrate the size of the various components con
sidered above, values of the calculated dose rates for several
Airborne Shield Test Reactor (ASTR) and Ground Test Reactor
(GTR) experiments are given in Table I, together with measured
values of the total gamma dose rates. Values calculated from
ground and air single scattering theories are also given in
several cases. For the dose rates inside the crew shield,
attenuations have been estimated from single scattering cal
culations. The attenuation factors used were 0.60 for air
capture gammas, 0.70 for ground capture gammas, and 0,80 for
the inelastic gammas.

Source terms are given in the table for each configuration.
The "fast" source terms were estimated from fast neutron dose
measurements and the "thermal" from BF3 measurements for the
ASTR configurations and from BSF centerline data for the GTR.
The "epi-thermal" source term is taken to be twice the "fast".
The source-detector elevation (h) is 12.5 feet in all cases
and the separation (a) is given for each situation. A des
cription of the ASTR configurations is given in Reference 2.

DISCUSSION

The results given in Table I are typical of the agreement
obtained in all situations examined with the exception of ASTR
configuration 4. The results in this case are in poor agree
ment with experiment, and this is probably due to the large
asymmetry of that configuration.

The general agreement would strongly indicate that the
effect of neutrons is of considerable importance in many of
the experimental situations. It is, of course, also true
that the errors introduced by the approximations as well as
the uncertainties in the cross sections and "source terms"
do not allow us to exclude other contributing factors.

There are several obvious refinements which might be made
in the above calculations. Among these are: (1) a more
adequate treatment of the virgin thermal flux in the air
either theoretically or by fitting to experimental measure
ments, (2) better treatment of the thermal flux in the ground,
e.g., by using a first collision source, (3) improvement of
the treatment of the "fast" and "epi-thermal" contributions
which would involve more detailed spectral knowledge, and (4)
more precise determination of crew shield attenuation. In
addition to the calculational improvements there exist many
uncertainties in the neutron cross sections involved and these,
of course, can ultimately limit the accuracy of all calculations,
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TABLE 1

SUMMARY OF NEUTRON-INDUCED GAMMA ANALYSIS

Reactor Crew

Shield

a

(ft;

St"

at 50'
n1 a/sec

Sp
at 50'

n 's/sec

Dose Rate (micro rep/Vtr-watt0

Dgc Dtc Dfc Df Dcs Dss Dth ^exp

ASTR-3 Small Cyl. 66.5 3.0x10? 3.3xl06 0.054 0.052 0.0008 0.001 0.011 0.001 0.12 0.021

ASTR-5 Engineered 66.5 1.0xl()9 3.6xl08 1.8 1.72 0.095 0.19 0.56 0.005 4.4 1.66

GTR Engineered 66.5 3.0xl09 2.9xl08 5.4 5.2 0.075 0.15 1.04 3.0 15 13.2

ASTR-3 None 66.5 3.0x10? 3.3xl06 0.18 0.13 0.0024 0.008 0.64 0.96 1.02

ASTR-5 None 66.5 1.0x109 3.6xl08 6.0 4.3 0.23 0.925 1.8 13.3 12.8

GTR None 66.5 3.0x109 2.9xl08 18 13 0.19 0.75 310 340 400

ASTR-3 None 30 3.0x10? 3.3xl06 0.90 0.29 0.0024 0.019 2.2 3.4 3.8

ASTR-5
. . ..

None 30 l.OxlO9 3.6xl08 30 9.6 0.23 2.05 6.1 48 40



2.
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MODIFICATION OF ALBERT-WELTON

TV lOCUMENT CONTAINS INFORMATION AFFECTING THE POINT 'KERNEL
***" ^%/NAL DEFENSE OF THE UNITED STATES WITHIN THE
MEANING OF THE ESPIONAGE LAWS, TITLE 18 U. S. C, ^
SECTIONS 70S AND 794. ITS TRANSMISSION OR THE REVE- '
LATION OF ITS CONTENTS IN ANY MANNER TO AN UN

AUTHORIZED PERSON IS PROHIBITED BY LAW. F# A# Aschenbrenner

General Electric Company - Aircraft Nuclear Propulsion Dept.
H Evendale, Ohio

A modification of the Albert-Welton point kernel is described
which gives good results for calculating fast neutron dose rates
in water around the ORNL - Bulk Shielding Facility Reactor using an
oxygen removal cross section of 0.99 barns. This modification is a
result of assuming that 81$ of the hydrogen collisions result in re
moval of the neutrons. Albert and Welton in their derivation of the
point kernel assumed that all hydrogen collisions resulted in removal
of the neutrons.

MODIFICATION OF ALBERT-WELTON POINT KERNEL

Fast neutron dose rates in hydrogenous media around reactor sources are presently
calculated using what is called a point kernel technique! This technique utilizes
the assumption that the reactor consists of a volume distribution of point sources.
The technique consists of summing up the calculated contribution of each of the point
sources to obtain the total dose rate at each point. The function which describes the
attenuation of the radiation from each of the point sources is called the point kernel.

Excellent results have been obtained using the Albert-Welton Point Kernel for
calculating fast neutron dose rates in water around the ORNL-Bulk Shielding Facility
Reactor (See Figure 2) To obtain these results it was necessary to use an oxygen
removal cross section of 0.7 barns instead of the 0.99 barns which was measured at the
0RNL-|id Tank Shielding Facility. It is considered desirable to use a point kernel
which will not only give good results for calculating the dose rates around the BSF
reactor but will also utilize the 0.99 barns for the oxygen removal cross section.
This point kernel should also give good results for calculating dose rates around
other sources, as for example the ORNL-Idd Tank Source Plate.

A point kernel has been obtained which gives even better results for calculating
dose rates around the BSF reactor, using the 0.99 barns for the oxygen removal cross
section, than was obtained with the original Albert-Welton Point Kernel? This point
kernel was obtained by modifying one of the assumptions used in deriving the original /
Albert-Welton Point Kernel. This modification will be discussed here. The Albert-
Welton point kernel can be written as,

t % D0r)^/^0l)/^7f/t where D(l)te the dose rate at adistance /* and
WW) has the form shown in Figure 1. The symbols in Figure 1 are defined as follows:

i

-& - volume fraction of water
ZLq- macroscopic oxygen removal cross section

* 9i i^Sj. ĵ 3j°H - constants derived from theory and comparison
to experimental data.

Albert and Welton derived the function //fll)\>y integrating over neutron energy
the product of the probability of emission from the source (the fission spectrum)
times the probability of penetration in the hydrogenous shielding medium. Several

r
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simplifying assumptions were made in the derivation. These are:

1. The fission spectrum can be represented by AE -0«72E ^-j^ ^s a
good approximation only in the energy range of 2 to 12 mev. A more
exact expression is B sirfa 72E e~E„

2. Every neutron collision with a hydrogen nucleus results in removal
of the neutron. Therefore, the total hydrogen cross section is
used for calculating the probability of penetration. This cross
section was approximated by^y . 5.13 E ~°«'25 barns.

3. The probability of neutron removal due to a collision with a non-
hydrogen nucleus is independent of energy, i.e. the effect of non-
hydrogen nuclei can be represented by constants called effective
neutron removal cross sections.

A good fit with BSF centerline water data was obtained, as published in the
Reactor Handbook, by using an oxygen removal cross section of 0.7 barns. However,
to obtain an equally good fit with the LidE Tank Centerline water data it was necessary
to assume an oxygen removal cross section of 0.91 barns. The fitting was done in both
cases by a geometry transformation which transformed the data to the case of a plane -
colligated fission source. As was previously pointed out, a later measurement at the
Lid Tank indicated that the oxygen removal cross section should be 0.99 barns.

The constants listed in Figure 1 as old constants were those used in calculating*,
the curve shown in Figure 2. The constants %_, Rj and Of were evaluated by Albert
and Welton directly from the theoretical calculations. However,^, and J£a were
determined by fitting the data. The value of 2LQshown corresponds to an oxygen
removal cross section of 0.7 barns. The calculations used for determining the curve
in Figure 2 consisted of an actual integration over the source volume and included
the effect of the reactor materials.

It is obvious that if a good fit to the BSF data is obtained with an oxygen
removal cross section of .99 barns, then it is necessary to modify the assumption
that every hydrogen collision results in removal. By a trial and error process it
was determined that if it is assumed that only 81% of the hydrogen collisions result
in r»moval of the neutrons then a good fit can be obtained using an oxygen removal
cross section of .99 barns. The constants listed in Figure 1 as new constants were
derived with the new assumption. The constant Of, , was again derived by fitting the
dat , however,^, ^f3 and <fy were evaluated directly from the theoretical calculations.
The value of £o shown corresponds to an oxygen removal cross section of 0.99 barns.

Calculations with the modified point kernel are compared with BSF Centerline
water data in Figure 3. No deviation from the data is observed for distances
greater than 10 cm from the reactor surface. The deviation for distances less than
10 cm is believed to be due to the calculatipnal procedure which consisted of dividing
the reactor into a finite number of point sources.

The differential scattering cross section and energy change for neutron and
proton scattering in the laboratory system was examined to determine the validity
of assuming that only 81$ of the hydrogen collisions result in removal of the
neutrons. The ratio of the differential scattering cross section in the laboratory
system to that in the center mass system was calculated to be proportional to
cos t3 where •£• is the scattering angle in the laboratory system (See Figure 4).
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Since the angular distribution in the center of mass system is isotropic
to well within 10$ the ratio^b/^Zny shown in Figure 4 can be considered
as the angular distribution in the laboratory system. If it is assumed
that the angular distribution in thelaboratory system is proportional to
cos -Qr then it is found that 81$ of the collisions result in scaltering
the neutrons into angles greater than 25° and 19$ of the collisions result
in scattering the neutrons in angles less than 25°. Since the ratio of
the scattered energy to the incident energy (Es/E/ ) is proportional
cos •&• it is found that 19$ of the collisions result in an energy change
of less than 20$. This makes it seem reasonable to assume that only 81$
of the hydrogen collisions result in removal of the neutrons.
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A NEUTRON AIR SCATTERING MODEL

by

Jo Wo Haffner

General Electric Company
Aircraft Nuclear Propulsion Department

Cincinnati, Ohio

The problem of computing the dose rates inside shielded crew
compartments due to nuclear power plants involves consideration
of the various mechanisms by which radiation can reach the crew
compartmento For the case of neutrons, the dose rate is generally
considered to consist of two components — direct and air scattered.
This paper is concerned with the air scattered fast neutron dose
rate inside the crew compartment.

GENERAL CONSIDERATIONS

The geometry considered is shown in Figure 1. The nuclear power
plant is replaced by a point source with a polar angular distribution
F(«<)c The R-l experiments carried out at the TSF indicate that for
values of r^ greater than about 18 feet, the dose rates decrease as
l/r^o Thus the point source approximation is believed to be a reason
able one. The cylindrical crew compartment is considered to be coaxial
with the line joining it to the point source. The walls of the crew
compartment are composed of some hydrogenous material.

For the case of a crew compartment with walls of 0 thickness (i.e.
no crew shield at all) the air scattered dose rate can be easily computed,
provided only first order scattering is considered. The derivation
proceeds by considering the dose rate due to fast neutrons which are
scattered in a unit of volume dV. The total singly air scattered dose
rate is obtained by integrating over all spaceo The result is:

-1-



In this formula

n = number of scattering centers per unit
volume in air

= 5ol x 1019 nuclei/cm3

K(E') • energy flux to dose rate conversion factor in
gnWhr,.
Mev/emVsec

F(*0 s angular distribution of the equivalent point source

(tjt)a = differential scattering cross-section

(For fast neutrons the scattering is considered to
be isotropic in the center of mass system)

E'(£) = energy of the fast neutrons after having been scattered.

The rigorous evaluation of the proceeding equationappears to be a
rather formidable job. However, it can be modified in such a way that
it can be easily handled without appreciably imparing the accuracy of
the calculation.

The ratio of energies of a particle of mass M^ after and before
being scattered elastically through an angle by a particle of mass

For the case of neutrons elastically scattered by nitrogen and
oxygen nuclei in the air (Mj = 14<>4) this can be reduced to

— (e) - 0.88 + O.IZOojB



The error introduced by this approximation is less than 1$. The
interesting thing about this relationship is that the ratio of final
to initial energies depends only upon masses of the particles involved
and angle of scattering and not upon the initial energy. The neutrons
arriving at the crew compartment have been scattered through many different
angles-0>. Therefore', the average energy of singly air scattered neu
trons can be computed by evaluating the ratio

m
where P(d) = differential probability of a neutron being

scattered from source to receive through an
angle -Q-

= e-

Substituting; the result is:
ftf

LET) - JQ lo.88 +o,itc*4MB)&de _Q$33

°

This means that the average neutron loses only *^17$ of its energy
upon being air scattered once. This will reduce the energy-flux-to-dose-
rate conversion correspondingly. It is noted that the only effect of loss
of energy upon the air scattered dose rate at an unshielded receiver point
is through the conversion factor K(E')#

METHOD OF CALCULATION

The calculation of fast neutron dose rates inside the cylindrical
crew shield (Figure l) proceeds through the following 4 steps:

1. Calculation of the energy and angular distribution of the fast
neutrons arriving at the outside of the crew shield.

2. Calculation of the air scattered fast neutron dose rates outside

the crew shield.

3. Calculation of the attenuation in the crew compartment walls.

4.. Calculation of the air-scattered dose rates at a point on the
axis inside the crew compartment.
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The calculation of the energy distribution for the unseattered
neutrons is obtained from knowledge of the reactor and shield assembly
which is represented by the equivalent point source, and the Albert-
Welton point attenuation kernel. The energy distributions obtained
from this theory, which is based upon line-of-sight attenuation, are
gausslon in shape and depend only upon the equivalent water shielding
of the source. The energy distribution of the singly air scattered
fast neutrons is considered to be the same except that the entire
spectrum has been shifted lower by about 17$ while retaining its shape.

The calculation of the angular distribution of the singly air
scattered fast neutron is straightforward, involving evaluation of
the integral

Where (T° = 1°28 barns/atom for air

The calculation of the air scattered fast neutron dose rate outside
the crew compartment shield has already been discussed. It involves
evaluation of the expression

The various factors entering this expression have been previously identified.

The calculation of the attenuation of the air scattered fast neutrons
in the walls of the crew compartment employs the Albert-Welton attenuation
kernel. In addition to being based upon line-of-sight-attfnuation, it shows
that nearly all of the attenuation ( ^90$) of fast neutrons in hydrogenous
media like water is due to scattering from the hydrogen nuclei, thus, the
relaxation lengths of the air scattered fast neutrons in the crew compart
ment walls can be estimated from the ratio

V_ „ j <rH (e0) <jE„

-i-



where EQ = unseattered neutron energy

E1 = const. E
ô

•= 0.833EQ for single scattering

A.X = relaxation lengths in the equivalent hydrogenous
shield of the crew compartment after and before
scattering respectively

u^i = hydrogen scattering cross-section for neutrons

The expression is evaluated by integrating over the energy spectra.
The attenuation in the crew compartment walls involves evaluation of the
ratio?

Jh

In this ratio:

tr = water equivalent thickness of hydrogenous shielding
at the rear (source side) of the crew compartment.

tg = water equivalent thickness of hydrogenous shielding
at the side of the crew compartment

tf = equivalent thickness of hydrogenous shielding at the
front of the crew compartment.

The angles/^| and/& are shown in Figure 1.

The calculation of tne fast neutron dose rate at a point on the
axis inside the crew compartment is simple — just a multiplication
of the air scattered fast neutron dose rate outside the crew compartment
and the attenuation of the equivalent hydrogenous shielding of the crew com
partment walls.

As an example, this sort of calculation was carried out to obtain
the expected air scattered fast neutron dose rate inside a cylincrical
crew shield mockup due to the R-l reactor shield mockup. Below are
tabulated the calculated quantities and tht actual dose rates measured
at the TSF.
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Fast neutron Dose Rate

outside the crew shield mockup

Attenuation due to crew shield

mockup walls

Fast neutron Dose Rate inside

the Crew Shield Mockup

Calculated Measured

2.4 x 10"^ mrep/hr/watt 1.8 x 10"^ arep/hr/watt

3.5 x 10~3
( A' « 8.88 cm)
1.3 x 10-3
(A» s7.50 cm)

3.1 x 10*8

The values of A vere estimated to be

2.5 Jc 10*8 mrep/hi/vatt

A

/\ — 7»
so

CONCLUSIONS

* 8.88 cm in HgO for singly air scattered
fast neutrons

50 oa in HjO for multiple air
soattered fast neutrons

This comparison indicates that multiple air scattering may be an
important proeess even for eases where the source and detector are only
separated by a relaxation length (for these experiments a s 64 feet,A *n
air is Af 500 feet).

In addition, it can be pointed out, it is possible to work the
calculation backwards in order to obtain the optimum reactor shield
configuration for a given crew shield configuration. The effeot of
multiplying soattered radiation introduces some error, but this is
not believed to be prohibitive. Within these limits the method of cal
culating air soattered fast neutron dose rates appear* to be a reason
able one.
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ENERGY ABSORPTION RESULTING FROM GAMMA RADIATION
INCIDENT ON A MULTIREGION SHIELD

WITH SLAB GEOMETRY

by

S. Auslender*

Oak Ridge National Laboratory
Oak Ridge, Tennessee

Preliminary results are presented on a Monte Carlo
calculation of heating and penetration of gamma rays in a
two-region, lead and water shield.

The code of a Monte Carlo calculation of energy penetration and
deposition resulting from transport gamma radiation in a shield of slab
geometry1 has been used in a parametric study of a two-region lead-water
shield.. The code utilizes straightforward sampling techniques except for a
doubling technique operating on the unseattered flux.

In the calculation only three processes were used. The first is the
photoelectric process. It and the second, pair production, were treated as
purely absorptive. The third, scattering, was treated using the KLein-
Nishima differential scattering formula.

The heating in shields other than the one shown in Figs. 1, 2, 3, and
k have been calculated. The shields are made up of eight different combina
tions of lead and water. For each shield and for each of four angles of
incidence, results were obtained for the following three cases:

E(Mev) u0r(mfp)

a 1 2

The angles of incidence are such that the secant of the angles are 1, 2, 3,
and 4. Table I contains the results for the fractions of the total energy
absorbed, reflected, and transmitted for the cases a, b, and c and for the
four angles of incidence listed above, all for the combination of lead and
water described in Fig. 1«

For the parametric study the radiation was 1-Mev gamma rays incident
on the slab at 0 deg, 6'0 deg, 70 deg 32 otti* and 75 fteg 31 mink-;;The:,ftost region

*Loan employee from Pratt and Whitney Aircraft Company.
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Table I. Fractional Absorption, Reflection, and
Transmission of the Total Energy

Incident upon a Shield

Cases

aec $

1 2 3 4

Absorption a .724 .858 .841 .838

b .460 .675 •733 .765

c .*97 .740 .840 .883

Reflection a .0345 .0910 .1338 .1448

b .0292 .O769 .1215 .1497

c .0066 .0250 .0459 .0583

Transmission a .242 .0512 .0249 .0177

b .511 .248 .145 .0858

c .496 .235 .114 .0589

-2-
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of the slab was composed of water 1.5 mfp thick at the initial gamma-ray
energy, and the second region was composed of lead 0.5 mfp thick. Pre
liminary results of the calculation are shown in Figs. 1 through 4. The
dashed lines are a fit by eye to the data. The large rate of change of
heat deposition near the front surface of the lead can be explained by the
rapid absorption in the lead of the low energy.

The coding has been extended to calculate energy flux and tissue dose
rate as well as energy deposition. Figures 5 through $ are plots of the
buildup factor for the dose rate, due to the gamma rays that have pene
trated the slab, as a function of the composition of the slab. The build
up factor is defined as:

D0e
-u0r sec 0

where

D = calculated dose rate (mr/hr),

DQ = dose rate with the source unchanged but with the
slab missing,

jiQr sec 9 = oblique thickness of the slab in mean free paths at
the source energy.

The composition of the slab is denoted by P and defined as

thickness of lead (mfp)
P = ——_ } a-t the source energy

thickness of entire slab (mfp)

_ (uor)pb

JV

where

Figures 5, 7, and 9 are for shields with the lead in front of the water,
and Figs. 6 and 8 are for water in front of lead. The sources for Figs. 5
through 8 are plane monodirectional. The source for Fig. 9 is a surface

-7-
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source having a cosn0 angular distribution where 6 is measured from the
normal to the surface. This source is normalized to one gamma ray per
unit area of surface per 2* steradians (in the forward direction):

S(Q) di7

S(0) = njLi. cosn9
2 it

When n = 0, the source is Isotropic. For n = oo , the source is plane
monodirectlonal and normal to the surface.

It is obvious from the figures that lead is more effective in stratified
slab shields when it is placed behind a good seatterer such as water. This
is especially true for the lower source energies. The explanation for
this is fundaaentally the same fit: I^tf'tlisi j^geoBnprgy;)depoiitfon **ite in-'the
front edge of the lead when it is behind water. The scatter in the answers
is, of course, due to the method of solution. Since the answers are
estimates of the correct answer, any one problem may be calculated several
times, each time with a new set of random numbers. If this is done, the
average of the several estimates can be accepted as the answer and a
standard deviation can be calculated for it.

-13-
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THE EFFECT OF ANGULAR DISTRIBUTION AT THE SHIELD SURFACE ON

THE GAMMA RAY AIR SCATTERING PROBABILITIES

by
D. R. Otis* and H. C. Woodsum**

Oak Ridge National Laboratory
Oak Ridge, Tennessee

This memorandum presents gamma ray air scattering
probabilities for a reactor emitting radiation from the
shield surface with an angular distribution other than
radial emission. The scattering probabilities for a point
source1 are modified for use with shielding calculations
where the gamma ray angular distribution at the shield
surface can be represented by cosna where a is the angle
between the radiation path and a line normal to the reactor
shield surface. The results of these calculations are

presented in Table I.

INTRODUCTION

The gamma ray scattering probabilities obtained by Goldstein1 for
a point source have been used extensively for calculating the scattered
gamma ray dose in the crew compartments of proposed nuclear powered
aircraft. Since these probabilities are for a point source emitting
radiation radially, it is necessary to correct for the fact that the
radiation from the surface of a reactor does not necessarily follow
radial lines. The concept of the "disadvantage angle" was introduced2
to account partially for the effect of the angular distribution at the
reactor shield.surface. However, this was found to be inadequate.

If the reactor shield possessed spherical symmetry, the surface
angular distribution would be of little importance since the crew
compartment scattered dose would be unaffected. However, it has become
standard practice to shape the gamma ray shield so as to obtain a
dose contribution in the crew compartment from each point on the reactor
shield surface. Hence the angular distribution does become important
in determining the optimum shield shape. Unfortunately, there is little

*Convair, San Diego, California.
**Pratt and Whitney Aircraft Corp., E. Hartford, Connecticut.



data on angular distributions, and it is certain that the shape of the
distribution depends upon the energy of the radiation and upon reactor
geometry. Nevertheless* it is instructive to study the effects of non-
radial emission for some simple types of distributions even though they
do not correspond exactly to the real situation.

For this study, it was assumed that the angular emission from the
shield surface could be represented by cos^a vhere a is the angle between
the radiation path and a line normal to the shield surface. The cosine
function vas chosen for several reasons: (a) it is easy to handle
analytically, (b) it has become common practice at the GRNL Tower Shield
ing Facility to speak in terms of cosine distributions and (c) it is a
fair approximation to some data taken at the Bulk Shielding Facility*

The calculation of the results presented in this report made use of
the scattering probabilities available for a point source, Fbr several
points on the shield, a mean probability is calculated by integrating
over the 2ft solid angle of emission* The details are presented in the
next section* For better understanding of the work to follow, it is
recommended that the reader become acquainted with the work done for
the point source,

ANAISSIS

Figures 1 and 2 show a differential element dA on the surface of a
reactor shield. The area dA is separated from the detector by the
distance D, and the radius of the reactor is assumed to be quite small
compared vith D. The detector is located in the center of a cylindrical
crew compartment which is not shown in the figure. The crew compartment
model is the same as that used by Goldstein , Photons are being emitted
from dA in all directions in the half hemisphere away from the reactor
(05a£ ft/2) and this distribution can be represented by

p(EQ> a) = fraction of radiation at E vhich/is
emitted at angle a per unit solid angle.

where

P*/2
2ft p(EQ, a) sino da • 1 (l)

The scattering probability as given in Ref. 1 is:
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vy f(E ,f, d, D) a single scattered dose at a distance D
with a crew shield d due to a unit (2)
source emitting photons of energy E
at angle f only.

We wish to obtain a scattering probability that is averaged over
the angular distribution and it will be defined as follows:

-frs f(E0* f•dj> D, n) = single scattered dose at adistance
s V B yith a crew shield d due to a unit

source emitting photons of energy E (3)
with an angular distribution defined
by n whose axis of symmetry is in the
direction *?.

These two probabilities are related by:

f(PL, ?,. d, B, n) p2/* m f(E. f, d, D)
o'

sinf
p(E a) __« dQ (*)

o

Uo ^

It is this integral that was solved for several angular distributions
and it is actually a double integral since dfl represents a differential
element of solid angle. There are two convenient co-ordinate systems
that could be used to evaluate the integral, and each will be considered
in turn,

(l) The (a,0) co-ordinate system (see Fig, l):

The differential element of solid angle is:

dfl * sina da d0

Equation (k) can now be •written:

f<EQ, f, d, D, n)
sin j*'

«*/2 p+* f(Eft, V, d, D)
p(E , a) sina

u -«

(2) The (f,P) co-ordinate system (see Fig, 2):

The differential element of solid angle is:

dfl * sixty d$d.t>

°izzr—***5)



Equation (k) can now be written

f(En,7,d,D,n) fl^ +r n^

e±af
f(EQ, ?, d, D) p(eo, a) a.T df (6)

a-i;

Where

cosa = cosf cos/ + sinV ttim.t cos^

*

arccosine [- cot? coty] for | - T- ^| +Y
V for OS..T- f -?

The unusual limits on the integrals are necessary to
integration within the region defined by 0 •$ a 5; 5. .

HESUIiTS

The cosine angular distributions are defined by:

confine the path of

p(Eo, a) = ^cos1^ (7)

The power of the cosine, n, is a parameter in the study. The energy
dependence of p(E, a) is not considered as all calculations are for
E^ = 6 mc •
o

Tbe (% "D co-ordinates were used, and substituting for p(E , a)
in Eq, 6 one obtains

f(EQ, r, d, D, n) n +1 (lft/2 +f

sin? 2ft

o1
f(E0, % d, D)

-5
cosnod^dy (8)

This integral was numerically evaluated by hand computation for
t* = 0 , 20 , k5 , 90 , 160 , and ISO using several crew compartment
configurations and several values of n.

Since point source scattering probabilities were not available for
f greater than 80 , it was necessary to extrapolate to 180 the curves
of f(E , y, d, D) presented in Ref, 1, This vas done using a straight
line tangent to the curves at f = 80 , Originally it was felt that



this would not introduce too great an error. However, upon more careful
study it vas realized that the extrapolation was not a good one and
that it iwcofttnted for some puzzling discrepancies in the results, A
straight line ©xtrapolatioin yields a finite value for f(&, f>&, D)
at f = 1B0 whereas it should be zero. Therefore, f(E , f, d, D)/
sin^ goes to infinity for f » 180 as is shown in Fig, 3, The
extrapolatton error is quite apparent in Fig, 3 for n = 20 for large
values of f• An inspection of the calculations indicates that the
extrapolation error is significant for

n - 5*20 at f- 160°

n * 1, 5, 20 at f * 1B0°

The integrations vere done by Simpson's rule, and intervals of 2°
to 10 vere used for AT and A*P depending upon the behavior of the
integrand. The calculation error should not exceed 10$ unless otherwise
noted,

CONCLUSIONS

It is. evident by inspection,of the tabulated results that the
value of f(E_, f, d, D, n)/sinY is strongly dependent upon n,
therefore, the assumption of radial emission could lead to a consider
able error in the calculation of the soattered gamma ray dose,
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TABLE I.

E.

TABUIATED RESUEES

6 mc

15 meters

o

D

Crew Compartment
Configuration, d

f(EQ, f, d, D, n)

sinf

n

Lead

Thickness

(cm)

Plastic

Thickness

(cm)
r -- o° f «20° ?-h? y- 900 r- 160° f~ 180°

0 0 0 1.91* I[-15)* 1.91 (-15) 1.91 (-15) 9.95 (-16) 5.09 (-17) 4.57 (-17)
17.5 2.16 <[-16) 2.12 (-16) 2,15 (-16) 1.09 (-16) 3.32 (-IB) 2.66 (-18)

35 ^.83 i:-i7) 4,76 (-17) 4.79 (-17) 2.1*3 (-17) 3.89 (-19) 3.06 (-19)

.635 0 3.73 i.-16) 3.69 (-16) 3.72«-l6) 1.61 (-16) 2.62 (-19) 1A5 (-19)
17.5 7.06 1[-17) 6.96 (-17) 7.02 (-17) 3.53 (-17) 2.52 (-20) 1.16 (-20)

35 1.52 <[-17) 1.1*8 (-17) 1.52 (-17) 7.50 (-18) 1.81 (-21) 6.1f7 (-22)

1.27 0 I.65 i:-i6) I.63 (-16) 1.70 (-16) 5.24 (-17) 5.72 (-21) 1.49 (-21)
17.5 2.71 {M7) 2.69 (-17) 2.74 (-17) 1.36 (-17) 3.33 (-22) 3.37 <-23)

35 6,88 I[-18) 6.79 <-3fl). 7.00 (-IB) 3.kk (-18) 2.90 (-23) 3.6l (-21*)

1 0 0 3.53 <:-i5) 3.32 (-15) 2.52 (-15) 3.85 £-16) 4.02 (-17) 3.58 (-17)

17.5 3.99 i:-i6) 3.75 (-16) 2.87 (-16) 3.72 (-17) 2.21 (-18) 1.81* (-IB)

. 35 9.01* (:-i7) 8.49 (-17) 6.1*6" (-17) 7.1*2 (-18) 2.41 (-19) 1.81* (-19)

I
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TABLE I,i CONTINUED

E
o

ss

s 2
6 me

D a 15 meters

VO-

Crew Compartment
Configuration, d

f(Eo, f , d, D, n)

sinf"

n

Lead

Thickness

(cm)

Plastic

Thickness

(cm)
t -- 0° t-= 20° T- ^5° f- 90° r-- 160° f- 180°

1 .635 0 7.19 (:-i6) 6.75 (:-i6) 5.10 (-16) i*.62 (-17) 9.35 {[-20) l*.06 (-20)

17.5 1.37 (:-i6) 1.28 <:-i6) 9.65 (-17) 7.92 (-18) 1.01 1[-20) k.00 (-21)

35 2.92 \:-i7) 2.71* <[-17) 2.10 (-17) 1.57 (-18) 6.61 <[-22) 1.89 (-22)

1.27 0 3.21* (:-i6) 3.01* (:-i6) 2.36 (-16) 1.1*6 (-17) 1.93 ([-21) 3.63 (-22)

17.5 5.00 (:-i7) 4.99 i:-i7) 3.80 (-17) 2.61 (-18) 3-85 {[-23) 5.74 (-24)

35 1.35 <:-i7) I.27 {:-i7) 9.75 (-18) 5.65 (-19) 8.81 <[-21*) 6.71 (-25)

5 1.27 0 8.70 <:-i5) 6.68 {[-15) 2.27 (-15) 1.1*5 (-16) 3.15 <[-17) 3.11 (-17)

17.5 1.02 |[-15) 7.73 i:-i6) 2.52 (-16) l.lB (-17) 1.1*1 (:-ib) 1.30 (-18)

35 2.31* (:-i6) 1.77 (:-i6) 5.59 (-17) 1.95 (-18) 1.22 {[-19) 9.61* (-20)

.635 0 1.93 <[-15) l.**5 i[-15) i*.29 (-16) i*.6i* (-18) I.69 |[-20) 7.55 (-21)

17.5 3.72 i:-i6) 2.79 <:-i6) 8.01 (-17) 6.77 (-19) 1.61 ([-21) 6.22 (-22)

35 8.01* 1[-17) 6.01 I[-17) 1.72 (-17) 9.70 (-20) 1.09 {[-22) 2.91 (-23)

1
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TABLE I.l CONTINUED

E
o

s 6 mc

D 8 15 meters

Crew Compartment
Configuration, d

f(Eo, Y, a, D, n)

sin"F

n

Lead

Thickness

(cm)

Plastic

Thickness

(cm)
7= 0° /- 20° r- *5° f- 90° y = 160C y- ibo°

5 1.27 0 8.99 ([-16) 6.70 {[-16) 1*92 (-16) 7.11 (-19) I.67 1[-22) 2.29 <[-23)

17.5 1.1*1* ([-16) 1.11 (:-i6) 3.08 (-17) 1.17 (-19) 7.11 <[-24) 3.491[-25)

35 3.80 ([-17) 2.82 1[-17) 7.82 (-18) 1.81 (-20) 5.52 1[-25) 1.541[-26)

20 0 0 2.23 <[-1**) 9.65 <[-15) 5.67 (-I6)b 1.03 (-16) 3.14 1[-17) 3.911[-17)

17.5 2.71 1[-15) 1.12 |[-15) 5.1*6 (-17)b 7.81 (-18) 1*29 1[-18) 1.451[-18)

35 6.38 1[-16) 2.58 <[-16) 1.09 (-17)* 1*33 (-18) 9.77 1[-20) 9.51 <[-20)

.635 0 5.35 i[-15) 2.11* |[-15) 6,15 (-I7)b 1.13 (-IB) 5.29 1[-21) 2.75 1[-21)

17.5 1.06 1[-15) l*.ll (;-i6) 1.01 (-I7)b 1.37 (-19) 4.15 <[-22) 2.131[-22)

35 2.32 \[-16) 8.87 i[-17) 1.87 (-lB)b 1.22 (-20) 1.01 ([-23) 3.691[-24)

1.27 0 2i59 1[-15) 9.91 1:-i6) I.78 (-17)b 1*.81* (-20) 3.80 1[-23) 2.49 i[-24)

17.5 4.29 1[-16) 1.63 1:-i6) 8.29 (-l8)b 1*.70 (-21) 2.90 1[-26) 8.24 I[-27)
35 1.20 |[-16) i*.17 1[-17) 3.76 (-lB)b 1*.33 (-22) 3.21 1[-27) 3.56 ([-28)

a 1.94 (-15) means 1.94 x 10"15.
"b These values appear incorrect and have not been checked.

I
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MONTE CARLO STUDY OF MULTIPLE SCATTERING
OF GAMMA RAYS IN AIR
(Title Unclassified)

toy

G. K. Abel

Convair, A Division of General Dynamics
Corporation, Fort Worth, Texas

The flux and dose rates of gamma rays mul
tiply scattered In air are being computed on an
IBM-701 by a semi-deterministic Monte Carlo
Method. Energy spectra for each of the first
three scattered components, from an isotropic
source are being obtained at two source-de
tector separations, and five Initial energies.

The flux and dose rates of gamma rays multiply scattered
in air are being calculated by a semi-deterministic Monte
Carlo method. These calculations are being made for an
isotropic point source emitting gamma rays at several en
ergies between 0.5 and 8 Mev. The gamma rays are assumed
to uridergo single, double, or triple scattering before
entering a nondirectional point detector. Fluxes and dose
rates are being obtained separately for each scattered
component as a function of the energy at the detector.

The calculations are being performed with the aid of
the IBM-701 computer at Convalr-Fort Worth. The program Is
being run for two different source-detector separation dis
tances: 40 and 60 feet, 5 different initial gamma energies:
0.5, 1.25, 2, h; and 8 Mev, and standard temperature and
pressure. At the source and at each collision point, polar
and azimuthal scattering angles and distance to the next
collision are selected at random from the proper distribu
tions. At each collision, the probability per steradian of the
photon being scattered into the proper direction and reaching
the detector without further interaction is computed. This
probability, divided by the square of the distance from the
collision point to the detector, is proportional to the flux.



The program for these computations took approximately
two days to write and one day to code. Twenty-five hun
dred histories, requiring one hour of machine time, are
being run for each combination of parameters. Cumulative
results are being printed out after each group of 200
histories, so that tests of statistical significance can
be made simply.

The method used is a relatively simple one, requiring
only small amounts of computation. This work was done
primarily to obtain data quickly for immediate use. More
extensive and detailed computations along the same lines
are being performed at present by Lt. R. Lynch at Wright
Air Development Center. For this reason, little further
work on this problem is contemplated at Convair-Fort Worth.

Results of the computation were not yet available as
this paper was being prepared for printing.
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