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A STUDY OF SELECTED CRITICALITY-DOSIMETRY METHODS
by

Dale E. Hankins

ABSTRACT

Several methods for determining the dose received
by persons accidentally exposed to a criticality
excursion have been investigated. The dosimetry
methods included use of film badges, thermolumines-
cent dosimeters, threshold detector units, Hurst
proportional neutron counters, 1l0-in.-sphere neu-
tron detectors, the multisphere technique, blood-
sodium activation, and Geiger counter readings at
the abdomen. Five critical assemblies with leak-
age spectra varying from a fast neutron spectrum
to a highly moderated spectrum were studied. The
effects of distance from the assembly, room scat-
ter, shielding, and assembly height above the floor
were investigated.

The results indicate that congiderable information
must be available before an accurate assessment of
a person’'s dose can be made. If no information
about the accident is available, dosimetry using

a ratio of the hair and blood-sodium activation
will give the dose to within *20 to 30% except
where massive uranium or iron shielding occurs.

INTRODUCTION

The neutron activation of sodium in the
body has been used to assist in determining
the neutron dose received by the individual
in criticality accidents.1~8 A sample of
the person's blood may be counted or, if the
dose received was low, he may be placed in
a whole-body counter to determine his blood-
sodium activation,’’®

Variations in the factor used to con-

vert blood-sodium activation to dose have
been noted for different critical systems.6
These variations are caused by the capture
cross section of the body which is approxi-
mately uniform for all neutron energies,gn11
while the contribution of each neutron to
the dose is a strong function of the neutron
energy. consequently, after being exposed
to a critical system whose leakage-neutron

spectrum has a large component of thermal




TABLE I,

CALCULATED NEUTRON LEAKAGE
FOR THE CRITICAL ASSEMBLIES

Relative Leakage

Critical Energy Neutron in Energy
Assombly Interval Interval
Godiva 3 MeV-a 0.1406
1.4 - 3.0 Mev 0.2582
0.9 - 1.4 Mev 0.1605
0.4 - 0.9 MeV 0,2593
0.1 - 0.4 Mev 0.1616
17.0 -100.0 kev 0.0198
Parka 10.0 - 14.0 Mev 0.0004
6.0 - 10,0 MeV 0,010
4.2 -~ 6,0 Mev 0.018
3.0 - 4.2 Mev 0.0l6
2.1 - 3.0 Mev 0,049
1,4 - 2.1 Mev 0.159
0.9 - 1.4 Mev 0.151
0.4 - 0.9 MeV 0.172
0.1 - 0.4 MeV 0,247
0.05- 0,1 Mev 0,178
Jezebel 3 MeV-a 0.1897
1.4 - 3.0 MevV 0.3003
0.9 - 1.4 Mev 0.1695
0.4 - 0.9 MeV 0.2090
0.1 -~ 0.4 MeV 0.1151
17.0 -100.0 keVv 0,0164
Hydro with 3 MeV-a 0.045
9% enriched 1.4 - 3.0 Mev 0.342
uranium 0.9 - 1.4 MevV 0,303
exponential 0.4 - 0,9 Mev 0,113
column 0.1 - 0.4 Mev 0.127
(Super Kukla) 0 -100,.0 kev 0,069
Flattop 3 MeV~e 0.0218
1.4 - 3.0 Mev 0.0363
0.9 - 1.4 Mev 0.0513
0.4 - 0.9 Mev 0,2405
0.1 ~ 0,4 MeV 0,5404
0 -100.0 keV 0,1096

neutrons, a person's blood-sodium activation
may be several times greater than after be-
ing exposed to a system whose leakage-neu-
tron spectrum is primarily in the fast-ener-
gy region.

Leakage neutrons from a given critical
system have higher energy than neutrons from
the same system that have been scattered
from the floors and walls of a building.
These room-return neutrons cause essentially
the same blood-sodium activation per unit of
fluence but contribute little to the dose.

We have studied the effects of differ-
ent critical systems, room-return neutrons,
distance from the system, geometry, and
other parameters. The results of personnel
dosimetry methods such as indium-foil read-

ings, Geiger counter readings of the indi-

vidual's abdomen, and thermoluminescent do-
simeter and film badge readings are also
presented.

Plastic manikins filled with sodium
solution were irradiated in various posi-
tions at different locations around the crit-
ical assemblies. Personnel dosimetry sys-
tems were placed on the plastic men for each
irradiation. Several gamma and neutron do-
simetry systems were used to determine the
dose the plastic men received at each loca-

tion.
CRITICAL ASSEMBLIES

Five of the critical assemblies at the
Los Alamos Scientific Laboratory were used
in this study. Their neutron-leakage spec-
tra vary from a near-fission spectrum to a
heavily moderated fission spectrum. The
calculated neutron leakage (flux density)
for each assembly is given in Table I. To
convert the flux density to a leakage-neu-
tron spectrum or flux spectrum, the calcu-
lated neutron leakage was divided by the
difference in the logarithms of the upper
and lower energies of the energy interval,
For the interval 3 MeV to infinity, an up-
per energy of 6 MeV was used.

Jezebel Assembly.

13,14 was used extensively since it is

The Jezebel assem-

bly
the only portable assembly. Figure 1 shows
Jezebel located outside the kiva (name given
to the buildings used to house the assem-
blies at LASL) with the plastic men in posi—
tion for an irradiation. Jezebel is the
smallest unmoderated metal system of delta-
phase 22%9%pu which will go critical. It is
approximately spherical with a core diameter
of about 6 in. The results were normalized
to a given assembly power by activating sul-
fur pellets inside the "glory hole" of the
assembly. This prevented activation of the

sulfur by scattered neutrons when the assem-



Fig. 1.

Jezebel critical assembly outside

the kiva with the

plastic men in position for an irradiation.

bly was moved inside the kiva or when the
plastic men were close to the assembly.
The calculated leakage neutrons15 from the
assembly are given in Table I, and the leak-
age-neutron spectrum is plotted in Fig. 2.
The size of the Jezebel core is compared to
the core sizes and geometry of the other as-
semblies in Fig. 3.

Hydro Assembly. Figure 4 shows the

Hydro assembly,14 the only one permanently

located outside a kiva. It is housed in a
steel shed which is moved away during oper-
ation. It is used to study exponential

piles such as the one shown in Figs, 3 and

4, To minimize the number of scattered neu-
trons around the assembly, it is elevated
and located an appreciable distance from a
kiva. Hydro has a neutron reflector of
water, and the 225U core is water-cooled.
The geometry of the assembly and exponential
pile (see Fig. 3) makes the leakage-neutron
spectrum difficult to calculate. The calcu-
lated leakage-neutron spectrum in Table I

is for the Super Kukla machine at Lawrence
Radiation Laboratory (LRL),but it probably
closely approximates the spectrum from the
Hydro assembly and the uranium exponential

pile. A plot of this spectrum is given in
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trol the reactor power levels.

Flattop Assembly. The Flattop assem-

bly14 can be operated with ?3%py, 235y, or
238y cores. The .4-in.-diam cores are a-
bout the smallest masses of fissionable ma-
terial which can be made to go critical in
an unmoderated system. Flattop has a neu-
tron reflector of about 7 in. of normal ura-
ium. Fig. 6 shows the assembly; the sche-
matic of the core and reflector is given in
Fig. 3. The calculated leakage-neutron
spectrum16 is given in Table I and plotted
in Fig. 7. The leakage-neutron spectrum

from this assembly has the lowest average

EXPONENTIAL PILE

URANIUM 9 % e— 35 IN. DIAM.—>
ENRICHED
77777
k=21 IN—| | [£°6.7IN.
7 5
A ) o
v = 2222§/ P
O O
w wl wl
§ E CORE E
36IN| . oeE = m/ lJ
~6 IN. = | @ o
DIAM. |W¥ |@ @
-
O
a

-+

12 374
IN.J,

x4IN.,

—
>
r
(o
=
Z
(o
=

Pl - -

"_lsle/e_,i WATER 4 1/2IN.
HYDRO

PARKA

The core configurations of the assemblies.



T lllll]l

1 lllllllJ

0.01

llllllll
1 lllULl

T

1 1 1 1] lll A Il 1 11 llll 1 1 A1 1412
10keV 100 keV | Mev 10 Mev
NEUTRON ENERGY

0.001

Fig. 5. calculated leakage-neutron spectrum
from the Hydro assembly.

given in Table I and plotted in Fig. 9. The
leakage-neutron spectrum has a large compo-
nent of intermediate and thermal neutrons

as compared to those from the other assem-
blies. The results were normalized to a
given power by placing sulfur pellets on the
core and reflector.

Fig. 4. The Hydro critical assembly with
exponential pile, Godiva IV Assembly. The Godiva IV as-

sembly (Fig. 10) is the latest in the Godiva
fast-neutron energy of those from the five series. It is slightly larger than its pre-

assemblies used, but it does not have a

large intermediate and thermal component.
The results were normalized to a given power
by taping sulfur pellets at fixed positions
on the outside of the reflector.

Parka Assembly. The Parka assembly14

shown in Fig. 8 is a Kiwi-type reactor and
has the lowest-energy neutron spectrum of

the assemblies studied. The core, as shown
in Fig. 3, is much larger than that of the

other assemblies. The core material is en-

riched uranium in graphite with a beryllium

reflector. The calculated leakage-neutron

spectruml7 from the side of the assembly is Fig. 6. The Flattop critical assembly.
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trum from the Flattop assembly.

pulse width. The core of enriched uranium
decessors, and was designed to test a new .

is shown in Fig. 3. This assembly was fab-
concept for holding the core sections to

gether and to give bursts having a narrow

Ceerm B vwoe

Fig. 8. The Parka critical assembly. Fig. 10. The Godiva IV critical assembly.
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ricated after most of the work described
here was completed, and it was used primar-
ily to ensure that the results of burst and
long-term exposures could be compared. The
calculated leakage-neutron spectrum16 given
in Table I is for Godiva II; the Godiva IV
spectrum has not yet been calculated but is
expected to be very similar to that of
Godiva II. The plot of the Godiva spectrum
(Fig. 11) shows that it is only slightly
softer than that of the Jezebel assembly.
The results were normalized to a given
power level by placing sulfur pellets at

fixed locations on the assembly.
CALCULATED LEAKAGE-NEUTRON SPECTRA

The calculated leakage-neutron spectra
from Table I are plotted together in Fig.
12 for comparison. The magnitudes of the
spectra were adjusted until they were the
same at 4 MeV. A progressive moderation
can be seen, with Jezebel having the least-
moderated spectrum followed by Godiva, Hydro,

and Flattop. The Parka assembly has a more

complex leakage-neutron spectrum than the
other assemblies. The spectra in Table I
and Fig. 12 were calculated with large ener-
gy intervals and consequently lack detail.
They are adequate for this study because
even at small distances from the assembly
(especially in the kivas) the spectrum
changes rapidly. Frequently the leakage
spectrum from a critical assembly or system
is known and can be compared to the spectra
given here, which permits the data in this
report to be used for that assembly or sys-
tem. If the spectrum is not known, the sche-
matics in Fig. 3 can be compared to the type
and geometry of the assembly in question and
the spectrum for the most similar assembly
can be used. Variations in the sodium ac-
tivation and response of some of the dosim-
etry devices require that the spectrum be

known or estimated as accurately as possible.
DOSIMETRY SYSTEMS

One objective was to determine varia-
tions in blood-sodium activation as the dis-
tance from the assemblies was changed, the
neutron scattering varied, or different
critical assemblies were used. We included
several other dosimetry methods and systems
in this study to determine the effect of
these variables on their responses.

Indium Foils. A small indium foil is
attached to the security badge of all LASL
personnel working in areas with potential
for a criticality excursion. These foils
contain .)1.0 gram of indium, measure about
1-1/2 x 4 cm, and are encased in transpar-
ent plastic. If a criticality accident oc-
curs, the foil activity is determined using
a Geiger counter at contact or 10 cm from the
foil. These foils were designed for sort-
ing personnel to determine who was exposed
in a criticality accident and to find the

relative magnitude of his dose. Soon these

11
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normalized to 1.0 at 4 MeV.

foils will be replaced by a smaller foil

(~0.2 gram, 12_,5-mm diam) in a neutron do-
simetry packet.18
from the new foils will be only ..22% of

The contact readings

that reported here (the Geiger counter read-
ing is approximately proportional to the
foil area).

Indium foils were taped on one side of
the upper part of the breast of the plastic
men. This is where the foil is worn by the
person who clips his security badge to his
shirt collar., We found that any location
on the chest gave essentially the same read-
ing. A foil was also placed on the back of
the plastic man to similate a person facing

away from the critical system.

12

Calculated leakage-neutron spectrum of critical assemblies

The induced activation was measured
with a Geiger counter (closed shield) in
contact with the foils. 1In many cases, as
long as 4 hr., was required before the activ-
ity decayed to less than 20 mR/hr, the up
per range of the counters used. All read-
ings were corrected for decay to the mid-
time of the irradiation.

Film Badges.

badge19 being put into service at LASL was

The new Cycolac film

used., The Cycolac badge contains a DuPont-
545 film packet with 555 component film and
a Kodak Personal Neutron Monitoring Film,
Type-B film packet, which contains the fine-
grain positive film and NTA Type-B compo-

nents. The film badges were placed on the



upper chest of the plastic men and in a cor-
responding position on their backs.

Thermoluminescent Dosimeters. A ther-

moluminescent dosimeter (TLD) system devel-

oped by EG&G, Inc.20 was used. These were
vacuum-tube-type CaF, dosimeters, in energy-
compensating shields. They were placed
near the film badge on the upper breast of
the plastic men and in a corresponding posi-
tion on their backs. The dosimeters were
also exposed in air at each location studied.

Sphere Neutron Detectors. The multi-

data
22,23

sphere neutron-monitoring technique21
and the 10-in.-sphere neutron detector
data were obtained with the same instruments.
The data used to evaluate the capture cross
section of sodium in man (Appendix A) were
obtained with 2- and 8-in. spheres without
the cadmium cover normally used. Eight
critical assembly operations were required
to collect the data for each position.
Three sphere-detector units were used
concurrently, with the signals from the pre-
amp or amplifiers being fed into a 100-chan-
nel Technical Measurements Corporation's
gammascope analyzer or a 400 channel RIDL
analyzer. Gamma-ray pile up created no
problems. Lithium-iodide crystals, 4 x 4 mm
and 4 x 8 mm, were used in the study. Sec-
ondary calibrations were performed before,
during, and at the end of each day's work
by taping a 228puBe source onto the 8-in.
sphere. Primary calibration was with a
larger 238puBe neutron source and a 2352Cf
Although

the 30-cm calibration distance is small for

source 30 cm from the detector.

the size of the spheres, we have found that
the 8- and 10-in.-sphere instruments can be
calibrated at a sphere-to-source distance
of 20 cm to »>2m. In spite of the complex
geometry of the small sphere-to-source dis-

tance, the instrument response remains pro-

portional to the inverse-square relation-
ship.24

Since the sphere detectors are highly
sensitive to neutrons, the assembly power
had to be reduced to considerably under that
required for other detector systems. Sphere
data were normalized to data obtained with
the other detector systems at higher assem-
bly power levels by using BF, detectors with
linear amplifiers. Also at least one of the
following was used: Hurst proportional neu-
tron detector, sphere neutron counters (at
greater detector-to-critical-assembly dis-
tances), or sulfur pellet irradiations,

Data obtained using the sphere detector
with a bare probe and with a cadmium-covered
probe were used to determine the thermal-
neutron dose.

Geiger Counter Reading at the Abdomen,

A reading was obtained with a Geiger
counter held to the plastic man's abdomen.
The highest reading was about midway between
belt line and crotch while the plastic man
was standing. This reading was made as soon
as the man could be moved away from the asg-
sembly and placed in a low-background room,
normally 30 to 50 minutes after the irradi-
ation., No decay correction was applied ex-
cept to the readings after the Godiva burst,
when recovery of the plastic men was delayed
about 2 hours. A correction based on ?%4Na
decay was applied to this reading.

Blood-Sodium Activation. The plastic

men were filled with a solution of tap water,
Nacl, and NaNO,. The tap water contained
only a trace of sodium which resulted in
<0.1% of the total solution activation. The
solution was prepared by adding 262 grams

of NaCl and 5490 grams of NaNO, to 106 1li-
ters of water to produce 108.6 liters with

a sodium concentration of 14.62 mg/cc. This

is 9.75 times the concentration of 1.5 mg/cc

13



of sodium in whole blood. Ten times blood
sodium concentration was desired, but the
increase in solution volume when the NaNO,
was added resulted in the factor of 9.75.
The Cl concentration was only approximately
equal to that of blood, and, consequently,
the Geiger counter readings at the abdomen
are lower than those that would be obtained
with a real person., A correction factor is
given later in this report to compensate for
the 38Cl activity present in a person after
irradiation.

Increasing the sodium concentration to
10 times that of whole blood was necessary
to give reasonable activation of the solu-
tion without increasing the power levels of
the assemblies., The sodium activation re-
sults given later have been corrected for
this concentration factor. Increasing the
assembly power levels would have produced
radiation levels near the assemblies which
would have prohibited recovery of the plas-
tic men within a reasonable time.

To confirm that the sodium activation
remains proportional to the concentration
when the sodium concentration is increased
to 10 times that of whole blood, bottles of
various concentrations of the solution were
exposed at two of the assemblies. With the
Godiva assembly, for sodium concentrations
up to seven times that of blood the activa-
tion was proportional to the concentration
(£2%) .

tion of a sodium concentration 10 times that

with the Hydro assembly, the activa-

of blood was low by less than 5% and sodium
concentrations about 50 times the concentra-
tion of blood were low by .15%. Since the
effect of concentration was small for con-
centrations up to 10 times that of blood,
no correction was applied to the sodium-ac-
tivation results,

The effect on solution activation of

14

TABLE IXX.

ACTIVATION OF SODIUM SOLUTXONS IRRADIATED IN A
POLYETHYLENE-LINED CONTAINER AND AN UNLINED CONTAINER

Percent Change

Critical 6-in. Container 12-in. container
Assembly Lined/Unlined Lined/Unlined
Godiva + 9.3 + 6.5
Flattop + 4.1 -

Parka + 5.3 -

Thermal neutrons
from Water Boiler
reactor ~ 9.6 -

the lucite from which the plastic man is
made was studied by exposing copper cylin-
ders with and without a 0.125-in.-thick pol-
yethylene liner. A similar study by Davy

et al.25 using the Health Physics Research
reactor (HPRR) at Oak Ridge, found that for
a 6-in.,-diam cylinder 14-in. high the sodi-
um activation in the lined container was 11%
higher. Our results agree reasonably well
(Table II).

factor for the 6-in. polyethylene-lined con-

We have applied the correction

tainer to the results obtained with the
plastic man., The error made by assuming
that the plastic man has the same correc-
tion factor as the 6-in. container has not
been evaluated. The results with the 12-
and 6-in. containers are reasonably close,
which indicates that for all parts of the
plastic man, except the arms and lower legs,
the correction factor is probably within 2%
of the value we have applied.

Hurst Proportional Neutron Counter., A
26

Hurst proportional neutron counter (HPC)l'
made by Reuter-Stokes Electronics Components,
Inc. was used to determine the first-colli-
sion dose. The detector was used with a

Los Alamos Model-570 low-noise preamp and a
Cosmic Radiation Laboratory Model-901-A lin-
ear amplifier. The data were recorded on a
100-channel Technical Measurements Corpora-
tion gammascope analyzer and were plotted by

hand on semi-logarithmic paper with a




TABLE III.
EFFECTIVE CROSS SECTION FOR FISSION
FOILS IN A 1.65 G/CM '°B SHIELD AND
FOR SULFUR PELLETS

Cross Section in Barms

Assembly _Pu _Np U S

Jezebel 1.8 1.5 0.56 0.24
Godiva 1V 1.8 1.4 0.55 0.24
Flattop 1.6 1.1 0.55 0.25
Parka 1.2 1.6 0.52 0.26
Hydro 1.6 1.2 0.55 0.25

straight-line extrapolation made to the

zero-intercept channel of the analyzer. The
integral area of the curve was then deter-
mined. The alpha calibrations were used
only to check for gain changes in the elec-
tronics. Secondary calibrations were per-
formed frequently with a 228puBe source in
contact with the top of the detector. Pri-
ary calibration was with a larger 238puBe
source 30 cm from the center of the detector.
A value of 4.0 x 10~° rad/n/cm? was used to
convert the calculated neutron fluence at 30
cm from the source to rads.27

Threshold Detector Units (TDU). The

threshold detector system developed by Hurst
et al.l'28 was used to determine the fast
(kerma) and the thermal-neutron dose. The
unit consists of plutonium, neptunium, and
uranium fission foils in a 19B sphere, a
sulfur pellet, and bare and cadmium-covered
gold foils.

The fission foils were recovered as
soon after the run as possible and counted.
The decay from scram time to the beginning
of the first count varied from 11 minutes
to 47 minutes and averaged about 15 minutes.
The foils were counted for 1 minute each, in
until at least three counts with

Blank foils of

series,
each foil were obtained.
copper identical to that used to contain the

fissionable material were irradiated and

counted at the same time as the fission
foils. The fission-foil counter was cali-
brated by exposing equivalent foilsl in the
thermal-neutron flux of the Water Boiler re-
actor. Secondary calibration was with a
22Na source. The fission.foil counter is
similar to that described in Reference 1.

The counts obtained with the fission foils
were corrected for counter background and
the activation of the blank foil. The back-
ground-corrected counts were then adjusted

to give the count that would have existed 60
minutes after the mean time of the run. The
counts were also adjusted to the count that
would have been obtained with l-gram foils,

A factorl was applied to the results to
correct the fluence for the critical-assem-
bly operating time which varied from 10 to
20 minutes. The results of the burst and
continuous (referred to as D.C.) operations
of the Godiva IV assembly indicate that the
data from bursts and the longer irradiations
can be compared accurately by using this
correction factor.

The effective cross section of the sul-
fur pellets and of the fission foils (Table
III) was determined for each critical as-
sembly by weighting the cross section a-
gainst the calculated leakage spectrum shown

. . 29
Perturbation corrections were

in Fig. 12.
applied to the fission-foil data. The same
weighting was used to find the effective
dose per neutron, The values obtained are
given in Table IV. Not all experimenters
weight the effective cross section. 1In this
study, we had available the calculated leak-
age spectrum for each of the assemblies
which allowed us to refine our dose measure-
ments by using effective cross-sections de-
termined for each assembly. If the leakage
spectrum is not known, a constant value for

the effective cross section must be used:;
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TABLE IV.
FLUENCE-TO~-DOSE CONVERSION I"}\C’l‘ORa

Uranium- Plutonium-

TABLE V.,

FACTORS TO CONVERT COUNTS PER MINUTE TO
NEUTRON FLUENCE FOR SEVERAL EFFECTIVE
CROSS SECTIONS

Neptumium- Cross Cross
Sulfur Sulfur Uranium Neptunium .
2.9 1.5 to 2.9 0.75 x 1.5 0.4 to 750 Section cpm Section cpm
Assembly _MeV Mev MeV kev (barns) 10%° n/cm? (barns) 10!° n/cm?
Jezebel 4.5 3.3 2.3 1.44
Godiva IV 4.4 3.3 2.4 1.62 Pu Np
Flattop 4.4 3.2 2.4 1.10
Parka 4.6 3.1 2.5 0,98 1.8 4554 1.6 3870
Hydro 4.5 3.2 2.1 1,30 1.6 4046 1.5 3628
a. The values are times lo_n/:m" . 1.2 3034 i:; 322(5)
1.1 2902
however, the values which should be used aasy s
have not been definitely established and
. 0.56 1370 0.26 965
vary at different laboratories. Although 0.55 1345 0.25 928
0.52 1272 0.24 891

the effective cross sections we applied are
valid only at the surface of the assembly,
we feel that the weighted effective cross
sections are more accurate than a constant
value., Most experimenters weigh the effec-
tive dose per neutron to the leakage-neutron
spectrum,

The effect of weighting the cross sec-
tion to fit the calculated leakage spectrum
from the assembly is illustrated by using
the results obtained with the Parka assembly
and applying the effective cross section
for the Jezebel assembly. Wwhen this is
done, the dose is reduced from 6.1 to 4.1
rad., If the weighted dose per neutron for
Jezebel is applied to the Parka data, to-
gether with the weighted Jezebel cross sec-
tion, the dose is reduced from 6.1 to 5.5
rad. The dose determined by using the HPC
was 7.5 rad which agrees better with the
results obtained by using the weighted cross
sections and dose per neutron for the Parka
assembly. Our experimental data have been
included in the "Results" to permit a re-
vised calculation of the dose if different
effective cross sections are used.

The calibration factors used to con-
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vert the counts per minute (cpm) from l-gram
foils to fluence 60 minutes after exposure
are given in Table V. Also shown is the
factor used to convert the count rate from
the sulfur pellets to fluence.

The sulfur pellets are 3/8-in. thick
and 1-1/2-in. in diameter, pressed from
analytical-grade sulfur. They were cali-
brated by exposing them to 2.5-MeV neutrons
and by irradiating phosphorous pellets of
the same diameter and thicknessl with a
known thermal-neutron flux in the water
Boiler reactor.30 A cross section of 0.19
barns was used for the thermal-neutron cap-
ture by phosphorus pellets, and a cross sec-
tion of 0.07 barns for the 2.5-MeV neutron
capture by the sulfur pellets. The sulfur
pellets and phosphorus pellets were counted
using a thin plastic scintillatorl mounted
on a photomultiplier tube., A thin aluminum
foil covered the scintillator to protect it
from light. Each pellet was placed in a 1-
mil-thick aluminum-foil dish, then positioned
on the scintillator. A small lead disk was

placed on the pellet to ensure uniform con-




tact with the scintillator. The pulses

from the phototube were amplified and fed to
a 100-channel TMC gammascope analyzer. The
two calibrations agreed within 2%. Second-
ary calibrations were made frequently with

a %95r source. The sulfur pellets were nor-
mally counted .24 hr after the irradiation,

and were corrected for decay to the midtime

of the assembly operation.

Two gold foils, one encased in cadmium,
were exposed at each location. The foils
were 1/2-in. in diameter and weighed about
0.63 gram. They were gamma-ray counted us-
ing the 3 x 3 in. NaI crystal and a 400-
channel RIDL analyzer, available for routine
health physics work at LASL. This equipment
had been calibrated previously with thermal
neutrons from the Water Boiler reactor using

gold foils of the same diameter and weight.

POSITIONING OF THE PHANTOMS, DOSIMETERS, AND
INSTRUMENTS

Two plastic men were available for the
study, one with a skeleton, the other with
plastic organs. The first irradiation with
the Hydro assembly was used to check the ef-
fect of the skeleton on sodium activation.
The results indicated that the plastic man
with the skeleton had 3% greater sodium ac-
tivation. Wwhenever possible, the plastic
man with the skeleton was used for all ir-
radiations within 3 meters of the assembly.
For an irradiation involving both plastic
men, the one with the skeleton was always
closer to the assembly. The organs of the
second plastic man were filled with solution,
The lung cavities of both were empty. The
plastic men were facing the assembly in a
rigid standing position with both arms at
their sides except where indicated otherwise,
Irradiations with the side of the plastic

man toward the assembly were made 3 meters

from Jezebel and Parka and 6 meters from

Hydro.

The plastic-man-to-assembly distances
were measured from the center of the abdom-
inal cavity to the center of the assembly.
This

foil

made the film badge, TDL, and indium
which were placed on the man's back
slightly farther away than the distance in-
dicated. The distances between the assembly
and the dosimeters on the plastic man's
chest are greater than indicated when the
man is close to the assembly because all
distances were measured horizontally from
the assembly to the center of the abdominal
cavity. Farther from the assembly this ef-
fect becomes insignificant,

The dosimetry with the instruments and
TDU's was performed at the assembly-to-de-
tector distance indicated. Dpata were ob-
tained at about 3-1/2 ft above the ground
or platform used to elevate the plastic man.

The reproducibility of the sodium-acti-
vation results was determined by repeating
irradiations of the plastic men at three lo-
cations several days after the first irradi-
ation. The sodium-activation résults of the
first and second irradiations agreed within
1%, 2%, and 7%.

The plastic men are shown in Fig. 1.
The one with the skeleton weighed 13.5 kg
empty and 61.7 kg when filled with solution,
The one with organs weighed 8.7 kg empty and
62.1 kg when filled with solution. A stand-
ard man weighs 70 kg, so these plastic men
are somewhat smaller,

To simulate a heavier person, a poly-
ethylene bag filled with 8 liters of solu-
tion was strapped to the front of the plas-
tic men., A large bag was used to allow the
contour of the solution to be similar to
that of an overweight individual., The

Jezebel, Hydro, and Parka assemblies were
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TABLE VI,
IRRADIATION LOCATIONS

Distencs
from

Criticsl Assenbly .
Assembly (mataras) Position of Plastic Man
Jazebel 0.5 Elavstad 81 cm
(outsids 1.0 - e
kiva) 2.0 ° bl
3.0 d 56 cm
4.0
6.0
8.0
9.0
2.0 Bahind plastic man st 1 m
7.7 ~30 cm from kive wall
(insidas 3.0 Elavatad 56 ca
kiva) 3.0 Slant rangs to middls of man
6.0
9.0
(outasids 2.0 Lying on sids, alaveted 2 m
kiva, 90 cm 3.0 Elavatad 56 cm
from wall) 9.0
Hydro 6.0
6.0 Two man sids by sids
5.9 Elavated .2 =
8.7
12.3
16.2
19.8
19.8 ~30 cm from thick concrats wall
Flattop 1.1 Elavated .30 cm with onas sarm on platform
3.0
6.1
13 Shislded from rsactor by concrsts wall
Parks 3.0 Elevated 1,93 m
3.0 Slant rangs to middls of wan
Godive IV
(burst) 3.0
(p.c.) 3.0

s, Whars s position is not indicstad, ths man was standing, arms
st sides, facing thas sssombly,
used for this part of the study to give
good coverage of the neutron spectra. The
term "fat man" is used to describe these

irradiations.
DATA COLLECTING LOCATIONS

Data were taken at a number of loca-
tions around the Jezebel assembly when it
was outside the kiva, outside near the kiva
wall, and inside the kiva. With Jezebel
outside, data were taken at from 0.5 to 0.9
meters from the assembly. The locations
are given in Table VI. The assembly is
mounted with the core 2 meters above the
ground, To avoid the effect of an angular
exposure when the plastic men were moved
close to the assembly (giving the head a
larger dose), the men were elevated for

these irradiations. One plastic man loca-
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tion 2 meters from the assembly was behind
the other plastic man placed 1 meter from
the assembly. The sampling location at 7.7
meters was .30 cm from the kiva wall and
was included for study of the effect of
backscattering from the wall,

Four locations were studied with the
Jezebel assembly inside the kiva. To main-
tain a reasonable distance from the other
assemblies in the kiva and prevent them from
shielding our irradiation locations, the
Jezebel assembly was placed as indicated in
Fig. 13. Two irradiations were performed
at the 3-meter location. The first was with
the plastic man elevated 56 cm, a procedure
similar to that used outside the kiva. For
the second, the man was standing on the
kiva floor. The term "slant range" used in
Table VI indicates that the distance from
the assembly to the plastic man was measured
at an angle >20° from the horizontal,

For the last series of studies, the as-
sembly was again moved outside the kiva, To
study the effect of an excursion occurring
close to a floor, the thick wall of the kiva
was used to simulate the floor and the as-
sembly was positioned with the core 90 cm
from the wall. The plastic man was then
placed horizontally on his side on a stret-
cher with his feet against the kiva wall.
The stretcher was raised 2 meters (core
height) and positioned 2 meters from the as-
sembly.

man standing 2 meters from an assembly lo-

This arrangement approximates a

cated 90 cm from the floor with a solid wall
2 meters to one side.

The effect of an excursion near a wall
was studied by placing the Jezebel asgsembly
90 cm from the kiva wall and taking data
with the assembly between the wall and the
plastic men who were 3 and 9 meters from the

assembly.
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Fig. 13.
inside kiva.

Irradiation locations for Jezebel (®) and Flattop (e)
(The comet and Tank assemblies were not used in

this study, and the Jezebel assembly was not in the kiva during

the Flattop study.)

The geometry of the core, moderator,
and exponential pile of the Hydro assembly
is complicated. To avoid nonuniform irrad-
iation of the plastic men from the core and
exponential pile, the distances from the as-
sembly to irradiation locations were large,
varying from 5.9 to 19.8 meters. The core
is about 3 meters above the ground, and,
consequently, all assembly-to-irradiation
distances given in Table VI are slant ranges
except when the plastic man was elevated
~2 meters. For the first irradiation, the
plastic men were placed side by side 6 me-
ters from the assembly. This was to inves-

tigate the effect of the skeleton on sodium

activation and the effect of one phantom on
the sodium activation of the other. One of
the two positions at 19.8 meters had a con-
crete wall behind the man and was included
to study the effect of neutrons scattered
from this wall.

The Flattop assembly is located perma.
nently inside the kiva. The irradiation
locations are shown in Fig. 13. The plas-
tic man at 110 cm (Table VI) was elevated
to permit the lower right arm to be laid on
the critical assembly platform (see Fig. 6).
The location at .13 meters has only room-
scattered neutrons because it is completely

shielded by the concrete walls of the kiva.
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The Parka assembly is the only one
studied which is located at another kiva,
It was positioned near the center of the
kiva. The plastic man was elevated 1.93 me-
ters which placed him at the same height as
the core (Table VI). His second location
was on the floor, which resulted in an angle
of about 45° from the core to the man. The
neutron leakage from the bottom of the as-
sembly differs only slightly from that
through the sides.

The Godiva assembly was used for two
operations, one a burst, the other 20 min-
utes long. The plastic man was standing on

the floor 3 meters from the assembly.
NORMALIZATION OF RESULTS

The power levels of the critical assem-
bly for each irradiation were determined as
indicated in "Critical Assemblies." The
data from the several irradiations required
with each assembly were normalized to one
of the irradiations. In most cases, the
number of fissions was not determined or
desired since the leakage spectra varied so
greatly that a comparison of fissions and
dose would be difficult to interpret.

We decided that the most meaningful
comparison of the irradiation results from
one assembly to those of the other four as-
semblies was the fast neutron dose. Two in-
struments described previously for determin-
ing the fast neutron dose were the threshold
detectors which give kerma (in ergs/g) and
the Hurst proportional neutron counter which
gives the first-collision absorbed dose (in
rads). The kerma in hectoergs/g determined
by the TDU was used as the normalizing fac-
tor for the results. The hectoergs/qg is
100 ergs/g which was selected to permit com-
parison with the rad determined with the

HPC. Although the hectoergs/g and the rad

20

unit are both 100 ergs/q, the term rad is
reserved for absorbed dose and cannot be us-

ed as the unit for kerma, see NBS Handbook

84.31 The neutron energies were low enough
(<10 MeV) that we can assume that charged
particle equilibrium exists in the HPC.

when equilibrium exists, the first-collision
absorbed dose in rads measured by the HPC

is within a few percent of the kerma deter-
mined by the TDU and the two can be compared
numerically with little error.

Normalization of the data from the five
assemblies using the kerma determined with
the threshold detectors does not include the
thermal- and part of the intermediate-energy
neutron dose and also is not a measure of
the total absorbed dose. The factor to con-
vert first-collision absorbed dose or kerma

TABLE VII,

FAST NEUTRON RESULTS OBTAINED WITR THRESHOLD
DETECTOR UNITS AND HURST PROPORTIONAL COUNTER
Thrashold

Distsncs Hurst

from Detector Proportional Davistion of
Criticeal Assenbly Units Countar HPC from TDY
Assembly ‘metor.l ‘E.cto.g-(g) {rad) {parcant)
Jazebsl 0.5 460 460 [
(outaids 1.0 130 130 [}
kiva) 2,0 3s 37 + 6
3.0 18 17 -6
4.0 1 9.8 11
6.0 4.9 4.6 -6
8.0 2.8 2,7 - 4
9.0. 2.2 2.0 -9
2.0. 6.4 5.8 -9
7.7 3.3 3.6 + 9
(inaids 3.0, 19 20 + 5
kiva) 3.0 21 21 ]
6.0 6.3 6.6 + 5
9.0 2.9 3.0 +3
(outsids 2.0° as 4s 0
kiva, 90 cm 3.0 20 20 4]
from wall) 9.0 2,6 2,7 + 4
Hydro 6.0, 4.8 4.8 ]
6.0 4.3 4.8 +12
5.9 4.8 6.0 +25
8.7 2.2 2.5 +14
12.3 1.3 1.5 +15
16.2 0.69 0.83 +20
19.8 0.49 0.58 +18
19.8 0.63 0.66 + 5
Flattop 1.1 33 29 -12
3. 4.9 4.3 12
6.1, 1.6 1.8 -6
~l3 - 0,077 -
Parks 3.0, 6.1 7.5 +21
3.0 4,2 5.8 +3u
Godivs IV
(burst) 3.0 127 - -
(p.c.) 3.0 129

s. Thess data wars obtsinad st locstions or positions which sffact
the rssults, Rafsr to Tsbls VI,

b, Sas discussion in “Normalization of Rasults.®
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Fig. 14, Plot of kerma and first-collision

dose times distance squared vs distance
from the Jezebel assembly outside kiva,

to total absorbed dose varies as a function

of neutron energy,32 and, for the fairly

large variations in neutron spectra used in
this study, significantly different factors
would be applied. The kerma from fast neu-

trons is, however, the neutron dose that can
be most conveniently measured, and conse-
quently, it was chosen for the normalization

factor,
RESULTS

Hurst Proportional Neutron Counter and

Threshold Detector Units. The first-colli-

sion absorbed dose from fast neutrons deter-
mined by the HPC and the kerma determined
by the TDU are given in Table VII. The re-
sults from the two techniques agree well.
The HPC results average 5% lower than the
TDU results for distances of »3 meters from
Jezebel and 10% lower for all the Flattop
data. The HPC results average 14% higher
than the TDU results for the Hydro data and
31% higher for the Parka data. The différ—
ences occur at least partially because the
TDU system is not so sensitive to the inter-
mediate-energy neutrons as is the HPC.
Therefore, HPC results for spectra contain-
ing significant intermediate-energy neutrons,
such as those of Hydro and Parka, are high-
er than those obtained with the TDU system.

A plot of the kerma and first-collision

dose times the distance squared for the
Jezebel assembly located outside the kiva
is given in Fig. 14, For this type of plot,
an inverse-square relationship gives a
straight line with zero slope. Our curve
indicates that out to about 4 meters there
is an increase in the kerma and first-col-
lision absorbed dose over that expected us-
ing the inverse-square rule. Beyond 4 me-
ters an equilibrium with scattered neutrons
is reached, and the curve begins to flatten
out, indicating an approach to the inverse-
square relationship. Results obtained with
the multisphere and 10-in.-sphere neutron
detector differ from these and are discussed
later,

Table VIII shows the data, obtained
with the TDU system, used to determine the
kerma from fast neutrons. The count rate
of the plutonium foil is given in cpm nor-
malized to hectoerg/g of fast neutrons (see
Table VII), and the neptunium, uranium, and
sulfur results are relative to the plutonium
count, Table IX shows the neutron fluences
determined by the TDU system for each energy
interval.

Table X shows the percent of the total
kerma in each energy interval as determined
by the TDU system. The changes in the per-
centages reflect the changes in the sgpectra
of the various assemblies as the distance
from the assembly is increased. The percent-
age of the total kerma in the »2.9-MeV ener-
gy interval (sulfur) indicates that the to-
tal kerma is not related to that determined
by sulfur activation, and it is shown to
vary from 8 to 48%.

32P analysis of hair fol-

33,34

These percentages are

important in the
lowing a criticality accident. To re-
the

proper percentage would have to be applied.

late hair activation to total kerma,

Nuclear Track Film. Blackening of the
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TABLE VIII.
DATA OBTAINED WITH THRESHOLD DETECTOR UNITS

Distance Count Rate

from of Pu per count Rate Relative to Plutonium
Critical Assembly Hectoergs/g (Pu count rate normalized to 1.0)
Assembly (meters) {cpm) Np U s
Jezebel 0.5 137 0.77 0.17 0.070
(outside 1.0 141 0.78 0.17 - 0.070
kiva) 2.0 149 0.68 0.1l6 0.062
3.0 162 0.58 0.13 0.052
4.0 165 0.59 0.13 0.046
6.0 147 0.76 0.16 0.052
8.0 173 0.53 0.12 0.040
9.0 184 0.46 0.12 0.030
2.0° 178 0.50 0.11 0.036
7.7° 165 0.64 0.12 0.040
(ingide 3.0a 162 0.66 : 0.13 0.048
kiva) 3.0 156 0.68 0.13 0.048
6.0 169 0.56 0.12 0.038
9.0 189 0.47 0.10 0.028
(outside 2.0% 158 0.62 0.13 0.050
kiva, 90 cm 3.0 169 0.58 0.11 0.054
from wall) 9.0 159 0.59 0.12 0.058
Hydro 6.0a 190 0.34 0.055 0.032
6.0 194 0.37 0.053 0.034
5.9 189 0.39 0.060 0.036
8.7 191 0.42 0.056 0.034
12.3 179 0.54 0.054 0.030
l16.2 197 0.36 0.057 0.028
19.8a 192 0.37 0.062 0.038
19.8 203 0.34 0.050 0.024
Flattop 1.1 245 0.23 0.020 0.0070
3.0 240 0.25 0.023 0.0094
6.1 280 0.19 0.025 0.0062
~3 2 571 1.09 0.34 0.054
Parka 3.0a 183 0.35 0.055 0.0258
3.0 171 0.50 0.025 0.0231
Ggodiva IV
(burst) 3.0 175 0.53 0.091 0.028
(pD.C.) 3.0 le68 0.58 0.098 0.030

a. These data were obtained at locations or positions which affect the
results.

b. See discussion in "Normalization of Results.”

nuclear track film by gamma rays and thermal found to be about 10 times greater than the

neutrons made it impossible to determine the kerma measured in air, and for the badges

fast neutron dose except for some of the on the backs of the men, about twice as
lower doses. The results are shown on great.

Table XI. The nuclear track film badge re- Thermal Neutron Dose From Film Badae,
sults are given in Rem. For the badges on Gold Foils, and Lithium-Iodide Crystal. The
the front of the plastic men they were dose from thermal neutrons was determined
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TABLE IX.

NEUTRON FLUENCE DETERMINED BY THRESHOLD DETECTOR UNIT SYSTEM

Distance
from Neutron Fluence 10%° n/cm?
Critical Assembly 1.5-2.9 0.75-1.5 0.4-750
Agsembly (meters) 2.9 Mev MeV MeV kev Thermal
Jezebel 0.5 4,93 3.09 5.47 0.39 0.028
(outside 1.0 1.43 0.81 1.69 0.09 0.030
kiva) 2,0 0.321 0.208 0.330 0.151 0.021
3.0 0.169 0.116 0.184 0.170 0.020
4.0 0.092 0.080 0.122 0.105 0.014
6.0 0.043 0.0409 0.0671 0.007 0.0073
8.0 0.022 0.0196 00,0284 0.036 0.0055
9.0a 0.014 0.0210 0.0160 0.0377 0.0046
2.0a 0.045 0.0441 0.0669 0.095 0.046
7.7 0.024 0.0224 0.0492 0.024 0.013
(inside 3.0 0.167 0.128 0.260 0.119 0.11
kiva) 3.0a 0.173 0.128 0.308 0.109 0.11
6.0 0.045 0.0492 0.0718 0.068 0.066
9.0 0.018 0.020 0,033 0.049 0.052
(outside 2.0% 0.404 0.286 0.52 0.35 0.092
kiva, 90 cm 3.0 0.202 0.070 0.264 0.205 0.061
from wall) 9.0 0.0267 0.0083 0.0416 0.0143 0.012
Rydro G.Oa 0.031 0.0064 0.0866 0.102 0.053
6.0 0.031 0.0017 0.0723 0.101 0.048
5.9 0.035 0.0051 0.0829 0.101 0.052
8.7 0.015 0.0026 0.0434 0.043 0.027
12.3 0.0077 0.00159 0.0345 0.0138 0.014
16.2 0.0042 0.0017 0.0723 0.1010 0.0097
19.8 0.0038 0.0051 0.0079 0.0111 0.0074
19.8a 0.0034 0.00136 0.0103 0.0165  0.014
Flattop 1.1 0.061 0.056 0.585 1.30 0.058
3.0 0.012 0.0081 0,0889 0.181 0.060
6.1a 0.0030 0.00518 0.0148 0.088 0.045
~13 0.0026 0.0085 0.0069 - -
Parka 3.0 0.031 0.0193 0.0537 0.280 0.69
3.0% 0.017 - 0.0788 0.144 0.43
Godiva IV
(burst) 3.0 0.71 0.79 1.97 1.41 0.70
(p.c.) 3.0 0.73 0.84 2.18 1.01 0.72

a. These data were obtained at locations or positions which affect the
results. Refer to Table VI.

by using film badges, gold foils, and the fast neutron dose,

lithjum-iodide crystal detector of the The lithium-iodide crystal and gold
sphere-neutron detector. The thermal neu- foil results agree within a few percent ex-
tron dose in Rem normalized to 1 hectoerg/g cept for Parka. Except for that from the

of fast neutrons is given in Table XII. It Parka assembly, the thermal-neutron dose de-
is generally gquite small compared to the termined by film badges was higher than the
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TABLE X.

PERCENT OF TOTAL KERMA IN EACH ENERGY INTERVAL
(DETERMINED BY TDU SYSTEM)

e Parcentaqge of Total Xerwa

from aU - “s 0“p - % “Pu - qu
criticel Assexbly fs 1.5-2.9  0.75-1.5  0.4-750
Agsembly (matera) 22,9 Mev Mev Mev koV.
Jezebal 0.5 48 22 29 1.2
(outsids 1.0 48 21 30 1
kiva) 2.0 46 22 25 7
3.0 42 21 23 14
4.0 37 24 25 14
6.0 39 29 31 2
8.0 s 23 23 19
’.0. 28 3 17 24
2.0. 3 23 23 22
7.7 34 23 . 34 10
(inaids 3.0. 39 22 3l 9
kiva) 3.0 38 20 34 8
6.0 32 25 27 16
9.0 28 22 26 24
(outeids 2.0" 41 21 27 11
kiva, 90 cm 3.0 44 11 30 15
from well) 9.0 45 10 36 8
Hydzo 6.0. 30 4.5 38 28
6.0 33 1.2 35 31
5.9 34 3.4 36 27
8.7 30 3.6 41 25
12,3 27 3.8 56 14
16,2 28 7.2 33 32
19.8. s 4.1 33 29
19.8 24 6.3 3s 35
Flattop 1.1 8.3 5.5 43 43
3.0 11 5.3 43 41
6.1. 8 10 22 60
3 - - - -
Parks 3.0. 23 10 22 45
3.0 19 4] 48 i3
Godivs IV
(burst) 3.0 24 20 37 18
(D.c.) 3.0 25 22 41 13

s, These dats were ubtained at locations or positions which affect
ths results, Refer to Tabla VI,

gold and lithium-iodide crystal results by
two to four times, with the Jezebel data
obtained outside the kiva giving the largest
deviation. The film badge on the back of
the plastic man indicated a dose that was
~50% of that shown by the badge on the front
of the man. The data from film badges used
with the Parka assembly, although incomplete,
appear lower than expected, based on the re-
sults from the other assemblies.

The cadmium ratios obtained with the

gold foils and lithium-iodide crystals are
given in Table XII. The lithium-iodide crys-

tal gave cadmium ratios which were, in most
cases, higher than the gold foil ratios.
The data obtained with the gold foils
and the lithium-iodide crystals from the
Jezebel assembly located outside the kiva
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TABLE XX,

NUCLEAR TRACK FILM RESULTS

Distancs Threshold Muclesr Track rilm ppdqs
from Detoctor rroat of Back of
Criticsl Assanmbly “Units » Plastic Man Plastic Man
Assembly {meters) {hectoarqa/q) {Rem) {Rem)
Jazsbal 0.5 460 - -
(outaids 1.0 130 - -
kive) 2.0 35 - -
3.0 18 - -
4.0 11 - 23.8
6.0 4.9 - -
8.0 2.8 24.4 6.4
9.0. 2.2 30.4 2,9
2.0, 6.4 - 18.9
7.7 3.3 42.2 17.6
3.0 (fst man) 18 - 4.9
(insidas 3.0. 19 - -
kive) 3.0 21 - -
6.0 6.3 - -
9.0 2.9 - -
(outaids 2.0* as - -
kiva, 90 cm 3.0 20 - 29
from wall) 9.0 2,6 22,6 0.7
Hydro 6.0, 4.8
6.0 4.3
5.9 4.8
8.7 2.2
12,3 1.3
16.2 0.69
19.8, 0.49
19.8 0,63
Flattop 1.1 33
3.0 4.9 - 2.0
6.1 1.6
a3 * (0.077) 0.13 0.02
Parka 3.0 6.1 - -
3.0* 4.2 - . -
Godive IV
(burat) 3.0 127 - -
(p.c.) 3.0 129 - -

8. Thase dats wars obtained st locstions or positions which affact ths
rasulta, Refar to Tabls VI,

b. Saa discussion in *Normalizastion of Rssulte.®

are plotted in Fig. 15 as a function of dis-
tance from the asembly. The thermal-neu-
tron fluence is highest about 1 meter from
the assembly. This compares to a thermal-
neutron fluence peaking at .3 meters for
the Health Physics Research reactor at Oak
Ridge. The Flattop thermal-neutron fluence
(Table XII) appears to peak at a greater
distance than the Jezebel fluence and could
be peaking at about 3 meters.

Multisphere Technique and 10-In.-Sphere

Neutron Detector. The results obtained with

the multisphere technique and the 10-in.-

sphere neutron detector are shown in Tables
XIII and XIV.
sphere normalized to 1 hectoerg/g of fast

The count rate of the 8-in.

neutrons (see Table VII), and the count
rates of the 2- and 3-in. spheres relative

to that of the 8-in. sphere are given in



Critical
Assembly
Jezebel

(outside
kiva)

(inside
kiva)

(outside
kiva, 90 cm
from wall)

Hydro

Flattop

Parka

Godiva 1Iv
(burst)
(D.C.)

a. These data were obtained at locations or positions which affect the results.

Table VI.

b. To convert to first-collision absorbed dose, multiply by 2.682 x 1072
To convert to maximum-absorbed dose, multiply by 3.065 x 10

L

Distance

from

Assembly

(meters)

WWNINDNOVOO dPWNHO

(fat man)
(sideways)

OO WwW
L T T )
(ool oo

OwN
« s e
(oo Ne]

[}

¢ o o o o 0
(o=
[

H e
™

(fat man)
(sideways)

T .
- O OCWVWOMONWNYW

wWow - STV OVURANDNDODUVOO
o

fat man)
sideways)

— o~

TABLE XII.

THERMAL NEUTRON DOSE NORMALIZED TO 1 HECTOERG/G OF FAST NEUTRONS

Film Badge
LiT Gold Front of Back of Cadmium Ratio
Crysatal Foils Plastic Man Plastic Man LiI Gold
{Rem) {Rem) {Rem) (Rem) Crystal Foils
0.00053 0.00064 - - 1.4 1.6
0.0020 0.0024 - - 1.8 2.2
0.0065 0.0068 - 0.022 2.5 2.5
0.011 0.012 0.041 0.018 3.5 2.6
0.012 0.013 0.049 0.026 2.9 2.3
0.014 0.01l6 0.049 0.024 3.0 2.4
0.015 0.021 0.061 0.028 2.7 2.6
0.020 0.022 0.064 0.032 3.8 2.8
0.13 0.075 0.21 0.038 4.4 3.0
0.045 0.042 0.064 0.076 3.3 2.6
0.011 0.012 0.046 0.018
0.011 0.012 0.019 0.032
0.048 0.058 0.092 0.047 3.8 3.0
0.049 0.057 0.068 0.068 4.6 2.9
0.094 0.11 0.16 0.081 5.0 3.1
0.15 0.19 0.22 0.18 4.2 3.2
0.022 0.021 0.058 0.028 3.2 2.6
0.027 0.032 0.096 0.027 3.0 2.6
0.048 0.049 0.10 0.046 4.0 2.7
0.096 0.11 3.5 3.2
0.13 0.12 4.9 2.9
0.11 0.11 4.5 3.2
0.11 0.13 3.3 3.1
0.10 0.11 3.3 2.8
0.14 0.15 4.4 3.1
0.13 0.1l6 3.6 3.0
0.18 0.22 3.7 3.3
0.11 0.11 4.5 3.2
0.096 0.11 3.5 3.2
0.02 0.018 2.3 2.1
0.12 0.13 0.21 0.11 3.3 2.6
0.29 0.29 4.5 2.9
0.86 - 1.7 0.78 5.1 -
0.75 1.03 - - 4.8 3.0
0.79 1.08 - 0.48 3.9 2.9
0.75 1.03 - 0.30
0.75 1.03 0.34 0.38
0.058 - - - 3.1
0.058 - - - 3.4
Refer to
-11
(2.8 x 10 rad/n/cm?) .

(3.2 x 10

-10

rad/n/cn?).
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Fig. 15. Thermal-neutron dose equivalent

from the Jezebel assembly outside kiva,

Table XIII. The different assemblies show-
ed a variation of a factor of five for the
normalized 8-in.-sphere count rate, and the
2-in.-sphere count varied from ..5% of, to
slightly greater than, the 8-in.-sphere
count rate., The large variations in the 2-
and 3-in.-sphere count rates reflect the
different neutron-energy spectra.

The relative count rates of the 2-, 3-,
and 8-in. spheres were used to determine the
average fast neutron energy and percent of
fast neutrons by applying the "multisphere
technique" described in Reference 21. The
results are given in the last two columns
of Table XIII and indicate average energies
of from 1.0 to 0.10 MevV and from 97 to 18%
fast neutrons. A gradual decrease in the
average fast neutron energy and the percent-
age of fast neutrons was found with increas-
ing distance from the various assemblies.

Table XIV shows the dose equivalents
obtained with the multisphere technique and
10-in. sphere normalized to 1 hectoerg/g of
fast neutrons. The total dose equivalent
obtained by the multisphere technique aver-

age .11 Rem for Jezebel and Flattop, ~16 Rem
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for Hydro, and 13.5 Rem for the Parka assem-
bly.

10-in. sphere average 13 Rem for Jezebel,

The dose equivalents obtained with the
16 Rem for Flattop, 20 Rem for Hydro, and
24.5 Rem for Parka. These variations re-
flect the differences in the neutron spectra
and the energy response of the dosimetry
technique.

A plot of the dose equivalent times
distance squared versus distance from the
asgsembly is shown in Fig. 16. Unlike the
plot of the kerma and first-collision absorb-
ed dose in Fig. 14, the dose equivalent
curves continue to rise out to 9 meters in-
dicating a continuing increase over the dose
calculated using the inverse-square relation-
ship.

Geiger Counter Readings at Abdomen and

of Indium Foils. The Geiger counter read-

ings at the abdomen of the plastic man and
the readings of the indium foils were normal-
ized to 1 hectoerg/g of fast neutrons and

are shown in Table XV. The readings at the
abdomen vary by a factor of .10 for the dif-
ferent assemblies. These results correlate
by +35% with the blood-sodium activation to
be given later. Exact correlation of blood
sodium activity and Geiger counter readings
was not expected because the inherent fluc-
tuations in portable Geiger counters make
accurate reading difficult and because the
plastic man with the skeleton retained a
significant reading after the solution was
removed. The plastic man without the skele-
ton had a reading of essentially background
after the solution was removed. These data
give lower Geiger counter readings than
would be obtained from a real person be-
cause, in addition to the 24Na activity,
38C1 activity is induced in the person, A
correction factor is given later for the

38C1 activity (see Fig. 17).




TABLE XIII.

SPHERE DATA AND MULTISPHERE TECHNIQUE RESULTS

Distance Count Rate Relative Average
from 8-in.-Spher; To 8-in. Sphere Fast Neutron Percent
Critical Assembly Count Rate 2-in, 3-in, Energy Fast
Assembly (meters) (cpm) Sphere Sphere (Mev) Neutrons
Jezebel 0.5 10.5 x 108 0.042 0.24 1.0 97
(outside 1.0 10.0 x 1lo08 0.054 0.25 1.0 95
kiva) 2.0 10.4 x 108 0.068 0.28 0.9 93
3.0 9.45 x 108 0.077 0.31 0.85 91
4.0 8.46 x 108 0.12 0.37 0.9 81
6.0 9.98 x 108 0.12 0.36 0.9 80
8.0 10.4 x 108 0.11 0.36 0.8 84
9.0a 10.9 x 108 0.11 0.37 0.75 86
2.0a 21.3 x 108 0.22 0.55 0.7 66
7.7 12,5 x 108 0.18 0.50 0.6 74
(inside 3.0a 9.59 x 108 0.19 0.50 0.75 69
kiva) 3.0 10.0 x 108 0.18 0.47 0.9 68
6.0 10.8 x 1lo0s 0.25 0.59 0.75 61
9.0 11.8 x 108 0.37 0.83 0.5 51
(outside 2.0° 9.53 x 108 0.13 0.39 - -
kiva, 90 cm 3.0 8.85 x 108 0.18 0.50 0.9 79
from wall) 9.0 12,2 x 108 0.17 0.51 0.75 86
Hydro 6.0a 17.7 x 108 0.24 0.66 0.4 71
6.0 21,5 x 108 0.23 0.67 0.37 77
5.9 21.8 x 108 0.20 0.59 0.4 79
8.7 20.8 x lo0e 0.24 0.65 0.4 71
12.3 18.4 x 10 0.25 0.69 0.4 69
16.2 20,0 x 108 0.28 0.75 0.35 72
19.8a 18.1 x 108 0.30 0.76 0.38 66
19.8 19.4 x 108 0.36 0.85 0.38 58
Flattop 1.1 17.0 x 108 0.18 0.65 0.25 89
3.0 16.6 x 108 0.36 0.95 0.20 65
6.1 20.6 x 10 0.51 1.17 0.15 56
~13.0° 17.5 x 108 1.03 1.87 0.10 27
Parka 3.0a 49.4 x 10® 0.78 1.46 0.3 27
3.0 51.6 x 10% 0.90 1.59 0.4 18
Godiva IV
(burst) 3.0 - - - - -
(p.c.) 3.0 - - - - -

a. These data were obtained at locations or positions which affect the results. Refer
to Table VI.

b. The sphere count rate was divided by the kerma, using the TDU system to give the
cpm/hectoerg/g values,

The indium foil Geiger counter read- plastic man 50 cm from Jezebel (see Fig. 1).
ings varied from 0.13 to 33 mR/h when nor- This low reading was partly caused by the
malized to 1 hectoerg/g of fast neutrons. increased distance from the foils on the up-

The lowest reading was obtained with the per chest to the center of the assembly
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TABLE XIV
MULTISPEERE TECHNIQUE AND 10-IN,~SPHERE NEUTRON DETECTOR RESULTS

Multisphere Technigue

Distance Intermediate Total Fast, 10-in. Sphere
from Fast Enerqgy Intermediat Neutron
Critical Assembly Neutrons Neutrong and Thermal Datector
Assembly (meters) (Rem) {Rem) {rem) (Rem)
Jezebel 0.5 14 0.16 14 -
(outside 1.0 13 0.26 13 13
kiva) 2.0 13 0.37 13 13
3.0 10 0.40 11 12
4.0 8.9 0.80 10 11
6.0 10 1.0 11 12
8.0 1) 0.78 12 12
9.0 12 0.73 12 13
2.03 17 3.3 21 25
7.7 11 1.4 12 1s
(inside 3.0. 8.2 1.4 10 12
kiva) 3.0 8.8 1.6 11 12
6.0 8.1 2.0 10 12
9.0 6.7 2.3 9 13
(outside 2.0" 9.8 1.0 11 12
kiva, 90 cm 3.0 9.4 0.6 10 11
from wall) 9.0 11 1.2 12 14
Hydro 5.0. 13 2.0 1s 18
6.0 17 1.8 19 22
5.9 18 1.7 20 22
8.7 1s 2.3 18 21
12.3 13 2.2 16 18
16.2 1s 2,0 17 20
19.8 12 2,2 1s 18
19.8" 12 3.0 15 19
Flattop 1.1 14 0.62 1s 15
3.0 9.4 1.8 11 1s
6.1. 9.1 2.5 12 18
~13 3.2 3.2 7 17
Parka 3.0. 6.4 6.1 13 24
3.0 4.9 8.1 14 25
Godiva 1V
(burst) 3.0
(pD.C.) 3.0

a. These data were obtained at locations or positions which affect the results,
Refer to Table VI,

b. Thermal neutron dose equivalent given in Table XII.

core, between 60 to 65 cm. For all irradi- to 1 hectoerg/g of fast neutrons. The side-
ations the foils on the backs of the plas- ways irradiation results were 64, 72, and
tic men averaged about half as high a read- 74% of those from the face-on irradiations.

ing as those on the front, The results with fThe "fat man" irradiations (with solution-

Hydro indicate that a factor of two varia- filled plastic bag added to the torso) were
tion can be expected with side irradiations 95, 99, and 99% of those obtained with the

depending on the side of the chest on which normal plastic man.

the foils are located. Thermoluminescent Dosimeters and Film

Sodium Activation. The 2*“Na activation Badges. The gamma-to-neutron ratios obtain-

of the solution corrected for concentration ed with the TLD's and film badges are given
and skin effect is given in Table XVI. in Table XVII. The smallest gamma-to-neu-
variations of a factor of .10 were found tron ratio obtained with the TLD's in air
when the sodium activation was normalized was 0.049 at 1.1 meters from the Flattop as-
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TABLE XV,

GEIGER COUNTER READINGS AT ABDOMEN AND OF INDIUM FOILS

Distance Geiger Counter Indium Foils
from Reading Front of Back of
Critical Assembly at Abdomen Plastic Msn Plastic n
Asgembly (meters) (mR/hr) {mR/hr) (mR/hr)
Jezebel 0.5 0.0049 0.13 0.13
(outside 1.0 0.0059 0.55 0.25
kiva) 2.0 0.0050 1.1 0.45
3.0 0.0057 1.0 0.43
4.0 0.0075 1.1 0.54
6.0 0.0073 1.3 -
8.0 0.0051 1.9 0.52
9.0a 0.0047 1.8 0.70
2.0a 0.010 2.5 0.51
7.7 0.0096 1.7 1.5
3.0 (fat man) 0.0068 1.0 0.47
3.0 (sideways) 0.0032 0.52 0.49
(inside 3.0a 0.0067 1.7 -
kiva) 3.0 0.,0061 2.1 -
6.0 0.0096 3.5 1.9
9.0 0.0074 4.4 3.6
(outside 2.0% 0.0064 1.2 0.50
kiva, 90 cm 3.0 0.0072 2.0 0.56
from wall) 9.0 0.012 3.2 0.69
Hydro 6.0a 0.012 3.6 -
6.0 0.024 4.1 -
5.9 0.015 - -
8.7 0.018 6.7 -
12.3 0.017 4.0 -
16.2 0.015 5.7 -
19.8 0.037 8.0 -
19.8% 0.024 5.2 -
5.9 (fat man) 0.017 5.1 -
6.0 (sideways) 0.0079 c -
Flattop 1.1 0.012 3.5 -
3.0 0.013 4.9 2.6
6.1 0.026 13 -
A3 2 - 33 1.1
Parka 3.0a 0.029 13 4.9
3.0 0.037 20 10
3.0 (fat man) 0.049 21 6.6
3.0 (sideways) 0.019 6.8 5.7
Godiva 1V
(burst) 3.0 0.0068 1.2 0.84
(p.c.) 3.0 0.0081 1.7 0.98

a. These data were obtained at locations or positions which affect the
results, Refer to Table VI.

b. Geiger counter reading taken in contact with foil, and decay cor-
rected to midtime of the assembly operation or burst time.

c. Right breast 3.7, left breast 1.9.




TABLE XVI

SODIUM ACTIVATION OF THE gOLUTION
IN THE PLASTIC MEN

Critical
Assembly
Jezebel

(outside
kiva)

(ingide
kiva)

(outside
kiva, 90 cm
from wall)

Hydro

Flattop

Parka

Godiva IV
(burst)
(p.Cc.)

a. These data were obtained at locations
or positions which affect the results.

Distance
from
Assembly

(metersz
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Refer to Table VI.

b. Corrected for effect on plastic skin by
dividing the observed activity by the

following factors:

Jezebel, 1.09; Hydro, 1.07; Flattop,
1.05: and Godiva,

1.04’ pParka,

uCi 24Na
mg 33Na

(x 10"2

1.03
1.32
1.41
1.47
1.43

1.59
1.65
1.65
2.45
l.81
1.39
0.94

2.13
2,01
2.41
3.12

1.66
1.91
2,28

3.71
4.67
4.27
4.42
4.06
4.85

4.41
4.21

9.88
10.9

9.83

7.31

1.90
1.95

1.09.

sembly, and the largest was 1.7 at 3 meters
from Parka,

The TLD's on the front of the plastic
men had gamma-to-neutron ratios higher than
the in-air ratios by a factor of .2.2 for
Jezebel, .1.4 for Hydro and Godiva, .l.2 for
Parka, and 1.3 to 8.0 for Flattop. The TLD's
on the backs of the plastic men averaged a-
bout 60% of the front exposure.

The film badge results were within +35%

of the exposures indicated by the TLD's.

APPLICATION OF RESULTS TO CRITICALITY ACCID-
ENTS

The results in many cases had large var

iations because of distance from the assem-
bly, effect of walls and buildings, differ-
ences in the neutron spectra, or orientation
of the plastic men. The largest variations
were caused by the differences in the neu-
tron spectra of the five assemblies. A pri-
mary requirement for a dosimetry study of
an accidental excursion is to obtain as much
information as possible on the critical sys-
tem and the location of the exposed persons.
Much of the information required can be ob-
tained by answering the following questions:

what are the approximate dimensions of
the critical system?

In what form (metal, solution, graphite
matrix) was the fission material?

Did the system have a reflector; if so,
what and how thick was it?

where was the critical system located
with respect to the floor, walls, and other
bulky objects?

Where were the exposed persons during
the excursion?

what was the orientation of the exposed
persons?

what dosimetry aids (film badges, in-
dium foils, dosimetry systems on persons or

at locations in the room) are available?
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GAMMA-TO-NEUTRON RATIOS OBTAINED WITH THERMOLUMINESCENT ;"

Critical
Assembly

Jezebel
(outside
kiva)

(inside
kiva)

(outside
kiva, 90 cm
from wall)

Hydro

Flattop

Parka

Godiva 1V
(burst)
(p.C.)

TABLE XVII.

DOSIMETERS AND FILM BADGES

Distance
from
Agsembly

{(meters)
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3.0a
3.0
3.0 (fat man)
3.0 (sideways)

.0 (
(

3.0
3.0

Thermoluminescent Dosimeters

Film Badges

Oon Plastic Man

On Plastic Man

In Air Front Back Front Back
0.10 0.11-0.30° 0.047 - -
0.097 0.23 0.098 - -
0.089 0.20 0.11 - 0.11
0.10 0.20 0.11 0.14 0.10
0.09 0.18 0.10 0.18 0.12
0.09 0.21 0.14 0.14 0.14
0.10 0.19 0.12 0.20 0.12
0.1l0 0.19 0.11 0.20 0.14
0.30 0.56 0.26 0.44 0.26
0.11 0.18 0.16 0.21 0.17
0.10 0.22_ 0.094 0.18 0.088
0.10 0.13 0.12 0.13 0.13
0.13 0.33 0.19 0.32 ' 0.23
0.11 0.30_ 0.17_ 0.34 0.17
0.15 0.33] 0.23_ 0.40 0.33
0.21 0.40 0.39 0.57 .. .0,46
0.11 0.15 0.075 0.19 0.088
0.11 0.21 0.10 0.19 0.12
0.13 0.29° 0.14° 0.24 0.14
0.82 1.0 0.80

0.89 1.2 0.71

0.88 1.5 0.89

0.77 1.2 0.88

0.74 1.1 0.60

0.74 1.1 0.74

0.76 0.84 0.57

0.73 0.79 0.60

0.82 1.0 1.1

0.049 0.39 0.22

0.16 0.35 0.22 0.36 0.25
0.34 0.84 0.48

1.2 1.6 1.2 1.8 1.2
1.7 2.0 1.1 - -
1.6 2.1 1.1 - 1.5
1.7 2.1 1.2 - 1.7
1.7 1.6 1.7 2.0 1.9
0.13 0.19 0.13 - -
0,14 0.19 0.13 - -

a. These data were obtained at locations or positions which affect the results.
Refer to Table VI.

b. Located at abdomen.

c¢. 7Li thermoluminescent dosimeters.




1f angswers to all or some of the more
important of these questions cannot be ob-
tained, the neutron dose the person received
can be determined from a combination of the
hair and blood sodium activation. This pro-
cedure is discussed later.

To permit a reasonably accurate dose
estimate, information about the critical
system will have to be obtained, or if the
system is not accessible, the type of sys-
tem involved must be estimated. If the sys-
tem is similar to one of the critical assem-
blies used in this study (see Fig. 3), or
if the leakage neutron spectrum is similar,
the results obtained with that assembly can
be applied. For example, the Parka assem-
bly's size, configuration, and leakage-neu-
tron spectrum compare well with the reactor
involved in the Yugoslav accident6 at the
Boris Kidric Institute. The Godiva assem-
bly's leakage-neutron spectrum is similar
to that obtained with the threshold detect-
or following the Hanford (Recuplex) excur-

sion, except for the thermal- and lower-en-

7.8 (The threshold detector

ergy regions.
evaluated after the Recuplex accident was
shielded from the critical system by steel.
Consequently, the persons who were not
shielded were exposed to a slightly differ-
ent spectrum.} The leakage-neutron spectrum
from the mock-up of the Oak Ridge ¥-12 ex-
cursion5 is not similar to that of any of
the assemblies we studied. The Y-12 mock-up
had a higher neutron fluence in the 1.5- to
2.9-MeV and thermal-energy regions. However,
the enhanced thermal- and intermediate-ener-
gy neutrons caused increases in the blood-
sodium activation, which permit the Hydro
assembly results to be applied.15 Unfortu-
nately, there are many critical system geo-
metries, and each incident will have to be

evaluated individually.

Early Screening of Potentially Exposed

Persons. Early screening of persons who
were in the vicinity during the excursion
can be accomplished by using indium foils
and Geiger counter readings at the abdominal
region, Film badges and thermoluminescent
dosimeters are not considered as screening
devices since the results would require at
least an hour to obtain. Pocket gamma-ray
dosimeters were not used in this study, but,
although they are sensitive primarily to
gamma-rays and have a limited dose range,
they could be of value in screening.

Geiger Counter Readings at Abdomen,

The Geiger counter reading at the abdomen

(Hanford Quick—Sort7'8'35

) is probably the
most reliable indication that a person has
been exposed to neutrons, since indium foils
may be forgotten, lost, or not worn. The
reading at the abdomen is, however, relative-
ly insensitive.

that for the Jezebel assembly a dose of .15

From Fig. 17 it can be seen

rad results in a reading of 0.1 mR/h, which
is about the minimum detectable radiation
level with a Geiger counter. Contamination
of the person or his clothing would cause a
false reading. If contamination is present,
identification of 2¢Na is required and can
be made by using a whole-body counter or
simply by placing the person's hand near a
NaI crystal used with a pulse-height analyz-
er. This procedure assumes that the contam-
ination is not 24Na,

The curves given in Fig. 17 show large
variations in the Geiger counter readings
obtained when exposed to 1 rad of fast neu-
from the various assemblies. The Jezebel
curves increase in reading when the assembly
is moved near a wall or inside the kiva.
This in;rease must be considered in an ac-
cident situation. The curves in Fig. 17

were obtained with plastic men filled with
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corrected to mid time of assembly operation.

4 cm,

sodium nitrate solution and do not include
the 28Cl activity which would be present in
a real person. A correction for the 28cl
activity must be made by using the insert
given in Fig. 17. (This insert is based on
calculated data but agrees well with inform-
ation given in Reference 36.) A small cor-
rection that must also be made for the per-
son's weight will be discussed.

The Geiger counter readings in Fig., 17
were obtained with the plastic men in a
standing position. The reading may be in-
creased by having the person seated and
leaning forward to surround the probe held
at the abdomen. The curves in Fig. 17 would
not apply to results obtained in this man-
ner. The conversion for this geometry is
not known but is probably about a factor of

two.

(1-g foils, 1 1/2 x

The 1l.3-cm-radius foils have 22% of the reading given here.)

The estimate of an individual's neutron
dose using Geiger counter readings at the
abdomen would probably not be better than
£30% if the spectrum were similar to that
from one of the critical assemblies we
studied. The error may be larger if the
spectra are not similar and extrapolations
between the curves shown in Fig. 17 are re-
quired. The curves in Fig. 17 are for an
individual facing the assembly. The other
positions studied are discussed in "Expo-
sures Occurring at Unusual Locations or Posi-
tions."

Geiger Counter Readings of Indium Foil.

The Geiger counter readings of indium foils
normalized to a l-rad dose of fast neutrons
from the various assemblies had extremely

large differences (see Fig. 18). This makes

the indium foils useful primarily as a

35



screening agent. The readings of the indium
foils exposed to 1 hectoerg/g of fast neu-
trons varied by as much as a factor of 250
for the different assemblies and by a factor
of up to 25 for a given assembly (see Table
Xv). if the critical system is

similar to one of the assemblies we studied,

However,

and the distance from the person to the sys-
tem is known, the dose could be obtained to
within +*50% by using Fig. 18.

Activation of the indium foil is a pos-
itive indication that the person has been
exposed to neutrons. Contamination of the
foil presents no problem if the foil can be
removed from its plastic holder or if a
gamma-ray spectrometer is used to check for
118a1n activation.

The curves given in Fig. 18 are for an
individual facing the assembly. If the per-
son is facing away from the assembly, the
Geiger counter reading of the indium foil
is A1/2 the value given in Fig. 18. Read-
ings from the other locations studied are
discussed in "Exposures Occurring at Unusual
Locations or Positions."

Gamma-Ray Exposures. The first evalu-

ation of the gamma-ray exposure that normal-
ly becomes available after an incident is
that determined by thermoluminescent dosim-
eters and film badges, and these are the
only gamma-ray exposure results normally ob-
tained. The TLD's and film badges worn by

a person will indicate higher exposures than
the same dosimeters exposed in air. The
Flattop assembly irradiation at 110 cm (see
Table XVII) indicates that when the neutron-
to-gamma ratio is large, the dosimeter or
film badge on a person may indicate an ex-
posure up to eight times higher than the
reading made in air. The conversion factor
from "in-air” to "on-person" can be obtained

from the data given in Table XVII. The re-
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sults from dosimeters and film badges placed
on the backs of the plastic men are given

in Table XVII. Exposures from the other lo-
cations studied are discussed in "Exposures
Occurring at Unusual Locations and Positions. "

The film badge results were obtained
with the low-range DuPont 555 film. The
high-range, Eastman fine—graiﬁ positive film
included in the nuclear track film packet
was not used.

Many film badges also contain glass
rods or thermoluminescent dosimeters which
are used when the exposure exceeds the lim-
its of the film badge. These dosimeters
may have several years of accrued exposures,
but when their use is required the accrued
exposure is normally only a small percent
of the gamma-ray exposure indicated by the
dosimeter.

The gamma-to-neutron ratio as a func-
tion of distance from the Jezebel assembly
remains fairly constant when the assembly is
outside the kiva, but when it is moved in-
side, the ratio becomes larger as the dis-
tance from the agssembly is increased., The
gamma-to-neutron ratios given in Table XVII
are lower than those obtained for solution
systems. Gamma-to neutron ratios up to 4
have been reported for solution systems,
and higher values are possible with larger
systems., The ratio ot 0.049 obtained with
the Flattop assembly is believed to be a-
bout the lowest obtainable. The neutron or
gamma-to-neutron ratio could have a signif-
icant error, but an accuracy of t50% should
be obtainable for systems similar to those
we studied if the distance from the person
to the assembly is known.

Neutron Dose from Nuclear Track Films,

The nuclear track neutron films used at
LASL are calibrated in units of Rem., when

the fast-neutron kerma exceeds .., 3 hectoeras/
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Fig. 19. Thermal-neutron dose equivalent determined by gold foils.

g, the film badges are blackened extensively
by the accompanying thermal neutrons and
gamma rays, and the nuclear track film can
not be read. Dividing the dose equivalent
obtained with the film badges by 10 converts
to the approximate dose in rads.

The results from the nuclear track film
badge would undoubtedly be low for systems
having heavily moderated neutron spectra.
The Flattop results, although not conclusive,
indicate that this occurred. For low expo-
sures to near-fission spectra., the results
from film badges should be reasonably accur-
ate.

Thermal-Neutron Dose Determined by

Film Badges and Gold Foils. The thermal-neu-

tron dose equivalent normalized to 1 hecto-

erg/g of fast neutrons varied greatly as a

function of distance from the assembly (Fig.
19). The thermal-neutron dose makes only a
small contribution to the total dose and was
found to vary greatly for the different as-
semblies. The thermal-neutron dose is fre-
quently ignored, or a statement is made that
it is less than some small percent of the
total dose. The footnote of Table XII indi-
cates a factor of 11 difference between the
first-collision absorbed dose and the maxi-
mum-absorbed dose. For the Parka assembly,
which has the largest thermal-neutron compo-
nent of the assemblies studied, the thermal
neutrons contribute .2% of the total first-
collision absorbed dose and .15% of the to-
tal maximum absorbed dose. The true absorb-
ed dose is somewhere between these two

values.
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The film badges on the plastic men in-
dicated consistently higher doses than did
the gold foils or lithium iodide crystals.
The film badges had been calibrated on a
phantom prior to this study using the ther-
mal-neutron flux from the Water Boiler re-
actor.19 The presence of fagt- and interme-
diate-energy neutrons, which are insignif-
icant in the beam of the Water Boiler reac-
tor, may be responsible for the higher film
badge readings observed with the critical
assemblies.

Kerma Determination Using TDU Systems.

The fast-neutron dose was determined by us-
ing the Hurst proportional counter and the
threshold detector units. The HPC cannot be
used for burst but was used to confirm the
accuracy of the TDU system. The variations
in the dose determined by the HPC and the
TDU system have been discussed. These vari-
ations were small for the near-fission spec-
tra and became larger for the heavily moder-
ated spectra. The larger variations were
caused by the differences in the response
of the two systems to lower-energy neutrons.

The fast-neutron dose as a function of
distance from an assembly does not deviate
greatly from the inverse-square relationship
(see "Results"). Applying the inverse-
square relationship over reasonable dis-
tances would cause only a small error in the
calculated dose, or the deviation from the
inverse-square relationship can be deter-
mined from the data given in Table VII.
The effect on the TDU system of placing it
on a concrete wall was not studied.

The dose determined by the fission-foil
TDU system can be used to establish the
dose received by a person quite accurately
if he can establish his location and orien-
tation at the time of the excursion. Be-

cause of the rapid decay of the fission pro-
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ducts, the time lapse before the TDU system
is recovered and counted must not exceed a
few hours. The TDU method of dose determin-
ation is of primary value for a single burst,
but if multiple bursts occur it can still

be useful in establishing the approximate
leakage-neutron spectrum.

Recently a number of TDU systems have
been developed which do not contain the
plutonium foil, and in some cases the nep-
tunium and uranium foils are not used.

These systems contain nonradioactive mate-
rials and are considerably less expensive

to manufacture. None were evaluated in this
study.

Dose Equivalent Determined by 10-In,-

Sphere Neutron Detector. The 10-in.-sphere

neutron detector was included in this study
to determine the relative increase in the
Rem over the kerma as a function of distance
from the assembly. When the assemblies

were outside the kiva, no increase was ob-
served for the distances we studied, and
only a slight increase was found with the
assemblies inside.

The kerma used as the normalizing fac-
tor in Table XIV does not include the ther-
mal-neutron or part of the intermediate-en-
ergy neutron dose., Further, the 10-in.
sphere overresponds to intermediate-energy
neutrons. The combined effect of these fac-
tors caused the Rem/hectoerg/g ratio to
vary from 11 to 25, but the ratio for each
assembly is constant within about *10%.

The 10-in.-sphere neutron detector is
a count-rate instrument and therefore is not
suited for dosimetry of bursts. In recent
studies the electronic components of Rem-
responding neutron instruments (Rem meters)
have been replaced with passive detectors

37 or ®Li
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of gold with a tantalum shield,

and 7Li thermoluminescent dosimeters.



£y

The use of passive detectors makes these
instruments useful as criticality dosime-
ters.

The 10-in, sphere with a passive de-
tector is very accurate as a criticality do-
simeter if a reasonable estimate of the Rem/
hectoerg/g ratio is made. A neutron dose in
kerma with an accuracy of *#10-15% for a
known spectrum and $25% for an estimated
spectrum should be obtainable. A 10-in.
sphere with a passive detector does not pro-
vide spectrum information and cannot be used
when the approximate neutron spectrum at the
unit locations is required.

Dose Equivalent Determined by the Mul-

tisphere Technique. The multisphere tech-

nique was included in this study for two
purposes. The data were used to evaluate

the neutron-activation probability for sodi-
um in man (see Appendix A) and for a revision
and accuracy evaluation of the multisphere
technique.15 It is unlikely that the multi-
sphere technique would be used in accident

criticality dosimetry, but adequate informa-

tion has been included to assist in the eval
uvation of the technique if it should be uti-
lized.

Blood-Sodium Activation. The activa-

tion in a person's blood and hair may be the
only dosimetry tool available if he was not
wearing gamma and neutron dosimeters when

the criticality accident occurred. Activa-

33.34 is discussed in a later

tion of hair
section.
Blood-sodium activation has been used
to assist in the evaluation of the dose from
most criticality accidents. Our results are
plotted in Fig. 20 and indicate a large de-
pendence on the leakage-neutron spectrum and
distance from the assembly. Placing the as-
sembly in the kiva or near its wall causes
a significant increase in the blood-sodium

activation. The results for unusual posi-

tions are given in "Exposures Occurring at
Unusual Locations or Positions."

The accuracy of blood-sodium-activa-
tion determinations depends on the magni-
tude of the dose and on the neutron spec-
trum, For large doses and systems similar
to the assemblies we studied, the dose can
be estimated within *10% if the distance
from the assembly and other factors such as
shielding, orientation, and assembly loca-
tion with respect to floors and walls are
known., For critical systems with known neu-
tron spectra, that are not similar to the
assemblies we studied, the uncertainty in
the dose estimate may be *20%. If the leak-
age spectrum must be estimated, *30% may ap-
ply. For smaller doses a larger uncertain-
ty would exist.

The large differences in blood-sodium
activation per rad of fast neutron indicated
in Fig. 20 are caused by the combination of
two effects. First, the cross section of
the body for sodium activation isg relatively
congstant for all neutron energies. There-
fore, the blood-sodium activation is approx-
imately proportional to the number of neu-
trons incident on the body. Second, the
dose per incident neutron is a function of
neutron energy with higher energy neutrons
delivering a larger dose. Thus the sodium
activation per rad of incident neutrons from
the pParka assembly, which has a large compo-
nent of lower energy neutrons is higher than
that obtained with Jezebel or Godiva.

The neutron activation probability for
sodium in man was investigated. The proba-
bility curves published previously were in-
consistent with our results. McGuire made
calculations at this laboratory using a
series of cylinders and eliptical right-cyl-
inders of the approximate dimensions of the
plastic men. The sodium activations obtain-

ed with the plastic men and the data from
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the sphere neutron detectors were used to
confirm the accuracy of the calculations.
The results are given in Appendix A,
McGuire gives probability curves that differ
significantly from those used previously,
vials containing 10 cc of the salt sol-
ution from the plastic men were analyzed
for 24Na, but for actual blood samples, 2
to 10 cc may be used. Whole blood contains
1.5 mg/cc, and the blood serum contains 3.2
mg/cc of 23Na. The blood samples can be
treated with heparin to prevent coagulation
if a well crystal is not utilized in the an-
alysis.

Sodium activation in the body can be
determined for the lower doses by whole-body
counting. Whole-body counting is a very
useful tool and should be included in a do-
simetry program if facilities are available.
The effect of body weight on sodium activa-
tion must be considered in whole-body count-
ing, and it is discussed in the next section
of this report.

The 24Na activity induced in the vari-
ous segments of the plastic men is shown in
Appendix B. The activation of the sodium
in each segment of the plastic men was de-
termined for about half of the irradiations.
The effects of orientation, distance from
the assembly, and neutron spectrum can be
seen by the relative activation in the seg-
ments,

Weight of the Exposed Person. For the

"fat man" irradiations a plastic bag was at-
tached to the torso of the plastic man and
formed to the contour of a heavy person by
using tape. Unfortunately, the bag held
only 8 liters of solution which increased
the man's weight from 61.7 to 65.6 kg, a 6%
increase. The results were essentially the

same as those for the normal irradiations

except for an increase in the Geiger counter
readings at the abdominal region. This in-
crease occurred because the solution in the
bag was not mixed with the solution in the
body section of the plastic man. Appendix
B shows the sodium activation in each body
segment and in the plastic bag.

The neutron-activation probability
for sodium in manll indicates that a 200-
1b man has a higher capture probability
than a 136-1b man (weight of plastic men)
of 19% for fast neutrons, .8% for the in-
termediate energies, and ..5% for thermal
neutrons. Also, the 200-1b man is ~.30%
larger than the 136-1b man., Thus, the lar-
ger person exposed to fast neutrons will
have a total sodium activity ~.55% greater
than the smaller person. The activity in a
blood sample from the larger man would be
~5% greater than that in the same volume of
blood from the smaller man. For intermedi-
ate energy neutrons, the total activity in
the larger person would be ~40% greater and
the blood sample would have 4% less activ-
ity. For thermal neutrons the‘differences
are ..37% higher and 7% lower, resgpectively.
In most criticality excursions, neutrons of
all energies would probably be present and
the activity of a blood sample would be es-
sentially independent of the weight of the
person,

A correction for body weight must be
applied to whole-body counting or the Geiger
counter reading at the abdomen. The
"Hanford Quick-Sort" dgsimetry technique as-
sumes that activation is proportional to
body mass.35 Using this assumption, a 200-
1b person has 47% more sodium activity than
a 136-1b person., This is in general agree-
ment with the preceding paragraph, and could

be applied with no significant error.
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EXPOSURES OCCURRING AT UNUSUAL LOCATIONS OR
POSITIONS

Exposures Occurring Near the Assembly.

The effects on the dosimetry caused by
placing the plastic man very close to the
assembly were smaller than expected. The
thermal-neutron dose was found to be very
small close to the assembly (Fig. 19), and
the fast-neutron spectrum had a slightly
higher average energy near the assembly
(Tables X and XII). In spite of these spec-
tral differences, the Geiger counter reading
at the abdomen (Table XV) and the blood so-
dium activation (Fig. 20) were lower by
<30% than the extrapolation value from the
larger distances predicted. The indium foil
(Table XV) and TLD (Table XVII) readings
were low because they were more than 50 cm
from the assembly (on the upper chest). For
exposures occurring close to a critical sys-
tem, the dose varies greatly over the vari-
ous parts of the person. The personnel do-
simetry packet may be nearer to or farther
from the critical system than the average
of the body, and a correction for distance
may have to be applied to the dose determin-
ed from the packet.

Orientation with Respect to the Criti-
cal System.
front and back of the plastic men, and for

Dosimeters were placed on the

three irradiations the plastic men were ori-
ented sideways to the assembly. The results
from the dosimeters have been discussed.

The effect of orientation on blood-sodium
activation has been studied by others,l'25'40
and our results do not differ significantly
from their findings. Irradiations of the
plastic men oriented sideways to the assem-
blies were made with the Jezebel, Hydro, and
Parka assemblies, and the Na activations
were 64, 72, and 74%, respectively, of those
obtained from a facing position. The Jezebel
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and Parka assemblies were selected to show
differences that may be related to spectral
changes.

The effect of orientation on the acti-

vation of foils is shown in the footnote to

w i

Table XV. Indium foils on the right and

left breast of the plastic men gave Geiger
counter readings which differed by a factor
of 2.

shielded by the chest, while that on the

The foil on the left breast was

right breast was exposed to the assembly.

The thermal-neutron doses measured by film
badges on the front and back of the plastic
man standing sideways to the irradiation

from Jezebel differed greatly, indicating
that the man was slightly rotated (Table
XII).

thermoluminescent dosimeters and film badges

The gamma-ray dose determined with

(Table XVII) was affected only slightly by
this small change in orientation.

The gamma-ray dose determined with
film badges and TLD's for the sideways ir-
radiations was about 80% of that for the
facing irradiation. The Geiger counter
reading at the abdomen for the sideways ir-
radiation averaged .63%,and the indium foil
readings were .50% to 100%, of the readings
for the facing irradiation.

when personnel neutron dosimeter pack-
ets are used to estimate the dose, the per-

son's orientation with respect to the crit-

ical system must be known. Although person

nel dosimetry packets containing sulfur
pellets and copper foils were not used in
this study, one investigator41 found that

when they were placed on the back of a man-

ikin, the activation was reduced by factors °
of 20 and 7, respectively. If the exposed
person's orientation is not known, the dose
estimates obtained by using the packets
should be confirmed by other dosimetry tech-

niques, The procedure described in "Dosime-
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try Using Only Hair and Blood Activation"
is independent of orientation and can be
used if the orientation is unknown or known
to be unfavorable for personnel dosimeters,

Shielding by Hydrogenous Material. One

irradiation was performed with a plastic

man 1 meter from the Jezebel assembly and

a second plastic man directly behind him 2
meters from the assembly. The shielding af-
forded by the first man caused significant
changes in the dose at 2 meters. The fast-
neutron dose was decreased by a factor of
~5.5, and the thermal-neutron dose was in-
creased by a factor of .2, The 10-in.-
sphere neutron detector and the multisphere
technique gave doses that were increased by
a factor of .1.8 relative to the TDU system
reading., Normalized to 1 rad of fast~neu-
trons, the blood-sodium activation, Geiger
counter reading of the indium foil, and
Geiger counter reading at the abdomen were
higher by a factor of .2. The gamma-to-neu-
tron ratio was higher by a factor of 2.
Using the blood-sodium activation, the read-
ing at the abdomen or reading of the indium
foil would indicate that the person received
twice his actual dose, and a correction
would have to be applied.

Shown in Fig. 20 are results obtained
from a nuclear accident dosimetry intercom-
parison study with the HPRR at Oak Ridge.42
The increased sodium activation obtained
with the plastic man shielded by 10 in. of
polyethylene is in general agreement with
the findings given above.

The location at .13 meters from the
Flattop assembly was shielded by concrete.
Since an unshielded location the same dis-
tance from the assembly was not studied,
the effect of this shielding cannot be de-
termined directly. A review of the results

obtained at this location indicates that

the effects discussed above apply, although
the magnitude can not be determined.

Shielding by Nonhydrogenous Material.

Shielding by nonhydrogenous material was
not included in this study; however, the
Flattop assembly is essentially a Jezebel
assembly shielded by 7 in. of 228y which
captures a large fraction of the neutrons
of >1-MeV energy. This is particularly
noticeable when using the TDU system for
which the neutron fluence (Table IX) and
dose (Table X) calculated from the activa-
tions of the 222y foils and sulfur pellets
were very small. The Flattop assembly re-
sults can be applied to an accidental excur-
sion if uranium shielding was involved.

The effect of iron shielding can be de-
rived from the nuclear accident dosimetry
intercomparison study at Oak Ridge43 in
which the plastic man was shielded from the
HPRR by 13 cm of iron. The iron changed
the neutron spectrum but did not cause the
large enhancement of the neutrons in the
0.4- to 750-kev and thermal regions that was
observed with the 238U of the Flattop assem-
bly. The blood-sodium activation per rad
of fast neutrons (plotted in Fig. 20) for
the unshielded radiations and those shielded
with iron increased by ~50%. The effect of
lead and other materials was not studied.

Exposures with a Concrete Wall Behind

the Plastic Man., Two positions in front of

concrete walls were studied. The fast-neu-
tron dose was .25% higher than the dose at
the same distance from the assembly without
the concrete backing. The blood-sodium ac-
tivation normalized to 1 rad of fast neu-
trons increased by ~10%, and the gamma-ray-
to-neutron ratio determined from film badges
and TDL's placed on the backs of plastic

men next to the wall increased by 5 to 30%.
Gamma-ray film badges and TDL's on the front

43



of the plastic men were not affected by the
concrete wall. The thermal-neutron fluence
measured by gold foils in air was higher by
a factor of .2 than the dose without the
concrete backing. The thermal-neutron dose
determined from the film badges and indium
foils on the backs of the plastic men was
higher by a factor of 3.

Except for the thermal neutrons, a
concrete wall behind a person will not
greatly effect his dose or the dose calcu-
lated by using blood-sodium activation,
film badges, or TDL's. Foils that are ac-
tivated by thermal neutrons may show read-
ings that are high by a factor of 3 if lo-
cated between the man and the wall.

Critical Assembly Distance Above the

Floor. The effect of scattering of neutrons
and gamma-rays from the floor was studied
by placing the Jezebel assembly outside 90
cm from the kiva wall. The kiva wall was
assumed to be the floor, and the plastic man
was laid on his side in a stretcher 2 meters
from the assembly with his feet against the
wall.

man 3 and 9 meters from the wall and the as-

Other jirradiations were made with the
sembly between the man and the wall. The

results are plotted in Figs. 17 and 20 and
are generally midway between those obtained
The assembly-

to-"floor" distance could not be decreased

outside and inside the kiva.

further because of the framework supporting
the core, so only the 90-cm distance was
studied. For smaller assembly-to-floor dis-
tances, the results would probably be simi-
lar to those obtained with the Jezebel assem-

bly inside the kiva.

DOSIMETRY USING ONLY HAIR AND BLOOD ACTIVA-
TION

After an accidental criticality excur-
sion, information about what happened is us-

ally not immediately available. The AEC
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Manual, Cchapter 0545 requires the use of
fixed dosimetry stations and personnel do-
simeters in areas where a criticality may
occur, The fixed dosimetry systems are use-
ful in ideal conditions, but of little or
no value if the system cannot be recovered,
if they were not in the area involved or
were heavily shielded, or if more than one
excursion occurred. The personnel dosime-
ters are of little value if the person's
orientation with respect to the critical
system at the time of the accident is not
known,

We have said that the activation of
blood sodium and hair is a strong function
of neutron spectra. Thus, using either
blood or hair activation alone subjects the
dosimetry to large error. The dose can be
determined with reasonable accuracy by using
a ratio of the »2.9-Mev neutron fluence to
the blood-sodium activation. Table XVIII
gives the ratios obtained.

The »2.9-MeV neutron fluence was deter-
mined by 1-1/2-in.-diam sulfur pellets, but
could have been determined by using the sul-
fur pellet in a personnel dosimetry packet
or by hair activation analysis. The hair
analysis would be used if sulfur pellets
were not on the person, or if his orientation
during the excursion was not known or result-
ed in shielding of the sulfur pellet in the
personnel dosimeter. A procedure for the
analysis of the hair activation is given in
Reference 44,

Since the following procedure depends
on a curve from experimental data obtained
in this study, the >2.9-MeV neutron fluence
determined by sulfur must agree with the neu-
tron fluence obtained using our calibration
constants, or the curve must be revised to
a different calibration. The cross sections

we assumed for the calibration were given
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Critical
Assembly

Jezebel
(outside
kiva)

(inside
kiva)

(outside
kiva, 90 cm
from wall)

Hydro

Flattop

Parka

Godiva 1Iv
(burst)
(p.C.)

a. These data were obtained at locations or positions which affect the results.

Table VI.

TABLE XVIII.

RATIO OF »2.9-MeVv FLUENCE TO BLOOD-SODIUM ACTIVATION
AND THE ERROR MADE BY USING THIS RATIO TO DETERMINE THE NEUTRON DOSE

Distance

from

Assembly
gmeters!

L * o o o
QONOOOO OOoOOMWV

WWNNDNOOO PWNOHO

(fat man)
(sideways)

OO WwwWw
o« o o 0
OCO0O0Oo

[

OWwN
.
[eNeNeo)
[-]

QUMONWNYVWOO

(fat man)
(sideways)

wowR
L] . L]
O

fat man)
sideways)

o~~~

Sulfur Percent Error
Blood-Na Fluence/ in Dose
Sulfur Activation Blood-sodium Determination
Fluence (10“uc 3éNa/ Activation by Using Curve
(10%° n/cm?) mg *3Na) {x 10%4) of Fig. 19
4.9 47.4 1.03 -5
1.4 17.2 0.81 7
0.32 4,95 0.65 -6
0.17 2.65 0.64 -2
0.092 1.57 0.59 -1
0.043 0.779 0.55 + 6
0.022 0.461 0.48 + 2
0.014 0.363 0.39 -8
0.045 1.57 0.29 +10
0.024 0.598 0.40 + 1
0.17 2.50 0.68 + 3
0.17 1.70 1.00 -15
0.17 4,04 0.42 +22
0.17 4.23 0.40 +12
0.045 1.52 0.30 +11
0.018 0.907 0.20 -1
0.40 7.46 0.54 +10
0.20 3.82 0.52 +25
0.027 0.593 0.46 +37
0.031 1.78 0.17 + 2
0.031 2.01 0.15 +13
0.035 2,05 0.17 +17
0.015 0.973 0.15 + 8
0.0077 0.528 0.15 -1
0.0042 0.335 0.13 + 4
0.0038
0.0034 0.278 0.12 -12
0.035 2.02 0.17 +15
0.031 1.27 0.24 0]
0.061 11.3 0.054 -61
0.012 2.10 0.057 -50
0.0030 0.985 0.030 -49
0.0026 0.789 0.033 =11
0.031 6.03 0.051 + 9
0.017 4.58 0.037 +1
0.031 6.52 0.048 +14
0.031 4.46 0.070 -2
0.71 24.1 0.29 -15
0.73 25.1 0.29 =13
Refer to
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Fig. 21. Curve used to determine the neutron dose from blood-

sodium and hair activation results.

in the section "Dosimetry Systems" and the
effective cross section of sulfur is given
in Table III. The latter cross-section
values varied from 0.24 to 0.26 barn and
may differ significantly from the values
used elsewhere which range from 0.225 to
0.3 barn,

The blood-sodium determination requires
a standard gamma-spectrometer calibration
which should be accurate within a few per-
cent. Relatively small neutron doses pro-
duce blood-sodium activations high enough
to permit an accurate determination of the
activation level. With low background
counting equipment, a neutron dose of 0.28
rad can be determined from a l-gram hair
sample.8 Orientation can be determined by

using several hair samples from different
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parts of the body or around the head. The
>2.9-MeV neutron fluence required for the
procedure described below is the highest
determined in the hair analysis procedure.
(The enhanced activation, if any, caused by
the hair being on a person should be includ-
ed in the calibration).

The ratio of the neutron fluence deter-
mined by the sulfur pellets to the blood-so-
dium activation is plotted versus the blood-
sodium activation per rad of fast neutrons
in Fig. 21. Also shown are the results ob-
tained in the nuclear accident dosimetry in-
tercomparison study at the Oak Ridge
National Laboratory.43

The Flattop assembly (core surrounded
by 7 in. of 22%ey) and the HPRR, shielded

with 13 cm of iron, gave results that are




not consistent with those from the other as-
semblies. Because these assemblies were
heavily shielded, they were not considered,
and a curve was drawn through the remaining
points.

The dose is determined by dividing the
blood-sodium activation by the value obtain-
ed from Fig. 21 for blood-sodium activation
per rad of fast neutrons. The error in cal-
culating the dose is indicated in Table XVIII
and is found to be >20% in only six cases,
three of which were with the Flattop assem-
bly. This technique calculated accurate
doses for the irradiation in which the plas-
tic man was turned sideways, was very close
to the assembly (0.5 m), was placed in
front of bulk shielding, and was shielded
by a second plastic man. Why this proce-
these orientations

Bulk

dure is accurate for all
and locations is not definitely known.
shielding of iron or 238y causesg the re-
sults to be low and depresses the »2,9-MeV
neutron fluence (see Table IX) which causes
the relative sulfur activity to be reduced
when compared to unshielded irradiations.
The curve in Fig. 21 apparently depends on
a uniform moderation of the spectrum. The
iron and uranium shielding causes a distort-
ed spectrum, and the curve cannot be applied.
The effect of hydrogenous materials has not
been studied in detail, but the results ob-
tained with the plastic man placed between
the assembly and the second plastic man in-
dicate that this effect is not found for hy-
drogenous materials,

This procedure for using blood-sodium
and hair activation should permit an accur-
ate determination of the dose a person re-
ceived. The dose should be within %20 to
30% of the fast-neutron dose that would
have been determined with a TDU system

placed at that location. Orientation or

position does not affect the results when
this procedure is used; however, the effect
of partial body shielding was not studied.
The dose determined by using a combination
of blood-sodium and hair activations will

be low if large amounts of iron or 238y
shielding are involved, but this is the only
information required to make a reasonably
accurate determination. An error in the
»2.9-MeV neutron fluence or the 24Na activ-
ation of the blood affects the dose evalu-
ated with this technique by only about half
the magnitude of the error; for example, a
25% error in the fluence causes .13% error
in the final results.

N© gamma-ray exposure values ‘are ob-
tained by this technique. The gamma-ray
dose would have to be determined from dosim-
eters or film badges or by applying a gamma-
to-neutron ratio similar to those given in
Table XVIII. The gamma-to-neutron ratio is
very dependent on the type of critical sys-
tem, and would require that information

about the system be known.
CONCLUS IONS

Idleally several estimates of the dose
the individual received should be obtained
by different dosimetry techniques., cConsid-
erable information must be available before
the dose received by personnel involved in
an accidental criticality excursion can be
accurately evaluated. It is very important
that the location of the exposed personnel
be established as accurately as possible
and that other pertinent information such
as orientation, shielding, and actions of
the person following the excursion be ob-
tained. A description of the critical sys-
tem must be obtained to make an estimate of
the leakage spectrum possible.

A technique for using a combination
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of the blood-sodium and hdir activation
was developed during this study and seems
to give accurate dose estimates. It does
not require the large amount of information
necessary for other types of personnel do-
simetry, permits an estimate of the pers-
son's dose to be made within a few hours,
and does not require placing of personnel

dosimeters on the person.
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APPENDIX A

PROBABILITY OF NEUTRON CAPTURE BY SODIUM IN
THE BODY

The probability of neutron capture by
sodium was originally given by Hurst,
Ritchie, and Emerson5 and later by Hurst and
Ritchie.l More recently, curves by Auxier,
sanders, and Snyder,45 and Snyder46 have ap-
peared. An experimental evaluation has been
performed by Smit:h9 using 0.2-, 0,5-, 2.5-
and 6.25-MeV neutrons from an accelerator.
Because of the discrepancy between Smith's
data and the more recent curves given above,
0Oak Ridge National Laboratory has undertaken
a study similar to Smith's to recalculate
the curves of probability of neutron capture
based on an improved Na cross section.47

The Oak Ridge study indicates that Smith's

data may be slightly high (owing to an under-
estimate of the error caused by the polyethy-
lene containers) and that the calculations
using the new Na cross section will give

better agreement with Smith's revised values.

A series of calculations of the proba-
bility of neutron capture by sodium was made
at LASL using a cylinder of 30-cm diam and
60- or 100-cm high. Figure A-l1 shows the
sodium activation per neutron vs energy for
a 30-cm-diam, 100-cm-high cylinder. A 100-
cm-high cylinder has a total volume of ..7.0
x 104 cc which is similar to the standard
man. Calculation using a 30 by 60 cm phan-
tom indicated 5% less activation for the neu-
trons of »100-keV energy: below 100 kev they

agreed within 1%. The curve in Fig. A-1l is

5:;0-5_ A DA IO I IARAR AR TR RN I
aZ o4l 30 cm CYLINDER 1
=zt | =
9'6':" 0.3 —
Ex L \\_ﬁ\ 1
gz 0.2F — ' - =
=2 - 136 -1b. MAN / .
QE O FRONT EXPOSURE *
OLIJ A llllllll 1 1 Illlll[ 1 llllllll 1 1 llllll! 1 llllllll 1 l|lllll| 1 l|||lll| 1 llllllll 1 1.1 11814
22 -2 -1 | 2 3 4 5 6 7

10 i0 10 o) 6] i0 10 i0 i0 i0

NEUTRON ENERGY (eV)
Fig. A-1. Neutron capture probability vs neutron energy.
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for the International Commission of Radiolog~
ical Protection (ICRP) recommended tissue
composit:ion,48 and a sodium concentration of
0.15% was used to give 105 grams total sodi-
um (standard for a 70-kg man).

The neutron-capture probability curve
of the cylinder is compared in Fig. A-1l to
the capture probability curve obtained by

.11 .
McGuire using a geometry more closely ap-

proximating that of a man. This consisted
of a number of finite cylinders as shown in
Fig. A-2. The sizes of the various segments
of the man were adjusted to give a total
weight of 136 1lb which is the weight of the
plastic men used in this study when they are
filled with saline solution. The standard
man composition recommended by the ICRP was
used in the calculations. The two capture
probability curves differ significantly.
Data were obtained with the sphere neu-
tron detectors to try to determine the ap-
proximate shape of the probability curve
The 3-

and 8-in. spheres were used without the cad-

which applies to the plastic men.
mium cover normally employed., Data were al-
so obtained with the bare probe, cadmium-
covered probe, and cadmium-covered 2-, 3-,
and 8-in. spheres. The count rates from the
sphere detectors were added using a number
of possible combinations, and the total was
compared to the magnitude of the sodium ac-
tivation observed in the plastic men. The
results of one of these combinations are
shown in Table AI. This combination of 1.5
times the count obtained with the 3-in.
sphere without the cadmium cover added to
the count obtained with the 8-in. sphere
without cadmium, gave the best fit to the so-
dium activation observed in the plastic men.
The curve obtained with this combina-
tion has been calculated in Table AII and

plotted in Fig. A-3 by normalizing at 50 keV
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Minor-oxin dlometer- 15 cm
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,—"—\
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", s \____o
Clrcle

Diorneters 15 cm 35 em

Circle 45 ecm
Deoraelere1O cm
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Fig. A-2., Representation of 136-pound man
for Monte Carlo computations.

to the
136-1b

capture probability curve for the
man. The comparison between the
sphere response curve and the capture proba-
bility curve shown in Fig. A-3 is very good

except near the thermal regions. Attempts'
to obtain a better agreement by adding part
of the thermal response (bare probe minus
cadmium-covered probe) resulted in a larger
deviation from the sodium activation actual-
ly obsexrved, The absorption of the thermal
neutrons by the lucite skin of the plastic
men does not produce sodium activation in the
saline solution, and is probably responsible
for the drop in the probability curve at the
thermal region.

The general agreement in Fig. A-3 be-
tween the sphere response curve and the cap-
ture probability curve of a man indicates
that the capture probability curve calcul-

ated by McGuire is reasonably accurate. Cal-
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TABLE AI.

COUNT RATE OF THE 3- AND 8-INCH SPHERES
COMPARED TO THE OBSERVED 24Na ACTIVATION

20 Min,
Distance Irradiation
from 3-in. Sphere 8-in. Sphere (1.5 x 3 in,)+8 in. ucCi ?4Na/ Percent
Critical Assembly Without ¢d wWithout ¢4 1.5 x 3 in, 1.0058 x 108 mg I3Na Devia-
Assembly (meters) {cpm) {cpm) (cpm) {cpm) (x 10—-*) tion
Jezebel 0.5 1,162,000 4,844,000 6,587,000 66,3 47.4 +40
(outside 1.0 323,500 1,256,000 1,741,000 17.5 17.2 + 2
kiva) 2.0 103,400 365,100 520,200 5.23 4.95 + 6
3.0 62,810 187,400 281,600 2,83 2.65 + 7
4.0 37,660 88,790 145,300 1.46 1.57 -7
6.0 19,320 48,910 77,890 0.783 0.779 o]
8.0 11,560 28,220 45,560 0.458 0.461 -1
9.0. 9,677 24,000 38,520 0,387 0.363 + 7
7.7 22,720 43,750 77,830 0,783 0,598 +31
3.0 (fat man) 62,810 187,400 281,600 2,83 2.50 +13
(inside 3.0. 108,000 185,800 347,800 3.50 4,04 -13
kiva) 3.0 115,500 214.500 387,800 3.90 4,23 - 8
6.0 55,970 70,840 154,800 1.56 1,52 + 3
9.0 35,800 35.530 89,230 0,898 0,907 -1
(outside 2.0. 183,600 434,300 709,700 7.14 7.46 - 4
kiva, 90 cm 3.0 93,400 178,600 318,700 S 3.21 3.82 -16
from wall) 9.0 18,360 32,070 59,610 0.60 0,593 +1
Hydro 6.0. 63,900 86,170 182,020 1.83 1.78 + 3
6.0 71,090 91,900 198,500 2,00 2,01 o]
5.9 70,860 102,000 208,300 2,10 2,05 + 2
8.7 33,550 45,460 95.790 0.963 0.973 -1
12,3 18,430 23,900 51,540 0.518 0.528 -2
16.2 12,080 13,680 31,800 0.320 0.335 - 4
19.8. 7,923 8,883 20,760
19.8 12,450 12,200 30,880 0.310 0.278 +11
5.9 (fat man) 208,300 0.210 2.02 + 4
Flattop 1.1 376,000 550,000 1,114,000 11.2 11.3 -1
3.0 85,580 82,690 211,100 2.12 2.10 + 1
6.1. 48,230 34.550 106,900 1.08 0,985 +10
~l3 0.789
Parka 3.0. 590,700 313,300 1,199,000 12,06 12,06 o]
3.0 449,000 233,500 907,000 9.12 9,16 o]
3.0 (fat man) 12,06 12,00 + 1
Godiva IV
{burst) 3.0
(p.c.) 3.0

a. These data were collectsd at locations or positions which affect the results. Refer to Table VI.
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Fig. A-3. Comparison of results using 3- and 8-in. spheres with the capture probability
of a man.
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TABLE AII.

RELATIVE EFFICIENCY OF 3- AND 8-IN, SPHERES

TO THAT OBTAINED USING 1.5 TIMES THE 3-IN,
- SPHERE PLUS THE 8-IN. SPHERE

' 3-in. 8-in. (1.5 x 3-in.)
Sphere Sphere +8-in. Sphere
Efficiency Efficiency Efficlency Energy
MeV
0.0001 0.0068 0.0070 96-192
0.0004 0.0210 0.0216 48-96
0.0014 0.0523 0.0%44 24-48
0.0034 0.0916 0.0%67 12-24
0.0087 0.1533 0.166 6-12
0.017 0.2286 0.255 3-6
0.033 0.2720 0.322 1.4-3
0.055 0.2711 0.354 0.9-1.4
0.078 0.2386 0.356 0.4-0.9
0.112 0.1792 0.347 0.1-0.4
kev
0.147 0.1236 0.345 17-100
0.178 0.1023 0.369 3-17
0.209 0.0914 0.405 0.55-3
ev
0.240 0.0825 0.443 100-550
0.267 0.0738 0.475% 30-100
0.282 0.0670 0.490 10-30
0.288 0.0599 0.492 3-10
0.284 0.0527 0.479 1-3
0.260 0.0442 0.434 0.4-1.0
0.205 0.0333 0.341 0.1-0.4
0.114 0.0171 0.188 thermal
culations of the capture probability of a ity curves and their effect on the results

200-1b man are also given by McGuire.11 The Jiven in this report are discussed further

differences between these capture probabil- in "Weight of the Exposed Person."
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APPENDIX B

SODIW: ACTIVITY INDUCED IN VARIOUS SEGMENTS
OF THE PLASTIC MEN o "

The sodium activity in the variogs seg-
ments of the plastic men for most of the ir-
radiations for which the assembly;to—plastic
man distances were small is given in Table
BI. These activities have been corrected
for concentration and skin effects,

The effects of the different leakage-
neutron spectra can be seen by comparing the
sodium activity in the head and upper.torso
with that in the lower leg segments, For
the spectrum from the Jezebel assembly (in-
side kiva), the activity in the legs-was a-
bout two-thirds that in the head and upper
torso, but for the heaviiy moderated spec-
trum of the Parka asSehbly, they were essen-
tially equal.

The sideways irradiations decreased the
sodium activation in the shielded arm by
factors of 3 and 4 for the Hydro and Parka
assemblies, respectiveiy.. Placing the as-
semblies inside the kiva }ncreased the re-
lative activation of the gxtremities above

that observed outside the kiva.
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.. The sodium activations obtained with

“the plastic man 50 cm from the assembly de-

creased in the head and upper torso and the
lower. legs compared to the activity obtained
at.grééter distances from the assembly.

This decrease was caused by the increased
distance to these segments. The lower arms,
which were placed very close to the assembly
and received a yuch higher relative dose,
had about the same relative activity com-
p;rgd to the composite as that obtained
when the plastic man was 3 meters from the
agsenbly with his.hands at his sides.

The solution in the plastic bag which
was placed on the front of the plastic man
to obtain the "fat man" data had activity
levels significantly higher than those in
the lower torso. This increase was 1.6 for
Jezebel, 1.9 for Hydro, and 3.8 for Parka.
These differences were caused by the thermal,
intermediate-energy, and lower-energy fast
neutrons which cause activation near the
surface. The Parka ‘spectrum contains a
large thermal and intermediate-eneray neu-
tron component, and, consequently, much of

the activation occurred in the plastic bag.



Tabls BI. 3°Na Concantrstions in Plastic Man Sagments

3°Ns Concentrations (Ci 2°Ne/mg 33Ne/rsd) x 10¢

Assenbly,

Distance from Head

Assembly, and

Poasition of Total Uppar
Plastic Man Ran Torso
Hydro

6.0 m

beeids another 3.76 4.25
plastic man®

Hydro

6.0m

bsside snothar 3.66 4.12
plastic ma:

Hydro
6.0m
sidewaya® 2.65 3.0%

Hydro
6.0 m8 3.71  4.15

Hydro
5.9m 4.27 4,51
elevated®

Mydro

5.9m

fat man 4,21 4.75
elevated”

Jezebel
inaide kive 2.01 2.00
3 n®

Jezebsl
outsids 1.41 1.44
2 =t

Jezebel
outside 1.32 0.99
1n®

Jezebel
outside 1.03 0.44
50 cmd

Jezebel
outsids
Im 1.39 1.32
fat man®

Jezebel
outsids 1.47 1.45
3 o

Jezebal

90 c¢n from

kives wall

2 n 1.66 1.43
lying on side”

Flattop .

110 cm

right arm on 3.42 4.91
platforn®

Parks
Im 9.88 9.70
elavatedd

Parks

Inm

elavatad 9.83 10.7
fat mand

Parks

in

alavatad 7.31 7.44
sidewsysd

Godivs

burst 1.90 1.93
In

® plastic man with skelaton.

b plastic man with organa.

Lowar

TOorao

Uppar
Right
Arm

4.31

12.0

11.3

14.6

Uppar
Left

Arm

4.41

10.2

13.0

Lowsr
Right

Arm

2.74

13.2

Lowar
Laft

Arm

3.21

0.68

10,8

Uppsr
Right
Leg

1.35

Uppsr

Laft
Leg

3.89

9.13

10.5

Lower
Right
Leg

3.34

1.24

10.4

11.4

Lowar
Laft
Leg

2.47

1.40

1.18

10.4

Gonads

13.2

14.7

Plastic
Bag

Fat Man

18.2
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