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ABSTRACT

I
|
Fissionable materlals are handled and processed at the

Savannah River Plant., Although the proEability of an acci-
dental criticality occurring is small, the posslbility must
be consildered, This report descrlibes the methods which
would be used to segregate exposed and nonexposed personnel
and to determine neutron and gamms doseg recelved by those
who were exposed, 5
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SAVANNAH RIVER PLANT CRITICALITY DOSIMETkY SYSTEM

INTRODUCTION

At any locatlon where fissionable materials are processed, the
possibility of a criticality accident must be congidered. In the event
of such an accident, 1t is desirable that the radiation dosge recelved
by personnel be guilckly determined.

The Savannah River Plant (SRP) system of dosimetry for use after
a criticality accident may be considered in three | phases, The first 1s
separation of exposed and unexposed personnel immediately after the
accident, Tndium foils in the film dosimeter and|identificatlion badge
would be activated by neutron exposure and provide an indicator of
exposed personnel. In the second phase, & preliminary estimate of
neutron dose would be made by measurement of the #4Na activation in
the blood and body of exposed persons; the gamma fdose would be indlcated
from film dosimeter results, )

For the final phase, & more precise determination of dose would
pe made, This determlnation requires a simple, dépendable dosimeter
that could be worn by all employees working with fissionable material.
In addition, the dosimeter would glve accurate ingications over & wide
range of neutron and gamms doses, be lightweight,ismall, and convenlent
to wear. (Dosimeters that are mounted in fixed ppsitions 1ln work areas
may be difficult to recover after an accident, and errors ln interpre-
tation of dose may arise because these instrumentg are at dlifferent
locations from the exposed personnel.) The crititality neutron dosimeter
(CND) was designed so that only one dosimeter wou;d be required to
determine the total dose to the wearer, Low cost was a desgign objective
because several hundred unlts are required.

This report describes the techniques and instruments for the three
phases of dosimetry. Emphasis is placed on the more exact measurements
that are made with the criticality neutron dosimeter.

SUMMARY

In the event of a criticality accident at SRP, the radiatlon doses
received by personnel involved would be determined by use of indium
folls in the identification badges and fillm dosimeters, from bloocd
sodium activation, and from analysis of the SRP Criticality Neutron
Dosimeter (CND). The CND contains cadmium-shielded and unshielded
indium foills, a copper foll, sulfur powder, scdlum fluorlde powder, and
thermoluminescent dosimeters (TLD).



From determination of induced radiocactivity in the foils and pow-
ders, the neutron fluence in five energy intervels may be determined.
By comparing activity induced in the sodium fluoride with the activity
induced in the blood of the wearer, the direction from which he was
exposed may be estimated., The TLD's enable measurement of gamma exposure
between 1R and 105R, j

Appendices describe both manual and computer methods used in
preccessing the data obtained.

DISCUSSION

SCREENING

A basic reguirement of a criticality dokimetry system 1s the
abllity to screen quickly a large number of persons, in order to segre-
gate the exposed and unexposed indlviduals. "At SRP thie screening
ability is provided by C.005-inch-thick indium folls in the identification
badges and film dosimeters. The foil in thefidentification badge is
approximately 1/2-inch square. After activation, it will cause a
response of at least 10C c¢/m on a GM survey linstrument (when placed
one centimeter from the wall of the GM tube)| for every rad of neutron
exposure. The foll in the film badge has four times the area of that
in the ldentification badge with a corresponding increase in sensitivity.
Because it is almost impossible that a critikality accident at SRP will
involve persons not wearing an identificatioh badge, and highly unlikely
that persons not wearlng a film badge would be exposed, the health
physiclst 1s able to quickly segregate exposed and unexposed persons.

No dose estimates are made from the GM ilnstrument readings,

PRELIMINARY DQSE ESTIMATES

A rough estimate (£100%) of the neutro‘:dose receilved can be made
by placing the probe of a GM survey instrument against the abdomen of a
person, having him bend at the waist, and usﬁng the following equation:
|

2 x cpn
~ body wt i{n 1o

Dose (rads)

where cpm is the count rate per minute (corrected for decay to time of
incident) from activation of sodium in the b}ody. Estimates by this
method may be pessimistic because short-lived °8Cl is also a product of
neutron activation of body elements, Perscns determined by these
gscreening methods to have been exposed are checked for contamination,
decontaminated 1f necessary (unless badly injured), and placed under




medical care. A 50 ml sample of blood is obtained from each of these
people for further analysls before any sodium ls administered, elther
through focd or medical treatment. Ammonium oxalate is added to the
sample to prevent coagulatlcon. The blood is centrifuged and a 10 ml
sample of plasma is decanted into a standard culture tube (15 mm x

125 mm). The tube is placed horizontally on a 3" x 3" godium iodide
geintillation counter, and the gamma ray actlvity between 2.6 and 3.0
MeV is determined. This energy interval is chosen to avoid interference
from °°C1.

Test exposures to neutron spectra, ranging from dn unmoderated
figsion spectrum at the ORNL Health Physics Research Reactor (HPRR)(®!
to a thermal spectrum at the Standard Pile {SP) reactor at the Savannah
River Pll.:a,nt,(2 have provided factors for converting i4Na activity in
blood plasma to a rad dose (Figure 1). For first estimates of dose, an
assumption of the neutron spectrum must be made from knowledge of the
type of critical assembly involved., The broad characterlzations used
are "Fast," "Semimoderated," and "Thermal." Conversi¢n factors used
for these cases are:

Fast 1.65 x 10° rad/pclce

Semimoderated 1.00 x 10% rad/uc/cc
Thermal 0.75 x 10° rad/uc/ecc

RAD/pe/ee (Plasma)
210° T
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O CONVERSION FACTORS USED AT
SRP WHEN T/F IS ESTINATED
{Nat  Messurad] i

|
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FIG. 1 EFFECT OF NEUTRON ENERGY ON BLOOD SODIUM ACTIVATION




After the CHND 1s processed, a better definition of the spectrum willl be
availlable and the dose estimate can be refined.

Preliminary gamma doge measurements are obtained from the film
dosimeter. The front face, containing the indium foll is removed from
the film badge (Figure 2) as soon as practicable after the accildent
g0 that the film will not be exposged excessively by the Indium. The
film from the badge 1g pencil-marked in the darkroom to retain identity,
in case the X-rayed identification has been obliterated by the exposure,
and then 1s processed normally. Because of silver activation and other
neutron effects, the indicated gamma reading may be high., Experimental
data indlcate that Du Pont type 1230 dosimeter film is nct more than
7 percent sensitive to fast neutrons. (If the film is exposed to 100
rad of fast neutrons, the indicated gamma reading will be not more than

7 R.)

Silver Filter
Alyminum Filter

Blank Spuce

DPSPE-6341- 1

FIG.2 FILM BADGE
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FINAL DOSE DETERMINATION

The most accurate determination of dose received would be made
from the evaluation of the components contained in the Criticality
Neutron Dosimeter.

DESCRIPTION OF DOSIMETER

The original model of the dosimeter and its early development were
described by Hoy(a) in 1960, A diagram cof the current model dosimeter
is glven in Figure 3. The components are housed in a "Mylar"* tube,
4-1/2 inches long and 1/2 inch in diameter, with a pocket clip attached.
Indium, copper, and cadmium folls are shaped into hollow cylinders to
reduce directional effects. These foils, and specific amounts of sodium
fluoride and sulfur, are contained in three small polystyrene vlals,

* Du Pont trademark for polyester film,

Thermeluminescent
Gamma Dosimeters

Viel No. 2
Sodium Flueride

FIG. 3 SRP CRITICALITY DOSIMETER



To expedite processing of the components after an accident, all acti-
vation materials are preweighed; the exact weights are listed in each
dosimeter during assembly. The thermolumlnescent 1lithium fluoride
powder 1s contalned in three smaller polyethylene vials. Table I
describes the components. Cogt of the dosimeter is approximately $1m.

TABLE T

Dosimeter Componente

Material Size or Welght
Cadmium (3 pieces) 1" x 5/8" x 1/32"
3/8" dlameter x 1/32" (2 pieces)
Indium {2 pieces) 15/16" x 5/8" x 0.005"
1-7/16" x 5/8" x 0,005"
Copper 15/16" x 5/8" x 0.005"
Sulfur 1.00 gram
Sodium fluoride 1.50 grams
Lithium fluoride k0 mg per vial
(3 vials)

ASSESSMENT OF NEUTRON FLUENCE

The dosimeter measures the neutron fluence (time-integrated flux
density) in five energy intervals across the flssion neutron spectrum.
Evaluaticn of fluence is based on activatlon of indium, copper, and
sulfur. These were selected primarily because they have useful acti-
vation cross-section characteristics over a desired range of neutron
energies. The neutron fluence, n/cm®, in each energy range 1s obtained
from the followlng expression:

d/s

Uact NGre

2 _
n/cm® = T

where, N = the number of nuclel with an actlvatlon cross sectlon, Tg4.¢

G = a constant to correct the observed counting rate, d/s, to
the sbsolute disintegration rate of the target materlal
t = the elapsed time in seconds between exposure and counting.

This equation assumes that exposure was short, because a criticality
alarm system causes immediate evacuatlon of personnel from work areas.
An average actlvation cross-section is asglgned to each energy lnterval,




All foils and powders are counted in a lead~shlelded B~y GM Counter,
for which a Ra D&E conversion factor has been obtalned, The GM tube is
an end-window type with a window thickness of ~2 mg/em®, All foils
are centered on the planchet with the outslde surface facing the tube
window. Powders are evenly spread over the surfece of the planchet
before counting.

Energy Intervals of 0.0 eV to 0.5eV, and 0.5 eV to 2eV

Bare and cadmium~shielded indium folls are used tc determine neutrcon
fluence in these energy lntervals, Indium has two stable isotopes:
18Ty (4,28% abundance) and **%In (95.72% abundance). *%In (n,¥y) '®In
1s the reaction of interest. *1%In has three isomers, two of which have
very short half-lives (2 seconds and 14 seconds); the third isomer, with
a S4-minute half-life, is the principal source of radioactlvity for a few
hours after neutron irradiation, 11%In, resulting from the **3In (n,¥y)
1141y reaction, hag an lsomer with a 50-day half-life which is useful
when a considerable delay occurs before counting.

The cross section of indium approximates a 1/v relationship from
0.025 eV to 0.3 eV, that is, the cross section décreases as neutron
veloclty increases, Above 0.3 eV, resonances occur, with the principal
peak at 1.4 eV,

Cadmium of the thickness used in the dosimeter (0.C3 inch) absorbs
essentially all neutrons with energies less than 0.5 eV, the cadmium
cutoff, Therefore, the difference between the activities of the bare
and the cadmium-shielded indium foils is caused by neutrons in the energy
interval from 0.0 eV to 0.5 eV, A factor of 1.15 is used to ccrrect
for the resconant absorption of neutrons by the cadmium shield.(4) The
effective activation cross section for this interval is 145 barns.
Actlvation of cadmium-shielded indium is used to measure the fluence
in the energy interval from 0.5 eV to 2 eV, A rescnance integral
(corrected for flux depression) of 650 barns is assigned to this interval.

Energy Interval of 2eV¥ to 1 MeV

The reaction of interest for this energy interval is ®2Cu (n,?)
840y,  ®%Cu has a 12.8-hour half-life. A competing activity resulting
from ®°Cu (5-minute half-life) can be minimized by counting the copper
no sooner than 1 hour after irradiation. The average actilivation cross
section for ®3Cu in this energy range is 0,300 barn.(s) Above 1 MeV
the inelastic neutron scattering cross sectlon becomes dominant. The
copper 15 shielded by indium and cadmium to minimize the effect of
neutrons below 2 eV.




Energy Interval of 1 MeV to 2.5 MeV

The inelastic scattering reaction of f
used to determine fluence above 1 MeV. Whi
reaction is about 450 keV, 1ts cross sectic
1 MeV, The average cross section above 1 M
isomer has a 4.5-hour half-life. Gamma spe
to distinguish the activation due to the in
activation by the epithermal neutrons. The
foll is used for this measurement,

The crosg sgection for this reaction re
above 5 MeV. Therefore, the fluence of neu

ast neutrons with 1%°In is

1le the threshold for this

n becomes significant at

oV 418 0.180 barn. The 215Mpy
ctrometric analysis is uged
elastic reaction from the
cadmium-shielded indium

maing significant to valuea
trong above 2.5 MeV, as

determined from the activation of sulfur, must be subtracted from the

fluence calculated frdm indium activation. |
the fluence in the range from 1 MeV to 2.5

Energy Interval above 2.5 MeV

The threshold reaction, 328 (n,p) °%p,
above 2,5 MeV, BSulfur has a relatively hig
and 2P has & conveniently long half-life.

ORIENTATION OF DOSIMETER

Since the dosimeter is worn on the fra
activation of the dosimeter is affected by
shielding, 1t 1s necessary to determine whe
faced the neutron source in order toc correc
correction is made by comparing the 24Na in
that in the sodium fluoride of the dosimete
1g relatively independent of body orientati
ilnfluenced by the energy of the neutrons.
the dosimeter 1s affected by both the body
gpectrum.

To determine the relationship between

The difference represents
MeV,

| is used to measure fluence
h and constant cross sectlion,

nt of a person and the

the body's moderation and

ther or not the wearer

t the fluence values. The
the wearer's blood with

r. Blood scdium activation

on to the source hut is

Activation of the sodium in

lorientation and the neutron

the activation of the sodium

(in the dosimeter and blood), the neutron energy, and the orientation

of the dosimeter, polyethylene phantoms we

a graphite-mederated reactor and an unmodenated critical assembly.

phantoms contalned sodium chloride solutio
as in human Dblood.
the source), side, and back of the phantomA

#e exposed tc neutrons from

The
of the same concentration

Dosimeters were attachdd to the front (surface facing

From these experiments,

the followling relationships were empiricalﬂy established:
i




Case_1. When the source 1s to the side of the wearer

24Na per gram of sodium in NaF thermel fluence |°*®22
= =0.068 ,
¥ " Z%Na per gram of sodium ia bloocd 0.06 fagt fluence where

the thermal fluence and the fast fluence (greatelr than 2.5 MeV) were
those wvalues determined by the dosimeter (uncorrpcted for direction).

Case 2, When the wearer ls facing the source

24y, per gram of sodium in NaF
24Ng per gram of sodium in blood

>Y + 0.3¢

Case 3. When the wearer ls facing away from the source

_24Na per gram of sodium in NaF
24Np per gram of sodium in blood

<Y - 0.47Y

The following factors are used to correct the fluence for the
effects of body moderation and shielding.

Side Wearer Wearer Facing
Energy Renge Exposure Facing Source Away from Source
0.0 eV - 0.5 eV 1 0.23 ' .64
0.5 eV - 2 eV 1 0.35 1.6
2eV -1 MeV 1 0.45 2.0
1 MeV = 2.5 MeV 1 0.79 5.4
Above 2.5 MeV 1 0.72 6.7

DETERMINATION OF NEUTRON DOSE

The dose equivalent is the product of absorbed dosge (rad), quality
factor, dose distribution factor, and other modifying factors. The
quality factor for criticallty neutron exposures has not been established.
For this reason the neutron dose 1s given 1n rads.

at a 5-cm depth, the depth of bloocd-forming organs., From these calcu-

Snyder?s(sl calculatlons were used to dete%mine the tissue dose
lations, the relationship between rad/(n)(cm®) and neutron energy was




egtablished. An average dose conversion fadtor was selected for each

neutron energy interval (Table II).

TABLE TI

Average Doge Conversion |Factors

Energy Interval rad/(n) (cm®)
Thermal to 0.5 eV 0)32 x 107
0.5 eV to 2.0 eV 0422 x 107°
2.0 eV to 1 MeV 1J25 x 107°
1 MeV to 2.5 MeV 2,87 x 107°
2.5 MeV and above 4480 x 10°°

Manual calculation of the dose 1s lengthy and involved (see

Appendix I); however, an electronlc computery
counting dats, decay and exposure times, and

program which accepts
welghts of activated

materials 1s available (see Appendlx II). The computer calculates
the orientation of the dosimeter, fluence and dose in the five energy

intervals, and total dose.

Tf & dose velue other than that &t 5-cn

depth 1s desired, sultable

factors for converting fluence to dose for each gpectirum segment may be
applied to the fluence values which are obtained.

GAMMA DOSE

Lithium fluoride is used to measure thg
10® R. Three polyethylene vials, each cont

gamma dose from 25 mR to

ining 40 mg of I1F, are

included in the dosimeter, One of the LiF yilals 1s used to establish

the correct range setting for the electroni

vials are used for duplicate dose measurements.
' A 100 rad neutron dose,

rent gesmme dose of T R.

7Li, is relatively insensitive to neutrons.
primarlily fast neutrons, resulted in an appI
|
[
0

Gammea dose results are corrected for t
ag follows:

Front Exposure O.

Side Exposure 1.
Back Exposure 2.1

- 10 =

re~der, and the other two
ILAF, enriched to 99.91%

e direction of exposure




Tests of Dosimeter

Several tests of the dosimetry system have Y
the quality of performance. The first of the te
Alamos using the Godiva critlcal assembly ag the

this test, pairs of dosimeters were mounted on t
' gallon cylindrical polyethylene container filled
solution of godlum chloride having the same sodi
human blood,
is shown in Figure 4. Data in Table III indicate
deviation of the dosimeter from the calculated n
with an average deviation of 6.8%. The orlentat
dosimeter was correctly calculated for over 80%

.
e

|

een made to determine
ts was made at Los
neutron source, In

e outside of & 6-1/2
with an agueous

m concentration as
Arrangement of the components arcupd the Godiva assembly

that the maximum .
utron doses was 12%,

Lon or position of the
bf the dosimeters.

TABLE ITII
Results of Deslmeter Test at Godiva.(a)
Computer

Position Calculated Dosimetert Results
on Phantom Position (Neutron Dpse}, rad
Frent Front 659

Frent Front 683

Side Side 759

3ide Front 747

Back Back 752

Back Back 792

Not on } { Ti6
Phantom 779

Not on } { 757
Phantom 669

{a) LASL calculated neutron dose, was 7¢8 rad.

1004

1003
£3em

006-A

1002

© Represents dosimeters

Godiva 1

|®5¥]}

1005

FiG. 4 ARRANGEMENT QF COMPONENTS
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Another test of the system was made at

the Health Physlcs Research

Reactor (HPRR)} at Osk Ridge Nationsl Laboratory. Its primary purpose

was to investigate the validity of using salt~solution-filled polyethyl-
ene containers as phantoms, In thls test pllgs were used as phantoms,

The thickness of thelr bodies and the salt content of thelr blood closely

approximates these characterlstics in man.

Pigs and contalners were

palred as shown in Figure 5, The average deviation between the doses
was 13%, as measured by the dosimeters attached to the containers and

plgs.

FIG. 5 ARRANGEMENT OF COMPON

ENTS - HPRR

at HPRR. The dosimeters

The entire doslmetry system was tested
were exposed, quickly returned to the Saval

ah River Plant, and

processed according to procedures., The people who evaluated the doses

had no knowledge of the test condltions,

ere was close agreement

between the results of duplicate dosimeters| at each position, and the

correct orientation was calculated in the

Jority of the cases (Table IV). -

Where errors were made in the calculation of orilentation, a front
exposure was selected instead of a side exposure, The difference in
dose .correction factors for these two positions 1s usually comparatively

- 12 -




small,

Results of HPRR Test

TABLE IV

Computer Calculated Positiocn

These tests showed that the dosimetry system can evaluate doses
received by up to 20 workers within six hours af
provide a prelimlnary estimate wlithin one hour,

ter exposure, and can

Dosimeter Results
(Neutron Dose), rad

Dogimeter Posltion Dosimeter A(a) Dosimeter B(a) A B
Phantom No. 1
Front Front Front S04 862
Side Side Front 722 753
Back Back Back 856 864
Phantom No. 2
Front Front Front 598 568
Side Front Front 396 498
Back Back Badk 624 554
Phantom No, 3
Front Front Front 391 4oo
Side Side Front 373 Lea
Back Back Back 410 484

(a) Two dosimeters were located at each position

In a more recent test, the critlcallty dosi#eters used at seven

nuclear energy facilities in the USA were comparned.
exposed to a burst from the HPRR, and the air ddse was measured.
SRP results for neutron dose were wlthin three p

average of all results,.

- 13 -
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The dosimeters were
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APPENDIX | é
MANUAL CALCULATION OF CND RESULTS

In the calculations that follow, the same identifylng terminology
is used in both the computer and manual methods to facllitate comparing

the methods.

If the indium folls are counted less than 10 hours after activatlon,
the Sh-minute *'®In is used for determination. The correction factors
used 1ln this case are:

B e(--2.16 x 10747, )

DK = (1 ) 60  (Buildup Correction)

DK1 = e(“0'0128 % Tz ) (Decay Correction for Bare Indium Foil)

e(-0.0128 x Ton)

DK2 = (Decay Correction for Cd-In Foil)

CONST = 0.257 (Counter Factor)

ECON = 0,102 (Counter Factor) i

i
|
where, T, = estimated exposure time in seconds

|
Tpy, = decay time in minutes from time ofiexposure to time
bare indium foll was counted. i

T,, = decay time in minutes from time of%exposure to time
cadmium-covered indium foll was coynted.

If the indium foils are counted after more than 20 hours have
elapsed since activation, the 50~day ***In is used for the determination.
Tn the intervael between 10 hours after exposure and 20 hours after
exposure, a mixture cf the two lsotopes 1s present, and inaccurate
results may be obtained if the folls are counted durlng this time
interval.

The constants used for the 11%In calculations are:

e(-1.6 b's 10'7)T1) 60

DK = (1 -
-8
DK1 = e(-9.62 x 1078)T,,
- -8
—— e( g.62 x 107%)T,,

CONST = O.,O00h4h
ECON =7T.1

- 15 -




Thermal

The thermal flux ié‘calculated using the digintegration rates of
the cadmlum-shielded indium and bare indium foils as follows:

{Wrex)
(DPM1) (WrsI) _ (DpM2) (1.15)
e < o e, - ST

n/(em?) (sec)

net activity (d/m) of the bare indium foil, not
corrected for decay.

where, DPM1

DPM2

net activity (d/m) of the cadmium-covered indium foil,
not corrected for decay. i ’

WTBI = welght of bare indium foil ih grams.
WICT weight of cadmium-covered indium foll in grams.

Epithermal (0.4 eV 1o 2 eV)

|
The epithermal flux 1s calculated froﬁ the actlvity of the cadmium-
covered Indium foil as follows: !

|
EPTHF = Epithermal flux, = %3§%§% (Déﬁc?gég)

n/(cm?){sec)

Resonance (2 eV to 1 MeV)

The resonance flux ig calculated from ‘the actlvity of the copper
foil as follows: ‘

(DPM4 ) (84.0)

FXCU = Resonance flux, = —f - —o
n/(cm®)(sec) (WTCU)(l—e( 1.5 x 10 )Tl)(e( 9.02 x 10 )TE*)
where, DPM4% = net activity (d/m) of copper foil, not corrected for
decay.
WICU = weight of copper foil in grams.
T,, = decay time in mlnutes from time of exposure to time

copper foll was counted,

T, = exposure time In seconds.

- 16 -



Fast (2.5 MeV to 10 Me.V)

The fast flux is determined from activation of the sulfur powder
in the CND as follows:

(DPMS ) (3-14)
(=0.561 x 10-8)T, (e(-3.37 x 1077 )Tas)

FXS = Past Flux =
(WTs) (1-e

where, DPM5 = net activity (d/m) of sulfur powder, not corrected for,
decay.

WIS = weight of sulfur powder in grams.

T, = exposure time in seconds.

Tps = decay time in minutes from time of exposure to time
sulfur was counted.

Medium Energy (1 MeV to 2.5 MeV) i

The medium and high energy flux 1s calculated from the activation
of the 115MIn igomer (4.5-hour half-life) in the cadmium-covered indium
foll, as determined by pulse height analysis. The calculation below
determines the total flux above 1 MeV.

FXINM = Medium and high energy flux =

(DPM6)_(106.0)
(=4,28 x 10~ )Tl) (e(-0.154)T26)

(WTBI) (l-e
where DPM6 = c¢/m in channels 31-36 not corrected for decay, but
corrected for lnterference by OthET indium isotopes.
Te.e = decay time in hours from time of Fxposure to time foil

was counted.
\
To determine the medium energy flux, subtract the fast flux (above
2.5 MeV) as cbtained by sulfur counting from the fast and medium flux
{above 1 MeV ), as obtailned above. The resulting difference is the
medium energy flux,

Determination of Directional Corrections

Since the activity of the foils is influenced by the relative
positions of the wearer's body and the exposing source, 1.e., whether

- 17 -




he had his back to the source or was facing
determine this relationship so that appropri
be applied. This 1s done by calculating the
in the sodium fluoride powder of the CND and
sample of the wearer's blood as follows:

t, it is necessary to

te correctlon factors may
ratio of the 2%4Na activaticn
the 2%Ne activity in a

DPGNF = (DPffg é%‘igiofﬁjT (1)
(WINAF) (e 7~ 23)
where, DPM3 = net activity (d/m) of sodium fluoride powder not
corrected for decay.
WINAP = welght of the sodlum fluoride|powder in grams,
Tos = decay time in minutes from time of exposure to time
sodium fluoride was counted.
DPGRS = (UCPCC) (0.69% k 10°) (2)
where, UCPCC = uc/cc of 2%4Na found in the skrum of the wearer's blcod -

corrected for decay.

Jdeally, this ratio would be unlty 1f the sco
exposed to the same flux as the body of the
vial activity would be higher if 1t were clo
wearer (front exposure); and would be lower
opposite side of the person from the source

In actuallty, this ratlio is also affect
energy-wise, of the spectrum, so that the pr
the spectrum belng measured must be calculat

(3)

dium fluecride vial was
wearer (side exposure); the
ser to the source than the
if the vial were on the

{rear exposure ).

ed by the relative "hardness, '
edicted "ideal" ratio for
ed from the thermal and

fast fluxes as follows:

|
Thermal flux

o.822

= 0.068
b ( Past flux

where, Y = the predicted ratio.

i

)

To determine direction, compare the RATIO previously computed with

(Y + 0.3Y) and (Y - 0.47Y).
the exposure is called a "side" exposure, an

If the RATTIO falls within these limits,

d no directional cor-

rections will be made in calculating dose, i.e., all correction

factors are 1.0.
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If the RATIO is greater than(Y + 0.3Y), the
wag recelved from the front.

used in dose computaticon

CcT

in thls case:

Thermal correction = 0,23

majJority of the dose
The following correction factors will be

CET
CCU
CM
cs

i

Epithermal correctlion

Resonance correction

I

1l

Fast correction = 0,72

= 0,35

0.45

Medlum energy correctlign = 0.79

If the RATIO is less than (Y -0.47Y), the majority of the dose was

recelved from the rear.

cT
CET
Cccu
CM
Cs

Dose Calculation

Thermal doge (THRAD) =
Epithermal dose (ETRAD)
Regonance dose (CURAD)

In this case, the corrs

= Thermal correctlon = Oy
= Epithermal correctlon 4

Resonance correctlion =

|

Medlum energy correctig

It

Fast correction = 6,7

(Thermal flux) (CT) (0.32
= (Epithermal flux) (CEl

ctlon factors are:

&4
= 1.6

2.0

5.4

n

x 1071°)(1,)
') (0.22 x 107°) (T,)

= (Resonance flux) (CCU)

(1.25 x 107®) (T,)

Medium Energy dose (RADIN) = (Medium energy flu*) (cM) (2.87 x 107%) (T,)
High Bnergy daose (SRAD) = (Fast flux) (CS) (4.8Ex 107%) (1)
TOTAL = THRAD + ETRAD 4 CURAD + RADIN + SRAD = éntire neutron dose in rads.
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APPENDIX I

FORTRAN PROGRAM FOR COMPUTATION OF
DOSE FROM CND DATA

SEQ STMNT FORTRAN STATEMENT
ccol REAL*E T1
¢co2 CALL SEIBTF
6CG3 CALL EFTM{42)
0004 PRINT 60
a00s 82 ING=0
OCCe PRINT 81
Ceey L REAC(5,504END=83)IDEN
occa IF (IDEN)E3,83,84
0CCs 84 REAL 74,T1
GG10 REAL 724kTBI
0011 REAC 51,721 :
cC12 HEAL Ta,0pPM1
0013 READ 724wTCI
0C1l4 READ 51,722
0015 REALC T4,LPMZ
0C1la READ 724yWTNAF i
ceL? READ 51,723
gcis REAL T4,DPM3
0Cly REAC 724WTCU i
0020 READ S1,T24
acei REAL 74,0PMa
0022 READ 724wT5S
0c23 READ 51,725
0024 READ T4,0PMS
0025 READ T4.,UCPCC
0026 READ 72,726
0027 READ Ta,.0PM6
0028 REAC 72ywTINM
0c29 IF {T21-€00)648,8
0030 8 IF (T21-120019,5,5
0031 9 PRINT 37
032 GG 10 &
0C33 S LAMS=1,6E-07
0C34 CAMM=9,62E-06
0Cc3s CONSE=.00444
0036 ECCN=T.1
0c3t GE 10 7
0c38 6 CAMS=2,16E-04
0039 CAMM=,0128
Q040 CGNST=,257
0041 ECCN=.102
0042 7T DK={L+—(1le/DEXP{CAMS#T1)}) %60
0C43 DK1=1./EXP{LAMMAT21)
0C44 DKZ2=1./EXP{CAMM®T22}
0045 FXTH={TDPMLEWTCI/ (DKADKLAWTB L) 1={DPM2 %1, 15/ (DKKkDK2) ) I/ LCONSTHWTCTL)
0046 DKS={1le=1/DEXP1.56LE-006%TL) )% {L./EXP(3,3TE~-05%T25))
0cat FXS=DPM5%3, 14/ {ATS*0KS) )
0C48 EPTHF=DPMZ*ECON/LWTICT *UK2DK2)
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SEQ STMNT FURTRAN STATEMENT

0G4y DKCUS({Lo—Lle/UEXPILLBE—05%T11I% (1. /EXP(4D00902%T24))
0Cs5C FXCURDIMGRS4 .0/ ICKCURaTCU)

cos1 BRIAME(Le=(Le/DEXP ({144 28E=08) TN A (L /EXPI{L1.%4%-011%T26))
0CE2 FXIAM=0PMe®106./ (WT INM*DK INM )
WOLE UPGNF=DPMI*L o2/ (WTNAFR{ L /EXPLLTTE=D3xT23) })
G054 CPGBS=UCPLC*.694E0Y

0Cs5 RATIC=LPGNF/DPGBS

GCSe Y={C.068)%{ (EXTH/FXS)%%0,622)
0C57 PRINT 53, 10EN

$Cs8 PRINT BORATIG,Y

8059 YL=Y+0, 3%Y

5C&0 Y2=Y-C.4 7%y

ocel IF {RATIL-YL)3¢3,13

00€2 3 IF (RATIC-Y2)1i1,11,12

T E 11 Ci=.¢4

CO€4 CET=1.6

QCES CCU=2.0

CChE CM=S.4

ccet CS=6.7

Co&t PRINT 54 ;
CCas GG TC é1 !
3070 12 C7=1.0 :
CcoT1 CET=1.0 |
0c72 CLU=1.0

0C73 C5=1.0

CC4 CM=1.0

QC15 PRINT 55

Coi6 GL 10 21

ccit 13 CT=.24%

cC718 CET=.35

007% CCL=.45

0C80 CM=. 79

0csl C$=.72

Gea2 PRINT 56

0cCas 21 TFXTH=EXTHECT®T1

0084 TEXS=FXS*CS%T]

0CE5 IHTFR=TFXTH/TFXS

0C&6 TEXTH=FXTH®T1

GCET TLEPTH=EPTHE*TL

oC8s TEXS=FXS%T1

0089 [FXCU=FXCU*T1

COSC TEINM=FXINM&TL

CCsl TINMS=TFINH-TFXS

00§52 TELLX=TFXTH+TEPTH+TFXCU+TINMS+TFXS
0CY3 TRRAD=TEXTH*CT#0.32E~10

CCS4 ETRAG=TEPTHRCET#0.22E-09

CCH5 CURAC=TEXCUSCCUX] .25E-09

0096 RACIN=T INMS#CM%2 . BTE~0F
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SEQ STMNT FORTRAN STATEMENT

£Ccs? SRADSTFXS*CS%4 . BE-0T

cCsa TCTAL= THRAU*":‘HAb*LUHAL}'PRAn[JN*ShAD
cc99 PRINT 30, TFXTH,THRAD

91GC PRINT 31,TEPTH,ETRAD i

o1cl PRINT 32, TFXCU ,CURAD |

gLo2 PRINT 33, TINMS 4xADIN |

0103 PRINT 34,TFXS,y5RAL

0104 PRINT 35, TFLUXsTUTAL ;

o168 PRINT 36, THTFR |

o106 IND=1ND+L

J1¢7 LF (INC-3)Ee82482

olCs 843 PRIANT 45

91¢9 PRINT 81

oLic 30 FURMAT {(15H THERMAL 2 EYL29F9.3)
0lil 31 FGRMAT (15H EPITHERWMAL +E9.2,F5.3)
a112 32 FUKMAT (15H 28v TO LMEV W EYL24F9.3)
0Ll3 33 FORNMAT (15H LMEV TO 3MEV 4 E9.2.,F9.3)
OLl4 34 FUKRMAT (L15H ABOVE 3MEV fE9.2,F9.3)
GL1s 35 FORMAT (LX/15# TOTAL  eE9.24F9,3)
Olle 36 FORMAT (1X//loH THERMAL/FAST 1 F9.2)
0117 37 FORMAT (27H INCIUM CUUNTING TINE ERROR)
0118 650 FLRMAT (14) |

a11s 51 FCGRMAT (F&.C) !

o120 53 FCRMAT (LX///71%H PAYRULL NO s 15)
0121 54 FORNAT (1X/14H REAR EXPUSURE)D

gi22 55 FGRNMAT (LX/14H SIDE EXPOSURE)

0123 56 FCRMAT {(1X/15H FKUNT EXPOSURE)

0124 60 FORMAT (3CHLUND DOSE L.i\Lc-ULATUK MAY, 1967)
0125 72 FORAMAT (FB.2)

0l12¢ 74 FCRMAT (E9.3) _

Q121 BC FORMAT (7TH RATIO ELO.3¢3X2HY E10.3)
0128 81 FGRMAT {1KL)

0129 85 FORMAT {4HL1ECJ)

0130 £END
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Entry Fortran

INPUT DATA TO

FORTRAN PROGRAM FOR COMPUTATION

OF DOSE FROM CND DATA

No., Format Description Example
1 I4 Identification or badge No. 0028
2 £9.3 Exposure time, seconds (may be an egdtimate) 4, 320E+02
3 F8.2 TWelght of bare indium foll, gram 00000.49
4 F6.0 Decay time before counting bare In floll, minutes 00462,
5 E9.3 Net activity of bare indium foil, (8) d/m 1.040E+05
6 F8.2 Weight of Cd-covered In foil, gram 00000, 34
7 F6.0 Decay time before counting Cd-In foil, minutes 00465,
8 E9.3 Net activity of Cd-~In foil,(a) d/m 2.140E+04
9 F8.2 Weight of sodium fluorlde powder, gram 00000, 99
10 F6.0 Decay time before counting NaF, minytes 00507,
11 E9.3 Net activity of NaF powder, (&) d/m 3. 5TOE+04
12 F8.2 Welght of copper foll, gram 00000, 44
13 F6.0 Decay time before counting copper fqgil, minutes 00599.
14 E9.3 Net activity of copper foil, ) d/m 2. 330E+03
15 ¥8.2 Welght of sulfur powder, gram ' 00001,
16 F6.0 Decay time before counting sulfur pgwder, minutes 01313.
17 E9.3 Net activity of sulfur powder, (&) d/m 9. 400E+02
18 E9.3 2*Na in blood sample at t = 0, pe/eg 4, 721E~04
19 F8.2 Decay time (b) pefore counting for 1¥5MIn, hours 000025, 92
20 E9.3 Net activity of 1*S®In, channels 31436, c¢/m 7.920E+01
21 F8,2 Weilght of In foil used for '*®In megsurement,
00000, 49

gram

(a) (d/m = net ¢/m X CF (Ra D&E), not corrected for decay.
(b) Decay time for this item only is in HOURS; all others are in minutes.
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