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LEGAL NOTICE

This report wae prepared as an account of Government éponaored work. Neither the United
States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accu-
racy, completeness, or usefulness of the information contained in this report, or that the use
of any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of or for damages resulting from the
use of any information, apparatus, method, or process disclosed in this report.

As used in the above, ““person acting on behalf of _ihe Commigsion”’ includes any em-
ployee or contractor of the Commission, or employee of such contractor, to the extent thail
such employee or contractor of the Commission, or employee of such contractor prepares,
disseminates, or provides access to, any information puﬁsuant to his employment or contract
with the Commission, or his employment with such contractor,

Printed in USA. Price $2.00
Available from the Clearinghouse for Federal Scientific
and Technleal Information, Natlonal Bureau of Standards,
U. S. Department of Commerce, Springfileld, Virginia
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DOCUMENT REVIEW
Document : Report DP-1006
Title: Savennah River Plant Criticality
Dosimetry System
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Patent Branch

Savannah River Operations Office
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Dear Mr. Erdley:
REQUEST FOR PATENT REVIEW

Pleasgse review for patent matter:

Dr-1006, 8§

If any technical clarification 1s needed please call J. E, Beach whose
document review 1is attached,

Please telephone your comments to the TIS Office (Ext. 3402) and notify
me by signing and returning to TIS the original of this letter. A copy
1s provided for your file,

If you decide 4o pursue a patent on any development covered, I shall be
happy to supply additional information required such as appropriate
references and the names of persons responsible for the development.
The above item 1s approved Very truly yours,

for release.

C. W. J. Wende, Director

R. G, Erdley, Chief Date Technical Dlvision
Patent Branch
SROO, USAEC By: W&

UV J. E. Beach
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DP-1006, SAVANNAH RIVER PLANT CRITICALITY
DOSIMETRY SYSTEM
by C. N. Wright, J. E. Hoy, and W. F. Splichal, Jr.

In September 1960, the "emergency dosimetry" capabllities
of the Savannah River Plant were reported by Hoy in DP-472. This
report described a criticality neutron dosimeter which was unlque
at that time and remains today the least expensive of several
similar systems.

Last year the dosimeter and our abilities to interpret its
usefulness were twice tested, utilizing the Health Physlics Research
Reactor at Oak Ridge National Laboratory.

The attached report updates the previous DP report, and
includes in the appendix methods used in computing dose determina-
tions. It shows the steps required - screening, preliminary dose
estimates, and final dose determinations - 1n the event a nuclear

incldent involving personnel cccurred.

O, Gtlrson

C. M. Patterson, Research Manager

Radiologlcal and
Environmental Sclences Dlivision

BETTER THINGS FOR BETTER LIVING .. . THROUGH CHEMISTRY
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Dear Mr, Erdley:
REQUEST FOR PATENT REVIEW
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AEC Manual Chapter 3202. No Journal Publication or Oral Presentation is Intended. {Use Section
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1.[] TID-4500 (AEC) distribution has been made. Copies are enclosed ifor D'TI to make single copy distribution to Federal
Clearinghouse and to the domestic depository libraries, and for announcement in NSA.
9.[ ] Copies are being furnished DTI to make TID-4500 (AEC) distribution, and single copy distribution to Federal Clearinghouse

and to the domestic depository libraries, and for announcement in;’;NSA.
3. From the copy enclosed, DTI is requested to reproduce in Microc%rd form and make TID-4500 (AEC) distribution, domestic
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Document enclosed has or will be submitted for publication in the following scientific journalt
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1I1. ] Document enclosed is intended for publication in @ journal, whose publication policy precludes advance
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ABSTRACT

Fissionable materials are handled and processed at the
Savannah River Plant., Although the prdbability of an acci-
dental criticality occurring is small, /the possibility must
be considered. This report describes the methods which
would be used to segregate exposed and!nonexposed personnel
and to determine neutron and gamma dosas received by those
who were exposed,
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SAVANNAH RIVER PLANT CRITICALITY DOSIMETRY SYSTEM

INTRODUCTION

At any location where fissionable materials ar¢ processed, the
possibility of a criticality accident must be considered. In the event
of such an accident, it is deslirable that the radiation dose received
by personnel be quickly determined.

The Savannah River Plant (SRP) system of dosimetry for use after
a criticality accident may be considered in three phases. The first ls
separation of exposed and unexposed personnel immedlately after the
accident., Indium foils in the film dosimeter and ldentificatlon 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 24Na activation in
the blood and body of exposed persons; the gamma dose would be indicated
from film dosimeter results.

For the final phase, & more precise determination of dose would
be made. This determination requires a simple, dependable dosimeter
that could be worn by all employees working with fissionable material.
In addition, the dosimeter would give accurate lndications over a wide
range of neutron and gamma doses, be lightweight, small, and convenient
to wear. (Dosimeters that are mounted in flxed positions in work areas
may be difficult to recover after an accident, and errors in interpre-
tation of dose may arlise because these instruments are at different
loecations from the exposed personnel,) The criticality neutron dogimeter
(CND) was designed so that only one dosimeter would be required to
determine the total dose toc the wearer, Low cost was a design objective
because several hundred units 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 wlth the criticality neutron dosimeter,

SUMMARY

In the event of a criticality accident at SRP, the radiatlion doses
received by personnel involved would be determlned by use of indlum
foils in the identification badges and film dosimeters, from blood
sodium activation, and from analysis of the SRP Critlcality Neutron
Dosimeter (CND), The CND contailns cadmium-shielded and unshielded
indium foils, a copper foil, sulfur powder, sodium fluoride powder, and
thermoluminescent dosimeters (TLD).




From determination of induced radioactivity in the foils and pow-
ders, the neutron fluence in five energy intervals 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 eXxposure
between 1R and 10°R,
|

Appendices describe both manual and com@uter methods used 1n
processing the data obtained. |

DISCUSSION

SCREENING

A basic requirement of a criticality dosimetry system 1s the
ability to screen quickly a large number of persons, in order to segre-
gate the exposed and unexposed individuals. ' At SRP this screening
ability is provided by 0.005-inch-thick indium foils in the ldentification
badges and film dosimeters. The foll in the ldentification badge is
approximately 1/2-inch square, After activﬂtion, 1t will cause a
response of at least 100 c/m on a GM survey |instrument (when placed
one centimeter from the wall of the GM tube) for every Rad of neutron
exposure., The foll in the film badge has fohr times the area of that
in the ldentification badge with a corre5ponhing increase in sensitivity.
Because 1t is almost impcssible that a critiicality accident at SRP will
involve persons not wearing an 1dentif1catidn badge, and highly unlikely
that persons not wearing a film badge would be exposed, the health
physicist is able to quickly segregate exposed and unexposed persons.

No dose estimates are made from the GM instrument readings.

PRELIMINARY DOSE ESTIMATES

A rough estimate (+100%) of the neutrod dose received can be made
by placing the probe of a GM survey instrument against the abdomen of a
person, having hlm vend at the waist, and using the following equation:

_ 2 X cpm
~ body wt in 1b

Dose (Rads)

where cpm 1s the count rate per minute (corrected for decay to time of
incident) from activation of sodium in the body. Estimates by this
method may be pessimistic because short-lived *2Cl is also a product of
neutron actilivatlion of body elements. Persons determined by these
screening 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 1s obtained from each of these
people for further analysis before any sodium is administered, either
through food or medical treatment. Ammonium oxalate 1s added to the
sample to prevent coagulation. 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 horlzontally on a 3" x 3" sodium lodide
seintlllation counter, and the gamms ray activity between 2,6 and 3.0
MeV is determined. This energy interval is chosen to avoid interference
from S8C1.

Test exposures to neutron gpectra, ranging from an unmoderated
fission spectrum at the ORNL Health Physics Research Reactor (HPRR)!®!
to a thermal sgectrum at the Standard Pile (SP) reactéor at the Savannah
River Plant,(2) have provided factors for converting 24Ng sctivity 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 characterlizations used
are "Fast," "Semimoderated,” and "Thermal," Conversion factors used
for these cases are:

Fast 1.65 x 10° Rad/pc/cc
Semimoderated 1.00 x 10° Rad/pc/cc
The rmal 0.75 x 10° Rad/uc/cc

RAD/pc/ec (Plasma)
2 xi0® T

TTTTT T T TTTTT T T TTrETT T T TTTTTT T T TTTIT

O CORVERSION FACTORS USED AT
5RP WHEN T/F 5 ESTIMATED
(Mol Msosurad}

1 %103

1 |- 1 [ | L1111t i L L1t ! | I
Y I 1000 10,000

10 100
RATIO THERMAL/FAST FLUENCE (T/F)

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




After the CND is processed, a better definition of the spectrum will be
available and the dcse estimate can be refined.

Preliminary gamma dose measurements are obtained from the film
dosimeter. The front face, containing the indium fell is removed from
the film badge (Figure 2) as scon as practicable after the accident
go that the film will not be exposed excessively by the indium, The
f11m from the badge is pencll-marked in the darkroom to retain identity,
in case the X-rayed identificatlon has been obllterated by the exposure,
and then 1s processed normally. Because of silver activation and other
neutron effects, the indicated gamma reading may be high. Experimentadl
data indlcate that Du Pont type 1290 dosimeter film is not more than
7 percent sensitive to fast neutrons. {If the film lg exposed to 100
Rad of fast neutrons, the indicated gamma reading will be not more then
7 Rad.)

o Silver Filter
Aluminum Filter

DPSPF-6341-1

FiG.2 FILM BADGE




FINAL DOSE DETERMINATION

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

DESCRIPTION OF DOSIMETER

The orlginal model of the dosimeter and its early development were
described by Hoy'®! in 1960. A diagram of the current model dosimeter
1g glven in Figure 3. The components are housed 1n a "Mylar'"* tube,
4-1/2 inches long and 1/2 inch in dlameter, with a pocket clip attached.
Tndium, copper, and cadmium foils are shaped into hollow cyiinders to
reduce directional effects. These foils, and specific amounts of sodium
fluoride and sulfur, are contained in three small polystyrene vials.

¥ Dy Pont trademark for polyester £ilm,

FIG. 3 SRP CRITICALITY DOSIMETER




To expedlte procegsing of the components after an accident, all acti-
vation materials are preweighed; the exact weights are listed in each
dosimeter during assembly. The thermoluminescent Iithium fluoride
powder 1s contained in three smaller polyethylene vials, Table 1
describes the compcnents., Cost of the dosimeter 1s approximately $15.

TABLE T

Dosimeter Components

Material Size or Welght
Cadmium (3 pieces) 1" x 5/8" x 1/32"
3/8" dlameter x 1/32" (2 pileces)
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
Sodlum flucride 1.50 grams
Lithium fluoride 40 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 fission neutron spectrum.
Evaluation of fluence 1s 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 neutrcn
energies. The neutron fluence, n/ecmZ®, in each energy range 1s obtained
from the following expresslon:

d/s

Gact NGAe

2 -
n/em® = T

where, N = the number of nucleil with an activation cross section, Caot

G = & constant to correct the observed counting rate, d/s, to
the absclute dlsintegratlion rate of the target material

ot
]

the elapsed time in seconds between exposure and counting.

This equation assumes that exposure was short, because a critlicality
alarm system causes lmmediate evacuation of personnel from work areas,
An average activation cross-section ls assigned to each energy interval.




A1l folls and powders are counted in a lead-shilelded B~y GM Counter,
for which a Ra D&E conversion factor has been obtained, The GM tube 1s
an end-window type with a window thickness of ~2 mg/emZ, All foils
are centered on the planchet with the outslde surface facing the tube
window. Powders are evenly spread over the surface of the planchet
before counting.

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

Bare and cadmium-shielded indium folls are used to determine neutron
fluence in these energy intervals. Indium has two stable lsotopes:
1181y (4.28% abundance) and *1%In (95,72% abundance). 1%In (n,vy) 118In
18 the reaction of interest. **®In has three isomers, two of which have
very short half-lives (2 seconds and 1% seconds); the third isomer, with
a S54k-minute half-life, ie the principal source of radioactivity for a few
hours after neutron irradiatlon. ***In, resulting from the '%In (n,vy)
11%4Tn reaction, has an isomer wlith a 50-day half-life which is useful
when a considerable delay occurs before counting.

The cross section of indlum approximates a 1/v relationship from
0.025 eV to 0,3 eV, that 1s, the cross sectlon decreases 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 (C.03 inch) absorbs
essentially all neutrons with energies less than 0.5 eV, the cadmium
cutoff, Therefore, the difference hetween the activities of the bare
and the cadmlum-shielded indium folls is caused by neutrons in the energy
interval from 0.0 eV to 0.5 eV, A factor of 1.15 is used to correct
for the resonant absorption of neutrons by the cadmium shield. (4! The
effective activaticn cross section for this interval is 145 barns.
Activation of cadmium-shielded indium is used to measure the fluence
in the energy interval from 0.5 eV to 2 eV. A rescnance lntegral
(cerrected for flux depression) of 650 barns is assigned to thls interval.

Energy Interval of 2eV to 1 MeV

The reaction of interest for this energy interval is ®3Cu (n,7)
840y, ®4%Cu has a 12.8-hour half-life, A competing activity resulting
from ®%Cu (S5-minute half-life) can be minimized by counting the copper
noe sooner than 1 hour after irradiation. The average activation cross
section for ®3Cu in this energy range is 0.300 barn.‘®) Above 1 MeV
the inelastic neutron scatterling cross section becomes domlnant. The
copper is shielded by indium and cadmium to minimize the effect of
neutrons below 2 eV,




Energy Interval of 1 MeV to 2.9 MeV

The inelastic scattering reaction of fast neutrons with 11%In is
used to determine fluence above 1 MeV, While the threshold fer this
reacticn is about 450 keV, its cross sectlon becomes significant at
1 MeV. The average cross section above 1 MeV is 0.180 barn. The **5M1n
isomer has & 4.H-hour half-life, Qamma spectrometric analysis 1s used
tc distinguish the actlvation due to the inelastic reaction from the
activation by the epithermal neutrons. The cadmium-shielded Indium
foll 1s used for this measurement.

The cross section for this reaction remains slgnificant to values
above 5 MeV, 'Therefore, the fluence of neutrons above 2.9 MeV, as
determined from the activation of sulfur, must be subtracted from the
fluence calculated from indium activation, The difference represents
the fluence in the range from 1 MeV to 2.9 Mev.

Energy Interval above 2.9 MeV

The threshold reactlon, *28 (n,p) ®%P, is used to measure fluence
above 2.9 MeV, Sulfur has a relatlvely high and constant cross sgection,
and 2P has a conveniently long half-life.

ORIENTATION OF DOSIMETER

Since the dosimeter is worn on the front of a person and the
activation of the dosimeter 1s affected by the body's moderation and
shielding, it 1s necessary to determine whether or not the wearer
faced the neutron source in order to correct the fluence values. The
correction 1s made by comparing the 24Wg in the wearer's blood with
that in the sodium fluoride of the dosimeter, Blood sodium activation
is relatively independent of body orientaticn to the scurce but is
influenced by the energy of the neutrons. Activation of the sodium in
the dosimeter is affected by both the body orientation and the neutron

spectrum.

To determine the relationship between the activation of the scdium
(in the dosimeter and blood), the neutron energy, and the orientation
of the dosimeter, polyethylene phantoms were exposed to neutrons from
a graphite-mcderated reactor and an unmoderated critical assembly. The
phantoms contained sodium chloride sclutlon of the same concentraticn
as in human blood. Dosimeters were attached to the front (surface facing
the scurce), side, and back of the phantom. From these experiments,
the following relationships were empirically established:




Case 1. When the source 1s to the gide of the wearer

Y =

24 0.61
- Na per gram of sodium in NaF — 0.1k thermal fluence , where
Na per gram of scdlum in bloed fast fluence

the thermal fluence and the fast fluence (greater than 2.9 MeV) were
those values determined by the dosimeter (uncorrected for direction),

Case 2, When the wearer 1s facing the source

24Na per gram of sodium in NaF
24Na per gram of sodium in blood

> Y + 0.3Y

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

24Ng per gram of scdium in NaF
24Na per gram of sodium in blood

<Y - 0.3Y

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

Side Wearer Wearer Facing
Energy Range Exposure Facing Source Away from Source
0.0 eV ~ 0.5 eV 1 0.23 0.64
0.5 eV - 2 eV 1 0.35 1.6
2 eV -1 MeV 1 0.45 2.0
1 MeV - 2.9 MeV 1 0.79 5.4
Above 2.9 MeV i 0.72 6.7

DETERMINATION OF NEUTRON DOSE

The dose equivalent is the product of abscrbed dose (Rad), quality
factor, dose distribution factor, and other modifying factors. The
quality factor for criticallity neutron exposures has not been established.
For this reascn the neutron dose is given 1n Rads.

Snyder‘s‘a) caleculations were used to determine the tissue dose
at & 5 cm depth, the depth of bloocd-forming organs. From these calcu-
lations, the relationship between Rad/(n)(cm®) and neutron energy was




established, An average dose conversion factor was selected for each
neutron energy interval (Table II).

TABLE TT

Average Dose Conversion Factors

Energy Interval Rad/(n) {cm?)
Thermal to 0.5 eV 0.16 x 107°
0.5 eV to 2.0 eV 0.22 x 107°
2.0 eV to 1 MeV 1.25 x 107%
1 MeV to 2.9 MeV 2.87 x 107°
2.9 MeV and above 4.80 x 10°°

Manual calculation of the dose is lengthy and involved (see
Appendix I); however, an electronic computer program which accepts
counting data, decay and expcsure times, and weights of activated
materials i1s available (see Appendix II). The computer calculates
the orientation of the dosimeter, fluence and dose Iin the five energy
Intervals, and total dose.

If a dose value other than that at 5 cm depth is desired, suitable
factors for converting fluence to dose for each spectrum segment may be
applied to the fluence values which are obtalned.

GAMMA DOSE

ILithium flucride 1s used to measure the gamma dose from 25 mR to
10% R. Three polyethylene vials, each containing 40 mg of LiF, are
included in the dosimeter, One of the LiF vials 1s used to establish
the correct range setting for the electronic reader, and the other two
vials are used for dupllcate dose measurements, LiF, enriched to 99.91%
711, 18 relatively insensitive to neutrons., A 100 Rad neutron dose,
primarily fast neutrons, resulted in an apparent gamma dose of T R.

Gamma dose results are corrected for the direction of exposure
as follows:
Front Exposure 0.7
Side Exposure 1.0

Back Exposure 2.1

w 10 =




Tests of Dosimeter

Several tests of the dosimetry system have been made to determine
the quality of performance. The first of the tests wag made at Los
Alamos using the Godiva critical assembly as the nsutron source. In
thls test, pairs of dosimeters were mounted on the outside of a 6-1/2
gallon cylindrical polyethylene contalner filled with an agueous
solution of sodium chloride having the same sodium concentration as

human blocd. Arrangement of the components around the
is shown in Figure 4, Data in Table IIT indlcate that
deviation of the dosimeter from the calculated neutron
with an average deviation of 6.8%. The orlentation or

Godlva assembly
the maxlmum
doses was 12%,
posltion of the

dosimeter was correctly calculated for over 80% of the dosimeters.
TABLE IIT
Regults of Dosimeter Test at Godiva(&)
Computer
Positicn Calculated Doslmeter Results
on Phantom Pogition (Neutron Dose )}, Rad
Front Front 659
Front Front 683
Side Side 759
Side Front T4T
Back Back 752
Back Back 792
Not on } { T4E
Phantom 779
Not on } { 757
Phantom 665

{a) LASL calculated neutron dose was 708 Rad.

1004

O Represents dosimeters Gediva 1l

FIG. 4 ARRANGEMENT OF COMPONENTS - GODIVA
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Another test of the system was made at the Health Physics Research
Reactor (HPRR) at Oak Ridge Natiocnal Laboratory. Its primary purpose
was to lnvestigate the validity of using salt-solution-filled polyethyl-
ene containers as phantoms, In this test plgs were used as phantoms,
The thickness of their bodies and the salt content of their blood closely
approximates these characteristics in man. Pigs and contalners were
palired as shown in Figure 5. The average deviation between the doses
was 13%, as measured by the dosimeters attached to the containers and

rlgs.
e
N

425
Mere,.s \

Phanto
8 Neo. 3

FiG. 5 ARRANGEMENT OF COMPONENTS - HPRR

The entire dosimetry system was tested at HPRR. The dosimeters
were exposed, gquickly returned to the Savannah Rlver Plant, and
processed according to procedures. The people who evaluated the doses
had no knowledge of the test conditions. There was close agreement
between the results of duplicate dosimeters at each position, and the
correct orientation was calculated in the majority of the cases (Table V).
Wnere errcrs were made in the calculation of orilentation, a front
exposure was selected instead of a side expcsure. The difference in
dose correction factors for these iwo positlons 1s usually comparatively

- 12 -




small, These tests showed that the dosimetry system can evaluate doses
received by up to 20 workerse within six hours after exposure, and can
provide a preliminary estimate within one hour.

TABIE IV

Resaults of HPRR Test

Dogimeter Results
(Neutron Dose}, rad

Dosimeter Positlon Dosimeter a{2)  posimeter p{a) A B

Compubter Caléulated Positlon

Phantom No. 1

Front Front Front 90i 862

Side Side Front 722 753

Back Back Back 8Br6 864
Phantom No. 2

Front Front Front 568 568

Side Front Front 356 ko8

Back Back Back 624 554
Phantom Ne. 3

Front Front Front 301 400

Side Side Front 373 461

Back Back Back 410 u84

{a) Two dosimeters were located at each position.

In a more recent test, the criticality dosimeters used at seven
nuclear energy facilities in the USA were compared. The dosimeters were
expeosed to a burst from the HPRR, and the alr dose was measured, The

SRP results for neutron dose were wlthin three percent(7) of the
average of all results.

- 13 -
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APPENDIX |
MANUAL CALCULATION OF CND RESULTS

In the calculations that follow, the same ildentifying terminology
is used in both the computer end manual methods to facilltate comparing
the methods,

If the indium folls are counted less than 10 ﬁours after actlvation,
the BY-minute *18TIn 1s used for determination. Thé correction factors
used Iin thls case are: '

(-2.16 x 10™4T;)

DK =1 -e ) 60  (Buildup Correction)
DK1 = e(_o'0128 X T21) (Decay Correction for Bare Indium Foll)
DK2 = e(~0.0128 X Tzz) (Decay Correction for Cd-In Foil)

CONST = 0.648 (Counter Factor)
ECON = 0.102 (Counter Factor)
where, T, = estimated exposure time 1n seconds

Tp,; = decay time in minutes from time of exposure to time
bare indium foll wag counted.

Top = decay time in minutes from time of exposure to time
cadmium-covered indlium foll was counted.

If the indium folls are counted after more than 20 hours have
elapsed since activation, the 50-day ***In is used for the determination,
In the interval between 10 hours after exposure and 20 hours after
exposure, & mixture of the two lsotcpes 18 present, and inaccurate
results may be obtained 1f the folls are counted during this time
Interval.

The constants used for the **In calculations are:
DK ~ (1 - e(--l.s X 10-7)T1) 60

- -8
DKL = e( 9.62 x 107%)T,,

- -a
DK2 = e( 9.62 x 107°)T,,

CONST = 0.0112
ECON = 7.1

- 15 =




Thermal

The thermal flux is calculated using the disintegration rates of
the cadmium-shielded indium and bare indium foils as follows:

WICI
(ppM1) (WrBI) _ (DPM2) (1.15)

n/(cm?®)(sec)

H

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

where, DPM1

DPM?2 = net activity (d/m) of the cadmium~covered indium foil,
not corrected for decay.

WIBI = weight of bare indium foll in grams.
WICI = welght of cadmium=-covered Indium foil in grams.

Epithermal {0.4 eV to 2 eV)

The epithermal flux is calculated from the activity of the cadmium-
covered Indium foil as follows:

(DPM2)  (ECON)
(wrcT) (DK) (DK2)

EPTHF = Epithermal flux, =
n/{cm2) (sec)

Resononce (2 eV to 1 MeV)

The rescnance flux 1s calculated from the actlvity of the copper
foil as follows:

FXCU = Resonance flux, =

(DPM4) (61.3)
n/{cm?) (sec) (Wwreu) (1-e *

(-1.5 16:§)T1)(e(-9.02 X 10‘4)T24)

where, DPM4 = net activity (d/m) of copper foll, not corrected for

decay.
WICU = weight of copper foil in grems.
724 _ decay time in minutes from time of exposure to time
copper foll was counted,
T; = exposure time Iin seconds.
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Fast (3.0 to 10 MeV)

The fast flux 1s determined from activation of the sulfur powder
in the CND as follows:

(DPM528(4.30) -
l_e(-o.561 x 10 }Tl) (e(-3.37 x 10 )Tzs)

FXS = Fast Flux =

(wrs) (
where, DPM5 = net activity (d/m) of sulfur powder, not corrected for
decay.
WIS = welght of sulfur powder 1in grams.
T, = exposure time in seconds.
Tps = decay time in minutes from time of exposure to time

sulfur wasg counted.

Medium Energy (1 - 3 MeV)

The medium and high energy flux is calculated from the actlivation
of the 1My igomer (4.5-hour half-life) in the cadmium-covered indium
foll, as determined by pulse helght analysis. The calculation below
determines the tectal flux above 1 MeV.

FXINM = Medlum and hlgh energy flux =

(DPM6) (192.0)
(%28 x 10-57T1) (e (=015 )T20)

(WIBI) (1l-e

where DPM6 = ¢/m in channels 31-36 not corrected for decay, but

corrected for interference by other Indilum isctopes.

Decay time in hours from time of exposure to time foil
wag counted.

TEG

To determine the medium energy flux, subtract the fast flux (above
3 MeV) as obtained by sulfur counting from the fast and medium flux
(above 1 MeV), as obtained above. The resulting difference is the
medium energy flux.

Determination of Directional Corrections

Since the activity of the folls is influenced by the relative
positions of the wearer's body and the exposing source, l.e., whether
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he had hls back to the source or was facing 1t, it 1ls necessary to
determine this relationshlp so that approprlate correction factors may

be applied. This is done by calculating the ratic of the 24Ns activation
in the sodium fluoride powder of the CND and the #%Na activity in a
gample of the wearer's blood as follows:

_(ppM3) (1.82) (1)

DPGNF = -
(WTNAF ) (e('o'75sx 10 )TES)

net activity {d/m) of sodium fluoride powder not
corrected for decay.

where, DFM3

I

WTNAF

welght of the sodium fluoride powder in grams.

il

decay tlme In minutes from time of exposure to time
sodium fluoride was counted.

DPGBS = (UCPCC) (0.694% x 10°) (2)

where, UCPCC = pc/cc of 2%Na found in the serum of the wearer's blood -
corrected for decay.

DPGNF (3)

RATIO =

Ideally, this ratlo would be unity 1f the sodlum fluoride vlal was
exposed to the same flux as the body of the wearer (side exposure); the
vial activity would be higher 1f it were closer to the source than the
wearer {front exposure); and would be lower if the vial were on the
opposite side of the person from the source (rear exposure ).

In actuality, this ratio 1s also affected by the relative 'hardness,
energy-wise, of the spectrum, so that the predicted "ideal" ratio for
the spectrum belng measured must be calculated from the thermal and
fast Tluxes as follows:

Thermal flux)o'sl

Fast flux

Y = 0.14% (

where, Y = the predicted ratio.
To determine direction, compare the RATIO previcusly computed with
(Y £0.3Y). If the RATIO falls within these limits, the exposure 1s

called a "side" exposure, and no directional corrections 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 majority of the dose
was received Ffrom the front. The following correctlon factors will he
used in dose computation in thle case:

CT = Thermel correction = 0.23

CET = Eplthermal correction = 0.35
CCU = Resonance correction = 0,45

CM = Medium energy correctloen = 0,79

8 = Fast correction = 0.72

Tf the RATIO is less than (¥ - 0.3Y), the majority of the dose was
received from the rear. In this case, the correction factors are:

CT = Thermal correction = O.64

CET = Epithermal correction = 1.6
{CU = Resonance correctlon = 2.0

CM = Medium energy correction = 5.%
CS = Fast correction = 6.7

Dose Calculation

Thermal dose (THRAD) = (Thermal flux) (CT) (0.17 x 107%) (T.)

Eplthermal dose (ETRAD) = (Epithermal flux) (CET) (0.22 x 107%) (1,)
Resonance dose (CURAD) = (Resonance flux) (CCU) (1.25 x 107%) (Ty)

Medium Energy dose (RADIN) = (Medium energy flux) (cM) (2.87 x 107%) (Ty)
High Fnergy dose (SRAD) = (Fast flux) (CS) (3.6 x 107%)(T;)

TOTAL = THRAD 4+ ETRAD + CURAD + RADIN + SRAD = entire neutron dose in Rads.
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APPENDIX I

FORTRAN PROGRAM FOR COMPUTATION OF
DOSE FROM CND DATA

SEQ STMNY FURTRAN STATEMENT
1 PRINT &0
2 PRINT 61
3 PRINT &6
4 PRINT 67
5 PRINT 64
6 82 TND=0
7 PRINT 81
8 1 READ 50, INDEN
9 IF(INEN)B3,A3,84
10 B84 READ 74,71
11 READ 72,WTRI
12 READ 51,721
13 READ T4,DPM]
14 READ T72+4WTLI
15 READ 51,722
16 READ T4,DPM2
17 REAT} T2 .WTNAF
i8 READ 51,723
19 READ 74,0DPM3
20 READ 72+WTCU
21 READ 51,724
22 READ T4,DPM4
23 READ 724 WTS
24 READ 51,y T25
25 READ T4 NPMS
26 READ T4, ULPCC
27 READ T2.726
28 READ T4, DPM4
29 READ 72,WTINM
30 IFISENSE SWITCH 23 5.6
3i 5 CAMS=1.6E-07
32 CAMM=9.62E-06
33 CONSY=.0112
34 ECON=T.1
35 GO 70 7
36 6 CAMS=2.16E-04%
37 CAMM=.0128
28 CONST=.h48
39 ECON=.102
40 7 OK={1a—11. /EXPF{CAMSETL) )1 %60.
41 DKI=1./EXPF{CAMMZT21)
42 DK2=1./EXPFICAMMET22)
43 FXTH={ (NPMLFWTCT / IOKEDKIFXWTARTI I I = (DPM2H 1. 1S/ INKFNKI I )}/ {CONSTHWTCT)
44 DKS={1l.=1./EXPF{.561E-06%T1 I *{1./EXPFI3.3TE-05%T25))
45 FXS=NPM5%4.30/{WTS*DKS)
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STMNT

12

13

20
21

FORTRAN STATEMENT

EPTHF=DPM2 *ECON/ {WTC I*DK*DK 2}

DKCU=(Llam Lo /EXPF{1.SE-05%T1) )% 1./EXPF(.000902%F24))

FXCU=DPM4¥61.3/(DKCU*WTCU)

DKINM=11.~{1./EXPF{14.28E-051*%TL))1*{1./EXPF{{1.54E-01)*%T256))

FXINM=DPM&EE192.0/ (WTINMEDKINM)

DPGNF=DPM3%1.82/ INTNAF*{1./EXPF{.T7E-03%T23}))

DPGBS=UCPLC*.694F09
RATIO=DPGNF/DPGRS

Y= {Qala) % (IFXTH/FXS)%%,61)
PRINT 53, IDEN

PRINT 80,RATIMN,Y
Y1=Y+D.3%Y

¥Y2=Y-0.3%Y
IF{RATIO-Y1)13,3,13
IF{RATIO-Y2)11,11,12
LT=.64

CET=1.6

CCU=2.0

CM=5.4

CS=6.7

PRINT 54

GG 19 20

C1=1.0

CET=1.0

CCU=1.0

€Cs=1.0

CM=1.0

PRINT 55

GO TO 21

(T=.23

CCU=.45

CM=,79

CS=.72

PRINT 56

IF(SENSE SWITCHLILZ,21
TEXTH=FXTH*CT*T1
TFXS=FXS*CS5%T1
THTYTFR=TFXTH/TEXS
TEXTH=FXTH*T1
TEPTH=EPTHF%T]
TEXS=FXS*T1
TEXCU=FXCU%T]
TFINM=FXINM*T]
TINMS=TFINM-TFXS
TELUX=TFXTH+*TEPTH+TFXCU+TINMS+TFXS
THRAD=TFXTH*( T*D, 1 6E-09
ETRAD=TEPTH®CET#0.22E~09
CURAD=TFXCURCLU%]L, 25E-09
RADIN=TINMS*CM%2 ., 8TE-09
SRAD=TFXS5*(5#%4.8F-09
TOTAL=THRAD+ETRAD#+CURAD+RADIN+SRAD
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SEQ

98

39
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
L18
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

STMNT

83

30
31

32
33
34
35
36
50
51
53
54
55
54
60
61

64
66
67
72
74
80
81

85

FORTRAN STATEMENT

PRINT 30,TFXTH,THRAD

PRINT 31, TEPTH,ETRAD

PRINT 32,TFXCU,CURAD

PRINT 33, TINMS, RADIN

PRINT 3417FXS)5RAD

PRINT 35,TFLUX,TNTAL

PRINT 36, THTFR

IND=IND+]

IF{IND-3)1,82,82

PRINT 8%

PRINT 81

PAUSE

FORMAT{15H THERMAL 3E9.2:F9.3)
FORMAT{15H FPITHERMAL yE9.2,F9.3}
FORMAT{15H ZEV T0O 1MEY yE9.2,F9.3)
FORMAT{L15H 1MEY TO 3MEVY 1 E£9.29F9.3)
FORMAT{15H ABOVE 3IMEV 1E9.2,F9.3)
FORMAT(1X/15H TOTAL 1E9.2+F92.3)
FORMATIIX//16H THERMAL/FAST 1 F9.2)
FORMAT (]4)

FORMAT(F6.0)

FORMATI{LX///15H PAYROLL NO. + 15}
FORMAT{LIX/14H REAR EXPOSURE)
FORMAT(1X/t4H SIDF EXPOSURE}
FORMAT{1X/15H FRONT EXPOSURE)

FORMAT (30HICND DOSE CALCULATOR NOV. 196513
FORMAT{21H PROGRAM INSTRUCTIONSY
FORMAT{45H INDIUM DECAY MORE THAN 20 HOURS SWITCH C 0ON)
FNRMAT{45H SWITCH B ON T IGNORE DIRECTIONAL CORRECTIONI}
FORMATI(39H (CALCULATED DIRECTION WILL BE PRINTFD))
FORMAT(FB.2)

FORMAT(E9.3)

FORMATITH RATIE ElO0.3,3X2HY £10.3}
FORMAT({1H1} :

END

FORMAT{4H1EOJ)
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Entry Fortran

INPUT DATA TO
FORTRAN PROGRAM FCOR COMPUTATION
OF DOSE FROM CND DATA

No, Format Description Example
1 T4 Identification or badge No, 0028
2 E9.3 Exposure time, seconds (may be an estimate) L, 320E+02
3 F8.2 Welght of bare indlum foll, gram 00000, 49
4 F6.0 Decay time before counting bare In foll, minutes  OO462,
5 E9.3 Net activity of bare indium foil, (&) d/m 1.040E+05
6 F8.2 Weight of Cd-covered In folil, gram 00000, 34
T F6.0 Decay time before counting Cd-In foll, minutes 00465,
8 E9.3 Net mctivity of Cd-In foil, (2) d/m 2. 140E+04
9 F8,2 Weight of sodium fluorlde powder, gram 00000.99
10 F6.0 Decay time before counting NaF, minutes 00507 .
11 E9.3 Net activity of NaF powder,(a) d/m 3.5T70E+04
12 F8.2 Welght of copper foil, gram 00000, 44
13 ¥6.0 Decay time before counting copper foll, minutes 00599,
1% E9.3 Net activity of copper foil,(ag d/m 2.330E+03
15 8.2 Welght of sulfur powder, granm 00001,
16 F6.0 Decay time before counting sulfur powder, minutes 01313,
17 F9.3 Net activity of sulfur powder, (&) d/m 9. 400E+02
18 E9.3  2%Na in blood sample at t = 0, wc/cc 4 721E-04
19 F8.2 Decay time(P) vefore counting for *®MIn, hours 000025, 92
20 E9.3 Net activity of 113%In, channels 31-36, c/m 7.920E+01
21 F8.2 Welght of In foil used for *'®In measurement,
‘ 00000.49

gram

() (d/m = net ¢/m X CF (Ra D&E), not corrected for decay.
(b) Decay time for this item only 18 in HOURS; all others are in minutes.
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