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EVALGATION OF THE U.S. ARMY DT-236 BATTLEFIELD PERSONNEL DOSINETRY SYSTEn®
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Highlights

Performance characteristics of the U.S., Army DT-236 battlefield
personnel dosimetry system were evaluated using the Health Physics
Research Reactor at Oak Ridge Natiomal Laboratory. The DT-236 dosimeter
is desig-ed to measure total (meutron plus gamma) radiation dose using a
radiophotoluminescent (RPL) detector for gamma rays and a silicon diode
for fast neutrons. Areas considered in this evaluation included pre-
irradiation dose indication; accuracy and precisionm of total, gamma, and
neutron dose measurements; fading; angular response; temperature depen—
dence; and relative dosimeter response in air and on various body loca-
tions, Experimental results for a variety of radiation fields and dose
levels indicate that the existing system overestimates total, neutron,
and gamms radiation doses im air by about 20 to 60% relative to refer—
ence values, Associated measurement precisions were about + 5% of the
means for doses above approximately 0.5 Gy. Fading characteristics,
angular dependence, and temperature dependence of the RPL and diode sys-
tems were consistent with results expected based on detector charac-
teristics and previous performance stndies., Recommendations to improve
existing reader performance and measurement accuracy are also presented.

INTRODUCTION
Performance characteristics of the U.S, Army DT-236 battlefield
personnel dosimetry system?,? were evaluated at Oak Ridge Natiomal
Laboratory (ORNL) during Septcmber and October of 1985. This system is
being considered by the U.S. Army as a means ~f estimating total neutron
and gamma radiation doses to combat forces in locations where tactical
weapons could be used., Radiation fields and battlefield exposure condi-

tions for this study were produced by operating the Health Physics
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Rescarch Reactor (HPRR) at ORNL in the pulse wmode with several
spectrum—modifying shieldss. Areas considered in this evaluation
included pre—irradiation dose indication; reproducibility of results;
accuracy and precision of gamma, neutron, and total dose measurements;
fading; angular response; temperature effects; and relative dosimeter
retponse in air and om various body locations. The following text pro-
vides a summary and evaluation of the results obtained during this
study.
DESCRIPTION OF TRE DT-236 DOSIMETRY SYSTEM

The YU.S. Army DT-236 personnel dosimeter is a wristwatch-style
detector which is designed to measure total (gamma plus neutron) radia-
tion doses received by individual soldiers operating on a nuclear bat-
tlefield. Although specifically developed for military applications,
this system could also be applied for area or personnel monitoring any—
where that high level (greater than about 0.25 Gy) gamma and/or neutron
doses are possible; e.g., criticslity accidents.

The DT-236 dosimeter badge, which is shown in Figure 1, consists of
two independent solid-state detecting elements* used to measure gamma
dose and fast peutron dose. A 12 x 15 x 3.5 mm rectangular paral-
lelepiped of silver—activated phosphate glass is used as the gamms-
sensitive element. Gamma doze estimation is based 1n radiophotolumines-—
cent (RPL) properties in which the phosphate glass fluoresces with an
intensity proportional to the absorbed gamma dose when stimulated with
ultraviolet (UV) fight. The neutron detector is a wide~based silicon
juonction diode, When exposed to fast mneutrons, the crystal lattice
structure of the diode is damaged and the resistivity of the material

increases, Neutron dose estimation is based on measuring the increase



in voltage drop across the diode at constsat curreat. Gamma and aecutrom
readirgs uging these methods are mom—destructible and the dosimeter will
msintain the cumulative dose received by the individwal. Both elements
are packaged in a wristwatch—sized comtaimer which cam be wora oa the
wrist or on an identification tag chain. The DT-236 dosimeters used in
this study had serial numbers between BOOS600 and B006199.

Total gamma plus neutron doses are evaluated using a CP-696 dosime—
ter reader which is shown in Figure 2 and consists of two separate
evaluation circuits contained in one instrument. The gamma portion is a
UV flashtube source, optical filters, and a photodiode sensitive to the
RPL glass fluorescent light, The neutrom portion consists of a peak—-
reading voltmeter and a pulsed constan: current generator. The nentron
and gamma channels have check standards to imdicate proper reader opera-—
tion, For this study, the CP-696 reader was designated type 3146-1 and
had serial number 19-B [HR C21 AS]., Power for the reader was supplied
by a 24 volt DC power supply (ORNL Model X-93776) commected to the power
input.

Although the reader has analog indication of total radiation dose,
moasurements in this study were based on digital indication from a
voltmeter (ORNL Model I 009772) connected internmally im parallel with
the analog meter. Figure 3 shows the cowplete instrument setup used to
evaluate the dosimeters including the ORNL digital voltmeter, the CP-696
reader, and the 24 volt DC power supply. The use of the digital voltme-
ter permitted more accurate readings and allowed estimation of readings
which were off-scale on the analog meter. To convert from indicated
voltage to total dose, a calibration curve was developed by comparing

analog dose and digital readings, This correlation has two distinect
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linear segments which are described by the following equatious:

4 + 1478 V (V € 0.168)

Dose (cGy) =

~504 + 4496 V (V ) 0.168)

where the dose is the amalog indicatiom in rads (i.e., cGy) tissue kerma
and V is the voltmeter readiug in volts. These equations are very simi-
lar to previous aualog-digital correlations determined for other CP-696
readers®. Calibration and operating procedures for the reader were in
accordance with those specified in the technical manual?.

Since the reader is designed to give a single total dose reading
when the operation mode switch is in the "read” position, separate neun-
trou and gamma dose indications required a second evaluation cycle.
This second reading was performed with the mode switch set in the "gamma
test” position which provided an indication of the gamma-only dose. The
neutron dose component was obtained by subtracting the total and gamma-
only indications because no direct reading of neutron-only dose is
available,

PRE-IRRADIATION CHARACTERISTICS

Prior to the HPRR exposures, 188 of the unirradiated DT-236 dosime—
ters were evaluated using the CP-696 read-r. Since there was some vari-
ation between different readings of the same badge, the indicated dose
was taken to be the middlo value of threv successive readings. The

variation in successive readings for the same badge was approximately



+3% about the middle value with most dosimeters being better tham + 2%
for total, gamma, or mneutron doses.

All unirradiated dosimeters gave non-zero dose readings. Table 1
summarizes ranges, means, and standard deviations of the pre—irradiation
total, neutrom, and gamma dose indications for the 188 badges. Total
doses ranged from 0.16 to 0.66 Gy with a mean of 0.40 Gy and one stan-
dard deviation of 0.09 Gy (22% of the mean). Neutron doses varied
between 0.02 and 0.38 Gy with a mean of 0.17 Gy and one standard devia-
tion of 9.07 Gy (45% of the mean). Pre-irradiation gamma doses varied
from 0.08 to 0.38 Gy with a mean of 0.23 Gy and one standard deviation
of 0.08 Gy (34% of the mean). Based on the observed standard deviations
and suggested calculational conventions®, the theoretical lower limits of
detection for this system are 0.41, 0.34, and 0.36 Gy for total, nen-
tron, and gamma doses, respectively. The ranges, means, standard devia-
tions, and lower limits of detection obtained for the unirradiated
badges in this study are within about 10% of corresponding values
obtained in previous DT-236 dosimeter evaluations?, In the subsequent
analyses, unexposed dosimeter respomses for each individual badge were
recorded and subtracted from the exposed dosimeter readings for the same
badge to account for background levels.

During evaluations of the pre—irradiated badges, occasional read-
ings much Jower than the mean observed for several successive readouts
were obtained for many of the individual dosimeters. These aberrant
readings have also been observed in previous performance tests?, The
cause of these occasional low readings was identified as being the UV
flashtube which did not selways function when the ”read” switch was

depressed, Vithout the flashtube, the gamms dose component which is

o e iy By



based on RPL glass detection would not be included in the total dose
indicaticn. During battlefield operations, the underestimation of the
total dose caused by this potential maslfunction could be more tham 50%
depending on the relative neutron and gamma dose compoments of the radi-
ation field.

It was observed that when the "read” switch was depressed and  the
UV tube functioned properly, a clearly audible "click” which originated
inside the reader was obtained. However, when the switch was depressed
and no "click” was heard, the UV source did not function and the total
dose reading was low. During evaloation of the irradiated badges, read-
ings in vwhich the ultraviolet source was not heard to function were
neglected and a reproducibility of about + 3% about the middle of three
readings with the flashtube functioning properly was obtained. Since
the "click” which characterizes proper UV operation may not be audible
under battlefield conditions, a design change such as an indicator light
or UV lightmeter may be necessary to indicate flashtube operation.
Without such 2n indication, evaluation personnel will need to consider
the maximum three values out of about 10 readings to ensure that the
gamma component has been included in the total dose estimate,

IRRADIATION CONDITIONS

The source of radistion for this evaluation was the Health Physics
Research Reactor operated in the pulse mode. The HPRR is a fast pulsed
reactor which can be used to simulate nuclear battlefield conditions and
provide acute, high-level, neutron and gamma doses in times as short as
60 microseconds. A varjety of radiation fields with the neu:tron and
gamma characteristics given in Table 2 cau be produced by using

spectrum-modifying shields to simulate various weapon and material




attenuation spectra, The fields range from the unshielded reactor which
has a bard (nearly U2?$ fission) neutron energy spectrum with a low gamma
component to a Lucite-shielded condition which bas a soixt (hydrogen—
moderated) neutron spectrum with a relatively high gamma component.

A total of seven pulses was conducted for this study between Sep-
tember 13 and 24, 1985, Dates, HPRR pulse numbers, shield conditions,
fission yield, and reference neutron, gamma, and total radiation doses
(tissue kerma) at 3 m from the reactor are summarized in Table 3 for
these operations, Fission yields ranged from 3,91 to 9.28 x 103¢ fis-
sions with corresponding pulse half-widths between about 120 and 65
microseconds, respectively. Associated neutron doses at 3 meters from
the HPRR vertical centerline varied from 0.40 to 3.10 Gy (tissue kerma),
gamma doses varied from 0.12 to 0.50 Gy, and total doses varied from
0.77 to 3.60 Gy. Radiation doses given to some dosimeters were more or
less than those values since some badges were located closer or farther
than 3 m from the PPRR. Reference neutron doses, gamma doses, and fis-—
sion yields were determined using standard HPRR reference dosimetry
techniques?’>® and neutron differential spectrum measurements. For these
irradiations, the reactor was operated over Pit 1 at a height of 1.4 m
above the floor.

Dosimeters were exposed in air (attached to ring stands) st a
height of 1.4 m above the floor for most tests. When simulation of the
human torso was required, 40-cm—high polyethylene BOMAB phantoms with
20-cm by 30-cm elliptical cross sections filled with tap water were
used. A 10-cm-diameter, 40-cm-high cylindrical polyethylene RBOMAB arm
section filled witk water was used to simulate the wrist, A¢ least five

badges mounted side-by—side were used for the air station and phantom

measuremenis in each irradiation,



ACCURACY AND PRECISION

Accuracy and precision associated with total, neutron, and gamms
dose measurements made with the DT-236 system were determined by compar-
ing measured and reference doses for a wide range of dose levels (0.04
to 13.98 Gy tissue kerma) and a variety of HPRR pulsed radiation fields,
Accuracy is reflected by the mean of the individual measurements made at
a particular location and precision is given by one standard deviation
of the individual results about the mean., Dose measurements presented
in the followiag text were made at air stations, and reference and meas-
ured results were reported in terms of tissue kerma,

Total Dose Measurements

Table 4 summarizes accuracy and precision risults for 21 measure-
ments of total dose which is what would be determined durimg battlefield
application'of this system., Data shown in this table include date of
pulse, shield condition, dosimeter distance from the reactor, reference
total dose, measured total dose in air, measured result divided by the
reference, one standard deviation about the mean, and the percent of the
mean of one standard deviation. Most indicated results are for the
unshielded HPRR with dosimeters placed at various distances from the
reactor., Data for the steel~, concrete—~, and Lucite-shielded pulses are
for the badges located at 3 meters from the HPRR which is the distance
at which the shielded reference doses are best known. Reference total
doses given in the table are the sums of the reference gamma and neutron
doses in air and vary between 0.20 and 13.98 Gy.

Average measured divided by reference total doses as a function of
reference dose are shown in Figur: 4. Error bars indicate c¢ne standard

deviation about the mean, These data show that the DT-236 system




overestimates reference values by about 20 to 60% for doses between
approximi.tely 0.2 to 14.0 Gy for all considered HPRR radiation fields.
These results are consistent with DT-236 system accuracy observed during
previous dosimeter tests at pulsed reactor facilities?.

Performance specifications?,? for this system require + 40% accu-
racy at doses between 0.5 and 10.0 Gy and + 0.2 Gy accuracy at doses
below 0.5 Gy. Table 4 and Figure 4 show that the DT-236 system does mnot
meet these criteria relative to the HPRR reference values., However, by
adjusting the reader output to indicate 40% lower total doses (i.e.,
decrease the calibration curves for digital readout or dgcie:se the
meter indication for analog readout), measured results will bé within +
20% of reference results for a wide range of spectra and doses between
0.2 and 14.0 Gy. Figure 4 shows an adjusted reference 1line at a
messured-to—reference ratio of 1.4 and the + 20% limits abount this linme,
Although the figure indicates that the suggested 40% adjnstment will
provide + 20% accuracy at dose levels below 0.5 Gy, the practical system
accuracy at low doses will still be limited by the 0.40 Gy theoretical
lowe.: 1limit of detection and the 0.09 Gy s*‘andard deviation observed for
the pre—irradiated badges. A measurement accuracy of + 20% would
satisfy + 25% accuracy criteria specified by the American National Stan-
dards Institute?, the U.S. Department of Energy 2°, and the International
Atomic Energy Agency?** for criticality accident dosimetry systems.

With regard to measur~ment precision, Table 4 shows that single
standard deviations were within 4% of the mean values for total doses
greater than asbout 1,0 Gy, For doses below this value, standard devia-
tions ranged from 4 to 12% of the means. These results are consistent

with data obtained in previous DT-236 performance tests? which indicated
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one standard deviation values of about 5% of the xeans for doses above
0.5 Gy.
Gamma Dose Measurements

Accuracy and precision results for gamma dose measurements are sum—
marized in Table 5 for the same exposures considered in the preceding
analysis of total dose measurements. Indicated measured data are the
backgroond-corrected gamma doses in air based on the RPL detection sys-—
tem, Reference gamma doses given in the table are the products of the
reference neutron doses in air times the neutron-to-gamma dose ratios at
the measurement locations. Reference values vary between 0.04 and 1,70
Gy.

Average measured divided by reference gamma doses as a function of
reference dose are shown in Figure 5. Error bars indicate one standard
deviation about the mean. The figure shows that, except for ome meas-
urement, the RPL system overestimates gamma doses by about 20 to 60% for
reference values above 0.35 Gy. This oversstimation is expected based
on the observed overresponse of the gamma detection system to hard gamma
reys and the neutron sensitivity of the RPL glass®*, 31, Below approxi-
mately 0.35 Gy, measured gamma doses show significant variations rela-
tive to reference values (between 0.5 to 1.9 times references) with
relatively large standard deviations about the measured means. Thus, at
gamma doses below about 0.35 Gy, which is very close to the theoretical
lower limit of detection determined from unirradisted dosimeter results,
the RPL system does not provide accurate gamma dose estimates in the
fields considered in this study, Figure 5 shows that by adjusting the
reader output to indicate 40% lower, gamma doses between sbout 0.35 and

1.70 Gy can be measured to vi}hin + 20% of reference values.
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Table 5 shows that single standard deviations were within approxi-
mately 5% of the means for gamma doses above 0.50 Gy. Below this level,
standard deviations ranged from about 5 to 31% of the means with wmost
values being in the 15 to 25% range. These results are slightly more
precise than results obtained im previous DT-236 perfoimance tests3
which indicated ome standard deviation values of about 20% of the means
for gamma doses above 0.50 Jy.

Neutron Dose Measurements

Table 6 presents accuracy and precision results for neutron dose.
measurements in air, Measured dats ar; the background-corrected neutron
doses which were determined by subtracting the indicated total and gamms
doses for each dosimeter. Reference meutron doses were based on sulphur
pellet activation analysis and dose-per-fission correlations?-%, Refer—
ence doses given in the table vary between 0.16 and 12,28 Gy (tissue
kerma),

Figure 6 shows measured divided by reference neuntron doses as a
function of reference dose based on data given in Table 6, Error bars
represent one standard deviation about the measured mean. Except for
one point, average measured neutron doses overestimate reference values
by 20 to 60% over the entire range of reference doses and all HPRR spec-
tra, Overestimation is expected based on the observed overresponse of
the silicon diode detection system to fast nrutrons in air?, PRigure 6
slso shows that by adjusting the reader output to indicate 40% lower,
neutron doses can be estimated to within + 20% of reference values
between about 0.20 and 12,00 Gy, At doses below about 0.20 Gy, neutron
measurement accuracy is significantly affected by relatively large

uncertainties in corresponding low gamma dose messurements which must be

subtracted from total dose readings.
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cable 6 shows that single standard deviations for the estimated
neutron doses vary from 0.3 to 15.7% of the means over the entire ranmge
of reference doses., Nost standard deviations are between 1 and 6% of
the means which is significantly more precise than the range of values
obtained for the gammz measurements. These results are consistent with
measurement precisions obtained in previous battlefield dosimeter per-
formance studies3,

FADING

Figure 7 shows measured total, pevtrom, and gamma doses at various
times after exposure relative to the doses measured at two hours after
irradiation for times up to 15 days. Each point represents the average
result of five dosimeters irradiated to total, neutron, and gamma doses
of 3.30, 1.88, and 9.42 Gy, respectively, in the unshiclded HPRR spec-
trum, Single standard deviations associated with the indicated points
are about 4%, 4%, and 10% sbout the means of the five readings for :he
total, neutron, and gamms measurements, respectively.

Over the 15 day evaluation period, the average total dose decreased
by only about 7% relative to the value obtained two hours after expo-
sure. Most of this fading occurred within the first seven days after
irradiation, Very lit.le fading was exhibited for total dose beyond the
initial seven day period., .eutron dose results decreased by about 13%
over the 15 day evalpatjon time with most fading (snproximately 8%)
occurring in the first two days after irradiation. The RPL-measured
gaoma doses showed an increase of about 11% over initially measured
results in 15 days., Most of (his increase (approximately 7%) occurred
in the first day after irradiation. The increased gamma response after

irradiation, which is characteristic of RPL materials??, partly
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compensated for the decrease in neutron response due to fading to reduce
the decrease in total dose indizatico that might be expected in a strong
neutron field., The qualitative and quant.tative performance observed in
this study for fading of the total, meutron, and gamma components of the
DT-236 system are consistent with results of pervious performance
tests3,
ANGULAR RESPONSE

To determine the effect of angnlar orientation on dosimeter
response, groups of five badges were placed on the centers of three
BOMAB torso sections and exposed to the unshielded HPRR .spectrum with
the mincr axis of the elliptical phantoms positio;ed at 0° (front~-
facing), 45°, and 90° (side—facing) relative to the incident field. 1In
all cases, badge centerlines were located 3 meters from the reactor.
The three dosimeter components (total, neutron, end gamma responses)
showved similar performance characteristics for the three orientations,
Average total dose responses decreased by 4% and 35% at 45° and 90°,
respectively, compared to the direct irradiation, Mean neutron doses
decreased by 6% and 37% at 45° and 90°, respectively, relative to direct
incidence. Gamma responses decreased by 1% at 45° and 33% at 90° com—
pared to the 0° orientation, Uncertainties associated with these
results are about + 4% for th. total and neutron measurements and + 10%
for the gamma measurements for one standard deviation about the mean,
Thus, at angles of incidence between direct and 45° relative to the
incident field, the dosimeter exhibits low sensitivity to angular orien~
tation, At 90° incidence, the dosimeter response decreases by about 35%

relative to direct incidence.
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TEMPERATURE EXFECTS

Effects of temperature changes on dosimeter response were evaluated
by storing separate sets of badges exposed at room temperature (about
20°C) in cold (0°C) and in hot (45°C) environments for 24 hours and then
reading the dosimeters while at the reduced or elevaied temperatures and
after return to room t-—_.rature. These cycles were repeaied for three
days to deterrine if observed changes were permanent. Temperature lim—
its chosen for this test correspond with those specified in performance
standards for routine personnel dosimetry systemsi?,

Table 7 summarizes results obtained for the cold anc hot tests.
Data shown in the table are average indicated total neutron and gamma
doses relative to the values measured at room temperature two hours
after exposure, Single standard deviations associated with these data
are about * 4% of the means for total and neutron values and about + 10%
of the means for gamma results. For total doses, the hot tests indicate
that increasing from room temperature to 45°C for about 24 hours causes
a reduction of approximately 23% if the badges are read hot. Allowing
the badges to cool to room temperature before reading results in a 14~
19% reduction in measured total dose. These data were consistent for
all three hot temperature cycles. The cold tests showed only a 3% max-
imum increase in dosimeter response relative to the response after room
temperature exposure if the badges are cooled tc 0°C for 24 hours and
read cold. Reading the dosimeters after allowing them to return to room
temperature resulted in decreases in average response of from 1 to 4%

compared to the initial total dose.




15

Data for the ncutron and gamma compoments of the dosimeter respomse
showed that the RPL gamma system was much more semsitive to temperature
changes than the diodv neuntrom detector. Considering the hot tests,
nedtron and gamma indications decreased by 24% and 16%, respectively,
following heating to 45°C and reading at the elevated temperaivre. How—
ever, subsequent heatings and coolings to room temperature produced
slmost no variation in neutron dose estimation following the initial
decrease vwhile the gamma dose estimates increased by about 20 to 40%
batween the hot and room temperature readings. C.ld tests indicated
tkat cooling the irradiated badges to 0°C and reading at cold or room
temperature had almost no effect on neutron response, However, the
gamms system was much more semsitive to temperature variations in that
the gamma dose estimate after the initial cooling and reading at 0°C
increased by 22% relative to the original room temperature reading.
Subsequent cooling and heating cycles produced approximately 20 to 40%
variations in gamma response between 0°C and room temperature with a
higher response obtained at the cold temperature,

Those data indicate that for strong neutron fields, heating the
badge by 25¢C after exposure at room tempersiure can csuse a significant
decrease (sbout 23%) in total dose response if the dosimeter is read
hot . Even if the heated badge is allowed to cool to room temperature
before reading, a permanent reduction in dosimeter response of about
14-19% can be expected. While some of this reduction cam be attributed
to fading, much of it can be attributed to temperature semsitivity of
the neutron portion of the dosimeter, Temperature variations below room
tempersture produce much smaller effects on total and neutron response;

i.e., changes which are within experimental uncertainties of the dose
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read al rocm temperature after ezposure, After a response decrease fol-

lowing initial heating, the neutron detector indicates significantly

lower sensitivity to temperature than the RPI, gamma system.
AIR-TO-PHANTON RESPONSE

Total doses measured with the badges mounted on the centers of
BOMAB torso and arm sections relative to values obtained in-air (on
ringstands) are given in Table 8 tfor four HPRR spectra. For these irra-
diations, all badges were located with taeir vertical centerlinss at 3
meters from the reactor and all were positioned with their tops perpen—
dicular to the incident field. Dosimeters mounted on the BOMAB torso
center (i.e., worn on an identification chain around the neck) indicated
total doses which were 7 to 18% higher than those casured in—-air for
the same exposure conditions. The largest air—-to—phantom increases were
exhibited for the hardest neutron energy spectra with the lowest gamma
components (unshielded and steel-shielded). Badges mounted on the arm
section (i.e., worm on the wrist) indicated total doses 7 to 12% higher
than those obtained with dosimeters on ringstands. No obvious correla-
tions between radiation field characteristics and observed results are
evident for the air—to-arm—phantom results. Uncertainties asiociated
with the ratios given in Table 8 are abount + 4% for one standard devia-
tion.

Based on these data, total doses measured with the badge worn on
the chest or the wrist can be at least 7 and as much as 18% higher than
values measured in air for APRR or similar spectra. The increase in
total detector response on a polyethylene phantom relative to air is due
primarcrily to contributions of incident neutrons scatiered by the phantiom

and secondary gamma rays produced by neutron captur-~s in the hydrogenous

phantom (body)nnterial'.
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SUMNARY

The following summary statements concerning performance of the U.S.

Army DT-236 persomnel dosimetry system are based on results presented in

the preceding text:

1.

There was about + 3% variation in different readings of the
same badge. The indicated dose was taken to be the widdle
value of three successive readings.

All vnirradiated dosimeters gave non-zero dose readings. Pre-
exposure total dose readings ranged from 0.16 to 0.66 Gy with
a mean of 0,40 Gy and one standard deviation of 0.09 Gy.
Corresponding gamma readings varivd between 0.08 and 0.38 Gy
with & mean of 0.23 Gy and one standard deviation of 0.08 Gy.
Preirﬁggiation neutron doses ranged from 0.02 to 0.38 Gy with
a -e:é of 0.17 Gy and one standard deviation of 0.07 Gy.
Based on these results, theoretical lower limits of detection
for this system are 0.41, 0.34, and 0.36 Gy for total, nen-
tron, and gamma doses, respectively,.

Under pulse irradiation conditions using the HPRR, the DT-236
system overestimates total doses in c¢ir by between 20 and 60%
relative to reference doses between about 0.2 to 14.0 Gy and a
wide range of incident radiation fields. Neutron doses are
also overestimated by this amount for reference neutron values
between 0.20 and 12.00 Gy. For reference gamma doses between
approximately (.35 and 1.70 Gy, the system also overestimates
gamma doses by 20 to 60%. Below 0.35 Gy, measured gamma

results show significant varistions relative to reference data
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with large standard deviations, The total dose performance
does not satisfy suggested + 40% accuracy requireaents for
this system between 0.5 and 10.0 Gy.

Measurement precisions for the DT-236 system were about 4%, 4%,
and 5% for one standard deviation about the mean for total,
neutron, and gamma doses greater thanm about 0.5 Gy, respec-
tively. Below this value, standard deviations increased sig-
nificantly for all three dose measurements. Also, precision
for neutron measurements was gencially better than that
obtained for corresponding gamma measurements.

Observations of dosimeter response over a 15-day period indi-
cated that the measured total dose decreased by approximately
T% relative to that obtained two hours after exposure, Neu-
tron results decreased by about 13% while gamma measurements
increased by 11% over the 15 day evaluation period.

Average dosimeter responses for total, gamma, and neutron mea-
surements decreased by about 4% and 35% at exposure augles of
45° and 90°, respectively, compared to the response for a
direct incidence irradiation,

Heating the dosimeter following exposure can result in a sig-
nificant reduction in total and neutron response. Temperature
variations below room temperature following irradiation pro-
duce relatively small effects on measured total and neutron
doses. For the radiation fields considered in this study, the
RPL gamma system exhibits much greater semsitivity to tempera-
ture changes than the neutron system.

sased or results obtained with dosimeters mounted on polyethy-

lene phantons, total doses measured with the badge worn on the
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chest or wrist can be at least 7% and as much as 18% higher
than valves measured in air depending on the imcident spec-
trum,

Pre-irradiation, precision, and fading characteristics ob-
served in this stody are consistent with results obtained inm
previous DT-236 systes performance evaluations.

RECOMMENDATIONS

Based on results of this study, the following recommendations are

submitted:

1.

Some method to indicate proper UV flashtube operation during
dosimeter readout should be considersd to prevent possible
significant underestimation of the total dose. VWithout the
flashtube, which does not always operate when the ‘read”
switch is depressed, the gamma dose componment based onm RPL
detection is not included in tke indicated total dose. A
design change such as an indicator light or UV lightmeter may
be necessary to indicate flashtube operation under battlefield
conditions,

The CP-696 reader output should be adjusted to indicate abont
40% lower total doses to ensure compliance with performance
standards. This can be accomplished by decreasing the meter
indication for analog readout or decreasing the calibration
curves or reader output for digital readout. Such a correc-
tion is recommended based on observed overresponses of the
diode detection system to fast neutrons in air® and of the RPL

system in mixed-field conditionsi®, This change will provide
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measured tctal doses (tissue kerma) within + 20% of reference
results for a wide range of incident spectra and doses between

about 0.2 and 14.0 Gy.

The conven*ion associated with the indicated doses should be
reviewed and, if mecessary, changed to correspond to reporting
requirements, The present tissue kerma convention is recom—
mended if doses in air are desired. However, if doses to per—
sonnel are required, the convention should be changed so that
indicated values represent maximum absorbed dose to the body;
e.g., e¢lement 57 dosel?, These conventions are nused in
accident dosimetry experimental studies® and are recommended by

international scientific agencies?,
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Figure 2. The U. S. Army CP-696 battlefield dosimeter reader.




CP-696 READER

DC POWER SUPPLY
DIGITAL VOLTMETER

[}
Uy

Figure 3. Experimental setup used to evaluate the battlefield dosimeters.
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Table 1. Indicated doses for 188 DT-236 dosimeters before irradiation

Digiiai dose indication, Gy

Dose Range Mean s (%)"
Total 0.16-0.66 C.40 0.09 (22)
Neutron 0.02-0.38 0.17 0.07 (45)
Gamma 0.08-0.38 0.23 0.08 (34)

*Ine standard deviation aboat the mesn in Gy (percent.of the mean of one
standard deviation).
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Table 2. Characteristics of HPRR radiation fields.

Shield Neutron data

Mean energy, MeV Kedian energy, MeV

Neutron-to—gamma

dose rltiob

None 1.306 0.790
13-cm steel 0.780 0.430
20-cm concrete 0.885 0.167
12-cm Lucite 0.951 0.183

6.2
7.8
2.2

1.1

"Data at 3 meters from the HPRR with the reactor operated over Pit 1 at

1.4 meters above the floor,

Ratio of neutron and gamma doses (tissue kerma) in air at 3 meters from

the reactor.,
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Table 3., Pulse data for the battlefield dosimeter evaluation
Date Pulse Shield Fission Reference doses, Q!f
number yield, x 102¢ |Neutron Gamma Total
9/13/85 1004 None 3.91 1.37 0.22 1.59
9/16/85 1005 None 8.85 3.10 0.50 3.60
9/18/85 1006 Concrete 8.67 0.56 0.25 0.81
9/19/85 1007 Steel 9.28 1.41 0.18 1.59
9/20/85 1608 Lucite 7.11 0.40 0.37 0.77
9/23/85 1009 None 6.69 2.34 0.33 2.72
0/24/85 1010 Steel 6.10 0.93 0.12 1.05
*Reference values (tissue kerma) in air at 3 meters from the reactor.
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Table 4., Mecasured and reference total dose dltln
Total dose, Gyc
Date Shield Dosimeter Measured/ a
distance, = Reference Measured Reference o (%o)
9/16/85  None 1.43 13.98 17.01 1.22 0.20(1.2)
9/16/85  Noue 1.66 10.61 16.49 1.55 0.11(0.7)
9/23/85 None 1.50 9.67 14.16 1.46 0.43(3.0)
9/16/85  None 2.06 7.13 11.22 1.54 0.20(1.8)
9/23/85  None 2.00 5.65 7.41 1.31 0.78(1.1)
9/23/85  None 2.50 3.N" 4.69 1.24 0.10(3.9)
9/16/85  None 3.00 3.60 4.96 1.38 0.13(2.6)
9/13/85  Nome 2.00 3.30 4.20 1.28 0.03(0.7)
9/23/85  None 3.00 2.72 3.45 1,27 0.07(2.0)
9/23/85 None 3.50 2.06 2,58 1.25 0.05(2.0)
9/13/85  None 3.00 1.59 2,13 1,34 0.03(1.6)
9/19/85  Steel 3.00 1.59 2.03 1.28 0.01(0.6)
9/23/85  None 4.00 1.52 2,01 1.32 0.05(2.5)
9/16/85  None 4,97 1.45 2,09 1.44 0.05(3.2)
9/23/85  None 5.00 1.09 1.57 1.44 0.10(6.4)
9/24/85  Steel 3.00 1,05 1,39 1.32 0.01(1.0)
9/18/85 Concrete 3.00 0.81 1.15 1.42 0.09(7.1,
9/23/85  None 6.00 0.78 1,07 1.37 0.11(10.0)
9/20/85 Lucite 3.00 0.77 0.99 1.28 0.05(4.0)
9/16/85  Nome 7.35 0.72 0.98 1,36 0.07(7.4)
9/16/85  None 15.00 0.20 0.29 1.45 0.04(12.0)

*Totsl neutron and gamnma doses measured in air (on ringstands),

bDistnnce from reactor vertical centerline to the dosimeter centerline.

c . . .
Doses given in terms of tissue kerma.

dOne standard deviation sbout the mean in Gy (percent of the mean of one

standard deviation).
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Table 5. Measured and reference gamma dose data®

Gamma dose, Gy°

Date Shield Dosimeter Measured/ d
distance, m Reference MNeasured Reference o (%a)
9/16/85  None 1.43 1.70 2.15 1.26 0.02(0.7)
9/16/85  None 1.66 1.32 1.87 1.42 0.09(4.8)
9/23/85  None 1.50 1.19 1.54 1.29 0.06(4.1)
9/16/85  None 2.06 0.91 1.41 1.55 0.07(4.8)
9/23/85  Nome 2.00 0.72 0.98 1.36 0.05(5.2)
9/23/85  Nome 2.50 0.50 9.65 1.30 0.03(4.0)
9/16/85  None 3.00 0.50 0.83 1.66 0.12(14.8)
9/13/85 None 2.00 0.42 0.59 1.40 0.06(9.4)
9/23/85 None 3.00 0.38 0.47 1.24 0.04(9.6)
9/23/85  Nonme 3.50 0.29 0.33 1.14 0.04(11.8)
9/13/85  None 3.00 0.22 0.34 1.54 0.05(15.0)
9/19/85 Steel 3.00 0.18 0.11 0.61 0.03(30.9)
9/23/85  None 4.00 0.24 0.27 1.12 0.04(13.7)
9/16/85  None 4,97 0.22 0.42 1.9 0.10(23.1)
9/23/85 None 5.00 0.17 0.14 0.82 0.01(6.4)
9/24/85  Steel 3.00 0.12 0.06 0.50 0.02(25.0)
9/18/85 Concrete 3.00 0.25 0.41 1.64 0.05(12.0)
9/23/85 Nome 6.00 0.12 0.08 0.67 0.04(4.6)
9/20/85 Lucite 3.00 0.37 0.48 1.30 0.06(12.2)
9/16/85  Nome 7.35 0.12 0.20 1.67 0.05(23.0)
9/16/85  Nome 15.00 0.04 0.11 2.75 0.02(20.0)

*Gamma doses measured in air (on ringstands).

b,,. . , . .
Distance from reactor vertical centerline to the dosimeter centerline.

®Doses given inm terms of tissue kerma.

dOne standard devistion sbout the mean in Gy (percent of the mean of one

standard deviation),
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Table 6. Measured and reference neutron dose data®
Neutron dose, Gy©
Date Shield Posileter Measured/ 4
distance, m Reference Measured |Reference o (%a)
9/16/85 None 1.43 12.28 14.86 1.21 0.18(1.2)
9/16/85 None 1.66 9.29 14.62 1.57 0.05(0.3)
9/23/85 None 1.50 8.48 12.62 1.49 0.42(3.3)
9/16/85  None 2.06 6.22 9.81 1.58 0.23(2.3)
9/23/85 Nome 2.00 4.93 6.44 1.31 0.13(2.0)
9/23/85 None 2.50 3.27 4.04 1.24 0.08(1.9)
9/16/85 None 3.00 3.10 4.13 1.33 0.12(3.0)
9/13/85 None 2.00 2.88 3.61 1.25 0.07(1.9)
9/23/85 None 3.00 2.34 2.98 1.27 0.10(3.4)
9/23/85 None 3.50 1.717 2.25 1.27 0.02(1,0)
9/13/85  Nome 3.00 1.37 1.79 1.31 0.07(4.1)
9/19/85 Steel 3.00 1.41 1.92 1.36 0.03(1.8)
9/23/85 Noce 4.00 1.38 1.74 1.26 0.03(1.8)
9/16/85  None 4.97 1.23 1.67 1.36 0.09(5.5)
9/23/85 None 5.00 0.92 1.42 1.54 0.11(7.9)
9/24/85 Steel 3.00 0.93 1.34 1.44 0.11(8.3)
9/18/85 Concrete 3.00 0.56 0.74 1.32 0.08(10.4)
9/23/85 Nome 6.00 0.66 1.00 1.51 0.11(11,2)
9/20/85 Lucite 3.00 0.40 0.51 .28 0.08(15.7)
9/16/85 None 7.35 0.60 0.78 1.30 0.05(6.0)
9/16/85 None 15.00 0.16 0.18 1.12 0.06(3.2)

*Neutron doses measured in air (on ringstands),

bDistnnce from reactor vertical centerline to the dosimeter centerline,

——

————

“Doses given in terms of tissue kerma.

dOne standard deviation about the mean in Gy (percent of the mean of one
standard deviation).
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Table 7. Temperature effects on dosimeter response

Time after

Relative measured dose®

Condition exposure, Total Neutron Gamma

hours Bot® Cold® BHot Cold Hot Cold

Read at room te-peratured 2 1.00 1.00 1.00 1.00 1.00 1,00

Stored and read

at new temperature 24 0.77 1.00 0.76 1,00 0.84 1,22

Stored and read at

room temperature 28 0.86 0.99 0.79 0.99 1.25 0.93

Stored and read at

new temperature 48 0.7 1.01 0.76 0.98 0.81 1.13

Stored and read at

room temperatunre 52 0.81 C.99 0./6 1,00 1.08 0.92

Stored and read at

new temperature 72 0.77 1,03 0.75 0.97 0.8 1.27

Stored and read at

room temperature 76 0.81 0.96 0.76 0.97 1.12 0.87

*Measured dose divided by the value measured at room temperature two hours after

exposure,
bHot temperature = 45° C,
‘col1d temperature = 0° C,

dRoom temperature = 20° C,
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Table 8.  Total dose response on torso and arm phantoms

. . . a
relative to the response inm air

Ratio ¢rf phantom—to—air measured total doses

HPRR Spectrum Torso phantomb Arm phantomc
Unshielded 1.15 1.07
Steel 1.18 1.10
Concrete 1.07 1.08
Lucite 1.07 1.12

'Measurements made with dosimeter centerlines at 3 meters from the HPRR,

bStandard BOMAB torso section — elliptical 20 cm x 30 cm cross section
and 40 cm high, Phantom is made of polyethylene and filled with tap
water,

°BOMAB arm section - right circular cylinder 10 cm in diameter and 40 cm
high, Phantom is made of polyethylene and filled with tap water.

e atetll]
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