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EVALUATION OF THE U.S. ARMY DT-236 BATTLEFIELD PERSONNEL DOSIMETRY SYSTEM®
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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 National Laboratory. The DT-236 dosimeter
is designed to measure total (meutron pilus gamma) radiation dose using a
radiophotoluminescent (RPL) detector for gemma rays sad a2 silicon diode
for fast newntzons. Areas considered in this evaluaticn included pre~
irradiation dose indication; accuracy and precision 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, mneantronm,
and gamma radiation doses in air by about 20 to 60% relative to refer-
ence values. Associated weasurement 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 studies. 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 National
Laboratory (ORNL) during September and October of 1985, This system is
being considered by the U.S. Army as a means of estimating total neuntron
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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U99OMXMY and Work Unit Code 00156.
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Rescarch Reactor (HPRR) at OBNL in the pulse mode with several
spectrum~modifying shields?. Arzzs considered in this evaluation
included pre—-irradiastion dose imdicatiom; reproducibility of <cesults;
accuracy and precision of gamma, neuvtgon, and total dose measurements;
fading; angunlar response; temperature effects; and relative dosimeter
response in air and on various body locations, The following text pro-
vides a summary and evaluation of the <results obtained during this
study.
DESCRIPTION OF THE DT-236 DOSIMETRY SYSTEM

The U.S. Army DT-236 personnel dosimetsr is a wristwatch-style
detector which is designed to measure total {gammwa plus neutrom) radia-
tion doses recesived by individual soldiers operatiug om a mnuclear bat-
tlefield. Although specifically developed for military applications,
this system could also be applied for area or persomnnel momitoring sny-
where thst high level (greater than about 0.25 Gy) gamma and/or uneutron
doses are possible; e.g., criticality accidents.

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

increases. Neutron dose estimatioam is based on measuring the increase



in voltage drop across the diode at constant current, Gamma and neutron
readings using these methods are non~destructible and the dosimeter will
maintain the cumulative dose received by the individual., Both elements
are packaged in a wristwatch—sized container which can be worn on the
wrist or on an identification tag chaim., The DT-236 dosimeters used in
this study had serial numbers between B005600 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 semsitive to the
RPL glass fluorescent light, The neutron portion consists of a peak-
reading voltmetiter and a pulsed constant current generator, The neutron
and gamma channels have check standards to indicate proper reader opera-—
tion, For this study, the CP-696 reader was designated type 3146-1 and
had serial number 19-B [HR €21 A5]. Power for the reader was supplied
by & 24 volt DC power supply (ORNL Model X-93776) connected to the power
input.

Although the reader has analog indication of total radiation dose,
measurements in this study were based on digital indication from a
voltmeter (ORNL Model I 009772) connected internally in parallel with
the analog meter, Figure 3 shows the complete 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 distinct



lincar segmenls which are described by the following equations:

4 + 1478 V (V < 0.168}

Dose (cGy) =

~504 + 4496 V (V > 0.168)

where the dose is the analog indication in rvads (i.e., cGy) tissue kerma
and V is the voltmeter reading im volts. These equations are very simi-
lar to previous analog~digital corrslations determined for other CP-696
readers?, Calibration and operating procedures for the reader were im
accordance with those specified in the technical mannal$.

Since the reader i1s designed to give a single total dose reading
when the operation mode switch is inm the "read” position, separate neu-
tron and gamma dose indicatioms reguired a second evaluation cyele,
This second reading was performed with the mode switch set im the “gamma
test” position which provided an indication of the gamma—only dose, The
nentron 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 reader. Since there was some vari-
ation between different readings of the same badge, the indicated dose
wass taken to be the middle value of three successive recadings, The

variatiom in successive readings for the same badge was approximately



+3% sabout the middle value with most dosimeters being better than + 2%
for totsl, gamma, or neutron doses.

All unirradiated dosimeters gave non—zero dose readings. Table 1
summarizes ranges, means, and standard deviations of the pre—irradiation
total, neutron, 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 O0.02 and 0.38 Gy with a mean of 0,17 Gy and one standard devia-
tion of 0.07 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 conventionsé, the theoretical lower limits of
detection for this system are 0.41, 0.34, and 0.36 Gy for total, agneu-
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 responses 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 lower 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 always function when the ”"read” switch was

depressed, Without the flashtube, the gamma dose component which is



based on RFL glsss detection would not be imcluded in the total dose
indication, During battlefield opecrations, the underestimation of the
total dose caused by this potential malfunction could be more than 50%
depending on the relative oeutron and gamms dose components of the radi-
ation field.

It was observed that when the "read” switch was depresssd and the
UV tube functioned properly, a clearly audible "click” which originated
inside the reader was obtained. However, when the switeh was depressad
and no “ciick®” was heard, the UV source did not function and the toteal
dose reading was low. During evaluation of the irradiated badges, read-
ings in which the =ultraviolet source was not heard to function were
neglected and a reproducibility of about + 3% abount the middle of three
readings with the flashtube functiomning propecly was obtained. Since
the "click” which characterizes proper UV operstion may not be andible
under battlefield conditions, a design change such as an indicator light
or UV lightueter may be necessary to indicate flashtube operation.
Without such an indicatiom, evalunation personnel will need to consider

the maximum three valuves out of aboeat 10 readings to ensurs that the

[+

gamas componsnt has been imcluded in the total dose estimsate.
IRRADTATION CONDITIONS
The source of radiation for this evasluatiosn was the Health Physies
Reseazch Reactor operated in the pulse mods. The HFER is 2 fast pulsed
reactor which can be used to simmlats muclear battlefield conditionms and
provide acute, high-level, neutron and gamws doses in times as short as
60 microseconds. A variety of radiationm fields with the neutron and

gammz characteristics given dimn Table 2 ¢can be prodaced by using

specirum—modifying shislds to simulate wvavious woapon and material



attenuation spectra, The fields range from the wnshielded reactor which

has & hard (nearly U235 fission) neutron emergy spectrum with a low gamms
component to a Lucite~shielded c¢ondition which has a soft (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 10%% 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 valumes since some badges were loccated closer or farther
than 3 m from the HPRR, Reference neutron doses, gamma doses, and fis-—
sion yields were determined using standard BPRR 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) at 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 <¢ross sections filled with tap water were
used. A 10~cm-diameter, 40—-cm-high cylindrical polyethylene BOMAB arm
section filled with water was used to simulate the wrist., At least five

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

measurements in each irradiation,



ACCURACY AND PRECISION
Accuracy and precision associated with total, neutron, and gamms
dose mcasurements made with the DT-236 system were determiuved by compar-
ing measured and refevence doses for a wide ranmge of dose 1levels (0.04
to 13.92 Gy tissus kerma) and a variety of HPRR pulsed radiation fields.
Accuracy is reflected by the wean of the individual wmeasurcmeats made at
8 particolar locatiom and precision is given by one standard devistion
of the individual results about the mean, Doss measurements presented
in the following text were made at air stations, and reference and meas—
ured results were reported im terms of tissue kerma.
Total Dose Measurements
Table 4 summarizes accuracy and precision results for 21 measure~
ments of total dose which is wheat would be determined during 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 resuli divided by the
reference, one standard deviation about the wean, and the percent of the
mezn of one standard deviation., Most imdicated results are for the
unshiclded HPRE with dosimeters placed at varions distances from the

¢gactor. Data for the steel-, coancrete—, and Lucite-shielded pulses are

)

for the bszdges located at 3 meters from the HFRE which is the distance
at which the shiclded reference doses are best kuown, Reference total
doses given in the table are the swms of the reference gamms and nentron
doses in air and vary betwecem 0,20 and 13.98 Gy.

Average measured divided by weference total doses as a functiom of
reference dose are shown im Figure 4., Error bars indiecats one standard

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



overestimates reference wvalues by about 20 to 60% for doses between
approximately 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 not
meel thess 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 decrease the
meter indication for analog readout), measured results will be 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
measured—to—reference ratio of 1.4 and the + 20% limits about this line,
Although the figure indicates that the suggested 40% adjustment 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
lower limit of detection and the 0.09 Gy standard 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 Enmergy 3°, and the International
Atomic Energy Agency3?* for criticality accident dosimetry systems.

With regard to measurement precision, Table 4 shows that single
standard deviations were within 4% of the mean values for total doses
greater than about 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 walues of about 5% of the meaans for doses above
0.5 Gy.
Gamma Dose Measurements

Accuracy and precision results for gamms dose measuremenis are sum-
marized im Table 5 for the same exposures considered in the preceding
analysis of totsl dose messuremenis, Indicated measured data are the
background~corrected gamma doses in air based on the BRI, detection sys—
tem, Referemce gamma doses given in the table are the prodmets of the
reference neatrom doses im 2ir times the meuntron—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 functiom of
reference dose are shown in Figare 5. FError bars indicate one standard
deviation about the mean. The figure shows thati, except for one meas—
urement, the RPL system overestimates gamma doses by about 20 to 60% for
reference values above 0.35 Gy. This overestimation is expected based
on the observed overresponse of the gamma deteclion system to hard gamma
rays aund the neutron seunsitivity of the RPL glass?, ', Below approxi-
mately O0.35 Gy, measured gamma doses show significant variatioms rels-
tive to refercnce values (betwsen 0.5 to 1.9 times references) with
relatively large standard deviations about the measured means, Thus, at
gamma doses below abomt 0.35 Gy, which is very close to the theoreticsal
lower limit of detection determined from unirradiated dosimeter results,
the RPL system does not provide accurste 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 about $.35 and

1.70 Gy can be measured to withim + 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 most
values being in the 15 to 25% range. These results are slightly more
precise than results obtained im previous DT-236 performance tests?
which indicated one standard deviation values of about 20% of the means
for gamma doses above 0.50 Gy.

Neutron Dose Measurements

Table 6 presents accuracy and precision results for mneutron dose
measurements in air. Measured data are the background-corrected neutron
doses which were determined by subtracting the indicated total and gamma
doses for each dosimeter. Reference neutron doses were based on smlphur
pellet activation analysis and dose—per—fission c¢orrelations?-%, Refer—
ence doses given in the table vary between 0.16 and 12.28 Gy (tissue
kerma).

Figure 6 shows measured divided by reference mneutron 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 1is expected based on the observed overresponse of
the silicon diode detection system to fast neutrons in air?®, Figure 6
also 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 measurements which must be

subtrncted from total dose readings.
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Table & shows that single standard deviations for the estimated
necutron doses vary from 0.3 to 15.7% of the mears over the entire range
of reference doses, Most standard deviatiowns are between 1 and 6% of
the means which is significantly more precise than the range of valunes
obtained for the gamms messurements, These results are comsistent with
messurement precisions obtained in previous battlefield dosimeter per~
formance studies?,

FADING

Figure 7 shows measured total, memntron, and gamma doses at various
times after exposure relative to the doses measurad st two hours aftler
irradiation for times up to 15 days. Yach point represemis the average
result of five dosimeters irradisted to total, nentrom, and gamma doses
of 3.30, 1.88, and 0.42 Gy, respectively, in the uunshielded HPRR spcc-
trum, Single standard deviations sssociated with the indicated points
are abont 4%, 4%, and 10% sbout the means of the five readings for the
total, neutrom, and gemma 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 little fading was exhibited for total dose beyond the
initial seven day period. Neutron dose results decreased by about 13%
over the 15 day evaluation time with most fading (approximately 8%)
occurring in the first two days after irradiation. The RPL-measured
gamma doses showed an increase of sbout 11% over initially measured
results in 15 days., Most of this incresse (approximately 7%) occurred
in the first day after irradiation. The increased gamma rvesponse 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 indication that might be expected in a strong
neutron field. The qualitative and quantitative performance observed in
this study for fading of the total, neutron, and gamma compoments of the
DT-236 system are consistent with results of pervious performance
tests?,
ANGULAR RESPONSE

To determine the effect of angular 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 minor axis of the elliptical phantoms positioned at 0° (front—
facing), 45°, and 90° (side-facing) relative to the incident field. In
all cases, badge centerlines were located 3 meters from the reactor.
The three dosimeter compoments (total, mneutron, and gamma respoanses)
showed similar performance characteristics for the three orientations,
Average total dose responses decreased by 4% and 35% at 45° and 909,
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 the 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 459 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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TEMFERATURE EFFECTS

Effects of temperature changes on dosimeter response were evaluated
by storing separate sets of badges exposed at room tempsrature (abomt
209C) in cold (0°C) and in hot (4%5°C) enviromments for 24 hours and thea
reading the dosimeters while st the reduced or elevated temperatiures and
after returam to room temperature, These cycles were repeated for three
days to determine if observed changes were permanest, Temperature lim-
its chosen for this test correspond with those specified in performance
standards for routine personnel dosimetxry systems??,

Table 7 summarizes results obtained for the cold and hot tests.
Data shown im the table are average indicated total neutron and gamma
doses relative to the values measured at woom temperature two hours
after exposure. Single standard deviations associsted with these data
are about + 4% of the means for total and nemwtron values and about # 10%
of the meauns for gamma resulis. For total doses, the hot tests indicate
that incressing from room temperature to 45°C for zbout 24 hours causes
a veduction of approximetely 23% if the badges are rzead hot. Allowing
the badges to cool to room temperature before reading resuits in a 14—
15% redustion in wmeasursd total dose. Thesz data werc consistent for
all three hot temperature cycles., The cold tests showed only a 3% max-
imam inovease in dosimeter responss relstive to the responsc after room
temperature exposure if the badges arz coocled to 0°C for 24 hours and
read cold. Resding the dosimeters after allowing them to wetuxn to Toowm
temperature resulted in decresses im average rcesponse of from 1 to 4%

compared {o the imjtial total dosso.
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Data for the neutron and gamma components of the dosimeter response
showed that the RPL gamma system was much more sensitive to temperature
changes than the diode neutron detector. Considering the hot tests,
neutron and gamma indications decreased by 24% and 16%, respectively,
following heating to 45°C and reading at the elevated temperature. How~
ever, subsequent heatings and coolings to room temperature produced
almost no variatiom in neufron dose estimation following the initial
decrease while the gamma dose estimates increased by about 20 to 40%
between the hot and room temperature readings. Cold tests indicated
that c¢ooling the irradiated badges to 0°C and reading at cold or room
temperature had almost no effect on neutron response,. However, the
gamma system was much more sensitive 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 spproximately 20 to 40%
variations im gamma response between 0°C and room temperature with a
higher response obtained at the cold temperature.

Those data indicate that for strong mneutron fields, heating the
badge by 25°C after exposure at room temperature can cause a significant
decrease (about 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 can be attributed
to fading, much of it can be attributed to {emperature sensitivity of
the neutron portion of the dosimeter. Temperature variations below room
temperature 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 ai rocm temperature afier exposure., After a respomsc decrease fol-

lowing imitisl heating., the mneuniron detactor indicates significantiy

lower sensitivity to temperature than the EPL gamma syvstem,
AIR~-TO-PHANTOM RESPONSE

Total doses measured with the badges wounted on the centers of
BOMAE torso and arm sections relstive to values obtained im-air (on
ringstands) are given in Table 8 for four HPER spectra, For these irva-
diations, 81l badges were located with their vertical centerlines at 3
meters from the reactor and all were positioned with their tops perpen—
dicular to the incident field. Dosimeters mounted on the BOMABR iorso
center (i.e., worn on an identification chain axound the neck) indicated
total doses whkich wexe 7 to 18% higher than those measured in-air fox
the same exposure conditioms, The largest air—-to—phantom increases werse
exhibited for the hardest ncutron energy spectra with the lowest gamma
components (unshielded and steel-shielded). Badges mounted on the arm
section (i.e., worn omn the wrist) indicated total doses 7 to 12% higher
than those obtained with dosimeters on ringstands, No obvious correla-
tions between rvadiation field characteristics and observed results arve
evideut for the air-to-arm—phantom results. Uncertaintiss associated
wit the ratios given in Teble 8 are about + 4% for ome standard devia~—
tiom.

Based on thesc 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 thaun
values measured in air for HPRR or similar spectra. The ipcrease in
total detector respomse on a polyethyleune phantom relative to air is due
primarily to contributions of incident neuwtrons scattered by the phantom

and secondary gamma rays produced by neutron captures in ithe hydrogenous

phantom (body)materiala.
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SUMMARY

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

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

the preceding text:

1,

There was abonut + 3% variation in differeant readings of the
same badge., The indicated dose was taken to be the middle
valune of three successive readings.

All unirradiated dosimeters gave non-zero dose readings. Pre-
exposure total dose readings ranged from 0.16 tc 0.66 Gy with
a mean of 0.40 Gy and one standard deviation of 0.09 Gy.
Corresponding gamma readings varied between 0.08 and 0,38 Gy
with a mean of 0.23 Gy and one standard deviation of 0,08 Gy.
Preirradiation neuntron doses ranged from 0.02 to 0.38 Gy with
a mean 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, neu-
tron, and gamma doses, respectively.

Under pulse irradiation conditions using the HPRR, the DT-236
system overestimates total doses in air 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 amcunt for reference neutron values
between 0,20 and 12.00 Gy. For reference gamma doses between
approximately 0.35 and 1.70 Gy, the system also overestimates
gamma doses by 20 to 60%. Below ©0.35 Gy, measured gamma

results show significant variations relative to reference data



18

with large staundaxrd deviations, The total dose performance
does mot satisfy suggested + 40% accuracy requirements for
this system betweer 0.5 and 10.0 Gy.

Megsurement precisions for the DT-236 systex were about 4%, 4%,
and 3% for one standard deviatiom about the mean for total,
neutron, and gamma doses greater than about 0.5 Gy, tespec—
tively, Below this value, standard deviations increased sig-
nificantly for all threse dose measurements., Also, precision
for neutronm measurcmenlts was generally better tham that
obtained for corresponding gamms measursments.

Observations of dosimeter response over a 15—-day period indi-
cated that the measured total dose decresscd by approximately
7% relative to that obtained iwo hours after exposuzs., Neu-
tron results decreased by abount 13% while gamma mesasurements
increased by 11% over the 15 day evaluation period.

Average dosimeter respowmses for total, gamma, and peutron mea—
surements decreased by about 4% and 35% at exposare amgles 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 onm measured total and neutron
doses. For the radiation fields considered in this study, the
RPL, gamma system exhibits much greater semnsitivity to tempers—
tare changes than the necutrom system.

Based on results obtained with dosimeters mounted on polyethy-

lene phantoms, 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 valnes measured in air depending on the incident spec—
trum.

Pre-irradiation, precision, and fading characteristics ob-
served in this study are comsistent with results obtained in
previous DT-236 system performance evaluations.

RECOMMENDATIONS

Based on results of this stndy, the following recommendations are

submitted:

1.

Some method to indicate proper UV flashtube operation during
dosimeter readout should be considered to prevent possible
significant wunderestimation of the total dose. Without the
flashtube, which does mnot always operate when the ‘'read”
switch is depressed, the gamma dose component based on RPL
detection is not included in the 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 about
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 neutroms in air* and of the RPL

system in mixed—field conditions*2, This change will provide
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measured total doses (tissue kerma) within + 20% of reference
results for a wide range of incident spectra and doses beotween

about 0.2 and 14.0 Gy.

The convention associated with the indicated doses should be
reviewed and, if necessary, changed to correspomd to reporting
requirements, The present tissue kerms comvention 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 Dbody;
e.g., element 357 doseld, These conventions are wused im
accident dosimetxy experimentsl studies® and are recommended by

international scientific agenciesi?t,
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11.

12.

13.

21

REFERENCES

M. J. Basso, Response of the UK DT-236 Pexrsounnel Dosimeter to a Fast
Pulsed Nuclear Reactgr Radiation Environment, DEL CS5-K, MFR, Fort
Monmouth, New Jersey (1982).

G. H, Zeman, R, A, Brewer, M, A, Dooley, and T. H. Mohksaupt,
Preliminary Evaluation of the U.S, Armv Radiac Detector DT-236/PD
and RadiacComputer Indicator CP-696/UD, Draft Report, U.S, Armed

Forces Radiobiology Research Institute (1985).

C. 8. Sims and L. W. Gilley, "Twenty Years of Health Physics Research
Reactor Operation”, Nuclear Safety, Vol. 24, No. 5, 678-88 (1983).

K. Becker, Solid State Dosimetry, CRC Press, Cleveland, Ohio (1973).

U. S. Army Technical Manual for the CP-696 Computer Indicator Radiac and
DT-236 Detector Radiac, DEP TM 11-6665-236-12, Fort Mommouth, New
Jersey (1978).

United States Nuclear Regulatory Commission, Perscnnel Neutron Dosimeters,
NRC Reguletory Guide 8,14 (1977).

C. §. Sims, and G, G, Killough, Reference Dosimetry for Various Health
Physics Research Reactor Spectra, ORNL/TM-7748 (1981).

R. E. Swaja, G, E, Ragan, and C. 8, Sims, Twenty—first Nuclear Acci-
dent Dosimetry Intercomparison Study: August 6-10, 1984, ORNL-6173 (1985).

American National Standards Institute, Dosimetry for Criticality

Accidents, ANSI N13.3-1969 (1969},

U, 8. Atomic Energy Commission, Nuclear Accident Dosimetry Program,
Manual AEC~0545 (1974).

International Atomic Energy Agency, Dosimetry for Criticality Accidents—
A Manual, JAEA Technical Report 201 (1982).

American National Standards Institute, Criteria for Testing Personnel
Dosimeter Performance, ANSI Ni3.11 (1980).

J. A. Auxier, ¥. S. Snyder, and T. D. Jones, "Neutron Interactions and
Penetrations in Tissue”, Rad. Dosimetry, 1, 275 (1968).






Figure 1.

DOSIMETER CASE

ASSEMBLED DOSIMETER

DIODE CONTACTS

RPL GLASS

The U. S. Army DT-236 personnel dosimeter

€¢



24

MODE SWITCH

ANALOG DOSE

INDICATOR READ SWITCH

DIODE CONTACTS

DOSIMETER HOLDER
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Table 1. 1Indicated doses for 188 DT-236 dosimeters before irradiation

Digi}al*ﬁose indication, Gy

Dose Range Mean o (%s)?
Total 0.16-0.66 0.40 0.09 (22)
Neutron 0.02-0.38 0.17 0.07 (45)

Gamma 0.08-0.38 0.23 0.08 (34)

®One standard deviation about the mean in Gy (percent of the mean of one
standard deviation).
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Table 2, Characteristics of HPRR radiztion fieldsa

Shielé Neutron data Neutroo-to-gamma
Mean energy, MeV Median engrgy, MeV dose ratiob
None 1.306 0.79%0 6.2
13-em steel 0.780 0.430 7.8
20—-cm concrete 0.885 0.167 2.2
12—-¢m Lucite 0.951 0.183 1.1

*Data at 3 meters from the HPRR with the reactor operated over Pit 1 at
1.4 meters above the floor,

bRatio 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, Gyam_

number yield, x 1026 Nentron 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 1606 Concrete 8.67 0.56 0.25 0.81
9/19/385 1007 Steel 8.28 1.42 0.1%8 1.58
9/20/85 1008 Lucite 7.11 0.40 8.37 0.77
9/23/85 10609 None 6.69 2.34 0.38 2,72

9/24/85 1010 Steel 6.10 0.93 0.12 1.05

)

a . . .
Reference values {tisswe kerma) in air at 3 meters from the reactor,



34

Table 4. Measured and referemce total dose dats'
Totsl dose, Gyc
Date Shield Dosimeter e N Mecasured/
e distance, m Reference ’L!easurfgm Reference g(%ﬁ)d

9/16/85 Nomne 1.43 13.98 17.01 1.22 0.20(1.2)
9/16/85 Nons 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 3.77 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 Nene 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 z2.01 1.32 0.05(2.5)
9/16/85 Mone 4,97 1.45 2,09 1.44 0.05(3.2)
9/23/85 None 5.00 1.08 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 None 7.35 0.72 0,98 1.36 0.07(7.4)

15.00 0.20 0.29 1.45 0.04(12.0)

9/16/85

None

a X . .
Total peutron and gamma doses measured in air {(om ringstands),

bDistance from reactor vertical centerline to the dosimeter centerline.

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

d s .
One standard deviatiom about the mean in Gy (percent of the mean of one
standard deviation),
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a
Measured and reference gamma dose data

¢
Gamma dose, Gy

Date Shield Dosimeter Measured/ 4
) distance, m Reference Measured Reference o (%o)
9/16/85  None 1.43 1.70 2.15 1.26 0.02(0.7)
9/16/85  None 1.566 1.32 1.87 1.42 0.09(4.8)
9/22/85  None 1.50 1,19 1.54 1.2% 0.06(4.1)
9/16/85 None 2.06 0.91 1.41 1.55 0.07(4.8)
9/25/85  HNone 2.00 0.72 0.98 1.36 0.05(5.2)
9/23/85  None 2.50 0.50 0.65 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 None 3.50 6.29 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 1.91 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 None 6.00 0.12 0.08 C.67 0.04(4.6)
9/20/85 Lucite 3.00 0.37 0.48 1.3¢ 0.06(12.2)
$/16/85  None 7.35 0.12 0.20 1.67 0.05(23.0)
9/16/85  None 15.00 0.04 0.11 2,75 0.02(20.0)

a . . .
Gamma doses measured in air (on ringstands).

bDistance from reactor vertical centerline to the dosimeter centerline.

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

dﬁne standard deviation about the mean in Gy (percent of the mean of one

standard deviation),
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a
Table 6§, Measured and veference meutron dose data

C
Newiron dose, Gy

Date Shield DOSImELer | o e M@ SUTED/ d
oo distance, m  Referemce Measured Referemce  o(%o)
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 None 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)
9/16/285 None 3.00 3.10 4,13 1.33 0.12{3.0)
0/13/85 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 1.77 2.25 1.27 0.02(1.0)
9/13/85 None 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 None 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 None 6.00 0.66 1.00 1.51 0.11(11.2)
9/20/85 Lucite 3.00 0.40 0.51 1.28 0.08(15.7)
9/16/85 None 7.35 0.60 0.78 1.30 0.05(6.0)

9/16/85  Nome 15.00 0.16 0.18 1.12 0.06(3.2)

B e e o e e e e

a . . .
Neutron doses measured in air (on ringstands).
by . . . R
Distance from reactor vertical centerline to the dosimeter centerline.
¢ . . .
Doses given in terms of tissue kerma.

dOne standard deviation aboul 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 Eotb Co14° Hot Cold Hot Cold
Bead at room temperatured 2 1.00 1.00 1.00 1.00 1.00 1.00
Stored and read
2t new temperature 24 0.77 1.00 0.76 1.00 0.84 1.22
%tored and read at
voom temperature 28 0.86 0.99 0.79 0,99 1.25 0.93
Biored and read at
new temperature 48 0.77 1.01 0.76 0.98 0.81 1.13
Stored and read at
room temperature 52 0.81 6,99 0.76 1.00 1.08 0,92
Stored and read at
new temperature 72 0.77 1.03 0.75 0.97 0.85 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,

®co1d temperature

dRoom temperature

il

f

g¢e C.

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

. . .8
relative to the response in air

Ratio of phantom—to—sif measured total doses

HPRR Spectrum _Torso phantomb B Arm phantqgf
Unshielded 1.15 1.07
Steel 1.18 1.10
Concrete 1.07 1.08
Lucite 1.07 1.12

aMeasurements made with dosimeter centerlines at 3 meters from the HPRR,

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

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