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ABSTRACT

A new system has been designed for use as a fixed nuclear accident dosimeter based
upon the thermoluminescent dosimeter (TLD) system used for personnel dosimetry at
U.S. Department of Energy facilities managed by Martin Marietta Energy Systems, Inc. The
system is made up of a small phantom consisting of two main parts measuring
20 x 20 x 5 cm and made from polymethylmethacrylate. A neutron-sensitive TLD card
is placed in the center between the two pieces. Also, TLD cards in standard holders are
mounted on the front and back of the phantom. A derivation is made of a linear
combination of the responses from the TLD elements which results in calculation of the
neutron fluence, absorbed dose, and dose equivalent. By using the right linear combinations,
a crude spectrum can be estimated, which allows further calculation of the average
fluence-to-dose-equivalent conversion factor.

The response of the system was tested and found to be applicable for the evaluation
of typical nuclear accident spectra, although considerable improvement can be made by the
addition of a sulfur pellet. The system was also tested for angular dependence. In order
to move the development of this system from the proof-of-principle to full application, the
calculation of the TLD response curves must be improved, additonal measurements must
be made, and the system must be tested in a simulated accident neutron field.

The advantages of the new fixed dosimeter system are its simplicity, easy
maintenance, and lower operational cost. The system uses standard TLD cards that are
already in place throughout Energy Systems faciliticé. The TLD process personnel are
familiar with evaluating doses from TLDs and can provide information necessary to ensure
timely and accurate assessment of exposures that may result from criticality accidents. Most
of the quality control requirements are part of the existing personnel dosimetry system.
Overall, the simplification of providing a TLD-based fixed nuclear accident dosimeter unit
using existing facilities minimizes resource requirements without compromising functionality

or capability.






DESIGN OF AN ADVANCED TLD-BASED FIXED NUCLEAR
ACCIDENT DOSIMETER

W. H. Casson, Sr.”
G. T. Mei

1. INTRODUCTION

In the past, Fixed Nuclear Accident Dosimeters (FNADs) relied upon activation foils
and threshold detector units (TDUs).! Additional detectors, such as radiophotoluminescent
(RPL) glass and track-etch detectors, were used to provide supplementary information.
Each component of the dosimeter often required a different analysis system, system
calibration, or system setup. Some techniques were very difficult to master and required a
well-trained operator to obtain reliable results. In the end, the complete analysis of an
accident dose required a large investment in equipment and equipment maintenance. In the
past, this was not difficult since the equipment could be used for research or left in standby
until needed. In today’s work environment, the equipment must be well maintained and, if
part of a critical system is used as an accident dosimeter system, it should not be used for
experimental applications. Also, since the amount of research being conducted with large
dose irradiations is in sharp decline, the expertise available to analyze such data and to
properly oversee system operation is rapidly disappearing. There is a need for an accident
dosimetry system which is simple to operate and analyze, easy to maintain, and can meet all
regulatory requirements.

The Personnel Nuclear Accident Dosimeter (PNAD) System implemented at Martin
Marietta Energy Systems, Inc., facilities has accomplished this goal for personnel monitoring
using thermoluminescent dosimeters (TLDs), assigned routinely to each employee, without
modification.> Standard procedures for retrieving and processing PNADs are fully

implemented. The savings to the Laboratory in equipment cost and personnel time have

‘Health and Safety Research Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee.
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been substantial. Tests conducted at the Aberdeen Proving Grounds demonstrated the
ability of the PNAD to meet the requirements of DOE Order 5480.11. The analysis system
is based on published neutron spectra expected during a nuclear accident. A foreknowledge
of the exposure conditions will allow an estimate of the neutron spectrum and, therefore,
allow analysis of the TLD data without further complex algorithms. In principle, an FNAD
or neutron area monitor can function in the same manner. The FNAD, however, is also
required to provide a rough neutron spectrum.’

Perhaps the most standard technique of measuring a neutron spectrum is by use of
Bonner spheres.* With this technique, a neutron detector is placed within a series of
polyethylene spheres of different diameters. Appropriate response curves combined with
the data can be used to unfold the neutron spectrum into a large number of energy groups.
With this spectral information and a knowledge of the neutron fluence, the various radiation
dose quantities can be calculated. The vse of TLDs inside a Bonner sphere set is one
possibility for an FNAD system meeting performance requirements of the DOE Order,
although the spheres (usually six to eight in number) are not practical for use in this type
of application because of their physical size and cost. A single sphere, however, can provide
the desired results and has been applied to neutron area monitoring applications in several
European nuclear facilities.®

For detection of neutrons by direct interaction, the angle of incidence can be very
important. On the other hand, if the detector is of the albedo type, or placed within a
moderator, detecting primarily the scattered neutrons tends to flatten the angular response.
A spherical moderator with a TLD at the center would be almost flat in angular response.
Although a spherical design would be the most efficient, the outside shape of a near-
spherical moderator would, at most, have only a secondary effect on TLD response. The
standard (square) phantom design can be considered for use if the detector is mounted at
the center of the moderator.

To determine the optimum phantom size, a series of measurements and calculations
were made and compared. By taking the mass of a small volume element and dividing by
the square of the distance from the element center to the detector, the relative contribution
of the scattering from that element could be approximated. Summing these relative

contributions over the moderator volume gave a numerical result which could be used to
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estimate the contribution of moderated neutrons to the detector signal. Agreement with
experimental measurements was very good. The effect of the phantom size was found not
to significantly affect the results of a TLD albedo dosimeter mounted at the center of the
front face until the phantom dimensions were less than 20 X 20 X 10 cm. Based on those
results, phantoms of that size were used for FNADs throughout Energy Systems facilities
with TLD albedo units mounted on the front face, while development work was being
carried out on a modification of the phantom design to allow moderated measurements to
be made. Use of the 20 X 20 X 10 cm phantom allowed convenient mounting and reduced
the cost when compared to a full-size 40 X 40 X 15 cm phantom.

The system was optimized for neutron spectra from both uncollided and moderated
fission neutrons which could result from an accidental nuclear excursion. Further advantage
was gained by mounting a dosimeter on the back of the phantom. The basis for these
investigations was experimental data gathered with several neutron source configurations at
the Radiation Calibration Laboratory (RADCAL) [a radiation calibration facility at Oak
Ridge National Laboratory (ORNL)]. The work was further supplemented by Monte Carlo
- calculations of the response functions of the dosimeters mounted at different locations with
respect to the moderator. These response functions were used to develop algorithms for
evaluating the results from the calibrated exposures.

The results of the calculations, tests, and algorithm development are presented here
along with recommendations for implementation of a fixed accident dosimeter system based

upon these data.
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2. INSTRUMENT DESCRIPTION

The core of the FNAD system is the TLD unit used in routine personnel monitoring
by the Energy Systems Centralized External Dosimetry System (CEDS) at DOE facilities in
Oak Ridge. The CEDS dosimetry system consists of a beta/gamma dosimeter and a
separate neutron dosimeter. The beta/gamma dosimeter (shown in Fig. 1) has three TLD-
700 elements (sensitive only to beta/gamma radiation) and one TLD-600 element (sensitive
both to beta/gamma radiation and to neutrons). By mounting the beta/gamma unit off-
center on the front face of the phantom, the gamma component of an accident dose can be
easily evaluated. The required algorithms are the same as those used for routine dosimeter
evaluation.

The neutron dosimeter consists of two TLD-600/TLD-700 element pairs. One pair
is mounted under 300 mg/cm? of ABS plastic and is very sensitive to thermal and low-energy

neutrons (Fig. 2). The second pair is mounted under a cadmium filter which blocks most of

L1 1 - TLD-700 .381 mm thick with
1 gm/em? tissue equivalent plastic

3 — — 4
@ C ' 2 - TLD-700 .381 mm thick with 242 mg/cm*

] plastic and .1 mm Cu filter

3 - TLD-700 .09 mm thick with mylar

2 —4 — 1 covered open window (7.5 mg/cm®)
4 ~ TLD-600 .381 mm thick with 300 mg/cm?
— [ tissue equivalent plastic
LN
| I |
J

Fig. 1. Configuration of the Energy Systems beta/gamma TLD dosimeter.
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:] 3 - TLD~-700 .381 mm thick with 300 mg/cm’
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4 - TLD-600 .381 mm thick with 300 mg/cm?
— = L plestic

Fig. 2. Configuration of the Energy Systems neutron TLD albedo dosimeter.

the direct thermal neutrons. The difference (total response minus the beta/gamma
response) in the output of the two TLDs in each pair represents the neutron response.
The neutron dosimeter was mounted on the center front face of a 20 X 20 X 10 cm
Lucite phantom. Correction factors and algorithms for evaluation of the neutron accident
dose for this configuration is the same as described in Reference 2. To obtain independent
information on the neutron spectrum, another dosimeter card was mounted in the center of
the phantom. This was accomplished by making the phantom out of two 20 X 20 X 5 c¢m
polymethylmethacrylate (PMMA) sections with a thin spacer placed in between (Fig. 3).
The spacer, about 1-mm thick, has a slot cut the width of a dosimeter card. Part of the cut-
out section is replaced to fill the void. Before insertion, one TLD pair is fitted with
cadmium disks, about 1 cm in diameter and 0.46-mm thick, on each side of the card. The
disk fits neatly into the hole cut in the aluminum dosimeter card to almost completely cover
the TLD. To protect the dosimeter card from stray light and to make removal easier, the
card and insert are wrapped in thin black plastic. In this configuration (referred to as the
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Fig. 3. Design of fixed nuclear accident dosimeter with advanced phantom design.

four-element configuration) there are four TLD 600/700 pairs—two on the front and two in
the center.

| Another TLD neutron dosimeter was added to the center back face of the phantom.
One pair of chips on this dosimeter card had a cadmium cover over the outside to reduce
sensitivity to scattered radiation. The other pair was covered by cadmium on both sides.
Adding the back dosimeter results in a total of six TLD 600/700 pairs and is referred to as

the six-element configuration.
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3. DOSIMETER RESPONSE

The energy response of the TLD-600 used in the Energy Systems routine neutron
dosimeter configuration has not been adequately reported in the literature, although the
response of several other configurations was reported by Alsmiller and Barish,® and the
energy response of a bare TLD-600 chip was calculated by Furuta and Tanaka.”® Despite
this available information, it is very difficult to ascertain the energy response for a system
with a different geometry from the ones reported. Initial energy response estimates were
obtained using data from the published literature. An attempt was then made to improve
the calculations by modeling the system with the Monte Carlo code MCNP.*

The MCNP code is a general purpose neutron/photon transport code developed at
Los Alamos National Laboratory. The code includes the necessary cross-sections from the
ENDEF/B-IV cross-section library for modeling neutron transport in fine detail. The code
was applied to modeling the fixed accident dosimeter system without excessive geometrical
detail. The TLD chips were assumed to be circular instead of square and, for the initial
calculations, the holder was not modeled. The phantom was modeled with precise detail.
The TLD detector was modeled as pure lithium fluoride. The code recorded the number of
neutrons from a monoenergetic source which entered the TLD material. This information,
obtained for several energies, was manually folded into the TLD-600 response curve
published by Furuta and Tanaka® The resulting sum was then normalized to unit response
(i.e., the response per neutron). Because modeling of neutron interactions with TLDs is
highly dependent upon accurately modeling the thermal neutron transport, the run time
required to get reliable results from the code rapidly became excessive. In the end, it was
necessary to accept higher estimated relative errors than would have been desirable, even
though the estimated error was less than 10% for all the data used in the final calculations.

The calculated response curves were used in combination to predict the overall
response of the system and to optimize the algorithm developed. The primary method of
combining the responses is a simple linear combination.’ For two TLD positions, this would

result in an equation such as:

R, = aR, + BR,, M
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where R, and R, represent the neutron response of the individual TLD elements, and R; the
combined neutron response. For each additional TLD element included in the algorithm,
an additional term is added. The problem now becomes one of determining the linear
coefficients o and 8. A method of least squares can be applied as described by Stammers
and Kingston to optimize the values so as to obtain as near a flat response as possible.!
In applying this technique, the responses are expressed as 1 X N matrices, where N is the
number of energy groups into which the response is broken down. Of course, the desired

combined response is a 1 X N unit matrix. The above equation can then be written as:
Ry =aR +BR, =1. )

Applying the least squares procedure, the result is:

IR IR,
LR

« 3
p' ?

where each summation is over the entire energy range of interest. The result of this

operation is two equations with two unknowns. With three detector elements, the result
would be three equations with three unknowns; four elements, four unknowns; etc.

If the response functions are not self-consistent, then before the coefficients can be
calculated, the responses must be renormalized. This can be accomplished by exposing the
detector to a well-known spectrum and evaluating the ratio of the responses. The response
functions can be folded into the known spectrum to calculate the ratio of the predicted
responses. The normalization factor is then the ratio of the measured response ratio to the
calculated response ratio. This factor is then multiplied times each response function

element. The final result can be expressed as:

R, = aR{ + PR + ..., @

where R,’ is the resultant value of the measured quantity and R,’ is the i TLD element
reading corrected for the background, photon response, individual element response, and
the TLD reader calibration. The measured value corresponds to the physical quantity for

which the response functions are calculated. If the response functions are for absorbed
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dose, then the result is the absorbed dose. Response functions can be calculated for the
fluence, absorbed dose, dose equivalent, or quality factor.

A rough estimation of the neutron spectrum can be derived using techniques such as
described by Liu and Sims.'?> The neutron energy range is divided into three or four regions:
typically thermal, low, medium, and high energies. The partitions should be selected based
upon the application of the resultant spectra. For example, if the spectra are to be used for
evaluating the average fluence-to-dose-equivalent conversion factor, then the partition
between low and medium energies should be at about 1 keV and the partition between
medium and high energies should be at about 1 MeV. These values represent critical break
points in the fluence-to-dose equivalent conversion curves. Additional partitions should be
in the medium energy range since in that region the slope of the conversion curve is greatest.
Once the partitions are established, the average response is estimated for neutrons in each

region. The detector response can then be written in the form:
Ry =y, + 1yd;, + 10y + 10, s ®

where R; is the response of the i TLD element, r; is the average response of the ™ TLD
element to neutrons in energy region j, and ¢; is the fluence in the energy region j. Using
four detector elements results in four equations with four unknowns, the unknown being the
neutron fluence in each of the four energy regions, ¢,. Solving the four equations for each
value of ¢ resuits in the desired energy spectrum. A simplification can be made in the
process by solving for the thermal fluence first. The difference in the cadmium- and
noncadmium-covered TLDs in the front dosimeter is proportional to the thermal fluence.
The response of each TLD element to the thermal fluence can then be subtracted off. The
result is then three equations with three unknowns. Subtracting the thermal response first
allows calculation of a smoother response curve due to the much larger responses at thermal
energies than in the other energy regions.

The TLD element responses chosen for use in the algorithm are crucial to optimizing
the spectral unfolding technique. In evaluating accident dosimeter results, it is normally
assumed the source is a single point source. Therefore, the phantom will have a definite
front and back orientation. The front dosimeter responds well to low-incident energies and

allows subtraction of the thermal component. The bare (not cadmium-covered) center TLD
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element provides a good response to the medium-incident energy component which is
thermalized by collisions with the phantom material, and the back dosimeters provide a
limited response to the higher-incident energies. If the phantom does not have a back
dosimeter mounted, then the response of the cadmium-covered center TLD may be
substituted to account for high-incident energies. Use of both the cadmium-covered center
TLD and the back dosimeter may be of limited benefit.

Using the response curves generated in the Monte Carlo calculations, the linear
combinations of the responses can be derived for each separate energy region using the least
squares technique. This is accomplished by setting R, equal to a step function for the
energy region-of-interest and solving the matrix as before. The result for four energy groups
is four linear equations, one for each energy group. Ideally the coefficients derived from this
technique should be the same as that from Eq. (5).

Several computer codes have been developed for use with Bonner sphere systems
that calculate estimated energy spectra subdivided into a greater number of energy groups
than is possible by direct calculation.® Application of these codes (referred to as unfolding
codes) to this system should provide the same capabilities, but will also have the same
drawbacks as with Bonner spheres. For example, the calculated spectra are highly
dependent upon reasonable first-guess spectrum inputs into the code. If this guess is not
accurate enough, the resulting calculation may have large errors. These codes are also
dependent upon an accurate, detailed response curve for each element. Direct calculation
uses average clement response over a large energy interval and is not highly sensitive to
errors in the detailed response curves. The unfolding codes are highly dependent on the
accurate value in each small energy group. The calculated response curves presented herein

can be used with these codes after taking into account the effects of the calculational errors.
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4. CALCULATED RESULTS

Figure 4 shows the calculated monoenergetic neutron response of the front dosimeter
based on the Monte Carlo model. The relative thermal responses are given in parentheses
in the legend. The input for the MCNP code is given in Appendix A for each of the
dosimeter positions. The calculational results for the center and back dosimeters are shown
in Figs. 5 and 6. Using the above method of least squares optimization of the overall

response, the a, 8, etc., values were calculated and multiplied back into the corresponding

1.2
-
] Bare TLD (Thermal Response 2.59)
] - — — Cd Covered TLD (Thermal Response 2.04)
ﬂ
104 i
(é) ] .
o 08 7
Q. J
n -
O -
o ]
o ]
2 i
- -
5041
G') -
ar ]
0.0 ROLJLE £ 1 I S B A1) TR BN I 1S RN B BN ORI KL L MNONE N B M RS0 NS MR RR B KR! NN AR REAL| T
1 10 102 10°3 10* 10° 10° 107
Neutron Energy (eV)

Fig. 4. Response of neutron dosimeter TLDs to monoenergetic neutrons when
mounted on front of accident dosimeter as calculated by Monte Carlo code.
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response matrices. By then summing the individual response matrices, the system response
matrix was derived (Fig. 7).

To demonstrate the system response to potential accident conditions, the calculated
response is folded into selected accident spectra. The resulting matrix represents the
expected response of the system to each spectrum and is useful in identifying regions in
which the system does not respond adequately or in which it severely overresponds. In the
case of the four-element FNAD, the response is marginally adequate for most accident

spectra. The overall response shown in Fig. 7 is sufficiently below 1 MeV but is greatly
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Fig. 7. Total response of complex phantom design with and without
additional dosimeter on back surface.
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reduced in the region above 1 MeV. The highest-energy spectrum possible during an
accident is the uncollided fission spectrum shown in Fig. 8, with responses of both the four-
and six-element FNADs superimposed.

The underresponse at energies above 1 MeV can be corrected by including a sulfur
pellet as an activation element, although this may increase the effort required for equipment
preparation and maintenance. The derived response of the system with the sulfur pellet is
shown in Fig. 9. The improved responses of this configuration to various neutron spectra

fluence measurements are given in Table 1.

0.60

0.40

Neutron Number~Neutron Number Detected

0.00

o
N
Q
—-—
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o 10 10* 10%® 10* 190®* 10°* 10’
Neutron Energy (OeV)

Fig. 8. Uncollided fission spectrum (solid) with four-clement response (dotted) and six-
element response (dashed).
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Table 1. Calculational results of the six-element-plus-sulfur fixed accident dosimeter

response to neutron fluence from various sources

Total Modeled 1eVio Modeled 1500 keV Modeled S00 keV to Modeled
reference total L keV 1ev to reference 1-500 keV 15 Mev 300 keV to
reference 1 keV ) reference 15 MeV
Bare Cf 1.00 0.98 0.00 0.19 0.10 0.45 0.90 0.85
Uncollided fission 1.00 0.97 0.00 0.20 0.15 0.52 0.85 0.79
D,0-moderated Cf 1.00 1.03 0.12 0.36 0.57 0.59 0.31 0.51
D,0-moderated 1.00 1.02 0.53 0.62 0.39 035 0.09 0.26
fission through Cu
Heavily D,0- 1.00 1.04 0.76 0.80 0.16 0.20 0.09 0.26

moderated fission

6l
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The neutron spectrum can be estimated by recalculating the linear coefficients as
described in the previous section. Table 1 also shows the modeled results of this technique.
Some care must be taken in considering these results. The system does well in identifying
the major constituents of the spectrum, but does poorly in the accurate estimate of the
minor constituents. When used to ascertain the general spectrum distribution, the results
are consistent.

The absorbed dose, based on published spectra, is compared in Table 2 with the
predicted measured result, assuming the calculated response matrix. For comparison, results
are given for the same spectrum both with and without the addition of the sulfur pellet,
along with the calculated percent difference. The percent difference represents a systematic
error which cannot be compensated for. The statistical error and other systematic errors
would be summed with this value in deriving total error. The need for the sulfur pellet is
demonstrated in Table 2 for high-energy accident spectra. If only typical accident spectra
are evaluated, the system can marginally meet DOE performance criteria without including
a sulfur element. If isotopic neutron source spectra or unlikely uncollided fission spectra are

assessed, the sulfur pellet will be necessary to meet the DOE accuracy criteria.

Table 2. Calculational results of the fixed accident dosimeter response
to neutron absorbed dose from various sources

Modeled with Same model
Reference . Percent . Percent
absorbed dose six-clement difference with sulfur difference
FNAD pellet

Bare Cf 4.60 0.87 -81 4.66 1
Uncollided fission 4.23 0.97 -77 3.77 -11
D,O-moderated Cf 213 119 -44 2.08 -2
D,0O-moderated

fission through Cu 7.97 9.32 17 7.23 -9
Heavily D,0- 495 5.19 5 5.11 3

moderated fission
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5. EXPERIMENTAL RESULTS

A small number of experimental measurements were made to test the calculational
model. Unfortunately, there were no sources available that could be used to verify the
response of the system to accident spectra. Californium-252 was used as a calibrated
neutron source in two configurations. The system was calibrated using the broad-energy
spectrum from a heavy-water-moderated »Cf source. This resulted in the necessary element
correction factors required for calculating the linear coefficients for the system. The system
was then tested using a bare **Cf source.

First the thermal neutron response components of the front two TLD sets were
extracted, and the center bare (not cadmium-covered) TLD response was corrected for the
estimated thermal neutron component.  The corrected reading for the front

cadmium-covered TLD can be expressed as:

Gz 'Gl

2 6)
R Ry ‘

G. =G, -
where G is the corrected TLD reading, Ry; is the thermal response of the ™ TLD, and G;
is reading of the /" TLD. Here TLD 1 is the bare TLD and TLD 2 is the cadmium-covered
TLD. For the current calculations, the values used for the thermal responses were derived
experimentally.* Responses of the front cadmium-covered TLD and the center bare TLD
were both corrected, but the thermal neutron correction for the cadmium-covered center
TLD and the back TLD responses were considered insignificant and left uncorrected.
The calculated response matrix for each TLD was then individually folded into the
spectrum for the D,O-moderated source. The fluence and the absorbed doses were
calculated for the calibrated exposure. The calculated TLD responses to the source were
then multiplied by the calibration fluence (or absorbed dose) and set equal to the product
of the TLD reading and the calibration coefficient for that TLD, yielding an equation from
which the calibration coefficient can be derived. These coefficients were then multiplied by

the corresponding coefficients from Eq. (2). These renormalized coefficients were then used

in Eq. (1).
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Equation (1) was first applied directly to the results from the D,0-moderated source
using the coefficients derived as described above. Due to limitations in equipment, the
configuration tested consisted of the front, center, and back TLD without the cadmium
between the TLD and the phantom. The estimated fluence and absorbed dose were both
within 1% of the calculated response to the reference value to which the measurements were
calibrated. The fluence measurement made with bare californium showed slightly better
results than predicted—the system underresponded by 74% instead of a predicted 92% for
fluence. The absorbed dose measurement was quite different than predicted. The system
overresponded to the absorbed dose by 25% instead of the predicted 49% underresponse.
Since the fluence-to-absorbed-dose conversion factor at high energies (such as the high
average energy from a bare californium source) is much larger than at medium and low
energies, a small error above the predicted value in fluence can result in a large error in
absorbed dose. The results from the above test are consistent with a small error in the
response functions at high energies. This error is less likely in the six-element model and will
probably not be a factor when the sulfur pellet is used.

In order to evaluate the effect from exposure to angles other than normal, the system
was exposed to the bare californium source at angles of 0, 30, 60, and 85°. The results were
normalized to unit response at 0° angle (normal to the front surface). As can be seen in
Figs. 10 and 11, the change in response is similar for most of the TLD positions but shows
a large change for the back dosimeter. The TLD on the back of the phantom, without
cadmium, shows the same change as the front and center TL.Ds up to 60°. The cadmium-
covered TLD on the back shows a marked difference for all angles other than normal.
Because of this effect, the response of the cadmium-covered TLD on the back of the
phantom is not recommended for use in the calculations and the final algorithm.

Several measurements and calculations remain to be accomplished. The system will
be tested with all six TLD elements in the proper configuration and with simulated data
from a sulfur pellet. There is also the possibility of testing the system with several
monoenergetic neutron sources in the future. This data will be very useful in verifying the
calculation results and improving the response curves. If the high-energy response remains
in question, tests may be performed with other high-energy neutron sources (such as PuBe
and AmBe).
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Fig. 10. Response of TLDs at front and back positions as a function of angle.
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Fig. 11. Response of TLDs at center position as a function of angle.
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6. CONCLUSIONS

Design and calculations for using a TLD-based system for a FNAD have been
completed with sufficient results to have proof of principle. The calculations have required
a large amount of computational time and as yet have not been adequate to reduce the
uncertainty to the desired level, primarily because of the thermal response of the TLD-600
material and the difficulty in reducing the error in energy down-scatter calculations to the
thermal region. This makes calculations of the thermal response difficult and lengthy.
Calculations of the response to higher-energy neutrons is more straightforward; but, since
thermal neutrons play a central role in a system with moderation or one which relies on
albedo detection, the same uncertainties still have a significant effect. More calculational
time will be available in the near future which may reduce the discrepancies identified in this
report.

A mathematical method of least squares has been applied in order to optimize the
linear combination of several dosimeter elements in a manner that is straightforward and has
the benefit of analyses of measurement results being simple and precise. The resuits of this
technique are highly dependent on the accurate knowledge of the response curves for each
dosimeter element. This information may be derived by the aforementioned calculational
technique, by experimental measurement, or by a ‘combination of the two. In this
application, the derived results have been totally dependent upon calculations, but will be
combined with experimental data in the near future.

The experimental results thus far show considerable discrepancy with the calculations.
These discrepancies are greatly amplified by the fact that the measurements were made with
a source with a high average energy even above the highest expected from a plausible
nuclear accident geometry. Also, the measurements were made without using two of the
elements which were later included in the calculations to improve accuracy at those energy
levels. It is expected that further evaluation of the system will produce better results with
those elements included.

The application of TLDs to accident dosimetry shows great promise for the future.
A single TLD mounted on a small phantom can give reasonable results if the accident
neutron spectrum can be estimated from information provided about the configuration of

the fissionable material and the surrounding shielding. Information from the
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neutron-to-gamma ratio and the magnitude of the thermal neutron component can aid in
evaluating the proper spectrum. This system can be improved by inserting an additional
TLD set in the center of the phantom. The moderation provided by the phantom is similar
to that from a Bonner sphere and can be used in a similar fashion. By combining the results
from TLDs in the center and front of the phantom, a crude spectrum can be derived. More
importantly, the fluence, absorbed dose, and the dose equivalent can be calculated directly
without the need to know the neutron spectrum accurately. Some additional advantages
include the extensive range of the TLD technique and the sensitivity of TLDs to neutrons.
The TLD system described should be able to analyze accidents with absorbed doses at the
detector position in the range of 10 mrad to 10,000 rad without any significant loss in
accuracy. Additional improvements can be made to the system by placing an additional
dosimeter on the back of the phantom, supplementing the TLD results with a sulfur pellet,
and applying spectrum unfolding techniques to the system (such as those used with standard
Bonner sphere spectrometer systems). The resulting error in this technique is due to the
fact that the responses are smooth curves rather than step functions. The response curves
for each energy region, therefore, have some residual sensitivity to neutrons in other energy
groups. This results, in general, in an overestimate of the neutrons in energy regions with
small neutron populations and in the sum of the energy regions, which is significantly higher
than estimated by the total response. This can be clearly seen in the results for bare
californium and uncollided fission spectra in Table 1. The low-energy group has a neutron
population near zero, but the model calculates about twenty due to bleedover from higher
energies. This problem may be significantly reduced by reducing the uncertainty in the
original response curve calculations, which should result in smoother curves and could be
done with a larger number of energy groupings.

In order to move the development of this system from the proof of principle to full
application, the calculation of the response curves must be improved, additional
measurements must be made, and it is recommended that the system be tested in a
simulated accident neutron field. When the system has been proven under these conditions,
it will provide a unique, cost-effective alternative to the current nuclear accident dosimetry
systems without use of special nuclear materials or a large investment in equipment and

manpower.
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APPENDIX A

Sample Input File for MCNP Code
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Appendix A is a sample input file for the MCNP code used to calculate the responses
of the various elements of the FNAD dosimeter. This file calculates the response of the
TLDs on the back of the dosimeter, both bare and with cadmium between the TLD and the

phantom, to neutrons with a single energy of 5 MeV.



Third Problem - Complex Phantom Response/Back Dosimeter
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1-92-12-34-56 imp:n=1
10 -23 imp:n=0

3-232 -1 imp:n=0

-4 -23 2 -1 imp:n=0
5-232-1-3 4 imp:n=0
-6 -23 2 -1 -3 4 imp:n=0
1-7 -23 imp:n=1

2 -2.64 8 -9 -19 imp:n=1

2 -2.64 8 -9 -20 imp:n=1

DOoOOO0O O

2-2.64 8 -9 -21 imp:n=1
2-2.64 8 -9 -22 imp:n=1
4 -8.64 7 -8 -15 imp:n=1
4 -8.64 7 -8 -16 imp:n=1

L OOODOOCOO

7 -8 -17 imp:n=1

7 -8 -18 imp:n=1

8 -9 19 -15 imp:n=1
8 -9 20 -16 imp:n=1
8 -9 21 -17 imp:n=1
8 -9 22 -18 imp:n=1
9 -10 -15 imp:n=1

-8.64 9 -10 -16 imp:n=1

4 -8.64 9 -10 -17 imp:n=1

0

3-27-1112-13 147 -10 15 16 17 18 imp:n=1

OCCCODDODOOO0OOO0OO

9 -10 -18 imp:n=1

11 7 -10 -23 imp:n=1

-12 7 -10 -23 imp:n=1

13 -11 12 7 -10 -23 imp:n=1
-14 -11 12 7 -10 -23 imp:n=1
-2-34-5624 imp:n=1

-24 -23 imp:n=0

23 imp:n=0

-2 24 -23 3 imp:n=1

-2 24 -23 -4 imp:n=1

-2 24 -23 -3 4 5 imp:n=1

-2 24 -23 -3 4 -6 imp:n=1

px 0
px -10
py 10
py -10
pz 10
pz -10
px .5
px .531
px .569

0 px.6
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11 py 2.15

12 py -2.15

13 pz 1.55

14 pz -1.55

15 c/x 1.3.75 45
16 ¢/x 1.3 -.75 .45
17 c/x -1.3.75 .45
18 c/ix -1.3-75.225
19 ¢/ 1.3.75 .255
20 c/x 1.3 -75.225
21 c¢/x-1.3.75 .225
22 cfx-1.3-75.255
23 so 20

24 px-12

mode in

sdef sur=24 pos -12 0 0 rad d1 erg=>5.0 nrm 1 dir=1 ara=400 ccc=29

sil 020

ml  1001.04 =.0805 6012.10 -.5999 8016.04 -.3196

m2  3006.10 -.2405 9019.03 -.7595

m3  13027.04 -1

m4  48000.01 1

f4n 891011

e4 .000000414 .000005 .00001 .00005 .0001 .0005 .001 .005
01.05.15151015

cut:n 1.16 1.0e-11 .01

nps 50000000

print
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