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SUMMARY

Increased concern about the accuracy of neutron dosimetry and neutron
quality factors has led to recommendations by the International Commission on
Radiological Protection (ICRP) and the National Council for Radiation Protec-
tion and Measurements (NCRP) to increase quality factors, The ICRP recom-
mended in 1985 to increase quality factors for fast neutrons from 10 to 20.
The NCRP is considering similar recommendations. It is expected that the U.S.
Department of Energy (DOE) will adopt any recommendations by the NCRP to
increase quality factors,

Because any of the proposed changes would impact the operation of the
Savannah River Plant (SRP), where some workers have a high potential for
significant neutron expsoure, the SRP contracted with Pacific Northwest
Laboratory (PNL} to verify the accuracy of neutron dosimetry at the plant.

Energy spectrum and neutron dose measurements were made at the SRP cali-
brations Taboratory; the 221-H Area, B-Line; 221-F Area, B-Line, 221-F Area,
PTutonium Storage; K-Reactor shield door; californium loadout and shipping
areas; and 773-A Building.

The energy spectra measurements were made using multisphere or Bonner
sphere spectrometers, 3He spectrometers, and NE-213 1iquid scintillator spec-
trometers. MNeutron dose equivalent determinations were made using these
instruments and others specifically designed to determine dose equivalent,
such as the tissue equivalent proportional counter (TEPC}. Survey instru-
ments, such as the Eberline PNR-4, and the thermoluminescent dosimeter (TLD}-
albedo and track etch dosimeters (TEDs) were also used.

The TEPC, subjectively judged to provide the most accurate estimation of
true dose equivalent, was used as the reference for comparison with other
devices. At a position of 81 cm from the plutonium fluoride source, the TEPC
measured dose equivalent was 14.5 + 0.8 (6%) mrem/h for eight measurements;
the average of the TEPC, multisphere, and 3He spectrometer measurements was
14.5 + 2,0 (14%) mrem/h, At 81 cm from the plutonium-beryllium source at the
D-mm position, the TEPC measurements averaged 41.8 + 1.5 {4%) mrem/h; all of
the devices averaged 39.4 + 4.4 (11%) mrem/h. Also, at 81 cm from the
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plutonium-beryllium source at the 150-mm position in the heavy water, the
TEPC measured 8,23 + 0.5 {6%) mrem/h; all the devices averaged 8.5 *+ 0.6
(7%) mrem/h. The uncertainties represent one standard deviation in the
measured values.

In view of the many possible errors, the agreement among the various
measurements is excellent. The TEPC, multisphere spectrometer, and 3He spec-
trometer are self-calibrating and derive dose equivalent from first prin-
ciples; they do not rely on a common calibration, The close agreement between
completely different methods gives credibility to the accuracy of the
measurements. It is believed that the dose equivalent measurements on the
plutonium fluoride source are accurate within about +15%.

After the dose equivalent rates and neutron energy spectra had been
measured at specific work locations, passive dosimeters including the thermo-
luminescent neutron dosimeter (TLND)} and TEDs were positioned on water phan-
toms at the same approximate locations. Often the measurements were made in
nonuniform fields, but this was necessary because of the lack of time to make
repetitive measurements at exactly the same location. At most positions along
the plutonium production l1ines and storage areas, the various instruments
agreed within 30%. Surprisingly, the TLND alsoc agreed within about 30%,
except for a few locations. The TLND gave poor agreement at locations where
the neutron energy spectra were markedly different from that of the plutonium-
fluoride calibration source. These included the K-Reactor shield door, where
the TLND overestimated the dose equivalent by a factor of 3 because of the
large number of Tow-energy neutrons present, and the Cf shipping cask, where
neutron absorbers removed most of the lower energy neutrons, so that the TLND
estimated the dose equivalent to be 0.3 times the value measured by other
devices.

Based on the measurements made, it is recommended that the SRP investi-
gate using a combination dosimeter to more accurately assess dose equivalent
in situations where the neutron energy spectrum is very different from the
calibration source. The combination dosimeter includes a TLD-albedo dosimeter
component to measure lower-energy neutrons (the TLD-albedo response per unit
of dose equivalent is almost constant below about iD keV) and a TED component
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to measure high energy neutrons abave about 100 keV, If neutron quality
factors are increased in the future, some SRP workers may be 1imited by
neutron expasure. It is also recommended that SRP investigate using alarming
personnel monitors, such as the neutron sensitive pocket rem meter or total

dose meter to provide an immediate indication of the accumulated dase
equivalent,
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1.0 INTRODUCTION

Neutron dosimetry is of increasing importance because of concerns about
low-Tevel radiation health effects and about neutrons producing a greater
degree of biological damage than previously thought. These concerns Ted the
International Commission on Radiological Protection (ICRP) to recommend
increasing quality factors to a value of 20 for fast neutrons (ICRP 1985},
The ICRP recommendation will impact operations at all U.S. Department of
Energy (DOE} facilities where plutonium, californium, and other neutron
sources are handled, but specifically will impact the Savannah River Plant

(SRP), which produces more low-exposure plutonium, more 238

Pu for isotopic
heat sources, and more californium than any other DOE plant. Because of these
operations, some SRP workers have a high potential for significant neutron
exposure. The adoption of a quality factor value of 20 for neutrons would

restrict or Timit the operations of these workers.

As a result of these concerns about the accuracy of neutron dosimetry and
impending changes in neutron quality factors, SRP contracted with Pacific North-
west Laboratory (PNL)(a) to make neutron dose and spectrum measurements at
typical work locations and the calibration facility at SRP. The measurements
were intended to assess the adequacy of the existing neutron dosimetry. They
were conducted in October 1985 and April 1986, and included neutron energy
spectrum measurements; dose and dose equivalent measurements at locations
where TLD-albedo dosimeters were exposed; and tissue equivalent proportional
counter (TEPC) measurements to obtain event size distributions, from which
quality factors could be obtained.

Three different types of neutron energy spectrometers were used in the
neutron energy spectrum measurements. The Bonner sphere or multisphere spectro-
meter (Bramblett, Ewing, and Bonner 1960), the spectrometer most often used by
health physicists, was used because it responds over a wide range of energies
from thermal to over 20 MeV. However, the mathematical technique used to
unfold the energy spectra does not give a mathematically unique solution and

(a) Operated by Battelle Memorial Institute for the U.S. Department of Energy
under Contract DE-AC06-76RL0-1830.
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the spectrometer has poor resolution, especially in the intermediate energy
range below 10 keV, where the TLD-albedo dosimeter is most sensitive. The
NE-213 Tiquid scintillator spectrometer was also used to measure fast-neutron
spectra above about 1.2 MeV. The 3He proportional counter spectrometer was
used to measure the neutron flux in the energy range of thermal to 5 MeV.

Dose equivalent rates were measured at many locations by using a combina-
tion of methods, including tissue equivalent proportional counters (TEPCs)},
multisphere spectrometers, and calibrated neutron survey instruments provided
by SRP. The TEPC measurements were especially important because they provided
not only an absolute measurement of absorbed neutron dose, but also energy
deposition spectra from which neutron quality factors could be determined.

Field measurements were also made using the SRP TLD-albedo dosimeters and
new CR-39 track etch dosimeters (TEDs) supplied by PNL, Lawrence Livermore
National Laboratory (LLKL), and a commercial vendor to field-test their suit-
ability (Parkhurst 1986). These dosimeters were exposed at typical work
locations where the dose equivalent rate had been previously measured by the
instruments described above.

In the past, neutron exposures were usually small and considered secon-
dary to photon exposures. Consequently, neutron dosimetry tended to be con-
servative; maximal quality factors of 1D were often used. In general, neutron
dosimetry was not very accurate. MWith increased emphasis on ALARA practices,
however, and the expected increase in quality factors by DOE, the accuracy of
neutron dosimetry must be increased,

Accurate neutron dosimetry is not easily accomplished because, in general,
neutrons are electrically neutral, and we can only indirectly observe the nuclear
reactions they produce that produce dose by ionization. Accurate neutron dosi-
metry is also difficult because of the wide range of energies that must be
measured and the variations in Tinear energy transfer (LET) from neutron-
induced secondaries.

The ideal neutron dosimeter has a response per dose equivalent that is
uniform for neutrons of all energies. However, all existing survey instru-
ments and personnel neutron dosimeters are highly energy dependent. In spite
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of claims by manufacturers of accuracy +15% over an energy range of thermal to
20 MeV, independent measurements (Cosack and Lesiecki 1981), made by exposing
commercially available survey instruments to monoenergetic neutrons produced
by accelerators, have shown that survey instruments can have serious errors.
They can overestimate dose equivalent by a factor of 3 to 4 at energies around
10 keV and underestimate dose equivalent by a factor of 3 at energies around
14 MeV or higher., Because of the energy dependence of the personnel dosim-
eters and survey instruments, the neutron energy spectrum in which TLD-albedo
dosimeters and moderator based instruments are used must be characterized to
ensure the accuracy of the dosimetry.

The energy dependence of TLD-albedo dosimeters is well known (Alsmiller
and Barish 1974; Brackenbush et al. 1980}, A typical TLD-albedo dosimeter has
a response per unit energy that can vary by a factor of 20. The Hoy TLD-albedo
dosimeter used at the SRP (Korba and Hoy 1969; Hoy 1972) is one of the best
TLD-albedo neutron dosimeters available. This design used a 5.1-cm {2-in.)
diameter polyethylene hemisphere worn on a belt and held tightly against the
body. The Hoy design has excellent sensitivity (it can detect as little as
5 mrem of fast neutrons) and less angular dependence than other TLD-albedo
dosimeters. The SRP dosimeter also has better measurement precision than other
designs and is capable of giving accurate results if calibrated correctly.
Nevertheless, the SRP TLD-albedo neutron dosimetér is highly energy dependent
{Piesch and Burgkhardt 1978). The SRP dosimeter must be carefully calibrated
and interpreted to give accurate neutron dose results in work situations.
Because of the large response for lTow-energy neutrons below about 10 keV, the
TLD-albedo neutron dosimeter is highly sensitive to the effects of room scatter.
In some instances for shielded sources, the response of the TLD-albedo dosim-
eter can be more dependent upon scattered radiation than upon neutrons coming
directly from the source.

Chapter 2 describes in detail the equipment used to perform the measure-
ments and its limitations. The work locations and facilities surveyed are
described in Chapter 3. The results obtained from the SRP study are discussed
in Chapter 4. Chapter 5 presents conclusions and recommendations.
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4,0 DISCUSSION OF RESULTS

Before fully discussing the results, the Timitations of the measurements
and of each of the systems used are described. Problems encountered with the
MCA and one of the TEPCs are discussed first, followed by a description of
how the problems affected the accuracy of the measurements.,

To ensure proper operation during the measurements at SRP, all the equip-
ment was thoroughly checked by exposing the dosimeters and spectrometers to
2520f source at PNL. Since all the
equipment was functioning perfectly, it was shipped to another DOE site for
measurements. However, because of scheduling limitations, the equipment was
then shipped directly to SRP for the measurements conducted in October 1985,
During the measurements on the last day at the K-Reactor, problems were
encountered with the multichannel analyzers. Upon return to PNL, all the

known doses of neutrons from a calibrated

equipment was again checked as part of normal Taboratory procedures. It was
subsequently discovered that two of the analog-to-digital converters (ADCs)
used in the multichannel analyzer had failed. These ADCs had been used for
some of the NE-213 spectrometer and 3He spectrometer measurements. Since it
is not known with certainty if the equipment was damaged during shipping or
if it was working intermittently during the measurements at SRP, some of the
results obtained in October 1985 with the NE-213 spectrometer should be viewed
with caution. Just prior to the measurements in April 1986, the NE-213 system
was checked with a 252Cf source. At that time, the NE-213 scintillator was
found to be inoperative. A new NE-213 scintillator was tested and taken to
SRP for the measurements in April, This system operated perfectly during the
April measurements.

The NE-213 scintillation detector is sensitive to both neutrons and gamma
rays. Gamma-ray interactions produce scintillation pulses that have a slightly
faster risetime than that of neutron puises. Thus, gamma- and neutron-induced
events can be separated on the basis of risetime by the Link Systems 5010
Pulse Shape Discriminator. Unfortunately, the discrimination is not perfect,
and there is some crossover between the neutron and gamma channels. This is
especially true at lower epergies. It is difficult to distinguish between
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neutron and gamma events below about 1.2 MeV, which is the lower limit of
energy response for the NE-213 spectrometer.

The NE-213 spectrometer functions well in mixed fields where there is a
high neutron-to-gamma ratio, such as those found in the calibration facility
and the californium encapsulation facility, It does not function well in
areas where there is a high gamma-to-neutron ratio, such as areas with massive
neutron shielding with little gamma shielding found around gloveboxes with
thick acrylic plastic shields.

The crossover problem is further complicated at high gamma exposure
rates, At gamma exposure rates of tens to hundreds of mR/h, there is con-
siderable gamma pulse pile-up. This results in overlapping pulses which have
sTower apparent risetimes and are mistaken for neutron pulses. This occurred
in the measurements made in front of open gloveports, where there is an abun-
dance of low-energy photons from 241Am and K and L x-rays from plutonium and

americium contamination on the interior surface of the glovebox.

In retrospect, it would have been preferable to have shielded the NE-213
detector with lead gamma shielding, although this tends to distort the spec-
trum measurement. Lead shielding was used during the measurements in the
calibration facility in April 1986. It would have been preferable to reduce
the number of measurements and to make longer measurements in lower exposure
rates. This was not possible because it would have interfered with work
schedules in production facilities.

Although measurements were taken with the NE-213 spectrometer at every
measurement location, not all the results are included in this report., It is
possible to obtain an idea if there are gamma crossover or pulse pile-up
problems by comparing the dose equivalent rates calculated from the NE-213
spectrometer measurements with other measurement. Thus, only the NE-213
spectrometer measurement that provided approximately correct dose equivalent
rates were included in this report. This includes all the measurements in the
calibration and 252Cf facilities, but only a few from the H and F areas.

The 3He spectrometer was used to measure neutrons with energies from

100 keV to 5 MeV. Although 3He spectrometer measurements were taken at every
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measurement location, only the neutron flux versus energy graphs for the
calibration sources are included in this report. However, the neutron dose
equivalent rate graphs as determined by the 3He spectrometer at every measure-
ment location were included since the 3He spectrometr yielded better resolu-
tions in the 100 keV to 5 MeV range.

The multisphere analysis code determines the neutron flux density in
26 logarithmic energy bins extending from thermal energies to 20 MeV. This
is determined from measurements with only seven detector configurations. The
analysis code thus solves for 26 unknown fluxes with only seven known responses;
this is a mathematically under-defined problem and no unique solution can exist.
In fact, there are an infinite number of linked solutions mathematically pos-
sibTe. The SPUNIT analysis code (Brackenbush 1984} uses an analysis technique
based on information theory, which is supposed to give the most probable flux.
However, it has been demonstrated (Scherpelz and Brackenbush 1985) that because
of the nature of the response functions used for the 3- and 5-in. detectors,
there can be significant variations in the intermediate energy fluxes calcu-
lated by the analysis code. The integral quantities (total flux and dose
equivalent rates) are calculated accurately, but there can be uncertainties in
the differential flux at intermediate energijes.

4,1 ANALYSIS OF RESULTS FOR THE CALIBRATION FACILITY

As expected, there is good agreement between the various dosimeters and
spectrometer measurements at the SRP calibration facility. Using the values
measured by the TEPC as a reference, there is excellent agreement between the
dose equivalent values measured by the TEPC and those calculated from the
multisphere spectrometer and 3He spectrometer, as shown in Table 3.2. The
agreement is within 10%, except for the measurement for the PuBe source with
no D20 moderator, where the multisphere gives a value 18% lower. The SRP
calculated dose equivalent rate of 11.9 mrem/h, which was caiculated by Hoy
{1980), is 18% less than the TEPC measured value of 14.5 mrem/h. This
agreement is acceptable considering that the SRP value is calculated from
spectrum measurements and the TEPC measurement derives dose and quality
factors directly without any reference to the neutron energy spectrum, The
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agreement is about the same for the PuBe source. The SRP calculated dose
equivalent rate for the 0-mm 020 position is 34,2 mrem/h, which is 18% Tless
than the TEPC measured value of 41.8 mrem/h. {Note: There is almost exact
agreement between the multisphere measurement and the SRP value.} The SRP
calculated dose equivalent for the 150-mm 020 position is 12.3 mrem/h, which
is 50% higher than the TEPC measurement of 8.2 mrem/h. The multisphere
measured value of 8.1 mrem/h agrees closely with the TEPC measurement.

In general, the passive dosimeter measurements agree reasonably well, as
was shown in Table 3,5. The PNL and LLNL CR-39 TEDs are in good agreement,
but the commercial TED is significantly lower by about an average of 50%.

The spectral measurements made with the multisphere spectrometer and
NE-213 spectrometer are in good agreement. There may be some gamma cross-over
for the PuF4 measurement with the NE-213 spectrometer, but the spectrum pre-
sented in Figure 3,11 is in excellent agreement with that shown in Figure 3.12,
which is the result of an earlier measurement on a similar source at PNL taken
with 6L1' and 3He sandwich spectrometers (Brackenbush and Faust 1970). The
multisphere spectrometer lacks resolution at higher neutron energies, but
generally shows few neutrons above 3 MeV in agreement with the NE-213 spectro-
meter measurements. The measurements for the PuBe source indicate neutrons
with energies to 10 MeV, as expected from other measurements with PuBe sources.
The NE-213 spectrometer data exhibit quite a bit of scatter, but are in general
agreement with measurements made with bare PuBe sources. However, the DZO
moderator seems to eliminate some of the peak and valley structure present in
the bare sources. The multisphere spectrometer also indicates a significant
number of fast neutrons with energies up to 10 MeV,

4.2 H- AND F-AREA B-LINES

The B-Lines in the H- and F-Areas are plutonium production lines. The
H-Area facility was being renovated and contained no Toose contamination. The

only source of neutrons was the 238

PuO2 in EP-61 containers placed in the
hoods and gloveboxes for these measurements. The F-Area was actually process-
ing plutonium during the measurements, and it was difficult to define the

neutron source because of the large amounts of residual plutonium in the
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gloveboxes and process lines. To minimize the impact of the measurements on
production schedules, several measurements were taken simultaneously. This

introduced some positioning error, since the neutron fields varied consider-
ably with position.

For the H-Area measurements on the 238

relatively good agreement between the TEPC, 3He, and multisphere measurements
for the dose equivalent rate. The values agreed within 7 to 15%, except
behind the glovebox in Room 514 where the dose rate was extremely Jow, so it
is reasonably certain the measured values are correct. However, there was

PuO2 and 3He sources, there was

some gamma crossover in the NE-213 spectrometer at these locations.

The passive dosimeter results for the H-Area show considerably more
scatter. The TLND and commercial TEDs registered only a fraction {0.3 to 0.5)
of the dose equivalent rate indicated by the TEPC, which is assumed to measure
the true dose equivalent rate. This could be attributed to the PuO2 having a
harder neutron energy spectrum (2.3 MeV average) than the PuF4 calibration
source (1.4 MeV average). Surprisingly, the TEDs supplied by both PNL and
LLNL overestimated the dose equivalent rate by a factor of from 1.0 to 2.7,

The measurements at F-Area B-Line showed considerably more scatter. The
TEPC and multisphere measured dose equivalent rates agreed within 5 and 8% for
the measurements made with TEPC 501, However, the TEPC and multisphere meas-
urements agreed within 23% for the measurements made with TEPC 184, This is
the TEPC that is suspected of experiencing gain shifts during the measure-
ments. Thus, the TEPC measurement for the MLORZ glovebox between the glove-
ports and for the PQR may be too high. The 3He spectrometer measurements
agreed with the TEPC in the PQR and vault area. The 3He spectrometer results
were lower than the TEPC near the glovebox but this was probably because of
different positioning of the detector and a high dose rate gradient,

The TLND measurements were about 20% less than the TEPC results, except
for the two locations where the TEPC data is suspect. At these two Jocations,
the TLND was about 10% lower than the TEPC. The TEDs only measured a fraction
(0.1 to 0.6) of the TEPC-measured dose equivalents. This is probably because
of the lTower enerqy spectrum resulting from the neutron shielding added to the
gloveboxes. Also, the passive dosimeters were placed on a phantom that was
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farther away from the glovebox in a somewhat lower dose equivalent rate., This
was unavoidable because of the time constraints.

252

4.3 Cf FACILITY AND K-REACTOR

252

Surprisingly, in the Cf facility in the 773 Building the dose equiva-
lent rates measured by the multisphere spectrometer were 25 to 35% lower than
those measured by the TEPC. Two of the measurements (at 27 and 35%) were made
with TEPC #184 and are suspect because of possible gain shifts during the
measurements. However, the 3He spectrometer data tend to support the TEPC
measurements., The dose equivalent rate calculated from the neutron spectra
from the 3He spectrometer is 11% lower than the TEPC measured value 18 in.
from the glovebox. The gamma-to-neutron ratios are Tow around the glovebox,
so there is 1ittle gamma crossover. The NE-213 spectra supported the 3He and

TEPC measurements,

The results obtained with the passive neutron dosimeters were not
expected. The TEDs supplied by PNL and LLNL indicated dose equivalent rates
that were factors of 2 to 3 times lower than the TEPC and multisphere
measurements. The commercial and TLND dosimeter results were factors of 2 to
5 times lower than the TEPC and multisphere measured values. The passive
dosimeter measurements were made after the spectrometers were removed, and it
is possible that there could be some positioning error, but this would not
explain the wide variations observed between the passive dosimeter resuilts and
the TEPC and multisphere measured results.

The results obtained at K-Reactor are as expected. The TEPC and multi-
sphere agree within 10%. Both the multisphere and 3He spectrometers indicate
a soft neutron spectrum behind the reactor shield door. The TLND over estim-
ates the dose equivalent rate by a factor of 3.2, while the commercial dosim-
eter failed to measure any neutrons. The PNL and LLNL track etch dosimeters
only measured a fraction (0.2 to 0.5) of the TEPC measured value. All these
measurements indicate a very soft spectrum with the majority of neutrons
having energies below 1 MeV.
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4.4 SUMMARY OF MEASUREMENTS

Neutron dose and energy spectral measurements were conducted at the SRP
in October 1985 and April 1986. The October 1985 measurements were taken in
the following areas and buildings: the B-Line of 221-H, the calibration rooms
in 736A, the B-Line of 221-F, the 252Cf processing area in 773-A, and outside
the reactor shield door in the crane wash area of K-Reactor. The April 1986
measurements were all taken in the calibration rooms of 736-A, Table 4.1
summarizes the measured neutron dose equivalent rates in mrem/h at all the
measurements locations. Table 4.2 shows the response comparisons between the
TEPC and the other instruments and dosimeters.

There was generally good agreement between the TEPC and multisphere
measurements. The values agreed within 5 to 35%. Since the TEPC and multi-
sphere spectrometer determine dose equivalent by completely different tech-
niques, the authors believe that the TEPC-measured dose equivalent rates
represent nearly correct values. The passive dosimeter results can be com-
pared with the TEPC and multisphere measurements to obtain an idea of how the
dosimeters respond to different neutron energy spectra in work locations. In
the very soft spectra found at K-Reactor, the TLND used by SRP overestimated
dose equivalent by a factor of 3.4. In some work locations, such as the
H-Area plutonium processing line, the TLND underestimated dose equivalent by
a factor of 1.5 to 2.5. As expected, the passive TEDs indicated the correct
dose equivalent in hard spectra, such as those found in the calibration faci-
lity for the PuF4 source, but only measured a small fraction of the correct
dose equivalent in soft spectra, such as the K-Reactor spectra. This is
because of the threshold at about 200 keV for the CR-39 track etch material
used.
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TABLE 4.1. Neutron Dose Equivalent Rates (mrem/h) at Selected Locations Inside
the Savannah River Plant

Instruments Dosimeters
3 PRC [TNLC  Commercial
TEPC M/S He PNR-4 TED TED TED TLND
736-A Building
PuF, with drum 14.5 12,7 - 16,2 12.7 16.4 4.4 9.3
PuF, without drum 14.5 12.6 15.2 16.0 17.8 16.7 4.7 9.5
PuBg at 0 mm 41.8 34.4 38.8 46,6 41.2 35.8 28.6 32.0
PuBe at 150 mm 8.2 8.1 8.5 10,7 7.3 6.7 4.7 13.0
221~H Building
Front of hood #1 21,1 19.4 17.8 27.0 18.7 20,2 6.2 8.6
Behind Glovebox #4 0.9 0.8 1.4 1.0 2.4 1.2 0 1.0
Front of Glovebox #4 5.2 6.0 6.6 7.5 - - - -
Through gloveport of
Glovebox #4 15.1 14,2 12.4 19.5 15.7 28.0 3.8 11.6
221~-F Building
MLORZ2 through gloveport 33.4 31.8 19.7 40 12.0 20.5 4.3 40.3
MLOR2 through center 47.8 37.0 27.3 47 15.0 26.5 6.7 42.3
POR 4.0 3.1 3.6 4.4 0.5 0.7 0 2.6
PTlutonium storage area 15.7 14.5 16,9 21 4.6 6.9 2.0 20.6
773-A Builidng
18.5 in, from giovebox 98.9 73.8 87.9 - - - - -
36 in. from glovebox 40,1 25.9 23.8 37.7 16.9 21.4 8.4 32.2
Loading dock 8.4 6.1 10.8 9.0 2.8 3.3 2.2 2.7
K-Reactor

Reactor shield door 2.0 2.2 5.2 3.5 0.4 1.0 0 6.8



6t

TABLE 4.2. Response Comparison of Instruments and Dosimeters Normalized to the TEPC

736-A Building

PuF4 with drum
PuF,; without drum
PuBg at 0 mm

PuBe at 150 mm

221-H Building

Front of hood #1
Behind Glovebox #4
Front of Glovebox #4
Through gloveport of
Glovebox #4

221-F Building

MLORZ through gloveport
MLORZ2 through center
POR

Plutonium storage area

773-A Builidng

18.5 in. from glovebox

36 in. from glovebox

Loading dock
K-Reactor

Reactor shield door

Instruments
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TED TED TED TLND
0.9 1.1 0.3 1.0
1.2 1.2 0.3 1.0
1.0 0.9 0.7 1.2
0.9 0.8 0.6 Z2.5
0.9 1.0 0.3 0.4
2.7 1.3 1.1
1.0 1.9 0.3 0.8
0.4 0.6 0.1 1.2
0.3 0.6 0.1 0.9
0.1 0.2 0 0.9
0.3 0.4 0.1 1.3
0.4 0.5 0.2 0.8
0.3 0.4 0.3 0.3
0.2 0.5 0 3.4






5.0 CONCLUSIONS ANO RECOMMENOATIONS

The neutron dose equivalent rates measured by the TEPC agreed well with
the values calculated from the neutron fluxes measured by the multisphere and
3He spectrometers at almost every measurement location. In addition, the TEPC
and spectrometers measured values agreed with the dose equivalent rates calcu-
lated from previous spectrometer measurements for the SRP calibration sources.
In view of the good agreement obtained by completely different techniques, we
conclude that these devices provided accurate measurements of the actual neu-
tron dose equivalent. Although the NE-213 spectrometer did not cover the
entire energy range of neutrons present at the measurement locations, it con-
firmed the spectra measured by the multisphere and 3He spectrometers and pro-

vided better resolved spectra above 1.2 MeV.

The spectral measurements showed that there are wide variations in the
neutron energy spectra at work locations at SRP. Since all TLD-albedo dosim-
eters, including the TLND used at SRP, are highly energy dependent, the dif-
ferences observed for the dose equivalent rates estimated by the TLND and
those measured by the TEPC and multisphere spectrometer are not surprising.
Differences of factors of two were observed at SRP, and even larger differ-
ences have been observed elsewhere. For instance, at commercial nuclear power
reactors, TLD-albedo dosimeters can overestimate neutron dose equivalent by a
factor of 20 {Endres et al. 1981),

The International Commission on Radiological Protection {ICRP) has
already recommended that the quality factor for fast neutrons be increased
from the present value of 10 to a new value of 20 (ICRP 1985). It is expected
that these recommendations may be adopted by DOE in the future, which will
result in increasing the neutron dose equivalent rates by aimost a factor of
two at most of the work locations at SRP. In some instances, the neutron dose
equivalent will be a significant fraction of the worker's total dose. It will
be necessary to increase the accuracy of the neutron dosimetry system in the
future,
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The following recommendations are presented as possible methods to in-
crease the accuracy of the neutron dosimeters used at SRP:

e Neutron calibration sources used at SRP should be better
characterized,

The neutron calibration sources used at SRP are unique, and their
spectra are not directly comparable to any other neutron sources
currently in use. The PuF4 calibration source is a mixture of PuF
and Pqu, but most of the neutrons emitted by the source originate
from F{e,n} reactions, as seen by the 3He spectrometer and 6L1' sand-
wich spectrometer measurements. The PuBe neutron source with the

4

020 moderator/reflector appears to be a unique calibration source,
and it is difficult to make really accurate spectra measurements
because of the number of intermediate energy neutrons produced by
the moderator. Perhaps the dose equivalent rates could be more
accurately defined with additional measurements and by Monte Carlo
computer code calculations, which wouid include the effects of
scatter by the 020 and by the room.

e The uncertainty in the neutron emission rate from the PuBe source
should be resolved.

When new, similar PuBe sources at Hanford had 1.5 to 2% annual
increases in their measured emission rate (DePangher and Nichots
1966) because of the decay of 241Pu (a beta emitter) into 241Am {(an
alpha emitter). The dose equivalent rates listed in Hoy (1980)

were determined in 1970, so some increase in neutron emission rates
and dose equivalent rates has undoubtedly occurred. If additional
information about the isotopic composition of and date of separation
of the plutonium is available, it may be possible to calculate the

increase in neutron emission rate.
e Room scatter in the calibration facility should be characterized.

In the future it may be desirable to perform dosimeter irradiation
at distances other than the 8l-cm distance presentiy used to comply
with American National Standards Institute (ANSI) and Department of
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Energy Laboratory Accreditation Program (DOELAP) procedures. The
amount of room scatter will be different, and this will affect the
response of TLD-albedo dosimeters and neutron survey instruments,
The amount of room scatter and how it affects each device can be
determined by performing inverse square measurements by exposing the
device at different distances from the source. The analysis tech-
nique is explained in DePangher and Nichols (1966) and Schwartz and
Eisenhaver (1982). It is recommended that inverse square measure-
ments be made with the TLND, with moderator-based instruments used
at SRP, and with TEPCs. Both the TLND and survey instruments will
overestimate dose equivalent from the scattered neutrons from room
return.

Investigate the possibility of determining energy correction factors
for the TLND used-at SRP.

One method of increasing the accuracy of the interpretation of the
dose equivalent from the TLND is to characterize its response in
actual work Tocations. The TEPC and spectrometer measurements
performed at specific work locations by PNL can be compared with the
TLND measurements at the same locations. This can be used as the
basis for energy correction factors for specific facilities or jobs
if desired. Additional measurements should be made with portable
survey instruments, 9-in. to 3-in. sphere response ratio measure-
ment, and TLND exposed on phantoms to determine the variability of
the TLND dosimeter responses at various work locations in a
facility.

Investigate the possibility of using a combination neutron
dosimeter,

The TLD-albedo dosimeter has almost constant response below about
10 keVY, but the response per rem decreases with increasing neutron
energies for higher neutron energies. The CR-39 TED is insensitive
to neutrons with energies below about 200 keV, but is sensitive to
higher energy neutrons. The combination of a TLD-albedo with a TED
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provides a crude neutron energy spectrometer to increase the accur-
acy of the dose equivalent interpretation. Savanrnah River Plant
personnel should investigate the possibility of adding CR-39 plastic
detectors to the TLND to reduce the energy sensitivity and improve
the accuracy of the neutron dosimeter,

Use active instrumentation

Recently there have been several active neutron instruments devel-
oped, such as the pocket remmeter developed by EG&G/Santa Barbara

and the total dose meter developed jointly by PNL and EG&G/Santa
Barbara. These instruments are based on TEPCs. In situations with
unusual neutron energy spectra, these instruments may provide a better
estimate of dose equivalent than TLD-albedo dosimeters. Also, the
algorithms in the microprocessor of these instruments can be changed
to account for charges in quality factor for fast neutrons, which

may be instituted in the future.
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