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MULTISPHERE NEUTRON SPECTROSCOPY MEASUREMENTS
AT THE LOS ALA~iOS NATIONAL LABORATORY
PLUTONIUM FACILITY

by

W. F. Harvey and F. Hajnal

ABSTRACT

Multisphere neutron spectroscopy methods are applied to measure representative working fields
within the Los Alamos National Laboratory (LANL) Plutonium Facility. This facility hosts dynamic
processes, which include the fabrication of 2*Pu heat sources for radioisotope generators used to power
space equipment and a variety of plutonium research programs that involve recovery, hydrofluorination,
and metal production. Neutron fluence per unit lethargy, as a function of neutron energy measured for
locations throughout this facility, are described. Dosimeter/remmeter response functions {e.g., deter-
mined for a 22.8-cm-diameter neutron rem detector (NRD), an Andersson/Braun-type neutron “Snoopy”
monitor, track-etch CR-39, BDI-100 bubble detectors, and Kodak type A nuclear track emulsion film,
(NTA)] are folded into these spectra to calculate absolute response values of counts, tracks, or bubbles
per unit-dose equivalent. The relative response values per unit- dose equivalent for bare and albedo
SLiF-based thermoluminescent dosimeters (TLDs) are also calculated to estimate response scenarios
encountered with use of the LANL-TLD. These results are further compared to more conventional
methods of estimating neutron spectral energies such as the “9-to-3 ratio” method.

The conclusions of this study are summarized as follows: (i) the average Plutonium Facility
quotient of neutron to gamma- and x-ray-dose equivalent was measured to be 2.5 while photon dose-
equivalent rates were measured to have a range in hall and storage arcas of 3.84 to 80.0 uSv/h (0.384 to
8.00 mrem/h), respectively; (ii) reference neutron dosimetry methods used for calibration result in an
average 20% overresponse (i.e., values ranging from 6% to 30%) of the Eberline 22.9-cm NRD when
used in the Plutonium Facility; (iii) when the response functions of BDI-100, CR-39, and NTA film are
folded into the measured Plutonium Facility neutron spectra, these dosimeters are calculated to
underrespond (i.e., relative to their measured response values for bare **Cf) by values of 9.5%, 14%,
and 30%, respectively; (iv) when the relative response values for bare and albedo SLiF TLDs are folded
into the measured Plutonium Facility neutron spectra, the inherent thermal and epithermal sensitivities
of these dosimeters result in significant changes in response values representative of highly moderated
and dynamic processes; (v) due to the dynamic and significant presence of thermal and epithermal
neutrons encountered at specific locations in the Plutonium Facility, applied TLD neutron correction
factors are valid primarily for static, site-specific processes; and (vi) properly calibrated BDI-100 and
CR-39 dosimeters are calculated to be more accurate than the currently used LANL-TLD system for
quantifying neutron-dose equivalents encountered in the Plutonium Facility.

Unless valid and site-specific neutron correction factors are applied to all encountered fields, the
currently used LANL TLD-based dosimeter will not measure neutron-dose equivalents to a high degree
of accuracy for individuals who oversee many operations and processes within this facility. The
inherent nature of properly calibrated bubble and CR-39 dosimeters renders them less sensitive when
compared to TLDs in changing thermal/epithermal neutron fields. This fact, combined with calculated
spectral response values, demonstrates that both BDI-100 and CR-39 dosimeters are more accurate than
the currently used LANL-TLD system in measuring neutron-dose equivalents imparted for dynamic and
highly moderated neutron processes encountered in the LANL Plutonium Facility.

The health physics impact of implementing ICRP 60 recommendations within the Plutonium
Facility is stated in a final section of this report. These recommendations result in calculated radiation-
induced stochastic effects that are 2.32 + 0.064-fold greater than are estimated using current Department
of Energy (DOE) methods.




INTRODUCTION

METHODS

Dynamic processes within the Los Alamos National Labora-
tory (LANL) Plutonium Facility result in time-, and spatial-
variant neutron spectra. Changing spectral quantities within this
facility routinely challenge the concept of accuracy of a given
dosimeter measurement. Specifically, for a given process and
location, knowledge of neutron fluence rate and spectral energics
1s required. Only when these physical quantities arc measured
and compared to calibration neutron spectra using the best
technology available can the accuracy of a remmeter/dosimeter
system have meaning and, hence, be defined. Evolving neutron
source geometries, having variable ncutron spectra, combined
with changes in hydrogenous shielding and/or material process-
ing necessitate continuous measurements of neutron spectra
throughout this facility.!

Neutron measurements in the Plutonium Facility arc compli-
cated by at least three modifiers. First, this facility contains
hydrogenous shielding including reinforced concrete, Lucite, and
waler, cach representing a significant moderating medium for
fission-produced ncutrons. Hydrogenous shielding material
results in neutron energics ranging in cxcess of ten decades (i.c.,
from thermal to greater than 20 MeV) with significant thermal
and epithermal components. Second, processes such as
hydrofluorination result in time-variant neutron spectral distribu-
tions and emission rates. Personnel dose equivalents resulting
from neutrons originating from these processes are difficult to
quantify because of changes in neutron energies; associated
quality factors (Q); and a lack of dynamic neutron correction
factors for systems based on thermoluminescent dosimetry
(TLD). Third, tradeoffs exist between cnergy resolution of a
given measurement technique, detector response flatness, and
the dynamic range of neutron energies that can be measured
using a single type of detector. This dilemma implies that the
more precise the energy resolution is for a detector used to
measure a portion of a neutron spectrum, the morc types of
detectors and unfolding techniques are required to measure the
entire range of spectral energies. In areas where multiple
measurements are required (e.g., matcrial processing arcas
within the Plutonium Facility), as-low-as-reasonably achievable
(ALARA) concepts, including time, distance, and shielding
factors dominate the decision on how to proceed with neutron
ficld characterizations. For these reasons we performed our
measurements throughout the Plutonium Facility using methods
of multisphere neutron spectroscopy.r” These methods sacrificed
spectral energy resolution for the ability to isotropically monitor
neutron energics encountered at a significantly increased number
of locations within this facility. These measurements were
performed to better understand the response of various
remmeters and dosimeters to be used in quantifying dose
equivalents imparted in this unique environment; the eventual
goal was to upgrade LANL's personnel neutron dosimetry
methods.

Multisphere spectrometry

The multisphere neutron spectroscopy system, response
values, and associated clectronics used for our measurements
were obtained through a consulting agreement with the United
States Department of Energy (DOE) Environmental Measure-
ments Laboratory (EML) in New York.*#!° This system is
composed of 12, 5.08-cm-diameter, spherical detectors each
pressurized near 5.07*10* Pa (0.507 standard atmosphere) with
an enriched fill gas composed of 95% '°BF,. Ten of these
spherical detectors are surrounded by polyethylene formed at a
specific gravity of 0.950 g/cm®. These spheres are covered with
hydroformed cadmium cast at a thickness of 0.76 mm. One of
the remaining two detectors also contains the cadmium sheet
covering its periphery. Each cadmium covering acts to absorb
thermal neutrons and reduce the '*BF, inherent overresponse at
these energies. The described detector and sphere dimensions are
shown in Table 1. The calculated and measured neutron energy
responsc values for each sphere and detector, including a
detailed discussion of spectral unfolding methods used with this
system, are described elsewhere.® This neutron spectroscopy
system has a history of use in cxcess of 20 years for quality
measurements made at many institutions, including universities,
the National Aeronautics and Space Administration (NASA),
various commercial power reactors, and sclected areas within the
Department of Defense (DoD)/DOE complex.

Table 1. Description of the EML multisphere system complete
with 5.08-cm-diameter '°BF, detectors.

Sphere Polyethylene  Cd-Covered Volume (cm?)
Number Diameter (cm) (y=yes;n=no)
i Detector Only n 68.6
2 Detector Only y 68.6
3 7.62 y 232
4 7.85 y 253
5 10.0 y 525
6 10.2 y 562
7 12.8 y 1085
8 149 y 1744
9 15.2 y 1853
10 200 y 4166
11 25.0 y 8224
12 30.1 y 14240




Spectral unfolding methods

The spectrum unfolding code used with the multisphere
measurement data was a greatly modified version of the iterative
program TWOGO!" developed by Hajnal. Spectral values were
unfolded for both 12 and 20 TWOGO iterations. Calculated
output errors for each iteration group did not show significant
differences, so spectra contained in this report represent con-
verged data determined after 20 iterations.

Experimental setup

Four special carts were constructed to serve as mobile
platforms for measurements throughout the Plutonium Facility.
Suspended from each cart were three spheres having alternating
large and small diameters chosen to minimize scatter and
maximize the isotropic response of each detector. Aluminum rod
supports bolted to the top of each cart held the spheres so that
their centers were 50 cm apart and located at a height of 1.5 m
free in air. To minimize associated microphonics, nylon rope
© was used to attach each sphere to its upper rod support. Detector
heights were chosen to match the locations of glovebox extrem-
ity ports constructed throughout this facility, The electronics
used with this system were contained in air-cooled compart-
ments located at the bottom of each cart. Each '°BF, detector
operated at a potential of +700 V and was connected to a
Canberra 2006 preamplifier and Ortec 572 amplifier. Signals
were processed through an optional Nuclear Data ND-588
multiplexer and sent to a portable computer containing an
AccuSpec “A” acquisition data board operating AccuSpec MCA
software.'? Spectral data were acquired such that the overall
statistical error for converged spectra was less than 3%. These
measurements required 60-s counts in material storage areas and
1200-s for hall corridors. Total time for each measurement
characterization ranged from 025 043 h.

Measurements

Glovebox equipment and source geometries that surrounded
the majority of our measurement positions constrained our
ability to properly multiplex detector signals. Thus, we acquired
spectral information using each detector positioned at exactly
one spatial location until all sphere responses were recorded.
Our measurements concentrated on overall facility operations
that imparted neutrons at (¢) significant fluence rates and/or
high-use factor areas, (i) key process sites in routine use, and
(#ir) special nuclear material (SNM) storage/project arcas. The
majority of our measurements were conducted throughout the
Plutonium Facility without prior notice.

During dynamic processes, including hydrofluorination, the
Ebeline neutron rem detector (NRD)'* was operated at one
location to scale counts throughout each sphere measurement.
These values were to be used to normalize the measurement data
if the fluence rate changed over the measurement interval by
greater than 15%. The NRD monitor results remained constant

throughout these measurements. Within the resolution of the

NRD, normalization of the multisphere data was not required.

Understanding the response of the NRD in field environments
was crucial to using this instrument as a reference remmeter to
monitor fluence or dose-equivalent rates imparted throughout

various process areas at the Plutonium Facility.

Using the NRD in field environments with a significant
degree of confidence required the measurement of its calibration
neutron spectrum. Likewise, all past neutron correction factors
measured for this facility relied on the NRD as the primary
reference dosimeter. For these reasons, our first spectral mea-
surements were acquired at the LANL Neutron Well Calibration
Facility where NRD calibrations are performed using a 2Pu-Be
source positioned in a concrete well. Upon unfolding the
measured Neutron Well calibration spectrum, measurements at
six general areas in the Plutonium Facility were performed: (i)
B8Py heat source processing, (if) plutonium isotope recovery and
precipitation, (iff) plutonium isotope evaporation, (iv) plutonium
hydrofluorination, (v) metal storage, and (vi) hall corridors
designated as “safe havens.”

Dosimeter and remmeter folded response values

Response values for bare and albedo SLiF TLDs, track-etch
CR-39, BDI-100 bubble detectors, NTA film, and for the
remmeters NRD and Snoopy were obtained from published
sources.'*'® There was not a one-to-one correspondence between
the published dosimeter/remmeter response values when they
were compared to the 27 energy groups used by TWOGO.
Thus, a smoothing and inte.polation program originally written
by Pachner'” was modified to calculate response values for each
dosimeter and remmeter so they would be compatible with the
27 log-log interpolated energy-group midpoint values calculated
by TWOGO. The following equations were used to calculate
dosimeter and remmeter response values:
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where R is the average response of the dosimeter or remmeter
(response cm?), N(E) is the differential neutron fluence rate
(n/cm?/s/MeV), R(E) is a detector response value for a given
neutron energy'*'® modified to be compatible with TWOGO
(response per unit fluence), T is the average spectrum-weighted
fluence-to-dose-equivalent conversion factor (0.01 x mSv cm?)
and f(E) is the fluence-to-dose-equivalent conversion values
from NCRP 38" (11.01 x mSv cm?), The average dosimeter or
remmeter response calculated for each spectra, R o [counts/
(0.01 x mSv)], was determined as the quotient of equation 1 to
equation 2. For these calculations the factor of 0.01 x mSv was
used because it is directly equivalent to the non-SI unit of mrem.

Impact of ICRP 60 recommendations

In an attempt to estimate the health risk impact of implement-
ing ICRP 60 recommendations at the Plutonium Facility,
calculations were performed on relevant neutron spectra shown
in this report. These results are offered (i) so that putative
upgrades in personnel neutron dosimetry at this facility can be
planned and (i) to serve as a reference showing where current
DOE standards are in relation to the international community
standards.

Currently, DOE Order 5480.11" lists the fluence-to-dose-
equivalent conversion factors, and, hence, Q values assigned for
use at LANL. These values were taken from NCRP 38 and are
also listed in ANSI/ANS-6.1.1-1977.% There is a general
consensus among many radiation protection disciplines that the
average Q value for fission-produced neutrons should be raised
from 10 to 20, and such recommendations to cffectively double
the Q value are being considered by the DOE. For examplc, the
DOE recently published the Radiological Control Manual !
which states that a “neutron quality factor of 20 should be used
for design purposes.” European and other countries have already
adopted ICRP 60”2 reccommendations, which imply an assess-
ment using radiation weighting factors (w,) in place of Q.

Q values are based on the lincar cnergy transfer (LET), while
w, values are related to the relative biological effectiveness
(RBE) of the radiation.

The relative difference between w,, the absorbed dose
averaged over a tissue or organ (rather than a point) and
weighted for the radiation quality that is of interest, and Q have
been calculated for an infinitesimally small volume of tissue.
For these conditions, comparison between average w, (W) and
average Q values (Q) is possible. These parameters arc math-
ematically defined as follows:
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where H(E), D, D(L), and Q(L) are the energy-dependent dose
equivalent, the absorbed dose in tissue, the LET-dependent
absorbed dose in tissue and the LET-dependent quality factor,
respectively. All w, (E) values were calculated using the ICRP
60 mathematical relationship:
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where E_ represents the neutron energy in MeV. H(E) values
were calculated by folding ANSI/ANS 6.1.1-1977 fluence-to-
dose-equivalent conversion factors into the neutron number and
encrgy-weighted N(E) dE distributions calculated by TWOGO
for each measured spectrum. The product D(L) dL is the
absorbed dose in tissue for the LET interval LtoL + dL ata
point in space that was also calculated by TWOGO.



RESULTS

Multisphere measurement errors

Unfolded calibration measurement errors calculated after 20
TWOGO iterations ranged from 0.12% for a bare **Cf source to
2.1% for glovebox simulated spectra. Unfolded spectral errors
calculated after 20 iterations for the combined 12 Plutonium
Facility multisphere measurements were less than 3%. The
average error and standard error of the mean (SEM) determined
for these field measurements was 2.2% + 0.11%. The high and
low values representing this distribution are 2.9% and 1.1%.

Multisphere system calibration

The multisphere system and associated electronics were
calibrated in a low-scatter facility at EML, using bare 2*Cf
before their delivery to LANL and then upon their return trip to
New York. These calibrations were essentially identical to the
unfolded spectrum for this system published by Liu et al.¢ These
spectra were indistinguishable from the EML unfolded, 27
energy group, input spectrum shown in Figure 1. In fact, the
integral quantities of fluence rate, dose-equivalent rate, average
Q. and average neutron energy determined for the measured
spectrum were within 2% to 3% of reference values,'
Unfolding the bare 2>Cf calibration spectrum resulted in
values of 39.6 n/cm?s, 47.9 uSv/h, 9.23, and 2.23 MeV, respec-
tively. All calculations unless otherwise stated utilized the
fluence-to-dose-equivalent conversions published in ANSI/
ANS-6.1.1-1977. These values were taken from ICRP 38 and
are required for use by DOE Order 5480.11.
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Figure 1. Calibration neutron spectrum of a bare #2Cf source
(E = 2.23 MeV; H = 47.9 uSv/h).

Glovebox simulated spectra

Most gloveboxes having significant neutron dose rates
throughout the Plutonium Facility are shielded using 10.2 cm of
Lucite. At heights below about 1 m, a significant number of
gloveboxes also contain 10.2-cm-thick side compartments that
are filled with hydrogenous liquid as a substitute for further
Lucite shielding. To experimentally simulate glovebox shield-
ing, 10.2 cm of Lucite was positioned in front of a bare 2*Cf
source in a LANL low-scatter calibration facility. Two spectra
were measured for this shielding geometry. The first spectrum
was measured for a source-to-detector-midpoint distance of
1.5 m and is shown in Figure 2. For these measurements a
DOE Laboratory Accreditation Program (DOELAP) standard,
40 x 40 x 15 cm® Lucite phantom, was positioned parallel
touching the back of each sphere, so that measurements would
simulate conditions during the anterior irradiation of a dosimeter
mounted on a human body. The integral quantities of fluence
rate, dose-equivalent rate, average Q, and average neutron
energy determined for this geometry were 650 n/cm?/s,

240 pSv/h, 7.21, and 1.12 MeV, respectively. To simulate the
posterior irradiation of a dosimeter, the Lucite phantom was
repositioned without changing the 1.5-m source-to-detector
distance in front of each detector. The measured spectrum for the
posterior simulation is shown in Figure 3. The integral quantitics
of fluence rate, dose-equivalent rate, average Q, and average
neutron energy determined for this geometry were 60.3 n/cm?/s,

5



33.2 uSv/h, 791, and 1.49 MeV, respectively. These measure-
ments were compared to a 107 history simulation performed
using the Monte Carlo neutron photon transport code MCNP4/
PC,** which showed that the EML systcm was in working order
(i.e., calculated anterior and posterior average neutron energies
were 1.15 +0.015 MeV and 1.58 + 0.058 McV, respectively).
After the multisphere calibration measurements and MCNP
calculations were shown to be in agreecment, the EML system
was moved first to the LANL Neutron Well Calibration Facility,
where reference dosimeter calibrations of the NRD are performed,
and then (o the Plutonium Facility for field characterizations.
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Figure 2. Neutron spectrum representing the anterior irradiation
of a dosemeter in a simulated glovebox geometry containing
10.2 cm Lucite shielding (E = 1.12 MeV; H = 240 uSv/h).
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Figure 3. Neutron spectrum represanting the posterior itradiation
of a dosemeter in a simulated glovebox geometry containing
10.2 cm Lucte shielding (E = 1.49 MeV MeV; H = 33.2 uSv/h).

Neutron well reference spectrum

Reference neutron dosimetry measurements at LANL utilize
a 22.8-cm NRD, which is calibrated using a **Pu-Be source
positioned in a concrete well.! Energy-compensating corrections
determined for various source-to-detector distances in this high-
scatter environment arc made using Monte Carlo calculations."
Spectral measurements of the 2°Pu-Be well source were per-
formed using the EML multisphere system. Results of these
measurements are shown in Figure 4. The source-to-detector-
center distances for all spheres were held constant at 119.2 cm
and consisted of a 100-cm source-to-well-surface distance plus
an additional 19.2-cm distance in air, required 1o position the
15.2-cm-radius sphere on a 4-cm-high aluminum holding ring.
The neutron well diameler, being fixed at 38.1 cm, approached
the diameter of the 30.5-cm sphere and was believed to ad-
versely bias this measurement. Because of competing geometri-
cal constraints, an alternative method of estimating the 30.5-cm
sphere response for the neutron well measurements was con-
ceived and applied to these measurements. This unfolding
method is discussed in detail in a corresponding note submitted
for publication. The integral quantities of fluence rate, dose
cquivalent rate, average Q, and average neutron encrgy deter-
mined for the neutron well spectrum were 256 nfcm?/s,
243 uSv/h, 8.17, and 2.28 MeV, respectively.
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Figure 4. Neutron spectrum of the 2**Pu-Be neutron calibration
well used to calibrate the NRDs that are used to determine
TLD neutron correction factors (E = 2.28 MeV; H = 243 uSv/h).

Plutonium Facility spectra

A composite floor plan of the Plutonium Facility is shown
in Figure 5. Twelve spectra were measured throughout this
facility, assessing six unique operations. These operations
include **Pu heat source fabrication, Pu metal preparation and
hydrofluorination, Pu metal precipitation, evaporation, the vault
area (e.g., SNM storage), and various hallways designated as
laboratory access corridors. Before multisphere measurements
were carried out within the Plutonium Facility, a series of NRD,
7.62-cm Cd-coated sphere, bare '*BF, detector, Cd-shiclded
"BF,, and ionization measurements were conducted' throughout
this facility to identify sites that meet conditions outlined for the
spectral measurements described in the above measurements
section. These detectors were also used following each
multisphere measurement to allow for a conventional compari-
son of these data.

In the assembly of RTG heat sources, various operations are
performed to process 2*Pu.** These processes include (i) an %O
exchange treatment to decrease the ’0 and "*O content and
reduce the rate of neutron emissions that occur by (a,n) reactions
(reductions in neutron emission rates on a per unit mass basis
following this procedure are typically four-to- five fold), (i¢) ball
milling to normalize incoming fuel particle size, (iii) granulation
of fuel powder, (iv) seasoning or firing of granules at either
1100°C or 1600°C, (v) hot pressing of conditioned granules into
heat source pellets, (vi) encapsulation of pellets in clads, (vii)
decontamination of fueled clads, and (viii) nondestructive testing
of fueled clads followed by preparation for shipment. Heat
sources are produced in an assembly-line manner, and these
processes often occur simultaneously. For these reasons,
multisphere measurements conducted in the 2**Pu areas do not
necessarily represent steady-state processes. Each spectral
measurement was significantly influenced by high-yield sources
that were located in close proximity to the detectors during a
specific measurement. In all measurements these sources
inherently represented a localized process throughout the
measurement interval. During each measurement the local
sources were stationary, and measurements reflected the neutron
spectrum for an observer standing near the process glovebox.



The measured spectrum for the ball milling process is shown
in Figure 6. The integral quantitics of fluence rate, dose equiva-
lent rate, average Q, and average neutron energy determined
for this spectrum were 62.0 n/cm?/s, 20.7 uSv/h, 7.60, and
0.593 MeV, respectively. The measured spectrum for the fired-
granules process is shown in Figure 7. Calculated values of
fluence rate, dose equivalent rate, average Q, and average
neutron energy determined for this spectrum were 41.0 nfcm?/s,
13.0 uSv/h, 7.52, and 0.546 MeV, respectively. A comparison
of the fired granules and the ball milling spectra show that both
processes result in similar spectral quantities.
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Figure 6. Neutron spectrum of the 2**Pu ball milling process
(E = 0.593 MeV; H = 20.7 uSv/).
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Figure 7. Neutror spectrum of the 2*Pu fired granules process
(E = 0.546 MaV; H = 13.0 uSv/h).

Located within the heat source fabrication area was a 10.2-cm-
thick Lucite-shiclded glovebox that contained a 3.721 + 0.038-cm-
diameter sphere (250 g) of **PuQ, fuel (isotopic content approxi-
matcly 80% 2*Pu) maintained at about 1000° C by a removable
thermal isolation cover.?#” This source, shown in Figure 8, glows
bright red because of its near-100-thermal-watt output and was
manufacturced as part of the past multihundred-watt heat source
program. Before these measurements were taken, this source was
used for demonstrating a visual perspective of the thermal output
energy generated in the process of heat source nuclear decay. The
back side of this glovebox contained less overall hydrogenous
shiclding than its front surface and, thus, was a concemn for the
Nuclear Materials Technology staff in their pursuit of ALARA
goals. Health and safety concemns for work that was intermittently
conducted in this generalized arca prompted a series of multisphere
measurements to be made at these locations. Results of these
measurements arc shown for the front and rear glovebox locations
in Figures 9 and 10, respectively. The integral quantities of fluence
rate, dosc equivalent rate, average Q, and average neutron energy
determined for the front side of this glovebox were 79.2 nfcm?/s,
26.3 uSv/h, 7.60, and 0.589 MeV, respectively. The integral
quantities of fluence rate, dose equivalent rate, average Q, and
average neutron energy determined for the back side of this
glovebox were 94.0 n/cm?/s, 40.1 uSv/h, 8.07, and 0.758 MeV,
respectively. These results clearly show that the back side of this
glovebox represents a greater risk for workers than its front side.



Photon measurements using a Radcal Corporation MDH-1515
ionization monitor coupled to a 180-cm? pancake probe® were
also taken at each of these locations and revealed exposure rates
in excess of 0.80 mR/h.

Figure 8. A 250-g source of **PuQ, surrounded by a graphite
impact shell machined to generate 100 2 W thermal output.
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Neutron Energy (MeV) 0(%) H(%)
7.04E-10 to 4.14E-07 53 4
4.14E-07 to 8.41E-03 13 2
8.41E-03 to 1.43E-01 7 3
1.43E-01 to 1.20E+00 16 43
1.20E+00 to 4.94E+00 8 32
4.94E+00 to 1.00E+01 2 8
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Figure 9. Neutron spectrum of the #*Pu0, heat source sphere
measured in front of its containment glovabox (E = 0.589 MeV;
H = 26.3 uSv/).
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1.20E+00 to 4.94E+00 11 33
4.94E+00 to 1.00E+01 2 8
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Figure 10. Neutron spectrum of the #Pu0, heat source sphere
measured in back of its containment gk:vebox (E = 0.758 MaV:
H = 40.1 uSv/h).

For ALARA purposes (e.g., a savings of 40.1 uSv/h neutron
and 6.95 uSv/h photon), this source was removed from the
working area and is no longer a radiation protection concern.

b) Metal preparation and hydrofiuorination

The hydrofluorination of **PuQ, results in increased, yet
variable, neutron emission rates and lower average neutron
energies primarily from (ou,n) reactions with fluorine. A period
exists towards the end of this process when most of the material
has been chemically transformed, resulting in essentially
constant ncutron emission rates at a constant average energy.
Our measurements were acquired during this period of chemical
stability, and an attempt to monitor for changes in neutron
fluence for each measurement was made using the NRD operat-
ing in the scaler mode. These crude measurements were
compared to temperature profiles monitoring this process and
indicated that a chemical equilibrium had been maintained
throughout our measurement period. The spectrum measured
during this interval is shown in Figure 11. Other ®Pu metal
resided in close proximity to the hydrofluorination process and
contributcd to the results of these measurements. The integral
quantities of fluence rate, dose equivalent rate, average Q, and
average neutron encrgy determined for this location were
46.0 n/cm?/s, 11.6 puSv/h, 7.06, and 0.386 McV, respectively.
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Figure 11. Neutron spectrum of the hydrofluorination process
(E = 0.386 MeV; H = 11.6 uSv/).

c) Metal precipitation and evaporation

These dissolution processes utilize various liquid-holding
tanks, precipitators, and evaporators. Scrap metal was also
present at this location and was used to feed the recovery effort.
The measured spectrum representing the precipitation process is
shown in Figure 12. The integral quantities of fluence rate,
dose equivalent rate, average Q, and average neutron energy
determined for the precipitation process were 28.0 n/cm?/s,
21.3 uSv/h, 8.76, and 1.60 MeV, respectively. The integral
quantities of fluence rate, dose equivalent rate, average Q, and
average neutron energy determined for the evaporation process
were 8.53 n/cm?/s, 5.74 uSv/h, 8.65, and 1.33 MeV, respec-
tively. The spectrum measured for the evaporation process is
shown in Figure 13. Each of these spectra show a relatively
small thermal and epithermal neutron component.
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1.20E+00 to 4.94E+00 21 36
4.94E+00 to 1.00E+01 5 10
1.00E+01 to 2.43E+01 4 11

Figure 12. Neutron spectrum of the precipitation process
(E =1.60 MaV; H = 21.3 uSv/).
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4.94E+00 to 1.00E+01 4 9
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Figure 13. Neutron spectrum of the evaporation process
(E=1.33MeV;H=5.74 uSv/h).



d) Material storage vaulit

Various SNM are stored in a vault facility that was designed
to be “criticality safe.” Two spectral measurements were
performed in this facility near doors K and D and are shown in
Figures 14 and 15, respectively. The integral quantities of
fluence rate, dose equivalent rate, average Q, and average
neutron energy determined near door K were 309 n/cm?/s,

72.9 uSv/h, 6.87, and 0.349 MeV, respectively. The integral
quantities of fluence rate, dose equivalent rate, average Q, and
average neutron energy calculated near door D were 548 n/cm?/s,
152 puSv/h, 7.24, and 0.408 MeV, respectively. In the relatively
short distance between these locations (9 m), significantly
different neutron spectra were measured. The spectrum mea-

sured near door D was “harder” than that measured near door K.

These spectral differences were expected and reflect differing
SNM types and means for neutron moderation (i.e., **Pu
moderated with hydrogenous liquid compared to *Pu-Be
moderated in hydrogenous solid material).
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Figure 14. Neutron spectrum of SNM Vautt K
(E = 0.349 MeV; H = 72.9 uSv/).
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Figure 15. Neutron spectrum of SNM Vault D
(E = 0.408 MeV; H = 152 uSv/h).

e) Laboratory access corridors

Neutron spectra measured in two hallways at opposite ends of
the Plutonium Facility were nearly identical. These results are
shown in Figures 16 and 17. The integral quantities of fluence
rate, dose equivalent rate, average Q, and average neutron
energy determined for the hall corridor outside of the 2*Pu
processing rooms were 5.82 nfcm?/s, 1.09 uSv/h, 6.34, and
0.268 MeV, respectively. The integral quantities of fluence rate,
dose equivalent rate, average Q, and average neutron energy
determined for the hall corridor near Rooms 401 and 319 were
8.52 nfcm?s, 1.41 uSv/h, 5.92, and 0.254 MeV, respectively.
These results suggest that the Plutonium Facility containment
acts as a massive cubical concrete moderator in which the sum
of all neutron sources within its domain contribute to an average
hallway energy and flux density.
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Figure 16. Neutron spectrum of haliway between rooms 206 and

207 (E = 0.268 MeV; H = 1.09 uSv/h).
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7.04E-10 to 4.14E-07 60 10
4.14E-07 to 8.41E-03 19 5
8.41E-03 to 1.43E-01 8 6
1.43E-01 to 1.20E+00 8 40
1.20E+00 to 4.94E+00 3 26
4.94E+00 to 1.00E+01 1 7
1.00E+01 to 2.43E+01 1 6

Figure 17. Neutron spectrum of hallway near room 319

(E = 0.254 MeV; H = 1.41 uSv/h).

12

f) Special projects glovebox

To proceed with a facility-wide ALARA assessment, the
neutron spectrum emitted from a glovebox, PS, containing a
variety of SNMs was measured using the multisphere system.
Derived from Figure 18, the measured neutron spectral quanti-
ties for this glovebox location result in integral values represent-
ing fluence rate, dose equivalent rate, average Q, and average
neutron energy of 102 n/cm?/s, 35.1 uSv/h, 7.30, and
0.471 MeV, respectively.
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7.04E-10 to 4.14E-07 45 4
4.14E-07 to 8.41E-03 21 3
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1.43E-01 to 1.20E+00 15 45
1.20E+00 to 4.94E+00 7 30
4.94E+00 to 1.00E+01 1 7
1.00E+01 to 2.43E+01 1 7

Figure 18. Neutron spectrum of special projects glovebox “PS”
(E = 0.471 MeV; H = 35.1 uSv/h).

Additional measurements

Photon exposure rates were also measured at each spectral
location using a Radcal MDH-1515 instrument coupled to a
180-cm? active volume pancake ionization probe. In addition to
these measnrements, further neutron field characterizations were
acquired by taking ratios of the NRD and 7.62-cm Cd-coated
sphere measurements (i.e., “9-to-3 ratios”*') combined with
measurements using the NRD '°BF, detector bare and positioned
inside a Cd-sleeve. The results of further photon and neutron
measurements conducted at the LANL Neutron Well Calibration
Facility, the Plutonium Facility, and the low-scatter neutron
annex are shown in Table 2.



Table 2. Site-specific measurements of neutron and photon fields.

Location or Source 9"-NRD* g-to-3" Bare Cd-Covered Thermal X
“BF, “BF, Dose®
(s) Ratio (s (s") (%) {mR/h)
Bare #Cfe 33.00 1.99 0.388 0.634 0.79 NMm
(+0.006) (23.4%) (£1.4%) (£0.10%)
Simulated Glovebox 111 0.683 176 1.2 22 NM
4" Lucite (£0.95%) (£1.0%) (£2.0%) (£7.0%)
Neutron Well 318 0.741 9.17 1.32 11 NM
(£1.3%) (£0.75%) (£2.5%) (16 .5%)
Ball Milling 0.80MA 0.300 1. 704 0.31M4 2.1 1.200
(5.0 (£3.0%) (£3.1%) (£12%)
Fired Granules 0.80MA 0.35 1.7 0.13wA 2. 1A 1.000
(£5.0%) (24.3%) (£3.1%) (£12%)
PuO,-Sphere (Front) 0.830 0.30 1.70 0.13 2.1 1.020
(£4.5%) (£5.1%) (£3.1%) (£12%)
PuO,-Sphere (Back) 1.72 0.38 3.20 0.23 4.0 1.430
(£3.1%) (£3.6%) (£2.3%) (£12%)
HF 0.785 0.32 2.08 0.80 26 0.359
(+4.6%) (+4.6%) (£2.8%) (£14%)
Precipitation 1.27 0.65 0.048 0.028 0.060 0.884
(£3.6%) (24.6%) (£18%) (£24%)
Evaporation 0.213 0.38 0.13 0.23 0.16 0.936
(£8.8%) (£10%) (£11%) (217%)
Vault K 4.00 0.24 13.2 0.78 17 8.000
(£6.4%) (£7.2%) (23.6%) (£15%)
VaultD 7.03 0.26 228 1.4 28 2.200
(£4.9%) (£5.4%) (£1.7%) (x11%)
Glovebox PS 2.00 0.22 5.0 0.13 6.2 1.227
(£4.1%) (£4.5%) (£2.6%) (£9.4%)
Hall by 206 0.079 0.22 3.73 0.18 47 0.060
(£8.4%) (£9.2%) (23.8%) (£18%)
Hall by 319 0.236 0.15 1.53 0.088 1.9 0.422
(18.4%) (£9.0%) (£3.3%) (£14%)

a. Response of the Eberline 22.8 (9-inch) NRD is 38 counts/(0.01*mSv)/h.

b. Percent thermal by dose is estimated using the following method (personal communication and consulting with Dale Hankins): Percent thermal by
dose = Bare '"BF, Response/80, where the value of 80 is to corr.ct the overresponse of the ''BF, probe to epithermal and thermal neutrons
relative to fission sources (e.g., the average '’BF, detector response for a thermal pile divided by its average response for fission sources).

c. Measured performance at a source-to-detector distance of 100 cm.
d. MLA = measurements performed in local area; NM = not measured.
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Calculated dosimeter/remmeter response values

The 27 TWOGO energy group midpoint values, differential
energy values, and interpolated NCRP 38 and ICRP 60 fluence-
to-dose-equivalent conversion factors arc shown in Table 3. The
corresponding response values for bare and albedo °LiF TLDs,
BDI-100 bubble detectors, CR-39, NTA film, NRD, and Snoopy
monitors are shown in Table 4. These values were folded with
each measured neutron spectrum to determine the dosimeter or
remmecter responses per unit-dose equivalent. The spectral-
weighted dosimeter and remmeter response values are shown in
Table 5. The best-performing dosimeters for use in the Pluto-
nium Facility were determined and ranked strictiy on a
calculational basis without the application of ncutron correction
factors and without regard for operational concerns. Overall,
bubble detectors ranked best in facility response with CR-39,
NTA, albedo °LiF TLDs, and bare °LiF TLDs following in
descending order. The standard deviation of the calculated
response values determined for the Snoopy remmeter was 5.0%
better than the NRD for the spectra measured at this facility.
However, when the weight and dircctional response variations of
the Snoopy remmeter (11.3 kg; + 20 to 30%) arc compared to
th.. weight and angular variations of the NRD (6.24 kg; + 10%),
operational, facility, and budget priorities should dominate in the
decision of which instrument to utilize.
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Table 3. TWOGOs differential energy values, neutron energies,
NCRP 38 and ICRP 60 fluence-to-dose-equivalent values.

Neutron Energy TWOGO NCRP 38 ICRP 60
Differential Fluence-to- Fluence-to-
Energy Values Dose Dose
Equivalent Equivalent
(MeV) (MeV) (0.01*'mSv*cm?) (0.01'mSv*cm?)

2.540°10° 4.140"107 1.021°10¢ 1.201*10°¢
5.900°107 4.270*107 1.090°10* 1.485°10¢
1.200°10° 8.690°107 1.240°10° 1.548*10°
2.440°10¢ 1.760°10°¢ 1.240°10°¢ 1.533'10¢
4.940°10¢ 3.570°10* 1.240°10¢ 1.504°10¢
1.000°10% 7.260°10° 1.240*10* 1.450*10°¢
2.040°10°% 1.480°10°% 1.239°10¢ 1.424*10¢
4.140°10° 2.990°10°% 1.234°10* 1.373*10°¢
8.410°10°% 6.110*10% 1.210°10¢ 1.281°10¢
1.710°10¢ 1.230°10¢ 1.182°10* 1.226*10¢
3.460°10+ 2.510°10¢ 1146°10°¢ 1.178°10¢
7.030°104 5.060°10¢ 1.076°10° 1.150*10¢
1.430'10° 1.040"10? 9.480°107 1.163*10°¢
2.910°10° 2.100"10°? 7518107 1.232°10¢
5.900°10° 4.270°10? 6.149°107 1.441*10¢
1.200°102 8.690°107 1.106°10¢ 1.945°10°¢
2.440°107? 1.760°102 1.814*10¢ 3.159%i0¢
4.940"10% 3.570°102 3.229°10°¢ 5.829°10°
1.000°10" 7.260'102 6.039'10°¢ 1.123'10%
2.C40°10" 1.480"10" 1.158°10°% 2.133'10°*
4.140*10" 2.990°10"' 2.186°10°% 3.631"10*
8.410°10" 6.100"10" 3.372°10° 5.386"10°¢
1.710"10° 1.230°10° 4.210°10* 6.684"10°
3.460"10° 2.510°10° 3.961°10° 6.948°10°¢
7.030"10° 5.060°10° 407410 6.405°10°¢
1.430°10' 1.040*10 5.822*10% 5567310
2.230"10' 3.935"10° 6.421°10°¢ 5.200°10°%




Table 4. Relative and absolute dosimeter/remmeter response values caiculated for the 27 energy groups of TWOGO.

Bare Albedo BDI-100 CR-39 NTA 9"-NRD Snoopy
‘W TLD ‘U TLD

(Relative (Relative (Bubbles (Tracks (Tracks {Counts (Counts
Response) Response) per cm?) per Neutron) per Neutron) per cm?) per cm?)
7.400*10" 6.680°10° 0 0 0 3.700"10° 5.370'10°
5.696°10" 9.961°10°3 0 0 0 6.170*10? 8.825'10°
5.358°10" 3.076*10? 0 0 0 6.700°10? 9.957°10°
4.999°10" 1.038°10" 0 0 0 7.760*10? 1.127*10?
4.699°10" 9.665°102 0 0 0 8.720*10? 1.281°10%
4.390°10" 8.800°102 0 o] 0 8.720°10° 1.450*10?
4.078*10" 7.584°10°? 0 0 0 9.810*10? 1.642°102
3.787"10" 6.571"10? 0 0 o] 1.100°10? i.875°10?
3.563'10" 5.530"10? 0 0 0 1.240*102 2.105°102
3.265°10" 4.726°102 0 0 0 1.390°102 2.423'10?
3.067°10" 4.350°102 0 0 o] 1.570°102 2.702°10%
2.808°10" 4.120"10?2 0 0 0 1.760*102 3.106°10?
2.656'10" 3.630°10? 0 0 0 1.8980°10? 3.474*102
2.448°10" 3.737°10? 0 0 o] 2.220°10? 4.007°102
2.332°10" 2.7569%10? 0 0 0 2.480°10¢ 4.484°10?
2.146°10" 2.508°10? 0 0 0 2.670°102 5.494°10?
202510 2.252°10? 0 0 0 2.950"10% 6.443'102
1.912°10" 1.956°102 0 0 0 3.230°10? 7.398'10?
1.800"10" 1.700°10? 1.000°10°¢ 4.860°10°¢ 0 3.770*10% 9.260°102
1.634'10" 1.494*102 6.628'10¢ 6.524*10% 0 4.840°10? 1.346°10!'
1.448°10! 1.261°102 2.302°10% 1.353°104° 1.732°10¢ 6.990°107 2.124°10"
1.237°10” 9.256°10° 2.268°10° 1.930°10+ 2.410°10¢ 9.080'10? 3.601*10"'
9.786'10? 5.780°10° 2.548'10° 2767104 3.872°10¢ 1.050*10" 4.579'10"'
7.015°10? 4.047°10° 2.802°10° 23677104 5.685"10¢ 1.010°10° 451910
4.576°107 2.632°10° 3.329°10% 1.775*10+4 8.444"104 9.250°10? 4.284'10"
2.946%10? 1.561°10° 294510 1.510°104 6.736°10+ 6.720*10? 3.012*10'
2230102 1.080°10° 1.500°10% 5465°10°* 4.278°10¢ 0 221110
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Table 5. Spectrum-weighted remmater and dosimeter R, response values.

Spectrum f 9" Snoopy BDi-100 CR-39 NTA Bare Albedo
NRD TLD TLD
(10-7* mSv* (count per (count per  (bubbles per (iracks per (tracks per Rel Resp Rei Resp
om?) 0.01* uSv) 0.01* uSv) 0.01* uSv) 0.01* uSv) 0.01* uSv)
Bare #Cf 3.580 2535 10870 1.000 5.945 10.59 2806 196.8
4°L-D-P* 1.075 2321 9586 0.8914 4.605 10.27 46330 808.9
4'L-P-D? 1.602 2405 10090 0.9490 5.048 10.51 24390 614.3
Neutron Well 2.324 2394 10290 0.9741 5.172 11.51 10390 5724
Fired Granules 0.9764 2736 10470 0.9228 5.103 7.650 51880 1225
Ball Milling 0.9769 2704 10420 0.9287 5.101 7.738 48930 1075
»PyO, Sphere
(Front) 0.9764 2675 10360 0.9268 5.132 7.868 50060 1081
29Pu0, Sphere
(Back) 1.247 2694 10550 0.9531 5.276 8.005 32870 984.5
Vault K 0.6919 2990 10780 0.8863 4.880 6.704 72160 2048
Vault D 0.8070 2967 10840 0.9108 5.023 6.813 §7540 1926
HF* 0.7400 2914 10680 0.8989 4.926 6.820 67550 1646
Precip* 2.210 2538 10410 0.9783 5.394 9.007 10180 625.8
Evap® 1.957 2595 10510 0.9780 5411 8.762 13620 730.6
Box PS 0.8528 2898 10730 0.9129 5.032 7.248 54160 1828
Hall;206 0.5513 3035 10660 0.8490 4.604 6.114 98290 2071
Hall;319 0.4886 3089 10660 0.8148 4.416 6.459 113200 2599
Average* Pu
Facility (n = 12) 1.0 2800 10600 0.91 5.02 74 56000 1500
1+ SEM 0.15 53 45 0.014 0.085 0.26 8700 180
+ %SEM 15 1.9 0.43 1.5 1.7 35 16 12

a. L-D-P = Lucite-Detector-Phantom; L-P-D = Lucite-Phantom Detector; HF = Hydrofluorination; Precip = Precipitation; Evap = Evaporation;
Average Plutonium Facility values from rows 5 through 16.
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ICRP 60 implications

In the limit of infinitesimally thin tissue volume, the w, factor
approximates a point in space. Under these conditions, the ratio
of w,/Q is valid for a given spectrum, and the folded results for
these measurements are shown in Table 6, Average quoticnts
determined for site- and facility-specific areas are also shown in
this table for reference. Applying equations 3 and 4 to the 12
neutron spectra measured in the Plutonium Facility results in an
estimated increased risk (i.e., somatic cell cancer risk per unit-
dose equivalent) that is 2.32 + 0,064 (£ 2.7%) times greater than
is currently calculated using accepted DOE methods (i.e., Order
5480.11) that are based on NCRP 38 fluence-lo-dose conversion
factors. If one weights these measurements according to use
factors and dose-equivalent rates, then it becomes apparent that
the hallways present a negligible component to the total risk for
workers who rou. nely work near glovebox operations. Neglect-
ing the hall measurements reduces the estimated risk 10 2.25 ¢
0.054 (£ 2.4%). To effectively implement the recommendations
of ICRP 60 would require a reduction of the maximum annual
dose equivalent presently allowed by the DOE by at least a
factor of two.

Table 6. A comparison of W, and Q values calculated for an
infinitesimally thin slice of tissue.

oo—

Spectrum® w, o w,/Q
Bare #2Ct 171 9.23 1.86
4"L-D-P® 14.7 7.21 2.04
4°L-P-D® 16.6 7.91 1.96

Neutron Well 16.2 8.17 1.88
Fired Granules 1714 7.52 2.28
Ball Milling 171 7.61 2.25
#Pu0,-Sphere 171 760 2.25
(Front)
#py0,-Sphere 174 8.07 215
(Back)
Vault K 17.0 6.87 248
Vault D 17.3 7.24 2.40
Hydrofiuorination 171 7.06 242
Precipitation 17.2 8.76 197
Evaporation 17.3 8.65 200
Glovebox *PS*" 17.2 7.30 2.34
Hall by 206 16.7 6.34 263
Hall by 319 16.0 5.92 2.70

a. Average values for w /Q + SEM for site-specific areas within the
Plutonium Facility:

Plutonium Facility: n=12) 232+0.064 (1+2.7%)
Area 200, rows 5 through 8: (n=4) 22310.028 (+1.2%)
Vault arcas K and D; (n=2) 24410.042(21.7%)
Precip/Evap, rows 12 through 13:  (n= 2) 1.98 £ 0.017(£0.86%)
Hall areas: (n=12) 2.6610.035(x1.3%)

b. L-D-P = Lucite-Detector-Phantom; L-P-D = Lucite-Phantom-
Detector
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DISCUSSION

The LANL Plutonium Facility is ncutron abundant. This
facility’s massive containment is composed of concrete, Lucite,
waler, and steel and results in multiple ncutron scatiering, thereby
simulating a semi-infinite domain of moderation. Eventually, an
equilibrium is established between neutron absorption following
moderation and the creation of neutrons from new fission cvents.
This equilibrium produces neutrons having an average cnergy of
260 keV ¢ 2.6% (average values + SEM) as was measured with
the multisphere system in two hall corridors at opposing ends of
this facility.

Neutron energies ranging from thermal to 0.41 ¢V account for _

45% + 4.62% (average + SEM) of the total fluences measured in
the Plutonium Facility, Folding in NCRP 38 fluence-to-dose-
equivalent conversions factors for these spectral flucnces reveals
that these thermal and epithermal neutrons contribute only 4.5%
+0.84% (average + SEM) of the total measured dosc cquivalent
for the 12 Plutonium Facility locations measured. The personnel
neutron dosimeters currently used at LANL utilize bare *LiF/
'LiF pairs, and (n,a) reaction cross scctions for these detectors
are maximum at thermal energies. Dosimeters based on this
concept are extremely sensilive to small changes in moderation,
Material processing may also result in dynamic neutron energies,
further changing thermal and epithermal components and
demanding dynamic ncutron correction factors to adjust TLD
responses to the correct dose equivalent. Perhaps the most
vulnerable aspect of the LANL TLD system is that it is sensitive
to small changes in thermal/cpithermal energies, at which these
neutrons contribute a very small component to the dose equiva-
lent. For such spectra, bubble detectors and CR-39 do not
depend on neutron correction factors and are calculated to be
more accurate for personnel neutron dosimetry use throughout
the Plutonium Facility.

Application of ICRP 38 fluence-to-dose-equivalent
conversion factors to all measured neutron energies for each of
the laboratory access corridor arcas results in a calculated
(average £+ SEM) neutron-dose equivalent rate of 1.25 +0.160
(12.8%) puSv/. The average (+ SEM) dose-equivalent rate
measured for photons in these hallways was 2.10 + 1.81 (86.2%)
uSv/h. When combined, neutrons and photons account for
hallway dose-equivalent rates of 2.63 + 1.82 uSv/h. This rate
results in maximurmn monthly (8 h/day * 5 days/weck * 4 wecks/
month) and annual absorbed dosec-equivalents of 420 + 290 uSv
and 5500 + 3800 uSv, respectively.

Currently our monthly, whole-body TLD badge cutoff value,
determined for statistical reasons pertaining to climinating false
positive reporting, is set at 100 uSv/month. It is conceivable that
individuals who spend an average of only 4 h/day in the Pluto-
nium Facility hallways without entering other controlled areas in
this facility would, using NCRP 38 fluence-to-dose-cquivalent
conversions, reccive approximately 1000 uSv/year above
background. Because of current policy, a zcro-dose equivalent is
entered into record for dose cquivalents measured below the
cutoff value. It is therefore possible, although unlikely, for
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employees to receive 1000 puSv/year but be reported as not
recciving any occupational dose-equivalent exposure. For
reference, the annual whole-body absorbed-dose equivalent that
is due to natural background radiation in the Los Alamos area is
3400 pSv.

Significant differences in neutron spectra were measured for
anterior versus posterior irradiations. These differences are
summarized for each remmeter and dosimeter investigated in
this report and are shown in Table 7. These results ciearly show
that the NRD, Snoopy, BDI-100 bubble detectors, CR-39, and
NTA film are calculated to respond within 10% for anterior
versus posterior irradiations. Both the bare and albedo LiF
TLDs, being much more sensitive to changes in small compo-
nents of thermal and epithermal neutrons, significantly
underrespond for posterior versus anterior irradiations (32% for
albedo TLDs and 90% for bare TLDs). These differences reveal
the complexity of personnel neutron dosimetry for highly
modcrated spectra and the inadequacy of assigning one person-
nel neutron correction factor to a TLD dosimeter for only one
specific static glovebox operation. Thesc results combined with
carlier investigations' suggest ways to improve the accuracy of
neutron measurements by using a dosimeter system that does not
rely on changing neutron correction factors. Such a dosimeter
system could employ a TLD algorithm that sclectively incorpo-
rales an average neutron correction factor representative of the
average ncutron energies encountered in ficld environments.” In
addition, other types of TLD dosimeters combined with either
bubble detectors®* or CR-39* would help refine personnel
neutron measurements at LANL. These measurements are
directly relevant to the recently published ANSI/ANS-6.1.1-
1991,” which deals with neutron and gamma- ray fluence-to-
dose factors regarding anterior, posterior, lateral, and rotational
exposure geometries.,

Table 7. Percent differences calculated for anterior versus
posterior #2Ct source irradiations through a 10.2-cm Lucite shield.

Remmeter or Dosimeter Anterlor Versus Posterior
Difference (%)*
9"-NRD + 349
Snoopy + 500
8DI-100 + 607
CR-39 + 8.78
NTA + 228
Bare TLD -80.0
Albedo TLD -31.7

a. Positive (+) values represent an increased variation for posterior
irradiation when compared to anterior irradiations. Likewise,
negative (-) values reflect a decreased response calculated for
posterior versus anterior irradiations. Values were calculated from
Table 5; 4"L-D-P and 4"L-P-D rows.



These measurements were performed over a three week
period; with regard to ALARA considerations, they resulted in
dose equivalents, measured with the current LANL TLD
dosimeter, of 420 4 75 person-uSv shallow penetrating photon
dose and 1650 + 138 person-uSv ncutron dose. These measure-
ments have resulted in significantly reduced personnel neutron-
dose equivalents imparted at site-specific locations and will
provide the foundations for future policy regarding dosimetry
practices performed at this facility.

The response function interpolation code used to calculate
these results is written in Turbo Basic® format while the
dosimeter, remmeter, and folding parameters, compatible for
TWOGOs 27 energy groups, are written in spread sheet format.®
The latter code accepts neutron flux values folded by TWOGO
to cakculate dosimeter/remmeter response values for a given
spectra. All programs are available upon request pending the
consent of LANL and the DOE.
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