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EXECUTIVE SUMMARY

Neutron dosimetry has been extensively studied at Hanford since the
inception of operations in the mid-1940s (Wilson et al. 1990). At the present
time, Hanford contractors use thermoluminescent dosimeter (TLD)-albedo
dosimeters to record the neutron dose equivalent received by workers. The
energy dependence of the TLD-albedo dosimeter has been recognized and docu-
mented since introduced at Hanford in 1964, and numerous studies have been
performed to help assure the accuracy of dosimeters used in the work place.

Historically, the largest personnel neutron exposures occurred at the
fluorinator glove boxes used for processing plutonium. In the past, the
Hanford Multipurpose Dosimeter was calibrated to accurately record doses from
this source. This has resulted in conservative assessments for many other
neutron sources.

With the recent change in Hanford’s mission, there has been a significant
decrease in the handling of plutonium tetrafluoride, and an increase in the
handling of plutonium metal and plutonium oxide sources. Also, the introduc-
tion of U.S. Department of Energy Laboratory Accreditation Program (DOELAP)
requires the dosimeter to accurately assess the dose equivalent from 252Cf
sources under the low scatter conditions of the calibration laboratory.

This study was initiated to document the performance of the current
Hanford TLD-albedo dosimeter under the low scatter conditions of the cali-
bration laboratory and under the high scatter conditions in the work place
under carefully controlled conditions at the Plutonium Finishing Plant (PFP).
The neutron fields at the PFP facility were measured using a variety of
instruments, including a multisphere spectrometer, tissue equivalent propor-
tional counters, and specially calibrated rem meters. The dose equivalent
rates from plutonium fluoride, plutonium oxide, and plutonium metal sources
were determined using these instruments. The plutonium tetrafluoride source
is of importance because it is the same source that was used to calibrate
instruments and neutron dosimeters at Hantord from 1964 to 1981. The dosim-
eter results from the plutonium tetrafluoride exposures may be useful in
interpreting past dosimeter records. A variety of neutron dosimeters were
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exposed on an acrylic plastic phantom (the same phantoms used in DOELAP
accreditation) in these measured fields. Measurements were also performed
with selected thickness of acrylic plastic positioned between the neutron
source and the detectors to simulate glove boxes and neutron shielding
windows.

Various algorithms were used to evaluate the TLD-albedo dosimeters, and
the results are given in Section 7 of this report. Using current algorithms,
the dose equivalents evaluated for bare sources and sources with less than
2.5 cm (1 in.) of acrylic plastic shielding in high scatter conditions typical
of glove box operations are reasonably accurate, as expected. But the TLD-
albedo dosimeters significantly overestimate the dose equivalent when exposed
to moderated neutrons from sources with 5.cm to 15 cm (2 in. to 6 in.) of
acrylic plastic shielding. The results confirm the traditional practice of
requiring that any errors result in overestimation of the dose equivalent.

Recently developed CR-39 track etch dosimeters (TEDs) were also exposed
in the calibration 1aboratory and at the PFP. The results indicate that the
TED dosimeters are quite accurate for both bare and moderated neutron sources.
However, the accuracy of the TEDs decreases with increasing moderator thick-
ness, because an increasingly large fraction of the neutrons reaching the
dosimeters have energies below the 100 keV threshold for detection of fast
neutrons by the CR-39.

Until a personnel dosimeter is available that incorporates a direct
measure of the neutron dose to a person, technical uncertainties in the
accuracy of the recorded data will continue. This study is intended to help
document the accuracy of the existing Hanford dosimetry system, and to provide
information that could be used to help interpret various past and present
dosimeter algorithms. At Hanford, studies are continuing to evaluate methods
for reducing the uncertainty. Strong reliance is placed on parallel dosimeter
and instrument measurements in the work environment. Field measurements have
been and continue to be a critical element to insure the credibility of
routine dosimeter results.
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The following recommendations are made on the basis of this study:

Continuing instrument measurements and dosimeter exposures on
phantoms in characterized fields are essential to ensure the
credibility of routine dosimetry results, especially if any changes
are made to the system.

Consideration should be given to implementing the CR-39 TED in
combination with the TLD-albedo dosimeter to provide greater
analytical capability in determining personnel neutron dose.

The Hanford Project has a long-standing policy (Wilson et al. 1990)
that, if there are any inaccuracies, the personnel doses recorded
shall err so that the recorded doses will always overestimate the
actual dose; efforts should be made to increase the accuracy and
reduce the degree of conservatism in neutron dosimetry.

As part of the effort to increase the accuracy of TLD-albedo
dosimeters, it may be possible to develop improved algorithms based
on site-specific calibration factors or TLD chip ratios using the
data contained in this report.
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1.0 INTRODUCTION

The Hanford External Dosimetry Program is a multifaceted program involv-
ing routine interaction between numerous operational organizations within
each site contractor and with the Richland Operations Office (RL) of the U.S.
Department of Energy (DOE). The program provides for the measurement and
recording of the official external occupational radiation doses for all
employees/visitors during their employment/visit ai Hanford Site, and is
conducted for DOE by Pacific Northwest Laboratory,(PNL)“) in compliance
with the requirements of DOE 5480.11 and DOE 5480.15 (DOE 1988; 1987).

The Hanford External Dosimetry Program is technical in nature and
involves significant quality control (QC) for the dosimeters and equipment
used. The thermoluminescent dosimeter (TLD) reader is the instrument that
processes the TLD inserts by measuring the light photons released from the TL
chips in the inserts, thereby determining any radiation dose received by the
individual dosimeter wearers.

The complete TLD system must meet the performance criteria described in
the DOE Laboratory Accreditation Program (DOELAP) handbook (DOE/EH-0026 1986a)
and standard (DOE/EH-0027 1986b). The individual system parts must be inte-
grated so that maximum automation is achieved. As designed and modified by
PNL, Hanford readers and inserts have provided such capability in full
compliance with the performance criteria since 1970.

The Hanford multipurpose dosimeters are calibrated based on exposure(s)
to specific radiation sources, including on-phantom calibrations. Hanford-
specific calibration factors and environmental dose correction formulas are
applied. The dosimeters are processed to assess dose using an automated
reader system.

1.1 NIST-TRACEABLE SOURCES

The radiation sources used as a basis for calibrating Hanford personnel
dosimeters are traceable to National Institute of Standards and Technology

(a) Pacific Northwest Laboratory is operated for the U.S. Department of
Energy by Battelle Memorial Institute under Contract DE-AC06-76RLO 1830.
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(NIST) standards. For the multipurpose dosimeter, primary calibration is
based on

. 16-keV K-fluorescent on-phantom exposure for the shallow-dose
photon component

+ on-phantom B¢ exposure for the deep-dose photon component
. on-phanton1252Cf exposure for the fast-neutron component.

Additional exposures are made using selected K-fluorescent, filtered x-ray
techniques, beta sources, and neutron energies to determine ithe response of
the dosimeters to other radiation environments. Information pertaining to the
calibration of the exposure and/or dose received from these sources is avail-
able in the respective source documentation maintained at the 318 Building
Calibration Facility. |

1.2 HANFORD SITE CALIBRATION FACTORS

Calibration factors détermined from the NIST calibration sources are
used directly without any modification for field conditions, with the
exception of the fast-neutron calibration. When a TLD-albedo dosimeter is
exposed to bare 2°’Cf in the field, its response per rem-dose-equival nt is
considered to be 1.73 times higher than its response to bare 2°Cf in the
calibration Taboratory. (The factor is based on historical measurements from
the field using survey instruments and other dosimetric devices.) Therefore,
the dose responses in the laboratory are multiplied by 1.73 to approximate
actual field dose responses at Hanford. This calibration results in a calcu-
lated dose approximately a factor of 5 greater than the actual dose for a
15-cm D,0-moderated “*2Cf-source exposure.

A1l neutron dosimeters and survey instruments exhibit energy dependence;
i.e., the response per unit dose equivalent varies with energy. For this
reason, it is necessary to know the response in the field in which the dosim-
eter is to be used. Typically, dosimeters are calibrated in low scatter
calibration laboratories under precisely controlled conditions. The response
of the dosimeter under these conditions is generally different than the
response when the dosimeter is exposed under the high scatter conditions
typical of work place exposures. The purpose of this study was to make
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measurements of dosimeter responses to various plutonium sources under the
high scatter condition found at a typical Hanford facility, the Plutonium
Finishing Plant (PFP). This information would provide the data for determin-
ing new algorithms for more accurate determination of neutron dose equivalent
from Hanford Multipurpose Dosimeters in a typical work place situation. In
addition, the encapsulated plutonium tetrafluoride source used for these
measurements was previously used as a calibration source for previous Hanford
neutron dosimeters. Thus, the measurements would provide historical data for
evaluating previous dosimeter algorithms.

1.3 POTENTIAL CHANGES IN RADIATION PROTECTION STANDARDS

These measurements also previde data of interest for proper evaluation
of neutron dosimeters if radiation protection standards are changed in the
future. Various national and international advisory bodies have recommended
that the quality factors for fast neutrons be increased, and it is expected
that the U.S. Department of Energy may implement these changes in the future.
The National Council on Radiation Protection and Measurements (NCRP) has
recommended increasing neutron quality factors in Report No. 91, Recommen -
dations on Limits for Exposure to Ionizing Radiation (NCRP 1987). Unless the
neutron energy spectrum is known, the NCRP recommends applying a quality
factor of 20 for neutrons; this would result in doubling dose equivalents.
Determination of neutron energy spectra in the work place allows the use of
iwore accurate neutron quality factors and reduces unnecessary conservatism in
assigning dose equivalent from dosimeter responses.

In ICRU Report 40, The Quality Factor in Radiation Protection (ICRU and
ICRP 1986), a joint task force of the International Commission on Radiation
Units and Measurements (ICRU) and the International Commission on Radiological
Protection (ICRP) proposed changing the basis for the definition of quality
factors. At present, quality factors for all radiations are defined on the
basis of Tinear energy transfer (LET), the average rate of energy loss per
unit path length of charged particles in water. ICRU Report 40 proposes
defining quality factors in terms of Tineal energy, which is the quotient of
the energy imparted by a single energy deposition event to matter in a volume
divided by the mean chord length of that volume. Linear energy transfer is a
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macroscopic quantity that must be determined by the average of many observa-
tions (or calculated mathematically); lineal energy is a stochastic quantity
that can be measured by devices such as the tissue equivalent proportional
counter as outlined in Section 2 of this report.

Also, in Federal Radiation Protection ngdangg‘tg Federal Agencies for

Occupational Exposure (52 FR 2822-2834), the President has accepted the
Environmental Protection Agency (EPA) guidance that federal agencies adopt the
methodology of the ICRP Publication 26 (ICRP 1977) for determining effective
dose equivalent. This guidance provides a mechanism for adding internal and
external exposures, but does not explicitly deal with determination of
effective dose equivalent from external sources. ICRP Publication 51,

Data for Use in Protection Against External Radiation (ICRP 1987), gives

some guidance on how to determine effective dose equivalent for external
radiations. '

DOE has traditionally followed the recommendations of the NCRP. If
radiation protection standards are changed, either by increasing quality
factors or implementation of effective dose equivalent, some knowledge of the
neutron energy spectra in the work place will be mandatory. This information
is beneficial for the following reasons:

+ Increased accuracy can be achieved by field calibration of
personnel dosimeters and instruments. Neutron dosimeters are
typically calibrated in the laboratory under carefully contrclled
conditions. But the neutron energy spectrum and irradiation
geometry in the work place are usually quite different than those
in the calibration laboratory. A correction factor is applied to
account for these differences. Correction factors specific to
actual work locations can be determined by exposing dosimeters on a
phantom at locations where the dose equivalent has been determined
from spectral measurements.

» Spectral information will allow calculation of quality factors and
dose equivalent conversion factors. If the energy spectra at work
Tocations have been measured, the effects of proposed changes in
radiation protection standards can be determined.

Effective dose equivalent can be calculated from neutron energy
spectra and irradiation geometry using the data published in ICRP
Publication 51 (1987). Because effective dose equivalent accounts
for attenuation and degradation of the energy of neutrons penetrat -
ing the body, adopting effective dose equivalent methodology can
mitigate the effects of increases in neutron quality factors.
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« Effective dose equivalent can be calculated from neutron energy
spectra and irradiation geometry using the data published in ICRP
Publication 51 (1987). Because effective dose equivalent accounts
for attenuation and degradation of the energy of neutrons penetrat-
ing the body, adopting effective dose equivalent methodology can
mitigate the effects of increases in neutron quality factors.

1.4 NEUTR SUR

The most significant source of neutron exposure at Hanford historically
involved the processing and handling of plutonium. Several different pluton-
ium sources were u.ad for these measurements, including a sealed plutonium
tetrafluoride (PuF,) source, a plutonium oxide (Pu0,) source, and a plutonium
metal source. These sources are typical of the plutonium handled at Hanford.
The sources are described in more detail in Section 3.3 of this report.

~ The plutonium tetrafluoride source is of special interest. It was
previously used as the calibration source for Hanford neutron dosimeters from
December 1964 until August 14, 1981, when it was replaced by a californium-252
fission source. In the 1960s much of the neutron exposure was the result of
processing plutonium fluoride, which is an intermediate step in the separation
of plutonium. Alpha particles from plutonium interact with fluorine to
produce neutrons, thus increasing the neutron yield by a factor of 100 or
more.

Measurements of the neutron energy spectra have been made on similar
plutonium sources in the laboratory, as discussed in BNWL-1262, Neutron
Spectra of Plutonium Compounds., Part 1: °He and ®Li Spectrometer Measurements
(Brackenbush and Faust 1970). The results of these measurements are shown
in Figure 1.1, which gives the fast neutron energy spectrum for plutonium
tetrafluoride (average energy 1.4 MeV), plutonium dioxide (average energy
2.0 MeV), and plutonium metal (average energy 2.0 MeV) sources. These mea-
surements were made under carefully controlled conditions in the laboratory
and provide the energy spectra from the source itself; no room scatter com-
ponent was measured.

These spectra are not typical of neutron energy spectra in the work
place, where the plutonium is processed in glove boxes. The hydrogenous
shielding provided by glove boxes, concrete walls and floors, and process
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equipment results in a significant fraction of neutrons at low energies. A
TLD-albedo neutron dosimeter is 100 times more sensitive to these low energy
neutrons than to 1 MeV neutrons, so these low energy scattered neutrons are
very important to the dosimeter response. Although these low energy scattered
neutrons contribute very little to dose equivalent, they often dominate the
response of the TLD-albedo dosimeter. |
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FIGURE 1.1. Neutron Energy Spectra for Plutonium Tetrafluoride,
Plutonium Dioxide, and Plutonium Metal Sources
(Source: Brackenbush and Faust 1970)
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2.0 INSTRUMENTATION

This section discusses the instruments used to perform the spectral
measurements. Most of the information presented here is contained in other
documents, but is included so that the reader will have one document with all
the necessary information. The instruments covered include

+ tissue equivalent proportional counters (TEPCs) to measure the

Tineal energy distribution or LET, so that quality factors and dose
equivalent can be calculated from their definitions

« multisphere or Bonner sphere spectrometers, which provide low
resolution neutron energy spectra covering an energy range of
thermal to 20 MeV

. 3He proportional counter spectrometers, to provide high-resolution
energy spectra over an energy range of 200 keV to 3 MeV

+ survey instruments, including the Snoopy, the Hanford standard
neutron survey instrument, and a micro rem meter to measure
low-level gamma dose rates

+ personnel dosimeters, including the Hanford multipurpose dosimeter
and CR-39 track etch dosimeters.

Information is provided on the principles of operation, the energy response
of the device, the operating range, and sensitivity to neutrons and possible
interfering radiations. Detailed information about TEPCs is presented in
Appendix A of this report, and a description of the multisphere spectrometer
is given in Appendix B. If the reader is unfamiliar with the terminology used
in microdosimetry (e.g., lineal energy versus linear energy transfer), an
introduction to these concepts is provided in Appendix A.

With these instruments, there are theoretically at least three generic
methods to determine dose equivalent. The first is to use an instrument
that has a response per unit dose equivalent that mimics the fluence-to-dose
equivalent conversion factor as a function of incident neutron energy. uUnfor-
tunately, no single such instrument exists for the wide range of neutron
energies found in DOE facilities. Moderator-based instruments such as the
Snoopy or remball can be used over limited energy ranges and are reasonably
accurate if calibrated properly for the energy range in which they are used.
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A second method is to measure the incident neutron energy spectrum and
apply fluence-tn-dose-equivalent conversion factors, which are published in
DOE Order 5480.11 (DOE 1988) or NCRP Report 38 (NCRP 1971). The existing
published conversion factors are based on Monte Carlo computer code calcu-
Tations performed over 20 years ago by scientists at Oak Ridge National
Laboratory (Auxier et al. 1968) using a parallel beam of neutrons normally
incident on a cylindrical phantom 30 cm in diameter and 60 cm high. The dose
equivalent for a given energy was calculated by finding the highest neutron
dose at some depth in the phantom. The charged particle spectrum was calcu-
lated; then the average quality factor was determined by looking at the LET
distribution and applying the definition of quality factor as a function of
LET (see Table 2.1). The dose equivalent at this energy was then calculated
from the product of the absorbed dose times the average quality factor deter-
mined from the LET distribution. The resulting quality factors are shown in
Table 2.2 as a funqtion-of incident neutron energy.

The determination of neutron energy spectra does have distinct advan-
tages.‘ If neutron quality factors are changed in the future, it will be
possible to calculate the effect of the changes from the neutron energy
spectrum and revised fluence-to-dose equivalent conversion factors. Also, if
the incident neutron energy spectrum is determined as a function of direction,
it is possible to determine effective dose equivalent and mitigate the effects
of increases in neutron quality factors.

TABLE 2.1. The Dependence of Quality Factor, Q(L), on Linear
Energy Transfer, L,

in Water .
ZkeV(gm) Quality Factor
<3.5 1
7.0 2
23. 5
83. 10
175. 20

Source: ICRU Report 20 (1971), page 4.
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JABLE 2.2. Quality Factors and Fluence-to-Dose
Equivalent Conversion Factors

Flux-to-Dose Equivalent

Neut?onvsnergy Average Rate Conversion Fac;or
Me Quality Factor -
2.5 x 1078 2 0.00368
1 x 107 2 0.00368
1 x 1076 2 0.00446
1 x 1075 2 0.00446
1 x 10'; 2 0.00431
1 x 10 2 0.00368
1 x 1072 2.5 0.00357
1 x 107! 7.5 0.0217
5 x 107! 11 0.0926
1 11 0.132

2.5 9 0.125
5 8 0.156
7 7 0.147
10 6.5 0.147
14 7.5 0.208
20 8 o.2§7
40 7 0.250
60 5.5 0.227
1 x 10 4 0.179
2 x 10° 3.5 0.192
3 x 102 3.5 0.227
4 x 10° 3.5 0.250

Source: NCRP Report 38 (1971), page 16.

However, this procedure results in conservative or upper limit values
for the dose equivalent for a variety of reasons. First, the highest dose
equivalent rate found at any depth in the phantom is applied to the entire
phantom. The model assumes a parallel beam of neutrons normally incident
(i.e., at 90° to the axis of the cylinder), but neutrons usually arrive from
all angles; thus, the parallel beam model yields maximal values for the dose
equivalent. The calculated dose equivalent represents maximum values in the
phantom, which occur at different depths for different neutron energies;
however, for polyenergetic neutron energy spectra, the conversion factors are
added together as if the maxima occurred at the same depth. Finally, there is
the problem of activation gamma rays. For slow and intermediate energy
neutrons, recoil protons from neutron scatter with hydrogen results in very
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Tittle energy transfer. At these energies the principal mechanism for energy
transfer is the absorption of a slow neutron by hydrogen and the subsequent
emission of a 2.2 MeV gamma ray from deuterium. In the Monte Carlo computer
code calculations, activation gamma rays are included as part of the neutron
dose. However, a gamma dosimeter will record some of these gamma rays,
resulting in an overly conservative estimation of the dose equivalent. These
problems are discussed in greater detail in Appendix A.

A third method of determining dose equivalent is to measure the absorbed
dose as a function of LET and apply the definition of quality factors as a
function of LET, as shown in Table 2.1. In principle, this can be accom-
plished using instruments such as the TEPC.

2.1 TISSUE EQUIVALENT PROPORTIONAL COUNTERS

The TEPC consists of a hollow sphere of tissue equivalent (TE) plastic
filled with TE gas. An electrode is placed in the counter to collect the
charge produced by interactions with ionizing radiations. 1In commercially
available proportional counters, the tissue equivalent plastic walls are
composed of Shonka A150 plastic (ICRU 1983, page 75) and are typically 1/8-in.
thick. The inside diameter of the sphere varies between 1/4 in. and 5 in. A
5-in. diameter single-wire TEPC was found to be the most useful for field
measurements.

From Bragg-Gray cavity theory, the absorbed dose measured by the tissue
equivalent gas cavity is the same as that measured in the center of a sphere
of tissue equivalent gas, if the compositions of the plastic walls and gas
cavity are identical. Thus, the TEPC measures the absorbed dose in a sphere
of tissue-like material with a radius of 1/8 in. If the composition of TE
plastic is sufficiently close to that of tissue, this provides a direct
measure of absorbed dose in tissue. For neutrons with fission energies, the
energy deposition in TE plastic is very close to that in soft tissue.

It is relatively easy to determine the absorbed dose with a tissue
equivalent proportional counter; the problem is how to determine quality
factors from the distribution of events in the TEPC. Unlike ordinary pro-
portional counters, the TEPC is operated at very low gas pressures, so that
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the gas cavity has the same stopping power as a 1- or 2-um sphere of tissue of
unit density. As a crude approximation, the energy deposited in the TEPC is
the product of the path length times the LET. However, the concept of linear
energy transfer breaks down at these microscopic levels. Particles with the
same energy traversing the same path will produce a distribution of event
sizes in the counter because of the statistical nature of microscopic inter-
actions. However, there are approximate methods to convert the 1ineal energy
distributions measured by the TEPC to LET distributions, as explained in
Appendix B. Within the errors of the approximations and alaorithms used, it
is possible to determine LET distributions and hence quality factors from

~ their definition.

The dose equivalent can be détermined from the TEPC measurement of
absorbed dose multiplied by the quality factor determined from the definition
based on LET. However, this dose equivalent is not exactly the same as that
obtained from neutron energy spectra measurements. The TEPC measures the
absorbed neutron dose and the energy deposition spectra at a fixed depth of
1/8 in. in a sphere of tissue-equivalent plastic. This is not the same as the
maximum absorbed neutron dose calculated at any depth in a 30-cm diameter
cylindrical phantom. '

Neutron and gamma events in the TEPC can be separated on the basis of
the size of the event produced in the TEPC. Although there is some overlap
in the size of the events, gamma rays produce events with lineal energies
below about 15 keV/um. Thus, it is possible to determine neutron quality
factors by analyzing only those events with lineal energies above about
15 keV/um. For fission energy neutrons, the average quality factors (Q)
calculated from TEPC measurements are remarkably close to the average neutron
quality factors determined by weighting neutron quality factors by measured
neutron energy spectra, as in Equation (2.1):

5. Z.0(FE) o(E)

Q = th(E) (2~1)

At neutron energies above 20 MeV, the maximum in the absorbed dose occurs at a
depth greater than 1/8 in., and the dose equivalent determined from TEPC
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measurements are lower than those calculated from neutron energy spectrum
measurements. Also, for intermediate energy neutrons, the primary mechanism
for energy transfer is the production of 2.2-MeV gamma rays produced by the
absorption of slow neutrons by hydrogen. The TEPC cannot distinguish between
an external gamma ray and one produced by neutron activation. Thus, the
absorbed neutron dose and the quality factors determined by TEPC measurement.s
are different than those calculated from neutron-energy spectra measurements
for intermediate energies. The importance of these effects is shown in

Table A.5 in Appendix A. For fission spectra or 1ightly moderated fission
spectra, the dose equivalents determined by TEPC measurements are almost
identical to those calculated from neutron-energy spectrum measurements. This
is because most of the dose is delivered by hydrogen recoils (rather than
activation gamma rays), and the maximum absorbed dose occurs near the surface
of the phantom (which is closely approximated by the TEPC measurement at a
depth of 1/8 in.).

2.2 MULTISPHERE SPECTROMETER

The multisphere spectrometer consists of a set of five polyethylene
spheres with different diameters, a cadmium shield, and a ®LiI(Eu) scintil-
lator crystal attached to a 1ight pipe and photomultiplier, so that the
scintillator can be positioned at the center of the polyethylene spheres.
Seven different detector/moderator configurations are possible: a bare
detector, a cadmium-covered detector, and the detector positioned at the
center of 3-, 5-, 8-, 10-, and 12-in. polyethylene spheres.

The scintillator responds to slow neutrons to produce a distinct peak in
the spectrum produced by the 1ight emitted by the scintillator. The number of
counts in the neutron-induced peak varies with the incident neutron encrgy and
detector/moderator configuration. Low energy neutrons are easily thermalized
by small amounts of moderator, so the small spheres have a large response per
incident neutron. Thermal neutrons are absorbed before they reach the center
of the largest spheres, so the response of the largest spheres is quite low.
At high neutron energies, there is not sufficient moderator in the smaller
spheres, so the response per incident neutron is low. However, the largest
spheres contain sufficient moderator to thermalize a significant fraction of
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the incident fast neutrons, and the response is high. Thus, from the count
rates in the various detectors, it is possible to determine an approximate
energy spectrum over a wide range of neutron energies.

As explained in Appendix B, the slow neutron count rate is determined
from the seven different detector/moderator configurations. These data are
used as input to the computer code SPUNIT (Brackenbush and Scherpelz 1963).
The computer code determines the neutron flux in 26 energy bins from the seven
measurements. Mathematically, this is an underdefined problem, and there are
an infinite number of mathematically correct solutions. The SPUNIT computer
code chooses the most probable physically correct solution, based on an
initial guess of a fission spectrum for the shape of the spectrum. The code
determines an approximate energy spectrum over a range of neutron energies
from thermal to 20 MeV. The shape of the spectrum for intermediate energy
neutrons is only an approximation, because there is no detector in the set
of spheres that gives a unique response to intermediate energy neutrons.
Large variations in the intermediate neutron flux produce very 1ittle change
in the response of the spheres used in the multisphere set. Thus, the
intermediate energy neutrons are not always determined with sufficient
accuracy to allow one to directly calculate the response of TLD-albedo
dosimeters.

The dose equivalents calculated from a multisphere spectrometer are
reasonably accurate for fission sources and moderated fission sources, such as
the D,0-moderated ®’Cf source (see Section 4.0 of this report). The response
of TLO-albedo dosimeters can be determined by exposing them in the neutron
fields where the dose equivalent rate has been determined from multisphere
spectrometer measurements.

2.3 3He SPECTROMETER

The *He spectrometer provides better energy resolution than the
multisphere spectrometer and is useful over a shorter energy range. The °He
proportional counter spectrometer used in these measurements provided neutron
energy spectra over a range of about 200 keV to 3 MeV. This section provides
information on the theory of operation, how the neutron energy spectrum is
derived, and the limitations and advantages of the 3He spectrometer.
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The basis for the use of He proportional counters as neutron-enargy
spectrometers is the nuclear reaction:

e +n —> M + 3H + 764 keV (2.2)

Neutrons interact with °He gas in the\counter to form a proton and a triton
with the release of 764 keV of energy from the nuclear reaction. Because the
proton and triton are charged particles, they interact with the gas in the
counter, and the output pulse is proportional to the energy deposited in the
proportional counter gas.

If the proton and triton are stopped within the counter, the total
energy deposited is the initial energy of the neutron plus the 764 keV, the Q
value of the reaction. A thermal neutron produces a single peak at 764 keV of
energy, which is convenient for energy calibration. In addition, the positive
Q value of the reaction is often sufficiently high that gamma rays will
deposit significantly less energy in the counter. Thus, neutrons and gamma
rays can easily be separated by pulse height discrimination.

The probability of a 3He(n,p)T reaction depends on the amount of 3He gas
present and the energy of the incident neutrons. Helium-3 has a cross-section
that is proportional to the inverse of the velocity of the neutron at low
energies; for thermal neutrons, the cross-section is 5327 barn. Because of
the high cross-section for low energies, the *He proportional counter must be
encased in a slow neutron absorber such as cadmium or boron to prevent pulse
pile-up from distorting the recorded spectrum.

There are several problems that 1limit the usefulness of °He proportional
counters for spectrometric applications:

+ Pulse pile-up can occur if the count rate exceeds about
100 counts/second. Unless special precautions are taken to
reduce the count rate from thermal neutrons, the lower energy
portion of the spectrum will be distorted by chance coincidences
between neutron events and gamma events. [See page 14 of
NUREG/CR-3610 (Brackenbush et al. 1984) for methods to estimate the
amount of pulse pile-up and how it affects the analyzed data.]

The Towest detectable energy is determined by the resolution of the
proportional counter and by the peak produced by thermal neutrons,
which overlaps very low-energy neutron events. Currently available
He proportional counters have a resolution of about 2.5%, so that
the practical lTower energy limit is about 30 keV. However, tubes
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with higher pressures above about 1 atmosphere have problems with
gamma events being mistaken for low-energy neutron events. Also,
great care must be taken in selection of tubes with good resolu-
tion. Some tubes have non-linear gains, such that thermal neutrons
produce a few higher energy pulses that can be mistaken for low-
energy neutrons.

« At energies above 1.02 MeV there are competing nuclear reagtions
that produce pulses that can be confused with the desired “He(n,p)T
reaction and complicate the proper interpretation of spectral data.
Some of these competing reactions can be eliminated by rise time or
pulse shape analysis, but this complicates the measurement
apparatus.

- Some neutron-induced events occur near the wall or end of the
counter. Charged particles striking the wall will not deposit all
of their energy in the sensitive volume of the counter, and the
resulting pulse will be confused with lower energy neutron events.
The computer analysis code used to unfold the spectrum must correct
for the wall events,

In spite of these apparent limitations, the 3He‘proportional spectrometer
offers some distinct advantages:

- The *He detectors are reasonably sensitive for neutrons with
energies below about 1 MeV. Few other spectrometers operate well
in this energy region.

. The data analysis of the °He proportional counter is straight-
forward if the energy range is restricted. If many neutrons with
energies above about 5 MeV are present, the data analysis becomes
quite complicated. Higher pressure tubes (with fillings above
about 1 atmosphere) are more sensitive to higher-energy neutrons,
but gamma rays can deposit sufficient energy to be confused with
neutron events. Thus, the useful energy range is somewhat
restricted. PuF, emits neutrons in the proper energy range for
the *He counter to be useful.

+ The components necessary to construct a 3He proportional counter
are commercially available, moderately expensive, and perhaps more
rugged than those of other types of spectrometers.

. The *He spectrometer is self-calibrating by using the 764 keV peak
produced by slow neutrons.

A computer code called HESTRIP was written to analyze the data from °He
proportional counters. A Monte Carle code was used to generate the response
function for the proportional counter as a function of energy. The code uses
the response function to remove wall events from the pulse height spectrum,
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“then corrects for the *He cross-section to determine the incident neutron flux
over an energy range of 100 keV to about 3 MeV. A more detailed description
is given in Section 3 of PNL-6620, Vol. 2 (Brackenbush et al. 1988) and in
NUREG/CR-3610, PNL-4943 (Brackenbush et al. 1984).

2.4 SURVEY INSTRUMENTS

Neutron survey instruments, such as the Snoopy or Eberline PNR-4
"remball," are traditionally used to determine dose equivalent rates. These
devices consist of a 9-in.-diameter cylinder or sphere of polyethylene. A
boron trif]uoridg or He proportional counter is positioned at the center of
the moderator to detect slow neutrons. Over a range of neutron energies, the
count rate measured at the center of the moderator follows the curve of the
neutron fluence-to-dose-equivalent conversion factor curve as a function of
incident neutron energy.

Some instrument manufacturers claim an accuracy of 15% over an energy
range of thermal to 20 MeV. But measurements at the Physikalish Technische
Bundesanstalt in Braunschweig, Germany, have shown that the response of
commercially available neutron survey meters is far from ideal (Lesikecki and
Cosack 1984). The data of Lesiecki and Cosack demonstrate that a typical
survey meter underestimates the dose equivalent by a factor of 2 at 14 MeV and
overestimates the dose equivalent by factors of 2 to 3 at 20 keV. Survey
instruments also exhibit changes in response with the direction of incidence
of the neutrons due to absorption and scattering of neutrons by the elec-
tronics packages attached to the moderator/detector. This can also result in
40% variation in response, depending upon the direction of incidence.

For plutonium and plutonium compounds, most of the neutrons that
contribute significantly to dose equivalent have energies between 100 keV and
about 5 MeV. In this energy range, commercially available neutron survey
instruments function quite well, particularly if they are carefully calibrated
with 2°2Cf neutron sources. Moderate amounts of shielding (less than 6 in. of
acrylic plastic or other moderator) do not alter the spectrum sufficiently to
introduce large errors in the survey meter measurements.
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2.5 PERSONNEL NEUTRON DOSIMETERS

This section describes two types of personnel dosimeters, electrochemic-
ally etched CR-39 foils and TLD-albedo dosimeters, and the energy ranges over
which these dosimeters can be used.

2.5.1 CR-39 Nuclear Track Dosimeters

Nuclear track detectors were discevered by R. L. Fleischer, B. Price,
and R. M. Walker at the General Electric Research Laboratories in Schenectady,‘
New York, in the early 1960s. The book Nuclear Tracks in Solids (Fleischer
1975) contains an excellent review of the subject. One of the first neutron
dosimeters using track etch material in contact with fissionable material was
developed at Hanford in 1964-1966 (Baumgakther and Brackenbush 1966). More
recently, L. Tomassino discovered that electrochemically etched CR-39 plastic
(diallyl diglycol carbonate) offered superior energy response for neutron
dosimetry (Tommasino 1970). Work has progressed at PIL and at Lawrence
Livermore Laboratories to develop a fast neutron dosimetry system using
improved CR-39 plastic. Neutron dosimetry using CR-39 became practical with
the development of "dosimetry grade" CR-39 and detailed studies of the etching
parameters, stability, energy response, and angular response of improved
materials.

When heavy charged particles pass through solid materials, they produce
a damaged volume that is susceptible to chemical attack. The CR-39 plastic
is especially useful, because proton recoils from films on the surface of the
CR-39 or the CR-39 itself produces damaged sites that are easily etched by
exposing the foil to an alternating electric field in a caustic potassium
hydroxide solution. The electrochemically etched tracks are readily visible
under a low-power microscope. The number of tracks per unit area is directly
proportional to the neutron dose over a fairly wide range of energies above
about 100 keV. The number of tracks per unit area is determined by an auto-
mated optical reader, and the track density is converted into a fast neutron
dose equivalent (Hankins et al. 1987).

Laboratories use materials from various sources, and the reader is
cautioned that some materials may not have the same etching parameters and
energy responses as the material used in this study. The CR-39 foils are
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nominally 25-mil (0.635-mm) thick with 5-mi1 (0.127-mm) polyethylene films on
both sides to protect the surface. For the exposures in the field, two foils
were inserted side by side in a plastic badge holder taped to the surface of
the acrylic plastic phantom.

After exposure, the CR-39 dosimeters were electrochemically etched at
2500 V using Homann-type etch chambers and the etching procedure described by
D. E. Hankins in UCRL-53833, Rev. 1 (Hankins et al. 1989). This procedure
results in a more uniform sensitivity (tracks per neutron) for neutrons with
energies between 200 keV and about 5 MeV, a range which encompasses most of
the neutrons emitted by plutonium and plutonium compounds. The energy
dependence of electrochemically etched CR-39 dosimeters using this procedure
is given in Figure 2.1. Note that the etched surface is the surface towards
the source and away from the phantom in these studies. (This results in
slightly higher sensitivity, because the polyethylene covering has a higher
hydrbgen density than CR-39 itself.)

Like TLD-albedo dosimeters, CR-39 exhibits a strong angular dependence,
as shown in Figure 2.2 (Hankins et al. 1989). This is a serious problem for
personnel dosimetry at present, but may be of benefit if CR-39 dosimeters are
used to estimate effective dose equivalent in which the direction of incidence
of the neutrons must be evaluated for determining the proper conversion
factors. In this study, the dosimeters were placed on the surface of acrylic
plastic phantoms, dimensions 40 cm by 40 cm by 25 cm, which were positioned at
right angles to the neutron sources (the 0° position shown in Figure 2.2).

2.5.2 TJLD-Albedo Dosimeters

The TLD-albedo dosimeter is the most widely used personnel neutron
dosimeter in DOE facilities. This dosimeter employs a slow neutron detector
worn on the surface of the body. Fast neutrons strike the body and are
moderated and reflected, and then return to the surface where they are
detected by the TLDs. Because the neutrons are reflected back from the body,
the dosimeter is also called "albedo." At Hanford TLDs are used in pairs; one
type (such as TLD-600) is sensitive to both slow neutrons and gamma rays, and
a second (such as TLD-700) is sensitive only to gamma rays. The neutron
response is determined from the difference in response of the paired TLDs.
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Thermoluminescent dosimeters consist of crystals doped with certain
impurities to create energy traps in the crystalline lattice. When these
materials are heated, they emit visible 1ight that is proportional to the
amount of energy stored in the traps. At Hanford TLDs are used for neutron
dosimetry; the crystals contain °Li that absorbs slow neutrons and emits alpha
particles. These alpha particles deposit energy in the crystal lattice, which
is stored until the TLD crystal is heated in a suitable reader with a photo-
multiplier to measure the amount of Tight emitted.

The TLD-albedo dosimeters have several advantages over other types of
passive personnel neutron dosimeters:

TLD-albedo dosimeters always give some indication when exposed to a
significant neutron dose. _

+ They are relatively inexpensive and can be reused many times. -
» They are simple to fabricate, lightweight, and easy to wear.
They are insensitive to humidity and moderate mechanical shock.

Peadout is relatively simple, covers a wide dosimeter response
range, and automated readers are available to process thousands of
dosimeters.

There are also several disadvantages in using TLD-albedo dosimeters:

The most important disadvantage is that the response of the
TLD-albedo dosimeter is highly energy-dependent. Errors of a
factor of 10 are possible if the dosimeter is not properly
calibrated.

TLDs are also sensitive to mixed radiations, and significant errors
can occur if the dosimeter is not properly designed to correct for
the effects of gamma and beta radiations.

+ Many TLD-albedo dosimeters, including the Hanford multipurpose
dosimeter, must be worn flat against the body for the dosimeter to
function properly. They cannot be worn dangling from a necklace or
lanyard.

TLDs do not provide a permanent record that can be reread at a

lTater time; if the reader malfunctions during operation, the
dosimeter reading can be lost.
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+ TLDs must be carefully annealed to preserve the accuracy of their
calibration.

« Some TLDs may exhibit fading problems with time, especially at
elevated temperatures, such as being stored on the dashboard of

automobiles.

The severe energy response problem of TLD-albedo dosimeters is demon-
strated in Figure 2.3. A simplistic explanation of the variatien in response
with energy is that high energy neutrons must penetrate further into the body
before they are thermalized. The deeper into to body the neutron penetrates
before being thermalized, the greater the probability of being absorbed before
the slow neutron can return to the surface of the body where the TLD-albedo

dosimeter is worn.
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Details of the construction, calibration, and methods of dose inter-
pretation of the Hanford multipurpose dosimeter have been published elsewhere
(Kocher et al. 1971; Fix et al. 1981). The neutron dosimetry portion of the
multipurpose badge consists of three LiF "chips" corresponding to positions 3,
4, and 5 in Figures 2.4. Two of the chips (positions 3 and 4) are isotopic-
ally enriched to a maximum of 95% 5Li to respond to neutrons, and the remain-
ing chip (position 5) is enriched to 99.993% 'Li to respond primarily to gamma
rays. Figure 2.4 shows the position of the thermoluminescent (TL) chips in
the plastic dosimeter card, and the front and back views of the dosimeter
holder which also holds a security credential. Table 2.3 provides details of
the filter materials and dimensions.

The 5Li(n,a) cross-section is about 1000 barn for thermal neutrons and
about 0.3 barn for 1.0-MeV neutrons; therefore, we can assume that the °LiF
chip responds only to slow neutrons, which originate from the source or are
produced by fast neutrons moderated and reflected from the body. The "bare"
SLiF chip at position 3 responds to the backscattered neutrons from the body
as well as to incident neutrons. The ®Li chip in position 4 is shielded from
incident slow neutrons by placing 0.51 mm of cadmium in front of it. However,
a small correction must be made for neutrons that diffuse around the cadmium
filter.

Traditionally, the Hanford multipurpose dosimeter was evaluated by the
following method. The response of the chip is proportional to the
neutronreaction rate in the chip, which is the number of ®Li atoms multiplied
by the ®Li(n,a) cross-section and the slow neutron flux reaching the TLD chip.
The slow neutron flux reaching the chip originates from 1) slow neutrons from
the source (¢,), 2) backscattered slow neutrons that diffuse around the
cadmium filter (¢,'), and 3) fast neutrons from the source that are moderated
and return to the TLD as slow neutrons (¢,’). If we ignore photon response,
the response of chip 3 is the sum of the direct slow neutron response and the
backscattered slow neutrons that diffuse around the cadmium and the back-
scattered fast neutrons:

Ry=c Lo+, +o] (2.3)
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JABLE 2.3. Description of the Filters Used at Each Position
in the Hanford Multipurpose Dosimeter
Thickness .

_Position Description {nil) {ma/cm’)
1. Front Security credential 32.6 83
Dosimeter card Teflon 2.0 5
Total 88
Back Badge holder 7.1 56
Dosimeter card Teflon 2.0 6
Total 61
2. Front Security credential 33.0 84
Badge holder 41.0 84
Aluminum filter 26.6 182
Dosimeter card Teflon 2.0 _5
Total 356
Back Badge holder 40.6 85
Aluminum filter - 27.3 187
Dosimeter card Teflon 2.0 _5
Total 277
3. Front Security credential 33.0 84
‘ Badge holder 25.6 53
Tin filter 41.0 760
Dosimeter card Teflon 2.0 _5
Total 902
Back Badge holder 28.5 59
Tin filter 41.3 766
Dosimeter card Teflon 2.0 _5
830
4. Front Security credential 33.0 84
Badge holder 25.8 54
Cadmium filter 20.8 457
Tin filter 21.1 391
Dosimeter card Teflon 2.0 - __5
Total 991
Back Badge holder 25.8 54
Tin filter 41.0 760
Dosimeter card Teflon 2.0 _5
Total 819
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JABLE 2.3. (continued)
Thickness

_Position Description (mil)  (ma/cm?)
5. Front Security credential 33.0 84
' Badge holder 25.8 54
Tin filter 40.9 758
Dosimeter card Teflon 2.0 _5
Total 901
Back Badge holdar 25.0 52
Tin filter 4]1.1 768
Dosimeter card Teflon 2.0 _5
825
Densities used for calculations:
Teflon 1.0 g/cm?
ABS plastic in holder 0.82
Aluminum filter 2.70
Cadmium filter 8.65
Tin filter 7.30

Ignoring the photon response, the response of chip 4 is just the slow neutrons
that diffuse around the cadmium filter and the backscattered fast neutrons
that are moderated by the body:

Reg=c o +o] (2.4)
where R, and R, are the thermoluminescent responses of chips 3 and 4, respec-
tively, and ¢ is an arbitrary constant of proportionality. The difference
between R, and R, can be related to the incident thermal neutron dose by
subtracting Equation (2.4) from Equation (2.3):

incident slow neutron dose = (Ry - R,)/k, mrem (2.5)

where k, is a calibration constant. By exposing the badge to a source of
pure thermal neutrons, ¢; and ¢.' are zero, so that Equations (2.3) and (2.4)
become:

Ry=c Lo, +o, ] (2.6)
Re=cl o] (2.7)

Using Equations (2.6) and (2.7), the ratio of backscattered thermal to
incident thermal neutrons can be defined as a constant:

k5 = ¢s'/¢s = R4 / (R3 - R4) (2'8)
2.19




Equation (2.8) can be rewritten to give the response of chip 4 to back-
scattered slow neutrons:

Ry = kg (Ry - R,) | (2.9)

Equation (2.9) is needed in the determination of the fast neutron dose.
Subtracting that portion of the backscattered neutrons due to slow neutrons
(kgp,) from the bracketed term in Equation (2.4), yields a response of R, that
is proportional to ¢¢. This can then be related to the fast neutron dose

The °LiF chips are aiso sensitive to photons, so a chip of 'LiF material
is placed in position 5 and shielded front and back by 1.02 mm of tin to
prevent beta particles and Tow-energy photons from interacting and possibly
causing statistical problems in low neutron dose interpretations in mixed
radiation fields. The TL chip in position 3 is similarly shielded and the
chip in position 4 has 1.02 mm of tin on the back and 0.51 mm on the front
between the cadmium and the chip. This arrangement is designed to make all
three shields photon-equivalent and helps reduce the photon contribution from
the activated cadmium in position 4.

The fast neutron dose is proportional to the response of chip 4 minus
both a correction for gamma rays and a correction for slow neutrons that
diffuse around the cadmium filter. The correction for gamma rays is given by
the response of chip 5 multiplied by a constant to take into account the
differences in chip sensitivity between TLD-600s and TLD-700s. The correction
for slow neutrons that diffuse around the cadmium filter is given by Equa-
tion (2.9). The fast neutron dose is then interpreted using the equation:

fast neutron dose = [ Ry - KeRs - k¢ (R, - R o) 1/ Kk, mrem (2.10)

where k. is a correction factor for the differences in photon sensitivity
between the SLiF and ’LiF chips, and k, is a calibration constant. The
various constants can be evaluated by making exposures to fast and thermal
neutron sources. This formulation is quite simplistic and only functions for
a single fast-neutron energy spectrum. Additional correction factors must be
applied to correct for differences in the response to different spectra in the
work place. One of the goals of this study is to derive these correction
factors and obtain data to derive improved dosimeter evaluation algorithms.
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3.0 MEASUREMENT FACILITIES

This section describes the neutron sources used and the facilities in
which the measurements were performed. Verification measurements were
performed at the PNL Calibration Laboratory in the 318 Building on the Hanford
Site to verify the accuracy of the detectors used. These verification mea-
surements were performed using bare and D,0-moderated 2520f sources calibrated
by NIST. Field measurements were performed at the Plutonium Finishing Plant
(PFP) in the 234-5 Building, using plutonium metal, plutonium fluoride, and
plutonium oxide sources. Dosimeters were exposed to bare sources and to
sources shielded by acrylic plastic slabs. Details of the facilities and the
sources used are presented in this section.

3.1 DESCRIPTION O ILITI

The detector verification measurements were performed in the PNL
Calibration Laboratory in the 318 Building. The field measurements with
plutonium sources were conducted at the PFP in the 234-5 Building.

3.1.1 Calibration Laboratory

The Calibration Laboratory was specifically designed for calibration
measurements under very low-scatter conditions. The low-scatter room for
neutron celibrations was constructed with massive concrete walls, 10 m by 14 m
by 9 m (30 ft by 42 ft by 27 ft), with the neutron sources positioned in the
approximate center of the room at 4 m (12 ft) above the floor. The sources
are moved to the irradiation position on a tower using a pneumatic transfer
system. An aluminum grating platform surrounding the tower helps to minimize
neutron scatter. A more detailed description of the facility is given in the
paper by J. C. McDonald (1988) in Operation of a Proficiency Testing Labora-
tory for Radiation Dosimeters, PNL-SA-15532, presented at the National
Conference of Standards Laboratories 1988 Workshop and Symposium, pages 19-1
to 19-11. '

Two dosimetry accreditation programs use this facility: the DOELAP,
based on the DOE standard Department of Energy Standard for Performance
Testing of Personnel Dosimetry Systems (DOE 1986a); and the National Voluntary
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Laboratory Accreditation Program (NVLAP), operated by NIST and based on ANSI
Standard N13.11, American National Standard for Dosimetry, Personnel Dosimetry
Performance - Criteria for Testing (ANSI 1983).

To verify the consistency (or traceability) of the PNL measurements with
national standards, the PNL Calibration Laboratory uses a hierarchial system
of calibrations standards. In order to achieve measurements of national
standards quality, the PNL Calibration Laboratory is participating in a
measurements quality assurance (MQA) program in conjunction with NIST. In
addition, the 52Cf neutron sources used in the laboratory are periodically
calibrated at NIST. The standards that form the basis for the dosimeter
proficiency testing programs require that the overall uncertainty in the
irradiation not exceed 5%; the overall uncertainty in the neutron irradiations
from the °2Cf sources is estimated at 4.2% (see data from Table 2 of
PNL-SA-155.., McDonald 1988).

3.1.2 Plutonium Finishing Plant

Measurements with plutonium sources were performed at the PFP in room
179C of the 234-5 Building. This location was selected for a variety of
reasons. Room 179C has the necessary handling procedures, criticality safety
specifications, physical security, and trained technicians to allow kilogram
quantities of plutonium to be left unattended for the several days required to
perform the necessary measurements. A plan view of the physical layout of
Room 179C is given in Figure 3.1. The room is large enough that nearby equip-
ment will not cause significant neutron scatter when the plutonium source is
positioned in the middle of the room. However, the glove boxes at a distance
of 295 cm (9 ft, 8 in.) from the source contained some plutonium, and a
definite increase in the neutron background was observed near the glove boxes.
In retrospect, it may have been better to locate the sources farther away from
the glove boxes to reduce the neutron background.

The plutonium sources were positioned at the approximate center of the
room on an aluminum table (a slide projector support stand), which was 100 cm
(3 ft, 4 in.) above the floor. Various detectors were positioned around the
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FIGURE 3.1. Plan View of Room 179C Where the Plutonium
Measurements Were Performed

sources at a height of about 105 cm (3 ft, 6 in.) above the concrete floor.
The TEPC and multisphere detectors were positioned on tripods, which produced
minimal scatter of neutrons. The acrylic plastic phantoms were placed on
aluminum tables to support the heavy weight, and the center of the phantom was
positioned at about 105 cm (3 ft, 6 in.) above the floor to match the center
of the plutonium sources. For the measurements made behind acrylic plastic
shielding, the 40-cm-by-40-cm (16-in.-by-16-in.) slabs of plastic were
supported on another aluminum table positioned near the source.

For the measurements made with the plutonium metal and plutonium oxide
sources, the acrylic plastic phantoms for the personnel dosimeters werc
positioned as shown in Figure 3.1 to minimize the influence from neutrons from
the glove boxes. At the position nearest the glove box, the 10.2-cm (4-in.)
thick phantom provided shi2lding to greatly reduce the background. A second
phantom was positioned at 90° to the glove box. The sensitivity of TLD-albedo
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and CR-39 dosimeters is significantly reduced for neutrons striking the
dosimeters from the side. With this arrangement, the neutron dose equivalent
corrected for room background should be applicable for the dosimeter
exposures.

3.2 NEUTRON SOURCES

This section describes the neutron sources used for the measurements.
Two calibrated 2°2Cf neutron sources were used for the verification measure-
ments in the 318 Building, as described in Section 3.2.1. The field measure-
ments were performed with plutonium metal, plutonium oxide, and plutonium
fluoride sources, as described in Section 3.2.2.

3.2.1 Calibrated Neutron Sources

Two different 2*Cf neutron sources, labelled source 318-38 and source
318-167, were used for the verification measurements in the PNL Calibration
Laboratory. Both of these sources have neutron emission rates and dose
equivalent rates determined by NIST, as shown in Table 3.1. Following the
protocol of ANSI N13.11 (ANSI 1983), the reutron dose equivalent rates are
evaluated at a centerline distance of 50 cm (20 in.) from the source; the
dose equivalent rate at other distances up to 1 m (3.3 ft) is calculated
using simple inverse square attenuation. This neglects the effects of room
scatter, which is acceptable for distances of less than 1 m (3.3 ft).
Corrections for the decay of the 2°2Cf sources are made by assuming a half-
Tife of 2.645 years. Two different irradiation geometries were used for the
calibration measurements: a bare geometry, in which the 2°%Cf source was
contained in the "rabbit" capsule used for the pneumatic transfer system and a
moderated geometry, in which the 252Cf source is enclosed in a 30-cm (12-in.)
diameter sphere of deuterium oxide, that considerably softens the spectra.

The 2°2Cf material is in the form of an oxide, which is contained in a
SR-Cf-100 capsule. This capsule is cylindrical with porous platinum plugs
on each side of the *Cf to allow venting of the helium and fission gases
to prevent the build-up of high-pressure gases inside the source capsule.
The source is doubly encapsulated. The primary encapsulation is with a 90%
platinum-10% rhodium alloy cylinder positioned inside a secondary
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encapsulation consisting of Zircalloy-2. The SR-Cf-100 capsule is contained
inside an aluminum capsule used for the pneumatic transfer system.

As a result of the encapsulation, the spectrum from the *Cf source is
softened (i.e., lowered in energy) due to scatter within the source encapsu-
lation. The neutron energy spectrum from the bare 2°%Cf source inside the
aluminum transfer capsule is shown in Figure 3.2, along with calculated
spectra presented in the International Organization for Standardization (IS0),
Standard 8529 (ISO 1986). The average energy of the encapsulated neutron
source is calculated to be 2.01 MeV, based on the calculations of Hertel and
McDonald (1990). The fluence-to-dose-equivalent conversion factor for this
source is calculated to be 3.32 x 10™° mrem-cm’ (Hertel and McDonald 1990).

Because there is more material at the ends of the cylindrical capsules,
neutrons are preferentially scattered out the sides of the cylinder. As a
result, the neutron flux at 90° to the axis of the cylinder is calculated to
be 7.1% higher than expected from isotropic emission (Hertel and McDonald
1990). Dosimeters and instruments are usually irradiated at the 90° position,
so the dose equivalent rate must be corrected by the anisotropy factor to
account for the increase in fluence due to scatter within the source
encapsulation.

To provide a lower-energy neutron energy spectrum, it is possible to
mount a 30-cm (12-in.) diameter sphere of D,0 around the 252Cf sources. The
D,0-moderated sphere represents one extreme of moderated fission spectra,
while the bare 2°’Cf source represents the other. The low-energy D,0-moderated
spectrum is used to simulate the much softer neutron energy spectrum found in
commercial nuclear power plants, and is recommended for performance testing of
personnel neutron dosimeters by the ANSI Standard N-13.11 (1983). However, it
should be noted that the D,0-moderated ®*Cf source does not yield a neutron
energy spectrum similar to that of commercial nuclear reactors, but the
response per unit dose equivalent of a typical TLD-albedo dosimeter is similar
to that from a dosimeter exposed to the Tower energy spectrum found in nuclear
reactors (Brackenbush et al. 1984).

Calculations by Hertel and McDonald (1990) demonstrate that the mode-
rated spectrum is highly dependent on the amount of hydrogen oxide present in
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the deuterium oxide. 1In the PNL sphere, the D,0 is considered to be 99.7%
pure; the amount of hydrogen oxide is inconsequential for altering the neutron
energy spectrum.

The PNL sphere is 30 cm (12 in.) in diameter to the inner surface of a
steel sphere containing the D,0, and the outer surface is covered with 0.5 mm
(0.02 in.) of cadmium metal to eliminate thermal neutrons. Because the PNL
sphere is mounted on a pneumatic source transfer system, it has a 4-cm
(1.6-in.) diameter hole to allow the encapsulated 2°’Cf source to be posi-
tioned at the geometric center of the sphere. This hole has a larger diameter
than the holes in similar moderators used at other facilities.

Monte Carlo calculations by Hertel and McDonald (1990) indicate that the
neutron energy from the D,0-moderated 2Cf source is somewhat harder due to a
Targer void in the sphere. As shown in Table 3.2, the average energy of the
PNL sphere was 0.615 MeV. Calculated fluences were converted to dose
equivalent using the ICRP Report 21 (ICRP 1973) conversion factors evaluated
at the logarithmic midpoints of the energy bins. The average fluence-to-dose-
equivalent conversion factor for the PNL sphere is 1.04 x 10°5 mrem-cm?, based
on the MCNP calculations that the ENDF/B-V cross-section set. The neutron
energy spectra calculated from the MCNP calculations (Hertel and McDorald
1990) are shown in Figures 3.2 and 3.3. The sharp dips in the spectrum
correspond to absorption resonances in the oxygen cross-section.

In conclusion, the bare and D,0-moderated 22Cf sources are used to
represent the two extremes in neutron energy spectra found at Hanford. The
bare source in the low scatter conditions is expected to simulate the
"hardest" spectrum likely to be encountered in the processing of plutonjum.
The D,0-moderated source is expected to simulate the lowest energy spectrum
that may be encountered behind massive shields. Both the bare and D,0-
moderated 2*2Cf sources are recommended for use in the DOELAP standard (DOE
1986a) for testing personnel neutron dosimeter performance.
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TABLE 3.1. y%utron Dose Equivalent Rates from NIST-Ca]ibréted
~“%Cf Neutron Sources

Initial Initial Dose

Initial Source Equivalent
Source Calibration Size Rate at 50 cm
Number  Confiquration __ Date = _(mqg) _{mrem/h)
318-38 Bare 5/2/83 0.795 9654.5
318-38 D,0-moderated 5/2/83 0.795 2343.6
318-167 Bare 9/7/89 1.47 13089.
318-167  D,0-moderated 9/7/89 1.47 3158.5

TABLE 3.2. Neutron Fluence-to-Dose gquiva1ent Conversion Factors
from the D,0-Moderated 2°°Cf Neutron Sources at PNL
and Other Ealibration Facilities

Fluence-to-Dose

Equivalent facto. Average Energy

Source (mrem-cm®) (MeV)

IS0 8529 0.916 x 1075 0.541
LLNL sphere 0.985 x 10°° 0.557
NIST sphere 0.929 x 107° 0.548
(MCNP)

PNL sphere 1.04 x 10°° | 0.615
(MCNP)

Source: Hertel and McDonald 1990.
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3.2.2 Plutonium Sources

Three different plutonium sources were used to represent the major
sources of neutron exposure to workers at Hanford. These included a plutonium
metal source, a plutonium oxide source, and a plutonium fluoride source; the
characteristics of these sources are summarized in Table 3.3. The isotopic
compositions for the plutonium are shown in Table 3.4.

In the early days of Hanford, PuF, was perhaps the most significant
source of exposure to neutrons, because it is an important intermediate step
in the production of plutonium. The neutron emission rate from plutonium
fluoride is over 100 times higher than that from pure plutonium metal. The
high neutron emission is caused by alpha particles from plutonium (and its
daughter, americium) reacting with fluorine to produce neutrons. As explained
in Section 1 of this report, the neutrons from F(a,n) reactions have a lower
average energy, about 1.4 MeV, than the fission neutrons from plutonium metal.
These lower energy neutrons are easier to shield with hydrogenous shielding,
such as acrylic plastic placed over the windows of glove boxes. More
importantly, the lower energy neutrons from F(a@,n) reactions are more readily
thermalized, and hence produce a greater response per unit dose equivalent in
TLD-albedo dosimeters. For this reason, plutonium fluoride sources have been
traditionally used for calibrating TLD-albedo dosimeters at Hanford and at
Savannah River, the two main chemical processing plants for plutonium
production in the United States.

The first set of measurements were made with the PuF, source positioned
on the center of an aluminum projector stand at 100 cm (3.3 ft) above the
concrete floor. This particular source is unique in that it was once used for
calibrating film and TLD-albedo dosimeters at Hanford from December 1964 until
August 1981. Use of the source was discontinued due to physical security
reasons. The irradiation geometry in the PFP is very close to that used in
the 3745 Building calibration laboratory when this source was used for
calibrating Hanford neutron dosimeters.

“The PuF, source contains some 765 grams of plutonium doubly encased in
hermetically welded containers, as shown in Figure 3.4. The inner container
is a monel metal cylinder (chosen for its resistance to chemical attack by
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fluorides) 8.9 cm (3.5 in.) in diameter and 10.8-cm (4.25-in.) high. The PuF,
was packed to within 0.32 cm (0.125 in.) from the top, and a monel metal 1id
was welded in position. This container was placed inside a second aluminum
container with an outside diameter of 10.5 cm (4.125 in.) and 12.7-cm
(5.0-in.) high. A small bail was attached to the end of the cylinder, so that
it could be easily hondled remotely. For these measurements, the PuF, source
was sealed in a steel food can with an outside diameter of 10.8-cm (4.25-1in.)
by 17.8-cm (7-in.) high. To assure that the detectors were equidistant from
the center of the source, the center of gravity was determined by p1aé1ng the
steel can on its side and marking the end of the cylinder.

TABLE 3.3. Plutonium Sources Used for Field Measurements

Container Average

Source Source Plutonium Size Neutron
Material Identification Mass (q) (in.) Enerqy (MeV)
PuF, PuF4 sealed 764 3.5 dia. 1.4
source (500 MWD/T) 4.25 high
Puo, ARF-102-90-01 846.6 3.5 dia. 2.1
3.5 high
Pu metal Anode heel 49B 1508 4 dia. 2.0
1-6-22-89-5-10-90 6.75 high

C-6-30-89-5-11-90

lABLE 3.4. Isotopic Composition of Plutonium Sources

Weight Percent Isotope
Source Material Pu-238 239 Pu-240 Pu-241 Pu-242 Am-24]

PuF 99.0  <1.0
(500 MWD/MTU) -

PuOZ“) 0.0104 93.699 6.059 0.2076 0.0231 0.0036
(measured 12/6/89)

Pu metal @ 0.0112 94.448 5.3525 0.1721 0.0157 0.0448
(measured 6/22/89)

(a) Plutonium isotopes add up to 99.9995% of total Plutonium. The %*!Am is
in addition to the total plutonium. Isotopic compositions provided by
Westinghouse Hanford Company.
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Hanford PuF, Neutron Source

Because of its chemical stability, Pu0, is the preferred form for
handling, shipping, and storing plutonium. At the present time, most of the
neutron exposure at Hanford originates from the handling and storage of Pu0,.

The Pu0, source contained 846.6 grams of plutonium in the form of oxide
from Tot H-GE-0221-065. The loose powder was contained in an inner slip 1id
steel can, 8.9 cm (3.5 in.) in diameter by 8.9-cm (3 5-in.) high. This can
was sealed inside a second steel food can, 10.2 cm (4 in.) in diameter and
11.8-cm (4.625-in.) high. This was sealed inside a plastic bag, and the
assembly placed in a third steel food can 10.8 cm (4.25 in.) in diameter and
17.8-cm (7-in.) high. As before, measurements were performed with the can
positioned at the center of an aluminum projector stand, with the bottom of

‘the can at 100 cm (3 ft, 4 in.) above the concrete floor in room 179C.
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The final product is the production of plutonium metal. However,
plutonium metal is unstable and readily oxidizes. Under certain conditions,
it is even pyrophoric (Faust et al. 1988). Therefore, plutonium metai is
usually processed rapidly, and it is difficult to obtain massive quantities
for measurements. We were able to obtain a sample of plutonium metal
identified as anode heel 49B weighing some 1508 grams. The metal sample is
composed of scrap from two different lots of plutonium: 1-6-22-89-5-10-90 and
C-6-30-89-5-11-90. The metal pieces were contained in a sealed steel food can
10.5 cm (4.125 in.) in diameter by 17.8-cm (7-in.) high. This sample has an
unusually high neutron emission rate, and it is suspected that this is due to
alpha-neutron (a,n) reactions from high concentrations of impurities of low
atomic number in the metal. Unfortunately, the neutrons produced by the a,n
reactions have different energies than those of pure plutonium, so the neutron
energy spectrum may not be typical of pure plutonium metal.

The steel food can containing the plutonium metal samples was also
placed on an aluminum projector stand at 100 cm (3 ft, 4 in.) above the floor.
However, because of the low neutron emission rates from the metal source, most
of the measurements were made with the detectors positioned near the multi-
channel analyzers, where the neutron background was lower and more nearly
uniform.
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4.0 QUALITY ASSURANCE MEASUREMENTS

As described in Section 2 of this report, the TEPCs deteriorate due to
out-gassing of volatile impurities in the tissue equivalent pTastic walls.
For this reason, it is a good idea to check the accuracy of the TEPC by
measuring the dose rate from a calibrated neutron source before the field
measurements are performed to assure that the TEPC is operating properly.
Measurements were also made with the multisphere spectrometer and with the
He spectrometer to verify the accuracy of their operation. In addition, a
25.4-cm (10-in.) diameter polyethylene sphere with a 1.3-cm (0.5-in.) diameter
SLiI(Eu) scintillation detector was calibrated to correlate the delivered dose
equivalent rate with the observed count rate in the slow neutron peak. The
net peak area was determined using the logarithmic background subtraction
technique described in Appendix B of this report. This section describes
these quality assurance measurements.

PNL is the primary testing laboratory for personnel dosimeter testing
under the direction of the NIST, as part of the NVLAP. So, PNL maintains sets
of calibrated %°2Cf neutron sources that are periodically calibrated for
neutron yield and certified for accuracy by NIST. The procedures for
calibration and testing are described in the document ANSI 13.11, American
National Standard for Dosimetry, Personnel Dosimetry Performance - Criteria
for Testing (ANSI 1983). These calibrated neutron sources were used to test
the accuracy of the field neutron spectrometer.

Two different neutron sources were used for the measurements in the
318 Building Calibration Laboratory because the dose rate from one source
was too high for the multisphere spectrometer to function properly. The
dose equivalent rate at 50 cm (20 cm) from the largest source (318-167) was
11.08 rem/h, which produces significant pulse pile-up in the SLiI(Eu)
scintillator detector. (Three distinct slow neutron peaks were observed.)
Therefore, tests were also made with a smaller source (318-38) having a dose
equivalent rate of 1.55 rem/h at 50 cm (20 in.) from the source.

Measurements were made with two different types of detectors: TEPCs and
the multisphere detectors. The NIST-calibrated neutron sources are much too
intense for the *He spectrometer to operate properly; the high pressure tubes

4.1



have too much pulse pile-up to give meaningful results. The 3He spectrometer
was tested separately in the Engineering Support Building (ESB) using a
neutron source with a much lTower neutron emission rate.

These devices are absolute dosimeters in the sense that they do not
require calibration in neutron fields with known dose equivalent rates. The
TEPCs use an internal energy calibration (the proton edge or an internal
alpha source). Because the TEPC measures the energy deposited in a known mass
of tissue-like material, it directly determines absorbed neutron dose. With
appropriate mathematical algorithms, it is also possible to determine auality
factor and hence dose equivalent directly from first principles. The multi-
sphere spectrometer also does not require a calibrated neutron source. The
calibration of the multisphere is built into the response function, which is
included in the spectrum-unfolding code SPUNIT for the 1.3-cm (0.5-1in.)
diameter by 1.3-cm (0.5-in.) long SLiI(Eu) scintillation crystal. Thus,
measurements with these detectors expo:ed to the NIST-calibrated sources are
used only to verify the accuracy of the technique and computer codes used.

4.1 VERIFICATION MEASUREMENTS MADE PRIOR TO FIELD MEASUREMENTS

Before any measurements were made in the field, the accuracy of the
detectors was checked using the NIST-calibrated sources in the 318 Building
Calibration Laboratory. The TEPCs were placed on tripods at the centerline
distances indicated and positioned at the same height as the source on the
tower in the low-scatter room. The results of these measurements are shown in
Table 4.1 for different TEPCs (5-in. diameter spherical counters manufactured
by Far West Technology TEPC, serial numbers 501 and 184) and one multisphere
detector (1/2-in. diameter LiI[Eu] detector manufactured by Harshaw Chemical
Co., serial number PE648).

TEPC 501 was filled with methane-based TE gas at 11.3-torr pressure,
which simulates a 2-um diameter deposition site in tissue of unit density.
However, TEPC 184 was filled with pure methane gas in an attempt to eliminate
the gain shift problems that are inherent in the TE gas filling. It is
believed that the gas gain of TE gas changes with temperature due to the
ubsorption of carbon dioxide gas in the TE plastic. By using pure methane
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TABLE 4.1. Summary of Verification Measurements
at the PNL Calibration Laboratory

Delivered Dose Measured Dose Equivalent Rate
Distance Equivalent Rate _(rem/h)
Source (cm) (rem/h) [EPC 501 _TEPC 184  Multisphere
318-167 50 11.08 11.7 -- --
(+5.6%)
318-167 100 2.77 3.06 3.06 --
(+10.4%) (+10.4%)
318-38 100 0.387 0.447 0.438 0.370
(+15.5%) (+13.2%)  (-4.4%)

gas, gain shifts with temperature should be eliminated. But the rate of
energy deposition in methane is not the same as TE gas, so the calibration
factor used in the data analysis is different. In this case, we analyzed the
data as if the counter were filled with TE gas and corrected the results
later.

The results given in Table 4.1 demonstrate that all of the detectors are
accurate within 15% when exposed to the spontaneous fission energy spectrum
from the 2°Cf neutron sources. In Table 4.1, the numbers in parentheses give
the percent deviation from the delivered dose equivalent rate. TEPC 184
contained the built-in electronics described in Section 7.4.2 of PNL-6620,
Vol. 2 (Brackenbush et al. 1988) and is used with the field neutron spec-
trometer with automatic data analysis. TEPC 501 used conventional NIM Bin
electronics with a Canberra Series 40 multichannel analyzer. The data from
TEPC 501 were analyzed manually using an analysis code almost identical to
that used in the field neutron spectrometer code. The results from either
TEPC detector or analysis code agree within a few percent.

4.2 VERIFICATION MEASUREMENTS MADE AFTER COMPLETION_OF THE FIELD
MEASUREMENTS

Because of scheduling difficulties, the measurements at the PFP were
completed almost 4 months after the TEPC detectors were filled. During this
time, impurities out-gassed from the TE plastic walls, and the resolution of
the detectors deteriorated. It was decided that another set of measurements
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should be performed to determine how the counter deterioration would affect
the accuracy of the TEPC measurements. Also, because of concerns about the
possible deterioration of the detectors, another TEPC detector was used for
the field measurements. This detector, TEPC serial number 504, had a built-in
alpha source that could be used for a secondary calibration in the field.
Thus, this detector could provide more accurate results in low dose-rate areas
where there were insufficient data to accurately determine the proton edge.

These verification measurements were performed with the three TEPC
detectors (Far West Technology 5-in. diameter single wire counters, serial
numbers 184, 501, and 504). These measurements were made with the same
NIST-certified sources as before, except that measurements were made with bare
californium sources and with the sources inside 3CG-cm diameter spheres filled
with D,0. The D,0-moderated “’Cf sources have a neutron energy spectrum of
considerably Tower energy than the bare 2°2Cf sources, as explained in
Section 3.2.

The results of these measurements are shown in Table 4.2. The numbers
in parentheses are the percent deviation of the measured from the delivered
dose equivalent rate. It is evident from these measurements that the counters
have deteriorated over the 4 months since they were filled, and that they are
not as accurate. This is especially true of TEPC 184, which was filied with
methane gas. A1l of the detectors overestimate the delivered dose equivalent,
but TEPC 184 overestimates the delivered ~~utron dose equivalent by over 30%
when exposed to the bare 2°’Cf neutron source. The situation is even worse
for the detectors exposed to the D,0-moderated sources. In this case. TEPC
184 over-estimates the delivered neutron dose by about 50% if we use the
energy calibration for methane-based TE gas. (The methane filling requires a
correction for differences in the stopping power and hence a different
calibration factor must be applied.)

Table 4.2 also contains the results of multisphere measurements using
the D,0-moderated 2520f neutron source. The dose rates from source 318-167
were so high that the computer code analysis did not determine the correct
area of the neutron peak, so the meastred dose equivalent rate from the
multisphere spectrometer was too low. This problem did not occur at the lower
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TABLE 4.2. Summary of Verification Measurements at the PNL Calibration
Laboratory Made after the Field Measurements Were Completed

Delivered Dose Measured Dose Equivalent Rate
‘ Equivalent _(rem/h)
Distance Rate TEPC TEPC TEPC
(cm) (rem/h) 501 184 184 Multisphere

318-167 100 2556.5 2770 2660 3420 --
(bare) (+8%)  (+4%)  (+34%)
318-167 100 - 616.9 789 722 926 470
(D,0-moderated) (+28%) (+17%) (+50%) (-24%)
318-38 100 86.7 -- -- -- 95.0
(D,0-moderated) (+10%)

dose rates from source 318-38, when the dose equivalent rate determined by the
multisphere spectrometer is within 10% of the delivered dose equivalent (see
Table 4.2).

To confirm that changes in accuracy after 4 months were due to
deterioration of the counter gas, additional measurements were made one day
after the TEPC detectors had been refilled. The TEPCs were exposed to the
same NIST-certified sources in the 318 Building Calibration Laboratory, and
the results are summarized in Table 4.3. As before, the numbers in paren-
theses indicate the percent deviation of the measured value from the delivered
dose equivalent rate. As shown in the table, TEPCs 501 and 504 determined the
delivered dose equivalent rate within about 5% when exposed to bare 2°%Cf
sources, and within about 13% when exposed to the D,0-moderated **Cf sources.
For all the measurements with TEPCs 501 and 504, the average dose equivalent
was 3.7% higher than the delivered dose equivalent rate, with a standard
deviation of 5.6%. However, TEPC 184, filled with pure methane for 4 months,
showed a dose equivalent about 33% higher than the delivered dose equivalent
rate. Because the methane filling requires a different calibration than the
TE gas fillings, it is recommended that the dose equivalent values measured by
TEPC 184 be reduced by 33% to indicate the correct dose equivalent.
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TABLE 4.3. Summary of Verification Measurements at the PNL

Source

318-38
(bare)

318-38
(bare)

318-167
(bare)

318-167
(bare)

318-167
(bare)

318-38
(D,0-moderated)

318-167
(D,0-moderated)

Calibration Laboratory with the TEPCs Refilled
with Tissue Equivalent Gas

Delivered Dose
Equivalent Measured Dose Equivalent Rate
Distance Rate (mrem/h)
(cm) (mrem/h) TEPC 501 TEPC 504 _TEPC 184
50 1423.6 1450 1390 - 1910
(+1.9%) (-2.4%) (+34%)
100 355.9 376 369 492
(+5.6%) (+3.6%) (+38%)
50 10189. 10400 10000 13100
(+2.1%) (-1.9%) (+29%)
80 3980. - 4150 5290
(+4.3%) (+33%)
100 - 2547, 2560 2650 3440
(+0.5%) (+4.0%) (+35%)
100 86.4 97.8 83.1 95.6
‘ (+13.2%) (-3.8%) (+10.6%)
100 614.7 687 677 929

(+11.7%) (+10.1%) (+51%)
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5.0 MEASUREMENTS AND RESULTS

This section of the report discusses the field measurements made with
plutonium sources in the PFP under conditions typical of work places. As
described in Section 3 of this report, the measurements were performed in a
room with concrete floors, walls, and ceiling representative of processing
facilities at Hanford. Under these conditions, about half of the neutrons
siriking the floors will be scattered back into the room; this is typical of
the "high-scatter" conditions found in the work place. Because of their
higher response to low-energy neutrons, TLD-albedo dosimeters will have a
higher response per unit dose equivalent than under the low-scatter conditions
found in calibration laboratories and, consequently, will overestimate dose
equivalent. By exposing neutron dosimeters at locations where the dose
equivalent has been determined using other devices (such as TEPCs, multisphere
spectrometers, 3He spectrometers, or carefully calibrated survey instruments),
it is possible to determine the dosimeter response under these high-scatter
conditions. This information allows field correction factors that account for
spectral differences between the work place and the calibration laboratory.

Note that the shielding and scatter conditions are sometimes of greater
importance than the initial energy spectrum of neutrons emitted from the
source. To be conservative, the TLD-albedo dosimeters were exposed to bare
plutonium sources in air, which gives relatively Tow dosimeter responses per
unit of dose equivalent. Measurements were also performed with small amounts
of acrylic plastic shielding between the dosimeters and the source. The
plastic shielding generates intermediate and low-energy neutrons that contri-
bute little to the dose equivalent, but which increase the dosimeter response
per unit of dose equivalent. The acrylic plastic is typical of the materials
that have been used in the past. Presently, glove boxes are constructed from
stainless steel with glass windows, and fewer intermediate energy neutrons
are present. Hydrogenous shielding does increase the number of low-energy
neutrons and increase the response of TLD-albedo dosimeters.

Information is presented here about each of the sources used for the
measurements. Additional information about the plutonium sources can be found
in Section 3.2 of this document.
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5.1 PLUTONIUM FLUORIDE MEASUREMENTS

Dose equivalent rate measurements and dosimeter measurements were
performed on the 764-gram plutonium tetrafluoride source in Room 179 of the
PFP. This source is of historical significance, because it was used as the
calibration source for neutron dosimeters at Hanford from December 1964 until
August 1981. The encapsulated source was contained in a steel food can, so it
was not possible to make exact distance measurements. However, the approxi-
mate center of gravity was determined, and distances were measured relative to
this reference point.

5.1.1 Dose Equivalent Determinations from Plutonium Fluoride Source

Measurements were performed using two TEPCs (TEPC 501 and TEPC 184); the
multisphere spectrometer using a Harshaw LiI(Eu) 1/2-in. diameter scintilla-
tion crystal, number PE648, operated at +700 volts; a 10-in.-diameter poly-
ethylene sphere using a Harshaw BLiI(Eu) detector, number PE648, assuming a
sensitivity of 11.12 counts/s per mrem/h; a Precision Long Counter, using BF,
tube G14123; and a Bicron micro rem meter, serial number A514M or Hanford
instrument number 4981. The results of the neutron measurements are shown in
Table 5.1 for measurements taken at 50 cm and 100 cm from the center of
gravity of the source for the bare Puf, source and for the source shielded by
40-cm-by-40-cm (15.75-in.-by-15.75-in.) slab shields of acrylic plastic. The
results from TEPC 184 were not included in the averages because of uncer-
tainties in the correction factor that must be applied for the methane gas
filling. For the measurements on the bare PuF, source, averages were also
calculated excluding long-counter data. The uncertainties given in the table
are for one standard deviation in the measured values.
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JABLE 5.1. Results of Neutron Measurements Performed on the 764-Gram
PuF, Source at the Plutonium Finishing Plant

eut 0 t e (2)
--Shielding _ Detector at 50 cm - at 100 cm
Bare Puf, Multisphere 21.5 5.73
TEPC 501 22.9 6.26
6.74
TEPC 184 (29.1) (7.92)
10-in. ball 22.0 5.89
Leng counter 18.6 4,65
Average excluding TEPC 184 21.25 + 1.85 - 5.87 £ 0.79
Average excluding TEPC 184 22.13 + 0.71()) 6.18 + 0.46"
and long counter |
1-in. acrylic Multisphere 14.5 4.01
plastic TEPC 501 15.9 -
TEPC 184 - (20.2) -
10-in. ball 15.4 4.14
Average excluding TEPC 184 15.3 £ 0.709 4.10
2-in. acrylic Multisphere 8.82 2.59
plastic TEPC 501 10.6 -
TEPC 184 (14.2) -
10-in. ball -10.25 2.84
Average excluding TEPC 184 9.89 + 0.94 2.72

(a) Uncertainties given for one standard deviation in the average of the
measured values.

(b) Assumed to be the most accurate value excluding values in parentheses
for TEPC 184, which was filled with methane.

5.1.2 Long Counter Measurements with the Plutonium Fluoride Source

Measurements of the neutron emission rate perpendicular to the axis of
the source were made using the precision long counter. The methodoiogy used
for these measurements is outlined on page 46 of Laboratory Record Book BNW-49
and in A Precisjon Long Counter for Measuring Fast Neutron Flux Density,
BNWL-260 (DePangher and Nichols 1966). Basically, the analysis assumes that
the response of the long counter can be described by a direct component, which
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follows an inverse square relation from the source, and a room-scatter
component, which is assumed to be a constant background in a large room:

SO

Count rate = k +b (5.1)

4 o rl

Adopting the nomenclature of DePangher and Nichols (1966), c, the
distance in centimeters from the effective center of the long counter to the
front face of the long counter, is given by:

c=11E +7.8 (cm) (5.2)

where E_is the average energy of the neutrons incident on the face of the
long counter. The inverse square distance in Equation (5.1) is replaced by
the distance from the source to the front face (x) plus ¢, the distance to the
effective center of the lTong counter. The constant of proportionality between
the incident flux and the count rate is the product of e, the energy correc-
tion factor (L), a factor to account for differences between different long
counters, and the BF, tube sensitivity factor (B). For these measurements,
the tube sensitivity factor for tube number G14123 was 3.864 counts per
n/s-cm2 incident on the long counter. If we substitute these expressions into
Equation (5.1), we obtain:

4mR(x+c) =S [1+bx+c)lelB (5.3)

If the source does not emit isotopically, we can substitute the product of
Sa for the source strength and rearrange Equation (5.3) to give:

Se =47 (x+c)®/ [eLB(1+b(x+c))] (5.4)

where a is the source anisotropy factor.

Now let us consider the case in which we let the distance (x + c)
approach zero. In this case the term b(x + c)? approaches zero and the term
R(x + c)? approaches a constant. Then, Equation (5.4) reduces to:
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Sy = 4 W R(x+c)? | (5.5)
clLB

We can evaluate Equation (5.5) from a plot of R(x + c)? versus (x + c)?,
ji.e., a plot of the square of the distance from the source to the effective
center of the long counter times the count rate versus the square of the
distance. This plot is shown in Figure 5.1 for the count rates measured at
a distance of 80 cm to 171 cm to the front of the long counter. The
intercept at (x + c)? = 0 allows us to evaluate the term R(x + c)? =

206.1 counts/sec-m?.

Assuming a tube sensitivity factor of 3.864 c/s per n/s-cmz, and an

energy correction factor of 1.02 to account for the differences in sensitivity
between the energy of 1.3 MeV and 2 MeV, the source intensity is calculated to
be 6.57 x 10° n/s. Assuming inverse square attenuation, the dose equivalent
rate at 50 cm is calculated to be 18.6 wrem/h. This is calculated using a
conversion factor of 2.4 x 10° rem per n/cm’ from page 29 of BNWL-1262
(Brackenbush and Faust 1970) and the neutron source strength measured by the
long counter.

The plot shown in Figure 5.1 can indicate the influence of room scatter
on the long-counter count rate. The difference between the intercept and the
value of R(x + c)? at a given distance gives the amount of room scatter. For
instance, at 50 cm, room scatter is 1.1%; at 100 cm, room scatter is 4.3% and
at 200 cm, room scatter is 17% of the measured count rate. This method of
plotting can determine the amount of room scatter for other detectors. For
instance, in NBS Special Publication 633, Procedures for Calijbrating Neutron
Personnel Dosimeters, Schwartz and Eisenhauer (1982) have used the inverse
square plots to calculate the effects of room return for measured TLD-albedo
dosimeter responses in calibration laboratories.
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FIGURE §.1. Inverse Square Plot of Long Counter Data to
Determine the Neutren Emission Rate and Room
Return from the PuF, Source

5.1.3 Multisphere Spectrometer Measurements with the Plutonium Fluoride
Source

A series of measurements were also performed using the multisphere
spectrometer to determine the approximate energy spectra using the bare PuF,
source and the source shielded with acrylic plastic slabs 1-in. and 2-in.
thick. Although these measured spectra lack the resolution of other
spectrometers, such as the ®He spectrometer, these measurements cover the
entire range of neutron energies from thermal to 20 MeV. The spectra
presented have sufficient resolution to allow qualitative analysis of
TLD-albedo dosimeter responses. Details of how the spectra are derived are
contained in Appendix B and summarized in Section 2.2 of this report.

A summary of the multisphere spectrometer measurements with the Puf,
source is given in Table 5.2. The effects of the acrylic plastic shielding
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JABLE 5.2. Summary of Multisphere Spectrometer Measurements
with the Plutonium Tetrafluoride Source

Neutron Dose Average Average
Distance Flux . Equivalent Quality  Energy
Rate (mrem/h) _Factor  (MeV)

—Shielding =~ _(cm) = (n/s-cm°)

Bare PuF, 50 208 21.5 9.7 1.29
‘1-in. acrylic 50 196 14.5 9.8 0.86
2-in. acrylic 50 173 8.65 8.9 0.69
Bare PuF, 100 63.8 5.72 9.7 1.12
1-in. acrylic 100 53.1 3.97 9.8 0.86
2-in. acrylic 100 46.6 - 2.56 9.4 0.66

are apparent from examining the table. Although the total neutron flux is not
greatly reduced, the neutrons that penetrate the shield are lower in energy,
and there is a significant reduction in the dose equivalent rate. The table
also demonstrates that there is a significant room scatter component at 100 cm
from the source. This may be caused by significant scatter around the shield
caused by the tables necessary to support the source and slab shields. For
these measurements, the slab shields were placed as close to the source as
possible.

The neutron flux per logarithmic energy bin determined from the multi-
sphere measurements is given in Figure 5.2 for measurements at 50 cm from the
PuF, source and in Figure 5.3 for measurements at 100 cm from the PuF, source.
At 50 cm from the PuF, source, there are very few room-scattered neutrons in
the measured spectrum from the bare source. The effect of the acrylic plastic
shielding is apparent in these figures; the peaks in the PuF, spectrum shift
to slightly lower energies with increasing amounts of shielding, and the
number of low-energy neutrons is significantly increased. The shape of the
measured spectra from the multisphere measurements is quite similar to the

results of Monte Carlo calculations found in Compendium of Neutron Spectra in
Criticality Accident Dosimetry (Ing and Makra 1978).

The measured neutron energy spectra at 100 cm show a significant number
of lower energy neutrons, presumably from room scatter. The spectrum from the
bare PuF, source at 100 cm has essentially the same shape as the spectrum
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EIGURE 5.2. Neutron Flux per Unit Lethargy at 50 cm from the

PuF, Source Measured by the Multisphere Spectrometer

at 50 cm for energies above 1 keV. Below 1 keV, there are significantly more
neutrons, presumably from room scatter. The intermediate neutron energy
spectra presented here are consistent with what one would expect. However,
the reader should be cautioned that the multisphere spectrometer is not highly
accurate in the intermediate energy region. The calculated fluxes in this
region are dominated by measurements with the cadmium-covered detector and the
cadmium covered 3-in. diameter and 5-in. diameter spheres. The responses of
these detectors change very little with significant changes in neutron energy.
More selective detectors are needed for increased energy resolution for these
neutron energies.
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FIGURE 5.3. Neutron Flux per Unit Lethargy at 100 cm from the
PuF, Source Measured by the Multisphere Spectrometer

Detailed neutron energy spectra are presented in Tables 5.3 to 5.8, In
these tables, the differential neutron flux is the flux per energy bin. The
energy bins are in Togarithmic energy increments, so the fluxes are 1listed per
unit lTethargy, with dimensions of neutrons/s-cm? per energy bin. The tables
also include the cumulative dose equivalent distribution, which gives the dose
equivalent summed from the energy listed in the first column of the tables to
20 MeV. The absorbed dose distributions are also listed, so that the effects
of any future changes in quality factors can be evaluated.
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JABLE 5.3. Neutron Flux, Absorbed Dose, and Dose Equivalent
Distributions Determined from Multisphere Spectrometer
Measurements at 50 cm from the Bare PuF, Source

—Differential = __Cumulative
| ‘Dose Dose Dose Eq.

Bin Energy Flux Dose Equiv. Dist. Dist.
No. (MeV) (N/S-cm?) (rad/hr) (rem/hir) (rad/hr)  (rem/hr)
1 2.57E-07 2.61E+00 4.93E-06 1.15E-05 2.21E-03 2.15E-02
2 5.48E-07 3.67E-02 8.05E-08 1.68E-07 2.20E-03 2.15E-02
3 1.06E-06 2.85E-02 6.33E08 1.33E-07 2.20E-03 2.15E-02
4 2.25E-06  3.38E-02 7.47E-08 1.58E-07 2.20E-03 2.15E-02
5 4.77E-06  4.02E-02 8.78E-08 1.88E-07 2.20E-03 2.15E-02
6 1.01E-05 4.72E-02 1.02E-07 2.20E-07 2.20E-03 2.15E-02
7 2.14E-05 5.51E-02 1.19E-07 2.52E-07 2.20E-03 2.15E-02
8 4.52E-05 6.17E-02 1.32E-07 2.75E-07 2.20E-03 2.15E-02
9 9.58E-05  7.04E-02 1.49E-07 3.05E-07 2,20E-03 2.15E-02
10 2.03E-04 8.12E-02 1.67E-07 3.38E-07 2.20E-03 2.15E-02
11 4.34E-04  8.93E-02 1.76E-07 3.56E-07 2.20E-03 2.15E-02
12 9.13E-04  8.69E-02 1.64E-07 3.32E-07 2.20E-03 2.15E-02
13 1.926-03 8.74E-02 1.62E-Q7 3.26E-07 2.20E-03 2.15E-02
14 4.07E-03  1.03E-01 1.89E-07 3.79E-07 2.20E-03 2.15E-02
15 8.62E-03  1.18E-01 2.14E-07 4.32E-07 2.20E-03 2.15E-02
16 1.82E-02 1.58E-01 3.19E-07 8.81E-07 2.20E-03 2.15E-02
17 3.86E-02 2.52E-01 6.02E-07 2.57E-06 2.20E-03 2.15E-02
18 8.18E-02  6.01E-01 1.70E-06 1.11E-05 2.20E-03 2.15E-02
19 1.67E-01 2.18E+00  8.14E-06 6.92E-05 2.20E-03 2.15E-02
20 3.37E-01 7.27E+00  3.80E-06 3.82E-05 2.19E-03 2.14E-02
21 6.79E-01 6.70E+01 = 5.41E-04 5.89E-03 2.19E-03 2.14E-02
22 1.39E+00 1.01E+02  1.24E-03 1.22E-02 1.65E-03 1.55E-02
23 2.78E+00 2.34E+01 3.55E-04 2.90E-03 4.06E-04 3.25E-03
24 5.54E+00 2.19E+00  4.55E-05 3.19E-04 5.06E-05 3.53E-04
25 1.12E+01  1.97E-01 4.70E-06 3.25E-05 5.01E-06 3.46E-05
26 2.04E+01 9.34E-03 3.06E-07 2.12E-06 3.05E-07 2.12E-06

Total 2.08E+02  2.21E-03 2.15E-02
39101085.8
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Neutron Flux, Absorbed Dose, and Dose Equivalent
Distributions Determined from Multisphere
Spectrometer Measurements at 50 cm from the

PuF, Source with 1-in. Acrylic Plastic Shield

Dose Dose Dose Eq.

Bin Energy Flux Dose - Equiv. Dist. Dist.
No (MeV) (N/S-cm?)  (rad/hr) (rem/hr) (rad/hr)  (rem/hr)
1 2.57E-Q7 7.87E+00 1.49E-05 3.46E-05 1.48E-03 1.45E-02
2 5.48E-07 9.26E-01 2.03E-06 4.24E-06 1.47E-03 1.45E-Q2
3 1.06E-06  8.29E-01 1.84E-06 3.87E-06 1.47E-03 1.45E-02
4  2.25E-06 9.07E-01 . 2.00E-06 4.25E-06 1.47E-03 1.44E-02
5 4,/7E-06  9.71E-01 2.12E-06 4.54E-06 1.46E-03 1.44E-02
6 1.01E-05 1.01E+00 2.19E-06 4.73E-06 1.46E-03 1.44E-02
7 2.14E-05 1.02E+00 2.18E-06 4.64E-06 1.46E-03 1.44E-02
8 4.52E-05 9.67E-01 2.07E-06 4.31E-06 1.46E-03 1.44E-02
9 9.58E-05 8.70E-01 1.84E-06 3.77E-06 1.45E-03 1.44E-02
10 2.03E-04 8.01E-01 1.64E-06 3.34E-06 1.45E-03 1.44E-02
11 . 4.34E-04 7.06E-01 1.39E-06 2.81E-06 1.45E-03 1.44E-02
12 9.13E-04 5.62E-01 1.06E-06 2.15E-06 1.45E-03 1.44E-02
13 1.92E-083  4.88E-01 9.05E-07 1.82E-06 1.45E-03 1.44E-02
14 4.07E-03  5.33E-01 9.76E-07 1.96E-06 1.45E-03 1.44E-02
15 8.62E-03  5.86E-01 1.06E-06 2.15E-06 1.45E-03 1.44E-02
16 1.82E-02  7.60E-01 1.54E-06 4.25E-06 1.45E-03 1.44E-02
17 3.86E-02 1.15E+00 2.76E-06 1.18E-05 1.44E-03 1.44E-02
18 8.18E-02 2.43E+00 6.86E-06 4.50E-05 1.44E-03 1.44E-02
19 1.67E-01 7.79E+00 2.91E-05 2.48E-04 1.43E-03 1.43E-02
20 3.37E-01 2.99E+01 1.57E-05 1.57E-04 1.41E-03 1.41E-02
21 6.79E-01  7.33E+01 5.92E-04 6.45E-03 1.39E-03 1.39E-02
22 1.39E+00 4.95E+01 6.07E-04 5.98E-03 7.98E-04 7.49E-03
23 2.78E+00 1.04E+01 1.58E-04 1.29E-03 1.90E-04 1.51E-03
24 5.54E+00 1.33E+00 2.77E-05 1.94E-04 3.23E-05 2.25E-04
25 1.12E+01  1.78E-01 4.25E-06 2.94E-05 4.57E-06 3.15E-05
26 2.04E+01 9.59E-03 3.14E-07 2.18E-06 3.148-07 2.17E-06

Total 1.96E+02 1.48E-03 1.45E-02
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TABLE 5.5.

Neutron Flux, Absorbed Dose, and Dose Equivalent
Distributions Determined from Multisphere
Spectrometer Measurements at 50 cm from the

PuF, Source with 2-in. Acrylic Plastic Shield

Ditferential Cumulative

Dose Dose Dose Eg.

Bin Energy Flux " Dose’ Equiv. Dist. ~ Dist.
No. (MeV) (N/S-cm?)  (rad/hr) (rem/hr) irad/hr)  (rem/hr)
1 2.57E-07 2.61E+01 4.94E-05 1.15E-04 9.77E-04 8.65E-03
2 5.48E-07 1.91E+00  4.19E-06 8.76E-06 9.27E-04 8.53E-03
3 1.06E-06 1.64E+00  3.64E-06 7.64E-06 9.23E-04 8.53E-03
4 2.25E-06 1.67E+00  3.69E-06 7.83E-06 9.20E-04 8.52E-03
5 4.77TE-06 1.67E+00  3.65E-06 7.81E-06 9.16E-04 8.51E-03
6 1.01E-05 1.62E+00 3.51E-06 7.58E-06 9.12E-04 8.50E-03
7 2.14E-05 1.52E+00 3.27E-06 6.95E-06 9.09E-04 8.50E-03
8 4.52E-05 1.35E+00  2.80E-06 6.02E-06 9.05E-04 8.49E-03
S 9.58E-05 1.19E+00  2.52E-06 5.15E-06 9.03E-04 8.48E-03
10 2.03E-04 1.11E+00 2.27E-06 4.61E-06 9.00E-04 8.48E-03
11 4.34E-04 1.03E+00 2.04E-C6 4.12E-06 8.98E-04 8.47E-03
12 9.13E-04  9.16E-01 1.73E-06 3.50E-06 8.96E-04 8.47E-03
13 1.92E-03 9.14E-01 1.69E-06 3.41E-06 -8.94E-04 8.46E-03
14 4.07E-03 1.14E+00  2.09E-06 4.21E-06 8.92E-04 8.46E-03
15 8.62E-03 1.39E+00 2.51E-06 5.08E-06 8.90E-04 8.46E-03
16 1.82E-02 1.92E+00  3.89E-06 1.07E-05 8.88E-04 8.4%3:-03
17 3.86E-02 2.93E+00  7.00E-06 2.99E-05 8.84E-04 8.44E-03
18 8.18E-02 5.56E+00 1.57E-05 1.03E-04 8.77E-04 8.41E-03
19 1.67E-01 1.2BE+01 4.78E-05 4.06E-04 8.61E-04 8.31E-03
20 3.37E-01  3.06E+01 1.60E-05 1.61E-04 8.13E-04 7.90E-03
21 6.79E-01 3.87E+01 3.13E-04 3.41E-03 7.97E-04 7.74E-03
22 1.38E+00 2.29E+01 2.80E-04 2.76E-03 4.84E-04 4.33E-03
23 2.78E+00 8.43E+00 1.28E-04 1.04E-03 2.04E-04 1.57E-03
24 5.54E+00 2.65E+00  5.52E-05 3.86E-04 7.60E-05 5.30E-04
25 1.12E+01  8.01E-01 1.91E-05 1.32E-04 2.08E-05 1.44E-04
26 2.04E+01 5.32E-02 1.74E-06 1.21E-05 1.74E-06 1.21E-05

Total 1.73E+02  9.77E-04 8.65E-03
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Neutron Flux, Absorbed Dose, and Dose Equivalent

TABLE 5.6. . ‘
Distributions Determined from Multisphere Spectrometer
Measurements at 100°cm from the Bare PuF, Source

—Rifferential —Cumulative
Dose Dose Dose Eq.

Bin Energy Flux Dose Equiv. Dist. Dist.
No. (MeV) (N/S-cm?) (rad/hr) (rem/hr) (rad/hr)  (rem/hr)
1 2.57E-07 2.24E+00 4.24E-06 9.85E-06 5.90E-04 5.72E-03
2 5.48E-07 3.08E-01 6.76E-07 1.41E-06 5.86E-04 5.71E-03
3 1.06E-06 2.66E-01 5.91E-07 1.24E-06 5.85E-04 5.70E-03
4 2.25E-06 2.68E-01 5.92E-07 1.25E-06 5.85E-04 5.70E-03
5 4,77E-06  2.61E-01 5.70E-07 1.22E-06 5.84E-04 5.70E-03
6 1.01E-05  2.44E-01 5.27E-07 1.14E-06 5.83E-04 5.70E-03
7 2.14E-05 2.13E-01 4.58E-07 9.74E-07 5.83E-04 5.70E-03
8 4.52E-05 1.66E-01 3.55E-07 7.41E-Q7 5.82E-04 5.70E-03
9 9.58E-05 1.25E-01 2.65E-07 5.42E-07 5.82E-04 5.70E-03
10 2.03E-04 9.22E-02 1.89E-07 3.84E-07 5.82E-04 5.70E-03
11 4.34E-04 6.41E-02 1.26E-07 2.55E-07 5.82E-04 5.70E-03
12 9.13E-04  3.94E-02 7.45E-08 1.51E-07 5.31E-04 5.70E-03
13 1.92E-03  2.74E-02 5.07E-08 1.02E-07 5.81E-04 5.70E-03
14 4.07E-03 2.53E-02 4.63E-08 9.29E-08 5.81E-04 5.70E-03
15 8.62E-03 2.66E-02  4.82E-08 9.75E-08 5.81E-04 5.70E-03
16 1.82E-07. 3.52E-02 7.13E-08 1.97E-07 5.81E-04 5.70E-03
17 3.86E-(2  5.99E-02 1.43E-07 6.11E-07 5.81E-04 5.70E-03
18 8.18E<02 1.63E-01 4.60E-07 3.02E-06 5.81E-04 5.70E-03
19 1.67E-01 . 9.02E-01 3.37E-06 2.87E-05 5.81E-04 . 5.69E-03
20 3.37E-01 6.10E+00 3.20E-06 3.21E-05 5.77E-04 5.66E-03
21 6.79E-01 2.16E+01 1.75E-04 1.90E-03 5.74E-04 5.63E-03
22 1.39E+00 2.38E+01 2.91E-04 2.87E-03 3.99E-04 3.73E-03
23 2.78E+00 5.92E+00 9.00E-05 7.33E-04 1.08E-04 8.57E-04
24 5.54E+00 7.40E-01 1.54E-05 1.086-04 ° 1.78E-05 1.24E-04
25 1.12E+01  9.37E-02 2.23E-06 1.54E-05 2.39E-06 1.65E-05
26 2.04E+01 4.79E-03 1.57E-07 1.09E-06 1.57E-07 1.09E-06

Total 6.38E+01 5.90E-04 5.72E-03

5.13
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Neutron Flux, Absorbed Dose, and Dose Equivalent

TABLE 5.7.
Distributions Determined from Multisphere
Spectrometer Measurements at 100 cm from the
PuF, Source with 1-in. Acrylic Plastic Shield
Differential —Cumulative
Dose Dose Dose Eq.
Bin Energy Flux Dose Equiv. Dist. Dist.
No. (MeV) (N/S-cm?) (rad/hr) (rem/hr) (rad/hr) (rem/hr)
1 2.57E-07 3.31E+00 6.26E-06 1.45E-05 4.05E-04 3.97E-03
2 5.48E-07 7.87E-01 1.72E-06 3.60E-06 .  3.99E-04 3.96E-03
3 1.06E-06  6.09E-01 1.35E-06 2.84E-06 3.97E-04 3.96E-03
4 2.25E-05  4.90E-01 1.08E-06 2.29E-06 3.96E-04 3.95E-03
5 4.77E-06  3.74E-01 8.17E-07 1.75E-06 3.95E-04 3.95E-03
6 1.01E-05 2.68E-01 5.79E-07 1.25E-06 3.94E-04 3.95E-03
7 2.14E-05 1.72E-01 3.70E-Q7 7.85E-07 '3.93E-04 3.95E-03
8 4.52E-05 9.28E-02 1.98E-07 4.13E-07 3.93E-04 3.95E-03
9 9.58E-05 5.14E-02 1.09E-07 2.23E-07 3.93E-04 3.95E-03
10 2.03E-04 2.86E-02 5.87E-08 1.19E-07 3.93E-04 3.95E-03
11 4.34E-04 1.63E-02 3.20E-08 6.48E-08 3.93E-04 3.95E-03
12 9.13E-04  8.99E-03 1.70E-08 3.43E-08 3.93E-04 3.95E-03
13 1.92E-03 6.41E-03 1.19E-08 2.39E-08 3.93E-04 3.95E-03
14 4.07E-03 6.76E-03 1.24E-08 2.49E-08 3.93E-04 3.95E-03
15 8.62E-03  8.79E-03 1.59E-08 3.22E-08 3.93E-04 3.95E-03
16 1.82E-02 1.51E-02 3.06E-08 8.45E-08 3.93E-04 3.95E-03
17 3.86E-02  3.47E-02 8.30E-08 3.54E-07 3.93E-04 3.95E-03
18 8.18E-02  1.32E-01 3.74E-Q7 2.46E-06 3.92E-04 3.95E-03
19 1.67E-01 9.82E-01 3.67E-06 3.12E-05 3.92E-04 3.94E-03
20 3.37E-01  8.05E+00 4.21E-06 4.23E-05 3.88E-04 3.91E-03
21 6.79E-01  2.12E+01 1.71E-04 1.87E-03 3.84E-04 3.87E-03
22 1.39E+00 1.34E+01 1.64E-04 1.62E-03 2.13E-04 2.00E-03
23 2.78E+C0 2.62E+00 3.98E-05 3.24E-04 4.84E-05 3.85E-04
24 5.54E+00 3.50E-01 7.29E-06 5.10E-05 8.66E-06 6.04E-05
25 1.12E+01  5.32E-02 1.27E-08 8.76E-06 1.37E-06 9.44E-06
26 2.04E+01  3.00E-03 9.82E-08 6.80E-07 9.82E-08 6.80E-07
Total 5.31E+01 4.05E-04 3.97E-03
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—Cumuiative

Dose
Dist.
(rad/hr)

Dose Eq.

Dist.
(rem/hr)

2.73E-04
2.59E-04
2.57E-04
2.55E-04
2.54E-04
2.53E-04
2.52E-04
2.52E-04
2.52E-04
2.51E-04
2.51E-04

- 2.51E-04

2.51E-04
2.51E-04
2.51E-04
2.51E-04
2.51E-04
'2.51E-04
2.49E-04
2.41E-04
2,36E-04
1.20E-04
3.49E-05
9.39E-06
2.06E-06
1.65E-07

TA 5 Neutron Flux, Absorbed Dose, and Dose Equivalent
Distributions Determined from Multisphere
Spectrometer Measurements at 100 cm from the
PuF, Source with 2-in. Acrylic Plastic Shield
—Differential
Dose
Bin Energy Flux Dose Equiv.
No. (MeV) (N/S-cm?) (rad/hr) (rem/hr)
1 2.57E-07 7.08E+00 1.34E-05 3.12E-05
2 5.48E-07 1.06E+00 2.33E-06 4.87E-06
3 1.06E-06 7.733-01 1.72E-06 3.61E-06
4 2.25E-06 5.91E-01 1.30E-06 2.76E-06
5 4.77E-06  4.33E-0" 9.46E-07 2.03E-06
6 1.01E-05  3.04E-01 6.57E-07 1.42E-06
7 2.14E-05 1.96E-01 4.22E-07 8.98E-07
8 4,52E-05  1.12E-01 2.39E-07 4.98E-07
9 S.58E-05 6.95E-02 1.48E-07 3.01E-07
10 2.03E-04 4.63E-02 9.49E-08 1.93E-07
11 4.34E-04  3.32E-02 6.53E-08 1.32E-07
12 9.13E-04 2.42E-02 4.57E-08 9.23E-08
13 1.92E-03  2.24E-02 4.15E-08 8.35E-08
14 4.07E-03  2.90E-02 5.30E-08 1.06E-07
15 8.62E-03 4.12E-02 7.48E-08 1.51E-07
16 1.82E-02  7.24E-02 1.47E-07 4.05E-07
17 3.86E-02 1.55E-01 3.70E-07 1.58E-06
18 8.18E-02  4.73E-01 1.34E-06 8.77E-06
19 1.67E-01 2.12E+00 7.91E-06 6.73E-05
20 3.37E-01 9.47E+00 4.95E-06 4.97E-05
21 6.79E-01  1.45E+01 1.17E-04 1.27E-03
22 1.39E+00 6.91E+00. 8.47E-05 8.34E-04
23 2.78E+00 1.68E+00 2.55E-05 2.08E-04
24 5.54E+00 3.52E-01 7.33E-06 5.12E-05
25 1.12E+01  7.97E-02 1.90E-06 1.31E-05
26 2.04E+01  5.04E-03 1.65E-07 1.14E-06
Total 4.66E+01 2.73E-04 2.56E-03

2.56E-03
2.52E-03
2.52E-03
2.52E-03
2.51E-03
2.51E-03

2.51E-03

2.51E-03
2.51E-03
2.51E-03
2.51E-03
2.51E-03
2.51E-03
2.51E-03
2.51E-03
2.51E-03
2.51E-03
2.51E-03
2.50E-03
2.43E-03
2.38E-03
1.11E-03
2.74E-04
6.55E-05
1.43E-05
1.14E-06
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5.2 PLUTONIUM DIOXIDE MEASUREMENTS

Measurements were performed on a 962-gram Pu0, source containing 846.6
grams of plutonium. The loose PuO, powder was placed in a 3.5-in.-diameter by
3.5-in. high steel can, which was in turn sealed inside a steel food can
4-1.8 in. in diameter by 7-in. high. As reported in Section 2 of this report,
the plutonium was recently separated low-exposure plutonium containing only
6.0% **%Pu and 0.21% **'Pu, so that there was little ingrowth of 2'm.

The can containing the Pu0, was placed on an aluminum projector support
stand at a height of 1 m (3.3 feet) from the floor to the bottom of the can.
The center of gravity of the can was determined, and distances were measured
relative to this point. The dose rates from this source were so low that all
of the measured dose rates had to be corrected for room background, which was
about 0.07 mrem/h near the source. To minimize the effects of material in the
glove box, the phantoms for the dosimeter exposures were positioned so that
the dosimeters were shielded by the phantom or so that the dosimeters were at
~right angles to the glove box to minimize their response to room background.

5.2.1 Dose Equivalent Determinations from the Plutonium Dioxide Source

The results of the neutron measurements are summarized in Table 5.9
below using the various detectors indicated in the table. The dose equivalent
rates, corrected for room background of about 0.07 mrem/h, follow an inverse
square relationship with distance. The measured dose equivalent rates are so
low that there is considerable variation in the measurements made with the
various detectors. The numbers in parentheses in the table are the percent
- standard deviations of the measured values. In general, the results have a
17% deviation from the averages reported at the one standard deviation level.
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JABLE 5.9. Results of Neutron Measurements Performed on the
\ Pu0, Source at the Plutonium Finishing Plant

Distance Background Corrected Dose
—f{cm) Detector "
100 TEPC-184 0.11%
Multisphere 0.08
10-in. sphere 0.12
0.12
0.10
Average 0.11 + 0.02 (+16%)
80 10-in. sphere 0.16
70 10-in. sphere 0.22
50 TEPC-184 0.38*
TEPC-501 0.52
10-in. sphere 0.4]
Average 0.43 £ 0.07 (+17%)

(a) TEPC-184 corrected for methane gas filling.

5.2.2 Multisphere Spectrometer Measurements with the Plutonium Dioxide Source

A multisphere spectrometer measurement was made at 100 cm from the PuO,
source with the spectrometer positioned on the side of the source closest to
the glove boxes. A summary of the results from the multisphere spectrometer
measurements is presented in Table 5.10, and details of the differential flux
per logarithmic energy bin and dose equivalent distributions as a function of
energy are presented in Table 5.11. A plot of the differential flux, i.e.,
the neutron flux per logarithmic energy bin or flux per unit lethargy, is
presented in Figure 5.4.

The measurement was made at 100 cm from the source to minimize
positioning errors, which can influence the results. In retrospect, this was
a poor choice. The background dose rate was almost as high as the dose rate
from the Pu0, source. The results shown in Table 5.10 show that the average
energy from the PuO, measurement is about 0.9 MeV; previous measurements made
by the authors indicate that the average energy from a bare Pu0, source should
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be about 2 MeV. An examination of the plot of the neutron flux as a function
of energy shows that room background is influencing the measured results. It
is thought that properly positioning the phantoms for the dosimeter exposures
may reduce the influence of the room background by shielding the dosimeters
from the glove box material.

TABLE 5.10. Summary of Multisphere Spectrometer Measurements
with the Pu0, Source
Neutron Dose Average Average
Distance  Flux . Equiv. Rate Quality Energy
Shielding __(cm)  (n/s-cm’) _(mrem/h) = Factor  _(MeV)
Bare Pu0, 100 3.21 0.18 8.6 0.90
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TJABLE 5.11. Neutron Flux, Absorbed Dose, and Dose Equivalent
Distributions Determined from Multisphere Spectrometer
Measurements at 100 cm from the Bare Pu0, Source

—Differential —Cumulative
Dose Dose Dose Eq.

Bin Energy Flux Dose Equiv. Dist. Dist.
No. (MeV) (N/S-cm?) (rad/hr) (rem/hr) (rad/hr)  (rem/hr)
1 2.57E-07 6.07E-01 1.15E-06 2.67E-06 2.10E-05 1.81E-04
2 5.48E-07  9.37E-02 2.05E-07 4.29E-07 '1.99E-05- 1.79E-04
3 1.06E-06  7.19E-02 1.60E-07 3.35E-07 1.97E-05 1.78E-04
4 2.25E-06  5.69E-02 1.26E-07 2.66E-07 "1.95E-05 1.78E-04
5 4.77E-06  4.44E-02 9.70E-08 2.08E-07 1.94E-05 1.77E-04
6 1.01E-05 3.40E-02 7.35E-08 1.59E-07 1.93E-05 1.77E-04
7 2.14E-05 2.50E-02 5.36E-08 1.14E-07 1.92E-05 1.77E-04
8 4.52E-05 1.71E-02 3.66E-08 7.62E-08 1.92E-05 1.77E-04
9 9.58E-05 1.26E-02 2.68E-08 5.47E-08 1.91E-05 1.77E-04
10 2.03E-04 1.01E-02 2.07E-08 4.21E-08 1.91E-05 1.77E-04
11 4.34E-04 8.54E-03 1.68E-08 3.40E-08 1.91E-05 1.77E-04
12 9.13E-04 7.11E-03 1.34E-08 2.71E-08 1.91E-05 1.77E-04
13 1.92E-03  6.98E-03 1.29E-08 2.61E-08 1.91E-05 1.77E-04
14 4.07E-03  8.88E-03 1.62E-08 3.26E-08 1.90E-05 1.77E-04
15 8.62E-03  1.12E-02 2.04E-08 4,12E-08 1.90E-05 1.77E-04
16 1.82E-02  1.64E-02 3.33E-08 9.18E-08 1.90E-05 1.77E-04
17 3.86E-02  2.68E-02 6.40E-08 2.73E-07 1.90E-05 1.77E-04
18 8.18E-02 5.53E-02 1.56E-07 1.03E-06 1.89E-05 1.76E-04
19 1.67E-01 1.45E-01 5.44E-07 4.62E-06 1.87E-05 1.75E-04
20 3.37E-01 4.23E-01 2.21E-07 2.22E-06 1.82E-05 1.71E-04
21 6.79E-01 6.28E-01 5.07E-06 ° 5.52E-05 1.80E-05 1.68E-04
22 1.39E+00 5.30E-01 6.50E-06 6.40E-05 1.29E-05 1.13E-04
23 2.78E+00 2.51E-01 3.81E-06 3.11E-05 6.41E-06 4.92E-05
24 5.54E+00 8.85E-02 1.84E-03 1.29E-05 2.60E-06 1.81E-05
25 1.12E+01  2.94E-02 7.00E-07 4.83E-06 7.60E-07 5.25E-06
26 2.04E+01  1.83E-03 5.99E-08 4.15E-07 5.99E-08 4.15E-07

Total 3.21E+00 2.10E-05 1.81E-04
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10
M/S at 100 cm from Bare Pu02

Neutron Flux

] | l | ] | | |
1eV 1 keV 1 MeV
Neutron Energy (MeV) 39101085.19

EIGURE 5.4. Neutron Flux per Unit Lethargy at 100 cm from the
Pu0, Source Measured by the Multisphere Spectrometer

5.3 PLUTONIUM METAL MEASUREMENTS

Measurements were performed on a plutonium metal source containing
1508 grams of plutonium. Two anode heel samples were placed inside cans and
sealed inside a steel food can 4-1.8 in. in diameter by 7-in. high. As
reported in Section 2.0 of this report, the plutonium was recently separated
low-exposure plutonium containing only 5.4% 2*°Pu and 0.17% 2*'pu, so that
ingrowth of %*'Am was not a problem. |

The can containing the plutonium metal was placed on an aluminum
projector support stand at a height of 1 m (3.3. ft) to the bottom of the can.
The center of gravity of the can was determined, and distances were measured
relative to this point. As before, the dose rates from this source were so
Tow that all of the measured dose rates had to be corrected for room
background.
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5.3.1 S ent Dete i

A summary of the measured dose equivalent rates from tissue equivalent
proportional counters, the multisphere spectrometer, and a 10-in. diameter
sphere calibrated as a rem meter are presented in Table 5.12. The uncer-
tainties in the average for the measured values are given for one standard
deviation. The numbers in parentheses are the percent standard deviation in
the measured values. The dose rate measured for this source is somewhat
higher than expected, so it is suspected that the neutron emission rate may be
enhanced by impurities of Tow atomic number present in the anode heel samples.
The measured dose equivalent rates follow an inverse square re]ationsth when
corrected for room background, which is about 0.07 mrem/h at the source
location.

TABLE 5.12. Results of Neutron Measurements Performed

on the 1508-Gram Plutonium Metal Source

Distance Background Corrected Dose

(cm) Detector Equivalent Rate (mrem/h)
100 TEPC 184 0.18
0.20
TEPC 501 0.16
10-in. sphere 0.16

Average for 100 cm 0.17 + 0.017 (+10%)

80 10-in. sphere 0.26
50 TEPC 184 0.70
0.74
TEPC 501 0.64
Multisphere 0.54
10-in. sphere 0.58
0.56
0.59

Average for 50 cm 0.62 + 0.075 (x12%)

5.3.2 Multisphere Spectrometer Measurements with the Plutonium Metal Source

A summary of the results from the multisphere spectrometer measurements
is presented in Table 5.13, and detailed neutron flux and dose equivalent
distributions for logarithmic energy intervals are presented in Table 5.14.
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The multisphere measurements were performed at 50 cm for the metal measure-
ments, so that the background would not present as much a problem as in the
previous measurement. The measured dose equivalent rates are almost an order
of magnitude higher than the general room background. Table 5.13 shows that
the average energy is about 1.4 MeV, which is only slightly higher than the
PuF, results. Previous measurements have demonstrated that the average
neutron energy is actually about 2 MeV for a bare plutonium metal source.
Part of the difference in measured average energy may be ascribed to the fact
that the multisphere energy bins are so wide that average energies in the MeV
region are not very accurate. Also, the average depends on whether arithmetic
averages or logarithmic averages are used for the midpoint energies of the
bias.

The neutron flux density per logarithmic interval or the flux per unit
lethargy is plotted as a function of the logarithm of the neutron energy in
Figure 5.5. This plot clearly indicates that the plutonium metal spectrum is
harder than the Pu0, spectrum, but that there is still a significant Tow-
energy component. It is believed that this low-energy component is due to
room background, and this is lowering the overall average energy. Comparing
the spectrum above 1 keV with previous measurements, one can see that the
metal spectrum is much harder (i.e., higher energy), as expected. These
results indicate the difficulty of finding a lTocation where the room back-
ground is Tow enough to allow proper measurements of plutonium metal and Pu0,
sources. In many instances, it may be more accurate to substitute a 252c ¢
spontaneous fission source, which has a much higher neutron emission rate, so
that room background will be insignificant. ‘
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TABLE 5.13. Summary of Multisphere Spectrometer Measurements
with the Plutonium Metal Source

Neutron Dose Average Average

Distance Flux . Equiv. Rate Quality Energy
Shielding —(cm) = (n/s-cm®) _(mrem/h) Eactor ~ _(MeV)
Bare Pu Metal 50 6.80 0.607 9.2 1.36

JABLE 5.]14. Neutron Flux, Absorbed Dose, and Dose Equivalent Distributions
Distributions Determined from Multisphere Spectrometer
Measurements at 50 cm from the Bare Plutonium Metal Source

—Differential ____ —Cumulative
Dose Dose Dose Eg.

Bin Energy Flux Dose Equiv. Dist. Dist.
No. (MeV) (N/S-.cm®)  (rad/hr) (rem/hr) (rad/hr)  (rem/hr)
1 2.57E-07 4.46E-01  8.45E-07  1.96E-06 6.63E-05 6.07E-04
2 5.48E-07  3.09E-01  6.76E-07  1.41E-06 6.54E-05 6.05E-04
3 1.06E-06  1.74E-01  3.87E-07  8.12E-07 6.47E-05 6.04E-04
4 2.25E-06 7.80E-02  1.72E-07  3.65E-07 6.44E-05 6.03E-04
5 4.77E-06  3.27E-02  7.14E-08  1.S3E-07 6.42E-05 6.03E-04
6 1.01E-05 1.26E-02  2.73E-08  5.89E-08 6.41E-05 6.03E-04
7 2.14E-05 4.16E-03  8.93E-09  1.90E-08 6.41E-05 6.03E-04
8 4.52E-05 1.04E-03  2.23E-09  4.64E-09 6.41E-05 6.03E-04
9 9.58E-05 3.31E-04  7.02E-10  1.43E-09 6.41E-05 6.03E-04
10 2.03E-04 1.12E-04  2.30E-10  4.67E-10 6.41E-05 6.03E-04
11 4.34E-04  4.50E-05  8.86E-11 1.79E-10 6.41E-05 6.03E-04
12 9.13E-04  2.02E-05  3.81E-11  7.70E-11 6.41E-05 6.03E-04
13 1.92E-03 1.39E-05  2.57E-11  5.17E-11 6.41E-05 6.03E-04
14 4.07E-03  1.61E-05  2.94E-11 5.91E-11 6.41E-05 6.03E-04
15 8.62E-03 2.60E-05  4.73E-11  9.56E-11 6.41E-05 6.03E-04
16 1.82E-02 6.00E-05  1.22E-10  3.36E-10 6.41E-05 6.03E-04
17~ 3.86E-02 2.01E-04  4.80E-10  2.04E-09 6.41E-05 6.03E-04
18 8.18E-02  1.27E-03  3.60E-09  2.36E-08 6.41E-05 6.03E-04
19 1.67E-01  1.99E-02  7.43E-08  6.32E-07 6.41E-05 6.02E-04
20 3.37E-01  3.91E-01  2.05E-07  2.05E-06 6.40E-05 6.02E-04
21 6.79E-01 1.71E+00  1.38E-05  1.50E-04 6.38E-05 6.00E-04
22  1.39E+00 2.40E+00  2.94E-05  2.89E-04 5.00E-05 4.50E-04
23  2.78E+00  9.28E-01 1.41E-05  1.15E-04 2.06E-05 1.60E-04
24  5.54E+00 2.39E-01  4.97E-06  3.47E-05 6.53E-06 4.55E-05
25  1.12E+01 6.00E-02  1.43E-06  9.87E-06 1.56E-06 1.08E-05
26  2.04E+01 3.98E-03  1.30E-07  9.03E-07 1.30E-07 9.02E-07

Total 6.80E+Q0  6.63E-05 6.07E-04

39101088.1
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6.0 ATTENUATION BY ACRYLIC PLASTIC SHIELDING

In the early days of Hanford, plutonium was processed in glove boxes
constructed from acrylic plastic or constructed with acrylic plastic windows.
More recently, slabs of acrylic plastic have been added to glove boxes to
reduce the neutron exposure to workers. A series of measurements was per-
formed to determine the amount of attenuation of the dose equivalent rate
provided by acrylic plastic slab shields. Measurements were performed at the
PNL Calibration Laboratory using bare **Cf sources, and in the PFP, using PuF,
and Pu0, sources.

In the PNL Calibration Labo#atory, 40 cm by 40 cm by 2.54 cm thick slabs
of acrylic plastic were positioned between the TEPC detector and the 252Cf
source on the support stand normally used to hold the acrylic plastic
phantoms. These measurements included the effects of room scatter and scatter
around the shield by the support stand. The attenuation was calculated by
dividing the dose equivalent rate measured behind the shield by the dose
equivalent rate without the shield in place. The results of these measure-
ments are included in Table 6.1 and are plotted in Figure 6.1. The results of
earlier measurements made with TEPCs are also included. In these earlier
measurements, the effects of room scatter were eliminated by placing a thick
shadow shield between the source and the TEPC. The room scatter around the
shadow shield was msasured, and the dose equivalent rate was subtracted from
the result measured with the slab shield in position. This was done to
provide data to compare with computer code calculations for the slab shields;
for simplicity, the computer code calculations did not model room scatter. In
general, room scatter reduces the shield effectiveness.

In the PFP, 40-cm-by-40-cm slab shields of acrylic plastic were placed
on an aluminum support stand positioned between the plutonium source and the
TEPC detector. As before, the attenuation in dose equivalent rate was
determined from the ratio of the dose equivalent rates measured with and
without a shield in position. For these measurements, the room background
from nearby glove boxes was subtracted from the measured dose rates. But no
correction was made for room scatter. The results of these measurements
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TABLE 6.1. Attenuation of Neutron uose Equivalent Provided by Slabs
of Acrylic Plastic for Californium and Plutonium
Tetrafluoride Neutron Sources

_ Distance Dose Equivalent
Source Shield (cm) Rate (mrem/h) Attenuation
B2 None 100 2770 1.00
1/2-in. plastic 100 2500 0.90
1-in. plastic 100 2210 0.80
None 50 11700 1.00
2-in. plastic 50 6970 0.60
4-in. plastic 50 3610 0.31
PuF, None 50 27.1320.71¢) 1.000.026*!
1-in. plastic 50 15.340.71 0.56+0.030
2-in. plastic 50 9.89+0.94 0.36+0.038
Puo, None 50 0.48 1.00
1-in. plastic 50 0.41 0.85
2-in. plastic 50 0.31 0.65

(a) Uncertainties given for one standard deviation in the measured results.

are also included in Table 6.1. Beca''se the dose rates were low, several
measurements were :mace. The uncertainties shown in the table are for one
standard deviation in the measured results.

In general, the lower energy neutrons from PuF, are easier to shield. A
factor-of-2 reduction in dose equiva]eht rate requires about 1-1/2 to 2 in. of
acrylic plastic shielding for PuF, and about 2-1/2 in. of acrylic plastic
shielding for #2Cf, plutonium oxide, or plutonium metal, which have about
the same average neutron energy. Note that the reduction in dose equivalent
rate is highly dependent on the measurement situation. Earlier measurements
published in BNW-2086, A Guide to Good Practices at Plutonijum Facilities
(Faust et al. 1977, page 4-52) and in HEDL-TME 80-50, Personnel Dosimetry and
Shielding Program Progress Report: July-December 1979 (Smith 1980) give
slightly different transmission factors for the acrylic shields because of
differences in the measurements. In the previous documents, the effects of
scatter around the shield were corrected for by making shadow shield measure-
ments and subtracting the room scatter from the results. In the PFP
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FIGURE 6.1. Reduction in Dose Equivalent Rate
from Acrylic Plastic Shielding

measurements presented here, the effects of scatter from the floor and

support stands for the source and shields are not corrected for, because these
scattered neutrons will influence the albedo dosimeter measurements, and these
high-scatter conditions are typical of the workplace conditions.
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7.0 MEASURED RESPONSE OF THE HANFORD DOSIMETERS

7.1 INTRODUCT]ON

The response of TLD-albedo personnel neutron dosimeters to neutron
radiation is significantly dependent on energy (Brackenbush et al. 1980). For
routine calibration, Hanford TLDs are exposed to a bare 2°Cf source. The
exposure time is increased by a factor of 1.73 so that the TLD response is
similar between the "field" and calibration source. At Hanford, the "fluori-
nator hood" at the Hanford PFP was selected as the "field" work environment.
This work environment has been characterized on numefous occasions in the past
to ensure that the personnel doses determined with the Hanford TLD-albedo
dosimeter correctly determined the actual neutron dose equivalent.

With the recent change in Hanford's mission, there has been a signifi-
cant decrease in PuF, handling, and an increase in plutonium metal and Puo,
handling. This has resulted in a larger spread in the neutron response varia-
tion in the Hanford TLD-albedo dosimeter, i.e., the ratio of

Chip 3 adjusted reading (R3) - Chip 5 adjusted reading (RS)
Chip 4 adjusted reading (R4) - Chip 5 adjusted reading (RS).

This ratio has been an indicator of the type and constancy of neutron expo-
sures being received by personnel in the field. ‘

It is extremely difficult and manpower-intensive to administer a
neutron-monitoring program in which a large number of correction factors is
necessary for different locations in the same facility because the same
employees would, in all probability, work in more than one location during a
badge period. It was felt that a measurement study using selected neutron
sources could lead to an alternate method in evaiuating personnel neutron
dose. These new measurements should complement the measurements conducted in
the work environment during the past several years.

Measurements were taken with NIST-traceable neutron sources to calibrate
the multisphere spectrometer, TEPCs, Depangher long counter, TLD-albedo dosim-
eters, and CR-39 TEDs. The responses of the Hanford TLD, CR-39 TED, and Mound
Design TLD dosimeters to moderated neutrons were determined by covering the
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220 sources with selective thicknesses of acrylic plastic. Measurements
were then made at PFP from three plutonium neutron sources: a Puf,, a
plutonium metal anode, and PuO, powder, which were described in Section 3.0.
Several thicknesses of acrylic plastic shielding to simulate glove-box
shielding were used with the PuF,. The dose rates from plutonium metal and
Pu0, were too low to do any studies using plastic shielding. The TLD inserts
for these special dosimeters were processed in the routine fashion as are
personnel TLD inserts. Electrochemically etched TEDs were processed, read,
and evaluated by Mary Ann Parkhurst of PNL.

7.2 RESULTS

Detailed results for each type of measurement are presented in
Appendix C. The data include the standard Hanford Multipurpose TL Dosimeter
results, a modified multipurpose TL dosimeter to resemble the Mound Laboratory
dosimeter configuration (chip 3 has a cadmium filter between the body and the
chip), and the CR-39 TED results. The data from the modified multipurpose TL
dosimeter will not be discussed, but is included in Appendix C. Table 7.1 is
a summary of the exposure data; Table 7.2 presents the standard errors
associated with the results.

The data listed in Table 7.1 represent average values of nine measure-
ments for each configuration. The first column in Table 7.1 describes the
source and moderator; the second and third columns give the TLD counts
corrected for gamma response for chips 3 and 4, respectively; the fourth
column gives the ratio of the responses of TLD chip 3 to TLD chip 4. Chip 3
is designed to respond to both incident slow neutrons and albedo neutrons;
chip 4 is designed to respond primarily to albedo neutrons reflected from the
body. The ratio is used as an indicator of the incident neutron spectrum;
higher ratios indicate moderated neutron spectra. The fifth column of
Table 7.1 gives the TLD calibration for chip 4 in terms of chip counts per
mrem delivered to the dosimeter. The sixth column 1ists the dose equivalent
delivered to the dosimeters irom the calibrated sources. The seventh and
eighth give the dose equivalent evaluated using the 1990 algorithm, and they
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ABLE 7.

Summary of TLD-Albedo Dosimeter Results
for the Hanford Multipurpose Dosimeter
Exposed to Calibration and Plutonium Sources

Dose Equivaient (mrem)

Ratio Ra® Given 1990 Present’

Source R3-R5 R4-R5™ RI/R4 ct/mrem Neutron TLD TLD Cr-39
Ct Source Bare 844 759 1.112 1.516 500.5 333 333 466
Cf + 1.27 em PL™M 2554 2256 1.136 2.218 1017 979 979 967
Ct+254cmPL 3697 3090 1.196 3.102 996 1351 1351 898
Ct+ 5.08cm PL 3663 2516 1.462 4.756 529 1115 716 473
Cf +10.16 cm PL 4457 2647 1.690 5.908 448 1178 816 421
Ct+15.24 cm PL 10770 6107 1.785 7.890 T74 2745 1883 587
Ct D20 MOD 10950 10842 1.010 10.842 1000 5000 5000 952
PuF, Bare 3094® 2694® 1.148 1.601 1683 1189 1178 1670
PuF, + 2.54 cm PL 5164® 4112™ 1.256 3.711 1108 1812 1801 1238
PuF, + 5.08 em PL 9530® 6104 1.561 8.808 693 2712 829 1005
PuO, 102@ g7® 1.052 1.198 81 51 51 74
Pu Metal 236 183" 1.290 1.253 146 97 97 137
Bkg Room 179C 165 - 114 1.460 3.917 29.1 © 42 11.5

1) PL is Plexiglass sheet 61 cm by 61 cm square,

2) Adjusted reading of Chip 3 minus adjusted reading of Chip 5.
3) Adjusted reading of Chip 4 minus adjusted reading of Chip 5.
4) Ratio cf (R3-RS)/(R4-R5)
§) The values are (R4-RS)/(Given Neutron Dose),

6) Doses as calculated in 1990.

7) Neutron caicuations use the Historical Hanford Alogrithm when the ratic of R3/R4 is greater than 1.38.
8) Adjusted readings were modified for the amount of backg und present in Room 179C during the exposure.
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TABLE 7.2.

Source

Thermoluminescent Dosimeter Chip Responses

Hanford Multipurpose Dosimeters Exposed to
Calibration Sources and Plutonium Sources

Ct Source Bare
Cte127cm PL™
_Ct+ 254 cm PL™
Ct + 5.08 cm PL®
Gt + 10,16 cm PL®
Ct + 15.24 cm PL®
Cf D20 MOD

PuF, Bare

PUF, + 2.54 cm PL®
PuF, + 5.08 cm PL®™
PuQ,

Pu Metai

Bkg Room 179C

1) ‘Adjusted reading for Chip 4 minus the adjusted reading for Chip 8.

mrem

R4-RS Ratio R3-R4® R4 Given

X cvm +23% X —28"  ct/mrem Neutron
759 5.67 1.27 1112 0954 1416 500.5
2256 7.36 128 A8 1044 2218 1017
3090 8.84 1R 1187 1105 3.102 996
2516 10.33 129 1) 1482 1.164 4.756 529
2647 9.08 1.92 1.690 1458  5.908 448
6107 12.77 217 1.785 1397 7.89 74
10842 0.75 1.02 1.010 1.003  10.842 . 1000
2720 14,19 126 1.148 1.036  1.601 1683
4136 7.13 1.47 1256 1.042 3711 1108
6128 10.82 1.80 1.561 1321 8.808 693
161 11.18 127 1.050 0.830  1.012 81.0
263 14.45 1.7 1.290 0.870  1.260 145.6
114 16.31 1.68 1.460 1240  1.360 29.1

2) Ratio of (R3-R5)/(R4-RS).

3) The vaiues are (R4-R5)/(Given Neutron Dose).

4) Average.

o

\

§) Coetficient of variance - standard deviation in percent.
£, Represents th. upper value of the 95% confidence interval.
7) Represents the lower vaiue of the 95% confidence interval.

8, PLis Plexiglass sheet 61 cm by 61 cm square.
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give the dose equivalent evaluated using the current algorithm, respectively.
Finally, the ninth column gives the results of the electrochemically etched
CR-39 TEDs.

Table 7.2 shows the uncertainties associated with the averages listed
in the previous table. These are described as follows. The first column
describes the source and thickness of acrylic plastic moderator placed between
the source and the dosimeters. The second column gives the TL chip counts
from chip 4, which responds primarily to albedo neutrons reflected from the
body and chip 5, which is used to subtract out the gamma response of chip 4.
The third column gives the coefficient of variation or the percent standard
deviation in the average listed in the second column. The fifth column gives
the ratio of chip counts from position 3 divided by the chip counts from
position 4. This is an indicator of the "softness" of the spectrum. The
fourth and sixth columns give the upper and lower values in the range of the
95% confidence interval for this ratio. The seventh column gives the cali-
bration constant for TL chip 4; this value is the TL chip counts from chip 4
minus the chip counts from chip 5 (used to account for the gamma response of
chip 4) divided by the delivered neutron dose equivalent. Finally, the last
column gives the dose equivalent in mrem delivered to the dosimeter.

7.3 DISCUSSION

The dose ratio from the 2°2Cf neutron source was three orders of magni-
tude higher than that measured from the Pu0,. These differences are important
since the time it took to obtain the exposure varied from several minutes to
several weeks. During the PuO, measurement, one of the two acrylic plastic
plates containing the Mound design TL dosimeter and half of the CR-39 TED
dropped off the phantom, and the results were lost.

The measurements with the spectrometers and dosimeters were performed
over an extended time period. The background measurement was made almost
eight months after the previous exposure had been made when the activity of
the operation was again comparable to those where the original exposures were
made. The background measurements using the 10-in. rem meter and TEPCs
indicate the background remained constant within the counting uncertainties of
the measurements.
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There are some questions whether this background subtraction is correct
because the adjusted ratio of the Pu0, appears to be too close to 1.00. The
large correction (194-102 for chip 3) for Pu0,, the relatively small original
observed counts, and the large standard error in the observed values are all
major factors in influencing the final outcome. The increase in the observed
dose rate of the plutonium metal and the slightly larger-than-expected ratio
of the R3/R4 are the direct results of the impurities in the plutonium metal
anoge. The impurities were in excess of 5% of the total weight and some of
the impurities appear to have had a higher yield for the alpha-neutron
reaction.

In 1990, the routine Hanford External Dosimetry Program used an
algorithm that was based on the value of R4-R5 and multiplied by constants
that were derived from 252Cf exposure data and previously determined factor of
filed measurements:

TN = C8 x (R4-R5) 1.73 (7.1)

where C8 is about 0.75. This equation was used to pass the DOELAP
certification.

The present calculation is a hybrid of the historical Hanford algorithm
(Wilson et al. 1990) and the equation used in 1990. When the ratio of
(R3-R4)/R4-R5) 's less than 1.38, then the calculation is as in 1990:

TN = €8 x (R4-R5)/1.73
if (R3-R4/(R4-R5) > 1.38
Then calculate as the Historical Hanford Algorithm

FN = (C4 x R4)-(C6 x R5) - [C7 x (R3-R4)/1.73]
CSN = C4 x (R3-R4)
TN = FN + SN

where C4, C5, 76, and C7 are coefficients derived from measurements of the
252Cf source and sigma pile.
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From the data in Table 7.1, one can see that there is significant
improvement in the results when the ratio R3/R4 is equal to or greater. than
1.38. The ratio of chip 3 to chip 4 data indicates that the TLD is very
sensitive to small changes in the spectra and results in a significant
increase in the counts/mrem.

One anomaly of the change in ratio is for the *’Cf D,0-moderated source
in a cadmium shield, which removes all of the thermal neutrons from the source
spectra. The moderated D,0 source spectrum is not representative of any
neutron spectrum at Hanford. As such, the TL dosimeter only sees the albedo
neutrons from the phantom. It is very interesting that the standard error in
the moderated spectra measurements is a factor of 7 to 19 smaller than for the
other sources. One can infer that imperfections in the dosimeters, TL chips,
phantom, and spacing of dosimeters result in considerably less impact on the
final result. Therefore, the use of this source maybe of value in a quality
control program through sensitive recognition of dosimetry processing changes.

The notable change in the ratio R3/R4 is accompanied by a large 95% con-
fidence int2rval, indicating that the ratio would have to move considerably
before one could be assured that spectra had changed significantly. The ratio
~ R3/R4 would have to be greater than 1.3 to be assured that the result ratio

was not caused by a bare ?%’Cf source.

7.4 MEASUREMENTS H CR-39 DOS )

While the TLD-albedo dosimeters were exposed, sets of CR-39 dosimeters
were also exposed to the calibrated neutron sources in the PNL Calibrations
Laboratory and to the plutonium sources in the PFP. The results of these
exposures are summarized in Table 7.3. The first column describes the neutron
source and the amount of acrylic plastic shielding placed between the source
and the CR-39 TEDs. In the table, x designates the mean value of the measured
values, and o designates one standard deviation in the measured values. The
precision of the CR-39 measurements is indicated by the one standard deviation
uncertainty in the average of 12 CR-39 dosimeters used for each measurement
listed in the third column of Table 7.3. The coefficient of variation of the
CR-39 TEDs is better than +10%.
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For the measurements in the PFP, the delivered dose was estimated from
the average of measurements from the multisphere spectrometer, TEPCs, and 10-
‘n. diameter rem meter. One standard deviation uncertainty in the dose
equivaTent calculated from spectrometric measurement is included for the
delivered dose shown in the fifth column in Table 7.3. The sixth column in
Table 7.3 1ists the ratio of the dose equivalent measured by the CR-39
dosimeters divided by the delivered dose. The uncertainty listed in the last
columh includes one standard deviation uncertainty in the doses estimated by
12 CR-39 dosimeters and in the dose equivalent calculated from spectrometric
measurements.

For 1ightly moderated fission sources and plutonium sources, the CR-39
dosimeters are reasonably accurate. On the average, the dose equivalent
determined with the CR-39 dosimeters was only 2% lower than the dose equiva-
lent delivered by calibrated californium sources or from the plutonium
sources; the coefficient of variation was +17%. However, this close agreement

- JABLE 7.3. Summary of CR-39 Dosimeter Exposures

—_Dose Equivalent (mrem) Ratio
CR-39 Meas. Delivered Meas./Deliv.
Source X g X g X g
CF with no shield 466 46 500.5 0.93
Cf + 1.27 cm plastic 966 64 1017 0.95
Cf + 2.54 cm plastic 898 58 996 0.90
Cf + 5.08 cm plastic 473 32 529 0.89
Cf + 10.2 cm plastic 421 37 448 0.94
Cf + 15.2 cm plastic 587 54 774 0.76
Cf + D,0 moderator 952 62 1000 0.95
PuF, with no shield 1670 82 1683 54 0.99 0.059
Puf, + 2.54 cm plastic 1238 58 1108 51 1.12 0.067
PuF, + 5.08 cm plastic 1006 91 693 66 1.45 0.191
Pu0, with no shield 74 6.6 81 13 0.92 0.17
Pu Metal with no shield 137 16 146 18 0.94 0.16
Room Background 11.5 3.7 29 2.5 0.40 0.13
~ Average excluding background 0.98 0.17
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is somewhat deceptive. There were two measurements in which there was poor
agreement between the delivered values and the CR-39 measured values; the
CR-39 overestimated the delivered dose by 45% when exposed to the PuF, source
moderated with 5 cm of acrylic plastic. This was offset by the CR-39
indicating a dose equivalent some 24% lower than the delivered dose when
exposed to the californium source moderated by 15 cm of acrylic plastic.
Ignoring these two extremes, the CR-39 dosimeter averaged about 5% lower than
the delivered dose, with a coefficient of variation of +6.5%. Note that this
good agreement is obtained by expesing the CR-39 dosimeters to fairly high
doses to obtain good counting statistics for the number of tracks/cm?. At
dose values greater than 50 mrem, CR-39 dose results are superior to the TLD
results. Three lots of CR-39 plastic were used in the measurements, and all
lots resulted in about the same variation in the results.

The CR-39 dosimeters function quite well when exposed to fission sources
or isotopic sources, such as Puf,. For the unmoderated sources, the majority
of neutrons have energies above the threshold for track registration. How-
ever, the CR-39 dosimeters start to miss part of the dose for highly moderated
sources, in which neutrons have energies below the 100-keV threshold for track
registration in the electrochemir.’ly etched CR-39.
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8.0 CONCLUSIONS AND RECOMMENDATIONS

Currently available neutron dosimeters and survey instruments exhibit a
well known significant dependent with energy; i.e., their response per unit of
dose equivalent varies with energy. The TLD-albedo neutron dosimeters used at
Hanford are no exception, as demonstrated by the data presented in Sections 5,
6, and 7 of this report. Typically, TLD-albedo dosimeters are calibrated
under low-scatter conditions in the laboratory under carefully controlled,
reproducible conditions similar to those used in DOELAP accreditation. When
exposed in the work place, the response of the TLD-albedo dosimeter may be
quite different per unit of dose equivalent. Traditionally, a field cali-
bration factor or other mechanism has been used to determine the appropriate
~ factor to correctly interpret the dosimeter response in the field.

This study was initiated to document the response of the Hanford TLD-
albedo dosimeter and CR-39 TED under carefully controlled conditions in the
calibration laboratory and in the workplace. The measurements included the
PNL calibration bare and heavy-water-moderated californium sources, whose
calibrations are directly traceable to the NIST. Various neutron spectrom-
eters and dose measuring devices, including multisphere spectrometers, TEPCs,
and 10-in. diameter rem meters, were also exposed to the calibrated sources to
verify their accuracy.

These instruments were then used in the PFP to determine the neutron
dose equivalent rates and responses from various plutonium sources, including
Puf,, Pu0,, and plutonium metal. The results of these measurements are
summarized in Table 8.1. The PuF, source is of special interest; it is the
same source that had previously been used to calibrate Hanford neutron
dosimeters from December 1964 to August 1981. The TLD-albedo dosimeters and
CR-39 TED were exposed to these plutonium sources under the high-scatter
conditions typically found in the work environment. The data from the PuF,
source provide historical documentation of dosimeter response and help
evaluate the accuracy of dose equivalent algorithms that were used in the
past.

The results summarized in Table 8.1 indicate that the dosimeter response
per unit dose equivalent increases in the high-scatter conditions found in the
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TABLE 8.1. Summary of Dosimeter Measurements

Ratio(® R4(®) Given 1990Iegi Prensentm

—_Source ~~ _R3/R4 ct/mrem peutron _TLD _TLD CR-39

Cf Bare 1.11 1.52 500.5 333 333 460

Cf+1.27 cm 1.14 2.22 1017 979 979 961

plastic | ‘

Cf + 2.54 cm 1.20 3.10 996 1351 1351 898

plastic

Cf+5.08cm  1.46 .4.76 529 1115 716 473

plastic

Cf + 10.2 cm 1.69 5.91 448 1178 816 428

plastic

Cf + 15.2 cm 1.79 7.89 774 2745 1883 587

plastic A

D,0 moderated 1.01 10.84 1000 5000 5000 952

C% source

PuF, Bare ' 1.15 1.60 1683 1189 1178 1670

PuF, + 2.54 cm 1.26 3.71 1108 1812 1801 1238

plastic

PuF, + 5.08 cm 1.56 8.81 693 2712 829 1006

plastic

Pu0, minus 1.05 1.01 52 51 51 74

bacﬁground

Pu metal minus 1.29 1.26 116.5 97 - 97 137
~ background

Background 1.45 3.8 29 - 42 11.5

(a) TLD 600 chips corrected for gamma response.

(b) The values are TLD chip 4 - TLD chip 5 response/delivered neutron dose.
(c) Doses calculated using the 1990 algorithm.

(d) Doses calculated using the Historical Hanford Algorithm when R3/R4>1.38.
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work place. The dosimeter response is a complex function of the initial
neutron energy spectrum, the orientation of the dosimeter, the amount of
intervening moderator, and the scatter conditions in the vicinity of the
dosimeter during exposures.

The PuF, source was strong enough that the major contributor to dosimeter
response was the source itself. However, the neutron emission rates from the
Pu0, and plutonium metal sources were so small that room background from the
adjacent plutonium glove boxes in the room contributed to almost half of the
dosimeter response. To correct for this background, sets of control dosim-
eters were exposed under identical conditions to allow ccrrections to be
applied to the dosimeter response for the "background." This is generally
true of operations in glove boxes; the general background: from material stored
in the box and distributed on the surface is a significant contribution to
TLD-albedo dosimeter response. The increased response to the lower energy
scattered neutrons from backgrounds is demonstrated in Table 8.1. Here, the
scattered background neutrons create about the same effect as adding 3/4 in.
to 1 in. of acrylic plastic moderator to the glove box.

As shown in Table 8.1, the response of the TLD-albedo dosimeter varied
from a Tow value of about 1 count/mrem for an unmoderated source to a high
value of 10 for a heavy-water-moderated source. From the data presented, one
might conclude that the response of the TLD-albedo dosimeter is controlled by
the intervening moderator between the source and the dosimeter. This is not
always the case; room-scattered neutrons can be a significant factor in deter-
mining the dosimeter response and can alter the ratios of the responses of TLD
chips behind various filters. For this reason, it is recommended that field
exposures be performed to verify the accuracy of the system.

It may be possible to develop improved algorithms to properly interpret
dosimeter response correction factors based on the TLD chip ratios. In the
case of the Hantord TLD-albedo dosimeter, it appears that the ratio of TLDs in
position 3 to position 4 may indicate what calibration factor should be used.
This approach is used at Hanford in the existing dosimetry systems and is
extensively used at other sites, such as Karlsrilhe, where the dosimeters are
actually calibrated on phantoms in the work place. The variability in the
counts/mrem factors and the position 3/position 4 TLD ratios points out the
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need for careful calibration and field exposure if accuracy is to be improved.
Traditionally, TLD calibration factors have been based on field measurements
at Hanford work locations. This was especially true when the plutonium
fluoride source was used to simulate the primary contribution to occupational
neutron exposure during plutonium separation work at Hanford. It is especi-
ally important to perform additional measurements in the workplace if new
dosimetry systems or evaluation algorithms are implemented.

The data presented in Table 8.1 show that the dose equivalents evaluated
from the CR-39 TEDs are remarkably accurate. The dosimeter results are in
excellent agreement with the delivered dose equivalent determined from the
average of measurements performed with the multisphere spectrometer, TEPCs,
and a 10-in. diameter spherical rem meter. Excluding the measurement of the
room background, the CR-39 dosimeter results agree within about 5% of the
delivered dose equivalents, with a standard deviation of about 21% in the
measurements. Excluding the measurement of the room background is justified
because the CR-39 dosimeters were exposed on the side of the acrylic plastic
phantom positioned away from the glove boxes to minimize the effect of room.
background. Fast neutrons from the glove box must pass through the phantom or
be scattered from the room to reach the CR-39 TED.

Although the CR-39 dosimeters give superior results, we caution that the
results were obtained with exposures well over 100 mrem for statistical
accuracy. With jow doses (about 10 to 50 mrem), the CR-39 dosimeters are not
very accurate due to lack of sensitivity and interference from background
tracks. This background track problem cannot be avoided; it may be caused by
interactions with alpha particles from radon and cosmic rays during storage of
the material.

From the data presented in Table 8.1, we can draw the following con-
clusiciis. Neutron doses estimated for personnel are generally high based on
the simplified Hanford dose algorithm. The simplified algorithm can signifi-
cantly over-estimate personnel neutron dose equivalent if the dosimeter is not
calibrated to the neutron field in which it is used. With care, it may be
possible to arrive at spectral correction factors based on TLD chip ratios,
but additional studies must be performed to substantiate this assertion.

8.4



The following recommendations are made based on these preliminary
studies:
« To obtain more accurate estimates of neutron dose to personnel, it

is necessary to utilize location-dependent calibration factors or
calibration factors based on TLD chip ratios.

« Continual instrument measurements and dosimeter exposures on
phantoms in measured neutron fields are essential to ensure the
credibility of routine dosimeter results.

+ Consideration should be given to implementing the CR-39 nuclear
track detector in combination with the TLD-albedo dosimeter. The
CR-39 dosimeter appears to give acceptable results for neutron
exposures over about 100 mrem from plutonium sources, even if
placed behind thick shields.

« Although the TLD-albedo dosimeter may over-estimate the dose, this
type of dosimeter is more sensitive and gives more accurate results
at low doses, below about 50 mrem.

« Algorithms to compensate for energy effects should be developed.

Energy-compensation algorithms, along with continued improvements
in the External Dosimetry Program, may provide a means to improve
the accuracy of occupational dose estimations and still meet DOELAP
test criteria.

As in the past, field measurements and dosimeter exposures in the
work environment muct be continued to test new algorithms or

implement new dosimetry systems. The External Dosimetry Program
should acquire the expertise to perform these field measurements.

It must be recognized that Hanford has had a longstanding policy (Wilson
et al. 199C) that if there are any inaccuracies or confusing responses, the
personnel doses recorded shall err conservatively, that is, by reporting too
much dose. The field neutron measurements of the 234-5 Building confirm that
this is still the case. Measurements obtained indicate that personnel
neutron doses are, on the average, being over-estimated using the existing
TLD-albedo calibration and dose algorithm methodology. This over-estimation
was observed for all algorithms used for the TLD-albedo dosimeter. It is
hoped that, based on these measurements, a method can be develnped that
reduces still further the amount of over-evaluation of neutron doses reported
to personnel. A combination TLD and CR-39 TED is just such a dosimeter that
can accomplish this narrowing of the error response.
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APPENDIX A

S U ROPORT

In principle, a single tissue equivalent (TE) proportional counter
(TEPC) can detect any penetrating ionizing radiation. Tissue equivalent
proportional counters provide an absolute measure of absorbed dose in a
tissue-like material. With appropriate algorithms, they also provide an
estimate of neutron quality factors. Algorithms developed for fast neutrons
are reasonably accurate for fission energies and many of the neutron exposure
situations found in DOE facilities. This section provides a review of the
terminology used in microdosimetry, and delineates how dose and dose
equivalent are determined using TEPCs.

A.1 TERMINOLOGY

Many persons are not familiar with the specialized terminology and
microdosimetric concepts used in the analysis of data from TEPCs. Therefore,
the following explanation of terms may be appropriate to prepare the reader
for detailed discussions of the theory of radiation interactions in TEPCs.

A more complete explanation of the terminology is given in ICRU Report 36,

Microdosimetry (ICRU 1983).

Enerqy deposit, e, - The energy deposit is the energy deposited in a site by a
single radiation %nteraction. It is the difference between the energy of the
incident ionizing particle (exclusive of rest mass energy) minus the sum of
energies of all ionizing particles, leaving the interaction (exclusive of rest
mass energy) plus the changes in rest mass of all atoms and particles involved
(the Q value of the reaction). The energy deposit is a stochastic quantity
that has units of joule (J) or electron volts (eV).

Energy imparted, e - The energy imparted to the mass in a volume of interest
is simply the sum of energy deposits within that volume. The energy imparted
is also a stochastic quantity having units of joule (J) or electron volts
(eV). Note that the energy imparted may result from one or more stochastic-
ally independent particle tracks.

Lineal energy, y - The 1ineal energy (y) is the energy imparted by a single
energy deposition event to matter in a volume (e) divided by the mean chord
length (1) in that volume. Lineal energy is a stochastic quantity with units
of joules per meter (J/m) or kiloelectron volts per micrometer (keV/um). The

A.1



mean chord length in a volume is the average or mean of all randomly oriented
chords within the volume. For convex bodies, the mean chord length (1) is the
quotient of 4 times the volume (V) divided by the surface area (S) of the
body. It is important to note that y is defined only for single energy-
deposition events. Energy-deposition events occur with a distribution of
Tineal energies. The value of the distribution function, F(y), is the
probability that the lineal energy is equal to or less than Y. The lineal
energy distribution or probability density, f(y), is the derivative of F(y)
with respect to y. The lineal energy distribution, f(y), is independent of
the absorbed dose or dose rate.

Linear enerqy transfer (LET), L - The linear energy transfer is the amount of
energy transferred per unit path length of an ionizing particle. It has the
units of joule per meter (J/m) or kiloelectron volts per micrometer (keV/um).

Event size, Y - The event size is a concept closely related to 1lineal energy.
The event size for a sphere is the energy imparted to the spherical volume
divided by the diameter of a sphere. For a sphere, the event size (Y) is
two-thirds of the lineal energy (y). ‘

Lineal energy (y) and linear energy transfer (LET) are closely related.
Consider the path of a recoil proton produced by a 1 MeV neutron, as shown in
Figure A.1. The dots in the figure represent ionizing events produced by the
passage of the proton and its delta rays. The value of LET is constant over
the short segment of the particle paths shown in the figure. However, as can
be readily seen, the value of lineal energy depends upon which microscopic
volume is chosen. This is observed experimentally; i.e., particles with a
constant LET traversing a proportional counter operated at very Tow gas
pressures produce a distribution of event sizes. Lineal energy is a micro-
scopic quantity that represents the actual amount of energy deposited in a
microscopic site; it is the microdosimetric analog of LET. Lineal energy can
be physically measured by a device such as a TEPC. Linear energy tran;fer is
a macroscopic quantity that cannot be easily measured. The value for LET
represents the average value for the energy loss per unit path length, and
thousands of paths must be considered to obtain an accu-ate average. Under
the assumptions that particles travel in straight lines and LET is nearly
constant over a small segment of the path, it is possible to mathematically
convert from either quantity to the other, as illustrated in Appendix B of
ICRU Report 40 (ICRU 1986).
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FIGURE A.1. Representation of a Short Segment of the Track
of a Recoil Proton Produced by a 1-MeV Neutron

A.Z CONSTRUCTION OF TISSUE EQUIVALENT PROPORTIONAL CO

The basic concept of a TEPC is shown in Figure A.2. Typically, the TEPC
consists of a hollow sphere of TE plastic filled with TE gas. The cavity
inside the TE plastic walls is the sensitive volume of a proportional counter.
Several configurations are possible. In one version, a single wire is used as
the anode of the proportional counter inside a spherical counter. In another
version, called the Rossi counter, a fine helix operated at an intermediate
potential surrounds the anode wire to make the electric field more nearly
constant, thus giving more uniform gain along the anode. Unfortunately, the
helix makes the counters more sensitive to vibration, so these counters are
better suited to laboratory measurements. Spherical counters with internal
diameters ranging from 1/2 in. to 5 in. are commercially available. Single
wire counters are more rugged and are usually used for measurements in the
workplace. Cylindrical counters are much less expensive to build than
spherical counters, but the algorithms used to derive quality factors are more
difficult to utilize, as will be explained later.
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EIGURE A.2. Simplified Cross-Sectional View of a'Spherical‘
Tissue Equivalent Proportional Counter

Unlike the typical propurtional counter, the gas pressure in the TEPC is
very low, usually a few torr, so that the mass of gas in the hollow sphere has
the same mass stopping power as a l-um sphere of tissue of unit density. The
equivalent diameter of a gas-filled TEPC is the diameter of a unit-density
sphere that has the same mass as the gas inside the TEPC. The gas pressure is
usually adjusted to give equivalent diameters of 0.5 um to 10 um in tissue.

The compositions of TE gases and Shonka A-150 TE plastic used in con-
struction of TEPCs are given in Table A.1. It is evident that the composi-
tions of these materials are not exactly equivalent to tissue, which is mostly
water. In these materials, the amounts of oxygen (from water) and carbon
(from plastics) are reversed. This is of little consequence because of
similar cross-sections for carbon and oxygen, except for resonances in charged
particle production that occur at about 4.5 MeV and it 16 to 17 MeV.

Neutrons or other types of ionizing radiation interact with the Shonka
A-150 TE plastic to produce charged particles, which then traverse the gas
cavity. The gas pressure is so lTow that most heavy charged particles have a
nearly constant LET in traversing the cavity. If Bragg-Gray conditions are
satisfied (i.e., if electronic equilibrium exists, if the wall thickness is
greater than the range of the secondary particles, and if the walls and gas
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TABLE A.1. Compositions of Tissue Equivalen% Materials Used in Tissue
Equivalent Proportional Counters'®

‘ Proportion of Element (%) :
Material H C N O _F Na Mg P S K _Ca

ICRU Muscle 10.2 12.3 3.5 72.9 - 0.08 0.Nn2 0.2 0.5 0.3 0.007
Tissue ‘

A-150 Muscle 10.1 77.6 3.5 5.2 1.7 - - - - - -
Equivalent

Plastic

Methane 10.2 45.6 3.5 40.7 - - - - - - -
TE Gas ‘

Propane 10.3 56.9 3.5 29.3 - - - - - - .
TE Gas :

(a) Data from Appendix C of ICRU Report 36, Microdosimetry (ICRU 1983).

have very nearly the same composition), then the dose in the cavity is a very
close approximation to that in solid TE material. If it is assumed that the
number of ionizations produced in the detector is proportional to the energy
deposited in the gas cavity, the ionizations produced and the pulse height
from the proportional counter show the energy deposition. This value of
energy deposition divided by the mass of the gas in the cavity gives a direct
measure of absorbed dose (energy absorbed per unit mass, by definition).
Although the gas compositions may not always be TE, most of the charged
particles originate in the walls, and this material does closely approximate
tissue. In fact, almost any counting gas such as propane or methane can be
used withou: changing the measured dose.

A.3 ENERGY CALIBRATION

The energy calibration of a TEPC relates the pulse height distribution
from the proportional counter to energy deposition in the counter. At least
two methods will accomplish this.

The first method is to bombard the gas cavity with particles of known
energy. Some of the commercially available TEPCs have built-in 2*'Cm alpha
calibration sources operated by a simple shutter mechanism. When the shutter
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is open, alpha particies pass through a small hole in the TE plastic wall and
traverse the diameter of the counter. Because the initial energy of the alpha
particles, the path length, and the path length are known, the energy loss in
the gas cavity per unit path length can be calculated. For example, energy
loss or stopping power data can be found in Ziegler (1977) for individual
elements, and the Bragg-Kleyman rule or similar methods can be used to
determine the stopping power in mixtures of gases. Thik energy loss value can
then be related to the centroid of the peak produced by alpha pulses, as
recorded by a multichaniel analyzer (MCA). This result is the energy deposi-
tion per unit path length per MCA channel.

The second methcd relies on built-in calibration using the so-called
"proton edge" or "proton drop point." Consider the case of a TEPC irradiated
by fast neutrons. The neutrons produce recoils with a continuum of energies
and LET values. Protons with the higliest LET value that traverse the diameter
of the counter will deposit the maximum possible energy in a spherical
counter. This results in the so-called proton edge. These energy deposition
values have been measured experimentally for methane-based TE gas by Glass and
Samsky (1967). In this experiment, monoenergetic protons produced by a Van de
Graaff accelerator irradiated a gas cavity with a known mass of TE gas. The
energy of the proton as it exited the gas cavity was measured using a surface
barrier detector. Thus, Glass and Samsky directly measured the energy loss in
the gas cavity and related this to the path length in the gas cavity. Because
of straggling, the proton edge is not perfectly sharp. The proton drop point,
as defined by Glass and Samsky, is the point of inflection on the dose
distribution curve. For site sizes with an equivalent diameter varying
between 0.5 um and 10 um, the proton drop pcint only varies between 90 and 103
keV/um, as shown in Table A.2. The real problem with using the proton drop
point for energy calibration is that good statistical accuracy requires high
doses to obtain a reasonable estimate of the point of inflection.

A multichannel analyzer (MCA) is typically used to record the distribu-
tion of puise heights from a TEPC. Figure A.3 shows a typical spectrum as
recorded by a TEPC operated with a 1-um equivalent diameter. The following
describes how the data from the TEPC is analyzed for the energy calibration,
as described above. More information about a computer program to perform the
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TABLE A.2. Relationship Between the Proton Drop Point Used
for Energy Calibration and the Site Size in a
Spherical Tissue Equivalent Proportional Counter

Equivalent Diameter, - Energy Deposition,
Lm keV/um
0.3 104
0.5 103
1.0 101
2.0 98
5.0 90

Source: Glass and Samsky 1967

necessary calculations is described in the report A Field Neutron Spectrometer
for Health Physics Applications (Brackenbush et al. 1588). In this code, the

counts per channel recorded by the MCA are multiplied by the channel number to
obtain a distribution proportional to the dose distribution, which is shown in
Figure A.3. A Fourier smoothing technique is used to smooth the data (Aubanen
and Oldham 1985). A digital derivative filter is then applied to find the
point of inflection on the dose curve, which is the proton drop point by
definition. Knowing the dimensions of the counter and gas pressure allows the
equivalent of a sphere of tissue of unit density to be calculated. This value
can be used to determine the energy calibration in terms of keV per channel.

A problem experienced with some TEPCs is that the gas gain deteriorates
over a period of several days to weeks. Small amounts of oxygen, water vapor,
plasticizers, or other electronegative gases diffusing out of the TE plastic
can cause a rapid deterioration in the counter gas. Different tests were made
by placing a TEPC at a fixed distance from a 252¢f neutron source and measur-
ing the dose equivalent rate over a pericd of 3 weeks. When the counter was
first filled, it underestimated the dose equivalent rate by about 4%. After
3 weeks, the gain of the counter decreased by 50% and the resolution deter-
jorated. The same TEPC then overestimated the dose equivalent by 12% to 16%.
Much of the apparent increase coulu be attributed to the smoothing algorithm
picking the value for the proton drop point. This points out the necessity
for checking for gain shifts with time and temperature.
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FIGURE A.3. A Typical Spectrum as Recorded by a TEPC Operated
with a 1-um Equivalent Diameter

Many of the problems of changes in gas gain can be eliminated by careful
manufacture of the proportional counters. In small instruments, it is often
necessary to utilize cylindrical rather than spherical counters. Before the
counter is made, it is necessary to pulverize the TE plastic and heat it to
100°C under a vacuum to climinate the water vapor and dioctyl phthalate, which
is usually added to the nylon as a plasticizer. Then, the TE plastic can be
injection-molded into cylinders for the walls of the counter.

A.4 DETERMINATION OF ABSORBED DOSE

In mixed radiation fields of neutrons and gamma rays, it is possible to
separate neutron and photon events recorded by a TEPC on the basis of lineal
energy or puise height. Figure A.3 shows a plot of the absorbed dose
distribution measured by a TEPC. The minimum shown in the figure at about
15 keV/um is considered to separate neutron and gamna rays. Some overlap
- between the two types of events will occur, but the resultant error will be
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less than a few percent. The error is minimized for spherical counters, but
will be larger for long cylindrical counters, where a gamma secondary travel-
1ing down the axis of the cylinder will deposit as much energy as a neutron
secondary.

An alternative method of displaying the same data is shown in ,
Figure A.4, in which the lineal energy times the absorbed dose is plotted as
a function of the logarithm of the 1ineal energy. Figure A.4 shows the
absorbed dose distribution measured for a 2°Cf source surrounded by 15 cm
of deuterium oxide, which is used as the calibration standard for TLD-albedo
dosimeters. In this plot, equal areas represent equal doses. This type of
plot is preferred, because the separation between gamma ray and neutron
induced events is more apparent, and the extrapolation of neutron and gamma
events is easily accomplished. Also, it is easy to separate gamma events
from electronic noise in the measurement system by using this type of plot.

Once the energy calibration and separation between neutron- and photon-
induced events have been obtained, it is possible to determine the absorbed
neutron dose, D, from the following formula:

D, = c/{V = N(E) E (A.1)

where E = the energy deposited expressed in terms of channel or energy bin
number

¢ = constant of proportionality relating the energy deposition to
channel number (Rossi 1968) as determined in Section 1.3

{V = the product of gas density times cavity volume (or mass of gas
in the cavity)

N(E) = the number of events of energy E as measured by the TEPC

The accuracy with which TEPCs can measure neutron absorbed dose is
demonstrated in Figure A.5. Several different spherical TEPCs were exposed
to nearly monoenergetic neutrons produced by Van de Graaff accelerators. The
fluence was measured using a precision long counter (DePangher and Nichols
1966) or a fission counter. For these free-in-air exposures, the absorbed
neutron dose in a small tissue site is closely approximated by the kerma. The
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FIGURE A.4. Simultaneous Measurement of Absorbed Dose from Neutrons
and Photons by a Tissue Equivalent Proportional Counter-
The data have been grouped into logarithmic energy bins
for clarity.

kermas were calculated using published conversion factors (Caswell, Coyne, and
Randoiph 1980). On the average, the TEPC measurements agree within 3% with a
standard deviation of 9% for neutron energies between 100 keV and 7.5 MeV.

The agreement may be better than indicated in Figure A.5 because of experi-
mental difficulties. The fluence measurements may not be as accurate as the
approximate kerma measurements made by the TEPCs because the long counters
used for the fluence measurements were not uniformly illuminated (i.e., the
neutron flux varied across the front face of the long counter because of
angular yie1ds from the accelerator targets).

A.10



+20% [~
i & o © o

: Beeanaln :

= :_---- Veesseew ----.-----w-------------
u:‘z 0l o© o f
-} B
=2 .20% [~
8
53
B E 0% [~
> -
[ -
Qo
T8
8a ~
53 -
a5

-] e

<

Q

= -

] ] | | ] : | ] l
0 2 4 6 8

n Energy (MeV) 39101085.27

EIGURE A.5. Ratio of Neutron Dose Measured by TEPCs to
the Kerma Calculated from Fluence Measurements

A.5 DETERMINATION OF QUALITY FACTORS

The most difficult problem in analyzing the data from a TEPC measurement
is determining an appropriate quality factor, so that dose equivalent can be
determined from the measured absorbed dose. At the present time, quality
factors are defined as a function of linear energy transfer or LET (NCRP
1971a). The definiticn of this relationship is given in Table A.3. Quality
factors are linearly interpolated from the values presented in Table A.3.

Tissue equivalent proportional counters measure dose distributions as a
function of lineal energy, i.e., the energy deposited in the site divided by
the mean chord length of the site. For a spherical proportional counter, the
mean chord length is two-thirds of the diameter. Problems occur in attempting
to convert from lineal energy distributions to LET, as discussed in
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JABLE A.3. Relationship Between Quality Factor
and Linear Energy Tiransfer, LET

Quality Factor LET. keV/um

1 <3.5
2 7
5 23
10 53
20 >175

Source: NCRP Report 39 (1971a), page 81.

Sections 4 and 5 of ICRU Report 36, Microdosimetry (ICRU 1983). A paper by
Hartmann, Menzel, and Schuhmacher (1981) discusses various algorithms Tor
determining quality factors from TEPC measurements. Additional information on
determining mean quality factors from TEPC data is given on page 67 of ICRU
Report 36 (ICRU 1983).

The theoretical basis for algorithms to relate lineal energy to LET was
developed over 20 years ago by Albrecht Kellerer (1969). Equation 52 of
Kellerer’s paper relates LET and lineal energy by the equatibn

Yp = (6/0,) + T, (T2)/(T)? (A.2)

where ib = the "dose mean" of the event spectrum measured by the
TEPC (i.e., the average lineal energy or first moment
of the dose distribution)

§ = the "energy mean" loss per collision given by Equation (43)
of Kellerer (1969) ‘

T = the mean chord length in the cavity

T2 = the mean of the square of the chord length distribution

in the cavity ‘

ED = the dose mean linear energy transfer.

For practical purposes, the first term of Equation (A.2) can be ignored.
For cylindrical proportional counters, the mean chord length and square of the
mean chord length can be determined from the data presented in Figure A.6,
which is derived from Monte Carlo computer code calculations by Brackenbush,
McDonald, Endres, and Quam (1985).
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FIGURE A.6. Relation Between Quality Factor and the Mean Chord
Length in a Cylinder as a Function of the Length/
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However, for a sphere, the mean chord length is two-thirds of the
diameter, so Equation (A.3) reduces to

¥, = (9/8) T, (A.4)

Consider the case where a single LET value corresponding to a quality factor
value is derived from Table A.3. In this case the quality factor can be found

by

T, = (8/9) 7, (A.5)

Because of the linear and additive relationship, this process can be repeated
for all values of L, to determine a dose weighted average quality factor, Q:
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Q= (1/0) [ Q(L) D(L) dL (A.6)

where Q(L) = the quality factor interpolated from the data in Table A.3

D(L) = the differential absorbed dose distribution as a function
of linear energy transfer (derived by setting L = (8/9) y)

D = the total absorbed neutron dose.

Note that for cylinders the same formula can be applied using the relation-
ships presented in Figure A.6. This formula works quite well for fast
neutrons with moderate energies. However, errors can occur for neutrons with
energies below about 200 keV and for neutrons with energies in the range of
15-17 MeV, where there are resonances in the charged particle cross sections
for carbon and oxygen.

There is a simple method of determining effective average quality factor
using empirical relationships discovered by Brackenbush et al. (1985).
Albrecht Kellerer (1969) predicted a linear relationship between the first
moment of the dose distribution measured by the TEPC and the first moment of
the dose distribution as a function of LET (sve Equation [A.5]). Because
quality factors are defined as a function of LET, there should be a simple
relationship between effective or average quality factors and the average
Tineal energy measured by the TEPC. Figure A.7 shows the average quality
factors for neutrons plotted as a function of the average pulse height or the
first moment of the lineal energy for TEPCs exposed to nearly monoenergetic
neutrons produced at the Van de Graaff accelerator at the Pacific Northwest
Laboratory (PNL). If the lineal energy is restricted to a range of about
15 keV/um to 170 keV/um (which correspond to proton recoils from fast neutron
interactions), there is a simple linear retationship between the average or
effective quality factors and the first moment of the dose distribution
measured by the TEPC. Note that if all events (including alpha production
are included, this simple linear relationship is not valid. One reason for
this is that the official quality factors Tisted in NCRP Report 38 (1971b) are
calculated at 10, 14 and 20 MeV, and intermediate values are obtained by
linear extrapolation. Unfortunately, there are resonances in the.cross
sections at these interpolated energies which are not properly accounted for.
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These resonances produce high values for the first moment of the dose
distribution shown in Figure A.7.

Earlier studies (Brackenbush et al. 1985) have shown that the effective
quality factor determined on the surface of the body (or on a phantom) is
sufficiently close to the maximum values at various depths in the body that
are currently used for radiation protection purposes. A problem exists for
low neutron energies, where 2.2-MeV gamma rays are produced by the absorption
of neutrons by hydrogen. The TEPC measurement includes these activation gamma
rays as part of the photon dose, but the official fluence-to-dose equivalent
conversion factors include these as part of the neutron dose equivalent. If a
gamma dosimeter is used, the 2.2-MeV gamma rays are in essence counted twice,

Protons Only

Guality Factor from ICRU-20

9 o
®
8 —
| All Events
7 ! | J J ] ! |
20 30 40 50 60

Average Event Size - First Moment of Dose Distribution (keV/um)

39101085.28

FIGURE A.7. Neutron Quality Factors Empirically Derived from the
First Moment of the Absorbed Dose Distribution Measured
by the Tissue Equivalent Proportional Counter
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which leads to overly conservative values using conventional fluence-to-dose
equivalent calculations.

A.6 PROPOSED CHANGES [N NEUTRON QUALITY FACTORS

At the present time, apparently conflicting recommendations exist for
changing both the values and methods used to determine quality factors and

dose equivalent. In Publication 51, Data for Use in Protection Against

External Radiation (ICRP 1987), the ICRP gives specific guidance on appro-
priate values for average or effective neutron quality factors. The recom-

mended values are double existing vglues for fast neutrons. The NCRP has also
recommended the doubling of neutron quality factors in Report No. 91,

Recommendations on Limits for Exposure to Jonizing Radiation (NCRP 1987).

However, simply doubling the existing values used for neutron quality
factors may not be appropriate. The existing quality factors are based on
Monte Carlo computer code calculations of Auxier, Snyder, Jones, and coworkers
at Oak Ridge {(Auxier, Snyder, and Jones 1968). For neutrons with energies
below about 10 keV, a significant contribution to the quality factor
originates from activation gamma rays produced by the absorption of slow
neutrons by hydrogen. If existing quality factors for low energy neutrons
are doubled, quality factors for these activation gamma rays are in essence
douubled. Also, quality factors for all ionizing radiations are currently
defined as a function of linear energy transfer using the relationships given
in Table A.3. Simply doubling the values for average quality factors derived
from the Oak Ridge calculations is inconsistent with the existing definition
of quality factor as a function of LET. Obviously, there is a great deal of
discussion concerning what neutron quality factors should be. To date, only
Japan has formally adopted the recommendations of the ICRP to double quality
factors for neutrons.

One recent recommendation is apparently consistent with doubling quality
factors for fast neutrons. In ICRU Report 40 The Quality Factor in Radiation
Protection (ICRU and ICRP 1986), a Joint Task Group composed of members of the
ICRU and ICRP recommended defining a relationship between quality factor and
lineal energy based on a l-um-diameter spherical volume of tissue. This
recommendation uses a procedure similar to that developed by Zaider and
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Brenner (1985). This velationship is shown in Figure A.8 and is given by the
equation

q(y) = (a/y)[1 - exp(-a, ¥* - a; y°)] | (A.7)
with coefficients having the values of
a, = 5510 keV/um
a, = 5x 10°% um?/keV?
a, = 2 x 107 pm’/keV®.

Even an irradiation by monoenergetic radiatior or particles with a
constant LET will produce a distribution of lineal energies. Thus, it is
necessary to define a dose-weighted average quality factor:

a = (1/0) {d(y) ay) dy (A8
102
10 =
= —
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FIGURE A.8. Quality Factor Redefined as a Function of Lineal Energy
for a 1-um-Diameter Sphere of ICRU Tissue
Source: ICRU and ICRP 1986, p. 10
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where d(y) is the distribution of absorbed dose in 1ineal energy, y, and q(y)
is the quality factor defined in Equation (A.7). Once the dose-weighted
average quality is determined, the dose equivalent can be determined by

H=qD (A.9)

The quantities defined in Equations (A.8) and (A.9) are determined by the
energy spectrum at the point of interaction and not by the incident eneray
spectrum outside the body or phantom. Thus, these quality factors are not
directly comparable to thcse used in existing regulations. Using the
definition of quality factor from Equation (A.8), it is possible to determine
dose-weighted average quality factors from Equation (A.9) for monoenergetic
radiations. The dose-weighted effective quality factors, q, are given in
Figure A.9 for monoenergetic neutrons (ICRU and ICRP 1986, p. 11).
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FIGURE A.9. Dose-Weighted Effective Quality Factor Calculated as a Function
of Neutron Energy for Monoenergetic Neutrons
Source: ICRU and ICRP 1986, p. 11
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Redefining quality factors as a function of lineal energy results in
adopting variable quality factors for all radiations, including photons. The
value of the quality factor for photons varies between 0.5 and 1.5 using this
definition. Differences in relative biological effectiveness (RBE) between
soft x-rays and high energy gamma rays have been observed experimentally.
However, the practical difficulties of measuring variable quality factors for
photons may impede the acceptance of the recommendations in ICRU Report 40.

One advantage of adopting the recommendations of ICRU Repoiwt 40 (ICRU
1986) is that quality factors can be easily determined experimentally using
TEPCs. The TEPC measures the absorbed dose distribution as a function of
Tineal energy. By redefining the quality facter in terms of lineal energy,
the determination of dose-weighted average quality factors becomes almost
trivial.

In conclusion, quality factors can be redefined in terms of lineal
energy, which can be directly measured by TEPCs. These quality factors are
calculated at the tissue level and are consistent with proposals to double
quality factors for fast neutrons. The quality factor values suggestzd in
ICRU Report 40 (ICRU and ICRP 1986) are consistent with relative biological
effectiveness (RBE) experiments for low doses of fast neutrons on mammalian
cells. However, adoption of this methodology will result in greatly increased
complexity of calculations for whole-body weighted-dose equivalent.

A.7 DETERMINATION OF DOSE EQUIVALENT FROM TEPCs

A dose equivalent can be determined from TEPC measurements from the
following equation

H=QD (A.10)

where Q is the average quality factor derived from Equation (A.6) (or

Equation [A.8] if quality factors are redefined in terms of lineal energy) and
the absorbed dose is determined by Equation (A.1). To be consistent with the
Monte Carlo computer code calculations, the dose equivalent should be measured
at some depth in the phantom or body.

How do the quality factors and dose equivalent determined by TEPC
measurements for a small tissue site relate to the whole-body average quality
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factors and dose equivalents currently used in radiation protection? Over

20 years ago, Snyder, Auxier, Jones, and co-workers at Oak Ridge National
Laboratory (ORNL) calculated average quality factors that were applicable for
whole-body neutron irradiations (Auxier, Snyder, and Jones 1968). The human
body<was modeled as a cylinder of soft tissue, 30 cm in diameter. A parallel
beam of monoenergetic neutrons was assumed to strike the cylinder normal to
its axis. A Monte Carlo computer code was used to determine neutron transport
and photon production in various small volumes inside the phantom. The Monte
Carlo code calculated the production of charged particle secondaries and the
LET distribution of these secondary radiations.

From the definition of quality factor as a function of LET, it was
possible to calculate the dose equivalent for each of the cylindrical shell
volume elements in the cylindrical phantom using the simple equation

H(L) = Q(L) D(L) (A.11)

where the dose equivalent and absorbed dose were calculated as a function of
LET. ATl the contributions to dose equivalent and dose from neutron recoils,
charged particle production, and activation gamma rays were summed together to
determine a single dose equivalent or absorbed dose for a given volume
element. For a given neutron energy, the Oak Ridge group selected the highest
value of dose equivalent that occurred at any volume element in the cylinder.
Following the conservative policy usually applied by health physicists, this
maximum value represented the value for the whole body. Note that this
procedure also provided average quality factors, which were calculated as the
ratio H/D (the dose equivalent divided by the absorbed dose) in the volume
element with the highest value. A review of these calculations is given by
Auxier, Snyder, and Jones (1968).

These values calculated for the cylindrical phantom are applicable to
the whole body. They are the values used for fluence-to-dose equivalent
conversion factors and average quality factors that are listed in NCRP
Report 38, Protection Against Neutron Radiation (NCRP 1971) and used in DOE
Orders. Several problems can occur when applying these calculated values.
For polyenergetic neutron spectra, the fluence-to-dose equivalent conversion
factors are added together for the various neutron energies. Because the
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maximum values of dose equivalent may occur at different depths in the
phantom, this sum will always be conservative and not physically measurable.
At Tow neutron energies, below about 10 keV, the primary mechanism for neutron
interaction is the production of activation gamma from H(n,7)D reactions.
These activation gamma are included as part of the neutron dose equivalent,
although a photon dosimeter on the surface of the body would measure some of
these gamma and include them in gamma dose. Finally, no effects of
irradiation geometry are included in the conversion factors or average quality
factors; all radiations are considered to be normal incident to the phantom.
A1l of these effects result in conservative "cap" values for whole body dose
equivalent and average quality factors. These values cannot be measured
physically.

This conservatism is not reflected in TEPC measurements. The TEPC
determines the quality factor at a depth corresponding to the thickness of the
TE plastic walls, which is typically 1/8-in. thick for spherical counters
available commercially. However, many algorithms for quality factor tend to
slightly overestimate quality factors, so the TEPC measurements for fission
energies are remarkably close to the values calculated from neutron energy
spectra. Moreover, in a TEPC, it is not possible to distinguish between .
external gamma rays and gamma rays produced by neutron capture reaction in
the body or phantom. Therefore, all gamma rays are excluded from analysis for
neutron dose. For fission energies, this does not present a problem. How-
ever, for neutrons with energies below 10 keV, the major contributicn to
neutron fluence-to-dose equivalent conversion factors originates from capture
gamma rays from hydrogen. A more detailed discussion is given in an article
by Brackenbush et al. (1985).

The acceptance of TEPCs for health physics applications depends upon how
well they match current regulatory requirements. The data presented in
Table A.4 show that the dose equivalent calculated on the surface of the body
is usually within about 20% of the maximum value calculated at depths of 3 cm
to 6 cm below the surface, based on the Monte Carlo calculations of Auxier,
Snyder, and Jones (1968). In a TEPC, the contributions from H(n,7)D reactions
cannot be distinguished from external photons, so the photon events are
included as part of the photon dose, not as part of the neutron dose. Because
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TABLE A.4. Dose and Dose Equivalent Calculated on the Surface
and at the Maximum Values in a Cylindrical Phantom

Maximum Vajue in Phantom Value Calculated on Surface

Dose Dose Percent of Max.
ner DoseEﬂ ‘ Eguiva]ent(“ Qose(” Eggiva]ent(“ Dose Equivalent
0.025 eV 4.68 11.53 4.68 11.53 100
1 eV 5.89 13.42 5.89 13.42 100
10 eV 5.81 12.42 5.18 10 97
100 eV 5.48 11.76 4.45 10.05 85
1 keV 5.19 11.15 4.32 8.85 79
10 keV 4.89 10.77 4.33 9.92 92
100 keV 8.02 48.56 8.02 48.56 100
500 keV 18.11 188.5 18.11 188.5 100
1 MeV 30.14 326.3 30.14 326.3 100
2.5 MeV  39.9 349.6 39.9 349.6 100
5 MeV 57.2 440.7 57.2 440.7 100
7 MeV 57.0 402.9 57.0 402.9 100
10 MeV 72.5 431.3 72.5 431.3 100
14 MeV 83.1 614.9 83.1 614.9 100
Effective Quality Factor,
Q=H/D
Percent of
Contribution Contribution Total Dose Max. Value Calculated on
of H(n,7) to of Charged Equiv. from of Dose Surface
Dose Equiv. Particles to Charged Equiv. Including
on Surface Dose EquivI Particles Including Only Charged
Enerqy  of Phgntom(” on Surface'® on Surface H(n,7) Particles
0.025 eV 4.00 7.53 65 2.46 11.07
1 eV 5.14 8.27 62 2.28 11.07
10 eV 4.49 7.60 63 3 11.07
100 eV 3.89 6.17 61 4 10.99
1 keV 3.83 5.03 57 5 10.15
10 keV 3.42 6.50 65.5 2.22 7.08
100 keV 3.31 42.25 93 6.06 9.61
500 keV 2.80 185.7 98.5 10.41 13
1 MeV 2.23 324.1 99.3 10.83 11.61
2.5 MeV 1.84 347.8 99.5 8.76 9.14
5 MeV 1.48 439.2 99.7 7.73 7.88
7 MeV 1.68 401.2 99.6 7.0 7.25
10 MeV 3.79 427.5 99.1 5.95 6.22
14 MeV 7.21 607.7 98.8 7.40 8.01
(a) Dose in 107!° rad n’! CTZ.
(b) Dose equivalent in 107:° rem n7! cm?.
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the quality factor algorithm used to estimate neutron quality factors from
TEPC data includes only charged particle events (i.e., protons from neutron
recoils and heavy charged particle production), the quality factors estimated
from TEPC data will always be larger than those calculated by Auxier et al.
(1968). This is one of the reasons for the apparent failure of TEPCs to
accurately predict whole body average quality factors for neutrons with
energies below about 100 keV. A possible solution to this apparent dilemma
is to determine an effective quality factor for the mixed radiation field

and not attempt to determine neutron and photon dose equivalent separately
(Brackenbush et al. 1985).
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APPENDIX B

ULTISP

This section describes the multisphere or Bonner sphere spectrometer
used in the measurements at the Plutonium Finishing Plant. The multisphere
spectrometer consists of a set of five polyethylene spheres of various sizes,
a SLiI(Eu) scintillator to measure slow neutrons at the center of the spheres
and a cadmium cover. Measurements are made with the scintillator detector
positioned at the center of the five spheres and with both a bare and a
cadmium-covered scintillator detector.

From the ratio of the count rates, it is possible to "unfold" the
neutron energy spectrum, given certain restrictions, such as non-negative
fluxes and continuous flux distributions. Unfortunately, there are an
infinite number of mathematically correct solutions possible, so no unique
solution is possible. In addition, the multisphere spectrometer has very poor
energy resolution. However, the multisphere spectrometer is the only type of
spectrometer that can function over a wide range of energies, from thermal to
over 20 MeV.

Section B.1 describes the theory of operation of the multisphere spec-
trometer and includes details of the mathematical algorithms used to "unfold"
the neutron energy spectrum. These algorithms were used in a computer code
called SPUNIT (Brackenbush [1983]), which was used to derive the neutron flux
as a function of energy. Once the flux distribution is known, it is possible
to apply flux-to-dose equivalent rate conversion factors to obtain the dose
equivalent rate. In this case, the conversion factors given in National
Council of Radiation Protection and Measurements (NCRP) Report 38, Protection
Against Neutron Radiation, (NCRP 1971) were used. Section B.2 describes the
construction of the mu1tisphere set, the type of scintillator detector used,
and the necessary electronic equipment.
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B.1 THEORY OF OPERATION FOR THE MULTISPHERE SPECTROMETER

In the multisphere or Bonner sphere spectrometer, a thermal neutron
detector is positioned at the center of moderating spheres of various sizes.
The larger spheres moderate fast neutrons to thermal energies, where they are
readily detected. Slow neutrons are absorbed before they penetrate to the
center of the large spheres. In the smaller spheres, slow neutrons are
thermalized and easily detected by the thermal neutron detector. There is not
sufficient moderator in the small spheres to thermalize fast neutrons. Thus,
various count rates will be recorded by each moderator configuration, depend-
ing on the energy of the incident neutrons. With the appropriate mathematical
algorithm, the incident neutron energy spectrum can be determined from the
measured count rates from each moderator configuration. Once the neutron flux
is determined, the dose equivalent rate can be calculated from published flux-
to-dose equivalent rate conversion factors.

The advantages of the Bonner sphere spectrometer are its simplicity and
usefulness over a wide range of energies, typically from thermal to 20 MeV
(or 100 MeV if larger sphere sizes are used). The electronics needed to
operate this type of spectrometer are quite simple. However, as will be
discussed later, the spectra derived from Bonner spheres are not unique and
are prone to errors. The differential spectra are not always accurate,
especially in the intermediate energy regions. But the integral flux and dose
equivalent derived from the differential spectra are usually accurate enough
for health physics purposes.

The Bonner or multisphere spectrometer was originally developed by
Bramblett, Ewing, and Bonner (1960). Their spectrometer consisted of a
SLil1(Eu) scintillator positioned at the center of polyethylene spheres with
diameters of 2, 3, 5, 8, and 12 in. The response of each detector/moderator
was determined experimentally using approximately monoenergetic neutrons with
energies from thermal to 15 MeV. Others added additional sphere sizes and
extended the energy range.

The Pacific Northwest Laboratory (PNL) version of the multisphere spec-
trometer is patterned after spectrometers developed by Griffith and coworkers
at Lawrence Livermore National Laboratory (LLNL). In the PNL version, a
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1/2-in. diameter by 1/2-in. long cylindrical ®LiI(Eu) scintillator optically
coupled to a photomultiplier is used as the detector. The detector is
alternately covered with a 0.030-in. thick cadmium cover, 3-in., 5-in., 8-in.,
10-in. and 12-in. diameter polyethylene spheres. Details of the exact
dimensions of the moderators are given in the next section. To use the spec-
trometer, one simply records the number of counts produced in the peak pro-
duced by slow neutrons in the 6LiI(Eu) detector with the various detector/
moderator configurations. Because the scintillator crystal is also sensitive
to gamma rays, the user must subtract a gamma continuum from the peak, as
shown in Figure B.1. Experience has shown that an exponential background
subtraction results in more accurate net counts in the neutron peak and,
hence, more accurate neutron energy spectra. The computer code subroutine
LIAREA developed by the author automatically subtracts out the gamma
background, providing the user enters the resolution of the neutron peak.

1000

8
|

Counts/Channel

-
o
|

Channel Number
39101085.32

FIGURE B.1. Typical Spectrum Measured by the 6LiI(Eu) Scintillator
Showing the Slow Neutron Peak and Gamma Continuum
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B.1.1 Mathematical Techniques for Unfolding Energy Spectra

One of the major problems in using the multisphere spectrometer is how
to derive the incident neutron energy spectrum from the counts recorded by the
various detector/moderator configurations. There are a number of techniques
that have been successfully applied. A paper by C. A. Oster (1977) reviews
the various mathematical techniques and representative computer codes using
these techniques. There are four principal methods of unfolding spectra:
Monte Carlo techniques, parametric representation, derivative methods, and
quadrathre methods. Most of the codes used for multisphere unfolding use
quadrature methods, such as Tinear estimation and least squares, iterative
adjustment methods, and mathematical programming methods. See papers by
C. A. Oster (1977) and W. H. Miller and W. Meyer (1983) for a further dis-
cussion of the available techniques.

In the PNL system, there are seven detector/moderator configurations.
The count rate in the ®LiI(Eu) scintillator depends on the spectral shape of
the neutron flux density and the size of the polyethylene sphere used for the
moderator. The count rate, C(r), can be calculated if the response of the
system, R(r,E), is known as a function of the size of the sphere and the inci-
dent energy, and if the neutron flux density, ¢(E), is known as a function of
incident neutron energy. This can be written mathematiéa11y as:

C(r) = [ R(r,E) F(E) dE (B.1)
However, because we cannot continuously change the radius of the sphere or the
energy, we must rewrite this equation in terms of a series of summations
rather than integrals:

n
C,= = F Ry, (B.2)

where C, = the count rate for the kth detector/moderator configuration

-
i

; = the neutron flux density in the ith energy bin

=
[}

i« the response function value relating the kth detector/moderator
to the flux density in the ith energy bin.
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In the problem presented here, there are seven detector/moderator con-
figurations, so k ranges from 1 to 7; and there are 26 energy bins arranged
logarithmically, so i ranges from 1 to 26. This group of seven equations is
known as the discrete version of the Fredholm integral equation of the first
kind. The unfolding problem is to use the seven measured count rates and the
7 x 26 response matrices to find the 26 flux values. Because there are only
7 known values and 26 values to solve for, this is mathematically an under-
defined problem with an infinite number of mathematically correct solutions.
Our problem is to pick the physically correct solution (i.e., positive and
nonzero fluxes) from the infinite number of possible solutions.

There are a great number of codes available to solve Equation (B.2),
including Monte Carlo techniques used in the code SWIFT (Sanna and 0’Brian
1971), least squares techniques (Zaider, Martin, and Edwards 1978), and
iterative nonlinear techniques in the codes TWOGO (Hajnal 1981) and LOUHI
(Routi and Sandberg 1978). Iterative recursion techniques are employed in the
codes BON (Sanna 1976), YOGI (Johnson and Gorbics 1981), BUNKI (Lowery and
Johnson 1984), and SPUNIT (Brackenbush and Scherpelz 1983).

A new mathematical method for solving the unfolding problem for Fredholm
integral equations of the first kind was suggested by members of the U.S.S.R.
Institute of Biophysics in Moscow (Doroshenko et al. 1977). This method has
been incorporated into the codes SPUNIT and BUNKI. The Soviet authors stated
that their method was based on the principals of mathematical physics and
information theory, as explained by Doroshenko et al. (1977).

To unfold the spectra, we used the method for minimizing the
directed divergence. This method uses the statistical nature of
all functions in [Equation B.1], allowing one to use the methods of
mathematical statistics and information theory for its solution.
Actually, an unknown neutron spectrum, F(E), can be considered as a
probability density distribution of an occurrence of the neutron
with the energy E, with N, and o,(E) as the probability density
distribution, N(U), and conventwona] probability density o(U, E),
with an 1nf1n1te increase of the number of detectors (where U is a
variable). Therefore, in the general case of two persistent
variables E and U, [Equation B.1] can be presented as

N(U) = 2 6(E) o(U,E) dE. [B.3]
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A11 functions in [Equation B.3] possess known characteristics of
density probability, i.e.,

12 @(E) dE = 1, ¢(E) 20
12 o(U,E) dUu = 1, o(U,E) 20
JANW) du =1, N(U) 20 [B.4]

The name of this method is based on the use of the information
measure,....:

JONU) [ 12 (E) o(UE) dE ] ) -

d N(U)
N(U) 1 du B.5
Je MO In 12 #(E) o(U,E) dE (62

(which has the meaning of directed divergence in the probability
space) as a disagreement measure between the left and right sides
of [Equation B.3]. Such a functional is always positive and
becomes zero only if the left and right sides of [Equation B.3] are
equal. Minimization of such a functional according to its statist-
ical meaning is equivalent to the use of the maximum probability
principle for determining the disagreement between these two parts.
To find the minimum of the functional [Equation B.5], according to
the Byess theorem, the following iteration process can be built.

If the reverse conventional probability density is L(E,U), it can
be used for obtaining the unknown function as:

¢(E) = 12 L(E,U) N(U) du (B.6]
Substituting into it an approximate value of L (E,U) obtained by the
Byféf theorem according to the given a priori probability density,
®,(t),

o(U,E) o (E)

12 o(U,E) o, (E) dE

L, (E;V) = [B.7]

we obtain a recurrent formula for the following approximately of the
unknown function @1 (E):
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d N(U)
= E U,E du B.8
. = L(E) (G o) e [8.8]

Passing to [Equation B.1] and making the necessary standardization
to meet the conditions of [Equation B.4], we obtain the calculated
algorithm as

8, (E) E" N
bp(E) = ——— o,(E) — [B.9]
i1 N!
L o,(E)
J=1
where

N? = initial detector readings
Nn = calculated detector readings after p iterations.

Irrespective of the form of o,(E), the iteration process [see
Equation B.8] always converges to a non-negative function
satisfying [Equation B.1] in the best way with respect to the
directed divergence. This method provides a good approximation to
the unknown solution, since it does not require smoothness of the
spectrum and allows one to use any number of energy points and a
sufficiently great number of detectors..

The methodology of Doroshenko et al. was incorporated into the computer
code SPUNIT by using the following algorithm:

2R C, |
P T Tm L R — (B.10)
k=1 N
L w,
J=1

the neutron flux density for energy bin i calculated during
the 1th iteration

x
>
®
=
o
g
"

m = the number of detector/moderator configurations
n = the number of energy bins (26 in current scheme)
C, = the measured count data for each of the seven configurations

Nk'1 = the recalculated count rates, found by:
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n

Ny = ig; Fin Ry | | (B.11)

In SPUNIT, Equation (B.9) is solved for all energy bins; then, Equation (B.10)
is solved for all detector/moderator configurations. A new iteration is then
begun using the F and N values calculated in the previous iteration. The
iterations continue until a convergence criterion is met.

The code SPUNIT uses two convergence criteria for ending the iterations.
One criterion is based on the number of iterations and, hence, the running
time of the code. The present default value is 500 iterations, which require
less than 30 seconds on a personal computer with a math coprocessor. The
second criterion is the deviation of the recalculated detector counts. This
deviation is described by: |

TR
e = (E ( ) x 100% (B.12)

for the 1th iteration. The current default value in the code is 3%. When
SPUNIT reaches either criterion, it terminates the iterations and uses the
calculated flux to derive the average energy from

26
Y E o
j=1

my
(]

(B.13)
26

b

i=1

where i is the index for the energy bins, E, is the energy of the ith bin, and
F, is the neutron flux density in the ith bin. SPUNIT then calculates the
dose equivalent rate using the flux-to-dose equivalent conversion factors

given in ANSI/ANS-6.1.1 (ANSI 1977).
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As mentioned previously, there are an infinite number of mathematically
correct, physically possible solutions. The problem is how to select the
"correct”" solution. It has been demonstrated that a trial solution can be
provided to the iterative code, and the code will converge on a solution that
minimizes the differences between the calculated and measured count rates for
the various detector/moderator configurations. In the SPUNIT code, the user
can select no initial guess (which is equivalent to all fluxes being the same
for the initial guess) or the user can specify an initial guess for the solu-
tion. For the version of SPUNIT used in the field neutron spectrometer, the
code uses an initial guess of a fission spectrum with a 1/E tail (i.e., the
spectrum with energies below the Maxwellian distribution of the fission
spectrum is invers:ly proportional to the energy). The number of thermal
neutrons is estimated from the ratio of responses from the bare and cadmium-
covered scintillators. This is usually a good initial guess in most DOE
facilities, because most neutron sources are moderated fission sources.

SPUNIT has been thoroughly tested in comparisons with the codes LOUHI
(Routi 1978) and YOGI (Johnson and Gorbics 1981), and the results have been
quite favorable. The advantage of SPUNIT is that the code converges to a
solution much faster than almost any other code, thus minimizing the time
necessary to obtain a result. T. Johnson has adapted part of the SPUNIT code
into an improved version called BUNKI (Lowery and Johnson 1984), which allows
the user to select a variety of injtia] guesses for increased accuracy.

B.1.2 Response Functions for Multisphere Spectrometers

Although most computer codes give approximately the same unfolded
fluxes, the values are highly dependent on the response function selected by
the user. A number of response functions are available, but all have some
problems associated with using them. To save calculational time on the
computer, most response functions are calculated using a one-dimensional model
with spherical symmetry. This is quite adequate for larger size spheres, but
not entirely satisfactory for small spheres. Consider the case of a 2-in.-
diameter sphere with a 11/16-in.-diameter hole drilled in it for the 1/2-in.-
diameter ®LiI(Eu) scintillator crystal. This presents a large "hole" for slow
neutrons to leak into the center of the polyethylene sphere, which is not
adequately modeled in a one-dimensional calculation. The aiuthors have also
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found thut the 4-mm diameter by 4-mm high scintillator crystals manufactured
by Harshaw Chemical Company are 1ot adequately modeled by published response
functions.

After extensive testing, the authors have verified that the response
function data published by Sanna (1976) is an accurate representation of the
response of the 1/2-in. diameter 6LiI(Eu) scintillator detector manufactured
by Harshaw Chemical Company, which is used in the field neutron spectrometer.
This detector is patterned after an LLNL design and has been thoroughly tested
at LLNL and PNL.

A commercially available Bonner sphere set is manufactured by Ludlum
Measurements, Inc., Sweetwater, Texas. Recently, Hertel and Davidson (1984)
have modeled a response for this detector, which uses a much larger (2-in.-
diameter) photomultiplier tube and 1ight pipe. The calculations of Hertel and
Davidson should be much more accurate for the Ludlum instruments than the
Sanna calculations used here for the Harshaw detector. As explained in
Section 2, particular care should be exercised in the selection of the
multisphere set and detectors used. The response functions used should
correspond to a specific multisphere set if accurate results are expected.

B.2 UIPMENT USED F ULTISPH SPECTROM

This section describes the fabrication of the necessary equipment used
for the multisphere or Bonner sphere spectrometer. This includes details of
the spherical moderators used for the multisphere detectors, the SLiI(Eu)
scintillator detector, and the necessary electronics.

B.2.1 Moderators Used in the Multisphere Set

The Bonner sphere or multisphere spectrometer consists of a set of poly-
ethylene spheres with a hole drilled to the center; a slow neutron detector
is inserted into the hole and positioned at the center of the spherical
moderator.

The PNL multisphere set consists of five spheres of pclyethylene and a
cadmium cover for the scintillator detector. The cadmium cover consists of
a cylinder of cadmium 0.030-in. (0.76-mm) thick with one end covered with
cadmium. The cadmium cover can be readily fabricated from cadmium sheets.
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Because cadmium metal is soft and malleable, the cover can be cut out by using
scissors.

The spheres are fabricated from high-density linear polyethylene. Ordin-
ary low density polyethylene can be used, but it tends to flow and distort at
high temperatures. It is important to fabricate the spheres from the same
type of material for uniform composition. The five spheres are 3.0, 5.0, 8.0,
10.0, and 12.0 in. in diameter; the 3-in. and 5-in. diameter spheres are
covered with 0.030 in. (0.75 mm) of cadmium. The cadmium covers can be made
from hemispheres using hydroforming techniques. They can be fabricated from
cadmium sheet cut into segments and pressed onto the polyethylene spheres, or
they can be made by metal spinning techniques. Hydroforming seems to provide
the most uniform thickness for hemispherical covers. The spheres have 11/16-
in.-diameter holes drilled to the center for the insertion of the ®LiI(Eu)
scintillator detector. The holes are drilled an extra 3/8 in. (9.5 mm) deep
beyond the center of the sphere so that the center of the 1/2-in. scintillator
will be at the geometric center of the moderator. Note that the scintillator
housing is only 6-in. long, so that an additional 3/8 in. of moderator must be
removed from the surface of the 12-in. diameter sphere for the scintillator
crystal to be centered in the sphere. The spheres can be made at a local
machine shop, or they can be ordered from a commercial supplier. The PNL
sphere set used in the Plutonium Finishing Plant measurements was made on-site
at the 300 Area machine shop. Details of the PNL sphere set are contained in
Table B.1.

TABLE B.1. Dimensions of PNL Bonner Sphere Set

Diameter (in.) Depth of Hole (in.) Weight of Sphere (q)
3.0 + Cd 2-5/8 213
5.0 + Cd 2-5/8 989
8.0 4-3/8 4130
10.0 ‘ 5-3/8 7814
12.0 6-3/8 14063
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B.2.2  Scintillator Detector

The scintillator detector used at PNL is similar to one developed at
LLNL and is available commercially. This SLiI(Eu) scintillator detector
contains a 1/2-in.-diameter by 1/2-in.-high crystal mounted on a Tight pipe
connected to a 1/2-in.-diameter Hamamatsu R647 photomultiplier. A diagram of
the exterior dimensions of the scintillator detector, including a photomulti-
plier tube and voltage divider, is shown in Figure B.2. The detector also
includes a signal splitter circuit used to block the high-voltage supplied to
the photomultiplier from reaching the input to the preamplifier.

B.2.3 Electronics for the Multisphere Spectrometer

The electronic circuits necessary for the multisphere spectrometer
include the 6LiI(Eu) scintillator detector, a high-voltage power supply cap-
able of supplying +1000 V DC, a preamplifier, an amplifier, and the necessary
cables. The electronics can be made from circuits described in Section 7.4.2
of PNL-6620, Vol. 2 (Brackenbush et al. 1988) with certain modifications. A
high-gain preamplifier is not required for the circuit, and the circuit should
be modified to include a voltage driver circuit to allow the amplifier to
drive a 100-ft-long coaxial signal cable. The high-voltage circuit described
in Brackenbush et al. (1988) cannot supply enough current to operate the
photomultiplier voltage divider, but a number of suitable high voltage power
supplies with continuously adjustable voltages up to +1000 V DC are available
from commercial sources.

The electronic components can also be obtained from commercial sources
using NIM bin modules. An example of a system in use at PNL is provided in
Table B.2. There are a number of manufacturers who can provide the necessary
electronics, and the components listed in Table B.1 are merely examples.
Mention of a specific product does not imply endorsement by PNL or the U.S.
Department of Energy. The electronics set listed in Table B.2 was used for
the measurements at the Plutonium Finishing Plant.

Typically, the ®Lil scintillator detector is connected to the signal
splitter box. The signal is routed to the preamplifier using a 2-ft-long 93n
coaxial signal cable with male BNC connectors on each end. If an Ortec Model
113 scintillation preamplifier is used, the input capacitance is set to
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FIGURE B.2. Diagram of the Scintillator Detector

39101085.33

0 pF. The signal from the back side of the Ortec Model 113 preamplifier is
then routed to the amplifier in the NIM Bin using a 50- or 100-ft long 930
coaxial signal cable with male BNC connectors on both ends. Power is supplied
to the preamplifier from the amplifier using 50- or 100-ft long standard NIM
power cables with nine-pin "D" connectors on each end. The end connected to
the preamplifier has a female connector; the end connected to the amplifier
has a male connector. High voltage is supplied from a high voltage supply in
the NIM bin to the voltage splitter using a 50- or 100-ft long coaxial cable
with male SHV connectors on both ends. The high voltage supply is typically
operated at +700 V to +800 V. The shaping time constants on the amplifier are
typically set to 2 usec, and the gain of the amplifier is adjusted to provide
a thermal neutron peak in channels 300 to 400 of the multichannel analyzer
used in the field neutron spectrometer. Signals from the amplifier are routed
to the input of Port 4 of the field neutron spectrometer. Specific instruc-
tions on how to set up the field neutron spectrometer and operate the software
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[ABLE B.2.

Quantity
1

NIM Bin Electronic Components.Used to Provide Sigpils
from the Multisphere Detector to the Spectrometer'?

Component

NIM Bin and power supply

High voltage power supply
0-5000 volts

Signal amplifier

Scintillation preamplifier

LiI(Eu) detector and
photomultiplier

Signal splitter box with
female SHV connector and
female BNC connector

Coaxial signal cable
2-ft-long, 93 Q,
male BNC to male SHV

Coaxial signal cable
6-ft-long, 93 N,
male BNC to BNC

Coaxial signal cable
50 or 100-ft-long, 93q,
male BNC to BNC

Preamplifier power cable
50 or 100-ft-long

NIM Bin standard 9-pin
"D" connectors

Manufacturer

Berkeley Nucleonics Covp. A
Model AP-2 or AP-3
or equivalent

EGXG Ortec ¢
Model 456 or equivalent

EG&G Ortec
Model 572 or 575A
or equivalent

EG&G Ortec
Model 113 or equivalent

Harshaw Chemical Co.
Model 2PA2-Q-1/2-X

Tektronix Inc.

Canberra Industries or
EG&G Ortec or equivalent

Canberra Industries or
EG&G Ortec or equivalent

Canberra Industries or
EG&G Ortec or equivalent

Canberra Industries or
EG&G Ortec or equivalent

(a) See PNL-6620, Vol. 3 (Brackenbush and Scherpelz 1990) for additional

information.
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are provided in the document PNL-6620 Vol. 3, Personnel Neutron Dose Assess-

2 e 3: F W S e ecto
(Brackenbush et al. 1990).

A support stand is used to accurately position the multispheres at a
fixed lTocation. The support stand uses a series of concentric rings to ensure
that the center of each sphere is located at the same position within 1 mm.

It also is used to accurately position the bare scintillator detector, and the
detector with a cylindrical cadmium cover over the scintillator and light
pipe. The support stand can be placed on top of a video camera tripod using

a 1/4-20 screw thread tapped into the bottom of the support stand.

To use the support stand, place all of the rings into the plate on top.
Position the 3-in. diameter sphere in the first ring, and insert the scintil-
lator detector into the hole in the 3-in. diameter sphere. Then, snap the
scintillator detector into the holder and begin the count. To use progres-
sively larger spheres, remove a ring and repeat the process. The measurements
for bare and cadmium-covered scintillator detectors can be made by placing
the detector into the holder bracket provided. Use of this support stand
considerably simplifies the multisphere measurement process because the user
does not have to measure the distance and reposition the detector for each
measurement.
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APPENDIX C

RAW DATA FROM TLD-ALBEDO DOSIMETERS

This appendix includes the raw and analyzed data from the Hanford
Multipurpose and Mound Laboratory TLD-albedo dosimeters, as well as the data
from the electrochemically etched CR-39 track-etch dosimeters (TEDs). The
data are included so that other algorithms for determining dose equivalent or
effective dose can be tested. Also, it may be possible to evaluate past
dosimeter algorithms using these data.

Each page includes information about the exposure (the neutron source,
the irradiation geometry, time of irradiation, etc.) at the top of the page.
The Hanford Multipurpose dosimeter results are then displayed, including the
TLD reader counts for each of the five TLD chips. The reader counts corrected
for gamma background are listed, as well as the ratio of TLD chip 3/chip 4.
The last three columns give the shallow and deep photon dose and the neutron
dose equivalent in mrem.

The Mound badge results are given in the center of each page. This
includes the TLD chip readings at each filter position and the dose equivalent
evaluated in mrem for "shallow" and "deep" photons and the fast neutrons.

Finally, the results from the CR-39 track etch dosimeters (TEDs) are
included at the bottom of the page. Three dosimeters are exposed at each
position, and the average track density corrected for background is given in
the third column. The dose equivalent for each dosimeter is given in column 4
and the average for the three TEDs is given in column 5 along with one
standard deviation from counting statistics in column 6. The coefficient of
variation in percent is given in column 7. |
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Californium Source 318-167
Bare at 50 cm for 2.73 Minutes
500.5 mrem Neutron Exposure

Ident. Seq. _______Adiusted Chip Counts Badiation Dose in mrem

Mumber Number SHRl Ghin2 Ghipd Ghind ChipS BiRS R4:S RIR4 Shallow Deep Neutron "
ED420 14777 7 70 850 775 67 783 708 . 1,106 30 30 310
ED421 14776 70 72 910 821 70 840 751 1.119 30 30 330 iy
ED422 14775 ral 85 812 859 61 751 798 0.941 30 30 350

ED423 14829 72 78 1004 906 935 837 1.117 40 - 40 370

ED425 14817 70 67 939 821 873 755 1.156 30 30 330

ED429 14824 80 70 958 860 881 792 1.125 40 30 350

ED617 14822 76 75 838 785 770 717  1.074 30 30 310

ED618 14790 74 79 849 757 693 1.133 30 30 300

ED619 14806 83 98 932 864 858 790 1.086 50 50 350

ED620 14807 76 69 1037 824 970 757 1.281 30 30 330

ED621 14787 69 65 893 818 829 754 1.099 30 30 330

23322888
g

Average 844 759 1,112 333
Mound Badge Resuits
ED298 14781 64 57 - 401 800 58 343 742 0.462 30 30 320
ED304 14790 65 67 398 761 60 338 691 0.489 30 30 300
ED308 14828 65 62 405 840 63 342 777 0.440 30 30 340
ED309 14779 58 60 399 759 56 343 703 0.488 30 30 310
EDA419 14778 79 74 430 913 68 362 845 0.428 40 40 370
Average 346 752 0.461 328
Cr-39 Results
Net Ave Net Average Standard

DESCR  Irkicm? Irkicm? mrem __mrem ~Dev Qv (%)

2 2286 406

2 2386 423

2 2496 2388 443 424 18.5 4.4

8 2731 485

8 2355 418

8 2618 2464 465 456 34.4 7.5

9 2906 516

9 2871 510

9 2984 2920 530 519 103 2.0

Average 2590 466 46.3 9.90

38105051.1
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Californium Source 318-167
1.27 cm of PL* at 50 cm for 6.45 Minutes
1017 mrem Neutron Exposure

—Adjusted ChipCounts _____
Number Number Chipl Chip2 Chipd Chipd Chip§ H3-R§ H4-RS

Ident. Seq.
ED165 9139 154
ED166 9138 131
ED203 9136 124
ED204 913t 129
ED205 9130 135
ED206 9129 138
ED208 9128 131
ED210 9132 132
ED212 9133 127
ED229 9134 132
ED231 9135 124
Mound Badge Resuits
ED414 9144 132
ED142 9143 124
ED143 9142 119
ED154 8141 129
ED160 9140 122
Cr-39 Resuits
Net
RESCR  Trkicm?

Fé 2603

F6 2498

Fé 2593

F7 2413

F7 2360

F7 2118

F8 2333

F8 2488

F8 2210

F9 2605

F9 2243

F9 2385

liverage

130
119
137
112
125
126
127
152
128
127
116

114
116
110
125
118

Average

2564

2337

2411
2402

*Where PL is Acrylic Plastic

2588 2757 127 2461 2630
2896 2502 127 2768 2378
2536 2246 121 2415 2125
2667 2513 128 2539 2385
2803 2421 126 2677 2295
2838 2257 132 2706 2125
2540 2271 127 2413 2244
2336 2138 121 2215 2017
2768 2388 124 2644 2264
2854 2324 126 2728 2198
2648 2281 118 2530 2163
Average 2554 2256
1078 1888 113 965 1775
1138 2401 126 1013 2275
1180 2327 117 1063 2210
1173 2412 119 1054 2293
1210 2361 120 1090 2241
Average 1037 2158
Average Standard
mrem ..mrem._ —Day__
1041
999
1037 1026 23.0
965
944
847 919 63.0
993
995
884 935 63.5
1042
897
954 964
967 64.2

c.3

Radiation Dose in mrem
B3/R4 Shallow Deep Neutron

0.936
1.166
1.136
1.065
1.166
1.273
1.075
1.098
1.168
1.241
1.170
1.136

0.544
0.445
0.481
0.460
0.449
0.476

90
80
80
80
80
80
70

70
70
70

3338

70

2.3
6.9
6.6

6.7

70
80
70

70

80
70
70
60

70
70

dds3

1130
1040
830
1040
1000
830
830
880
980
960
940
879

770
980
860
890
870
936

39105051.2



Californium Source 318-167
2.54 ¢cm of PL* at 50 cm for 7.04 Minutes
996 mrem Neutron Exposure

ident. . e AdjustedChipCounts Badiation Dose in mrem .
mmmmmmmmmmmmm "
ED232 9127 136 121 3820 3264 131 3889 3133 1177 80 70 1370
ED233 9126 142 139 3803 3165 132 3671 8033 1210 80 80 1330 ,
ED235 9125 143 131 4352 3623 . 132 4220 3491 1.209 80 70 1530 ®
ED236 9124 149 146 3524 2900 143 3381 2757 1.226 80 80 1210
ED237 9123 159 123 3568 3118 138 3430 2980 1.151 100 80 1300
ED238 9121 139 128 4282 3679 133 4149 3546 1.170 80 70 1850
ED239 9120 136 128 4276 3483 138 4038 3355 1.204 80 80 1470
ED241 9119 137 171 3482 3077 131 3361 2046 1.141 100 100 1280
ED2s5 9113 134 129 3654 3006 133 3521 2963 1.188 80 70 1290
ED256 9112 141 124 3704 3152 128 3576 3024 1,183 80 70 1320
ED257 9111 128 119 3753 2887 124 3629 2763 1.313 70 70 1210
Average 3697 3090 1.196 1351
Mound Badge Resuits
ED243 9118 148 132 1715 3103 134 1581 2969 0.533 80 70 1280
ED244 9117 153 145 1826 3287 146 1680 3141 0535 90 80 1360
ED245 9116 136 131 1828 3010 133 1695 2877 0.589 80 70 1250
ED251 9115 145 133 1817 3601 136 1681 3465 0.485 80 80 1500
ED254 9114 134 127 1721 2788 135 1586 2650 0.598 80 80 1150
Average 1645 3020 0.548 1310
Cr-29 Resuits
Net Average Average Standard
RESCR  In¢em? Irkicm? mrem _nrem. —Rey CV (%)
F10 2150 860 :
F10 2240 896
F10 2040 2143 816 857 40.1 4.7
F11 2028 811
F11 2350 840
F11 2338 2237 833 895 72.5 8.1
F12 2493 997
F12 2260 904
F12 2373 2375 949 950 46.5 4.9
F13 2358 943
F13 2248 899
F13 2080 2228 832 891 55.9 6.3
Avarage 2246 898 58.4 6.5
*Where PL Is Acrylic Plastic 381050513
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Californium Source 318-167
5.08 cm of PL* at 50 cm for 4.55 Minutes
529 mrem Neutron Exposure

Ident. Seq. Adiusted ChipCounts = ' Radiation Dose in mrem
EDS52 14798 92 86 3062 2521 82 2980 2439 1.222 40 40 1070
EDS53 14789 85 83 3166 2249 81 3085 2168 1.423 40 40 960
ED627 14784 108 106 3766 2466 93 3673 2374 1.548 50 50 1050
ED628 14823 101 97 4316 2568 98 4221 2473 1.707 50 50 1110
ED629 14785 108 99 3585 2336 97 3498 2239 1.562 50 50 1000
ED6&30 14805 101 99 3916 2505 96 3820 2409 1.586 50 50 1070
ED&31 14804 103 109 4074 2805 101 3974 2704 1.497 50 50 1200
ED632 14803 109 117 4482 3211 95 4387 3116 1.408 60 60 1380
ED633 14802 106 105 3331 2783 g2 3239 2691 1.206 50 50 1180
ED634 14800 116 116 3870 2730 112 3858 2618 1.474 60 60 1160
ED63s 14790 110 164 3657 2553 104 3583 2449 1.451 90 90 1080

Average 3663 2516 1.462 1115
Mound Badge Resuyits
ED622 14830 100 97 1860 2514 98 1762 2416 0.729 50 50 1050
ED623 = 14790 109 98 2300 2779 101 2198 2678 0.821 50 50 1170
ED624 14788 107 103 1838 2588 97 1741 2491 0.699 50 50 1080
ED625 14810 106 113 2188 2622 103 2085 2519 0.828 60 50 1100
ED626 14797 108 101 1763 2310 99 1664 2211 0.753 50 50 960
Average 1880 2463 0.766 1072
Cr-39 Regults
Net Average Average Standard
RESCR  Irkiem? Irivem? mrem  _mrem_ —Dev Y (%)
3 2666 474
3 2491 442
3 2498 2552 444 453 18.5 4.1
6 2 48s8
6 2944 523
6 2856 2844 507 505 19.1 3.8
7 2573 457
7 2786 495
7 2421 2593 430 461 32.7 7.0
Average 2663 ’ 473 32.0 6.8
*Where PL is Acrylic Plastic 39105051.4
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Californium Source 318-167
10.16 cm PL* at 50 cm for 7.44 Minutes
448 mrem Neutron Exposure

Ident. . —_ AdiustedChipCounts Radiation Dose in mrem
mmmmmmmwwwmmm d
ED533 17519 101 100 4238 2484 99 4139 2385 1.735 50 50 1070 :
ED534 17518 116 114 4529 2796 96 4433 2700 1.642 50 50 1200 /
ED535 17517 118 117 4283 2961 111 4182 2850 1.157 60 A0 1260 ’
ED544 17507 111 108 4739 2866 103 4636 2763 1.678 50 50 1230
ED545 17506 119 123 4889 2869 110 4779 2759 1.732 60 60 1240
ED546 17505 116 110 5262 3288 118 5144 3170 1.623 60 60 1410
ED547 @ 17504 110 106 4710 2457 99 4611 2358 1.355 50 50 1060
ED548 17503 104 104 4179 2482 /97 4082 2395 1.704 50 50 1070
ED549 17502 110 166 4374 2614 106 4268 2608 1.637 920 20 1120
EDS50 17501 113 112 4601 2714 107 = 4494 2607 1.724 50 50 1170
EDS51 17530 104 103 4360 2621 97 4263 ° 2524 1.589 50 50 1130

Average 4457 2647 1.690 1178

ED532 17520 111 117 2644 2764 117 2527 2647 0.955 60 60 1150
EDS57 17524 130 124 2398 2507 119 2279 2398 0.950 60 60 1040
EDS71 17523 132 129 2518 2902 114 2404 2788 0.862 60 60 1210
EDS72 17522 116 113 2683 2938 105 2588 2833 0.914 60 50 1230
EDST3 17521 112 120 2576 2637 113 2463 2524 0.976 60 60 1100

Average 2452 2638 0.931 1146
Cr-29 Results
Net . Ave Net Average Standard
DESCR  Irkiem? Irk/cm? mrem __mrem. —Dev CV (%)
20 2369 421
20 2169 385
20 2576 2371 458 421 36.5 8.7
*Where PL is Acrylic Plastic 39105051.5
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Californium Source 318-167
15.24 cm of PL* at 50 cm for 27.3 Minutes
774 mrem Neutron Exposure

Ident. Seq.
Number Number Chinl Chip2
EDS560 14818 342 335
ED361 14819 320 31§
ED561 14820 308 326
ED563 14821 321 308
EDS64 14813 330 322
EDS565 14814 350 331
ED566 14815 335 316
EDS67 14808 314 304
ED568 14811 357 304
ED569 14812 334 488
ED570 14809 336 314
Mound Badge Results
ED554 14785 301 297
ED555 14734 329 316
ED556 14783 322 320
ED558 14792 367 376
ED559 14791 357 369
Cr-39 Resylits
Net Average
RESCR  Irkem? Irk/em?
1 3416
1 3446
1 3458 3440
10 3043
10 3556
10 3393 3331
1 2958
1 2778
11 3693 3142
Average 3311

*Where PL is Acrylic Plastic

Ghind Chipd Chipd R3-BS
11319 6891 326 10993 6566
11113 5890 306 10808 5585
11182 6427 310 10872 6117
11284 6793 301 10983 6492
11284 7042 318 10966 6724
11271 7416 330 10941 7086
11243 7175 307 10936 686b
11151 6192 329 10822 5863
11098 6038 322 10776 5716
11081 6159 306 10775 5853
9905 4614 312 89593 4302
Average 10770 6107
5798 5431 . 276 5522 4855
6608 5493 304 6304 5189
5672 5521 297 5375 5224
8391 7627 346 8045 7281
6510 5806 340 6170 5566
Average 6283 5623
Average Standard
mrem __mrem. —Dev
607
612
614 611 3.6
540
632
603 592 47.0
525
493
656 558 86.4
587 54.4

c.7

- Badiation Dose in mrem
B4-BS RBR3/R4 Shailow Deep Neutron

1.674
1.835
1777
1.692
1.631
1.544
1.582
1.846
1.875
1.841
2.230
1.785

1.138
1215
1.029
1.105
1.109
1.118

200
190
190
190
190
210
200
190
220
280
200

170
190
190
220
220

g:! tﬂli )

0.6

16.5
9.3

200
180
180
180
190
190
180
190
180
280
180

170
180
190
220
220

2920
2520
2750
2930
3030
3170
3080
2640
2570
2630
1960
2745

2250
2280
2280
3180
2430
2484

39105051.6



Californium Source 318-167
D20 Moderated at 50 cm for 24.31 Minutes
1000 mrem Neutron Exposure

ident. Seq. _______Adjusted ChinCounts Radiation Dose in mrem
Number Number Chipl Chip2 Chip3 Chipd Chip$ BR3I-RS H4-BS BI/R4 Shallow Deep Neutron ‘
ED121 9163 g 300 11125 11010 322 10830 10688 1.011 200 200 4260

ED122 9164 318 322 11405 11261 337 11068 10924 1.013 210 210 5340 /"
ED123 9154 213 310 11276 11155 334 10942 10821 1.011 200 200 4880
ED124 9153 303 302 11311 14291 337 10874 10954 1.002 210 210 5450
ED128 9151 326 326 11350 11250 378 10972 10872 1.009 230 230 5270
ED130 9150 322 329 11326 11220 342 10984 10878 '1.010 210 210 5160
ED133 9149 309 310 11289 11204 331 nA58 10874 1.008 200 200 5090
ED135 9148 316 471 11382 11260 353 11039 10807 1.012 280 280 5330
ED136 9147 335 339 11234 11145 358 10876 10787 1.008 220 220 4820
ED137 9146 320 333 11335 11163 345 10980 10818 1.016 210 210 4920
ED138 9145 287 309 11170 11062 323 10847 10739 1.010 200 - 200 4480
Average 10950 10842 1.010 5000

ED112 9185 331 322 5645 11013 362 5283 10651 0.496 220 220 4230
ED114 9156 339 348 6176 11307 386 5790 10921 0.530 240 240 §500
ED115 9160 331 332 6337 11172 376 §961 10796 0.552 230 230 4920
ED118 9161 328 342 6339 11227 361 5978 10866 0.550 220 220 5160
ED120 9162 327 324 6426 11180 346 6080 10834 0.561 210 210 4960

Average 5818 10814 0.538 4954
Cr-39 Results
Net Average Average Standard
DESCR  Trkicm? Irkiem? mrem  _mrem. ~Dev CV (%)

F1 2218 887
F1 2268 907
F1 2348 2278 939 911 26.2 29
F2 2140 856
F2 2315 926
F2 2203 2219 881 888 35.5 4.0
F3 2483 993
F3 2525 1010
F3 2610 2539 1044 1016 25.0 2.6
Fa 2570 1028
F4 2380 952
Fa 2488 2479 935 992 38.1 3.8

Average 2379 952 62.15 6.5

39105051.7
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Plutonium Fluoride Source

Bare at 50 cm for 76.04 Hours

1683 mrem Neutron Exposure

Ident. . Adiusted Chip Counts Badiation Dose in mrem
ED238 1815 447 399 3275 3013 266 3009 2747 1.095 260 240 1200
ED239 1817 439 399 3476 3101 289 3187 2812 1.133 250 240 1230
ED240 1819 446 427 4115 3565 292 3823 3272 1.168 260 260 1430
ED241 1827 460 425 3100 2803 274 2826 2529 1,117 260 250 1100
ED243 1828 415 377 2882 2579 258 2624 2321 1.131 230 220 1010
ED292 1807 401 384 3303 2938 265 3038 2673 1.137 230 230 1170
ED450 1811 493 469 4341 3655 341 4000 3292 1.215 290 290 1450
ED451 1813 454 496 3669 3497 313 3356 3184 1.054 300 300 1380
ED536 1816 402 389 3324 2760 256 3068 2504 1.225 230 230 1100
ED537 1818 388 389 3203 2648 254 2949 2394 1.232 230 230 1050
ED538 1826 367 367 2800 2431 240 2560 2190 1,169 220 220 960

Average 3131 2720 1.152 1189
Mound Badge Results
EDS532 1812 450 421 1496 2919 304 1192 2615 0.456 260 260 1130
ED533 1810 432 402 1451 2987 285 1166 2702 0.432 250 240 1170
ED534 1806 432 408 1306 2694 274 1032 2420 0.426 250 250 1050
EDS535 1814 447 413 1320 2933 280 | 1040 2653 0.392 260 250 1160
Average 1108 2598 0.427 1125
Cr-39 Resuits
Net Ave Net Average Standard
RESCR  Irk/em? Trik/em? mrem __mrem —Dev CV (%)
A9 4274 1716
A9 4084 1640
A9 4114 4157 1652 1670 40.9 25
A10 4094 1644
A10 4434 1781
A10 4309 4279 1731 1718 69.3 4.0
A1 3986 1601
A11 4297 1726
A11 4222 4168 1695 1674 65.1 3.9
A12 3724 1496
A12 3959 1590
A12 4397 4027 1766 1617 137 8.5
Average 4158 1670 82.3 4.9

c.9
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Plutonium Fluoride Source

2.54 cm PL* at 50 cm for 72.43 Hours
1108 mrem Neutron Exposure

—Adlusted Chip Counts Badlation Dose in mrem
Number Number Chip3l Chip2 Chip3 Chip4 ChipS R3I-RS BR4-RS BRI/R4 Shallow Deen Neutron

ident. Seq.
ED165 1784 408
ED166 1778 401
ED202 1793 403
ED203 1790 413
ED204 1804 360
ED205 1799 368
ED206 1774 385
ED208 1770 390
ED233 1795 392
ED234 1785 388
ED235 1780 363
Mound Badge Resuits
ED210 1800 421
ED212 1775 430
ED229 1771 413
ED231 1791 397
ED232 1805 431
Cr-39 Resuits
Net
RESCR  Trkem?

A5 3014

A5 3014

AS 2797

A6 3047

A6 177

A6 3057

A7 3089

A7 3147

A7 2949

A8 3386

A8 3154

A8 3164

Average

356
367
374
376
333
358
354
417
375
364
353

390
415
402
365
405

Ave Net
Irk/cm?

2942

3083

3062

3235
3085

*Where PL is Acrylic Plastic

4695 4677 245 4450 4432
5622 4584 271 5351 4313
6353 4911 265 6088 4646
5031 4179 247 4784 3932
4619 3952 230 4389 3722
5299 4154 232 5067 3922
5465 4052 240 5212 3812
5308 4304 243 5065 4061
5389 4239 261 5128 3978
6520 4679 254 6266 4425
5627 4502 242 5385 4260
Average 5199 4137
2576 4327 2715 2301 4052
2779 4B68 294 2485 4574
2612 4249 271 2341 3978
2576 4294 275 2301 4019
2682 4736 295 2387 4441
Average 4213 2413
Average Standard
mrem - _mrem. —Dev __
1210
1210
1123 1181 50.2
1223
1276
1228 1242 29.3
1241 ‘
1264
1184 1230 41.2
1360
1267 ‘
1271 1299 52.6
1238 58.0

c.10

1.004
1.241
1.310
1.217
1.179
1.292
1.367
1.247
1.289
1.416
1264
1.257

0.568
0.543
0.589
6.573
0.538
0.562

240
230
230
230
200
220
220
250
230
220
210

240
250
250
230
240

4.3

2.4

4.1
4.7

220
220
230
230
200
220
210
250
230
220
210

230
250
250
220
240

1820
1890
2040
1720
1620
1720
1680
1780
1740
1850
1870
1812

1760
1980
1780
1740
1830
1838

39105051.9



Plutonium Fluoride Source
5.08 cm PL* at 50 cm for 70.03 Hours
693 mrem Neutron Exposure

Ident. Seq.
Number Number
ED244 1769 490
ED245 1798 442
ED251 1782 430
ED252 1796 483
ED256 1773 494
ED257 1797 487
ED261 1787 474
ED300 1788 503 -
ED310 1803 445
ED329 1789 463
ED330 1783 463
Mound Badge Resuits
ED254 1801 513
ED255 1777 496
ED262 1792 464
ED263 1802 506
ED266 1768 489
Cr-39 Results
Net
DESCR  Trk/em?

A1l 2469

A1 2524

A1 2537

A2 2362

A2 2504

A2 2339

A3 757

A3 2892

A3 2739

A4 2059

A4 2577

A4 2292

Average

852
414
426
454
442
447
458
455
418
428
420

485
484
446
475
468

Ave Net
Irk/cm?

2510

2402

2796

2309
2504

*Where PL is Acrylic Plastic

8698 5872 328 8370 5544
8003 5125 285 7718 4840
8728 6342 297 8431 6045
9932 6914 345 9587 6569
8922 6249 309 8613 5840
9105 5853 306 8799 5547
11008 6872 328 10680 6544
11114 7211 341 10773 6870
11095 6142 305 10790 5837
11056 7190 313 10743 6877
11012 7109 310 10702 6799
Average 9564 6128
4382 6014 358 4524 5656
4770 6688 358 4412 6330
4812 6132 347 4465 5785
4757 6213 366 4391 5847
5391 7113 350 5041 6763
Average 4567 6072
Average Standard
mrem __mrem —Rev__
992
1008
1019 964 13.6
948
1006
939 964 36.4
1107
1161
1100 1123 33
827
1035
920 927 104.2
1005 91.2

1.510
1.585
1.395
1.459
1.450
1.586
1.632
1.568
1.849
1.562
1.574
1.562

0.800
0.697
0.772
0.751
0.745

- 0.7583

320
240
250
270
280
270
270
290
250
260
260

290
290
260
290
280

3.8

3.0

11.2
8.1

320
240
250
270
260
260
270
270
250
250
250

290
290
260
280
280

— Adjusted Chip Counts Badiation Dose in mrem
Ghip1 Chip2 Chip3 Chipd Chip5 RB3-BS B4-BS R3/R4 Shallow Reep Neutron

2450
2150
2660
2900
2620
2460
2890
3050
2610
3040
3000
2712

2450
2740
2510
2530
2930
2632

39105051.10



Plutonium Metal anode 4SB 1508 g
Bare at 50 cm for 234.87 Hours
146 mrem Neutron Exposure

ident. Seq. . AdiustedChipCounts Badiation Dose in mrem "
WM&MWMWMMMMMMM
ED592 64417 840 741 720 652 373 347 279 1.244 460 400 120
ED594 64415 822 767 737 666 382 355 270 1315 440 420 120 A
EDS97 64412 801 756 744 681 381 363 300 1.210 430 410 130
ED598 64411 784 744 = 688 633 381 307 252 1.218 420 410 110
ED599 64410 87 792 767 694 386 381 308 1.237 470 430 130
ED600 64409 807 807 782 657 404 378 253 1494 500 440 110
ED601 64408 929 821 778 739 418 360 321 1421 5§10 450 140
ED602 64406 044 843 718 663 401 317 262 1.210 510 460 110
ED603 64405 514 = 622 837 527 294 343 233 1472 370 370 100
ED604 64404 512 631 662 524 315 347 209 1.660 ' 370 370 90
ED60S 64403 514 634 658 499 293 365 206 1.772 380 380 90
Average 351 263 1.359 114

ED606 64402 520 486 442 593 299 143 294 0.486 290 290 130
ED607 64401 737 714 517 687 382 138 30§ 0.443 430 430 130
EDS08 64400 761 720 520 667 392 128 275 0.465 410 400 120

ED608 64399 787 754 535 743 413 122 330 0370 450 450 140
ED610 64398 804 749 521 677 40 120 276 0.435 440 410 120
Average 130 296 0.440 128
Cr-29 Resuits
Net Average Average Standard
DESCR  Irkicm? Irk/em? mrem _mrem —Rey__ CV (%)
D1 387 154
D1 aas 137
D1 367 366 146 146 8.5 5.8
D2 322 128
D2 305 121
D2 362 330 144 131 11.8 9.0
D3 295 117
D3 342 137
D3 332 323 - 128 127 10.0 7.9
D4 435 173
D4 340 135
Da 310 362 123 144 26.1 18.2
 Average 345 137 15.8 115

39105051.11
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Plutonium Oxide Source ID ARF-102-90-01 846.6 g Pu
Bare at 50 cm for 187.83 Hours
81.0 mrem Neutron Exposure

Ident. Seq. Adjusted Chip Counts Badiation Dose in mrem
ED298 64395 551 467 533 507 341 192 166 1.160 320 280 70
ED304 64394 546 486 546 500 349 197 151 1.300 320 290 70
ED308 64393 533 495 567 533 350 217 183 1,190 300 300 80
ED309 64391 514 478 531 476 31 190 135 1410 290 290 60
ED419 64330 553 487 549 541 354 185 187 1.040 320 290 80
ED4s7 64389 578 510 555 519 366 189 153 1240 330 310 70
ED460 64388 606 533 528 506 357 1m 149  1.150 350 320 60
ED463 64387 597 530 565 525 364 201 161 1250 340 320 70

Average 184 161 1,358 70
Mound Badge Results
Lost Resuits-Badges Fell on Floor
Cr-39 Resuits
'Net Average Average Standard
RESCR  TIrkicm? Irk/iem? mrem _mrem —Dev CV (%)
B7 206 80
B7 181 70
B7 191 183 74 7 5.0 6.7
B8 173 68
B8 1M 67
B8 214 186 83 73 9.0 12.3
Average 189.5 74 6.6 9.0
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Background Measurement -234-5 Bldg Rm 179C
Exposure 336 Hours 29.1 mrem Neutron Exposure

|dent. Seq. ____ AdjustedChipCounts Badiation Dose in mrem '
Number Numper Chinl Chip2 Ghipd Chind Chins 53-BS B4-AS BI/R4 Shallow Deep Newton !
EDO30 92152 156 80 200 146 52 148 94 1.57 90 40 40
ED136 821581 167 138 196 150 49 147 101 1,46 80 60 40 #
ED137 92150 163 138 188 138 44 144 91 1.58 80 60 40
ED205 92149 163 137 2b1 143 42 149 101 1.48 80 60 40
ED206 92148 177 143 ‘215 169 53 163 116 1.41 90 70 40
ED233 92147 165 152 207 150 42 165 108 1.53 70 70 30
ED23s5 92146 174 136 246 183 50 196 143 1.37 ‘90 60 60
ED236 92145 182 152 217 163 51 166 112 1.48 20 70 30

ED238 92144 259 166 234 194 45 189 149 1.27 140 80 70
ED389 92142 225 149 212 174 §1 161 123 1.1 120 70 50
ED411 82141 210 138 228 159 4 184 116 1.60 110 60 20

Average 165 114 1.46 42
Mound Badge Resuits
ED412 92140 173 152 141 175 64 77 111 0.69 80 70 50
ED413 92139 126 102 122 155 47 75 108 0.69 60 50 50
ED416 92138 109 a8 130 154 40 80 114 0.79 50 40 50
EDA451 92137 124 118 165 208 50 115 158 0.73 60 50 70
ED454 92136 176 144 158 183 56 102 127 0.80 90 70 50
Average 92 124 0.74 - 84
Cr-39 Resuits
Net Average Average Standard
DESCR  Inyem? Ik/em? mrem _mrem —Dey CV (%)
MO0001 56 ' 9
M0001 40 7
M0001 105 67 17 1 §3 48.2
Mo002 72 12
Mo0002 105 : 17
M0002 40 72 7 12 $.0 41.7
M0003 72 12
M0003 72 12
M0oQ3 89 78 15 13 1.7 133
MO0004 105 : 17
MO0004 56 9
M0004 89 83 15 14 4.2 30.4
M0005S 89 15
M000Ss 56 9
Mooos: 56 67 9 11 3.5 315
MO000¢;: 40 7
MO0GOo6 56 9
MO0006 56 51 9 8 1.2 13.9
Average 69.7 11.5 3.7 .7

39105051.13
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