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ABSTRACT

Factors Affecting the Application of A Simple Ratio
Technique for Spectral Correction of a

Neutron Personnel Albedo Dosimeter

Robert C. Nelson, Ph.D.

University of Kansas, 1983

To accurately assess the dose equivalent indicated by the albedo
response of a neutron personnel dosimeter, additional knowledge is
generally required in order to apply the needed spectral specific
correction factors. This work was designed to evaluate the capability
of the USAF Personnel Neutron Dosimeter to "self-calibrate” for moder-
ated fission neutron spectra. The boron/bare ratio technique is
compared with a simple theoretical model of the dosimeter and with
the 23 cm (9 in) to 7.6 cm (3 in) Hankins' remmeter calibration
technique. The overall goal was to provide dose-equivalent estimates
comparable to those provided by the remmeter technique without the
necessity of special on—site measurements.

Although the boron/bare technique with the present dosimeter
design fails to provide calibration factors needed for moderated
fission neutron spectra, theoretical predictions based upon the model
and the measured dosimeter responses are used to propose a dosimeter
design which might fulfil the desired goal. Ancillary data gathered

during the study are also presented. ﬁ(
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I. INTRODUCTION

Thermoluminescent dosimeters are the most widely used type of
personnel neutron dosimeters. These dosimeters are designed to respond
to the incident neutron flux and the neutron flux scattered from the
body. The main advantage of thermoluminescent dosimeters is that they
do not have the energy threshold of around 1 MeV that exists with some
other types of personnel neutron dosimeters. The main disadvantage of
thermoluminescent dosimeters is the rapid loss of sensitivity as the
incident neutron energy increases. To accurately measure dose, the
thermoluminescent dosimeter must be calibrated in the field in which
they are worn or sufficient information about the neutron energy
spectrum must be known to establish an appropriate calibration factor.

Due to growing Cougressional and public concern over the effects
in man from exposures to radiation at levels at or below those
recommended in National Council on Radiation Protection and
Measurements (NCRP) and International Commission on Radiation
Protection (ICRP) guidelines (NCRP71a, NCRP71lb, ICRP69), the Department
of Defense (DoD) under the direction of the Assistant Secretary of
Defense for Atomic Energy established a working group on Intrinsic
Radiation (INRAD). INRAD being the emissions eminating from nuclear
weapons due to the inherent presence of radioactive material. This

working group has recommended that, although exposures to United States
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Alr Force (USAF) nuclear weapons maintenance technicians from INRAD
results in yearly exposures of less than 500 millirem per year, a
monitoring program should be established to document the actual
exposures to personnel.

Development of individual calibration factors for over one hundred
additional INRAD facilities requiring personnel monitoring is a
tremendously time consuming and manpower—-intensive task. The
possibility of utilizing the information provided by the USAF personnel
dogimeter badge, a design similar to the badge developed at Sandia
National Laboratory Albuquerque (SNLA) by Thompson (Th77), to provide
"self-calibration” factors for each dosimeter in unknown environments
was considered to have the potential to eliminate this need.

This work was undertaken to systematically study the USAF dosi-
meter in moderated fission spectra, both theoretically and by measure-
ment, and to determine if the present dosimeter could be used to
"self-calibrate™. Special emphasis was placed on evaluation of the
current capability to measure neutron dose in view of the questions
regarding albedo dosimeter performance (Gr79) and the possible
reduction of a factor of three to ten in accepted levels for

occupational and general public exposure (FR79, NCRP80O, FR8l).
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II. LITEIATURE REVIEW

In recent years, several investigators have expended consider-
able effort in attempting to effectively model the neutron sensitiv—
ity of thermoluminescent dosimeters (Fu72,A174,Ho78,L080,He82,G183).
Early attempts were dominated by calculational efforts to determine
kerma in lithium fluoride and comparing the resultant values with the
measured thermoluminescent response of 6LiF. The objective of these
studies was to explain in detail the response differential between
6L1F and 7LiF with regard to incident neutron energy. The
6L1(ngx) 3H reaction dominates the 6L1F response and results in a
6L1F response more than two orders of magnitude greater than 7L1F
at 0.01 MeV. This differential decreases to a single order of
magnitude at 1 MeV and to a roughly equal response by 10 MeV.
Conceptually, accurate knowledge of the thermoluminescent response to
neutrons as a function of the neutron energy for 6LiF and 7LiF
could allow fine tuning of calibrations for known neutron spectra.

Unfortunately, although numerous dosimeter designs have been
modeled, this has served only to verify response calibration spectra
and sources. Calculated thermoluminescent response characteristics
serve only to improve the dosimeter's usefulness for given spectra
by improving precision by a few percent. Since in most cases

for radiation protection purposes, errors in determining neutron dose

T T e et
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{" equivalent of the order of ten to twenty percent are considered ex-
;; cellent and errors of fifty percent regulatively acceptable, improve-
Eﬁ < ments by detailed response calculations for spectra where simple

f  calibration yields similar results are not in order. Likewise, this
?g . knowledge generally yields little advantage for single element dosim-
.i? eters in unknown spectra where deviations greater than an order of

\ magnitude in predicted dose equivalent can occur.

E; In the case of the USAF Personnel Neutron Dosimetry Badge, the
ié} thermoluminescent response for two separate neutron spectra is

:T actually measured, these being the actual incident/albedo neutron
izg spectrum, and the spectrum measured after moderation through a Boron-
gﬁz 10 impregnated pouch. This technique follows from the use of Boron-
o 10 in personnel dosimeters as suggested by Griffith (Gr73).

ES Substitution of Boron-10 impregnated plastic for the cadmium normally
Eg used in Hankins—-type personnel dosimeters (Ha73) allows for

- concurrent gamma exposure determinations through the elimination of
ég interference caused by the cadmium n,Y reaction (Ha79). The effect
o

iﬁ of the Boron—10 pouch can be theoretically calculated for known
ff spectra by using the Boron-10 neutron absorption cross section curve
?i; (Ga76) to determine the secondary spectra (Figure 1).
}ig ' Since the USAF Personnel Neutron Dosimeter will be used basic-
13_ ally for monitoring sources which produce modified fission spectra,
'fj . this ratio technique must allow for ascertainment of an appropriate
$i neutron response calibration factor for evaluation of the true dose
- equivalent without the necessity of further detailed measurements in
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Figure 1

Boron—-10 Total Neutron Absorption Cross
Sections versus Neutron Spectral Mid-Energy

Values
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the field. Below 14 MeV the OLiF response curve can be appropriately
approximated by utilizing the Lithium~6 neutron absorption cross
section curve (Ga76,G183) presented in Figure 2.

Criteria for performance of personnel neutron dosimeters are
currently found in two documents by the American National Standards
Institute and a Regulatory Guide published by the United States
Nuclear Regulatory Commission (ANSI76, ANSI82, NRC77). The 1982
American National Standard for testing of dosimetric performance
has recently been accepted by the United States Nuclear Regulatory
Commission as criteria for license compliance with personnel dosime-
try standards and testing taken over by the National Voluntary Lab-
oratory Accreditation Program (NVLAP) administered by the National
Bureau of Standards (FR83).

Shortly after attaining operational capability for personnel
thermoluminescent dosimetry, the USAF participated in the preliminary
test #3 of this standard as processor 138 (P182). Results of these
tests showed the USAF easily capable of obtaining precision levels
differing by less than ten percent from the accepted value for a
specified neutron spectrum. The most significant result was the
subsequent implementation of individual chip calibration techniques
suggested by Zeman (Ze79) to reduce the reported standard deviation.
Results of processor testing for neutrons show only the capability to
accurately Assess dose equivalents received from a specific Cf-252
source configuration for which reference calibration data is

provided. Testing did not demonstrate the capability of meeting a 50




Figure 2

Lithium6 Total Neutron Absorption Cross
Sections versus Neutron Spectral Mid-Energy

Values
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percent performance criterion for all neutron spectra in which albedo
response is shown to vary by more than two orders of magnitude.
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III. THEORY

A. Neutron Interact.ons

The biological effects of nuclear radiations are attributed to
ionization and electronic excitation in tissue which cause the
destruction of various molecules such as proteins and DNA which play
functional roles in living cells. In general, the greater the linear
energy transfer (LET), the greater the damage for a given energy
absorption. Although neutrons do not directly ionize, they are able
to cause considerable biological damage through secondary
interactions created by their passage through tissue.

Slow or thermal neutrons produce their primary effect through
radiative capture reactions with hydrogen and nitrogen nuclei. The
(n,) capture of neutrons by hydrogen produces 2.2 MeV photons which
either irradiate the surrounding tissue or escape from the body. The
(n,p) reaction with nitrogen results in the production of protons
which dissipate their energy in short high-LET paths. In addition,
these reactions transform nitrogen atoms into atoms of carbon possibly
destroying the identity of biologically important molecules which may
result in significant alteration of cellular function. Other reactions
exhibited by slow or thermal neutrons in living tissue are generally

believed to be of minor significance.

»
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When the body is exposed to intermediate or high energy (fast)
neutrons, the particles lose their energy by elastic collisions with
atoms of carbon, oxygen, nitrogen, and hydrogen present in living
tissue. Interactions with hydrogen are generally coﬁsidered to be
the most important. In elastic collisions, the struck atom acquires
kinetic energy which is dissipated by ionization, excitation, and
elastic collisions with other atoms. Fast neutrons can sustain the
(n,p) reaction with Nitrogen—-14 indicated previously, or, given suf-
ficient energy (greater than 1.5 MeV), the (n,() reaction can occur.
The recoil atoms, along with any protons or alpha particles produced,
lose their energy within a very short distance of the point at which
the initial reaction occurs. In considering the region in which
neutron injury can occur, it is important to remember that neutrons
can penetrate to considerable distances prior to sustaining an
interaction.

Due to the high LET products of neutron interactions with
tissue, the biological effectiveness of neutrons with tissue is not
only generally higher than X or gamma rays but also depends markedly
on neutron energy. It is assumed that differences in the LET of
secondary products produced from neutron reactions are directly
related to biological effects of the absorbed dose. Personnel limits
are therefore stated in terms of the dose equivalent (DE) which is

defined as the product of absorbed dose (D) and a LET-dependent
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2
E quality factor (QF) (NCRP54,ICRP63). Since dose is delivered over a
; range of values of LET (L), the dose equivalent is given by:
ol |
b |
L Lmax
DE = DILIGF(L)dL
Lmin

where D(L) is the distribution of absorbed dose in LET, L, and QF (L)
is the quality factor at L.

The relationship of neutron interactions at a given energy to
the LET of the secondary interactions results directly in the deter-
mination of dose equivalent (DE). Sims (Si83) recently reviewed the

use of five different sets of neutron fluence-to—dose equivalent (DE)

conversion factors as a function of energy. Although differences in
these conversion sets are generally considered minor, values for
referenced spectra were found to deviate up to 41 percent dependent
on the conversion factor set and interpolation method utilized. The
point is that the dosimetrist must always be aware of what conversion
factors were utilized prior to making any direct comparisons.

Early in the DoD INRAD effort, this possibility was recognized
and a common set of conversion factors agreed upon which are followed
in this work (FaB2). Conversion factors utilized (Figure 3) result
from the calculations of Snyder (Sn57) as presented in ICRP Report # 21
(ICRP73). Calculation of conversion factors not directly given are
obtained by the logarithmic interpolation method suggested by

Eisenhauer and Schwartz (Ei8l1). A survey of Figure 3 will quickly show

. . . . - .
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Figure 3

Neutron Dose-Equivalent Conversion Factors

(Unidirectional Broad Beam, Normal Incidence)
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the major deficiency of LiF thermoluminescent dosimeters in that
although the majority of the dose equivalent is contributed by neutrons
whose energies are greater than 10 KeV, these neutrons produce
relatively little response in lithium fluoride.

B. Personnel Dosimeter Design

The design of the USAF Personnel Neutron Dosimetry Badge 1is an
adaptation of a design originally developed for routine use at Sandia
National Laboratories in Alburquerque, New Mexico (Th77). The intent
of the Sandia design was to ascertain if individuals had been exposed
to drastically different neutron spectra from those for which the
individual's badge calibration factor had been assigned. This would
allow for further investigation of the actual dose equivalent for
these cases and the establishment of necessary direct calibration
factors. The only basic difference lies in utilization of the four-
chip card holder compatible with the Harshaw 2276 system in place of
the two two-chip card holders used by Sandia for readout on their
Harshaw 2271 systems. The four—chip card has a definite advantage
since the two-chip card holders have a thin aluminum backing which
interferes with the filtration for the chips on the companion card.
The badge design is shown pictorially in Figure 4.

The four-chip TLD card ingert contains two each 6LiF (TLD-600)
and 7L1F (TLD~700) dosimeter chips placed in the positions shown.

The TLD-600 chips are sensitive to neutron and gamma exposure while

)
b
|

the TLD-700 chips are gamma sensitive only. Differential filtration

is provided for energy correction of both the gamma and neutron




Figure &4

United States Air Force Personnel Neutron Dosimeter

Badge Design
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sensitive components. Standard open window/aluminum filtration cor-

rection is provided for photon energy correction while a Boron-10
impregnated pouch provides basic information concerning the neutron
spectrum. The pouch allows the top TLD-600 chip to be utilized to
measure incident thermal neutrons and albedo neutrons while the
bottom TLD-600 chip measures both incident and backscattered
intermediate-energy neutrons.

The use of the TLD-600 "Boron/Bare” ratio allows the identifi-
cation of neutrons whose energies are below 1 eV. As the neutron
energy drops below the 1 eV threshold, the "Boron/Bare" ratio
decreases from approximately 0.2 to 0.025. Dosimeter response to
neutrons between 1 eV and 10 keV 1s relatively independent, increas-
ing by only a factor of 2 over this range. Over 10 keV, neutron
sensitivity drops rapidly. Information provided through knowledge of
the ratio of neutrons in these different energy ranges could allow
additional data beyond the qualitative level to produce direct cross
reference to appropriate calibration factors. This is especially
important since, for proper neutron dosimetry evaluation, it is
necessary to know the source of the neutrons and, if possible, to
calibrate to that source.

C. TLD Dose Calculations

Dose calculations are made via interpretation of the thermo-

luminescent light output of all four lithium fluoride chips preseat

in the USAF Personnel Neutron Dosimeter Badge. Considering the open

window as chip position number one and numbering the remaining chips
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clockwise from the badge front results in dosimeter filter/tld chip }
combinations as given in Table 1.

To eliminate the inherent chip to chip variations of thermo—
luminescent dosimeters {overall variations of *15 percent have been
noted), all responses are first normalized using individual chip
normalization factors. These factors are obtained by exposing each
chip to a Strontium-90 calibration source for sufficient time to
obtain the equivalent response of 100 mR Cs-137. Calibration expo-
sures are made immediately after each readout of every dosimeter card
and all readings maintained in a computer data base. Any noted trend
or gross deviation from standard chip calibration factors is evalua-
ted prior to any actual dose assignments.

The response of chips one and three are used to establish the
shallow and deep dose resulting from exposure to beta, gamma or X-
radiation. The response ratio between chips one and three provides a
correction factor to compensate for the over—-response of the lithium
fluoride to photons of energies less than 100 KeV. A typical energy
respongse curve, along with Cesium-137 and Cobalt-60 calibration
curves, are provided for reference in the Appendix. The photon re-
sponse of chip three, corrected for the response differential noted
between supplied batches of TLD-600 and TLD-700 (See Appendix), 1s
subtracted from the response of chips two and four to eliminate
photon response for neutron calculations.

The use of chips two and four to obtain neutron dose equivalent

is the detailed subject of the remainder of this report. Due to the

1
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. Table 1
USAF Personnel Neutron Dosimeter Configuration
Chip TLD Filtration Type Purpose
Position Type (mg/cm2)
1 TLD-700 8 Mylar Photon Dose
(Shallow)
2 TLD-600 343 Aluminum Neutron Dose
226 Plastic
3 TLD-700 343 Aluminum Photon Dose
332 Plastic (Deep)
26 Boron
4 TLD-600 343 Aluminum Neutrcn
332 Plastic Spectrai
26 Boron Correction
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higher sensitivity of the bare chip, the raw response of chip two
corrected for gamma interference is generally utilized for obtaining
neutron response. This reading is extremely dependent upon the
thermal component of the incident spectra and relies upon detailed
characterization of that spectra for appropriate calibration factors.
Although the response of the boron covered chip eliminates the major-
ity of the influence of thermal neutrons, the sensitivity is reduced
by at least a factor of ten and calibration factors are still
required for spectra of interest.

D. Dosimeter Response Modeling

The theory behind potential utilization of the USAF Personnel
Neutron Dosimetry Badge described previously for "self-calibration”,
is that within the range of neutron environments encountered rou-
tinely at USAF facilities (moderated fission spectra), the dosimeter
badge in itself could serve as a crude spectrometer to allow deter-
mination of the correct dose equivalent to be assigned. In the same
manner as the 9 to 3 ratio used extensively by Hankins (Ha75), the
dose equivalent can be considered proportional to the ratio of the
light outputs of the filtered TLD 4 (N;) and unfiltered TLD 2 (Njp).
Figure 5 is a schematic diagram of the USAF Personnel Neutron Dosimetry
Badge and its response parameters. The light output from TLD 2 will be
the result of the sum of Ny + Ny + 7Y ; the light output from TLD 4

will be the result of the sum of Nyg + Npg + 7y ; or
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Figure 5.

Theoretical Schematic Representation of the United States

Air Force Personnel Neutron Dosimeter Badge Design.
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Ny =%

Ny = Nyg + Npyp + ¥

;
A
:

where

NI = Light output produced by

Y = Light output produced by

NA = Light output produced by
flux

NIB = Light output produced by
portions of the incident

NAB’ Light output produced by

b T f“".“ - T T e, Tl '_.1
20
N; + Np + Nj (1)
(2)
Nig + Npg + N3 (3)

the incident neutron flux
the incident gamma flux

the reflected (albedo) neutron

the epithermal and fast
neutron flux

the epithermal and fast

portions of the reflected (albedo) neutron flux
Therefore, a proportionality constant is chosen which is equal to the
ratio of the two light outputs, or

N, Nijp + N pp + N3

- (4)
NI + N A + N3

N2
Since it is most common to work with the response of 6LiF for
neutrons corrected for gamma respor..- by subtraction of TLiF re-

sponse, we can define the gamma fre:- response ratio as follows:

Ny N, - N3 Nig + Nap
-_— = (5
: NZ’ Nz - N3 NI + NA
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The response of 6LiF is a result of neutron interactions with
the Lithium6 nucleus. The reaction of interest is the splitting of
the lithiuvm into an alpha particle (Helium-4 nucleus) and a triton
(Tritium nucleus), which is written 6Li(n,O()3H. The « and 34
recoilling particles ionize atoms in their path thus freeing electrons
which will then become trapped. The normal difficulty in correctly
interpreting this interaction is that a thermal neutron will interact
with bp3 approximately one thousand times more frequently than a
neutron with a million times the energy. 6LiF can be considered to
act as a differential flux detector responsive mainly at thermal
energies. For this reason, thermoluminescent dosimeters are extreme-
ly energy dependent in their response to neutrons. The true 6LiF

response could thus be considered to be

-
N, = C/¢E(1—o'2“5x°1di (6)
Q

where

Incident neutron flux of energy E

S
N

|
-
=
(]

Lithium macroscopic absorption cross section

at energy E (cm-1)

X
]

Thickness of thermoluminescent dosimeter chip (em)

(g}
[

Response conversion factor

r 4
]

Neutron response (Light output)
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Similarly, the effect of the boron absorber on the neutron

spectrum incident to the dosimeter pouch can be r. resented as

¢ET = ¢E.'SBEXP (7

where

Transmitted neutron flux of energy E

& P
[} (]

Incident neutron flux of energy E

M
-]
]

Boron macroscopic absorption cross section

at energy E (cm-1)

Xp Thickness of Boron impregnated dosimeter pouch
The final factor, the reflected or albedo flux from the phantom
can be approximated in two different ways. The first approximation

considers the albedo flux as a fraction of the incident flux as a

consequence of simple diffusion theory (GL52) as follows

BE = _--—-—‘I - 2KD (8)

1 + 2KD
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{ ' where

4 - ﬁ; = Albedo factor for energy E
K = Reciprocal of the diffusion length
) D = Diffusion coefficient.
Utilization of 65 to approximate the albedo spectrum is
recognized to underestimate the true low energy albedo spectrum since
this factor considers the fraction of reflected neutrons to be equal

- in energy to the incident neutron. Albedo neutrons are in fact

. reflected in a continuum of energies with the incident energy being the
% maximum reflected energy.
§ Combining equations 5, 6, 7 and 8, we obtain the following
., equation for the schematic representation of the USAF Personnel
ég Neutron Dosimeter Badge:
- o [« ]
N’ (i/;bETH—.'EUExC)dE + C ,BEdJETH—o':LiEXC)dE
- oa ﬂ,
N, Ci/;b5(1—o'zligxc)d5 + fB, b, (1 - o ELieXcraE
° o

o0 o0
ﬁs Q-EBEXP 0 _.—SUEXC 'dE *—/bs¢e.—§BExP( 1 _.—zLiExC )dE
o °

(9)

[> o0
_/;bs(l-o‘susxc)ds + '/b5¢5(l-.‘5LiJC)dE
[+] (+]
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The second approximation to the albedo flux results from direct
modeling of the reflected spectrum using functions calculated by

Glickstein (G183). This calculation can be expressed as

E
be,p - ff(s,s“)qbeds (10)
2]

where:

d)su- Albedo neutron flux of Energy E
d)E = Incident neutron flux of Energy E
f(e,sny = Neutron scattering function
Combining equations 5, 6, 7 and 10 we obtain the following

second equation for the schematic representation of Personnel Neutron

Dosimeter Badge.

oo [+ -}
N’ /¢E —EaEXp ”_."zugxc)d! +‘/;’EABO'EBEXP(1-0‘2UEXC‘*
A 0
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IV. MATERIALS AND METHODS
» A. Calibration Facility Descriptions
1. Dosar Facility - Oak Ridge National Laboratory

The Dosimetry Applications Research (DOSAR) Facility is
a part of the Oak Ridge National Laboratory (ORNL) located in Oak
Ridge, Tennessee where irradiations took place utilizing the Health
Physics Research Reactor (HPRR). The HPRR 1s an unmoderated fast
reactor which is capable of operation in either low power steady-
state (0.1 w to 10 kw) or pulse mode (1016 to 1017 fissions). The
reactor core is a right circular cylinder (20 cm diameter and 23 cm
high) of enriched uranium (93.14 wt Z U-235) alloyed with 10 wt %
molybdenum.

The reactor bullding is a low-scatter aluminum structure
23 m long, 9 m wide, and 15 m high. Within the reactor building, the
HPRR is supported by a 10 m high positioning device mounted on tracks
which extend the length of the building and 21 meters beyond on an
external concrete pad. This positioning device allows the reactor to
be moved horizontally along the track and be positioned vertically
along the centerline of the track to within 1 cm of any preselected
height up to 5 meters above the concrete floor. Two concrete pits
are available for reactor placement allowing access to the reactor

building approximately 15 minutes after HPRR operation.

25
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{ The reactor control building is located 274 meters from

s‘ the reactor building behind an intervening ridge which provides
4
EI ‘ shielding from direct radiation. The two buildings are connected by

a multiconduit above-ground cable distribution network which links
ol . the facilities for reactor control, remote positioning, remote
: radiation monitoring, closed circuit television and experimental
device monitoring. Within the control building, protection from
scattered radiation is provided by the roof, exterior walls, and some
interior walls all of which consist of poured concrete ranging from
20 to 60 centimeters thick. Reactor operations, experimental moni-

toring, and remote positioning of the HPRR is performed from the

~
g; control room.

- Dosimeter irradiations were carried out on the HPRR on
:§ three separate occasions:

i (1) during attendance at an ORNL sponsored Personnel

X Neutron Dosimetry course 9-14 November 1982;

;i (2) in conjunction with the 9th Personnel Dosimetry

3 Intercomparison Study (PDIS) 6-9 April 1983; and

- (3) during reactor utilization time provided 25-27 April
\ 1983 by the DOSAR staff.

;; Dosimeters were exposed while mounted on standard bomab
L

;J or lucite phantoms. Phantoms were placed to coincide with the hori-
23 zontal centerline of the HPRR (1 meter above the concrete floor) at
;; variable distances from the vertical centerline. The energy distri-

. bution (neutron spectra) of neutrons reaching the dosimeters was
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A
a varied via a lucite, steel, concrete, or steel/concrete shield inter-
- posed between the HPRR and the phantom position. Reference dosimetry

data for each of the shield configurations is available in the lit-

. erature (Si8l). Desired exposure levels were predetermined for each
5

! . reactor run and appropriate power levels and exposure times calcu-

3

lated. Exposure time was started when the reactor attained l/e of

the desired power level and terminated at the predetermined time.
This procedure compensated for the variable power levels (and result-
ant neutron flux) that occur during reactor startup and shutdown.
Final dose determinations were made by reference to sulphur activa-
tion pellets placed at a standard calibration point on the HPRR for
each individual reactor run. Gamma exposure levels were determined
by integration of the output from a Shonka-Wycoff chamber mounted on
a phantom adjacent to the dosimeter phantom and equidistant from the
reactor centerline.
2. Willow Run Facility - University of Michigan
. The University of Michigan (UM) Willow Run Facility was
: established under contract with the Nuclear Regulatory Commission for
testing of the Personnel Dosimetry Performance Standard (P180,P182).
The facility is located within an old vehicle maintenance garage of a
former United States Alr Force Base. The moderator sphere is sus-
pended via four chains from the ceiling of the facility approximately
250 cm above the concrete floor, 205 cm from the wooden ceiling, and

400 cm from the nearest concrete block wall. This NBS developed mod-

erator sphere (Sc80) is designed to provide a neutron spectrum which
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1' would simulate the type of spectra encountered in the vicinity of a
ii pover reactor. The sphere consists of a 30 cm diameter, 0.8 cm
‘j . thick, stainless steel shell filled with D;0. Additionally, the

_ sphere is covered with an outer layer of cadmium, 0.5 mm thick. The

; . cadmium 1s present to avoid calculational difficulties posed by thermal
12 neutrons during source modeling. Although these thermal neutrons do

" not contribute significantly to the dose equivalent, they do generally
?} contribute a significant portion of the thermoluminescent response.

Eﬁ The bare Cf-252 source capsule, when not in use, is

t stored in a water filled pit approximately 120 cm in diameter and 120

a cm in depth, directly below the moderator sphere.

?' 3. Hazards Control Calibration Facility - Lawrence Livermore

' National Laboratory

; The Lawrence Livermore National Laboratory Hazards Control

. Calibration Facility is a concrcte room 12.2 m long, 9.14 m wide, and

. 7.32 m high. Individual sources are moved from storage shields to

:; the irradiation position through a pair of pneumatic "rabbit”

; systems. The exposure end of each of the transfer tubes is one meter
e above an aluminum false floor in the center of the calibration room

X

é: and approximately two meters apart. The two transfer tubes are used i
f ) for gamma and neutron sources respectively, and allow for simultane-

fr ous source irradiations. Exposures are controlled through a computer |
Eﬁ console located in an adjacent control room. Remote instrumentation

-

and interlocks are utilized to insure personnel safety.

‘. LT R . P B R f e T LIRS - . - . . .
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Multiple sources are available to provide various source
strengths of PuBe, Cf-252, Cs-137 and Co-60. To provide various
neutron spectra, moderator spheres of deuterium oxide, polyethylene,
and aluminum are available for placement over the end of the transfer
. tube. Characterizations of the neutron fields available have been
accomplished and are available in the literature (Gr78).

B. Equipment Description and Use
1. Multisphere Neutron Spectrometer

Neutron spectrum determinations were made utilizing a
Ludlum Model 42-5 Neutron Spectrometer. The spectrometer consists of
a4 mm x4 mm LiI(Eu) scintillation crystal coupled through an opti-
cal light pipe to a photomultiplier tube. High density polyethylene
moderating spheres 2, 3, 5, 8, 10, and 12 inches in diameter are
provided for measuring individual spectral responses. Each sphere is
machined and drilled to place the LiI(Eu) crystal in the geometric
center of the selected moderator.

High voltage was supplied to the photomultiplier tube
with a Ludlum Model 2500 scaler/rate meter ~thich also served as a
gross monitor of the output of the detector system. The amplified
output of the scaler/rate meter was fed directly into the signal
input of a Nuclear Data ND-Six portable multichannel analyzer. For
each measurement, the output spectrum was collected and stored on

. tape for subsequent retrieval and data reduction.
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Portable Neutron Remmeters

aY

is Eberline Model PRS-2P "RASCAL™ portable neutron Rem

o

ij counters were utilized to measure the neutron fields encountered.

. The "RASCAL"” system consisted of a portable, digital display, scaler/
;i: . rate meter connected to a Nancy Wood BF3 detector probe. Measure-
N ments were made utilizing the bare BF3 tube for determination of

o the thermal neutron component, the BF3 tube inserted into an

ES Eberline HP-280 7.6 cm (3 in) diameter cadmium covered polyethelene
‘Ei sphere for estimation of intermediate neutrons, and with the BFj3 tube

1

inserted into an Eberline 23 cm (9 in) NRD cadmium loaded polyethelene

o~ sphere for estimation of neutron dose equivalent.
j: 3. Harshaw Advanced Thermoluminescent Dosimetry System

The Harshaw Advanced Thermoluminescent Dosimetry System
e utilized by the USAF for processing of exposed thermoluminescent
dosimeter cards is a custom designed combination of the Harshaw Model

2276 Automated TL Dosimetry System and a Harshaw Model 2080 Glow

" Curve Analyzer. The Model 2080 Glow Curve Analyzer replaces the
.;: Harshaw Model 2000B Automatic Integrating Picoammeter in the 2276
2 system which further includes a Model 2276T Transport Module, a
Model 2276L Logic Module, and a Texas Instruments Model KSR-820
. printing terminal. The thermoluminescent dosimetry system is further
i% controlled via custom applications software running on a Hewlett-
;z : Packard Model 1000 Series F computer system. The overall system
:; provides for remote programming of the 2276L Logic Module, and col-
tf lection of both the integrated current output and the digitized glow
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curve for every thermoluminescent chip processed. Data collected are
analyzed for dose computation and validation purposes using data
processing programs. For this work, all dosimeter chips were
read out during a 40 second heating cycle without any preliminary
preheat cycle. The heating cycle consisted of an initial instantane-
ous heating to 120 degrees centigrade followed by a 5 degrees centi-
grade per second ramp until a final temperature of 300 degrees centi-
grade was reached. This final temperature was thus established in
order to prevent damage to the thin teflon sheeting supporting the
LiF crystals in the card holder. Readouts were performed under a
continuous flow of prepurified dry nitrogen in order to reduce the
influence of triboluminescence. A typical card glow curve readout is
presented in Figure 6.
C. Computational Techniques

Numerical calculations necessary for this work were conduc-
ted either on a Digital Equipment Corporation (DEC) PDP 11/34 or a
Hewlett Packard (HP) 1000 Series F computer available within the
Radiation Services Division of the United States Air Force Occupa-
tional and Envirommental Health Laboratory. All graphical presenta-
ions were constructed utilizing the standard plotting package avail-
able on the DEC PDP 11/34. Data analysis was conducted using soft-
ware available through the Statistical Analysis System (SAS) (He78)
or standard statistical equations (S069).

Calculation of neutron spectra from bonner sphere measure-

ments was accomplished utilizing an unfolding program developed at

at . e " . . - e e ., .. EERC R . - LR L P
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Figure 6.

Typical Glow Curve Readout of Four Chip

Dosimeter Card.
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the Lawrence Livermore National Laboratory (Ho83). This program
assumes an initial spectrum and then procedes to change the input ;
spectrum utilizing response functions for the 4 mm X 4 mm LiI(Eu)
detector developed by Sanna (Sa73) until the calculated counts from
. each detector match the measured counts per second. The program
continues to iterate until the detector residuals reach a minimum.
D. Other Measurements

Throughout the duration of this work, many ancillary
measurements were made other than direct measurement of Lithium
Fluoride thermoluminescent response in the various neutron
environments. These measurements are included where appropriate for
completeness.

Rascal calibration measurements were completed for all
neutron calibration spectra encountered along with 23 cm (9 in) to
7.6 cm (3 in) or 7.6 cm to bare ratios whenever source or facility
time was available. Complete bonner sphere measurements were taken
for all source configurations used at the Lawrence Livermore National

Laboratory Hazards Control Calibration Facility to allow calculation

of the theoretical response parameters of the USAF Personnel lLew..ro

P

E Dosimeter. Bonner sphere spectra are presented in the Appendix

N

E (Figures 40 to 48).

! In order to identify the effect, if any, of the USAF Person-
E nel Neutron Dosimeter Badge in itself on the input neutron spectra,

[ measurements were made with the TLD card insert placed in air and

directly upon the lucite phantom without any modifying effect of the

]
4
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badge.

Resultant albedo response factors are presented in the Appen-

dix (Figures 34 and 35). A discussion of the moderating effect of

the badge can be found in the results.
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V. RESULTS

As previously stated, this work was designed to determine if the
USAF Personnel Neutron Albedo Dosimeter could be used to "self-correct”
for spectral dependent response in environments of moderated fission
E spectra. Common practice 1s to take work—-place calibration
measurements with auxiliary instrumentation such as a remmeter and
relate actual dosimeter results to these values by the application of a
correction factor. Tables 2 and 3 present the measured remmeter 23 cm
(9 in) to 7.6 cm (3 1in) or 7.6 cm (3 in) to bare ratios either acquired
during this work or available in the literature for the sources and
spectra measured. Accuracy of remmeter measurements is dependent upon
relating this ratio to the ratio measured with the calibration source

of choice. Calibration curves for each of the remmeters used are

presented in the Appendix (Figures 32 and 33). Linear regression
calibration curves were found to be log(Ratio) = -2.57E-2 x (CPM(MR /
HR)) + 1.41 and log(Ratio) = -2.85E-2 x (CPM({MR / HR)) + 1.69 for
Rascal/NRD serial numbers 212 and 215 respectively. Correlation
coefficients were 0.902 and 0.881 (P <0.001).

Figures 7 and 8 present the integral and peak response in pico-
coulombs per millisievert for the USAF Personnel Neutron Albedo
Dosimeter versus the remmeter ratio. Correlation coefficients were

found to be 0.904 and 0.906 for the integral and peak curves respec-

35
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TABLE 2

Ratios of tue Counting Rates of a BF3
Detector Inside 23 cm (9 in) and 7.6 cm (3 in)
Polyethylene Spheres

Ratio ‘
Source Distance 23 cm/7.6 cm Spheres |
me. Hankins Greene This

(Po72,Ha77) (Gr8l) Work

- LLNL PuBe (Bare) 1 —— -_—— 2.67

LLNL C£252 (Bare) 1 — —_—— 1.99 |
L LLNL C£252 (Bare) 2 ——— ——=- 1.21 i
- ORNL HPRR (Bare) 2 1.09 1.10 1.14 J
: ORNL HPRR (Bare) 3 1.00 1.00 —— \

ORNL HPRR (Bare) 6 0.89 0.85 0.86 !

LLNL C£252 (5 cm D70) 1 —— —_— 0.84

ORNL HPRR (13 cm Steel) 3 0.74 0.72 0.74

ORNL HPRR (12 cm Lucite) 3 0.57 0.53 0.58

ORNL HPRR (12 cm Lucite) 9 —— 0.42 0.47

ORNL HPRR (20 cm Concrete) 3 —— 0.39 0.41

LLNL C£252 (10 cm D50) 1 —— ———— 0.38

ORNL HPRR (15 cm Concrete

+ 5 cm Steel) 3 -— 0.34 ———

UM C£252 (15 cm D0
. + 0.5 mm Cd) 0.5 — —— 0.29
J LLNL C£252 (15 cm DZO) 1 —— ——— 0.26 ’
. LLNL C£252 (15 cm D0 |

+ 0.5 mm Cd) 1 —-— ———— 0.23
LLNL C£252 (25 cm D 50) 1 - -——= 0,20
LLNL C£252 (20 cm Al) 1 —— —— 0.17

. « et e, ) . . . - L. . - LR
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- TABLE 3

Ratios of the Counting Rates of a BFj3
Detector Inside and Outside a 7.6 cm (3 1in)
Polyehylene Sphere

Source Distance Ratio 7.6 cm/Bare

UM C£252 (15 cm D20

+ 0.5 mm Cd) 0.5 8.21
LLNL C£252 (5 cm Dy0) 1 6.94
LLNL C£252 (15 cm D30

+ 0.5 mm Cd) 1 5.98
LLNL C£252 (10 cm D50) 1 4.88
LLNL C£252 (Bare) 1 4.81
LLNL PuBe (Bare) 1 3.86
LLNL C£252 (Bare) 2 2.40
LLNL C£252 (15 cm D20) 1 2.19
LLNL Cf£252 (20 cm Al) 1 1.03
LLNL C£252 (25 cm D20) 1 0.54
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Figure 7

Total Integral Thermoluminescent Response
(Picocoulombs per Millisievert) versus Ratio
of Counting Rates of a BF3 Detector Inside 23 cm
(9 in) and 7.6 cm (3 in) Polyethelene Spheres.
Response is for TLD-600 Chip Exposed in USAF
Personnel Neutron Dosimeter Above the Boron—-10
Pouch.
First Order Least Square
Curve Fit

————————— Second Order Least Square
Curve Fit

Slope: -0.529*0.038

Intercept: 2.625*0.203
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Figure 8

Peak Thermoluminescent Response (Picocoulombs

per Millisievert) versus Ratio of Counting Rates

of a BF3 Detector Inside 23 cm (9 in) and 7.6 cm

(3 in) Polyethelene Spheres. Response is for TLD-600
Chip Exposed in USAF Personnel Neutron Dosimeter

Above the Boron—10 Pouch.

First Order Least Square
Curve Fit

--------- Second Order Least Square
Curve Fit

Slope: -0.529*0.038

Intercept: 1.705%0.135

.....
______________
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-
i tively (P <0.005). Figures 9 and 10 present the identical response
_Sg factors in picocoulombs per millisievert versus the internal badge
‘;; boron/bare ratios. Correlation coefficients of 0.654 and 0.717 were
. obtained for the integral and peak curves respectively (P <0.001).
> - Both the linear and second order regression curves have been plotted.
Empirical observation that the second order equation results in a

. better fit for the data presented is not supported by the data of

:if Hankins (Ha75) over a much broader energy range. Utilization of this

Ei; second order fit would present the problem of requiring additional data }
about the spectrum measured when the second order solution yielded

EE double valued calibration factors. Resultant regression curves for
;3 integral and peak evaluation versus nine to three response factors
2 were log(Ratio) = -0.529 x log(Response) + 2.625 and log(Ratio) = -
Ei 0.529 x log(Response) + 1.705 respectively. The internal boron/bare
{- (four to two) ratio yielded regressions of log(Ratio) = -0.154 x

log(Response) - 7.83E-3 and log(Ratio) = - 0.168 x log(Response)
- 0.215 for the integral and peak evaluation techniques.
Data taken to help ascertain the true neutron albedo effect on

o the USAF Personnel Neutron Albedo Dosimeter are presented in the
éig Appendix (Figures 34 and 35). For all spectra evaluated, the badge
:g ) holder/card combination exposed on a lucite phantom was found to |
29 yleld approximately 90 percent of the response of the card exposed
.ég g directly on the phantom without the badge holder. This most likely
\fi is a result of the air separation caused by the badge attachment

clip.
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Figure 9
Total Integral Thermoluminescent Response |
; (Picocoulombs per Millisievert) for TLD-600

Chip Exposed in USAF Personnel Neutron Dosimeter
Above the Boron—10 Pouch versus Ratio of Integral
Responses of TLD-600 Surrounded by and Above the

Boron-10 Pouch.

First Order Least Square
Curve Fit

---------- Second Order Least Square
Curve Fit

Slope: -0.154*+0,027

) Intercept: 0.008*0,142
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Figure 10
Peak Thermoluminescent Response (Picocoulombs
per Millisievert) for TLD-600 Chip Exposed in
USAF Personnel Neutron Dosimeter Above the
Boron-10 Pouch versus Ratio of Peak Response of

TLD=-600 Surrounded by and Above the Boron—10

POuch.
_ First Order Least Square
Curve Fit
—————————— Second Order Least Square
Curve Fit

Intercept: 0.215%*0.088
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To test the theoretical model for the simple boron/bare (four to

. f

two) badge ratio, results of predicting the ratio through the simple

PanParatl Sl ot 4
S e

models presented earlier in this work are compared to the actual

measured ratios in Figures 11 and 12. The predicted versus actual

[N A
Pl

ratio ylelds correlation coefficients of 0.572 (P <0.005) and 0.503

(P<0.05) respectively.
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Figure 11

A. HPRR (Bare at 3m)
B. HPRR (13 cm Steel at 3m)
C. HPRR (20 cm Concrete at 3m)

D. HPRR (15 cm Concrete +
5 cm Steel at 3m)

E. PuBe (Bare at 1lm)

F. Cf-252 (Bare at 1lm)

G. Cf-252 (Bare at 2m)

H. C£f-252 (5 cm D20 at lm)
I. Cf-252 (10 cm D90 at 1m)
J. Cf-252 (15 cm Dy0 at 1m)

K. Cf=252 (15 cm Dy0 +
0.5 mm Cd at 1lm)

L. Cf-252 (25 cm D50 at lm)

M. C£f=252 (20 em Al at 1lm)

e

A ad atul Bl _aary

in the Appendix. (Albedo Reflection Factor)

Figure
Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure
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Modeled Spectral Correction Ratio versus Actual
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Measured Ratio. Data Presented for Spectra Shown

Figure 47
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}4 Figure 12

Modeled Spectral Correction Ratio versus Actual
Measured Ratio. Data Presented for Spectra Shown

in the Appendix. (Modeled Albedo Spectrum)

. A. HPRR (Bare at 3m) Figure 36
£ R. HPRR (13 cm Steel at 3m) Figure 37
C. HPRR (20 cm Concrete at 3m) Figure 38
D. HPRR (15 cm Concrete +
5 cm Steel at 3m) Figure 39
E. PuBe (Bare at lm) Figure 40
F. Cf-252 (Bare at 1lm) Figure 41 .
G. Cf-252 (Bare at 2m) Figure 42 |
H. Cf-252 (5 cm Dy0 at 1m) Figure 43 3
I. Cf-252 (10 cm D70 at 1m) Figure 44 g
J. C£-252 (15 cm D90 at 1m) Figure 45
K. Cf-=252 (15 cm D0 +
0.5 mm Cd at 1lm) Figure 46
L. Cf-252 (25 cm D90 at 1lm) Figure 47
M. C£f-252 (20 cm Al at 1lm) Figure 48
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&\ VI. DISCUSSION

:E: It is quite clear from the results of this study that a self
Eﬁ; calibrating Personnel Neutron Albedo Dosimeter is not yet available.
Eé? The internal boron/bare ratio technique as applied to the thermo-

>
4

]
G 4y Ny 4y
l‘ i

moluminescent responses of the USAF Personnel Neutron Albedo
Dosimeter is unable to provide a calibration factor for the response
of the bare chip in an unknown moderated fission spectrum. This is
clearly demonstrated in Figures 9 and 10 which show that the
calibration factor selected by the observed ratio could be in error
by three orders of magnitude at the 957 confidence level.

The albedo dosimeter's inability to be "self calibrating” is
apparently due to the bare chip's high sensitivity to small changes
in the fluence of low energy neutrons which do not contribute
significantly to the dose equivalent. When the "boron to bare
ratios”™ or the "23 cm (9 in) to 7.6 cm (3 in) ratios™ are plotted
against the albedo factor, no correlation of data is found (Figures
34 and 35). This also holds true when the above named ratios are
divided by the albedo factor and plotted against the bare chip
response (Figures 13 and 14). A further comparison of the location
of the points representing a specific spectrum in these figures
demonstrates that the albedo factor also does not correlate with the

bare chip response. These results clearly show that the bare chip

46
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Figure 13

Ratio of Counting Rates of a BF3 Detector Inside 23 cm

(9 in) and 7.6 cm (3 in) Polyethylene Spheres Divided

by Albedo Factor versus Total Integral Thermoluminescent
Response of Bare Chip (Picocoulombs per Millisievert) for

Various Incident Spectra.

A. HPRR (Bare at 3m) Figure 36
B. HPRR (13 cm Steel at 3m) Figure 37
C. HPRR (20 cm Concrete at 3m) Figure 38
D. Cf-252 (Bare at 1lm) Figure 41
E. Cf-252 (Bare at 2m) Figure 42
F. Cf-252 (5 cm D0 at lm) Figure 43
G. Cf-252 (10 cm D0 at 1lm) Figure 44
H. C£-252 (15 cm D0 at 1m) Figure 45
I. C£f=252 (20 cm Al at 1lm) Figure 48

J. HPRR (Bare at 6m)
K. HPRR (12 cm Lucite at 3m)

L. HPRR (12 cm Lucite at 9m)
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Figure 14

Ratio of Counting Rates of a BF3 Detector Inside and

Outside a 7.6 e¢m (3 in) Polyethylene Sphere Divided by

Albedo Factor versus Total Integral Thermoluminescent

Response of Bare Chip (Picocoulombs per Millisievert)

for Various Incident Spectra.

A.

Cf-252 (Bare at 1lm)
Cf-252 (Bare at 2m)
Cf-252 (5 cm D90 at 1m)
C£-252 (10 cm D90 at 1lm)
C£f-252 (15 cm D70 at 1lm)

Cf-252 (20 cm Al at lm)
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response is of no value in measuring the dose eqivalent unless it is
used for a spectrum for which a calibration factor has been obtained
in some other fashion and that spectrum is invariant in time and
location within the work area occupied by the assigned wearer.

One can then ask whether or not the data gathered can be used
as a guide for the design of a personel dosimeter that might be
“"self-calibrating™. To accomplish this goal, the design must provide
a system which essentially will ignore the low energy neutrons which
do not contribute significantly to the dose. This means that the
higher energy neutrons must govern the response of the dosimeter.
Since thermoluminescent chips are mostly responsive to low energy
neutrons, one can accomplish this only by placing moderators around
the chips. Some of the data needed to check the feasibility of this
approach have been made available in this investigation. The
responses of a bare chip and a chip covered with a specific amount of
boron in each of the different moderated fission spectra and the
nature of these spectra has been obtained.

The theoretical models (Equations 9 and 10) may be used to make
crude predictions of what might be expected of neutron dosimeters that
contained additional amounts of a moderator in front of the chips. It
should be emphasized that the theoretical models have inherrent
assumptions. In considering the model utilizing an albedo relfection
factor, the model assumes that the reflected neutrons (albedo) for each

energy interval are at the same emergy as that of the incident

neutrons. Since the reflected neutrons are clearly of a lower energy,
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the model underestimates the change in the ratio as a function of
neutron energy. The model utilizing a calculated albedo neutron
spectrum relies on the parameters determined by Glickstein (G183) and
the calculated bonner sphere spectra. Inherrent errors in assigning

energy groupings and in calculating the incident thermal component of

the spectrum from bonner spheres will emphasize the intermediate energy

region of the albedo spectrum and underestimate the thermal albedo flux

which would yield the highest thermoluuwinescent response. Figures 11
and 12 reflect that underestimation.

Since it is predicted that better results would be obtained 1if
the amount of moderator surrounding the chips were increased, the
effect of increasing the boron content by a factor of two and four
was investigated. The theoretical response of the chips with the
additional boron was calculated and appropriate ratios were plotted
against either the response of the bare chip or the response of the
chip covered with boron. Figures 15 through 20 show the predicted
effect of increasing the boron content of the "boron pouch™. In
these figures the boron/bare theoretical ratio is plotted against the
regponse of the bare chip. It is noted that the slope of the line
increases as the boron content increases but the scatter that is
introduced by using the bare chip remains. Since Boron-10 is very
expensive, the effect of using Lithium-6 fluoride as a moderator is
also shown (Figures 21 and 22).

In order to reduce the influence of low energy neutrons, the

response under boron was further studied. “High Boron to Low Boron”
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Figure 15

Theoretical Ratio using Albedo Reflection Factor of Chip
Surrounded by and Above the Boron—-10 Pouch (Normal Loading)
versus Measured Total Integral Thermoluminescent Response of
Bare Chip (Picocoulombs per Millisievert).

Slope: -1.179*0.130

Intercept: 0.344*0.191
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Figure 16

- Theoretical Ratio using Modeled Albedo Spectrum of Chip
Surrounded by and Above the Boron—10 Pouch (Normal Loading)
versus Measured Total Integral Thermoluminescent Respnse of
Bare Chip (Picocoulombs per Millisievert).

Slope: -0,068*+0,013

Intercept: =-0.358X0.068
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Figure 17

Theoretical Ratio using Albedo Reflection Factor of Chip

Surrounded by and Above the Borom10 Pouch (Twice Normal

Loading) versus Measured Total Integral Thermoluminescent

[i-: Response of Bare Chip (Picocoulombs per Millisievert).
F Slope: -0.410*0.060
N Intercept: 1.301%0.318
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Figure 18

Theoretical Ratio using Modeled Albedo Spectrum of Chip
Surrounded by and Above the Boron-10 Pouch (Twice N —mal
Loading) versus Measured Total Integral Thermoluminescent
Response of Bare Chip (Picocoulombs per Millisievert).
Slope: -0.141+*0.069

Intercept: =-0.367*0.367
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Figure 19

Theoretical Ratio using Albedo Reflection Factor of Chip
Surrounded by and Above the Boron—10 Pouch (Four Times Normal
Loading) versus Measured Total Integral Thermoluminescent
Response of Bare Chip (Picocoulombs per Millisievert).

Slope: -0.633*0.072

Intercept: 2.318*0,380
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i
e,
o Figure 20
Theoretical Ratio using Modeled Albedo Spectrum of Chip
Surrounded by and Above the Boron-10 Pouch (Four Times Normal
o
[:-:.: Loading) versus Measured Total Integral Thermoluminescent
‘EZ:: Response of Bare Chip (Picocoulombs per Millisievert).
L. Slope: -0.382*0,042
o Intercept: 0.538%+0,225
h.'.'\:
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Figure 21
Theoretical Ratio using Albedo Reflection Factor of Chip
Surrounded by and Above a Lithium6 Fluoride Shield (0.5 inch
thick) versus Measured Total Integral Thermoluminescent
Response of Bare Chip (Picocoulombs per Millisievert).
Slope: -0.437*+0.061
. Intercept: 1.408+0.321
2
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Figure 22

Theoretical Ratio using Albedo Reflection Factor of Chip
Surrounded by and Above a Lithium-6 Fluoride Shield (0.5 inch
thick) versus Measured Total Integral Thermoluminescent
Response of Bare Chip (Picocoulombs per Millisievert).

Slope: ~0.081+0.013

Intercept: -0.336*0.068
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ratios were established from the regression lines given in Figures 15
through 20. The theoretical "High to Bare"” ratio and "Low to Bare”
ratio obtained from the regression line for each experimental data
point were used to obtain a "High Boron to Low Boron" ratio which is
plotted against the measured response of the chip under "Low Boron” in
Figures 23 to 26. Although these curves do not reflect the scatter
that will be introduced by actual measurement of the ratios, they may
be compared with the previous figures to illustrate the expected
increase in correlation of the data. However, sensitivity is ten times
lower.

From these calculations, one may propose a badge with five
thermoluminescent chips. Of these, three would be bLF. One chip
would be bare, one covered with 1X Boron and one with 4X Boron. The
bare chip response could be used for low dose accumulations where
some uncertainty in the calibration factor does not have serious
consequences. At higher doses the response of the 1X boron covered
chip would be used for more accurate results. In no case, however,

should the dosimeter completely replace the evaluation of the expnsure

enviromment by an experienced dosimitrist.
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Figure 23

Theoretical Ratio using Albedo Reflection Factor of Chip
Covered by Normal Boron to Chip Covered by Twice Normal Boron
versvs Measured Total Integral Thermoluminescent Response of
Normal Boron Covered Chip (Picocoulombs per Millisievert).

Slope: -0.263+0.008

Intercept: 0.909*0.037
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Figure 24

Theoretical Ratio using Modeled Albedo Spectrum of Chip
Covered by Normal Boron to Chip Covered by Twice Normal Boron
versus Measured Total Integral Thermoluminescent Response of
Normal Boron Covered Chip (Picocoulombs per Millisievert).
Slope: -0.170%0.005

Intercept: -0.299=x0.024
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Figure 25

Theoretical Ratio using Albedo Reflection Factor of Chip
Covered by Normal Boron to Chip Covered by Four Times Normal
Boron versus Measured Total Integral Thermoluminescent
Response of Normal Boron Covered (Picocoulombs per
Millisievert).

Slope: -0.518*0,016

Intercept: 1.877X0.073
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Figure 26

Theoretical Ratio using Modeled Albedo Spectrum of Chip
Covered by Normal Boron to Chip Covered by Four Times Normal
Boron versus Measured Total Integral Thermoluminescent
Response of Normal Boron Covered (Picocoulombs per
Millisievert).

Slope: -0.358*0.011

Intercept: -0.831*0.050
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VII. SUMMARY

In an attempt to utilize existing technology while examining
potential dosimeter designs, the USAF has developed a thermolumi-
nescent neutron dosimetry capability based on a personnel neutron
albedo dosimeter badge originally designed at SNLA. The dosimeter

has been evaluated in multiple moderated neutron spectral

enviromments to ascertain the capability of the badge to provide "self-

calibration.”

It has been found that ratios produced by the badge itself fail

to allow a "self-calibration” for dose equivalent in moderated fis-
sion neutron spectra. The simple theoretical model presented shows,
however, that the use of different moderators over thermoluminescent
chips results in a badge ratio which ylelds direct correlation to
changes in input neutron spectra. Utilizing the model along with
additional data gathered during this work to provide background from
which to predict the effect of changes in the monitoring environment
dosimeter results, a dosimeter design which can potentially meet the
goal of "self-calibration” is proposed. In order to eliminate the
effects of thermal and near thermal neutrons, which greatly affect

dosimeter response without providing any significant contribution to

on

the dose equivalent, utilization of two chips shielded by two differing

boron concentrations is proposed. Shields equivalent to the boron
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pouch in the present dosimeter and four times that amount show promise
of yielding results similar to the Hankins' remmeter technique.

The major drawback of this design is that an approximate loss
of a factor of ten in sensitivity results. If sensitivity is of a
necessity, a five chip dosimeter could be designed allowing the use
of three TLD-600 chips (bare and under two different boron shields).
In the low exposure range, the bare response could be utilized with a
conservative calibration factor. As higher exposures are recorded
where sensitivity no longer is a problem, the boron ratio could pro~
vide a calibration factor to eliminate potential order of magnitude
errors in the estimation of dose equivalent.

Evaluation of data with respect to both integral and peak glow
curve values hags additionally been found to be a valuable technique.
Whenever values so obtained are found to be significantly in dis-
agreement, an immediate indication of a possible dosimeter miss-read

is obtained.
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Figure 27

Typical Energy Response Factors for Lithium

Fluoride.
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Figure 28

Total Integral Thermoluminescent Response
(Picocoulombs per Millisievert) for TLD-600

and TLD-700 Chips Exposed in USAF Personnel Neutron
Dosimeter versus Exposure (Millisieverts) to

Cesium137.

TLD~600 (6LiF - Harshaw)

-------- TLD~700 (/LiF - Harshaw)
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Figure 29

Peak Thermoluminescent Response (Picocoulombs
per Millisievert) for TLD-600 and TLD-700
Chips Exposed in USAF Personnel Neutron

Dosimeter versus Exposure (Millisieverts) to

Cesium-137.
TLD-600 (6L1F - Harshaw)
————————— TLD=-700 (7L1F - Harshaw)
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Figure 30

Total Integral Thermoluminescent Response
(Picocoulombs per Millisievert) for TLD~600

and TLD-700 Chips Exposed in USAF Personnel Neutron
Dosimeter versus Exposure (Millisieverts) to

Cobalt-60 .

TLD-600 (SLiF - Harshaw)

e TLD-700 (’LiF - Harshaw)
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Figure 31

Peak Thermoluminescent Response (Picocoulombs
per Millisievert) for TLD-600 and TLD-700 Chips
Exposed in USAF Personnel Neutron Dosimeter versus

Exposure (Millisieverts) to Cobalt-60.

TLD-600 (BLiF - Harshaw)

TLD-700 (7L1F - Harshaw)
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Figure 32

Calibration Factors (Counts per Minute per
Millirem per Hour) for Rascal/NRD 23 cm
Remmeter System Serial 212, Calibration
Factors are Plotted versus Ratio of Counting
Rates of the BFj Detector Inside 23 cm (9 in)
and 7.6 cm (3 in) Polyethelene Spheres.
Slope: -0,026+0.004

Intercept: 1.408+0.248
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Figure 33

Calibration Factors (Counts per Minute per
Millirem per Hour) for Rascal/NRD 23 cm
Remmeter System Serial 215. Calibration
Factors are Plotted versus Ratio of Counting
Rates of the BF3 Detector Inside 23 cm (9 in)
and 7.6 cm (3 in) Polyethelene Spheres.

Slope: -0.028+0.005

Intercept: 1.688+0.312
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Figure 34

Measured Albedo Factor versus Ratio of Counting

Rates of a BF3 Detector Inside 23 cm (9 in) and

7.6 cm (3 in) Polyethelene Spheres.

A. HPRR (13 cm Steel at 3 m)

B. HPRR (20 cm Concrete at 3 m)
C. Cf-252 (Bare at 1 m)

D. Cf-252 (Bare at 2 m)

E. Cf-252 (5 cm D20 at 1 m)

F. Cf-252 (10 cm D70 at 1 m)

G. Cf-252 (15 cm Dy0 at 1 m)

H. Cf-252 (15 cm D50 +
0.5 mm Cd at 1 m)

I. Cf-252 (20 cm Al at 1 m)
J. HPRR (Bare at 6 m)

K. HPRR (12 cm Lucite at 3m)
L. HPRR (12 cm Lucite at 9m)

M. HPRR (Bare at 2m)

Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure

37
38
41
42
43
44

45

46

48




aad

N AR MBI M|

8

H0.130vd Oa3aanv oo

}- ov (1] (114 (1] 8 00
’ i 1 L 1 ol

w

<
<
UL

°°
e
oluvd E/@&

) ww a

L ol

&

p*.

L’

£

.

—\-

'.

.

‘

[e

Y, . .

‘

pa

g

.

1}..4\ e . SN + - A N ) .
£, 0ty Ty i \...‘-\:-.ﬂ--\.-\* . \... <.. ARy . Je




LAMEE It Ak i sl g S At Jeni Jwh eaib s GEuE At suni A

Figure 35

Measured Albedo Factor versus Ratio of Counting
Rates of a BF3 Detector Inside and Outside a 7.6

cm (3 in) Polyethylene Sphere.

A. Cf-252 (Bare at 1 m) Figure 41
B. Cf-252 (Bare at 2 m) Figure 42
C. C£f-252 (5 cm D0 at 1 m) Figure 43
D. Cf-252 (10 cm Dy0 at 1 m) Figure 44
E. Cf-252 (15 cm D90 at 1 m) Figure 45
F. Cf-252 (15 cm D0
+ 0.5 mm Cd at 1 m) Figure 46
G. Cf-252 (20 cm Al at 1 m) Figure 48
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Figure 36

Reference Neutron Spectrum for Unshielded Health
Physics Research Reactor. Spectrum Calculated

at 3 Meters from Reactor Centerline (Si81)
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Figure 37

Reference Neutron Spectrum for Health Physics
Research Reactor with 13 cm Steel Shield.
Spectrum Calculated at 3 Meters from Reactor with
Inside of Shield Placed 2 Meters from Centerline

(si81).
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Figure 38

Reference Neutron Spectrum for Health Physics
Research Reactor with 20 em Concrete Shield.
Calculated at 3 Meters from Reactor with Inside

of Shield Placed at 1 Meter from Centerline (Si81)
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Figure 39

Reference Neutron Spectrum for Health Physics
Research Reactor with 5 cm Steel/l5 cm Concrete
Shield. Spectrum Calculated at 3 Meters from

Reactor with Inside of Shield Placed 1 Meter from

Centerline (5181)
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Figure 40

Bonner Multisphere Reference Spectrum for PuBe
Source at 1 Meter. Spectrum Calculated from Data
Taken at the Hazards Control Calibration Facility,

Lawrence Livermore National Laboratory.
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Figure 41

Bonner Multisphere Reference Spectrum for Cf-252
Source at 1 Meter. Spectrum Calculated from Data

Taken at the Hazards Control Calibration Facility,

Lawrence Livermore National Laboratory.
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Figure 42

Bonner Multisphere Reference Spectrum for Cf-252
Source at 2 Meters. Spectrum Calculated from Data
Taken at the Hazards Control Calibration Facility,

Lawrence Livermore National Laboratory.
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Figure 43

Bonner Multisphere Reference Spectrum for Cf-252
Source Moderated by 5 cm Dy0 Filled Stainless Steel
Sphere. Spectrum Calculated from Data Taken 1 Meter
from Source Centerline at the Hazards Control Calib~
ration Facility, Lawrence Livermore National

Laboratory.
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Figure 44

'h Bonner Multisphere Reference Spectrum for Cf-252
- Source Moderated by 10 cm D0 Filled Stainless Steel

Sphere. Spectrum Calculated from Data Taken 1 Meter

g
0

L
".."- ".‘ ._"._

from Source Centerline at the Hazards Control Calib-

ration Facility, Lawrence Livermore National

P
.

Laboratory.
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Figure 45

Bonner Multisphere Reference Spectrum for Cf-252
Source Moderated by 15 cm Dy0 Filled Stainless Steel
Sphere. Spectrum Calculated from Data Taken 1 Meter
e, from Source Centerline at the Hazards Control Calib-
ration Facility, Lawrence Livermore National

Laboratory.
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Figure 46

Bonner Multisphere Reference Spectrum for Cf-252
Source Moderated by 15 cm D70 Filled Cadmium Covered
Stainless Steel Sphere. Spectrum Calculated from
Data Taken 1 Meter from Source Centerline at the
Hazards Control Calibration Facility, Lawrence

Livermore National Laboratory.
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Figure 47

Bonner Multisphere Reference Spectrum for Cf-252

Source Moderated by 25 cm D0 Filled Stainless Steel

Sphere. Spectrum Calculated from Data Taken 1 Meter

]

from Source Centerline at the Hazards Control Calib-

L) N

ration Facility, Lawrence Livermore National

. Laboratory.
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Figure 48

Bonner Multisphere Reference Spectrum for Cf-252
Source Moderated by 20 cm Solid Aluminum Sphere.
Spectrum Calculated from Data Taken 1 Meter from
Source Centerline at the Hazards Control Calibration

Facility, Lawrence Livermore National Laboratory.
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