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FOREWORD 

Beta-gamma dosimeter prototypes, calibration procedures, and dose algo
rithms were developed during FY-1982 for possible use at Hanford. The dosim

eters are compatible with the existing automatic reader processing system 
employed at Hanford and the dosimeter holder design. A neutron sensitive chip 
is included in all dosimeter designs to provide a response indicative of any 

significant neutron exposure. However, these dosimeters are not designed to be 
used routinely as personnel neutron dosimeters without substantial field 
measurements of neutron dose and spectra. A progressive technical evaluation 

is provided in terms of the performance of prototype dosimeters in relation to 
the performance of the existing Hanford beta-gamma-neutron dosimeter . 
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SUMMARY 

Upgraded and modified Hanford dosimeter prototypes were evaluated for pos
sible use at Hanford as a primary beta-gamma dosimeter. All prototypes were 
compatible with the current dosimeter card and holder design, as well as proc

essing with the automated Hanford readers. Shallow- and deep-dose response was 
determined for selected prototypes using several beta sources, K-fluorescent 
x rays and filtered x-ray techniques. All prototypes included a neutron sensi
tive chip. 

A progressive evaluation of the performance of each of the upgrades to the 

current dosimeter is described in Section 6.0 starting with the performance of 
the current dosimeter. Thereafter, the performance of selected modifications 
of the dosimeter is presented. For each modification, a brief explanation of 
the steps necessary to implement it is provided. 

In general, the performance of the current dosimeter can be upgraded using 
individual chip sensitivity factors to improve precision and an improved algo
rithm to minimize bias. The performance of this dosimeter would be adequate to 
pass all categories of the ANSI NI3.II performance criteria for dosimeter pro
cessors, provided calibration techniques compatible with irradiations adopted 
in the standard were conducted. The existing neutron capability of the 
dosimeter could be retained. 

Better dosimeter performance to beta-gamma radiation can be achieved by 
modifying the Hanford dosimeter so that four of the five chip positions are 
devoted to calculating these doses instead of the currently used two chip posi
tions. A neutron sensitive chip was used in the 5th chip position, but all 
modified dosimeter prototypes would be incapable of discriminating between 
thermal and epithermal neutrons. An improved low energy beta response can be 
achieved for the current dosimeter and all prototypes considered by eliminating 
the security credential. Further improvement can be obtained by incorporating 
the IS-mil thick TLD-700 chips. 

Motivation to examine the possible implementation of a beta-gamma dosim
eter is attributable in part to the fact that the vast majority of personnel 
exposure received at Hanford is from beta-gamma radiation and, by devoting more 
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of the capability of the dosimeter to this area, better assessment of personnel 
doses will be achieved. Complimenting this effort would be the implementation 
of personnel neutron dosimeters particularly suited for the neutron dose and 
energy spectra being encountered by the few Hanford personnel working in 
neutron fields. The merits of this approach must be weighed against the cost 
of implementation, the actual improvement in performance obtained, the cost of 

administering more than one dosimeter type and the comparative technical per
formance obtainable by simply upgrading the current dosimeter system. 
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HANFORD BETA-GAMMA PERSONNEL DOSIMETER 
PROTOTYPES AND EVALUATION 

1.0 INTRODUCTION 

The current Hanford thermoluminescent albedo type personnel dosimeter was 
implemented on a routine basis during January 1971. The design, calibration, 
readout, and dose algorithm procedures for this dosimeter allow an estimate of 
the nonpenetrating, penetrating, fast- and slow-neutron dose components. Numer
ous aspects of this system have been documented previously as BNWL-SA-3955, 
"The Hanford Thermoluminescent Multipurpose Dosimeter" (Kocher et al. 1971), 
PNL-3536, "Hanford Personnel Dosimeter Supporting Studies FY-1980" (Fix et al. 

1981), and PNL-3736, "Hanford Personnel Dosimeter Supporting Studies FY-1981" 
(Fix et al. 1982). 

The work described in this document pertains to the development of a prim
ary beta-gamma dosimeter for possible use at Hanford. The dosimeter designs 
considered are compatible with the automatic reader processing and current 

dosimeter holder design albeit with filter and phosphor changes in some cases. 
Desirable dosimeter characteristics identified at the outset of this effort 
include the following: 

• unique identification for each dosimeter card 

• dosimeter historical file containing the number of readings, previous 
readout doses and cumulative dose 

• capability to pass beta and photon categories of the ANSI N13.11 
performance criteria (American National Standards Institute 1982) 

• individual chip sensitivity factors 

• on-phantom dosimeter calibrations 

• thermal and epithermal neutron response. 
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The unique dosimeter identification, chip sensitivity factors and asso
ciated historical file provide the capability of monitoring the dosimeter 
performance through time. Significant program decisions can be made given 
information regarding dosimeter response as a function of frequency of read
ings, cumulative dose, etc. Also, the evaluation of spurious dosimeter results 

would be greatly enhanced. 

The recommendation for on-phantom calibrations is based on their direct 
comparability with personnel exposures and the ease with which personnel doses 

can be evaluated for differences in dosimeter response between field and labo
ratory radiation exposures. A neutron response was retained because of the 
desire to insure that no significant personnel dose would be missed by the use 
of this dosimeter in radiation zones involving neutrons. 

Motivation to develop a primary beta-gamma dosimeter is due in part to the 
fact that the majority of personnel exposure at Hanford is attributable to this 
radiation. Devoting more of the capability of the dosimeter to this area would 
result in better determination of most personnel doses. A separate neutron 
dosimeter would be provided for the few personnel working in areas with neutron 

radiation in addition to the beta-gamma dosimeter. For the current five-chip 
dosimeter, three of the chips are used for neutron dosimetry and the remaining 
two chips for beta-gamma dosimetry. 

Another motivation for separating the beta-gamma and neutron dosimeters is 
the difficulty of providing accurate personnel neutron dosimetry. The albedo 
dosimeter design commonly employed because of its sensitivity, such as Han
ford's, has an energy response which varies by a factor of 100 between neutron 
energies of 10 keV and 1 MeV (Brackenbush et al. 1980). Several improved tech
niques are currently under development as part of a DOE Headquarters funded 
program which will improve the field capability for personnel neutron dosimetry 

(Fix 1981, Parkhurst 1982). For existing dosimeters, facility calibration 
factors determined from field measurements are needed to extrapolate from the 
laboratory calibration exposure to the field conditions at each facility. When 
the neutron component of personnel dose ;s not large compared to the total dose 

received, many laboratories simply over-estimate the neutron dose as preferable 
to applying individual facility calibration factors. 
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2.0 BETA-GAMMA DOSIMETER CONCEPTS 

The dosimeter concepts considered are compatible with the existing dosim
eter card and holder and automatic reader system employed at Hanford. The 
approach followed an evaluation of concepts progressively different from the 
existing system. The most significant change considered was a complete change 

of phosphors and filters. For several concepts the methodology of calibration 
and dose algorithm was considered in their evaluation. 

A dosimeter design was desired with the capability of assessing tissue 
dose at 7 mg/cm2 (shallow dose) and 1000 mg/cm2 (deep dose). These depths 
correspond to the beginning of the live tissue of the skin and the beginning of 
organs within the body, respectively. The dosimeter response at 300 mg/cm2, 

which corresponds to the beginning of live tissue for the lens of the eye, was 
also of interest. However, this dose can be readily estimated from the dose at 
7 and 1000 mg/cm2. 

The tissue depth dose is very dependent upon the type and energy of the 

radiation incident upon the body. It is also dependent upon the size of the 
radiation field as well as the distance of the source from the body. Fig-
ure 2.1 illustrates the change in percent depth dose for selected photon beams 
for a beam size of 100 cm2 and a source to tissue distance of approximately 
50 cm (Johns 1969). 

Personnel dosimeters are generally calibrated to a measured dose rate. 
For betas, a dose is generally measured equivalent to a 7 mg/cm2 depth dose in 

tissue. For photons, an exposure is determined at the point of calibration and 
the exposure is converted to a specified dose in tissue. Figure 2.2 illustrates 
conversion factors for tissue depths of 7,300, and 1000 mg/cm2 (0.007,0.3, 
and 1.0 cm, respectively) as a function of photon energy. When the dosimeter 
algorithms are developed, they should be capable of estimating the tissue dose 
at 7,300, and 1000 mg/cm2 using the information illustrated in Figure 2.2. 

A problem encountered in the design of personnel dosimeters is the tech
nique used to separate beta radiation from low-energy photons. High-energy 
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beta radiation such as from an encapsulated 90Sr/ Y source can penetrate shield

ing thicknesses, such as the 365 mg/cm2 in the existing dosimeter used to simu
late the l-cm depth dose, and can be confused with the l-cm deep dose. The 
maximum energy of several common beta emitting nuclides is shown in Table 2.1 
along with the corresponding maximum range in mg per cm2 or thicknesses in cm 
for filter materials commonly used in personnel dosimeters. 

The range of the beta radiation shown in Table 2.1 can be compared with 
the attenuation of photon radiation caused by 100 mg/cm2 of polyethylene, car

bon, aluminum, and tin illustrated in Figure 2.3. The significant attenuation 
of photons caused by materials with higher atomic numbers is one method in 

which beta and photon induced dosimeter responses are separated. 
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TABLE 2.1. 

Nuclide 
147 pm 

90Sr 
85 Kr 
90y 

106 Ru 

z 
o 
til 
til 

::< 
til 
z 
« 
a.: 
I-

1.0 

0.1 

Maximum Range of Selected Beta Emitting Nuclides 

Maximum Range 
Maximum 

mg/cm2 
Distance, cm 

Energ'y, MeV Carbon Aluminum Tin 

0.225 50 0.022 0.019 0.009 
0.544 180 0.080 0.067 0.031 
0.672 230 0.102 0.085 0.040 
2.245 1100 0.488 0.407 0.190 
3.541 1800 0.800 0.667 0.310 

POLYETHYLENE 
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FIGURE 2.3. Attenuation of Photons Caused by 100 mg/cm2 
of Polyethylene, Carbon, Aluminum, and Tin 
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Complicating the assessment of personnel dose is the response of different 
phosphors to beta and photon radiation. The relative sensitivity of several 
phosphors is described in Section 3.0 for several nuclides of interest. The 
range of the beta radiation is also of interest. For example, the LiF TLD chip 
in the current dosimeter has a density thickness of about 235 mg/cm2 whereas 
the skin dose of interest is only 7 mg/cm2• This is illustrated in Figure 2.4. 

BETA RADIATION 

t 
0.9mm 

t 

TLD CHIP (Ye" x Va" x 0.035") 

FIGURE 2.4. Typical Penetration of Beta Radiation (shaded area) 
in a Conventional LiF Chip 
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3.0 PHOSPHOR MATERIALS 

In the preliminary design of a new beta-gamma dosimeter one of the areas 
under investigation was the use of different TL phosphors in the dosimeter. 
Using TL materials with different response characteristics may enable the 

user to identify the types and energies of the radiation field. The relative 
response of six other TL phosphors was evaluated along with the LiF phosphor 
currently employed in the Hanford dosimeter. Table 3.1 lists the TL phosphors 
evaluated. 

TABLE 3.1. Phosphors Investigated for Potential Use in a 
Beta-Gamma Dosimeter 

\ i F:Mg 
7LiF:Mg 

LiF:Mg 

(currently used in Hanford dosimeter) 

(thin chip, 15 mil) 
(boron diffused) 

CaS04:Dy (normal sensitivity) 

CaS04:Dy (high surface sensitivity) 
CaF2:Mn 
MgB407:Dy 

PHOSPHOR DESCRIPTIONS 

A brief explanation of pertinent characteristics of each phosphor 
evaluated follows. 

7LiF:Mg - Lithium fluoride is the most commonly used TL material. It has a 

density of 2.64 gm/cc and an effective atomic number Zeff(LiF) = 8.14 which is 

close to that of tissue, Zeff(tissue) = 7.42. The main glow curve peak is at 
195°C. For most applications, it can be considered nearly tissue-equivalent 
but does overrespond by a factor of 1.3-1.4 at the 20-30 keV range (McKinley 
1981). 7LiF:Mg or TLD-700 contains 99.99% 7Li and is insensitive to neutron 

radiation. TLD-700 chips measuring 1/8 11 by 1/8 11 and 35 mil in thickness are 
currently used in the Hanford dosimeter for beta-gamma dose evaluation. 

9 



7LiF:Mg (15 mil) - This phosphor is identical to the preceding phosphor except 

that it is only 15 mils thick instead of 35 mils. The thinner chip is particu
larly useful for beta dose evaluation. 

LiF:Mg (boron diffused) - This phosphor has the same chemical composition as 

the preceding two phosphors but contains the naturally occurring isotopic abun
dance of 6Li and 7Li and with boron diffused on one surface of the TLD chip. 

The boron diffused surface of the chip has been reported to be more sensitive 

to beta radiation than normal LiF (Lasky 1977). 

CaS04:Oy - This is one of the most sensitive phosphors. It is commonly used 

for environmental measurements. CaS04 doped with Dysprosium (TLD-900) has a 

density of 2.61 gm/cc and Zeff = 15.5. Because of its high effective atomic 
number it has a relatively high response to low-energy photons. At 30 keV, 

TLO-900s are approximately 11 times more sensitive than at the energy of 60 Co 
(E1 = 1.17 MeV, E2 = 1.33 MeV) (Oberhofer 1979). It has a relatively low 
response to beta radiation and is useful for discriminating low-energy photons 
from beta radiation in a dosimeter. The main glow curve peak occurs at 220°C. 
The phosphor evaluated was in the form of pressed discs 4.5 mm in diameter by 

0.9 mm thick. 

CaS04:Dy (high surface sensitivity) - This phosphor is a relatively recent 

development of Harshaw Chemical Company. CaS04:Dy is specially treated result

ing in a dual-peak glow curve with peaks at 180°C and 240°C. Through proper 
analysis of the glow curve, both beta and low-energy photons can be evaluated. 
This phosphor is in the form of pressed discs identical to those in the pre
ceding section. 

CaF2:Mn - Like calcium sulphate, calcium fluoride is extremely sensitive and 
generally displays good TL-absorbed dose-response linearity. CaF2:Mn or 
TLO-400 has a density of 3.18 gm/cc and a Zeff = 16.3. The response at 30 keV 
compared with 60 Co radiation is about 15 times higher (Oberhofer 1979). The 

main glow curve peak is at 260°C. The TLO-400s are in the usual chip form with 
dimensions of 1/8 in. by 1/8 in. by 35 mil thick. 

MgB407~ - This is another recently developed phosphor. It has an effective 
atomic number of 8.4 similar to LiF but is seven times more sensitive. The 
main glow curve peak occurs at 170°C (Oberhofer 1979). It is available in disc 

shape with a diameter of 4.5 mm and a thickness of 0.7 mm. 
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These phosphors were chosen because of their sensitivity to beta-gamma 
radiation and their commercial availability. While other TL phosphors such as 
lithium borate are also sensitive to beta-gamma radiation, all commercially 
available lithium borate is sensitive to neutrons. To examine the response of 
the TL phosphors, several beta and x-ray sources covering a wide range of 
energies were used. Four beta sources, 137Cs , plus K-fluorescent x rays were 

used to irradiate the phosphors. These particular sources are desirable for 
irradiations since it is important to examine each phosphor's response to beta 
and low-energy photons separately. Exposures were made on- and off-phantom to 
account for any backscattering effects that might occur. Table 3.2 lists the 
sources used and their associated energies. 

TABLE 3.2. Sources Used to Irradiate TL Phosphors 

Source K-Fluorescent X RaLs 

147 pm (E = 0.225 MeV) ~8 keV, Cu target 
85 max 

0.672 MeV) 16 keV, Zr Kr (Emax = target 

90Sr/ Y (Emax = 2.245 MeV) 23 keV, Cd target 

106Ru / Rh (Emax= 3.54 MeV) 43 keV, Sm target 
137Cs (E = 0.662 MeV) 58 keV, Ta target 

78 keV, Pb target 

100 keV, U target 

BETA RESPONSE 

The TL phosphors were placed in cardboard holders behind 5 mils 
(15 mg/cm2) of mylar which is equivalent in thickness to the Teflon encapsula
tion used in the current Hanford dosimeter. Twenty chips of each phosphor were 
exposed to 1 rad each from different beta sources to determine their relative 
response. Each response was compared to a dose of 1 rem from 137Cs gamma. 
Table 3.3 lists the response to beta radiation for each phosphor exposed on a 
phantom. Table 3.4 lists the relative response of each phosphor to the beta 
exposures compared to the 137Cs response. The experiment was repeated using 

the same TL phosphors and exposures but done off-phantom. There was no 
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TABLE 3.3. Response of TL Phosphors to Beta Radiation Exposed On-Phantom in 
Nanocoulombs (percent standard deviation shown in parentheses) 

TL Phosphor 137 Cs 147 pm 85 Kr 90Sr/ Y 106Ru / Rh --

\ i F:Mg 552 7 100 426 

7LiF:Mg 
(4) (9) (3) (3) 

(thin chip) 205 4 75 190 
(4) (20) (21) (5) 

LiF:Mg (boron diffused) 284 4 43 245 
(10) (20) (11 ) (4) 

CaS04:Dy (normal sensitivity) 3370 52 905 2778 

(high sensitivity)(a) 
(28) (2 ) (18 ) (36) 

CaS04:Dy 1183 17 429 977 
(28) (25) (25) (19 ) 
1531 9 332 1267 
(30 ) (26) (27) (28) 

CaF 2: ~ln 2533 50 312 2004 
(3) (8) (6) (4) 

MgB407:Dy 653 5 137 510 
( 17) (25) (23) (21) 

(a) Results for each peak given. 

TABLE 3.4. Relative Dose Response of TL Phosphors to Beta Radiation 
Compa red to 137Cs 

451 
(2) 
179 
(6) 
207 

(12) 
2567 
(26) 
814 

(22) 
1005 
(23) 
1965 

(4) 
441 

(14 ) 

TL Phosphor 137Cs 147 pm 85 Kr 90Sr/ Y 106Ru / Rh --

7LiF:Mg 1.0 0.02 0.18 0.79 0.84 
\iF:Mg (thin chip) 1.0 0.02 0.38 0.96 0.90 
LiF:Mg (boron diffused) 1.0 0.02 0.15 0.90 0.75 

0.02 0.28 0.84 0.78 
0.02 0.37 0.85 0.71 

CaS04:Dy (normal sensitivity) 1.0 
CaS04:Dy (high sensitivity)(a) 1.0 

1.0 0.01 0.23 0.85 0.68 
CaF 2:Mn 1.0 0.02 0.13 0.81 0.80 
MgB407:Dy 1.0 0.01 0.22 0.80 0.70 

(a) Results for each peak given. 
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discernible difference between the off-phantom and on-phantom exposure data 
possibly attributable to the backing material of the phosphors containing the 
phosphors. 

The low-energy beta radiation from 147 pm yielded an extremely low response 

of 1-2% of the 137Cs response in all the TL phosphors examined. Assuming Eavg 

= 1/3 Emax the average beta energy from 147 pm is 75 keV. Therefore the low 
response is expected since 5 mil of mylar (15 mg/cm2) will attenuate all beta 
radiation below 100 keV. The beta energy from the 85 Kr yielded a response in 
the TL phosphors ranging from 13% to 37% of the 137Cs response. The higher 
energy beta sources of 90Sr/ Y and 106Ru / Rh gave responses of 70% to 90% of the 
137Cs response. 

The TL phosphors with the highest response to beta radiation were the 
15-mil-thick 7LiF:Mg and the surface sensitive CaS04:Dy. For the 85 Kr irradia

tion these two phosphors responded about a factor of two higher than the 
remaining phosphors. The TL phosphors showing the best precision were the 
following: the currently used 7LiF:Mg, the 15-mil-thick 7LiF:Mg, the boron 

diffused LiF, and the CaF2:Mn. Upon examining the TL phosphors during readout, 

it was apparent that many of them were losing their structural integrity. The 
disc-shaped phosphors (CaSO:Dy and MgB 407) were crumbling and could not survive 
routine TLD processing. These phosphors showed the highest variability and of 
course extremely poor reproducibility. 

Another problem with some of the phosphors is that they exhibit relatively 
high fade rates. While LiF has a negligible fade rate of less than 5% over a 
year, a value of 8% over 6 months has been observed for CaSO:Dy (Harshaw 1976). 
Our own studies (Fix 1978) show a fade rate of 10% over 30 days for CaF2:Mn. 
MgB407 has demonstrated a fade rate of 10% over 60 days (Oberhofer 1979). 

The presence of boron in MgB 407 and the boron-diffused LiF phosphors make 
these phosphors sensitive to thermal neutrons. To determine the sensitivity, 
both phosphors were exposed to 200 mrem from the D20-moderated 238 PuBe source 

and found to be very sensitive to thermal neutrons and thus unacceptable for 
our purposes. 

Based on the aforementioned parameters (integrity, preclslon, fade char
acteristics, neutron sensitivity and beta response), the 15-mil-thick 7LiF:Mg 
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and CaF2:Mn phosphors were determined to be the most favorable. Therefore, only 

these two phosphors were examined in the low-energy x-ray response study. 

LOW-ENERGY PHOTON RESPONSE 

The low-energy photon response of the LiF chips and the CaF2:Mn chips was 
studied using K-fluorescent x rays. Ten chips of each phosphor were placed in 
cardboard packets covered by 5 mils of mylar as in the beta exposures. Each 
packet of chips was then exposed to one of the energies from the K-fluorescent 
x rays listed in Table 3.2. The uranium filter used to provide 100-keV x rays 
showed signs of possible contamination and yielded inaccurate exposures. 

Therefore, the 100-keV data point was omitted. 

Figure 3.1 shows the relative dose responses of the LiF and the CaF2:Mn 
phosphors to the low-energy x-ray exposures on-phantom. The response of each 
phosphors was normalized to 137Cs irradiations on-phantom. As expected the 
CaF2 with a Z = 16.3 responded high at these low energies with a maximum 

observed at 43 keV. The 15-mil-thick 7LiF:Mg with a Z = 8.2 had a response 
approximately a factor of 2.4 less than the 35-mil-thick chip consistent with 
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the difference in their mass. The K-fluorescent x-ray exposures were repeated 
using the same phosphors in air (off-phantom). As expected the response of 
both phosphors decreased noticeably. Figure 3.2 shows a plot of the off-phantom 
exposure responses for each phosphor. The phosphors were normalized to 137Cs 
exposures done in free air. As evidenced in the graph a slightly lower response 

was observed for each phosphor because of the elimination of any backscatter 
from the phantom. 

Both the LiF and CaF2:Mn phosphors could be used in a beta-gamma dosimeter 

design. The thin LiF phosphor would be desirable in a single-phosphor-design 
dosimeter since it demonstrates minimal energy dependence to gamma-rays. The 
CaF2:Mn phosphor would be appropriate in a spectrometer-type of dosimeter since 
it shows a high response to x rays. 
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4.0 DOSIMETER PROTOTYPES 

Prototype designs were selected to provide an accurate assessment of dose 
in tissue at specified depths. Dosimeter designs are compatible with the cur
rent Hanford system that uses four conventional TLD chips for beta-gamma mea

surement, with a TLD-600 in the fifth position as a neutron indicator. Use of 
a dosimeter holder without a security credential is assumed in the evaluation 

because of its significant attenuation of low-energy beta radiation. A 0.5-mil 
aluminized mylar shield is recommended to minimize exposure of the open window 
to light. 

Two general designs were investigated. The first uses two TL materials 
with different response characteristics to identify types and energies of 
radiation present. The dosimeter functions as a spectrometer, and the TLD 
response is adjusted accordingly. The second design utilizes a single TL 

material and careful selection of filter materials to compensate for TLD over
response to low-energy x-rays. Filters of varying atomic number are used to 

distinguish between beta and photon exposures. Doses are calculated based on 
the combined responses of each element. 

A low sensitivity to neutrons is required for TL materials in beta-gamma 
dosineters. The single-phosphor design requires a TL material with minimal 
energy dependence to x rays. Lithium borate is nearly tissue equivalent in 
response; however, commercially produced chips are sensitive to neutrons. 
Lithium fluoride (TLD-700) is an acceptable phosphor with a moderate energy 
dependence to x rays. For the spectrometer-type dosimeter, a high response to 
x rays is desired. Phosphors such as CaS04:Dy and CaFZ:Mn are suitable. The 
signal from a TLD-700 is used as the primary dose indication. An energy
response correction is applied, based on the signal from CaS04 or CaF2. 

BETA-GAMMA SPECTROMETER CONCEPT 

Calcium sulfate at first seemed to be an ideal material for an energy 
indicator. It has an extremely high response to low-energy x rays. The 

relative signals of CaS04:Dy and 7LiF:Mg chips covered by the same attenuating 
material would effectively quantify the photon energies present. The photon 
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dose would be based on signals from the TLD-700 with a response adjustment 

based on the relative signals of the LiF and CaS04 TLDs. Thin LiF (15 mil) or 
conventional TLD-700 (35 mil) chips could be used in the open window position 
with a minimum amount of filtration. The beta particle energy could be 
determined from the relative penetration to the open window and filtered 

TLD-700s, after correction for photon-induced response. 

During testing, two difficulties were encountered. Commercial CaS04:Dy 

elements showed high variability, with sensitivities differing by as much as 
50%. Sensitivity problems can be overcome through use of individual chip sen

sitivity factors and careful screening. However, when fabricated into standard 
Hanford dosimeter inserts, the CaS04 discs were crushed by the reader's hot 
prod and partially dissolved by the cleaning process. Degeneration continued 
through each successive readout. 

An alternate material, CaF2:Mn (TLD-400), was investigated to replace 
CaS04. The chips resemble TLD-700s in appearance but have a high response to 
low-energy photons. During short-term testing, the chips showed minimal wear. 
A holder was designed to test the spectrometer concept for beta-gamma dosim
etry. The design is summarized in Table 4.1. In the final design, a thin LiF 
TLD could be used in the open window position to allow better discrimination of 
low-energy betas. 

Element 
Number 

1 

2 
3 

4 
5(a) 

TABLE 4.1. Dosimeter Prototype Using TLD-700 and TLD-400 

Nominal Filtration 

"Open window" (no credential) 

75-mg/cm2 Al + 93-mg/cm2 plastic 
75-mg/cm2 Al + 57-mg/cm2 plastic 
408-mg/cm2 Sn + 57-mg/cm2 plastic 
408-mg/cm2 Cd + 57-mg/cm2 plastic 

TLD Material 

LiF:Mg (TLD-700) 15 mils 
or 35 mils 

CaF2:Mn (TLD-400) 
LiF:Mg (TLD-700) 

CaF2:Mn (TLD-400) 
LiF:Mg (TLD-600) 

(a) Neutron responding chip. 
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Prototype LiF/CaF2 dosimeters were exposed to 500 mR 137Cs for screening, 

and read after a three-day holding period. Considerable difficulties were 
experienced with the readout process. Dosimeter inserts were reader annealed 
three times after normal processing. TLD background for the CaF2 remained 
high, with no noticeable reduction after successive readouts. 

Dosimeters were re-exposed to 137Cs , five K-fluorescent x-ray energies, 

two heavily filtered x-ray techniques and three beta sources. Four dosimeters 
were exposed for each energy. All irradiations included backscatter from a 
phantom. The TLD signal was corrected for background and normalized for indi
vidual chip sensitivity (sensitivity factors are discussed in Section 6.0). 

Response data are summarized in Table 4.2. 

TABLE 4.2. Response of the LiF/CaF2 Dosimeter(a) 

TLD Readings, Reader Counts 
Source Irradiation Position 1 Position 2 Position 3 Position 4 

137 Cs 

16 keV 
34 keV 
43 keV 
58 keV 
78 keV 
HFG 
(117 keV) 

HFI 
(167 keV) 

1 R 
1 R 
1 R 
1 R 

0.5 R 

0.5 R 

0.5 R 

0.5 R 

85 Kr 1.01 rem 

90Sr sphere 1.00 rem 
90Sr disc 1.00 rem 

1773 ± 75 
2111 ± 229 
2863 ± 444 
3775 ± 128 
1660 ± 122 
1567 ± 70 
1077 ± 65 

1069 ± 37 

377 ± 16 
1251 ± 72 
1453 ± 39 

(a) One standard deviation shown. 

1827 ± 144 
1885 ± 524 

11174 ± 727 
12762 ± 1156 
6454 ± 1631 
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5247 ± 543 
1741 ± 322 

904 ± 190 

242 ± 58 
406 ± 125 

709 ± 127 
192 ± 49 

1762 ± 290 
2402 ± 79 
1768 ± 386 
1843 ± 248 
886 ± 185 

623 ± 129 

30 ± 18 
50 ± 36 

1853 ± 74 
1146 ± 60 
2814 ± 223 
3310 ± 155 
1754 ± 98 
1631 ± 80 

1134 ± 48 

1094 ± 14 

782 ± 46 
1001 ± 56 



Photon and beta energies can be distinguished using chip signal ratios. 
TLD readings for each position are normalized to I-rem 137Cs • The ratios of 
the normalized chip signals are compared in Table 4.3. Uncertainty in distin-
guishing between energies will be experienced due to the high CaF2 variability. 

TABLE 4.3. TLD Response Ratios for the LiF/CaF2 Dosimeter 

Source R4/ R1 R2/R4 R3/ R2 

137 Cs 1.00 ± 0.06 1.00 ± 0.16 1.00 ± 0.15 
16 keV 0.52 ± 0.04 3.66 ± 0.87 0.12 ± 0.03 
34 keV 0.95 ± 0.10 8.95 ± 1.00 0.18 ± 0.03 

43 keV 0.94 ± 0.10 8.63 ± 0.58 0.22 ± 0.03 

58 keV 1.02 ± 0.12 8.20 ± 1.86 0.32 ± 0.03 
78 keV 0.99 ± 0.04 7.22 ± 0.85 0.41 ± 0.08 
HFG (117 keV) 1.01 ± 0.04 3.42 ± 0.47 0.60 ± 0.11 

HFI (167 keV) 0.98 ± 0.03 1.85 ± 0.40 0.81 ± 0.14 
85 Kr 0.00 ± 0.00 
90Sr/ Y sphere 0.60 ± 0.02 0.69 ± 0.16 0.14 ± 0.05 
90Sr/ Y disc 0.66 ± 0.04 0.90 ± 0.24 0.13 ± 0.04 

(Ri = normalized response of position i) 

The observed background for the CaF2:Mn TLDs was extremely high. Back

ground signals for unexposed CaF2 TLDs differed considerably from the CaF2 
exposed to 500-mR 137Cs . The average TLD signals for two unexposed TLDs and 
three exposed TLDs are given in Table 4.4. Unexposed TLDs were read with the 
137Cs screening run. The unexposed and previously exposed TLDs were read after 
a 20-day holding period. 

The significant increase in background signal and large variability in 

CaF2 signal for dosimeters exposed to photons and betas can be attributed to 

the current Hanford readout process. The main glow peak of CaF2:Mn has an 
activation temperature of 300°C. A readout temperature of 300°C is sufficient 
for processing TLD-400s if the heating period is long enough to anneal the 

TLDs. Heating times of 45 to 60 seconds are recommended by Harshaw Chemical 
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TABLE 4.4. Background Readings Following Reader Annealing for Unexposed 
TLDs and TLDs Previously Irradiated to 500-mR 137Cs 

Position 1 Position 2 Position 3 Position 
(LiF) (CaF2) . (CaF2) (LiF) 

Unirradiated TLDs 24 ± 5 18 ± 1 14 ± 2 17 ± 3 
(reader counts) 

Previously Irradiated 25 ± 9 95 ± 26 76 ± 17 25 ± 7 
TLDs (reader counts) 

Company. During the current Hanford read cycle, each TLD is heated for 

4 

20 seconds, with chip temperatures falling below 300°C. The heater temperature 
can be adjusted, but the readout temperature is limited by the Teflon in the 
dosimeter insert. Acceptable Teflon substitutes have been documented which 
would allow heating temperatures of 315°C during readout (Fix et al. 1981). 

Longer heating periods may be necessary even if heater temperatures are 
increased. 

Other forms of CaF2, such as CaF2:Dy (TLD-200) and CaF2:Tm, are commer
cially available. Both phosphors exhibit a high response to low-energy 
photons. Glow peaks in CaF2:Tm are observed at 150°C and 250°C; however, the 
250°C peak has been found to exhibit a high sensitivity to fast neutrons and 

pronounced supralinearity (Lakshmanan 1982). The CaF2:Dy main glow peaks are 
found at 200°C and 240°C. This phosphor also shows a sensitivity to fast 

neutrons and a significant fade rate. 

Based on the characteristics of the phosphors investigated, the spec
trometer design employing LiF and a high sensitivity phosphor does not appear 
to be suitable for the Hanford system. The main difficulties experienced with 
CaF2:Mn were high variability during readout, difficulty with annealing and a 
significant fading problem (Fix 1978). A design utilizing only LiF is more 
feasible for the existing card and reader design. 
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MULTIELEMENT DOSIMETER USING LiF 

A multielement dosimeter with only 7LiF:Mg can be used to assess shallow 
and deep dose for all photon energies commonly encountered in the field. The 
dosimeter differs from a spectrometer design where the effective photon energy 
is determined based on chip signal ratios. The intent of the multielement LiF 
dosimeter is to assess dose from monoenergetic photons or any mixture of 
energies using a single calculation for each depth of interest in tissue. This 
is possible through careful selection of attenuating materials in the dosimeter 
holder, using the responses of several positions. Beta and photon doses are 
calculated independently. The dosimeter design is discussed in the following 
sections. 

A dosimeter configuration based 
response is described in Table 4.5. 
through 4 and a TLD-600 (6LiF:Mg) is 

on calculations for shallow and deep dose 
TLD-700 chips are used in positions 1 
used in position 5 to indicate possible 

neutron irradiation. Filter materials are very similar to those used in the 
current dosimeter and holder. 

Photon dose is calculated from positions 3 and 4. The large filtration 
over each of the two positions is sufficient to attenuate most of the high
energy beta component from 90Sr/ Y. Beta doses are calculated from positions 1 

TABLE 4.5. Multielement Dosimeter Design 

Position Fi ltrati on 

(a) 

(b) 
(c) 
(d) 
(e) 

1 

2 

3 

4 
5(e) 

Open window; ~10-mg/cm2 Teflon (TLD-700) 
75-mg/cm2 Al(a) + 93-mg/cm2 plastic(b) (TLD-700) 
408-mg/cm2 Sn(c) + 57-mg/cm2 plastic(b) (TLD-700) 
75-mg/cm2 Al(a) + 368-mg/cm2 plastic(d) (TLD-700) 

408-mg/cm2 Cd + 57-mg/cm2 Al (TLD-600) 

Type 1100-0 aluminum (99%). The most significant impurity 
is 0.12% copper. 3 
ABS plastic, 0.98 g/cm , holder thickness. 
Tin used2in dosimeter fabrication 2is 99.7% pure. 
57-mg/cm ASS plastic + 311-mg/cm polyethylene. 
TLD-600 chip was not included in the beta-gamma evaluation. 
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and 2 using the signal from position 4 to subtract the photon component. Holder 
thicknesses were based on the attenuation required to compensate for the energy 
dependence of LiF:Mg. The calculations for deep dose (1 cm) and shallow dose 
(0.007 cm) response in tissue are discussed in the remainder of this section. 

Photon Deep Dose Response 

The response of an unfiltered TLD-700 irradiated on the phantom is shown 
in Figure 4.1. Information is based on the response of Hanford dosimeters 
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irradiated without security credentials to K-fluorescent and heavily filtered 
x-ray techniques. The l-cm dose response is defined as the ratio of TL signal 
for a I-rem x-ray dose to TL signal for I-rem 137Cs at 1 cm. Delivered doses 
in tissue are calculated from exposure in-air using the conversion factors in 
ANSI N13.11 (ANSI 1982). 

The response relative to 137Cs is high by a factor of three at 16 keV, 
decreasing as photon energy increases. To produce a uniform deep dose response 
at all energies, the attenuation of the dosimeter holder must compensate for 
the high response of LiF at low energies. The necessary attenuation is indi
cated by a broken curve. 

A material with a fairly high atomic number is needed to provide attenua
tion above 34 keV. The attenuation from 400-mg/cm2 tin, for example, is given 
in Figure 4.2. If one fourth of the 400-mg/cm2 tin attenuation is utilized, 
the desired attenuation for l-cm dose is matched above 34 keV. Physically, 
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this is obtained by combining one fourth of the signal from the filtered TLD 
with three-fourths of the open window signal. Use of smaller tin thicknesses 
is not beneficial since the attenuation remains high at low energies, decreas
ing rapidly at energies above 50 keV. 

Additional attenuation is required below 34 keV to obtain a more uniform 
response. Filter materials with low atomic numbers provide the necessary 
attenuation at lower energies without impairing the TLD response above 34 keV. 

The attenuation needed after subtracting 1/4 of the tin attenuation from the 
desired attenuation is shown in Figure 4.3. Curves for 500-mg/cm1, 180-mg/cm2, 
and 80~mg/cm2 aluminum are included for comparison. When 3/4 of the attenua

tion from 80-mg/cm2 aluminum is added to 1/4 of the attenuation from 400 mg/cm2 

tin, the needed attenuation for the l-cm deep dose is obtained (Figure 4.4). 
In a dosimeter, the l-cm dose would be calculated based on 1/4 of the tin
filtered TLD signal and 3/4 of the aluminum-filtered TLD signal. 
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The tin and aluminum design was selected for material availability and 
ease of fabrication. Other combinations of materials with high and low atomic 
numbers are useful; however, most of the other materials considered were more 
expensive. The available tin and aluminum thicknesses used for fabrication of 
the prototype dosimeter differed slightly from the specified values. The alumi
num and tin filters in the fabricated design were 75-mg/cm2 and 408-mg/cm2• 
respectively. 

Photon Shallow Dose Response 

The procedure for designing a dosimeter to measure shallow dose is similar 
to that used in the deep dose design. Satisfactory attenuation combinations 
were obtained with the design proposed for deep dose measurement. Subtraction 

of chip response is necessary. The approach is demonstrated in Figures 4.5 and 
4.6. 

26 



1.6,...----------------------------, 

w > 1.4 
II: 
;:) 
U 
Q 
:J 
o 
~ 1.2 . 
z 
o 
i= 
<t 
;:) 

~ 1.0 
I-

~ 
o z 
W 
CIl O.S 
z 
o 
~ 
CIl 
w 
II: 

~ 1.6 
o 
Q 

;= 
9 
....I 

~ 0.4 
CIl ... 
::; 
w 
> 5 0.2 
w 
II: 

NECESSARY ATTENUATION FOR 
/- ... , SHALLOW DOSE MEASUREMENT " '''''', I I .... , 

I .... 
I ' ..... 

60 

z 
o 
i= 
<t 

40 ;:) 
z -w w 
~ ~ 
<t :::J 
I- U 

20 ~ ~ 
U :..: 
0;:0 
wll: 
~ !!! 

~~/ ____ ~ _____ -~-_-_-~-~-~-~ .. _____ _JO 
o 50 100 150 200 

PHOTON ENERGY. keV 

FIGURE 4.5. Shallow (O.007-cm) Dose Response, Relative to 137Cs , 
of Unfiltered TLD-700 

BETA DOSIMETER CONCEPTS 

The' shallow dose from x rays and betas should be accurately measured. 
This is especially difficult for betas when conventional TLDs, which have a 
density thickness much greater than 7-mg/cm2, are used to measure dose at 
7-mg/cm2 in tissue. Standard TLD-700s (35 mil) have a density thickness of 
235 mg/cm2. Thin TLDs (15 mil) represent an improvement in beta dose measure
ment, but are also inadequate (100-mg/cm2). Both types of phosphor require a 

beta energy correction based on attenuation for the dosimeter positions. The 
prototype dosimeter utilizes a standard 35-mil TLD-700 in the open window 

position. Beta algorithms are developed for both thin and thick TLDs in 
Section 5.0. 
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The prototype design utilizes two LiF elements covered by 80-mg/cm2 

aluminum to distinguish between "high-energy" betas (90Sr/ Y) and x rays. A 
~300-mg/cm2 polyethylene filter added to one of the aluminum filters elements 

attenuates betas with energies below 0.8 MeV. X rays with extremely low 
energies are also attenuated. The calculated attenuations for l5-keV and 
lO-keV photons are 20% and 50%, respectively. At 40 keY, the effect is 
negligible. At 16 keY, transmission through the plastic is sufficient to allow 
discrimination between low-energy photons and betas. The open window chip can 
be used to evaluate beta dose with energy corrections applied for response to 
low-energy betas. The prototypes did not include the existing security 
credential, since this seriously impairs the ability to measure low-energy 
betas. 
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5.0 ALGORITHM DEVELOPMENT 

The dosimeter design presented in Section 4.0 provides a starting point 
for algorithm development. The designs were based on calculated mass attenua
tion coefficients of the aluminum and tin filters. Effects of scatter in 

holder materials and attenuation by plastic in the holder were not considered 
in the calculations. Algorithms used for a given design should be developed 
from actual laboratory data. 

Optimum algorithms for photon and beta radiation were developed based on 
exposures of the test dosimeters to K-fluorescent x-ray energies of 14, 34, 43, 
and 58 keV, heavily filtered x-ray technique HFI (effective energy 167 keV), 
137Cs , a disc geometry 90Sr/ Y source, a spherical 90Sr/ Y source, 85 Kr and 

204Tl . All beta source and x-ray irradiations were performed on a phantom. 

Cesium exposures were conducted in air, with a 10% backscatter correction 
applied to the TLD signal. TLD readings were corrected for individual chip 
sensitivities based on screening irradiations to 137Cs . 

TLD response data are summarized in Tables 5.1 through 5.3. For photon 
irradiations, the exposure response is equal to the TL response per unit expo
sure to x rays divided by the TL response per unit exposure to 137Cs . The 

shallow and deep dose responses were calculated as follows: 

Cx (137Cs) 
DR(E) = ER(E) Cx(E) (Eq. 5.1) 

where DR(E) is the shallow or deep dose response relative to 137Cs at energy E, 
ER(E) is the exposure response relative to 137Cs , and the Cx values are the 
exposure-to-dose-equivalent conversion factors given in ANSI N13.11 (ANSI 
1982). For the HFI technique, no conversion factors are given in ANSI N13.11; 
Cx values were obtained from PNL-3219 (Yoder et al. 1979). 

A least squares fit was used to minimize bias errors at each energy. 

Photon and beta algorithms were developed separately. For the photon dose, an 
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TABLE 5.1. TLD Response for the Lifa~u1tie1ement Dosimeter 
(background subtracted) 

Source Position 1 Position 2 Position 3 Pos iti on 4 
137Cs 1540 ± 10 1377 ± 6 1577 ± 1 1419 ± 7 

16 keV 1543 ± 22 778 ± 3 24 ± 4 769 ± 8 

34 keV 2556 ± 37 2248 ± 20 297 ± 9 2351 ± 45 

43 keV 2820 ± 26 2473 ± 32 421 ± 12 2687 ± 24 
58 keV 2908 ± 104 1704 ± 66 762 ± 14 2814 ± 42 
HFI (167 keV) 1850 ± 20 1764 ± 25 1629 ± 18 1811 ± 22 
90Sr PTB 1326 ± 13 745 ± 7 86 ± 5 134 ± 3 
90Sr sphere 1073 ± 14 528 ± 15 63 ± 4 89 ± 4 
204T1 440 ± 11 4 ± 1 4 ± 2 2 ± 3 

(a) DosiT!~ers were exposed to 1 R for 16 keV, 34 keV and 43 keV. Results 
for Cs, 59 keV and HFI x rays are based on exposures to 500 mR, 
normalized to 1 R. Cesium irradiations were performed in air, with a 
10% correction applied to simulate backscatter from a phantom. All 
other irradiations were performed on a phantom. Beta irradiations were 
1 rad. 

TABLE 5.2. TLD Shallow Dose Response Relative to 137Cs 

Source Position 1 Pos iti on 2 Pos iti on 3 Position 4 

137 Cs 1.00 1.00 1.00 1.00 
16 keV 1.13 0.64 0.02 0.61 
34 keV 1.42 1.40 0.16 1.42 
58 keV 1.36 1.33 0.20 1.40 
HFI 0.94 1.01 0.81 1.00 
90 Sr PTB 0.88 0.56 0.06 0.10 
90Sr sphere 0.72 0.39 0.04 0.07 
204T1 0.29 0.003 0.00 0.00 
85 Kr (a) 0.27 

(a) The 85 Kr response is based on data for Hanford dosimeters irradiated 
without security credentials. 

30 



TABLE 5.3. Deep Dose 

Source Pos iti on 2 

137Cs 1.00 
14 keV 1. 76 
34 keV 1.53 

58 keV 1.28 
HFI 1.01 

equation of the form 

N 
Dose = L 

i=l 

Response Relative 

Position 

C. R. , , 

1.00 
0.05 
0.18 

0.34 
0.B1 

3 

to 137 Cs 

Position 4 

1.00 
1.69 
1. 55 

1. 39 
1.00 

was assumed, where N is the number of dosimeter positions used, Ri is the shal
low or deep dose response of position i relative to a I-rem on-phantom exposure 
of 137Cs , and Ci is the fraction of position i signal used in calculating dose. 
The sum of the coefficients is set equal to one, so that the response to 137Cs 
is always unity. The least squares calculation is described fully in Appen
dix A. Optimum values for each coefficient were calculated based on the TLD 
response data. 

The photon deep dose calculation is based upon the responses of position 3 

(40B-mg/cm2 Sn + 57-mg/cm2 plastic) and position 4 (75-mg/cm2 aluminum + 

368-mg/cm2 plastic). The filtrations over both positions eliminate most of the 
false depth dose reading from 90Sr/ Y, a common problem with beta~gamma dosim
eters. The equation obtained from the least squares fit is similar to the 
algorithm derived in Section 4.0. 

Deep dose (1 cm) = 0.385 R3 + 0.615 R4 

The predicted dosimeter response, given in Table 5.4, is based on the data 
for the least squares fit. The dosimeter response is expected to be within 7% 
of the delivered photon dose, neglecting calibration uncertainties and TLD 

variability. The performance was evaluated through exposure to filtered x-ray 
techniques, discussed in Section 6.0. 
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TABLE 5.4. Predicted Deep Dose Response of the LiF Multielement Dosimeter 

Source 0.385 R3 + 0.615 R4 Predicted Bias 

16 keV 1.00 6% 
34 keV 1.021 2% 
43 keV 0.971 -3% 
58 keV 0.99 -1% 
HFI (167 keV) 0.93 -7% 
137Cs 1.00 0% 

For shallow dose, two options were considered. Photon shallow dose can be 
evaluated independently of beta dose, using positions 3 and 4. A separate beta 

algorithm performs a beta energy correction after subtracting the photon 
component. If photon doses are not calculated independently of beta doses, 

position 1 (open window) can be used. The response to photons is improved by 
adding position 1, with interpretation of beta-photon mixtures becoming more 
difficult. 

If positions 3 and 4 are used to assess the shallow dose from photons, the 
optimum chip combination is: 

Dose = 0.253 R3 + 0.747 R4 

using TLD signal relative to 1-R 137Cs . The predicted response is summarized 
in Table 5.5. Low-energy x-ray response is very low. For photons with 
energies in the 30 to 662 keV range, the bias is 10% or less. Inclusion of the 
open window position improves the performance at low energies. The algorithm 
becomes: 

Dose = 1.056 R1 + 0.298 R3 - 0.354 R4 

X-ray response is within 5% of delivered dose, except for the heavily filtered 

technique. The predicted response for HFI is 12% low. 
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TABLE 5.5. Predicted Shallow Dose Response of LiF Multielement Dosimeter 

Source 0.253 R3 + 0.747 R4 1.056 R1 + 0.298 R3 - 0.354 R4 
p-rem exeosure) (rem) (rem) 

137 Cs 1.00 1.00 

16 keV 0.46 0.98 
34 keV 1.10 1.04 

43 keV 1.10 0.98 

58 keV 1.08 0.88 

HFI 0.95 0.88 
90Sr PTB(a) 0.09 0.75 
204Tl (a) 0.00 0.30 

(a) For reference only (beta doses are calculated separately). 

Beta algorithms were developed for four sources. The PTB 90Sr disc 

source, manufactured by Buchner GMbH, has an Ag filter of 50 mg/cm2. The 
spherical 90Sr/ Y source has a filtration of 100 mg/cm2. The effective energy 

of the spherical source is lower than that of the disc source due to differ
ences in filtration and scatter conditions. Given identical delivered shallow 

doses, the response of a bare TLD-700 (0.25-mil mylar filtration) is approxi
mately 20% lower for the sphere. Thallium-204 has a maximum energy of 
0.76 MeV. The maximum beta energy of 85 Kr is 0.69. 

A conceptualized drawing of the beta dosimeter is shown in Figure 5.1. 

For photons above 30 keV, the attenuation of the added 311-mg/cm2 polyethylene 
over position 4 is insignificant, and the difference in signal between posi
tions 2 and 4 is due entirely to betas. If the photon component is subtracted 
from position 1, the dosimeter can be used as a beta spectrometer. 

The open window signal is used to assess beta dose after subtracting the 
photon signal of position 4. A response correction is obtained from the TLD 
readings of positions 1, 2, and 4. The correction is of the form: 
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OPEN WINDOW 
(10 mg/cm2 ) 

tC----r1 / I---J 

POSITION 1 

75-mg/cm2 ALUMINUM 
+ 93-mg/cm2 PLASTIC 

~ 
ESSSSSSSS>9 

POSITION 2 

75-mgicm2 ALUMINIUM 
368-mg/ cm2 PLASTIC 

siS\\! 
KSSSSSSSSi 1 

POSITION 4 
(PHOTON SUBTRACTION) 

FIGURE 5.1. Conceptualized Beta Dosimeter 

where R is the TLD response normalized to I-rem 137Cs , and A and B are con
stants. Betas with very low energies are attenuated by the position 2 filter, 

and the difference R2 - R4 is zero. At low energies, the beta response correc
tion is equal to the constant A. As beta energy increases, the ratio of (R1 -
R4) to (R2 - R4) increases, and the response correction becomes smaller. The 
equation for calculating beta dose, then, is: 

Beta Dose = A [ J (:~ ~ :: r] (RJ - R4) 

Values of (R1 - R4) and (R2 - R4) are listed in Table 5.6. 

The constant A was derived for 85 Kr . A is equal to the inverse of (R1 -
. R4), or 3.70. The constant B was obtained by substituting TLD response values 

for the PTB 90Sr source and setting the beta dose equal to 1 rad. A value of 
0.81 was obtained. When delivered doses are calculated using the TLD responses 
for the four doses, the bias in calculating dose from the 90Sr sphere and 204Tl 
source is 5% neglecting TLD and calibration variability. 

The algorithm development was repeated for thin LiF (15 mil) based on the 
beta energy response data presented in Section 3.0. Data for 85Kr and the 
90Sr/ Y sphere were used to develop the equation. The TLD response relative to 
I-rem 137Cs is listed in Table 5.7, along with the algorithms developed for 

thin LiF. The x-ray algorithms are not expected to change significantly if 
thin LiF is substituted in the open window position. 
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TABLE 5.7. Beta Dosimetry Using Thinl3~F 
TLD Response Relative to Cs 

Source 
R (a) 
1 R2 R4 

147 pm 0.02 0.00 0.00 
85 Kr 0.38 0.002 0.002 

90Sr sphere 0.95 0.39 0.065 

(a) 15-mil-thick chip used in position 1. Sample 
beta algorithm for thin LiF in open window. 

Dose = A [1 - (:~ ~ :: r] (R1 - R4) 

A = 2.63 (based on 85 Kr response) 
B = 0.56 (based on 90Sr response) 

TABLE 5.8. Chip Response Ratios for the LiF Multielement Dosimeter 
(for l-rem-delivered shallow dose) 

Source R2/Rl R4/ R2 R/R4 

137 Cs 1.00 1.00 1.00 
16 keV 0.57 0.95 0.03 
34 keV 0.98 1.01 0.11 
43 keV 0.98 1.07 0.14 
58 keV 0.98 1.08 0.24 
90Sr PTB 0.64 0.18 
204Tl 0.01 
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TABLE 5.6. Beta Algorithm Development Using Thick TLD-700 
(multielement dosimeters irradiated to 1 rad) 

R2 - R4 
3.70 [I _(R2 - R4)·8Il (R1 - R4) 

Source R1 - R4 R1 - R4 R2 - R4 

90Sr PTB disc 0.78 0.59 1.00 
90Sr sphere 0.66 0.50 1.05 
204Tl 0.29 0.01 1.05 
85 Kr 0.27 0.00 1.00 

Constraints are necessary to avoid false beta signals from low-energy x 

rays. At 16 keV, R1 = 1.13, R2 = 0.64, and R4 = 0.61 for a delivered shallow 
dose of 1 rem. This yields a beta response of 1.73 rem. A 16-keV x ray can be 
distinguished from a high-energy beta and from other photon energies by com

paring the ratios of R2 to R4, R1 to R2, and R3 to R4. These are summarized in 
Table 5.8. From these ratios, a set of conditions can be selected to identify 

an irradiation as primarily low-energy photon. For low-energy photons, an 
algorithm that correctly determines dose from all photon energies is used. 
Beta dose will be underestimated. If the conditions for low-energy photons are 
not met, the primary algorithm calculates beta and photon dose independently. 

The algorithms are summarized in Table 5.9. 

Conditions for the algorithm were selected to allow maximum accuracy in 
the dose calculation. The error from calculating low-energy photon dose in the 
beta algorithm was considerably larger than the error from calculating high
energy beta dose in the low energy photon algorithm. Therefore, the photon 
shallow dose calculation is used if any x-ray energy below 58 keV is indicated. 
For thin LiF, appropriate substitutions to the beta dose algorithms are made. 
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TABLE 5.9. Beta Photon Shallow Dose Algorithms 

Condition Photon Shallow Dose Calculation Beta Dose Calculation 

R2/R1>0.40 

R4/R2>0.80 

R3/R4>0.22 

If any of 
the above 
conditions 
are not 
fulfill ed 

1.056 R1 + 0.298 R2 - 0.354 R4 

0.253 R3 + 0.747 R4 
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6.0 LABORATORY EVALUATION 

Evaluation of the phosphor and dosimeter prototypes discussed in earlier 
sections was conducted with respect to 1) their technical enhancement of 
beta-gamma personnel dosimetry and 2) their relative impact on the existing 
system. For comparison, several of the enhanced calibration and algorithm 

techniques were applied to the existing Hanford dosimeter. The evaluation is 
presented in a progressive format giving the technical merits of identified 
changes and program modifications necessary to implement these changes. 

CURRENT DOSIMETER SYSTEM 

The present dosimeter system has been examined in detail during the 

FY-1980 and FY-1981 studies (Fix 1981; Fix 1982). This system involves a 
4-chip dosimeter and two automatic readers. Penetrating, nonpenetrating, slow 
neutron, and fast neutron doses are determined with this system. Chip posi
tions 1 and 2 are used to calculate nonpenetrating and penetrating doses. Chip 
positions 3 and 4 along with chip position 2 are used to calculate neutron 
doses. A 5-chip dosimeter has also been used at Hanford. This dosimeter is 
identical to the 4-chip dosimeter except for an additional TLD-700 chip whose 
filtration is identical with chip position 3 and very similar to chip posi
tion 4. Presently, 4-chip dosimeters are being phased out in preference for 
the 5-chip dosimeters. For the 5-chip dosimeter, chip positions 1 and 2 are 
used to calculate nonpenetrating and penetrating doses whereas chip posi-
tions 3, 4, and 5 are used to calculate neutron doses. 

Current Dosimeter 

The beta and photon response characteristics of the existing dosimeter 
system were analyzed by Cummings et al. in Study 3 of the FY-1980 program and 
Roberson et ale in Study 2 of the FY-1981 program (Fix 1981; Fix 1982). 
Pertinent aspects of this information are repeated here to allow comparison 

with the response following dosimeter modification in the following sections. 
It is important to note that the dosimeter response is a combination of several 

factors including its design, calibration procedures, and dose algorithm. 
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Figure 6.1 shows the reported skin dose (nonpenetrating plus penetrating) 

response of the eXisting dosimeter with and without the security credential to 
selected beta button sources mounted on wood holders and stored in 318 building. 
This response is primarily dependent on the calibration source used which is 
currently aged natural uranium discs adjusted by a factor of 2 to make this 
calibration equivalent to a 90Sr/ Y source calibration in the 3745 building 
(Study 2, Fix 1982). No dosimeter or chip (see Table 3.3) response was 

observed to a 147pm source (Emax = 0.225 MeV). This is attributable to the low 
energy of these beta particles and the presence of sufficient filtration from 
the air and material overlaying the chip to eliminate these beta particles. 
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FIGURE 6.1. Comparison of Delivered Shallow and Reported Skin Dose 
for the Hanford Dosimeter with and without the Security 
Credential for Selected Nuclides 
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The current dosimeter shallow dose response to K-fluorescent photons is 
shown in Figure 6.2 as the small circles. The overresponse to low-energy 
photons is attributable to the overresponse of TLD-700 chips relative to the 
chip response from 137Cs gamma radiation. The associated deep dose response is 

shown in Figure 6.3; this response is similar to the shallow dose response. 
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Based on Individual Chip Sensitivity Factors 
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Individual Phosphor Sensitivity Factors 

An improvement in the existing system involving better precision can be 
realized by uniquely labeling each dosimeter card and establishing relative 
sensitivity factors for each phosphor through a series of reproducible expo
sures. Sixty routine Hanford dosimeters were exposed four times each to 200 mR 
of 137Cs gamma radiation and these data used to establish sensitivity factors 
for each phosphor. To assess the performance improvement, dosimeter results 
were compared using routine procedures for the original chip readings and for 
revised chip readings where the reading of each chip was adjusted for its 
relative sensitivity. Dosimeters were exposed to several K-fluorescent x rays. 
This information is shown in Figures 6.2 and 6.3 as the dark data points. 

The primary improvement from using individual phosphor sensitivity factors 
is to reduce the variability of chip signals for identical exposures and thus 

better precision for calculated doses. The bias of the dosimeter results 
remains relatively unchanged as this must be compensated for by using different 
calibration information and a different algorithm. 
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To implement this change, a means to uniquely label each dosimeter card 

and automatically read this label during routine processing is needed. This 
process is similar to the bar code technique currently employed to identify the 
person to whom the dosimeter card is assigned. For each dosimeter card, 
sensitivity factors are determined by repeated exposure to 137Cs gamma (e.g., 

200 mR) and readout (e.g., four times). The mean chip response would provide 
the sensitivity factor. The variability of the readings for each chip should 
be examined to determine an acceptable level of precision before accepting the 
sensitivity factors for each dosimeter card. 

Improved Algorithm 

Another improvement in the routine system can be accomplished by improving 
the existing algorithm using techniques described in Section 5. The dosimeter 

results for K-fluorescent x rays shown in Figures 6.2 and 6.3 were re-evaluated 
using an algorithm based on a least squares fit of the dosimeter chip response 
to several K-fluorescent x rays. The recalculated shallow and deep doses are 
shown in Figures 6.4 and 6.5, respectively, for the original chip signals 
(circles) and the chip signals adjusted for their relative sensitivity (dots). 
The algorithms used in the calculations are 

where 

Os = 1.17 R1 0.47 R2 + 0.30 R5 

DO = 0.81 R2 + 0.19 R R5 

Os = shallow tissue dose (0.007 cm) 

DO = deep tissue dose (1 cm) 

R. = chip signal for the ith chip normalized 
1 

to 1 rem of 137Cs where i = 1, 2 or 5. 

It is apparent from Figures 6.4 and 6.5 that the bias of the dosi~eter results 
is significantly reduced using the improved algorithms. It is also apparent 
that the variability of dosi~eter results is reduced using the individual chip 
sensitivity factors. The normalization to 137Cs allows the use of a single, 

reproducible calibration. 
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To implement this change the current computerized dose algorithm would be 
changed. The numerical value of the coefficients should stay relatively con
stant, but the routine processing data should be examined to determine the long
term stability of chip signal in reader units versus the chip dose in mrem. 

ANSI N13.1l 

The proposed performance test for personnel dosimeter processors (ANSI 
1982) uses a criterion based on adding the bias and standard deviation for each 

of the eight categories included in the test. The test categories, dose ranges, 
and tolerance level are shown in Table 6.1. The performance criterion is 

where Band S designate, respectively, the bias and standard deviation of the 
following defined performance quotient (P) for a particular category and L is 
the tolerance level for deep or shallow dose equivalents as shown in Table 6.1. 

The performance quotient for each dosimeter i is defined as 

p. 
1 

= (Reported Dose - Given Dose)/Given Dose 

and values of B and S are determined from 

N 
B = (lIN) L P. 

i=1 1 

and 

A total of 15 dosimeters are included in each category. 

It is apparent from Figures 6.2 and 6.3 that the current Hanford dosimeter 
using current read out, calibration, and dose algorithm procedures would not 
assuredly pass categories III and IV and may have difficulty with categories V 

and VII if care is not taken with the beta calibration used in the dosimeter 
evaluations (see Figure 6.1). 
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TABLE 6.1. ANSI N13.11 Test Categories (ANSI 1982) 

Tolerance Level (L) 
Categor'y: Range Deep Shall ow 

I.,Accidents, NBS filter technique MFI, 10-500 rad 0.3 
E '" 70 keV av -

II. Accidents, 137Cs 10-500 rad 0.3 

III. Low-energy photons 
NBS techniques LG, LI, LK, MFC, MFG, 0.03-10 rem 0.5 0.5 
MFI 

IV. High-energy photons, 137Cs 0.03-10 rem 0.5 

V. Beta particles, 90Sr/ Y 0.05-10 rem 0.5 

VI. Photon mixtures, any combination 0.05-5 rem 0.5 0.5 
of categories III and IV 

VI I. Mixtures, photons, and betas, any 0.20-5 rem 0.5 0.5 
combination of categories IV and V 

VIII. Mixtures, moderated 252 Cf and 137Cs 0.25-5 rem 0.5 

A summary showing expected performance with the ANSI N13.11 for each of 
the foregoing sections is presented in Table 6.2 for K-fluorescent x rays, 
137Cs , and 90Sr/ Y irradiations. Evaluation of the dosimeter response using 

K-fluorescent x rays was desired as compared to the filtered x rays specified 
in the ANSI standard because the monoenergetic techniques provide a better 
representation of dosimeter energy dependence. The dosimeter performance would 
be expected to improve using the filtered x-ray techniques specified in the 
standard. It is apparent from this table that the chip sensitivity factors 
generally reduce the observed variability and the improved algorithm reduces 
the observed bias. The combination of chip sensitivity factors and improved 

algorithm significantly improves the overall system performance. Table 6.1 as 
well as Figures 6.2 through 6.5 provide a basis for comparison for the modified 
dosimeter options which follow. 
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TABLE 6.2. Expected Performance of Current Dosimeter Options Relative 
to ANSI N13.11 Criteria 

Current with Improved Algorithm 
Chip Sensitivity Plus Chip Sensitiv-

Current S~stem Factors i t~ Factors 
Photon Energ~ B S L B S L B S L 

16 keV, shallow 0.09 0.14 0.23 0.11 0.04 0.15 0.02 0.04 0.06 
deep -0.43 0.06 0.49 -0.33 0.06 0.39 -0.43 0.02 0.45 

34 keV, shallow 0.51 0.13 0.64* 0.55 0.05 0.60* 0.18 0.04 0.22 
deep 0.30 0.13 0.43 0.38 0.01 0.39 0.13 0.02 0.15 

43 keV, shallow 0.47 0.19 0.66* 0.46 0.04 0.50 0.09 0.03 0.12 
deep 0.36 0.18 0.54* 0.35 0.03 0.38 0.12 0.02 0.14 

58 keV, shallow 0.39 0.16 0.55* 0.38 0.02 0.39 0.01 0.04 0.05 
deep 0.37 0.12 0.49 0.35 0.01 0.36 0.11 0.01 0.12 

78 keV, shall ow 0.28 0.18 0.46 0.03 0.01 0.31 -0.04 0.04 0.08 
deep 0.28 0.05 0.33 0.31 0.03 0.34 0.10 0.02 0.12 

137 Cs, sha 11 ow 0.05 0.06 0.11 0.00 0.03 0.03 0.03 0.03 0.06 
deep 0.04 0.06 0.10 0.00 0.02 0.02 0.02 0.02 0.04 

90Sr , sha 11 ow -0.39 0.02 0.41 

* Fails category. 

MODIFIED HANFORD DOSIMETRY DESIGNS 

Several combinations of filters (type and thickness) and phosphors (as 
discussed in Sections 3.0 and 4.0) can be used to provide an improved capabil-
ity to determine doses for beta-photon radiation. All of these combinations 
would involve changing the current dosimeter holder and dosimeter card as well 
as calibration procedures and dose algorithms. A simple dosimeter system 
modification which would improve the dosimetry capability of the current dosim
eter is to remove the security credential. These modifications to the dosim
etry system are discussed in the following sections. Dosimeter response 
following these modifications may be compared to the response for the current 
dosimeter given in the previous section. 
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No Security Credential 

Without the security credential, the filtration over the open window is 
about 10 mg/cm2 compared to the current filtration of about 90 mg/cm2. This 
change affects the photon response of the dosimeter very little (Fix 1981, 
Study 2 Cummings et al.) but significantly improves the capability of the 

dosimeter with respect to beta radiation. Considering the objective of esti
mating the shallow dose at a depth of 7 mg/cm2, the assessment of dose is more 
direct using the dosimeter without a security credential. Also, from examining 
the response curve in Figure 6.1 for the current dosimeter, it is apparent that 
the transmission of lower energy beta particles will be substantially less than 
for the relatively high-energy beta particles used in calibration (90Sr/ Y equi

valent exposure from U-nat discs) and may result in an underestimate of the 
shallow dose. 

Presently, there is little or no work underway involving low-energy beta 
radiation as well as there are several operational controls which substantially 

reduce the shallow dose from beta radiation received by personnel. For example, 
clothing and gloves worn will significantly reduce the actual dose received 

from beta radiation. 

Modified Dosimeter Designs 

Several modifications of the current dosimeter were examined in Section 4.0. 
Two general designs were considered. The first involves using two or more TL 
phosphors in the dosimeter. Because of the different response characteristics 
for the phosphors, the dosimeter with proper calibration and algorithms func
tions as a spectrometer. The most attractive phosphors to combine with the 
currently used LiF were CaS04 and CaF2. However, both of these phosphors were 
rejected after prototype evaluation for use with the current Hanford system. 

The CaS04 phosphor lacked adequate physical integrity to be routinely pro
cessed by the Hanford readers, was affected by the cleaning process, and dis

played significant signal fading following irradiation. The CaF2:Mn phosphor 

(TLD-400) also has a significant signal fade following irradiation and has a 

primary higher temperature trap at about 300°C. This trap is too high to be 
read with the existing Teflon used in the dosimeter card. The current hot prod 

temperature of 300°C to 310°C for 20 seconds significantly affects the practical 
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lifetime of the existing dosimeter cards. A higher read temperature would exac
erbate this problem. Replacement of the Teflon enclosure has been examined 
previously (Fix 1982, Study 6 Thorson et al.) but a significant change in light 
transfer properties would likely be involved in any significant improvement. 
The higher temperatures attainable from replacement films are generally unknown. 

The second general design considered involved using all LiF phosphors simi
lar to the existing dosimeter. Two very similar dosimeter designs were examined. 
Both designs involved using four TLO-700 chips and one TLO-600 chip. The differ
ence between the two was the use of a single 15-mil-thick chip in position 1 in 
one design and the conventional 35-mil-thick chip in the other design. The 
IS-mil chip corresponds to approximately 100 mg/cm2 as opposed to 231 mg/cm2 

for the conventional chip. The attractiveness of the thin chip is its rela

tively enhanced response to beta radiation (see Table 3.4) compared to the con
ventional chip while exhibiting the same response to photons. This response 
can be used to improve the dosimeter's capability for calculating doses from 

low-energy photons and beta particles. However, this enhanced beta response is 
not present when the security credential is attached to the front of the 
dosimeter because of its effective filtration of all low-energy beta particles. 

The design of a dosimeter using conventional LiF chip was described in 
Table 4.5 of Section 4.0. Algorithms for this dosimeter were discussed in Sec
tion 5.0. The shallow and deep dose responses of this dosimeter to K-fluorescent 
and filtered x rays as well as beta particles are shown in Figures 6.6 through 
6.8. The beta response was determined without a security credential. The 

response of this dosimeter can be compared with the response for the current 
dosimeter (Figures 6.1 through 6.3) and the current dosimeter utilizing indi
vidual chip sensitivity factors and improved algorithm in Figures 6.4 and 6.5. 
It is apparent that the performance of the modified dosimeter is better in terms 
of both bias and precision than any upgrade of the current dosimeter. This is 
expected considering that 4 chips are being devoted to determining the beta
gamma dose as opposed to only 2 chips in the current dosimeter or 3 chips using 
the improved algorithm. However, the modified dosimeter has very limited capa
bilities with respect to determining personnel doses from neutrons. The dosime

ter does have the same sensitivity to detecting neutrons but does not have the 

capability to discriminate between thermal and epithermal neutrons. 
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APPENDIX A 

LEAST SQUARES METHOD OF DOSE EVALUATION 

Assume an algorithm of the form: 

where D is the reported dose, N is the number of dosimeter positions used to 

evaluate dose, Ri is the response of a dosimeter position i, in rem, relative 
to a 137 Cs calibration, and Ci is a constant for each dosimeter position. The 

following analysis can be used to solve for all values of C after exposure to a 
range of calibration energies. A separate set of constants is obtained for 
each depth of interest in tissue. 

The error in calculating dose for a I-rem exposure to any energy E is 
given by 

For irradiations to several calibration energies, the total error is obtained 
by summing over all test energies. Following the usual procedure for a least 
squares analysis, the error term is squared and the partial derivative with 
respect to each Ci is set equal to zero. The following system of equations is 

obtained. 

for each calibration energy k. 

A.l 



Solving the equations will yield an algorithm that minimizes the error in 
the calculated dose for all calibration energies. Another constraint must be 
added. For 137Cs , the shallow and deep dose response of each position, Ri' is 
equal to unity. To calculate the delivered dose from 137Cs correctly, the sum 
of all coefficients must be equal to one. 

Therefore, one of the coefficients may be determined from the other values 
of C, and the number of unknowns is reduced by one. If the term [1 - (C2 + C3 
+ ..• + CN)J is substituted for C1, the equations take the form 

a = L {C2 [R2(E) - R1(E)J • Ri(E) + C3 [R3(E) - R1(E)J • Ri(E) + ..• + 

CN [RN(E) - R1(E)J • Ri(E) + [R1(E) - 1J • Ri(E)} 

i = 2,3 ... N 

Chip responses are summed over all calibration energies and substituted 
into the equations. The equations can be arranged for matrix solution if 
desired. 

For a three-element system, the system for all calibration energies 
reduces to: 

a = C 2 ~ {[R2(E) - R1(E)J • R2(E)} 

~ {[R1(E) - 1] . R2(E)} 

o = C2 ~ {[R2(E) - R1 (E)J • R3(E)} + C3 ~ { LR3(E) - R1 (E)J • R3(E) } + 

~ { [R1 ( E) - 1 J • R3 ( E) } 

A.2 



• 

For the 2-element photon deep dose calculation in Section 5.0, the equations 
are simpler: 

c -2 -
~ [R2(E)]2 - ~ [R1(E) • R2(E)] 
k k 

C1 = 1 - C2. 

A.3 
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