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FOREWORD 

This study examines the response of the Hanford 4-chip and 5-chip dosim
eter to high energy photons. Of particular interest was the response to 24Na 

because of FFTF operations and photons near 7 MeV because of the presence of 
16N at N-Reactor. Obtaining calibrated photon beams with the desired ener
gies is difficult. To characterize the response, calibrations were performed 
at the high energy electron accelerator (LINAC) at the University of Indiana. 

SUMMARY 

The dose response of the ~anford ~ultipurpose tersonnel Qosimeter (HMPD) 
to photons with energies greater than 0.65 MeV has been evaluated relative to 
the dose produced by photons from a 60Co source. The penetrating dose deter

mined with the HMPD (chip 2, filtration 0.064 cm of Al) is compared to the 
1 cm depth dose in tissue measured with an extrapolation chamber. The results 

of the study indicate that the HMPD can be used to estimate the 1 cm depth 
dose in tissue from photons with energies between 0.65 MeV and 3.0 MeV to 

within an accuracy of 15%. However, the 1 cm depth dose is underestimated by 
38% when the dosimeter is irradiated in a beam of very high energy photons 
(average energy = 8 MeV) produced by bombarding a tungsten target with 25 MeV 
electrons. 

Two additional comparisons were performed. The first is a comparison 
penetrating dose determined by the HMPD using chip 5 (0.102 cm of tin filtra
tion) instead of chip 2 to the 5 cm depth dose in tissue measured with an 
extrapolation chamber for several different irradiations. The results indi

cate that this method of dose estimation is accurate to 5% over the range of 
photon energies tested (0.662 MeV - 8 MeV). The second is a comparison of the 
penetrating dose determined by the HMPD using chip 5 to the 1 cm depth dose in 

tissue measured using an extrapolation chamber. The results of this study 
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indicate that the comparison of light outputs from chips 1 (89 mg/cm2 filtra
tion), 2 (348 mg/cm2), and 5 (892 mg/cm2 filtration) could possibly be used 
to arrive at a more accurate determination of dose at either the 1 cm or 5 cm 
depth in tissue. 

INTRODUCTION 

The Multipurpose Personnel Qosimeter (MPD) estimate of penetrating dose 
from photons with energies greater than 1.332 MeV has not been fully documented 
in the past. New research at Hanford involving LMFBR's, particle accelerators, 

and fusion technology will produce photons with energies as high as 25 MeV. 
The dosimeter response must be characterized for these photon energies in order 
to make adequate estimates of dose to personnel. This study focuses on compar
ing the penetrating dose estimated with the MPD and the corresponding 1 cm and 

5 cm tissue depth doses measured with an extrapolation chamber. 

The current MPD is a four-element dosimeter which uses the light output 
of a filtered thermoluminescent chip (TLD-700) to determine the penetrating 
tissue dose. During the study, an additional TLD-700 chip was placed in the 
center of the dosimeter (position 5) and used to determine the penetrating 
dose (Figure 4.1). This dose was compared to the 5 cm and the 1 cm depth dose 
in tissue. The respective filters for the two chips are listed in Table 4.1. 
The detailed discussion of the dosimeter and its applications to photon dosim
etry as well as the rationale for. the choice of filter material and thickness 
can be found in BNWL-SA-3955 (Kocher et ale 1971). 

The penetrating dose calculated by the MPD for the different photon 
irradiations was based on a calibration exposure to 60Co . Penetrating dose 
was calculated as usual using the light output of chip 2 and also using the 

light output of chip 5. The calculated doses were compared to the measured 
1 cm and 5 cm depth dose in tissue. 
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FIGURE 4.1. Exploded View of MPD 



METHODS 

TABLE 4.1. MPD Filter Information 

Chip Filter 

2 Security Credential 
0.089 cm ABS Plastic 
0.064 cm Aluminum 
Teflon Tape 

5 Security Credential 
0.051 cm ABS Plastic 
0.102 cm Tin 
Teflon Tape 

Dosimeters were exposed to various sources of photon radiations. These 
sources are listed in Table 4.2 along with the principal photons. Note that 
the clinical accelerator produced a photon spectrum by bombarding a tungsten 
target with 25 MeV electrons. While the maximum photon energy produced was 
25 MeV, the average energy was 8 MeV. 

For each irradiation, five dosimeters were placed in an array on one of 
two phantoms: 1) a lucite" based plastic and 2) a urethane based plastic. Both 
phantoms were 30 cm x 30 cm x 15 cm thick. The urethane phantom contained the 
extrapolation chamber used to measure absorbed dose in tissue at varying 
depths. The theory and application of the extrapolation chamber to photon 
dosimetry is found in PNL-3219 (Yoder et al. 1979). 

With the exception of the accelerator exposures, all dosimeters were 
placed such that the distance between the source and the center of the phantom 
face was 1.0 m. The phantoms were placed normal to the beam. During the 
accelerator exposures, encountered dose rates were so high that the phantom was 
placed 3 m from the source. With the exception of the accelerator exposures, 
irradiation times were estimated so as to deliver roughly 200 mrad at 1 cm in 
tissue. The accelerator irradiation was set to deliver roughly 2 rads at 
3.5 cm of tissue (maximum dose depth). 
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TABLE 4.2. Source Data 

Principal 
Photon Photon Energies Yield 
Source (MeV) (%) 

137Cs 0.662 85 

6~o 1.173 100 
1.332 100 

233U 0.583 86 
2.614 100 

24Na 1.369 100 
2.754 100 

Linear Bremsstrahlung Spectrum 
Accelerator Maximum Energy = 25 MeV 

Average Energy = 8 MeV 

Following each exposure, individual chips were analyzed on a Harshaw-2000 
TLD reader and the light output per measured dose in tissue was compared to the 
light output per measured dose in tissue of the 60Co exposures. 

A discussion of the pre-exposure annealing and TL chip analysis follows. 
7LiF (TL-700) chips were supplied by Harshaw Chemical Supply. The average 
light output expressed as reader current of the bare chips to a 200 mR exposure 
to photons from 137Cs was found to be 111.0 * 8.9 nanoCoulombs (1 standard 
deviation). The TL chips were each annealed for 1 hour at 400QC and 2 hours 
at 100Qe in a vicor glass dish. All the chips had received previous expo
sures to photons of various energies and the average response over their life 
times was not found to be significantly different from the initial response. 
Following the annealing, the chips were loaded into dosimeters and exposed. 
The analysis procedure included removing the chips from each dosimeter and 

individually heating them to 250
Q
C on a heat ramp of 5

Q
C/sec from a base 

temperature of 50
Q
C. 
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Raw data from each exposure group were averaged and tabulated in 
Table 4.3. The HMO penetrating was calculated as: 

where: 

Note: 

o = Aj x Ri 

o = the penetrating dose 

Aj = the calibration constant derived from the response of 
TLO's to 60CO 

Ri = the net light output from chips 2 or 5 in the irradiated 
dosimeter. 

A1 = The calibration constant derived using the light output 
the A 1 fi 1 tered chip (chip 2) in a dosimeter irradiated 
us i ng 60Co • 

A2 = The calibration constant derived using the light output 

the Sn fi ltered chip (chip 5) in a dosimeter irradiated 
us ing 60Co • 

of 

of 

A5 = The calibration constant, used to evaluate the 5 cm depth dose, 
derived using the light output of the Sn filtered chip (chip 5) 

in a dosimeter irradiated using 60Co • 

These constants were combined as follows to estimate penetrating dose with the 
MPD: 

o = A1 x R2 
o = A2 x R5 
o = A5 x R5 

RESULTS 

(equation 4.1) 
(equation 4.2) 
(equation 4.3) 

Table 4.3 gives a summary of net light output compared to dose. The 

average ratio of net light output expressed in nC to millirads of absorbed 
dose measured at the 1 cm depth in tissue for all sources but the LINAC is 
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TABLE 4.3. Raw Data Summary 

1 cm(a) Net L ight( b) 
cm/Chip 2(c) 

5 cm( a) Net L ight(b) 
cm/Chip 5(c) cm/ Chi p 5 ( c) Photon Depth Dose Output-Chip 2 1 Depth Dose Output-Chip 5 5 1 

Source (mrad) {nC) Ratio (mrad) (nC) Ratio Ratio 

.j::o 137 Cs 206 110.57 ± 8.51 0.54 183 107.57:i: 7.68 0.59 0.52 . 

....... 60Co 202 114.61 ± 7.05 0.57 182 105.39 ± 5.40 0.58 0.52 
233 U 268 138.45 ± 3.87 0.52 224 128.47 ± 6.01 0.57 0.48 
24Na 205 98.93 ± 6.32 0.48 166 92.00 ± 2.02 0.55 0.45 

LINAC 1510 529.77 ± 29.32 0.35 2100 1074.9 ± 71.7 0.51 0.71 

(a) Measured with extrapolation chamber. 
(b) Expressed as nanoCoulombs of reader current. 
(c) Ratio determined by dividing dose into light output. 



0.53 : 0.04 (10) for the TL chip behind the Al filter (chip 2). That ratio 

decreases to 0.35 for the irradiation performed on the LINAC. Similarly, 
the average ratio of net light output to dose at the 5 cm depth in tissue is 

0.57 : 0.02 (10) for the TL chip behind the tin filter (chip 5). That ratio 
decreases to 0.51 for the LINAC irradiation. Similarly, the average ratio 
of the net light output from chip 5 to the measured 1 cm depth dose is 

0.49 : 0.03, for all the photon sources with the exception of the LINAC. That 
ratio increases to 0.71 for the LINAC exposure. 

Table 4.4 illustrates exposure conditions, estimated dose and measured 
doses. The measured 1 cm depth doses ranged from 202 mrad for the 60Co 
irradiation to 1510 mrad for the LINAC exposure while the estimated doses 
ranged from 175 mrad for the 24Na irradiation to 934 mrad for the LINAC 
irradiation. The measured 5 cm doses range from 182 mrad for the 60Co 
irradiation to 2100 mrad for the LINAC irradiation while the estimated 5 cm 
doses range from 160 mrad for the 24Na irradiation to 1856 mrad for the 

LINAC irradiation. Additionally, 1 cm depth doses estimated by evaluating the 
net light output from the tin filtered TL chip range from 176 mrad for the 
24Na irradiation to 2060 mrad for the LINAC irradiation. 

Table 4.5 summarizes the ratio of estimated penetrating dose calculated 

by the MPD using equations 4.1, 4.2, or 4.3 to measured doses. The 1 cm dose 
ratio estimated using equation 4.1 to calculate the penetrating dose compared 
to the measured 1 cm dose ranged from 1.00 for 60Co to 0.62 for the LINAC 
irradiation. The 5 cm dose ratio (equation 4.3) ranged from 1.0 for the 
60Co irradiation to 0.88 for the LINAC irradiation. The 1 cm dose ratio 
using the equation 4.2 ranged from 0.86 for 24Na irradiations to 1.36 for 
the LINAC irradiations. 

DISCUSSION 

The response of the MPD is a complex function based on the ability of TL 

material to interact with the primary radiation, the interaction of the filter 

material with the primary radiation and the ability of the TL material to 
interact with secondary radiations produced in the filters. 
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TABLE 4.4. Exposure Summary 

1 cm( b} 5 cm(b} 
Phantom( a} 

Source To 
Photon Detector Depth Depth 
Source Type Distance (cm~ Dose (mrad) Dose (mrad) 

137 Cs L 100 206 183 
60Co L 100 202 182 
233U U 100 268 224 
24Na U 100 205 166 

LINAC U 300 1510 2100 

(a) L = Lucite based plastic, U = urethane based plastic. 
(b) Measured with an extrapolation chamber. 

MPD( c} 
Penetrating 

Dose 
{ mrad} 

195 % 16 
202 % 12 

244 :I: 8 
175 :I: 5 
934 :I: 52 

WD( d} 
Penetrating 

Dose 
{mrad} 

206 % 15 
202 :I: 10 
246 :I: 12 
176 :I: 4 

2060 :I: 137 

(c) Using equation 4.1 in text and net light output from Chip 2 :I: one standard deviation. 
(d) Using equation 4.2 in text and net light output from Chip 5 :I: one standard deviation. 
(e) Using equation 4.3 in text and net light output from Chip 5 :I: one standard deviation. 

WD(e} 
Penetrating 

Dose 
{mrad} 

186 % 13 
182 :I: 9 
222 :I: 7 
159 :I: 4 

1860 :I: 124 



TABLE 4.5. Dose Data Comparison Summary 

Photon 1 cm Dose (a) 1 cm Dose(b) 5 cm Dose(c) 
Source Ratio 1a Ratio 1a Rat io --
137 Cs 0.95 :I:: 0.08 1.00 :I:: 0.07 1.02 :I:: 

60Co 1.00 :I:: 0.06 1.00 :I:: 0.05 1.00 :I:: 

233 U 0.91 :I:: 0.03 0.92 :I:: 0.04 0.99 :I:: 

24Na 0.85 :I:: 0.02 0.86 :I:: 0.02 0.96 :I:: 

LINAC 0.62 :I:: 0.03 1.36 :I:: 0.13 0.88 :I:: 

(a) Ratio of penetrating dose estimated with the MPD 
(equation 4.1 in text) to the 1 cm tissue dose 
measured using an extrapolation chamber. 

(b) Ratio of penetrating dose estimated with the MPD 
(equation 4.2 in text) to the 1 cm tissue dose 
measured using an extrapolation chamber. 

(c) Ratio of penetrating dose estimated with the MPD 
(equation 4.3 in text) to the 5 cm tissue dose 
measured using an extrapolation chamber. 

1a 

0.07 

O. OS 

0.03 
0.02 

0.06 

The complicated picture of interactions of the TL chip and aluminum filter 
with photon radiation is demonstrated by considering the light output to dose 

ratios in Table 4.3. Where the dosimeter has been irradiated using sources 

which produce spectra with average photon energy less than 3.0 MeV, the light 

output to dose ratio remains fairly constant around 0.5 (1 cm depth dose). The 
change in the energy deposition distribution from higher energy photons is 
demonstrated by the lower ratio produced at the 8 MeV point using the light 
output from the aluminum filtered chip. This situation can be further demon
strated by considering the ratio of light output to dose for the 5 cm depth. 
The dose deposited at that depth is more slowly varying as: 1) 5 cm lies 

beyond the maximum dose buildup depth in tissue for all the energies tested 

and 2) some additional energy is deposited in the TL chip as a result of pair 

production in the tin filter. Note that pair production is more important in 

tin than in aluminum due to the difference in atomic number (Z of tin = 50, 

Z of aluminum = 13) as evidenced by the 1.36 ratio of light output to absorbed 
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dose at the 1 cm depth using the light output from the tin filtered chip com
pared with the 0.71 ratio using the light output from the Al filtered chip. 

Historically, for photon radiations, the dosimeter was designed to esti
mate a nonpenetrating and a penetrating dose in tissue. Analysis of the 
interaction of tissue to a source of photons with energy equal to 3.5 MeV 
would involve the possible production of an electron with a maximum energy of 

2.1 MeV and a range in tissue of 1 cm. The depth of maximum dose deposition 

in tissue from the LINAC (8 MeV average energy) is 3.5 cm. Hence, an accurate 
estimate of the 1 cm depth dose is less than the maximum absorbed dose in 

tissue for photons of energy greater than 3.5 MeV. 

CONCLUSION 

For photons with energies between 0.65 and 3.0 MeV, the dosimeter 
approximates closely the 1 cm depth dose in tissue. At higher energies this 

is not the case, so several alternatives may need to be considered. Those 

alternatives would include but not be limited to: 1) calibrating the dosim
eter at higher energies using an extrapolation chamber, for those individuals 

working in the proximity of high energy photon sources and 2) place a TL chip 
in position 5 and compare its light output to the TL chips in positions 

1 and 2 to arrive at an approximate spectral calibration and, hence, a more 
accurate determination of 1 and 5 cm depth doses in tissue. 

If the five-element dosimeter is to be used for future dosimetry, it is 
recommended that a study be performed investigating the relative light outputs 
per dose for all three chips over a wide range of energies. 

ACKNOWLEDGMENTS 

We wish to express our gratitude to the people who spent so much time and 

effort in support of this task. Jack Courtney, Claude Hooker, and Becky Hogan 
performed irradiations using the 208Tl and 24Na sources and Margaret Kress 

performed the 137Cs and 60Co exposures. A special thanks goes to Fred Eichner 

and Virginia Tews for preparing the dosimeters and reading approximately 1000 
TL chips. Thanks also to Karen Mills who typed and proofread the report. 

4.11 



REFERENCES 

Kocher, L. F., et al. 1971. liThe Hanford Thermoluminescent Multipurpose 
Dosimeter ll

, pp. 8-12, BNWL-SA-3955, Pacific Northwest Laboratory, Richland, 
Wash ington. 

Yoder, R. C., et al. 1979. IIConfirmation of Conversion Factors Relating 
Exposure and Dose Equivalent Index Presented in ANSI 13.11 11

, PNL-3219, 
Pacific Northwest Laboratory, Richland, Washington. 

4.12 


