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Short running title: 

ABSTRACT 

NTA FILM AND CR-39 FOR ACCELERATOR DOSIMETRY 

AN EVALUATION OF NTA FILM IN AN ACCELERATOR 
ENVIRONMENT AND COMPARISONS WITH CR-39* 

N. A. 6reenhouse. T. M. de Castro. 
J. B. McCaslin. A. R. Smith. and R. K. Sun 

Lawrence Berkeley Laboratory 
University of California 

Berkeley. CA 94120 

and 

D. E. Hankins 

Lawrence Livermore National Laboratory 
University of California 

P.O. Box 808 
Livermore. CA 94550 

The Lawrence Berkeley Laboratory (LBL) has enjoyed decades of 

successful experience with NTA film. because of the relatively 

energetic neutron spectra in the workplace and a cool lOW-humidity 

environment. The recognized existence of softer neutron spectra at 

some locations at LBL. and the availability of CR-39 as a possible 

alternative dosemeter prompted this study to detenmine neutron 

dosemeter adequacy in these areas. CR-39 offers several advantages 

over NTA film. including lack of latent track fading. the potential 

for automated readout. and improved response to lower energy 

neutrons. The CR-39 detection threshold of 0.1 MeV or less made it a 

particularly attractive possible alternative for neutron dosimetry at 

LBL's lower energy accelerators. A dosimetry study was conducted at 
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one location at the SuperHlLAC where the average neutron energy was 

about 0.5 MeV and the maximum was about 20 MeV. Neutron fluence, 

energy spectrum and dose equivalent measurements were made with a 

variety of act1ve instruments at this accelerator during exposure of a 

rotat1ng phantom, upon which, NTA film and CR-39 dosemeters were 

attached. The results indicated that with standard calibration 

techniques, both dosemeter types responded adequately to at least half 

of the total measured dose equivalent. (*This work was supported by 

the Department of Energy at Lawrence Livermore National Laboratory 

under Contract No. W-1405-ENS-98, and at Lawrence Berkeley Laboratory 

under Contract No. DE-AC03-16SF00098.) 
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INTRODUCTION 

Neutron dosimetry at accelerator facilities has always presented 

significant technical or practical problems for the health physicist. 

Prior to the mid-1910'·s most of the occupational dose equivalent for 

neutrons at the Lawrence Berkeley Laboratory (LBL) was contributed by 

high-energy proton. deuteron and alpha particle accelerators. 

Fortunately. most of the neutron spectra in the workplace were 

relatively hard such that nuclear track emulsions were adequate for 

personal neutron dosimetry. This dosemeter choice was also supported 

by the relatively cool. low-humidity environment of the San Francisco 

Bay Area which permitted a monthly film badge change cycle with 

acceptable latent image fading (-25% 1n one month)(l). One facility. 

the Heavy Ion Linear Accelerator (HILAC). has long been recognized a~ 

a source of relatively soft neutron spectra in the workplace. The 

availability of CR-3l as a possible alternative dosemeter stimulated 

this investigation in light of the -0.& MeV practical threshold 

energy for observable proton recoils in the NTA emulsion. and the 

resultant possibility that the LBL film badge might not "see" a 

significant percentage of the ambient dose equivalent at this 

facility. The 0.1 MeV (or lower) energy detection threshold of CR-39 

could cover this dosimetrically important range of neutron energies. 

METHODS 

An irradiation was conducted in a vacated room which overlooks one 

of the HILAC beam stops. A beam of argon ions at 8.5 MeV per nucleon 



.4 

was targeted on a beamstop at about & meters distance from a phantom 

placed near the center of the room. For the dosimetry experiment the 
11 average beam intensity was 3.5 X 10 ions per second. The 

anthropomorphic phantom bore four each NTA and CR-39 personal 

dosemeters. and was rotated during the 10 hour irradiation. 

Several active detectors were used for neutron spectrometry. and 

for measurement of f1uence and dose equivalent. The experimental 

setup is illustrated in Figures 1 and 2. Eight Lil Bonner sphere 

detectors were located along the back wall of the room. In addition. 

three moderated BF3 detectors were stationed near the phantom. Two of 

these. a standard BF3 counter moderated for fluence measurements (BF3) 

and an Andersson Braun counter (AB) for the measurment dose equivalent 

were placed on the table with the phantom. Another standard 

moderated BF3 counter placed under the table. served to monitor beam 

intensity changes for data normalization purposes. The detectors on 

the table were at an angle of 45 degrees to the beam axis. An 11.4 cm 

thick concrete floor (slant thickness of 1& cm) provided the only 

shielding between the beamstop and the aforementioned detectors. 

Thirty centimeter thick concrete shielding blocks both defined this 

-aperture- of thin shielding. and contributed some scattered flux to 

the detectors nearer the edges of the room. These detectors were the 

larger Bonner spheres for which this lower energy scattered f1uence 

would matter the least. 

All detectors were calibrated with a 238puBe source for which the 

source strength was determined by the National Bureau of 
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Standards. These calibrations were made at the LBL~Health Physics 

Calibration Facility, and include corrections for scattering (2, 3) . 

Initially the room was mapped for uniformity of flux density and 

dose equivalent rate by making measurements with a moderated BF3 

counter and the AB counter respectively. The reading for each 

detector was normalized with the respective monitor counts. The final 

analysis showed that although there was a significant flux gradient 

throughout the room, the ratio of neutron flux to dose equivalent at 

measurement points throughout the room was constant within the 

accuracy limits of our measurements. 

Fluence values obtained from the mapping at the start of the run 

along with the counts from the the monitor BF3 were used to normalize 

all detector counts to the position of the phantom for the ten-hour 

dosimetry run. The monitor counts were also used to scale the Bonner 

sphere data from the two-hour spectrometry run to the ten-hour run. 

Thus all fluences, dose equivalents and spectra are reported at the 

position of the phantom during the ten-hour run. 

Bonner sphere measurements were then made during a dedicated 

two-hour run at relatively low intensity. The spectrum was unfolded 

via the computer code, LOUHI (4), which also calculated the dose 

equivalent per unit fluence. 

Neutron dose equivalents were also measured directly with the 

Andersson Braun counter used in the pulse counter mode. They were also 

calculated from fluence and spectral data using the mean conversion 

coefficients, recommended by the NCRP (5). 
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Kodak Type A (HTA~. Personnel Monitoring Film in the standard LBl 

film badge holder (Fig. 3) was used in this experiment. Following the 

nonnal development procedure. the film emulsions were scanned for 

proton recoil tracks with a light microscope at 430 X magnification. 

One hundred fields of v1ew (total area ~.O& cm2) were counted for 

each emulsion. The standard dose equ1valent convers10n coefficient in 

use at LBL 1s 800 tracks (net) per f1eld of view per s1evert. This 

factor and other techniques described in the next section were used to 

evaluate the NTA f1lm track counts. 

The CR-39 foils used in this study were the dosimetry grade 

material made by Amer1can Acrylics Company. They are about 2.9 X 1.9 

cm and were mounted in the Lawrence Livermore National Laboratory 

(LLHL) personnel dosimetry badge (Fig. 3). Three foils were placed in 

each badge holder and the average track density on the foils was used 

to dete~1ne the dose equ1valent. The CR-39 fo1ls were etched in 24 

cell chambers (&) by use of a low-frequency hot electrochemical 

etch1ng technique. The etchant was &.5 N KOH maintained at 

&O\C 1n an oven. A two stage electrochemical etching procedure was 

used. The first stage cons1sted of 5 hours at a high voltage of 3000 

volts and a frequency of &0 Hz. The second stage. called the 

·blow-up· step. consisted of 25 minutes at a high voltage of 2700 
-

volts and a frequency of 2 KHz. The second stage increases the track 

size and unifonmity thus improving the precision attainable with the 

f01l reader (7). 

Foil track density was detenmined using a Biotran III biological 

colony counter. Six fields of view measuring 3 X 3 mm were read on 
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each foil. The averaged reading from the three foils was used to 

determine the track density for that exposure. 

The CR-39 foils were calibrated at LBL using a 238PuBe neutron 

source. The foils were mounted on a phantom which was rotated during 

the exposure. Standard procedures for calibrating CR-39 dosemeters at 

LLNL involved irradiation of these devices to 252Cf fission neutrons 

with the dosemeters mounted on a stationary water-filled phantom. The 

use of a source with a larger component of high energy neutrons 

(238puBe ), and the rotation of the phantom during the calibration, are 

closer to the actual exposure conditions encountered in this 

experiment. 

RESULTS 

Bonner Spheres 

The neutron spectrum, and a plot of cumulative fluence and dose 

equivalent v.s. energy are shown in Figures 4 and 5. These results 

are normalized to the position of the phantom. It should be noted 

that approximately 60% of the dose equivalent is contributed by 

neutrons having energies greater than 1 MeV. 

The dose equivalent derived from the unfolded Bonner sphere data is 

1.11 mSv (111 mrem), and the calculated average neutron energy is 

0.515 MeV. About 8% of the dose equivalent was contributed by 
< ·thermal neutrons· (E -10 eV), and 85% was due to neutrons ~ .. 1 n 

MeV. The calculated total fluence for the ten-hour run was 2.40 X 
1 -2 10 cm. 
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Dosemeters 

Each of the four NTA film dosemeters was scanned for proton recoil 

tracks in 100 high power fields. The average track density was 10.3 

± 10.& tracks in the 0.0& cm2 emulsion area. The dose equivalents 

calculated from this result are as follows: 

Basis H ± 1 S.E. 

lBl Standard conversion coefficient O.B& mSv ± 0.13 

(BOO tracks per field per Sv) 

23BpuBe rotating phantom calibration 1.2B mSv ± 0.19 

(550 tracks per field per Sv) 

The four CR-39 dosemeters (three foils each) yielded an average track 

density of 223 ± 20.4 tracks per cm2. The correspond.ing dose 

equivalents are as follows: 

Basis 

llNl 252Cf standard 

23BpuBe rotating phantom calibration 

H ± 1 S.E. 

0.43 mSv ± 0.04 

1.50 mSv ± 0.14 

In the summary table below. the dose equivalent results from 

active instrument measurements and dosemeter analyses are offered for 

comparison. These results are all based on 23BPuBe calibrations 

(with rotating phantom). 

DISCUSSION 

The spectral data displayed in Figures 4 and 5 were derived from 

the unfolding code. lOUHI. which was run to include 31 energy "bins" 

from "thermal" to 26 MeV. The spectrum was also unfolded into 30 bins 
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with the maximum neutron energy constrained at 13 MeV with no 

significant differences from the data presented here. Previous work 

(8) had demonstrated a small but measurable contribution of neutrons 

to the spectrum at twice the average nucleon energy of the accelerated 

ions (11 MeV in this case). Figure & displays the cumulative dose 

equivalent spectrum for the SuperHILAC, along with those of 252Cf and 

238puBe for comparison. 

The - 0.1 MeV and - 0.& MeV respective energy thresholds for 

track registration in CR-39 and NTA film limit the dosimetric 

responses of these materials to the fractions of the incident fluence 

which exceed the threshold energies. For the SuperHILAC spectrum 

these fractions are 0.22 and 0.13 of the incident fluence 

respectively. However, 0.83 and 0.1i of the dose equivalent are 

contributed'by these fractions of the fluence above 0.1 and 0.& MeV. 

respectively. If we assume that the dose equivalent calculated from 

LOUHI (1.11 mSv) is the correct value, then both CR-39 and NTA film 

respond appropriately within the error limits of this study (Table 

1). It is interesting to note, however, that the average energy of 

the SuperHILAC spectrum is nearly a factor of 10 lower than that of 

the 238 puBe calibration source. This observation illustrates the 

fallacy of utilizing average energies in the interpretation of 

energy-dependent dosemeter responses. 

In conclusion, it appears that with proper calibration, NTA film 

and CR-39 can provide satisfactory radiation protection dosimetry 

around medium-energy particle accelerators having ambient neutron 
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spectra similar to that of this experiment at the SuperHILAC. The 

apparent paucity of response in CR-39 for neutrons between 5 ~nd 14 

MeV suggests that it should be used with caution in some high-energy 

accelerator environments. 

i 
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FIGURES 

Plan View of Experiment Setup (Dotted lines represent 

edges of shielding below grade) 

Cutaway View of Experiment Setup 

LBL and LLNL Personal Dosemeters 

SuperHlLAC Neutron Spectrum 

SuperHILAC Cumulative. and H v.s. Energy 

SuperHlLAC. 252Cf and 238puBe Cumulative Dose 

Equivalent Spectra (All Total Dose Equivalents 

Normalized to that of SuperHILAC) 

Dosimetry Results 
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TABLE 1 

Measurement Method 

Bonner Spheres 

Andersson Braun Counter 

NTA film dosemeters 

. CR-39 dosemeters 

H (mSv) 

1. 71 

2.51 

1.28 

L50 

Bias* 

o 

0.47 

-0.25 

-0.12 

*8ias = (measured dose - delivered dose) 

(delivered dose) 
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