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Abstract 

Among the problems in radiation protection, neutron personnel dosi

metry xs particularly difficult because of the inability of existing 

dosimetric systems to adequately meet several simultaneous require

ments (Gr79); the system must be able to detect as little as 30 mRem 

of neutrons having energies less than 20 MeV, its response must be 

proportional to the neutron dose equivalent conversion factor over 

the whole neutron energy range, it must be insensitive to x, Y and 

S radiations, its signal must be stable with little fading, it must 

not be toxic to the wearer, and its dose evaluation procedures must 

be adequately accurate and simple. 

The growing number of personnel exposed to neutrons (in nuclear 

power reactors, nuclear fusion test facilities, plutonium repro

cessing plants, high-energy accelerators), and the increased concern 

about the hazards of low levels of neutron radiation, require the 

application of dosimetric systems of higher sensitivity, and capa

bility of recording low energy neutrons (energies less than 1 MeV). 

The only dosimeters that record low energy neutrons are the albedo 

dosimeters. They are, however, strongly energy dependent and sen

sitive to P and y-radiation. 

None of the available commercial neutron personnel dosimeters, 
237 

including Np fission track detectors, are able to provide 

spectral information. Two- and four-detector systems have, there

fore been developed (An77, Gr77, Gi78b, Ty77, Gr80), to widen the 

dose equivalent response and to get spectral information, leading 

nevertheless, to complicated evaluation procedures. Therefore, a 

multi-component single track-etch detector concept was introduced 

in the present work. 

Firstly, the introduction of B radiator with different thicknesses, 

mounted over a single polycarbonate (PC) or CR-39 foil, lead to the 

design, development and operation of a wide energy range Rem Equivalent 
ft 

personnel neutron dosimeter (PND) , giving also spectral information 

in three energy bins: 1 eV - 30 keV, 30 keV - 1 MeV, 1,5 MeV - 15 MeV, 

_ 

The PND is registered under US Patent No. 4383179 



Secondly, the introduction of a set of variable polyethylene radiator 

thicknesses, mounted over a single CR-39 foil, lead ro a fast-neutron 

spectrometer operating in the energy region (0.5-15) MeV.. 

The personnel neutron dosimeter (PND) incorporates both diluted 

(in the form of Boron Nitride) and enriched B radiators, thereby 

expanding its dose range. It is composed of thtee active regions. 

The first, mainly measures lew energy neutrons up to 30 keV, where 

the B(n,ct) Li cross-section is appreciable, 1c consists of (a) a 

thin BN layer, (b) another thin BN layer, en top oi which is a 
2 10 

1000 mg/cm B layer, and (c) a thin BN layer which is used as an 

albedo detector. The second region is mainly used for energies 

ranging from 30 keV to about 1 MeV and consists of two thin enriched 

B layers, one of which is an albedo detector. All five layers 

mentioned above are mounted over a polycarbonate foilr The third 

region consists of those parts of the foil not masked by boron 

material and is mainly used to record high energy neutrons above 

1.5 MeV. 

The damage sites in the polycarbonate foil are enlarged to visible 

pits by the electrochemical etching technique (ECE). Dose equiva

lent is obtained as a combination of the number of pits in the three 

regions mentioned above. 

Using PC as the track-detector, the detection efficiency for a-particles 

reaching the foil was investigated, and the ECE conditions were 

adapted for the simultaneous detection of a, Li, C and 0 tracks. 

Parameters such as the temperature of the etching solution, the ratio 

of ethyl alcohol to KOH in the solution, the length of the pre-

etching (PE) time and the applied voltage and frequency were studied. 

The final parameters for ECE with PC were: 1000 V RMS for the voltage 

across the foil, a frequency of 1900 Hz, a chemical pre-etching 

time of 2 h, an ECE period of 4 h, an etching solution of 5.5N KOH 

mixed with 14% ethyl alcohol by volume. 

The PND was irradiated behind shielding at several nuclear power 

reactors in the USA, where almost all the neutrons have energies 

below about 700 keV, and also at the NBS, Washington, D,C., using 
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filtered monoenergetie neutrons of 2, 24 and 144 keV, and Cf 

neutrons moderated by a 30 cm diameter sphere of D?CL Good agree

ment between given exposures and recorded doses was obtained. An 

estimate of the effective energy of the incident neutrons could also 

be supplied by comparing quantities such as the ratio between the 

number of pits behind the thin BN layer and the number behind che 

BN layer covered by B, or the ratio between the pits behind the 

thin BN layer and those behind the BN albedo detector. 

The directional dependence of che PND was also studied in a mixed 

last and slow neutron field, and an investigation of the saturation 

effects in polycarbonates irradiated at high dose was undertaken, 

It was concluded that the personnel neutron dosimeter based on 

PC foil has the following characteristics: 

a) It has a Rem equivalent response in the range 1 eV to 14 MeV 

with a maximum uncertainty of about M 0 % for the various fast 

spectra used and for other likely spectra. 

b) The lowest measurable dose equivalents are about 100 ySv 

(10 mRem) in the energy range 1 eV to 700 keV, and about 300 uSv 

(30 mRem) above this range. The highest measurable dose equivalents 

are about 50 mSv (5 Rem) in the first region and about 1 Sv (100 

Rem) in the second region. 

The behavior of the polymer CR-39 as a passive detector in the PND 

was studied and compared to that of the polycarbonate (PC) foil. 

Chemical and electrochemical etching parameters for CR-39 in KOH 

solutions, unmixed and mixed with ethyl alcohol, were determined. 

The optimal ECE conditions for simultaneous detection of a, 

proton and heavy ion recoil tracks were: a 5.5N KOH solution with 

ethyl alcohol in a 1:1 volume ratio, a pre-etching time of 1.5 h, 

a temperature of 18°C, an ECE period of 5.5 h at 1000 V RMS and 
252 

1900 HE. The PND was then irradiated with a Cf source, with and 

without a DpO moderator. It was found that the use*of CR-39 

instead of PC increased the detection efficiency for a-particles 

by a factor of 3. The detection efficiency fox neutrons was increased 

by a factor of 6.5 and 10, without and with a polyethylene radiator 

placed at the center of the PND, respectively. The minimum detectable 
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fast neutron dose could be lowered from 30 mRem with PC to 5 mRem 

by attaching a polyethylene radiator to the CR-39 foil, It was 

found that no significant improvement in the directional dependence 

was achieved by che use of CR-39 instead of the polycarbonate, 

A new passive miniature fast neutron spectrometer-dosimeter (MNS) 

was developed, It is able to assess the fast neutron energy 

spectrum in 10 energy intervals for the energy range (0,5-15) MeV. 

The device can be used for the experimental verification of isodose 

distributions in neutron radiotherapy, tbe assessment of the 

neutron spectrum in fusion reactor blankets and the evaluation of 

photoneutron spectra and phctoneutron doses in high-energy medical 

accelerators. 

The MNS is composed of a CR-39 foil, ̂ 500 pm thick, and polyethylene 

radiators of various thicknesses in contact with it, distributed 
2 

in a 27x25 mm area. The CR-39 foil detects recoil protons emitted 

from the radiators, due to elastic scattering of the incident 

neutrons with hydrogen nuclei in the polyethylene. The foil is 

divided into nine areas, eight of which are masked by polyethylene 
2 . 2 

radiators of thicknesses ranging from 1 mg/cm to 210 mg/cm . 

The ninth area is not masked and is used to assess the number of 

damage sites resulting from the foil background and from direct 

neutron interactions with the CR-39. 

Two MNSs were built, each having a different set of polyethylene 

thicknesses, enabling the simultaneous use of 16 different proton 

radiators. 

The damage sites on the CR-39 foil, due to protons and heavy ion 

recoils, are revealed by chemical pre-etching for 24 h at 35 C, 

followed by ECE for 3 h at 25°C, The etchant solution is 9N KOH 

and the voltage and frequency are 1000 V RMS and 1900 Hz, respec

tively. Either one or both sides of the foil were etched. It was 

found that ECE of only one side greatly enhances the contrast, 

giving a higher proton detection efficiency. 

The energy response of the CR-39 was calculated with the help of 

a computer program (PROTON), which also evaluated the energy spectrum 



of the protons emerging from each radiator. This is necessary 

because of the shape of the CR-39 energy response curve. Experi-
252 239 

mental yields for xrradiation with Cf, Pu-Be neutron sources, 

and 14,8 MeV monoenergetic neutrons were better reproduced when 

assuming a zero revealing efficiency for protons above 10 MeV and 

a critical angle of 55 , 

252 239 
The energy spectrum for Cf and Pu-Be irradiations was found 

in 10 energy channels with 16 polyethylene radiators, through 2 

least squares minimization procedures: a quasi-Newton iterative 

procedure (Gi76), and a Monte Carlo procedure developed by us. 

Good agreement was obtained between the model (Hal74, An72) and 
252 239 

unfolded Cf and Pu-Be neutron spectra, for both the adopted 

unfolding procedures. 

The newly developed MNS was employed in the evaluation of the photo-

neutron spectrum of a 16 MeV SL-75/20 M.E.L. medical linear acceler

ator. The results indicate that the emitted photoneutron spectrum 
252 

has an average energy lower than that of a Cf spontaneous fission 

neutron spectrum. The combined use of the PND and the MNS was first 

demonstrated for the. evaluation of the slow and fast neutron dose 

equivalents inside and outside the primary photon beam of this linear 

accelerator. 
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1. INTRODUCTION 

1.1 Neutron Dosimetry 

Neutron dosimetry remains one of the outstanding problems in radia

tion protection and medical physics, despite the impressive advances 

in both "passive" and "active" neutron dosimetry in recent years. 

Neutron dose equivalents are much more difficult to measure than 

gamma and x-radiation doses, because neutrons interact with human 

tissue in a more complicated way, over a much extended energy range. 

1.1.1 Neutron field dosimetry 

Several survey instruments have been developed for neutron field 

dosimetry. These commercial wide energy range instruments consist 

mainly of thermal neutron detectors inside polyethylene moderating 

structures (An 65, Le 68, Ha 78). The simplicity of these instru

ments and their low sensitivity to gamma radiation are, usually, 

counterbalanced by their weight (7-14 kg), high cost and the over-

estimation of the dose equivalents and dose-rates caused by the presence of 

intermediate energy neutrons (Ha 76, Har 78). Recently developed 

small real-time neutron dosimeters and neutron dose-rate meters 

employ gas proportional chambers or silicon surface barrier detectors 

(Qu 82, Ty 82, Ei 82a, Ei 82b, Er 82). 

1.2 Neutron Personnel Dosimetry 

The situation is even less satisfactory in the field of neutron 

personnel dosimetry. 

Until recently, the conventional accepted method for neutron 

personnel dosimetry was the use of nuclear track emulsion films, 

which involves the counting of proton tracks produced by elastic 

scattering of neutrons in the emulsion. 

The photographic emulsion method has at least three great dis

advantages: 

a) Only neutrons with energies greater than 800 keV can be detected. 

b) The existence of fading results in an uncertainty of about 50% 

in the assessment of the dose equivalent six weeks after exposure. 
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c) The dosimetric response is strongly dependent on the energy; 

it is almost impossible to determine the dose equivalent without 

knowing the energy spectrum of the neutrons being measured. 

Alternative methods for neutron personnel dosimetry have been 

developed in recent years, using solid state track detectors or 

thermoluminescent albedo dosimeters. The solid state track 

detector is used to record heavy charged particles such as fission 

fragments, recoil nuclei or alpha particles resulting from neutron 

induced reactions in suitable target foils which are kept in contact 

with such detectors (polycarbonate, CR-39, cellulose nitrate, etc.). 

Two major types of solid state nuclear tiack detectors (SSNTD) are 

being currently used in personnel neutron dosimetry: the fission 

track dosimeter (Bu 71, Cr 73, Cr 75, Di 73, Go 71) and the recoil 

track dosimeter (Os 77, Gr 77 , Gr 78, Ei 80a). The second is a 

better alternative for personnel dosimetry, since the use of radio

active material for personnel dosimetry is forbidden in most nuclear 

facilities, although neutrons with energies lower than about 1.5 MeV 

cannot be detected by the recoil track method. 

Thermoluminescent albedo dosimeters use the Li (n,a) reaction in 

LiF to detect neutrons backscattered from the body of the wearer. 

The main disadvantages of these dosimeters are their strong energy 

dependence and overresponse to low energy neutrons (LiF is sensitive 

mainly to neutrons with energies less than 10 keV). 

There is an urgent need for new personnel dosimetry concepts, due 

to four main reasons: 

1) The growing number of radiation workers in nuclear power reactors, 

nuclear fusion test facilities, plutonium processing plants and 

high energy accelerators, where the major contribution to the 

equivalent neutron dose comes from the epitherftial and intermediate 

energy neutrons (energies less than 1 MeV). 

2) The increased concern about the health effects of low level 

neutron radiation and the trend to use higher neutron quality factors. 

3) The above mentioned conventional fast neutron personnel dosimeters 

have a relatively high energy threshold (1.5 MeV), and their response 
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is not Rem equivalent. 

4) The need for some information regarding the energy spectrum of 

the neutron fields being measured. No personnel dosimeter presently 

available can provide such information, 

1.3 Scope of the Present Work 

This work is a report on two different approaches used in an attempt 

to fill the existing gap in neutron personnel dosimetry: 

1 - The use of different thicknesses of B radiators mounted on 

solid state nuclear track detectors (polycarbonates or CR-39), 

which register the alpha particles emitted from ea^h radiator, through 

the (n,a^ reaction with the boron material. 

2 - The use of different thicknesses of polyethylene radiators 

mounted on CR--39, which register the protons emitted from each 

radiator through the elastic scattering of the incident neutrons 

with the polyethylene. 

Approach 1 led to a wide energy range neutron Rem equivalent personnel 

dosimeter (1 eV-15 MeV), which was tested in many U.S.A. nuclear power 

reactors and at the National Bureau of Standards, U.S.A. (NBS). 

Approach 2 led to a passive.fast neutron.spectrometer-dosimeter in 

the energy range (0.5-15 MeV). Such.a.device, we anticipate, can 

find wide use in the experimental verification of isodose distri

butions in fast neutron radiotherapy, as well as in the assessment 

of fast neutron spectra in fusion reactor blankets and, possibly, 

as a fast neutron spectrometer-dosimeter in high-energy accelerator 

facilities. 

Part 2 is a review of neutron personnel dosimetry methods, used 

for detection.of.slow,.intermediate.and fast neutrons. 

Part .3 establishes-.the-position of the present work as a conceptual 

evolution of. several proposed multi-detector arrangements. 

Parts 4 and 5 deal with the design and development of a wide energy 

Rem equivalent neutron personnel dosimeter based on polycarbonate 

and CR-39. 
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Part 5 contains the steps involved in the design and development 

of a passive fast neutron spectrometer-dosimeter based on CR-39, 

and also deals with the application of the developed personnel 

neutron dosimeter and the fast neutron spectroneter in the evaluation 

of the photonetitron dose and the photoneuc ton sf'i '* "un of a Id ''eV 

nedical linear accelerator. 
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2. REVIEW OF CURRENTLY ACCEPTED NEUTRON PERSONNEL DOSIMETRY SYSTEMS 

2.1 Introduction 

The development of an accurate neutron personnel dosimeter presents 

several difficulties, as opposed to personnel gamma dosimetry. 

The first difficulty lies in the greater biological damage caused 

by fast neutrons as compared to an equal absorbed dose of gamma 

rays. The use of qv?.lity factors expresses the relative biological 

damage caused by different particles emittM in the radioactive 

processes (ICRP71, NCRP71./ , The presently accepted values of the 

quality factors for neutrons will probably be increased by up to a factor 

of ten, following a recent suggestion by Rossi and Mays (Ro77, 

Ro78), creating a particularly more difficult situation. 

Rossi and Mays (ibid) studied the incidence of leukemia, and called 

into question the dosimetry system currently accepted for the analysis 

of Hiroshima-Nagasaki data, which was developed in the Oak Ridge 

National Laboratory. Rossi and Mays concluded that a worker con

tinually exposed to neutrons at the maximum permissible level 

recommended by the NCRP, stood a chance of developing leukemia that 

was several times higher than for the average unexposed person. 

They therefore recommended that the NCRP reduce its permissible doses 

for neutrons by an order of magnitude. 

Their suggestion triggered a major multi-laboratory review of Hiro

shima vs. Nagasaki dosimetry that is still in progress (Lo81, 

Jo82, Ke81). 

According to Roesch (Roe82) it is already clear that changes in the 

doses assigned to the survivors are likely and that they will force 

a reevaluation of the acceptable limits for neutron radiation. 

For personnel neutron dosimetry, the practical implications of new 

quality factors (about ten times greater), will be a decrease in 

the sensitivity (response per unit dose equivalent) of the dosimeters 

or alternatively, an increase in the dose detection thresholds. 

The subject is still in discussion, and if a change is to be 

recommended in the quality factor, it is believed to be not more 



than a factor of 3. 

There are physical aspects of neutron measurements that contribute 

to the difficulties of a reliable dosimetry (Gr79). Moderated fast 

neutrons are distributed in nine decades of energies. The dosimeter 

response must simulate the dose-equivalent conversion factor, which 

varies by a factor of 40 over that range as shown in Figure (2-1). 

The use of this dose-equivalent concept also aggravates the problem 

of gamma and X-ray interference: since fast-neutron quality factors 

reach or exceed ten for part of the energy range, dosimeters should 

be capable of detecting .a neutron dose equivalent in radiation 

fields having gamma/neutron dose ratios greater than ten. 

2.2 Currently Available Dosimeters 

A) Nuclear track emulsion 

The nuclear track film is the oldest detector used for individual 

neutron monitoring (Be 75) . The method is based on the counting 

of individual proton trac K.S generated by elastic scattering of the 

incident neutrons with the photographic emulsion and the cellulose 

acetate or polyester film. The method fails to respond to neutrons 

with energies below 0.8 MeV (Co58, Ch54). This limit is caused 

by the fact that protons with energies lower than 0.75 MeV generate 

very short tracks (with less than 3 grains), which cannot be recog

nized under the microscope. The nuclear track emulsion can be used 

up to about 20 MeV by including hydrogenous radiators (Be63, 

Hag63). 

The most widely used nuclear track emulsion is the Kodak Personal 

Neutron Monitoring Film, Type A (NTA film). The typical NTA energy 

response is shown in Figure (2-2). 

One of the great problems with nuclear track emulsions is the gradual 

decrease (fading) with time in the number of exposed silver bromide 

grains which will undergo development by the photographic process. 

This fading phenomenon has been shown to be due to the oxidation of 

the silver grains by the atmospheric oxygen, in the presence of water 

vapour (A149). 
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Fading in NTA films is directly related to increases in temperature 

and humidity. Under field conditions, a considerable reduction in 

the fading can be achieved by drying the film in a dry atmosphere, 

and then sealing it in airtight envelopes made of aluminum foils. 

The influence of wrapping and humidity in the NTA film is shown 

in Fiaure (2-3), as compared to Makrofol track etch detectors (Sa74;i). 

Another problem with NTA film is its sensitivity to low energy 

gamma and X-ray photons, such as occur in transuranic-isotope pro

duction facilities; if the film is darkened by a significant low-

energy photon dose, the identification of neutron tracks would be 

very difficult. Nuclear track emulsions also show a marked depend

ence of their response on the angle of incidence of neutrons (Ka65). 

Finally, the process of track counting is tedious and time-consuming, 

requiring (in the case of small absorbed doses of fast neutrons) 

the examination of a considerable area of emulsion, before sufficient 

tracks can be counted which would give a low statistical error. 

B) Solid state track detectors 

The solid state track detectors include several dielectric materials 

like silicate minerals, alkali halides, insulating glasses and high 

polymers which "register" the damage caused by the impact of charged 

particles such as fission fragments, recoil nuclei, protons and alpha 

particles resulting from neutron induced reactions with suitable 

radiators or with the dielectric materials, directly. The latent 

individual damage tracks are revealed and enlarged by two prefer

ential techniques: chemical etching, a technique introduced by 

Price et al. (Pr 62a, Pr 62b), and electrochemical etching, intro

duced by Tommasino (To70), being finally counted under an optical 

microscope or a microfiche reader. 

B.l) Fission track dosimeters 

By this method a thin foil of a fissile material is kept in close 

contact with a plastic track detector (polycarbonate, CR-39 or 

cellulose nitrate). The fission fragments, produced by fission 

reactions with the fissile material, strike the plastic and produce 
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latent damage tracks when they are stopped into tr.e clastic. 

This technique has been widely employed for fixed-a-e<- criticality 

dosimetry, and only recently it has been extended to routine personnel 

dosimetry (Bu71, Cr73, Cr75, Di?3, Go71). 

The development of the track-etch detection technique (either by 

chemical or electrochemical etching), has reduced the required amount 

of fissionable material to milligram quantities, which made possible 
237 232 

the use of Np and Th for personnel dosimetry. These isotopes, 

kept in contact with polycarbonate foils, provide a fast-neutron 

dosimeter that does not fade as NTA film does (see Figure (2-3)). 

The relative energy response of these detectors is flat for neutron 

energies greater than 1 MeV as shown in Figure (2-4). However, it 

must be pointed out that the use of these dosimeters for personnel 

dosimetry is not recommended in most nuclear facilities, because 

of the fissile material contained in it, creating a double hazard 

to the worker: the exposure to an external source of radiation 

and the risk of internal contamination. TABLE 2-1 shows estimated 

gamma dose rates that personnel would receive from unshielded 

fission track dosimeters at a distance of 5 cm, 

Taking into account the maximum permitted annual whole-body dose, 

these dosimeters should only be worn in situations where the neutron 

dose equivalent rate is greater than 0.25 mRem/h, or in situations 

where immediate radiation hazards exist„ 

B.2) Recoil track dosimeters 

In order to avoid fissile radiators, the use of polycarbonate foils 

to record fast neutron elastic scattering interactions has been 

suggested (Os77, Gr77)„ When fast neutrons impinge on a poly

carbonate foil, they are elastically scattered from the carbon 

and oxygen nuclei which comprises the polycarbonate molecule. The 

recoiling carbon and oxygen nuclei cause a large amount of ionization 

around their tracks, which in turn causes the scission of long polymer 

chains into shorter fragments. The damage is an increasing function 

of the stopping power of the recoiling particle. 
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Sohrabi (So74) has demonstrated that electrochemical etching (To70) 

could be successfully applied to the registration of recoil tracks, 

in the electrochemical etching technique, the latent tracks, when 

filled with an etching reagent, form conductive paths that penetrate 

into .he insulating foil* Application of high electric fields 

(30-50 kV/cm) at high frequencies (1—10 kHz) causes continuous 

breakdown at the tips of the tracks, where the electric field is 

very strong (To74). In this way, considerable destruction can be 

produced at. the radiation damage tracks in the plastic because of 

the combined effects of the breakdown processes and chemical etching. 

The resulting tracks are large enough to be easily viewed with a 

microscope or microfiche reader. 

The energy response of the electrochemical etch neutron dosimeter 

closely follows the dose equivalent response for fast neutrons with 

energies above 1,5 MeV (Os77), Track fading is negligible (0s77) 

and the polycarbonate is insensitive to B and y radiation. 

C) Thermoluminescent albedo dosimeters 

The thermoluminescent albedo dosimeter is based on the fact that 

when incident intermediate or fast neutrons enter the body, they 

are moderated and the resulting slow neutrons are reflected back 

to the dosimeter, interacting with the TL material through the 

reaction Li (n,a) H, which has a very great cross-section for 

thermal and epithermal neutrons,. The alpha-charged parcicle excites 

the TL material, which, through heating, emits light in amounts 

proportional to the deposited energy in the material. Due to the 

simultaneous sensitivity of the TL material to neutrons and photons, 

matched pairs of TL chips are used in order to correct for the gamma 

exposure. TLD-600 ( LiF) detects neutrons and photons, and the 

fully enriched TLD-700 ( LiF) detects only photons. The net. response 

is extracted by the difference between the TLD-600 and the TLD-700 

readings. 

A schematic diagram of the TLD-albedo system is shown in Figure (2-5). 

A cadmium shield separates two pairs of TLD-600 and TLD-70U; it is 

used to separate the contributions of incident thermal neutions and 
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of albedo neutrons from the body, The great advantages of the albedo 

dosimeters are their high sensitivity, r.he absence of an energy 

threshold and easy automation, The main disadvantages of these 

dosimeters are their strong energy dependence and overresponse 

to low energy neutrons, as shown in Figure (2-6), The data in 

Figure (2-6) are only representative, the precise response being 

dependent on design. At least nine types of albedo neutron dosi

meters have bee.n developed in recent, years (En7l, Han/3, Har69, 

Har72, Bo71, Gr72, Ho72, Pi74, Do78, Bu77). 

2„3 Comparison of Currently Available Personnel Neutron Dosimeters 

TABLE 2-2 describes the advantages and disadvantages of the available 

personnel neutron dosimeters, 
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TABLE 2-1. GAMMA DOSE RATES TO PERSONNEL FROM THE RADIOACTIVE FOIL 

IN FISSION TRACK DOSIMETERS* 

T 

Foil Material Amount, mg Dose-rate, mRem/Yr 

0.6 35 

10.0 580 

<50.0 5 

Based on data from Cross (Cr 73) 

At a point 5 cm from the dosimeter 

237 Np 

237 Np 

232 Th 



TABLE 2-2: COMPARISON OF CHARACTERISTICS OF PERSONNEL NEUTRON DOSIMETERS 

Type of Dosimeter 

Neutron Film, 
type A, Kodak (NTA) 

Kodak HTA with 0.5mm 
cadmium filters 

Thermoluminescent 
Albedo 

j">32 
i in fission track 

f i 
t 

fission track I 

1 

?.ecoil Track 

i 
i 

Energy Response 

Thermal Neutrons 

Fast Neutrons 
(with 0.8 MeV 
threshold) 

Intermediate 
Energy Neutrons 

Fast Neutrons 

Fast Neutrons 

Fast Neutrons 

Sensitivity 

4 2 
3x10 tracks/cm 
corresponds to lRem (KR72) 
(tracks are produced due 
to UN(n,p) 1 4C reaction 
in the emulsion 

4 2 
'fcl^xlO tracks/an cor
responds to Rem for 
Pu-Be source (KR72) 

0.2y - mrad/mRem 
(background <Sf-mRad 

(GR79)* 

2 
0.02 sparks/cn -cRem 
(background 0.2 sparks/ 
cm2) (So 72) 

2 
0.2 sparks/cn -mRem 
(background 0.2 sparks/ 
cm2) (So 72) 

-> 
50-100 tracks/cm'Rem 
(0S77-GR77) '^f-252 
(background-2-6 tracks/ 
cm2 (GX76 , OS77) 

Range 

lmRera-5Rem 

2mRem-15Rem 

50mRem-LOORem 

50mRem-50Rem 

l0mRem-50Rem 

Minimum dose-
25mRem 
Maximum dose-
50Rem 

Application 

Thermal Neutron 
Environments 

Fast Neutron 
Environments 

- Environments with 
moderated spectrun 

- Environments with 
comparatively liti 
tie variation in 
neutron spectra 

Fast neutron en
vironments 

High-dose f*st 
neutron environ
ments 

Fast neutron en
vironments 

Remarks Remarks 

Advantages Disadvantages 

Low cost 

- High sensi
tivity 

- Ease of auto
mation 

- Low cost 
- Can be reused 

- Lack of 3 and 
T sensitivity 

- No fading 

- So fading 
- Good dose equi
valent approxi
mation 

- Good sensitivity 
with thick radia
tors 

- Lack of 3 and y 
sensitivity 

- Low co»C 
- Good dose equi

valent approxi-
aatlon for (E> 
3MeV) 

- Easy counting 
- No Interference 
of y and 3 par
ticles up to 
doses of lOMrad 

- Good sensitivity 
- So fading till 

temperatures of 
50°C 

- Unaffected by 
humidity and 
mechanical shock 

-Careful packaging neces
sary to minimize fading 

-Large response to low 
energy gammas - IRem of 
photons can darken the 
film 

-Tedious optical counting 
-Poor response to inter

mediate energy neutrons 
-High temperatures darken 
the film 

-Wide variation in response 
with energy 
-Must be worn close to the 
body 
-Some y- sensitivity 
-No permanent record 
-Some fading problems 

-Use of radioactive material 
-Poor overall dose equivalent 
response 

-Use of radioactive material 
-High Y dose co wearer with 
thick 237Np layer 
-High unit cost 

- Many parameters in the 
chemical and electrochemical 
etching process to control 

- Relative high background 
corresponding to 20 to 60 
nRen, depending upon the 
calibration used (Gr79) 

- Insensitive to intermediate 
energy neutrons and fast 
neutron up to 1.5 MeV for 
polycarbonate and 200 keV 
for"cR-39. 

The calibration of the thermoluminescent dosimeter response is presented in units of garna dose (nRad) required to yield the sane lightoutput as a 
r.eutron dose-equivalent of lmRen. 
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3., THE TREND TOWARD.A MULTI-COMPONENT SINGLE TRACK-ETCH CONCEPT 

AND THE POSITION OF THE PRESENT WORK 

3,1 Evolution of the Single Track-Etch Concept in Neutron Personnel 

Dosimetry 

237 
From the previous discussion it is apparent that the Np fission 

track detector is the only single component personnel neutron dosi

meter that has an energy response approximately following the ICRP 

dose equivalent conversion curve over all the useful range of 

energies found in personnel neutron monitoring. And more, none of 

the available commercial neutron personnel dosimeters, including 

neptunium, are able to.provide.spectral information. 

In order to improve the dose equivalent response and to get spectral 

information, two- and four- detector systems have been developed. 

The two detector systems use.a single albedo detector and a track 

threshold detector, Four main combinations are considered to be 

the most representative of this class of dosimeters: 

a) NTA emulsion plus LiF detector (An77) 

b) Polycarbonate foil (electrochemically etched) plus the Hankins-

type albedo dosimeter (Gr77)„ 
237 

c) The Np fission fragment track detector plus the Harvey-type 
albedo dosimeter (Gi78b) 

d) TLD-600 plus cellulose nitrate foil (Ty77) 

These kinds of detectors present complementary energy response, 

although only improvements in the fast neutron energy range can be 

achieved; this is a result of the impossibility of achieving sig

nificant improvement in the energy response of the albedo dosimeters. 

The disadvantages.of the two-detector systems are particularly 

stressed in many research laboratories, where many kinds of neutron 

spectra are present, such as derived from spontaneous fission 

sources, moderated reactors, alpha-neutron sources, 14-MeV neutron 

generators and sometimes, high-energy accelerators. Added to this, 

there is a concern about possible photon interferences with the 

neutron albedo response. Therefore, it seems more than justifiable 

to push for multi-detector systems to achieve wide range Rem equi-
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valent response and to get more detailed spectral information. 

Griffith et al, (Gr80) has developed a four-detector dosimeter/ 

spectrometer (DOSPEC 1"), which includes: a TLD LiF 6,7 albedo 

dosimeter of the Hankins-type (Han73), and three recoil-track detec

tors: polycarbonate (So74), carbonate-CR-39 (To80) and cellulose 

nitrate (Kodak Pathe LR 115) (Ty73)„ The albedo dosimeter is used 

for the detection of thermal to 1.5 MeV energy neutrons, the CR-39 

for energies greater than 140 keV, the polycarbonate foil for ener

gies greater than 1.5 MeV, and LR-L15 for energies greater than 

1 MeV, The dose evaluation is based on a computer program which 

utilizes the 4x4 detector response matrix as input (four different 

energy responses of the component detectors and a four energy band 

spectrum covered), and on the calibration, of the system in several 

neutron installations. Although this system represents a positive 

advance as compared to the single albedo neutron dosimeter, it 

requires a lot of work for its preparation, processing and analysis, 

due to its multi-detector nature. Added to this, it supplies only 

scarce spectral information, and important inconsistencies arise 
239 

in the response of the DOSPEC to bare Pu-Be and D-T neutrons, 

yielding negative values for the neutron fluences in some energy 

bands (Gr80). 

Eisen and Shamai (Ei78a) proposed a flat energy response dosimeter 

in the region 0,4 eV to 50 kev, based on several layers of different 

thicknesses and areas of B and Li, shielded towards the body, 

mounted on cellulose nitrate films. They found that up to 30 keV, 

only three boron layers are sufficient to derive a linear combina

tion of the number of alpha particles emerging from them, which is 

proportional to the equivalent dose and almost independent of the 

energy. 

The present work represents a further development of the ideas 

first suggested by Eisen and Shamai (Ei78a) introducing: 

a) The concept of a multi-component single track-etch detector 

(polycarbonate or CR-39), instead of the multi-detector approach 

followed in previous works. 
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b) The electrochemical etching technique for the revealing of the 

damage sites, instead of chemical etching 

c) The albedo concept via another B radiator unshielded toward 

the body, added to the already existing B radiators, thereby 

extending the sensitivity of the dosimeter up to 1 MeV. 

d) Fast neutron dosimetry through the direct interaction with the 

track material, providing a further extension of the dosimeter oper

ation till 14 MeV„ 

Therefore, besides the advantages of preparation, processing and 

analysis of such a dosimeter, an almost energy independent equiva

lent neutron dose in the energy range (1 eV-14 MeV) was achieved, 

added to the spectral information provided in three energy bands: 

1 eV-30 keV, 30 keV-1 MeV, 1.5 MeV-14 MeV. 

3,2 Evolution of the Single Track-Etch Concepc for Passive Fast 

Neutron Spectrometry 

3 0 2,1 Introduction 

Because the neutron spectrum can appear distributed in many energy 

decades, it is obvious that plenty of neutron detectors and a variety 

of procedures have been proposed to cover this wide energy range, 

including active and passive neutron spectrometers. 

Although the present work deals only with passive track-etch 

detectors, a summary of the most useful active fast neutron spectro

meters is presented in Table 3-1, Among them, the multisphere 

spectrometer system (Bonner spheres) and the proton recoil organic 

scintillators are specially important, because of their wide use 

in most nuclear installations * The Bonner spheres system suffers, 

however, from serious interprecational problems because of the 

non-uniqueness of spectral solutions (Ha81), requires a large com

putational effort and the achieved energy resolution is very poor 

(Wei69). The proton recoil organic scintillators are the most 

sensitive of the fast neutron spectrometers, but the extraction of 

the neutron spectrum involves first obtaining a differential energy 

spectrum from the pulse height distribution, and second the appli-



TABLE 3-1: ACTIVE FAST HEUTRON SPECTROMETERS 

Method 

Slowing down of 
cast neutrons oa 
moderating mater
ials 

Slowing down of 
fast-neutrons in 
moderating mater
ials 

Elastic scattering 
of fast-neutrons 
in hydrogen con
taining scintil
lators 

1 

i 
[ 
I 

I 

'• 
i 

'Fast Neutron 
; Induced 
•Reactions 

.Elascic Scattering 
of Fast Xeutrcss 

i 

Type 

BONNER SPHERES 
& 

Lil(Eu) SCIN
TILLATORS 

BONNER SPHERES 

3 * 
He PROPORTIONAL 

COUNTER 

PLASTIC ORGANIC 
SCINTILLATORS 
(NE 110 , f-ex) 
LIQUID ORGANIC 
SCINTILLATORS 
(NE 212 v £.e*> 

He PROPORTIONAL 
COUNTER 

PROTON RECOIL 
IELESCOPE 

: I 
Pulsed 3eaa of j TIME OF FLIGHT 
Neutrons • 

i 

! 
i 

1 
1 

Neutron Energy 
Range 

0.06-15 MeV 

0.06-15 MeV 

• 1-15 MeV 

0.03-1 MeV 

Detection Efficiency 

3xl0~3-<-(3-in sphere) 

2.5xl0~4->-(l2-in sphere) 
(typical values at the 
peak of the curve) 

3xl0~3(3-in sphere) 
2.5x10 (12-in sphere) 
(typical values of the 
peak of the curve) 

Dependent on photo-
multiplier size avail
able, light guides, bias 
level, etc. 
Typically : 100S-100 
keV, 102-2.5 MeV 
(for a 2 cm thick 
scintillator) 

ID"4 

1-15 :.'eV 1 10_:>-1 MeV 

j 10~"*-10 MeV 
; (Very low detection 
; efficiency) 

i 
Above 100 keV | Very high 
(using organic | 
scintillators j 
as detectors) 

1 
1 

! 

Energy Resolution 

Very poor (Wei69) 

Very poor 

~10X - 1 MeV 
3X - 20 MeV 

-vlOZ up to 14 MeV 

2.5% for thermal 
neutron peak 

10% 

Can be improved 
by increasing the 
flight path 
(typical value =3%) 

Y-Ray Sensitivity 

Moderate 

low 

High 

Low 
(pul^e shape 
discr.nination) 

Moderate 

Insensitive 

Insensitive 

Remarks 

The simplest of the active 
spectrometers, but has ser
ious interpretatlonal prob
lems. It is used also for 
fast-neutron dosimetry 
directly. 

For fast-neutron spectro-i 
metr/, requires first the 
derivation of the differ
ential energy speccrum 
from the integral pulse 
height distribution, and 
then an unfoldinjz method 
for the evaluation 
of the differencial pulse 
height spectra. 

2) 
Scintillators must be kept 
snail because of aultlple 
scattering of neutrons, 
complicating the response 
function. 

V.? semiconductor sandwich 
.-•cec-toaecers or Lithium 
-er^Lconductor sandwich 
spectrometers have also 
been used (Kn79) 

1 
i 

1 

Considered Co be Che best 
-ethod for neutron spectro
metry, provided che neutron 
source is pulsed although ; 
che operation of the system 1 
Is complicated; the technique] 
cannot be recamended as a j 
routine method. ' 
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caticti of a suitable unfolding code (Ke70-FERDOR code, Fo78-

F0R1ST code, etc), making the overall uncertainty on the neutron 

spectrum quite high. 

The term "passive" radiation detector means one that stores its 

information after an irtadiation is completed and delivers it after 

some processing of the detector itself. In this context, nuclear 

emulsions, threshold activation detectors, integrating ionization 

chambers, thermoluminescent dosimeters, Bonner spheres plus TLD 

and track etch polymers are all passive detectors. For passive 

fast neutron spectrometry, a set of activation detectors x̂ ith 

different threshold energies, have been the most accepted method, 

although remarkable uncertainty associated to the extracted neutron 

spectrum are always present, due to the uncertainty in the cross-

sections for the neutron induced reactions, the reduced number of 

activation detectors, and the choice of the appropriate unfolding 

code (Gre66, Kam74, Fi77, Mc.E67, pe77 and Rou78) , 

3,2,2 Passive fast neutron spectrometers using recoil track 

detectors 

It is apparent, from the previous analysis, that the problem of 

spectral characterization of each irradiated location by active 

and passive methods is by far not straightforward, requiring a 

lot of experimental and computational work. Quite surprisingly, 

little work has been done on the possible use of recoil track 

detectors for passive neutron spectrometry, despite their inherent 

advantages as compared to the previously described detectors. 

302„2.1 Passive differential methods for fast neutron spectrometry 

through alpha and proton spectrometry 

Somogyi and Hunyadi (S08O) had shown that proton tracks, when 

etched under less sensitive chemical conditions, are not revealed 

in CR-39 polymer, and the alpha particle energy response becomes 

differential. Radiators such as Li and B could then provide 

useful neutron spectral information, through alpha spectrometry 

(n,cx) reactions. 
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Ruddy et al. (Ru82) have developed a desensitized etching technique, 

which resulted in an excellent differential energy response for 

normally incident alpha particles track diameters, in the energy 

range 3-14 MeV. The etching consisted of 3 steps at 70 C: 

1 - 1 h, 7.5N NaOH 

2 - 3 h, PEW-10 (15g KOH, lOg ethanol, 15g water) 

3 - 1 h, 7.5N KOH 

Their results are presented in Figure (3-1). 

The same authors have also performed irradiation of CR-39 in close 

contact with thick polyethylene radiators, for normally incident 

monoenergetic neutrons of 0.57, 2.1, 5.3 and 15.1 MeV. The resulting 

track diameter distributions have peaks corresponding to proton 

energies close to the incident neutron energies. Figure (3—2) pre

sents the track diameter distributions obtained for a 2250 pm thick 

polyethylene radiator at 14 MeV (the only one presented by the 

authors). The foils were chemically etched with a 6.25N NaOH 

solution at 70 C for 16 h. 

Benton et al. (Be80) investigated the response of CR-39 to alpha 

particle energies between 3,2 and 6.1 MeV from isotropic sources, 

and to protons in the energy range 0.2-18 MeV. The angular depend

ences for alpha and protons have also been investigated. 

The detectors were first exposed to a particles and were etched 

for 10 h, at 70°C with a 6.25N NaOH solution. The results are 

shown in Figure (3-3), where the ordinates are the number of tracks 

and the abscissas represent the track diameters. It is observed 

that the track diameter distributions for the alphas emitted from 

the Cf, Cm, Am and Gd sources, are very nearly identical. This 

fact indicates that, over this particular energy range and using 

the above etching conditions, alpha spectrometry is difficult. 
252 

For the Cf source, the distribution on the right side is centered 

around the 7 ym track diameter and represents fission fragments. 

The central peak has not been identified. 

The proton exposure waa performed using proton scattering at 90 off 
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Figure 3-3: Alpha track diameter distribution for four sources (Be80). 
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of thin gold foils in the energy range 0.2-18 MeV. The foils were 

then etched for 16 h at 70°C, with a 6.25N NaOH solution. Tracks 

of protons with dip angles below 45 were not observed. The track 

diameter distributions appear in Figure (3-4a), showing a quite 

narrow distribution. The proton energy caixbration obtained with 

the help of Figure (3-4a), is shown in Figure (3-4b), for 8 h and 

16 h etching. It is observed that, from about 1 to 4 MeV, the 

track diameters vary rapidly and the curves become flattened out 

beyond that energy. 

Hassib et al. (Has80), by applying a varying pre-etching time to 

Makrofol E polycarbonate foils, prior to ECE, were able to find an 

optimum layer removal for each alpha energy in the region 1.5-5.5 

MeV, permitting alpha particle discrimination. Their results are 

presented in Figures H-5) and (3-6), showing the relative optical 

density (normalized to the plateau) as a function of the layer 

removal by pre-etching for each alpha energy, and the optimum 

layer removal thickness as a function of the alpha energy. From 

Figure (3-6) one can observe the high sensitivity of the layer 

removal Lecimique as a function of alpha energy, and the improved 

resolution for higher alpha energies. No mention was made, however, 

of the errors assigned to the bulk-etch rate determination and to 

the statistical fluctuations on the counting of the revealed etched 

pits. 

3.2.2.2 The HEND system 

Frank, Benton and Alberghoti (Fr74) used cellulose nitrate as a 

recoil track detector (pit revealing by chemical etching), and 

beryllium radiators plus gold degraders to develop a fast neutron 

spectrometer (HEND) in the neutron energy range 3-20 MeV. 

The detectors are composed of a sandwich arrangement which includes: 

a beryllium radiator (for production of elastically scattered Be 

atoms by incident neutrons) plus a degrader (thin film of gold which 

reduces the energy of the transmitted recoil Be nuclei) plus the 

recoil track detector (CN). The detectors had a 5 cm total area, 

were light (several grams), stable and independent of any reaction 
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half-lives. The detectors were designed to perform as a set of 

threshold detectors. A computer unfolding program (HENDU) has 

been developed, employing an iterative technique similar to that 

of the SAND program of McElroy et al. (Mc.E67), 

Figure (3-7) presents the unfolding of a model Ra-Be neutron source 

spectrum through the HENDU code. 

Problems of high background in the commercial CN track detectors, 
4 

caused by the copious emission of He particles within the radiator 

and the detector itself (CN) (starting at 13 MeV), and by the 

quality of the etched surface of the track recorder, forced the 

fabrication of CN in the laboratory, with sensitivities just below 

that needed to record alpha particles. And more, in order to give 
9 

full discrimination between Be recoil nuclei and alpha particles, 

the CN foils were also annealed after the exposures. 

Large variations in background track densities were nevertheless 

observed, causing a large error in the measurements. 

Severe angular dependence of the HEND system was found. 

The same problems of spectral unfolding, reported for activation 

foil spectrometry with the SAND code (McE67), had occurred. 

As a second development of the single track-etch concept, we 

designed and developed a Passive Fast Neutron Spectrometer based 

on a single CR-39 proton track detector (revealing of pits by 

electrochemical etching), and several polyethylene radiators 

(proton emitters) with different thicknesses, whose output can 

be unfolded into the neutron spectrum in the energy range 0.5-

14 MeV. 
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_ n _ MODEL Ra-Be NEUTRON 
SOURCE SPECTRUM 

UNFOLDED SPECTRA 

W=CALC(J)*R<1,J)/AC(1) 

W=CALC(J)*R(I,jjyAC(l) 

NO ERRORS 

NEUTRON ENERGY (MeV) 

Figure 3-7: The unfolding of a model Ra-Be neutron spectrum 
(Fr74). 

CALC(J): first approximation neutron spectrum; 
R(I,J): response matrix; 
AC(I): calculated track densities; 
W is a variable used to calculate the weighting 
function. Two equations for W were used. 
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4, A WIDE ENERGY RANGE REM EQUIVALENT NEUTRON PERSONNEL DOSIMETER 

BASED ON BORON RADIATORS AND A POLYCARBONATE TRACK DETECTOR* 

4.1 Introduction 

The personnel neutron dosimeter presented in this study, which, for 

convenience, will be called PND, is composed of a single polycarbon

ate foil (375 um thick, Transilwrap Co., Chicago, USA) as the passive 

detector, and several B radiators (in enriched or diluted form) 

in contact with it. 

4.2 Description of the Dosimeter 

The dosimeter is based on three main interactions: 

a) Direct interaction with the boron material via the B (n,a) 
7 7 

Li reaction and emission of alpha and Li particles toward the 

polycarbonate foil. 

b) Interaction of the albedo thermal and epithermal neutrons with 

the boron material via the same reaction and backscattering of alpha 

and Li particles toward the polycarbonate foil. 

c) Elastic interaction of fast neutrons with the components of the 

polycarbonate molecule: carbon and oxygen nuclei„ 

The dosimeter, shown in Figure (4-1), has three regions, based on 

these interactions. 
The first region mainly measures low energy neutrons up to about 30 

keV and consists of: 
2 10 

a) A thin BN layer equivalent to 60 mg/cm B (area 3). 
2 10 

b) Another thin BN layer, on top of which is a 1080 mg/cm B 

layer (area 4)„ 

c) A third thin BN layer which is used as an albedo detector 

(area 2). 
The BN reduces the concentration of B to only 9% of the total 

10 7 
mass, thereby counteracting the large B (n,a) Li cross section. 

This decreases the saturation effects, thereby increasing the dose 

range of the dosimeter, especially at low neutron energies. Areas 

3 and 4 are masked toward the body from thermal and epithermal 

neutrons by Cd and BN material and constitute the "miniature boron 

*The Personnel Neutron Dosimeter is registered under US Patent No. 
4383179. 
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spectrometer". Dose equivalent in this energy region is given as 

a linear combination of the number of particles emerging from the 

two BN layers. (The theoretical considerations involved in the 

operation of the miniature boron spectrometer are presented in • •":•.. 

Ei80b,E.t8IK At energies higher than 30 keV, the number of particles 

emerging from layers 3 and 4 are almost equal. Tn this energy 

region (up to about 1 MeV), the albedo detector (area 2) is used 

for determining the dose equivalent. Since the albedo response 

decreases with increasing neutron energy, it should be corrected by 

multiplying it. by an increasing function which is the ratio between 

the number of particles emerging from the albedo detector (area 2) 

due only to albedo neutrons, N„, to the number of particles emerging 
I 

from area 4 due only to incident neutrons, N,, The superscript 1 

refers to region 1 and the subscripts refer to the areas in this 

region, as shown in Figure (4-1). 

The second region, which contains only enriched B pellets, is 

mainly used for high energies (above 30 keV) where the counting 

statistics behind the BN layers is low. It consists of two layers: 
2 10 

d) 150 mg/cm enriched B layer masked toward the body by Cd and 

BN (area 5). This layer is functionally equivalent to BN layers 

3 and 4. 
2 10 

e) Another 150 mg/cm enriched B layer, unmasked toward the body, 

is used as an albedo detector (area 1). This layer is functionally 

equivalent to area 2 of the BN material. it should be mentioned 

that at energies higher than 30 keV all layers are almost equally 
1 1 

transparent to the incident neutrons and the ratio N„/N, is nearly 
2 2 2 

equal to N./N,. where N, is the number of particles due to albedo 
neutrons behind (1) and N- is the number of particles due to incident 

2 2 1 1 1 1 
neutrons behind (5). At lower energies NC/N.<N0/N„ and N./N <1. 5 1 3 2 4 3 

These ratios can be used to estimate the effective energy of the 

incident neutrons. 

The dose equivalent due to high energy neutrons above about 1 MeV 

is obtained from the third region (area 6), not. masked by boron. 

(The principles of detection for the fast neutron region are under-
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lined in Appendix A). 

When BN layers are used, the dose equivalent D is given by the 

following formula: 

-if 

D = aN* + CNJ + dN* - e 
J 

+ gN, (4-1) 

where D is given in units of mRem, a = 0.01, c = 0.02, d = 0.025, 

f = 1.73, g = 7,7 and Nft is the net response in the region not 

masked by boron material. 

When N-/N, < e, i.e. at low energies, zero is substituted for 

When the counting statistics for BN is low and the enriched 

used, the dose equivalent is given by a similar formula: 

10 
B is 

D = (a + c)N5 + dN^ x 
2 2 

N1/N5 - e 
si x 0.12 + gN, (4-2) 

10. 
B as obtained The factor 0.12 is the ratio between yields of BN and 

2 2 
for high energy neutrons. When N./N- < e, zero is substituted for 

N*/N* - e| •r 
It should be noted that the pits of alpha and Li particles generated 

by the interaction of fast neutrons above about 1 MeV with the boron 

layers are subtracted from N. (i = 1-5, J = 1-2) in formulas (4-1) 
l 

and (4-2). The values subtracted are derived from Nfi. 

The dose equivalent below about 30 keV, which is given by aN + cN, 

does not depend on the number of albedo neutrons. It is necessary 

to introduce the dose equivalent dependence on the albedo neutrons 

only above about 30 keV. The correction factor (N„/N, - e) for the 

albedo neutrons increases with increasing energy. While this factor 

accurately indicates the energy of the incident neutrons for mono-

energetic neutrons, it will only give a rough estimate of the 

effective energy in the case of a continuous spectrum. Since it is 
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boton material, and b) by alpha and Li particles in the regions 

a non-linear function, it. weights energies around 30 keV more than 

around 1 MeV. This will result in an underestimation of the dose 

in a continuous spectrum between about 30 keV and 1 MeV, However, 

for spectra in working areas, such as a moderated fission spectrum 

(,.1/E behavior) or a spectrum in a nuclear power reactor, this 

underestimation is not larger than 40%. The parameters a,c,d,e and 

f in equations (4-1) and (4-2) were determined theoretically, as 

explained in (Ei80b,Ei81) and the parameter g was obtained empir-
252 

ically from tne response of the polycarbonate to Cf neucrons. 

4,3 Electrochemical Etching Conditions 

4.3.1 General considerations 

Two types of damage sites are produced in the polycarbonate foil: 

a) by carbon and oxygen recoil nuclei in the region unmasked by 

boron material, and b) 

masked by boron layers. 

The energies of alpha and Li particles emerging from the boron 

layers depend on the energy of the incident neutrons. Since the 

B (n,a) Li reaction has a high positive Q value, the spectrum 

of emerging particles will be almost the same for all neutron ener

gies up to 300 keV. Above 300 keV the mean energy increases with 

an increase in incident neutron energy. Considering that the maxi

mum energy of an alpha particle emerging out of the boron layers for 

incident neutron energies up to 1 MeV is about 2.1 MeV, the detection 

efficiency must be investigated up to this energy. (it must be 

remembered that the theoretical calculations (Ei80b, 
7 

Ei81 ) , issume a detection efficiency for alpha and 'Li particles 

which is energy independent for energies greater than 0.2 MeV.) The 

detection efficiency was investigated by irradiating the polycar

bonate foils with alpha particles having mean energies from 0.35 
241 

to 3S0 MeV. Energies were varied by moderating Am alpha particles 

with thin layers of aluminum and aluminized mylar. The efficiency 

was determined by comparing the number of pits obtained, to the 

number of alpha particles counted by a Si surface barrier detector 

which was placed in the position of the polycarbonate foil. 
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lt should be noted that the detection of Li particles was not 

investigated experimentally. However, since the dE/dx of Li 

particles is larger than that of alpha particles, it was assumed 

that the electrochemical etching conditions which reveal alpha, 

carbon and oxygen particles also reveal Li particles. 

The electrochemical etching conditions were investigated to find 

suitable conditions for achieving an energy independent detection 

efficiency for alpha particles up to about 2.1 MeV and to reveal 

these damage sites simultaneously with those produced by carbon 

and oxygen nuclei. 

Parameters which may affect the efficiency with which damage sites 

are revealed, such as the temperature of the etching solution, the 

ratio of ethyl alcohol to KOH in the solution, the length of the 

pre-etching period, the applied voltage and high gamma-ray doses, 

were investigated. In most tests, unless specified otherwise, the 

voltage across the polycarbonate foil was 1000 V RMS, the frequency 

1900 Hz, the chemical pre-etching period 2 hours, the electro

chemical etching period 4 hours, the temperature 30 C, and the 

etching solution was 5.5N KOH mixed x̂ ith 14% ethyl alcohol by volume. 

In addition to the detection efficiency, the background and the 

minimum detectable doses were also investigated for each test. 

4.3.2 Temperature of the etching solution 

Tests at temperatures ranging from 20 C to 35 C showed a strong 

temperature dependence of the alpha particles detection efficiency. 

Efficiencies are high only at temperatures greater than 28 C; at 

20 C efficiencies are extremely low. A comparison of the effi

ciencies at 25 , 30 and 35 C as a function of alpha particle 

energy is presented in Figure (4-2). It should be noted that the 

detection efficiency for alpha-particles having energies lower than 

0.7 MeV decreases at temperatures higher than 30 C. This is due to 

an increase, with temperature, in the bulk-etch velocity, causing 

a faster removal of the superficial layers of the polycarbonate 

foil. The mean pit diameter increases, also, with the temperature: 
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at 25 C it is about 63 micron and at 35 C about 120 micron. 

252 239 
Damage sites due to fast neutrons from Cf and Pu-Be 

sources (details of the irradiation are explained in Ei80b, Ei81) 

were revealed in the temperature range from 20 C to 35 C, with in

creasing efficiencies and pit diameters as the temperature increased, 

using the same etching solution as for alpha particles. Detection 
252 

efficiencies for Cf neutrons were found to be 5, 10 and 14 

pits/em2/100 mRem at 20°, 25° and 30°C, respectively. 

The mean pit diameter due to carbon and oxygen is larger by about 

20% than that due to alpha particles. 

2 
The background also increased with temperature from 2 pits/cm at 

20°C to 7 pits/cm at 30°C. 

4,3.3 Detection efficiency of alpha particles as a function of the 

length of the chemical pre-etching period 

The detection efficiencies for several pre-etching periods as a 

function of alpha particle energy are shown in Figure (4-3). It is 

seen chat, for pre-etching periods between 0 and ib hours, the effi

ciency drops very rapidly for alpha particle energies above 1.7 MeV. 

By increasing the pre-etching period, damage sites produced by 

alpha particles having energies above 1.5 MeV can be revealed with 

high efficiency. However, the pits formed by lower energy par

ticles are removed under these conditions by the etchart. 

The sharp decrease in detection efficiency above 1.7 MeV may be 

explained by a decrease in the stopping power of alpha particles 

as energy increases. By extending the pre-etching period, more 

polycarbonage layers are removed, revealing regions where the 

alpha particles have lost a great part of their initial energy, 

and therefore have larger stopping power. 

The background decreases somewhat with an increase in the pre-

etching period. This is probably due to the fact that part of the 

background results from microscopic scratches on the surface, which 

are removed by the chemical pre-etching. 
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Figure 4-2: The effect of the temperature of the etching solution 
on the efficiency for revealing damage sites due to 
a-particles as a function of cx-particle energy E . 

0.5 1.0 1.5 
EQ (MeV) 

2.0 2.5 

Figure 4-3: The effect of the length of the pre-etching period 
on the efficiency for revealing damage sites due to 
a-particles, as a function of their energies. 
_. ._.— no pre-etching; 2 hours; 

— 16 hours; 24 hours. 
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U., 3, 4 Effect of the addition of ethyl alcohol to the KOH solution 

Tests were performed at 30 C with different amounts of ethyl alcohol 

in the K.0H solution, following the suggestion of Hassib et al. 

(Has77): they reported significant increases in the detection 

efficiency for neutrons impinging on 500 micron Makrofol E poly

carbonate, by adding ethyl alcohol to the KOH solution during the 

electrochemical etching process, 

At a concentration of 7% ethyl alcohol, alpha particles were revealed 

with 20% of the efficiency obtained with a concentration of 14%. 

Also, the pit diameters decreased dramatically with a decrease in 

the fraction of ethyl alcohol in the solution. An increase of ethyl 

alcohol does not significantly change the efficiency for revealing 

damage sites of high energy alpha particles. It was found that 

the addition of ethyl alcohol to the etching solution is much more 

effective for revealing damage sites due to alpha particles than 

due to carbon and oxygen recoil nuclei. Somogy (So77) and Sohrabi 

(So79) used a large fraction of alcohol in their etching solution. 

But, although in this way the detection efficiency is increased, 

the background also increases, and consequently the minimum detectable 

doses too. 

4,3.5 Effect of applied voltage 

Previous investigations on Makrofol-E (So77) showed a critical field 

strength for each alpha particle energy, below which the revealing 

efficiency is zero. The critical field strength increases with 

alpha particle energy. 

In the present work experiments were performed at 1000 and 1200 V 

RMS across the polycarbonate foil. Only a small change in the detec

tion efficiency for alpha particles having energies higher than 1.7 

MeV was detected. The background more than doubled when the higher 
2 2 

voltage was applied, from 7 pits/cm at 1000 V to about 15 pits/cm 
at 1200 V. 
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4,3,6 The effect of high y-radiation doses on the detection 

efficiency of alpha particles 

As stated previously, the detection efficiency for alpha particles 

decreases sharply at the higher energies. This is probably due to 

the low LET of the high energy alpha particles in polycarbonate. 

In order to increase the detection efficiency at higher energies 

it was decided to irradiate the foils with a high gamma-ray dose, 

since it was assumed that the initial damage caused by that radia

tion to the molecular structure of the plastic could improve the 

detection efficiency for the alpha particles. The foils were homo-
60 

geneously irradiated with a 5 Mrad dose from a Co source. Following 

the. gamma irradiation, the foils were irradiated with alpha particles 

in the energy range 0.4-3 MeV, and then electrochemically etched. 

The results are presented in curve 2, Fieure (4-4). It is evident 

that no significant improvement resulted (and at the same time the 

background increased). 

4.4 Performance of the Dosimeter 

The performance of the dosimeter, with polycarbonate as the passive 

detector, has been tested at the National Bureau of Standards in 

Washington, D.C., using filtered monoenergetic beams of predominantly 
252 

2, 24 and 144 keV (Sc77), as well as Cf neutrons moderated by a 

30 cm diameter sphere of D„0 (Sc81). The dosimeter was also tested 

by Battelle Northwest Laboratories using monoenergetic neutrons 
3 

in the energy region 100-500 keV produced by the T (p,n) He reaction, 

and at three nuclear power reactors. At these reactors almost the 

entire neutron dose equiva]ent stemmed from particles having energies 

below 300 keV (Ha79, En81). The results are summarized in Tables 4-1 

ut> to 4-4. Good agreement between delivered and recorded doses was 

obtained. Uncertainties includes systematic errors which are mainly 

due to the electrochemical etching procedure and to thickness var

iations of the polycarbonate foils. At low energies, such as 2 keV, 

doses of the order of 5 mRem can easily be detected with an uncer

tainty of ±40%. One can also see that the dosimeter can measure in 

a wide dose range even at low energies. This is a result of the 



combination of enriched and diluted B radiators, the latter in 

the form of BN. The effective energies derived from the nuclear 

power reactors varied between 30 and 70 kev ,jhich is in reasonable 

agreement with the PNL studies (En81). 

4.5 Directional Dependence of the Dosimeter 

The directional dependence of the dosimeter was studied in a mixed 

fast and slow neutron field (Fa82a). The dosimeter was mounted in 
252 

a phantom and irradiated from a distance by a Cf source moderated 

by a 10 cm cylinder of either H~0 or D„0. The fraction of dose 

equivalent obtained for these irradiation configurations in the 

energy range of 1 eV to about 1 MeV is of the order of 10-15% of 

the total dose. 

Since the dosimeter is able to measure the dose equivalent from 1 eV 

to about 1 MeV and from about 1 to 14 MeV independently, the var

iations of the response with angle were measured separately for 

these two energy ranges. While the fast neutron dose depends on 

the direct interaction of the neutrons with the polycarbonate foil, 

the dose below 1 MeV depends on a) the interaction of the incident 

neutrons with the B or the BN layers, b) the interaction of albedo 

neutrons with these layers and c) on the ratio between the contri

butions of a) and b). 

The variation of the fast neutron dose equivalent with the incident 

angle using polycarbonate in the PND is shown in Figure (4-5). where 

the dependence on incident angle is compared to cost) v.0 is defined 

as the angle between the direction of the incident neutrons and 

the normal to the dosimeter plane). It can be seen that the exper

imental curve is similar to that of cos6 except for very large 

angles. This is expected since the number of incident neutrons 

per unit area is proportional to cos9. 

The dose equivalent dependence is shown in Fiqnres (4-6) and (4-7), 

for the energy regions a) 1 to 30 keV and b; 30 keV to about 1 MeV. 

The behavior of both dose components is vastly different from that 

of the fast neutrons. Both components have maxima at angles greater 

than 0 and fall quite rapidly beyond these maxima. The slow dose 
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Figure 4-6: Dependence of the slow 
neutron dose equivalent 
on the incident angle in 
the 1 eV-30 keV energy 
region. The solid line 
was drawn to guide the eye. 
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Figure 4-7: Dependence of the 
slow neutron dose 
equivalent' on the 
incident angle in 
the 30 keV to ̂ 1 MeV 
energy region. The 
solid line was drawn-
to guide the eye. 
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equivalent, which is a sum of these two components, has a maximum 

at about 45 with a value greater by about 40% than that at 0°. 

Since it is valid to assume that in most routine work the neutron 

fields are isotropically distributed, it is necessary to integrate 

the. response over 2ir. However, the dosimeter response for neutrons 

incident from the back is largely underestimated because neutrons 

are highly absorbed by the body. Therefore it is more realistic to 

Integrate over IT. The values obtained for such an integration are 

about 120% and 44% for the slow and fast components of the dose, 

respectively. 

In order to evaluate the effect of neutrons coming from the back of 

the body, the dosimeter was mounted on a 30cm x 30cm x 15cm water 

phantom and was irradiated from behind. Two neutron fields were 
252 252 

used, a) a bare Cf source and b) a Cf source moderated by 

10 cm of D„0. In both cases the fast neutron dose equivalent above 

about 1 MeV was underestimated by a factor of about 8 due to absorp

tion in the phantom. Also in both cases, the information on the 

dosimeter clearly indicates that the neutrons came from the back, 
1 1 2 2 

since the ratios N ?/
No and N../N,. were of the order of 50, largely 

exceeding those obtained for neutrons impinging on the dosimeter 

from the front. However, the absolute values of N. for neutrons 
x 

coming from the back are much smaller than for neutrons coming from 

the front for the same dose equivalent. This indicates that the 

dose equivalents due to neutrons coming from the back interfere very 

little with the dose equivalent readings from the front and that, 

in an isotropic field, the dosimeter gives valid readings only from 

the front. This situation resembles a film dosimeter for soft 

x-rays in the range 30-90 keV. Since the attenuation in the body 

is large (of the order of 10 to 20), the x-ray dosimeter is effective 

only for recording doses coming from the front of the body. 

4,6 Saturation Effects in Polycarbonates Irradiated at High Doses 

The limitation on the dose equivalent which can be measured is imposed 
2 

by the pit density. At densities higher than 7000 pits/cm , pits 

are smaller than usual (Na79). Also, the number of pits is not linear 
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with the dose and the slope is smaller than at low pit. densities. 

The decline in the revealing efficiency at high pit density, when 

foils are electrochemically etched, can be explained by the fact 

that tracks fail to undergo "treeing", due to an overall reduction 

in the electric field in a vicinity where "treeing" has already 

started, As mentioned in a previous section, the addition of 

diluted B in the form of BN extended the dose range of the dosi

meter. However, we tried to further extend the dose range by finding 

r.n analytical solution to the number of lose events as a function 

of the number of observed pits and also as a function of the optical 

density (Fa82b). 

Polycarbonate foils were irradiated with about 1 MeV alpha particles 
241 

(using a moderated Am source) with a density ranging from 400 
2 

to 20000 alpha/cm . After electrochemical etching, the foils were 

counted in a microfiche reader with a magnification of 72X and in 

a projecting microscope with a magnification of 400Xo The foils 

were also scanned with a spectrophotometer at a wavelength of 500 nm. 

Figure (4-8) presents the number of alpha particles/cm impinging 

on the polycarbonate (true values) versus the number of pits observed 
2 

at two magnifications, 72X and 400X, When the density of pits/cm 

is high there is a reduction in the average pit size. Small pits 

cannot be seen at the low magnification and therefore pit readings 
2 

are lost. It was found that the actual number of alphas/cm 
2 

(true values), y, is given as a function of the observed pits/cm , 

x, by the following relation: 

y = x/(l - ax) (4-3) 

2 
Figure (4-9) presents the number of impinging alpha particles/cm 

versus the optical density. It is seen that in the optical density 

interval of 0.33-0.60 the curve agrees well with the equation 

z = bDC (4-4) 

2 
where D is the optical density, z is the actual number of alpha/cm , 

b = 8.3xl04 and c = 1.89. 
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Note: The discussion and conclusions about the PND system using 

polycarbonate as the passive detector, will be presented in the 

next chapter, which will include the polymer CR-39 as the passive 

detector in the PND. 
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Table 4-1: Dosimeters irradiated with filtered monoenergetic 

neutrons at NBS. Values are averages of results 

from 2 dosimeters. Uncertainties include statistical 

and systematic errors (as explained in. the text). 

Energy 

(keV) 

2 

2 

24 

144 

144 

Dose delivered 

10 uSv 
(mRem) 

6.9 

13.7 

49.7 

248 

496 

Dose extracted 

10 ySv 
(mRem) 

8.9 ± 2.2 

19 ± 2.0 

49 ± 17 

220 ± 60 

271 ± 90 



Table 4-2: Dosimeters irradiated with Cf moderated by a 30 cm 

diameter sphere of D„0 at NBS. Values are averages of 

results from 5 dosimeters. Uncertainties as explained 

in Table 4-1. 

Dose delivered 
10 ySv 
(mRem) 

20 

40 

60 

100 

1000 

3000 

Dose extracted 
10 ySv 
(mRem) 

23 ± 10 

23 ± 12 

50 ± 12 

102 ± 38 

955 ± 240 

2760 ± 690 
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Table 4-3: Dosimeters irradiated at 3 nuclear power reactors in 

the U.S.A. by Battelle Northwest Laboratories. Values 

are averages of results from 3 dosimeters,. Uncertainties 

as explained in Table 4-1. 

Power reactor 

1 

2 

3 

Dose delivered 
10 ySv 
(mRem) 

100 

170 

1190 

310 

30 

12 

220 

260 

1720 

1990 

Dose extracted 
10 ySv 
(mRem) 

101 ± 20 

115 ± 25 

700 ± 175 

406 ± 100 

12 ± 4 

12 ± 4 

153 + 40 

191 ± 46 

1098 ± 330 

3250 ± 1000 
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Table 4-4: Dosimeters irradiated with monoenergetic neutrons from 

100 to 500 keV by Battelle Northwest Laboratories. 

Values are averages of results from 3 dosimeters. 

Uncertainties as explained in Table 4-1. 

Energy 
(keV) 

110 

161 

264 

358 

448 

Dose delivered 
10 uSv 
(mRem) 

61 

35 

55 

67 

104 

Dose extracted 
10 ySv 
(mRem) 

120 ± 35 

65 ± 20 

45 ± 15 

62 ± 20 

63 + 20 
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5 . CR-39 AS TRACK DETECTOR FOR THE REM EQUIVALENT NEUTRON PERSONNEL 

DOSIMETER 

5.1 I n t r o d u c t i o n 

As stated previously, the revealing efficiency for high energy alpha-

particles (energies greater than 1.7 MeV) or of high energy neutrons 

(energies greater than 1 MeV) is relatively low in a polycarbonate 

foil. To improve the efficiency of the PND dosimeter, we studied 

the possibility of replacing the conventional polycarbonate (PC) 

foil with the recently introduced CR-39 polymer (Ca78, Car78), 

manufactured by American Acrylics, USA. This polymer has a higher 

sensitivity for alpha particle detection in the entire energy range 

of interest, in addition to its ability to detect protons. Con

sidering that the main contribution to the radiation dose of the 

human body, when irradiated with neutrons, comes from the protons 

produced by elastic scattering, a desirable feature of a neutron 

dosimeter is its capability of detecting proton tracks. The CR-39 

polymer fills this requirement very well. 

Chemical and electrochemical etching parameters for CR-39 in KOH 

solutions, unmixed and mixed with ethyl alcohol, have been deter

mined for the simultaneous detection of alpha and Li particles, 

heavy ion recoil nuclei and protons. The PND, with a CR-39 foil, 
252 

was irradiated by a moderated and non-moderated Cf source. A 

comparison between the two polymers as well as the remarkable 

improvement in the fast neutron sensitivity of the CR-39 when used 

with a polyethylene radiator will be discussed. Finally, the dir

ectional dependence of the CR-39, with and without a polyethylene 

radiator, was studied and the results will be compared to poly

carbonate. 

5.2 Properties of CR-39 Plastics 

The plastic is obtained by the polymerization of the monomer allyl 

diglycol carbonate, commercially known as CR-39, which was used 

early, as a major component in copolymers for eye-glass lenses. 

The required properties of an ideal polymer (when used as solid state 
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track detector processed by the conventional chemical etching) were 

systematically studied by Cartwright et al. (Car78), who concluded 

that the ideal polymer detector for chemical etching should be an 

optically clear, amorphous, radiation sensitive and thermosetting 

material, that does not cross link upon irradiation and that is 

susceptible to interfacial degradation by a convenient etchant. 

They found that the track-recording properties of the CR-39 polymer 

completely fitted the above mentioned requirements, as compared to 

the currently used solid-state track recorders (polymers, minerals 

or glasses). 

Alkali hydroxides (e.g. K.OH, NaOH) were found to be suitable as 

etching agents for the CR-39 (degrading rather than dissolving the 

damaged regions). 

CR-39 is remarkably sensitive to charged particles, and since the 

publication of the radiation detection properties of this polymer 

in 1978 (Ca78, Car78), a number of research groups have been using 

it for the study of track-registration of protons, alpha particles, 

etc., as well as for Rn dosimetry and cosmic ray studies. 

The polymer was also found to be the most appropriate for electro

chemical etching (ECE), because of its radiation sensitivity, chemo-

physical structure and morphology (To78). 

5.3 Determination of Optimal Electrochemical Etching Conditions for 

CR-39 

Recently Griffith et al. (Gr81) suggested a procedure for revealing 

proton damage sites in CR-39, which involves a combined chemical 

pre-etching in a 6N KOH solution at 60 C for 5 hours, and electro

chemical etching in a 6N KOH solution at room temperature and 

31.5 kv/cm for 5 hours. However, this procedure cannot be 

applied for the-short range alpha and Li particles emitted by the 

boron layers of the PND dosimeter (ranges are about 7.5 micron for 

1.5 MeV alpha particles), because under these conditions chemical 

etching removes a layer of about 10 micron from the CR-39. There

fore, the conditions needed to reveal alpha particles and protons 

simultaneously were investigated. 
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5.3.1 Influence of ethyl alcohol on the bulk etch rate and deter

mination of the optimal pre-etching period 

A chemical pre-etching procedure using a pure KOH solution at room 

temperature would have lead to very long pre-etching periods. This 

period could be shortened by raising the temperature, bur our pre

vious experience showed that this increases the background dras

tically. It was found that the addition of ethyl alcohol to a 5.5N 

KOH solution in a 1:1 volume ratio greatly increased the bulk -

etching rate of the CR-39. For example, we obtained rates of 0.7 

and 2.7ym/h without and with the addition of ethyl alcohol, respec

tively, at 40 C. In order to reduce the background, the temperature 

was lowered to 18 C. The bulk - etch rate at this temperature, 

with ethyl alcohol added to the KOH solution, was determined to 

be 0.6um/h. This result was obtained by extrapolating the results 

at 40" C to 18UC, using the Arrhenius equation and an activation 

energy of 0.54 eV, experimentally determined. On the basis of this 

value, the optimal chemical etching time is 1.5 h. This removes a 

layer of 0.8 pm thickness of CR-39 material and is well below the 

maximum range of the alpha particles considered here. 

5.3.2 Electrochemical etching procedure 

a) Irradiation of CR-39 foils with alpha particles and fast neutrons 

CR-39 foils, 430um thick, were irradiated with alpha particles 

having mean energies from 0.35 to 3 MeV. Energies were varied 

by the same procedure described in Part 4. CR-39 foils, covered 

and uncovered with 1.25 mm polyethylene radiators, were also exposed 
252 239 

to Cf and Pu-Be neutron sources. 

b) Optimal electrochemical etching conditions and measured alpha 

and neutron detection efficiencies 

A 100% detection efficiency was obtained for alpha particles in the 

0.35-3 MeV range using 5.5N KOH and ethyl alcohol solution in a 

volume ratio of 1:1, a pre-etching time of 1.5 h, a temperature of 

18°C, an electrochemical etching period of 5.5 h, 1000 V RMS and 

1900 Hz. Proton and heavy ion recoil tracks were also revealed 
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using the above etching conditions. Readings of the CR-39 were 

performed with a transmission microscope and a microfiche reader, 

on both sides of the etched foils. The sensitivity of the CR-39 

foils, with and without a polyethylene radiator, to neutron radiation, 

is presented in Table 5-1. The total number of protons reaching 

the CR-39 foils was theoretically calculated. It was found that 

although the revealing efficiency for proton detection using a 

(CH„) radiator was only 7.7% and 11% of the theoretically calculated 

values for Cf and Pu-Be sources, respectively, the improvement 

over that of a PC foil was by about a factor of 10. The background 
2 

was about 45 pits/cm . The diameters of the pits due to alpha 

particles and protons were 60 and 30 micron, respectively. 

5.4 Comparison of CR-39 and Polycarbonate Foils as Passive Detectors 

in the PND 

The PND + CR-39 was irradiated at the Soreq scattering-free neutron 
252 facility using a Cf source, non-moderated and moderated by 10 cm 

D20. The results of these irradiations are presented in Table 5-1, 

in which the results for the PND + PC were also included, tor com

parison purposes. 

It can be seen that the use of CR-39 increased the fast neutron 

detection efficiency by a factor of about 6.5. When using a poly-
2 

ethylene radiator of 120 mg/cm in front of the CR-39 foil the 

efficiency increased by a factor of almost 10 over that of a poly

carbonate foil. It can be seen that the revealing efficiencies for 

the alpha and Li particles emitted due to the B (n,a) Li reaction 

were increased by a factor of about 2.5 by the use of CR-39. This 

increase is mainly due to the smaller critical dip angle for CR-39 

than for polycarbonate (Du80), for heavy particles. 

As a result of the experiments, the parameters a, c and d (which 

appear in the equations (4-1) and (4-2) are smaller by a factor of 

approximately 2.5 than those for polycarbonate foils and the para

meter g is smaller by a factor of about 10. It can be concluded 

that the minimum detectable fast neutron doses could be lowered to 

5 mRem, using CR-39 with a polyethylene radiator, as compared with 
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30 mRem using polycarbonate. 

5.5 Directional Dependence of the PND Dosimeter using CR-39 

Following the study of Durrani and Al-Najjar (Du80), who found that 

the critical dip angles for pit detection of fission fragments is 

much smaller in CR-39 than in PC, it was expected that the directional 

dependence of a dosimeter based on PC could be improved by using CR-39. 

252 
The response of the PND + CR-39 to a collimated Cf source at 

different incident angles, relative to the response to a beam of 

normal incidence, is presented in Figure (5-1). It is seen that for 

a collimated beam no appreciable difference exists between CR-39 

and PC (Figure (4-5), Part 4), for direct interaction of fast neutrons. 

The number of neutrons detected for an isotropic field (assumed in 

routine work), relative to normal incidence, can be obtained by 

integrating the curves of Figures (4-5) and (5-1). The values 

obtained by such an integration were 44% and 52% for PC and CR-39, 

respectively. It is concluded that no significant improvement in 

the directional dependence is achieved by the use of CR-39 foils. 

Finally, the CR-39 foils were irradiated with a polyethylene radiator. 

It was found that the detection efficiency of CR-39 decreases even 

more steeply than without a radiator as a function of the incident 

neutron angle (Figure (5-2). Therefore it can be concluded that 

the directional uependence of the dosimeter for high energy neutrons 

is mainly determined by geometrical factors. 

5.6 Summary and Conclusions 

The personnel neutron dosimeter (PND) presented in this study covers 

a wide energy range (1 eV to 14 MeV); its performance for various 

neutron spectra was checked, ranging from very low energies, such 
252 

as 2 keV at NBS to high energies such as Cf moderated by 30 cm 

D„0. The dosimeter has been irradiated by monoenergetic as well as 

polyenergetic neutrons and by normal incident neutrons as well as 

stray radiation, such as at nuclear power reactors. 

The dosimeter has also been tested in a wide dose range from about 
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Dependence of the fast neutron dose 
equivalent on the incident angle for 
CR-39 passive detector. The solid 
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Figure 5-2: Dependence of the fast neutron dose 
equivalent on the incident angle for ~ 
CR-39 passive detector with a 120 mg/cm 
(CH?) radiator in front of it. The solid 
line was drawn to guide the eye. 
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7 mRem (at 2 keV) up to 3000 mRem ( Cf moderated by DjO). Almost 

all recorded dose equivalents were within ±40% of the delivered doses. 

A rough estimate of the effective energy of the incident neutrons 

can be extracted from the responses in the different regions of the 

dosimeter. 

The use of CR-39 in the dosimeter was examined. Its advantage 

over the polycarbonate is significant only for doses due to high 

energy neutrons above about 1 MeV extracted from the region of the 

dosimeter not masked by boron material. The number of revealed 

pits is greater by a factor of about 10 than chat in polycarbonate. 

Using CR-39, the minimum fast neutron dose that can be recorded is 

about 5 mRem, while for polycarbonate it is about 30 mRem. For this 

study we selected CR-39 foils of high quality. However, most of the 

commercial CR-39 material presently available is not suitable for 

large scale routine electrochemical etching due to inhomogeneities 

in foil thickness and other imperfections, which would result in 

large background variations in non-irradiated foils. Little improve

ment is obtained by using the CR-39 for extracting the dose equivalent 

below about 1 MeV. 

The directional dependence of the dosimeter has been examined using 

both polycarbonate and CR-39 as passive detectors. It has been shown 

in both cases that the variation of the fast neutron dose is more 

sensitive to the direction of the dosimeter with respect to incident 

neutrons than the slow neutron dose. Assuming an isotropic neutron 

field (present in routine working areas) the fast neutron dose is 

underestimated by a factor of about 2 while the slow neutron dose 

is approximately equivalent to that from normal incidence. 
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Table 5-1: Comparison of polycarbonate and CR-39 as passive detectors 

in the FND under several neutron irradiations. 

Source/Moderator 

252Cf 

252Cf 

252 
Cf/10cm D20 

252 
Cf/10cm D20 

239 
Pu-Be 

Passive 
detector 

CR-39 

PC 

CR-39 

PC 

CR-39 

Alphas behind 
thin boron pellet 
(pits/cm^/uSv) 

70 ± 12 

30 ± 3 

435 ± 30 

133 ± 13 

Fast neutrons 
(pits/cm /ySv 

without 
radiator 

90 ± 5 

14 ± 2 

85 ± 5 

14 ± 2 

95 ± 5 

with 
radiator 

124 ± 6 

158 ± 10 

159 ± 6 



-60-

6. A PASSIVE MINIATURE FAST NEUTRON SPECTROMETER BASED ON CR-39 

TRACK DETECTOR 

The development of a passive miniature fast neutron spectrometer, (MNS), 

based on a CR-39 track detector is described in the present section. 

The MNS was designed to operate in the neutron energy range 0.5-15 MeV. 

The device is based on the detection of proton tracks by electro

chemical etching (ECE) of a single CR-39 foil divided into nine 

areas, each of which is in contact with a polyethylene foil (proton 

radiator) of different thickness. The spectrometer can also be 

used as a dosimeter, through a linear combination (Ei78a) of the 

number of damage sites on the CR-39 corresponding to the specific 

polyethylene radiators, or through the obtained neutron spectrum. 

6.1 Description of the Spectrometer 

The MNS is composed of a single CR-39 foil (American Acrylics and 

Plastics, Stratford, Connecticut), "̂ 500 ym thick, and polyethylene 

of various thicknesses in contact with it. 

The CR-39 foil detects recoil protons emitted from the radiators, 

due to elastic scattering of the incident neutrons with the hydrogen 

nuclei in the polyethylene. A schematic diagram of the 27x25x0.5 mm 

spectrometer is shown in Figure (6.1), and a photograph of it in 

Figure (6.2). The dimensions of the spectrometer were chosen 

according to the required size of the CR-39 foils in the ECE chamber. 

The foil is divided into nine areas, eight of which are masked by 
2 

polyethylene radiators of thicknesses ranging from 1 mg/cm to 
2 

210 mg/cm . The ninth area is not masked and is used to assess the 

number of damage sites resulting from the foil background and from 

direct neutron interactions with the CR-39. 
The CR-39 foil is embedded in a brass box with a wall 

2 
thickness of about 400 mg/cm . This box absorbs high-energy recoil 

protons due to elastic scattering of fast neutrons by moisture 

in the air. 

The MNS's were made, each having a different set of polyethylene 

thicknesses. Thus, the simultaneous use of 16 proton radiators 
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Figure 6-1: Schematic diagram of the spectrometer. 

Figure 6-2: Photograph of the dosimeter. 
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makes it possible, in principle, to extract the neutron spectrum 

with much more detail. 

The lower limit for the extraction of neutron spectra is imposed 

by the low sensitivity of the CR-39 for detection of protons having 

energies lower than 300 keV. Added to this is the technical 
2 

difficulty of mounting polyethylene layers of about 0.7 mg/cm 

thickness, which corresponds to the range of 0,5 MeV protons. 

The maximum thickness of the proton radiators was chosen considering 

the proton range due to 15 MeV neutrons (the upper limit for operation 

of the spectrometer)-

The thickness of the intermediate radiators were selected taking 

into account the fact»that the thickness of each polyethylene 

radiator through which protons can pass and reach the CR-39 detector 

with sufficient energy to cause damape sites, increases with neutron 

energy. 

6.2 Electrochemical Etching Conditions 

The CR-39 monomer, produced by American Acrylics and Plastics, 

Stratford, Conn., U.S.A., was used as the track detector on the MNS. 

Tests of this material under several pre-etching (PE) and electro

chemical etching (ECE) conditions, showed a better performance of 

the foils, as compared to that of the CR-39 produced by Pershore 

Mouldings Ltd., England. 

The damage sites on the irradiated CR-39 foil are revealed by 

chemical pre-etching (PE) for 24 hours at 35 C, followed by 

electrochemical etching for 3 hours at 25 C. The etchant solution 

is 9N KOH and the voltage and frequency are 1000 V (RMS) and 1900 Hz, 

respectively. The etched pits were counted in a microfiche reader 

and a transmission microscope (Figures 6.3 and 6.4). 

Either one or both sides of the foil were etched. It was found 

that electrochemical etching of only the front side greatly enhances 

the contrast, giving a higher proton detection efficiency. There

fore, throughout all the work, only front side ECE was performed. 
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Figure 6-3: Etched pits in a CR-39 foil under a microfiche reader. 

6-A: Etched pits in a CR-39 foil under a microscope. 
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The average measured background decreased from a value of 35 ± 20 
2 

pits/cm to 20 ± 

one-surface ECE. 

2 2 
pits/cm to 20 i 10 pits/cm when passing from two-side ECE to only 

252 
When the foils were directly irradiated with Cf, we obtained 

2 2 
the averages of 170 ± 25 pits/cm xlOO mRem and 65 ± 10 pits/cm x 
100 mRem for front + back and only front ECE, respectively; with 
239 2 

a Pu-Be neutron source the average results were 150 ± 30 pits/cm x 
2 

100 mRem and 40 ± 5 pits/cm xlOO mRem, and with 14„8 MeV mono-
2 

energetic neutrons, the averages were 70 ± 3 pits'cm xlOO mRem 
2 252 

and 36 ± Spita^cm xlOO mRem CR-39 foils irradiated by Cf and 
239 

Pu-Be neutron sources are shown in Figures (6.5) and (6.6) after 
ECE in both surfaces and only in one surface, respectively 
6.3 Calculation of the Number of Recoil Protons that Cross the 

CR-39 Surface, per Incident Neutron on the Polyethylene 

Radiator, as a Function of the Neutron Energy and Radiator 

Thickness 

The yield of protons per incident neutron, beyond each radiator 

was calculated according to the following assumptions: 

a) Only monoenergetic neutrons of normal incidence on the radiators 

are considered. 

b) The total elastic, scattering cross-section for the (n,p) 

collision is given by: 

a ,(barn) = 10.97/(E + 1.66) (Pr57) (6.1) 
tot n 

where: E (MeV) is the incident neutron energy. 

c) The differential elastic cross-section, da/dft, is isotropic 

in the center of mass system, thus leading to the following 

behavior in the laboratory system: 

(do - ^ • cose (6.2) 
Lab 

where 9 is the laboratory scattering angle of the proton, fi is the 

solid angle. 
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Figure 6-5a: CR-3? foil inside the MNS irradiated by 
2->̂ Cf neutron sourde after ECE of both sides. 

Figure 6-5b: CR-39 foil inside the MNS irradiated by 
239pu_Be neutron source after ECE of-both sides 
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Figure 6-6a: CR-39..foil inside the MNS irradiated by 
252Cf neutron source after ECE"of only one side, 
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Figure 6-6b: CRr39 foil inside the MNS irradiated by 
Pu-Be neutron source after ECE of only one 

side. 



', 7 -

d) The probability of multiple scattering of neutrons in the 

polyethylene radiators is considered to be small, 

e) Since the radiators are ">0.3 mm apart from the CR-39 detector, 

it can be assumed that all protons emitted from the radiators cross 

the CR-39 surface, 

f) The incident neutron beam suffers no attenuation on passing 

through the polyethylene radiator. 

g) The ratios of proton mass to total mass of polyethylene is 

0.1427. 
2 

h) The range of the protons, R(mg/cm ) in the polyethylene is 

expressed in the following way: 

R = 0.063 + 1.936 E l o 7 3 1 (Go73) (6.3) 
P 

where E is the initial energy of the proton in MeV. 

The number of emitted protons per incident monoenergetic neutrons 
2 

in a polyethylene radiator of thickness T(mg/cm ) is expressed as: 

,-5 fT 
e (t) 
r max 

N (E ,T) = 8.6x10 ° Idc ^H < E > dfi <6-4) 

For normal incidence, dfi can be expressed as: 

dft = 2TT sine de (6.5) 

and N will be represented as: 

.(t) 

N (E ,T) = 5.4x10 4 
p n 

T 
dt 
0 

max 

n ~ (E) sine de (6.6) 
9=0° dfi n 

6 (t) is dependent on the point of interaction in the radiator 
max 

and corresponds to the maximum angle through which the scattered 

proton can reach the detector with energy greater than 300 keV 

(set to be the threshold energy value for the incident proton in 

the CR-39 to cause permanent damage.) A computer program, PROTON, 

was developed by us, to evaluate Equation (6.6). By dividing each 
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radiator thickness into a great number of thin slabs, the program, 

sums up the contribution of each slab to the total number of emitted 

protons. In a second step the spectral distribution of the emitted 

protons was also evaluated. 

The yields of protons for different radiator thicknesses are shown 

in Figure (6.7). From Figure (6.7) one can see that the maximum 

thickness of the polyethylene radiator through which protons can pass 

and reach the CR-39 detector with sufficient energy to cause damage 

sites (which can be later revealed by etching), increases with the 

neutron energy. Therefore, if the neutron energy is of the order of 

10 r-
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Fig. 6-7: Calculated proton yields for incident neutron 



2 
0.5 MeV (where the range of the most-energetic proton is ̂ 0„7 mg/cui ), 

there is no difference in the number of protons emerging out of the 

various radiator thicknesses, However, if the neutron energy is 

about 15 MeV (where the range of the most energetic proton is about 
2 

230 mg/cm ) there is a considerable difference between the number 

of protons emerging from the various polyethylene radiators. 

For each neutron energy there exists a minimal thickness above 

which the number of emitted protons does not change with increase 

of the thickness. 

6.4 Calculation of the Energy Response of the CR-39 

The calculation of the energy response of the CR-39 beyond each 

radiator thickness was performed by adopting two approaches: 

a) In order to register in the CR-39 plastic, the protons must 

fulfill the condition that at an angle 8 to normal incidence, they 

must have an energy between 0.1/cos (1.859) MeV and 10 cos (1.858) 

MeV (according to Benton et al, (Be80b)), This criterion applies 

well to the energy and angular cut-offs of CR-39 observed by 

Benton et al0 (Be80b) (who used chemical etching only, with a 

6.25N NaOH solution at 70°C for 16 h), established as 10 MeV maxi

mum proton energy and a 45 minimum proton incidence angle, 

b) The angle of incidence of the proton and the maximum detectable 

proton energy are independent of each other,, 

In our case, approach b) lead to a better agreement with the 

obtained experimental yield ratios, by assuming a zero revealing 

efficiency for protons above 10 MeV and a 55 minimum proton 

incidence angle. 

The MNS was irradiated by monoenergetic neutrons of 14.8 MeV 

(this was the only beam available to us), and the calculated response 

of the CR-39 was adjusted to the experimental ratios obtained at 

this energy, counting tracks on only one surface of the CR-39 

(see section 6.6.for details of the irradiation). 

The calculation of the energy responses of the CR-39 per incident 

neutron, for each polyethylene radiator of the MNS was performed 
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by the use of Equation (6.6) and the conditions set forth in 

item b). 

The results are presented in Table 6.1 and displayed in graphical 

form in Figure (6.8). 

One can see that the response peaks near 2 MeV and falls in either 

direction by up to a factor of seven when thin polyethylene radiators 
2 

(till 5 mg/cm ) are employed, and that there is a shift toward 

the higher energies as the radiator thickness increases. These 

results are in good agreement with those obtained by other inves

tigators [e.g. Griffith et al. (Gr81); All-Najjar et al. (Na82) 

and Cross et al. (Cr92)], who used a combined chemical and electro-

2 4 6 8 10 12 14 

Neutron Energy (MeV) 

Figure 6-8: Calculated response of the CR-39. 



Table 6.1: Calculated Energy Response of CR-39 (protons/incident neutron) 

t 

I Neutron 
l iadiator Energy 
;Thickness (MeV) 
jag/cm2 

1 I 

! 2 

; 4 

: 5 

6 

: 7.5 

: io 

; 20 

30 

. 55 

70 

• no 

: 150 

210 

0.5 

.26E-4 

.26E-4 

.26E-4 

.26E-4 

.26E-4 

.26E-4 

.26E-4 

.26E-4 

1.5 

.958E-4 

.184E-3 

.24E-3 

.241E-3 

.241E-3 

.241E-3 

.241E-3 

.241E-3 

.26E-4 J.241E-3 

.26E-4 :.241E-3 

.26E-4 I.241E-3 

.26E-4 I.241E-3 

.26E-4 i.24lE-3 

.26E-4 '.241E-3 

2.5 

.728E-4 

1.46E-3 

.291E-3 

.353E-3 

.4E-3 

.446E-3 

.465E-3 

.465E-3 

.465E-3 

.465E-3 

.465E-3 

.465E-3 

.465E-3 

.465E-3 

3.5 

.587E-4 

.117E-3 

.235E-3 

.293E-3 

.352E-3 

.439E-3 

.556E-3 

.682E-3 

.682E-3 

.682Z-3 

.6821-3 

.682E-3 

.6821-3 

.6821-3 

4.5 

.491E-4 

.983E-4 

.197E-3 

.246E-3 

.295E-3 

.369E-3 

.491E-3 

.833E-3 

.888E-3 

.888E-3 

.888E-3 

.888E-3 

.888E-3 

.388E-3 

5.5 

.423E-4 

.846E-4 

.169E-3 

.211E-3 

.254E-3 

.317E-3 

.423E-3 

.823E-3 

.104E-3 

.108E-2 

.108E-2 

.108E-2 

.108E-2 

.108E-2 

6.5 

.371E-4 

.742E-4 

. 148E-3 

.186E-3 

.223E-3 

.278E-3 

.371E-3 

.742E-3 

.105E-2 

.127E-2 

.127E-2 

.127E-2 

.127E-2 

.127E-2 

7.5 

.331E-4 

.661E-4 

.132E-3 

.165E-3 

.198E-3 

.248E-3 

.331E-3 

.661E-3 

.986E-3 

.142E-2 

.146E-2 

. 146E-2 

.146E-2 

.146E-2 

8.5 

.298E-4 

..596E-4 

.119E-3 

.149E-3 

.179E-3 

.223E-3 

.298E-3 

.596E-3 

.894E-3 

.146E-2 

.161E-2 

.163E-2 

.163E-2 

.163E-2 

9.5 

.271E-4 

.543E-4 

.109E-3 

.136E-3 

.163E-3 

.203E-3 

.271E-3 

.543E-3 

.814E-3 

.143E-2 

.165E-2 

.18E-2 

.18E-2 

.18E-2 

10.5 

.215E-4 

.434E-4 

.884E-4 

.112E-3 

.135E-3 

.171E-3 

.233E-3 

.482E-3 

.731E-3 

.134E-2 

. 162E-2 

.195E-2 

.195E-2 

.195E-2 

11.5 

.141E-4 

.283E-4 

.58E-4 

.732E-4 

.87E-4 

.113E-3 

.155E-3 

.343E-3 

.562E-3 

.114E-2 

.145E-2 

.192E-2 

.2E-2 

.2E-2 

12.5 

.811E-5 

.168E-4 

.348E-4 

.445E-4 

.544E-4 

.697E-4-

.967E-4 

.223E-3 

.377E-3 

.866E-3 

.118E-2 

.176E-2 

.197E-2 

.197E-2 

13.5 

.394E-5 

.808E-5 

.178E-4 

.227E-4 

.285E-4 

.371E-4 

.53E-4 

.133E-3 

.237E-3 

.592E-3 

.867E-3 

.152E-2 

. 184E-2 

. 19E-2 

14.5 '„ 

.945E-6 

.1B9E-5 

.484E-5 

.67E-5 

.858E-5 

.123E-4 

.192E-4 

.629E-4 

.128E-3 

.378E-3 

.581E-3 

.122E-2 

.163E-2 

.181E-2 
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chemical etching process. 

Nevertheless, a direct comparison cannot be made with the above 

results, because these authors adopted different conditions for 

ECE [the chemical pre-etching time has also an important effect on 

the shape of the response curve (Gr81, To82)], used a polyethylene 
2 

cover ^5mg/cm thick over the front surface of the CR-39 (Gr81) 

and measured tracks on both surfaces. 

A comparison between our calculated and experimental yield 
2 

ratios (relative to a 210 mg/cm thick radiator), for 14.8 MeV 

monoenergetic neutrons, is presented in Table 6.2. The obtained 

relative revealinp efficiency (for our ECE conditions) was 1.55%, 

as an average of all the radiators considered, for 14.8 MeV neutrons. 

Table 6.2: Comparison Between Calculated and Experimental Proton 

Yield Ratios, for 14.8 MeV Monoenergetic Neutrons 

Radiator 
Thickness 
(mg/cm ) 

70 

110 

150 

210 

Calculated 
Ratio 

3.12 

1.48 

1.11 

1 

Experimental 
Ratio 

2.8 ± 0.46 

1.7 ± 0.25 

1.25 ± 0.17 

1 

252 239 
Additional irradiations with the available Cf and Pu-Be 

neutron sources were performed (see details of the irradiations in 

Section 6.6). 

For each radiator, the theoretical number of emitted protons was evaluated 

by folding the proton yield calculations based on formula (6.6) with the 
252 239 standard spectra of Cf and Pu-Be sources (Hal74, An72). A comparison 

252 
of the calculated and experimentally obtained yield ratios for Cf and 
239 

Pu-Be neutron sources is presented in Tables 6.3 and 6.4; the calculated 

values were obtained by assuming a zero revealing efficiency for protons 

above 10 MeV and a 55 minimum proton dip angle. 
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Table 6.3: Comparison between Calculated and Experimental Proton 
252 

Yield Ratios for Cf Neutron Source 

Radiator 
Thickness 
(mg/cm ) 

2 

10 

110 

Calculated 
Ratio 

3.6 

1.25 

1 

Experimental 
Ratio 

3.0A i 0,43 

1,23 ± 0.17 

1 

Table 6.4: Comparison between Calculated and Experimental Proton 

Yield Ratios for Pu-Be Neutron Source 

Radiator 
Thickness 
(mg/cm ) 

10 

20 

55 

110 

Calculated 
Ratio 

1.91 

1.61 

1.09 

1 

Experimental 
Ratio 

2.04 ± 0.3 

1.38 ± 0.20 

1,025 ± 0.15 

1 

Although the response of the CR-39 foil with a polyethylene radiator 

in froht of it 'is not flat in the 0.5-15 MeV energy range, it will 

be shown that one can obtain information about the spectrum of the 

incident neutrons. 

Because.of the shape of the CR-39 energy response curve, it is 

important to calculate the spectrum of the emitted protons from 

each radiator thickness, as a function of the incident neutron 

energy, in order to fully interpret the pit readings from each 

radiator over the CR-39 foil. 
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6.5 Calculation of the Energy Spectrum of the Emitted Protons 

as a Function of the Radiator Thickness and Incident Neutron 

Energy 

The computation of the spectral distribution of the emitted protons, 

as a function of the radiator thickness and incident neutron energy, 

was performed under the same assumptions laid down in Sections 6.6 

and 6.7, through the PROTON Computer program. The spectrum was 

calculated in 7', energy bins of 200 keV each* 

Results from.the case of high-energy neutrons (14.8 MeV), for 
2 

1,2,5,10, 20 and 210 mg/cm thick radiators are presented in 

Figures (6.9) and (6.10). 

The initial energy of a recoil proton in a direction G is given 
2 

by E cos 0. If the thickness of the radiator is very small compared 
to the range of the protons, the distribution will be flat between 

0 and E (as long as the cross-section is isotropic in the center 
n 

of mass system). For a thick radiator, the proton spectrum reveals 

degradation of energy, usually peaking at some energy between 0 

and E . This peak moves to lower energies when the radiator thick

ness increases compared to the maximum range of the proton 

6.6 Unfolding of the Neutron Energy Spectrum 

6.6.1 Introduction 

The considerations which follow are based on the general treatment 

of the unfolding problem by Nachtigall and Burger (Na72). The 

discussion is valid for any measuring system based on several 

independent response functions. 

Assuming. ̂ ^(E). to .be the spectral distribution of neutron flux 
-1 -2 

densities (neutrons * s *cm per unit energy interval in keV or 

MeV), and e.(E) to be the response function of the j t n detector, 
3 2 

the calculated (predicted) value for the measured quantity (track/cm 
or count rate), will be expressed as: 

R. = 
J 

i|/F(E)e.(E)dE (6.7) 
E 3 
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Figure 6-10: Proton spectral distributions for 14.8 incident neutron and 
20 and 210 mg/cm^ radiator thicknesses, for a maximum detecta
ble proton energy of 10 MeV and 55 critical angle. 
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If average values ijJ(E) within finite energy intervals AE are 

considered, the integrals of equation (6.7) can be approximated by 

a summation, leading to the matrix equation: 

R* - {e} .M" 0 (6.8) 

For a real measurement, the quantity R. will show experimental 

errors. Then: 

|R - {e} • i|i| <_a (6.9) 

The true spectral flux density function ^ ( E ) cannot be obtained, 

because of uncertainties in the matrix elements e.., the finite 

number of j detectors and the experimental errors in the count rates 

or track counting. 

The solutions of equation (6.9) are not unique, since a defines 

a distribution of possible deviations. This requires the appli

cation of constraints, like the non-negativeness of the spectrum, 

its similarity to any assumed spectra, its smoothness, etc. 

The requirements for obtaining a physically meaningful solution 

are satisfied by a variational process. Usually, the minimization 

of the norm of the deviations between the calculated and the measured 

data vector is performed. 

m = I (R. - R . ) 2 •+ Min (6.10) 

Many numerical techniques for spectral unfolding have been applied 

for the solution of equations (6.10), as summarized by Nachtigall 

and Burger (Na72). The available unfolding techniques can be clas

sified in three broad categories: 

a) Iterative techniques (Sco62, Go64, Wei69, Hol69, Aw67, Lo70). 

b) Least square techniques (Rou69, Rou78, Ti62, Bu67, Gru70, En81). 

c) Linear estimation techniques (Bu61, Sch71). 
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In the present work iterative techniques were applied for the 

deconvolution of the neutron spectrum, as explained in the next 

Section. 

6.6.2 The extraction of the fast neutron spectrum with the miniature 

neutron spectrometer 

The energy spectrum was found in 1 energy channels with 1> 

polyethylene radiators. Two iterative methods were used to extract 

the spectrum: a Quasi-Newton algorithm, developed by Gill and 

Murray (Gi76) and a Monte-Carlo procedure, developed by us. 

2 
The aim of all the above mentioned methods was to minimize the x > 

defined as: 

? 16 i f 1 0 

* - i=1 -ji\i=lvvvv^i-(Ni-N)F" (6-n)' 
where: N is the number of damage sites created by the direct 

interaction of the neutrons with the CR-39. 

a. is the fraction of neutrons in the energy interval AE. 
x J x 

N. is the number of damage sites revealed beyond the radiator j 
c..(E.) is the calculated number of protons emitted from a radiator 
13 i 

due to normally incident neutrons with energy E. 

o. is the experimental uncertainty on N., and 

e..(E.) is the relative revealing efficiency. 
The parameter c..(E.) was calculated according to Section 6.7 b), 

J.J J-

through the PROTON Computer program. 

6.6.2.1 The Quasi-Newton algorithm 

The constrained Quasi-Newton algorithm developed by Gill and Murray 

(Gi76) is a routine available from the NAG library (Numerical 

Algorithms Group - Oxford University), and is part of the IBM 4341 

library (E04KBF). 

Essentially, the algorithm finds a minimum of a function of several 

variables subject to fixed upper and/or lower bounds on the variables, 

and the user must supply a starting point, and a subroutine FUNCT to 
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2 
calculate the value of the function F(x) = X , and its first 

derivative 3F/9X at any point X' 

6.6.2.2 The Monte Carlo procedure 

The method is based, essentially, on the introduction of a block 

of random numbers, generated by a basic uniform (0,1) Random 
2 

Number Generator, into the x equation; by checking the value of 
2 

F = x obtained for each set of random numbers, after a great 
number of trials, convergence must be attained and the minimum 
2 
X will be extracted. 

6.6.3 Results 

The spectrometer was irradiated with 14.8 MeV monoenergetic 
252 239 

neutrons, as well as with Cf and Pu-Be neutron sources. The 

relative revealing efficiency was taken as an average value for 

all the radiator thicknesses of the MNS, being 23.1% and 9.2% for 
252 239 

Cf and Pu-Be, respectively. For 14.8 MeV monoenergetic 

neutrons, the relative revealing efficiencies were measured for 

each radiator thickness, and the average e was 1.55%. 
6.6.3.1 Results for 14.8 MeV monoenergetic neutrons, produced by 

4 
the d(t,n) He reaction 

The experiments were performed in the Cockroft-Walton accelerator 

laboratory at Ben-Gurion University of the Negev, Beer-Sheva, 

Israel. The spectrometers were positioned at 30 at a distance 

of about 50 cm from the target. 

Two methods were used for the calibration of the neutron flux: 

a) Activation analysis using the reaction Cu(n,2n) Cu. The 

Cu foil was mounted next to the MNS. The cross-section of this 

reaction for 14.8 MeV neutrons was assumed to be (560 ± 20) mb 
62 

(Ha74). Cu has a half-life of 9.78 min. Gamma-rays of 511 keV from 

positron annihilation were detected in Ge(Li) detector. 
237 

b) Use of a secondary standard Np fission chamber with an 
-5 2 

efficiency of 2.14x10 fission yields /n/cm at 14 MeV. 

For 14.8 MeV neutrons a value of 4.8 n/cm /sec per mRem/h for the 

flux-to-dose equivalent conve-sion factor was adopted (NCRP71). 
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After electrochemically etching the irradiated foils, the net proton 

pits beyond each radiator were extracted by subtracting the number 

of pits from that of the ninth one not masked by a polyethylene 

radiator. The response of the MNS to the irradiation with 14.8 

MeV monoenergetic neutrons is shown in Figure (6.11). The solid 

line represents the fitted response according to the employed Quasi-

Newton algorithm. It is seen that only protons emitted from the 
2 

70, 110, 150 and 210 nig/cm thick radiators were able to register 

permanent damage sites in the CR-39. 

In order to improve the response of the MNS for this radiator, the 

feasibility of the introduction of a degrader material between 

the polyethylene radiator and the proton track detector was 

examined. Calculations of the spectral distribution of protons 

after passage in Cd foils with thicknesses varying from 0.05 to 

0.3 mm were made, with the help of the PROTON Computer program. 
2 

An example is shown in Figure (6.13) for a combination of 1 mg/cm 

thick polyethylene radiator and a 0.05 mm thick Cd foil. 

Irradiations with various Cd foil thicknesses were performed, with no 

detectable difference in the proton yields produced with thethiner radiators, 

because of low statistics in the performed irradiation. 

The obtained histogramatic spectrum, without Cd, is shown in 

Figure 6.12. 

252 239 
6.6.3.2 Results for Cf and Pu-Be neutron sources 

The MNS was irradiated at the Soreq scattering-free facility. 

La 
J 

252 
The Cf source was calibrated at the NPL primary standard lab

oratory, England, and its strength in April, 1984, was 2.7x10 

n/sec. 

239 
The Pu-Be neutron source was calibrated using a manganese-

sulfate bath (Ei78b) and has a strength of 1.4x10 n/sec. Dose 
237 

equivalents were determined by the Np fission chamber and by 

an Anderson-Braun SNOOPY-type remmeter (An63). Values of 7.8 
2 2 

n/cm /sec per mRem/h and 7.2 n/cm /sec for mRem/h for the flux-to-
252 

dose equivalent conversion factor were adopted, for Cf and 
239 

Pu-Be neutron sources, respectively. 
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Figure 6-11: Response of the MNS to 14.8 MeV monoenergetic 
neutrons. The solid line represents the fitted 
response according to the quasi-Newton algorithm. 
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Figure 6-12: Obtained histogramatic spectrum for 14.8 MeV 
neutrons, using the quasi-Newton algorithm. 
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A check of the experimental response of the MNS was initially done, 

with the insertion in our.computer, program of the model spectra of 
252 239 

Cf (Hal74) and Pu-Be (An72) neutron sources. The results 
are presented in Figure (6.14). 

The fitted response of the MNS, obtained by the Quasi-Newton and 

Monte Carlo procedures, together with the calculated (model spectra) 

responses, are shown in Figures (6.15) and (6.16). 

252 
The obtained Cf spectrum according to the Quasi-Newton pro
cedure, as compared to the model spectrum is shown in Figure (6.17). 

A comparison between our two procedures for the extraction of the 
252 

Cf spectrum is shown in Figure (6.18). 

file:///-oton
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Figure 6-14: Comparison of the experimental response of the MNS to 
the calculated response due to: 
a) Model spectrum of 9oQCf neutron source and 
b) Model spectrum of Pu-Be neutron source. 
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239 
Figures (6.19) and (6.20) display the * ;racted Pu-Be spectrum 

as compared to the model spectrum, by the 2 adopted methods. 

6.7 Experimental Evaluation of the Photoneutron Spectrum and 

Photoneutron Doses from a 16 MeV X-ray Medical Linear Acceler

ator 

The linear accelerator is the fundamental tool available today for 

radiation therapy of cancer. Although the inherent advantages 

of high-energy X-rays are well recognized, the trend toward high 

photon energies has created an additional source of leakage radia

tions to the patient: the photoneutrons, generated when the photon 

energy exceeds the (y,n) reaction threshold (7.27 MeV for tungsten 

targets). 

The neutron dose associated with photoneutrons produced in the 

target, collimator and beam flattening filter of the irradiating 

head must be evaluated because of the possible significant con

tribution to the overall treatment dose to the patient and also its 

implication for the radiation protection of the attending personnel. 

We used the MNS to evaluate the photoneutron spectrum inside the 

primary photon beam of a 16 MeV SL 75-20 M.E.L. medical linear 

accelerator, installed at the Dept. of Oncology, Sheba Medical 

Center, Tel-Hashomar, Israel (Fa83, Fa84). 

The PND (Personnel Neutron Dosimeter),described in part 4, was 

also used for the measurement of the slow and fast neutron dose 

equivalents inside and outside.the primary photon beam and also for 

measuring the photoneutron beam profile (Fa82c). 

All the irradiations were performed at a source-to-skin distance 
2 

(SSD) of 100 cm, with a field size of 30x30 cm , in free-air. 

The maximum build-up was 225.5 rad/200 MU (monitor units). 

6.7.1 Measurement of the photoneutron spectrum 

The experimentally obtained yields for photoneutron irradiation 

are presented in Figure (6.21), together with the fitted response, 

obtained by the Quasi-Newton procedure (Section 6.6). For com-
252 

parison the fitted response to a Cf neutron source is also included. 
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The corresponding histogramatic.photoneutron spectrum, as compared 
252 

to the obtained Cf spectrum (Quasi-Newton method) is shown in 

Figure (6.22). 

Figure (6.23) shows the application of our Monte-Carlo procedure 

to the extraction of the photoneutron spectrum. For comparison, 
252 

the Cf obtained by the same procedure is included. 

Two different processes contribute to the photoneutron emission 

and are therefore responsible for the shape of the photoneutron 

spectrum: evaporation and direct emission (Swa89a). The primary 

photoneutron spectrum originating in the evaporation process is 

very similar to a fission spectrum and accounts for most of the 

photoneutrons generated in the primary X-ray beam. Passage of the 

neutrons through the therapy head, considerably attenuates the 

primary beam, leading to a spectrum shifted toward lower energies. 

The results presented in Figures (6.21-6.23) consistently iead to 

the conclusion that a degraded spectrum was obtained, as expected. 

6.7.2 Measurement of the photoneutron doses and photoneutron 

beam profiles with the PND 

For simplicity we will use the term slow neutron dose equivalents 

(SND) for dose equivalents originating from neutrons of energy 

below 1 MeV and fast.neutron.dose equivalents (FND) for dose 

equivalents associated with neutrons having higher energies. 

Measurements of the SND and FND inside and outside the primary 

beam were carried out with the PND dosimeter. 

Table 6.5 presents the results of our measurements, expressed in 
2 

Rem/rad X-ray, rad/rad X-ray and n/cm /rad X-ray. The doses in 

rads were obtained by dividing the measured dose equivalents by a 

quality factor of 9.3 for fast neutrons, and of 2.0 for slow 

neutrons.. The .approximate, neutron fluences were obtained by taking 
8 2 9 2 

3x10 n/cm /rad for fast neutrons and 3x10 n/cm /rad for slow neutrons. 

The photoneutron beam was scanned in both the principal a>:s of 
2 

the 30x30 cm X-ray treatment field, using only the bare poly
carbonate region inside the PND. It was found that the FND dis-
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tribution is homogeneous in both a>/s, and it drops sharply near 

the edges of the treatment field (to about 30% of the central axis 

FND). 

Table 6.5: Slow and Fast Neutron Contamination in and off the Primary 

Beam (30x30 cm field size) 

Detector 
Location 

Inside pri
mary beam 

5 cm from 
beam edge 

Fast Neutrons 

Kern 
Rad X-ray 

2.5xl0~3 

7.5xl0~4 

Rad 
Rad X-ray 

2.7xl0~4 

0.8xlC"4 

/ 2 
n/cm 
Rad X-ray 

8.1xl04 

2.4xl04 

Slow Neutrons 

Rem 
Rad X-ray 

2.3xl0~4 

2.3xl0~4 

Rad 
Rad X-ray 

1.15xl0~4 

1.15xl0"4 

, 2 
n/cm 
Rad X-ray 

3.5xl05 

3.5xl05 

6.8 Directional Dependence of the MNS 

The directional dependence of the MNS was checked for 14.8 MeV 

monoenergetic neutrons; it was possible to measure the response 

for each radiator only up to a neutron incidence angle of 60 

(the incidence angle 0 is defined as the angle between the 

direction of the incident neutron and the normal to the MNS plane). 

The results for 0: 30 , 45 and 60 incidence angles are presented 

in Tables 6.6-6.9, for the radiators involved, and the angular 

dependence of the MNS, without radiator interposed, is presented 

in Table 6.10. Figure 6.24 presents the directional dependence of 

the MNS for 14.8 MeV neutrons directly interacting with the CR-39 

(without radiator), as compared to cos6. The responses are relative 

to that of a beam of normal incidence. 

The calculated ratios wM.ch appear in the Tables were taken from 

Table 6.1. 

The response of the CR-39 to directly incident fast neutrons 

behaves like cos9, as expected. 

Although it is very difficult to draw conclusions, due to the lack 
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Figure 6-24: Directional dependence of the MNS, without 
radiator for 14.8 MeV monoenergetic neutrons, 
Solid line is the cos8 function. 

cos9 

10 20 30 40 50 60 70 80 90 

Incidence Angle ( ) 

of available experimental data, it can be said that up to approxi

mately 45 , no appreciable changes in the obtained experimental 

ratios, as compared to the calculated ones, were observed. 

The theoretical treatment of the angular dependence of the MNS, 

with the prediction of the response curves for each radiator was 

not performed in tha present work. 

Table 6.6: Angular Dependence of the MNS - Incidence Angle 0 

Incidence 
Angle 

0° 

Radiator 
Thickness 

(vm) 

550 

1100 

2100 

Response 
(pit/cm xlOO mRem) 

15.5 ± 5 

27 ± 4 

54.5 ± 3 

Experimental 
Ratio 

3.6 ± 1.2 

2.0 ± 0.3 

1 

Theoretical 
Ratio 

4.8 

1.48 

1 
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Table 6.7: Angular Dependence of the MNS - Incidence Angle 30 

Incidence 
Angle 

30° 

Radiator 
Thickness 

(urn) 

700 

1500 

Response Experimental 
(pit/cm2xl00 mReml Ratio 

21.5 ± 4 

53 ± 5 

2.5 ± 0.5 

1 

Theoretical 
Ratio 

2.8 

1 

Table 6.8: Angular Dependence of the MNS - Incidence Angle 45 

Incidence 
Angle 

45° 

Radiator 
Thickness 

(um) 

550 

1100 

2100 

Response 
(pit/cm2xl00 mRem) 

25 ± 3 

46 + 4 

64 ± 4 

Experimental 
Ratio 

2.6 ± 0.4 

1.4 + 0.2 

1 

Theoretical 
Ratio 

4.8 

1.48 
i 

1 ' 

Table 6.9: Angular Dependence of the MNS - Incidence Angle 60 

Incidence 
Angle 

60° -

Radiator 
Thickness 

(um) 

700 

1500 

Response 
(pit/cm2xl00 mRem) 

34 ± 4 

31.5 ± 3.5 

Experimental 
Ratio 

0.9 ± 0.1 

1 

Theoretical 
Ratio 

2.8 

•—
I 

Table 6.10: Angular Dependence of the MNS, for 14.8 MeV Neutrons 

Directly Interacting with the CR-39 (without radiator) 

Incidence 
Angle 

0° 
30° 

45° 

60° 

Response 
(pit/cm2xl00 mRem) 

38.6 ± 1.4 

33 ± 1.3 

27 ± 1 

25 ± 1 
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6.9 Discussion 

1) Good agreement was obtained between the model and unfolded 
252 239 

Cf and Pu-Be neutron spectra, for both the adopted 
unfolding procedures, (Figures (6.17-6.20). 

This is best seen in Figure (6.15), where the response of the MNS 

obtained by the 2 unfolding procedures is compared to that of the 
252 239 model spectrum of Cf. For Pu-Be irradiation, the Quasi-

Newton method provides a better fitted response curve, according 

to Figure (6.16), and a better histogramatic spectrum (Figure 6.20) 

(related to the shape of the model spectrum); the Monte-Carlo 

procedure yields good results only in the energy range 3.5-10.5 MeV 

(Figure 6.19). This is probably due to the complicated feature of 
239 

the Pu-Be model spectrum in the 0.5-3.5 MeV region (An72). 

2) We used the MNS and the PND (Fa82c, Fa83, Fa84) to evaluate 

the photoneutron spectrum, the photoneutron dose and the beam 

profile of a 16 MeV medical linear accelerator. The main aim of 

the experiment was to demonstrate the capability of our developed 

spectrometer and dosimeter to operate in the presence of high 

intensity photon fields, a unique advantage of our system (only 

shared by the activation foil method), as compared to active 

spectrometers. Information about the degraded photoneutron spectrum 

(modified by the passage through the beam flattening filter and 

the tungsten shield of the therapy head) is very scarce, though 

very important for the assessment of the effective neutron energy 

to be used in the calibration of neutron detectors in the accelerator 

room. Swanson and McCall (Swa79b) calculated the modified photo

neutron spectrum generated by 15 MeV electrons impinging on a 

tungsten target, after passage on a 10 cm W shield (therapy head), 

concluding that the medium energy of the emitted photoneutrons can 
252 

be reduced from 1.5 MeV ( Cf) to about 0.5 MeV. Our results, 

accordingly, show the degradation of the primary photoneutron 

spectrum, as presented in Figures (6.21-6.23). 

The results presented in Table 6.5, for the photoneutron doses 

delivered to the patient in the 16 Me'' linear accelerator, are in 
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agreement with the data published by Gur et al. (Gu78), although 

they used active foil spectrometry in an 18 MeV M.E.L. accelerator. 

The obtained total percent neutron dose equivalent per rad X-ray 

within and outside the treatment field will give, for a 6000 rad 

radiotherapy treatment, a neutron dose equivalent of -̂17 Rem 

and 6 Rem, respectively, well below the maximum recommended doses. 

3) For 14.8 MeV monoenergetic neutrons, proton yields were only 

revealed beyond the large polyethylene thicknesses, dropping to 
2 

zero very fast, below about 70 mg/cm (according to Figure 6.11). 

The reasons for it are twofold: 

First, the high critical angle for CR-39 takes it impossible for 

the protons emerging with high scattering angles (lower proton 

energies) to be registered in the CR-39. 

Secondly, for thin radiators, as seen in Figure (6.9), the spectral 

distribution is not attenuated, peaking at higher energies, where 

the revealing efficiency is very low. 

In order to improve the response of the MNS to higher energies, Cd foils 

were used, being positioned into the MNS, in such a way as to attenuate 

the protons emitted from the radiators. Although the computed spectral 

distribution of protons after passage in the Cd foils (see Figure 6.13, 

Section 6.6.3.1), predicts the degradation of the spectrum, no detectable 

increase in the response of the thinner polyethylene radiators was observed. 

This is probably due to the poor statistics achieved during the irradiations. 

Another possible way to improve the response at 14.8 MeV is to 

change the etching conditions, thereby arriving at regions where 

the stopping power of the incident protons is sufficiently high * 

to allow track development and consequent increase of the detection 

efficiency. This can be achieved, mainly, by increasing the pre-

etching time, while fixing the other ECE parameters, or by in

creasing the etchant temperature. It must be pointed out, however, 

that a modification of the combined chemical + ECE conditions can 

cause a dramatic change on the shape of the response curve. 

4) Although the good results so far obtained, were based on the 

hypothesis of normal incidence of the neutrons and for great source-



spectrometer distances ('v lm) , the results for the angular 

dependence of the MNS at 14.8 MeV (Section 6.8) point to a pronounced 

angular dependence for angles higher than 45 to normal incidence. 

The application of the MHS in the determination of the spectra and 

doses inside water phantoms, for radiotherapy purposes, will thus 

require the positioning of at least 3 detectors, at 90 to each 

other, in order to fully take in account the side scattering of 

neutrons in the water. 

5) In an attempt to improve the energy resolution of the spectro

meter, the conjugate gradier. t nethod (Po77) was also applied, 
2 

as an optional, iterative procedure, to the minimization of the x 

expression (equation 6.11), but no convergence was attained with 

the method. 

It is thus evident that new unfolding methods must be introduced, 

coupled with.a better knowledge of the revealing efficiency of the 

CR-39. 

Procedures like that developed by Routti and Sandberg (Rou78) 

in their LOUHI computer code, based on the generalized least 

squares method, could be applied. 

6) When both sides of.the CR-39 foil were etched, it was observed 

that in the region not masked by polyethylene radiators, the back 

side of the foil.shows a larger yield as compared to that of the 

front side (the CR-39 is a self-hydrogen radiator equivalent to 
2 252 

about. 20 mg/cm polyethylene). The ratio of yields for Cf 
239 

and Pu-Be sources (back-to-front) is about 3.5, whereas for 
14.8 MeV this ratio decreases to about 1.5. This experimental 

fact might.be used for additional spectroscopic information. 

.7) By observing, with the help of Figures (6.15) and (6.16), the 
252 239 

increased saturation thickness for Cf and Pu-Be, namely 
2 2 

30 mg/cm and 70 mg/cm , one can conclude also, that the simple 

observation.of the processed.CR-39 foil, whether by microscope 

or microfiche reader, could provide an immediate indication about 

the energy range being investigated. • 

http://might.be
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8) The average background obtained for the foils etched under 
2 

the conditions established in Part 6 was 35 ± 20 pits/cm and 
9 

20 ± 10 pits/cm" for front + back and only front ECE. respectively. 

The higher standard deviations of the background readings point 

to the variable sensitivity and instability of the CR-39 material. 

Therefore, only selected samples of the same batch, received from 

the manufacturer^, were used. Although a different CR-39 batch of 

the same manufacturer (American Aerylaes, USA) was used for the 
2 

FND + CR-39 in Part 5, a comparable background of 45 ± 25 pits/cm 

was obtained, despite the different ECE conditions (5.5N KOH and 

etl.yl alcohol solution in a volume ratio of 1:1, a pre-etching 

time of 1.5 h, a temperature of 18 C, an ECE period of 5.5 h, 
1000 V RMS, and 1900 Hz). 

252 239 
For Cf and Pu-Be, a comparison of the obtained response, 

for fast neutrons directly interacting with the CR-39 foil, can be 

done only for front + back ECE. For the conditions established 
2 

in Part 6, Section 6.2 the responses (in pits/cm xlOO mRem) were: 
252 239 

170 ± 25 and 150 ± 30, for Cf and Pu-Be respectively, for the 

ECE conditions adopted in Part 5. Although the absolute values 

are different, due to the different ECE conditions, the ratio between 

them remains the same. 

2 
With the obtained background of 20 ± 10 pits/cm , assuming that the 

lower measurable dose is such that it produces an increase of 3 

standard deviations in the number of tracks above the background 
2 

over an area of 4 cm , and assuming also that the maximum number 

of pits which can be read without saturation correction (according 
2 

to Part 4) is 10,000 track/cm , the spectrometer can be operated 

in the approximate ranges: 

252 239 
30 mRem - 3.0 Rem for Cf, 50 mRem - 3.0 Rem for Pu-Be 
and 200 mRem - 9.0 Rem for 14.8 MeV, when only the front side of 

the CR-39 is etched. 

6.10 Conclusions 

A passive fast neutron spectrometer for operation in the 0.5-15 

MeV neutron energy range was developed by us (Fa82f, Fa82d, Fa82e, 
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Fu83, Fa84) . 

The spectrometer is characterized by a single CR-39 detector, 

which contains all the spectral information, as opposed to other 

methods. The MNS is insensitive to y and $ radiation, is simple, 

reliable and of low cost. 

It was demonstrated that simple methods of least squares fitting 
** 

could lead to a spectral response that is sufficient for dosimetry 

and radiation protection. A possibility of additional spectral 

information was demonstrated, through the front-to-back reading 

ratio. 

The spectrometer was tested over all the operational range through 
252 239 

irradiation with " Cf and Pu-Be sources, and 14.8 MeV mono-
energetic neutrons. Good agreement between the model spectra and 
the unfolded ones was obtained. 

The spectrometer was also tested in the intense X-ray beam of a 

16 MeV linear accelerator (Fa82c, Fa83, Fa84) ( ̂ 200 rad/min dose 

rate), for the determination of the photoneutron spectrum, with 

results compatible with other authors. 

The combined use of the PND (Personnel Neutron Spectrometer) + the 

MNS was also reported, and the advantages of such a system for 

a complete evaluation of the neutron leakage radiation in acceler

ator rooms was emphasized. 

The angular dependence of the MNS was studied only up to a 60 

neutron incideiice angle, for 14.8 MeV neutrons. It was concluded 

that, in principle, no corrections must be made in the responses 

of the polyethylene radiation up to an angle of 45 to normal 

incidence. 
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7. COMMENTS AND FINAL CONCLUSIONS 

1) The inadequacy of the available personnel neutron dosimeters 

was demonstrated through several surveys performed around nuclear 

reactors, plutonium plants and high-energy accelerators. 

a) In a summary of five surveys of nuclear reactors, (reported 

from 1962 to 1972), Harvey and Baynon (Ha72) showed that the fraction 

of the neutron dose equivalent rate in the intermediate neutron 

energy range varied over wide limits, but was typically around 

30-40%. 

b) Another three extensive surveys carried out by Gayton and Hall 

(l-a79), Hankins (Ha63) and NachLigal (Na67) confirm the typical 

spread of values around the 30-40% level, as shown in Figure (7.1). 

In contrast, the component of the dose due to neutrons of energy 

greater than 500 keV in these reactors was only a few percent of 

the total dose, as was the case with all the CEGB (Central 

Electricity Generating Board - U.K.) reactors. 
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around various reactor systems (Ha73). 
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c) Cross and Lag (Cr77) have shown, by computer analysis, that 

neutrons which are streamed through ducts, can have a spectrum 

with a higher proportion of intermediate and high energy neutrons 

than does a "1/E spectrum". 

d) The effectiveness of the existing personnel monitoring methods 

used at U.S. commercial nuclear power plants has been investigated 

by the NUCLEAR RECULATORY COMMISSION (B]80) through a research 

contract with Battelle Memorial Institute and Rensselaer Poly

technic Institute. The study was divided into four steps: 

- Evaluation of the neutron spectra at several locations inside 

and outside containments. 

_ Determination of the dose equivalent rates through the spectral 

distributions found in (1). 

_ Determination of the dose equivalent rates through the use of 

Rem counter survey meters such as the Anderson-Braun (An65) and 

Hankins Remmeters (Ha78), at the same locations. 

- Evaluation of the currently NRC accepted personnel monitoring 

methods (they are described in the NRC Guides 8.14, "Personnel 

Neutron Dosimeters" and 8.4, "Direct Reading and Indirect Reading 

Dosimeters"). The current methods include: 

i) NTA film dosimetry 

ii) Albedo dosimetry 

Lii) Neutron/gamma ratio 

iv) Calculating dose equivalent based on Remmeter dose rates and 

occupancy times. 

Eleven PWR reactors and only one BWR reactor were selected, because 

a minor neutron dose would result from BWR reactors as there is no 

entry to the drywell area when the reactor is in operation. 

The neutron spectra in PWR containments were evaluated with Bonner 

spheres plus active and passive detectors and suitable unfolding 

codes. 

In many locations, about 25% of the neutron dose equivalent was 

due to neutrons with energies less than 0.1 MeV, and about 60% 

of it was due to neutrons with energies less than 0.7 MeV. 
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The conclusions oi" the NRC study, was that: 

- Because data from NTA film exposures pointed consistently to 

a zero dose equivalent, it is clear that NTA emulsion cannot be 

used as a personnel monitor for workers in nuclear power reactors. 

And more, the conditions of high temperature and humidity pre

vailing in the reactors containment would definitely eliminate 

this dosimeter as a reliable one. 

- Thermoluminescent albedo dosimeters can be employed, owing 

to their high sensitivity and easy automation, although appro

priate correction factors must be used according to the location, 

due to the strong energy dependence of the albedo systems. 

- The neutron/gamma ratio technique is not recommended because 

of the observed wide variation in its value around most areas in 

reactor containments. 

e) Using the occupancy times in each location and the survey-

meter readings, provides the most reliable method to evaluate the 

personnel neutron exposure. 

f) Gibson (Gi78a,Gi78b) has carried out extensive measurements of 

the neutron spectrum in a plutonium processing plant. The results 

indicate a large spectral variation from site to site, and the con

tribution to the total neutron dose equivalent in the region from 

thermal to 500 keV neutrons was shown to change from 10 to 45%. 

The neutron radiation in the plant was of low average energy and 

it was found that the use of nuclear emulsions lead to an under

estimation of the dose by at least a factor of ten at all loca

tions. It was also observed that the neutron/gamma dose equi

valent ratio varied from 0.12 to 7.1 in different parts of the 

plant. The ratio of the neutron albedo to the total dose equi

valent also varied from about 0.04 to 0.3, so that a simple albedo 

system was not adequate for neutron personnel dosimetry in the 

processing plant. 

- Coleman (Co72) used activation detectors and Bonner spheres to 

carry out measurements at the 5 GeV electron accelerator NINA. 

In the electron hall, neutrons in the 0.5-5 MeV region predominated 

in the neutron spectrum. Dose equivalent rates consisting of 50% 

neutrons and 50% gammas were detected in the day to day experience. 
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g) Ye Sizong (Si82) evaluated the neutron equivalent dose in an 

access tunnel of the high energy proton accelerator NIMROD (CERN, 

7 GeV synchrotron), estimating that up to 45% of the total dose 

equivalent lay in the 0.15 to 2 MeV neutron energy range, 

h) Fulop et al. (Fu79) evaluated the equivalent neutron dose at 

two representative locations of the 680 MeV synchrocyclotron at 

JINR (Joint Institute for Nuclear Research, Dubna, URSS), outside 

the accelerator shielding, in areas accessible to persons during 

accelerator operation. In the locations characterized by a soft 

energy neutron spectrum, the contribution of neutrons below 1 MeV 

was only 20% of the total neutron dose equivalent. 

i) Sauerinann (Su79) measured the spectral distribution of neutrons 

outside the shielding of two 14 MeV neutron generators. The 

results indicate that intermediate neutrons (0.5-100 keV) pre

dominate in all areas in the labyrinths of both generators and all 

other shielded points around the installation, giving an amount 

up to 75% of the total equivalent dose rate. 

The Personnel Neutron Dosimeter (PND) based either on polycarbonate 

or CR-39 track detectors, developed by us, was able to correctly 

evaluate the dose equivalent in three nuclear reactor environments. 

Future work with the PND should be centered on the introduction 

of this dosimeter in routine neutron dosimetry. The first step 

in this direction has already been taken through the development 

of a semi-automatic dose evaluation system (Ei82c) which includes: 

a) An electrochemical etching system capable of simultaneously 

etching up to 42 plastic foils (either polycarbonate or CR-39). 

b) A microfiche reader with magnifications of 30x and 72x. 

c) An 8-bit microprocessor (MP) which makes sure that the different 

areas of the plastic detectors are read in the proper order. It 

also calculates the neutron doses separated into slow and fast 

components, and their uncertainties. 

A further step should include the introduction of a system for 

automatic reading of the etched pits in the polycarbonate or 

CR-39 foil. 
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2) The Miniature Neutron Spectrometer (MNS), developed by us, 

which had evolved from the single track etch-detector concept 

(introduced in Part 3) first applied to the PND, was shown to be 

capable of evaluating the neutron spectra in the energy range 

0.5-15 MeV. Future work with the MNS should include the use of 

the spectrometer-dosimeter in the growing field of high-energy 

neutron radiotherapy and Lor possible assessment of the neutron 

spectrum in the fusion reactor blankets. An accurate knowledge 

of the isodose distribution inside a patient due to neutron 

fields, is essential in radiotherapy planning. These distributions 

are usually found by elaborate Monte-Carlo calculations. 

The combined use of the PND + MNS for the evaluation of the photo-

neutron doses and photoneutron spectrum in a 16 MeV M.E.L. medical 

linear accelerator, was shown to be a valuable procedure, although 

a complete appraisal of the neutron contamination in the room in 

a linear accelerator should include the determination of the total 

neutron dose contribution to different body organs (gonads, 

eye lens, etc.), as a function of field size and location. 
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Ai'PENDlX A: THE I?AST NEUTRON DETECTOR: PRINCIPLES OF DETECTION 

The polycarbonate .solid sLaLe track detector bus Lhc lolluwLny 

chemical composition: (̂ 16 II, # 0.,)n. The fast neutron, detection 

principle is based on the neutron eLastic collisions with atoms of 

the polymer. The recoil nucleus kinetic energy for an elastic 

collision, in the laboratory system is given by (Kn79): 

- (cos*"0) • E (A-1) 
n 

M - mass of the recoiling nucJeus 

teta - scattering angle of the recoil nucleus in the laboratory 

system 

E - incident neutron energy 
n bJ 

The maximum possible recoil energy occurs when the colliding neutron 

is backscattered (teta=0) 

ER 
4M 

max (1+M) 
~ • E (A-2) 
2 n 

The maximum fractional energy transfer (E,,/E ) is equal to 0.284 
aj R a max 

for neutron-carbon collisions and 0.221 for neutron-oxygen collisions. 

According to Katz and Kobetich (Ka68) carbon and oxygen recoils 

could form etchable tracks (permanent damage), only if their energy 

exceeds the range of 2.6-2.9x10 " MeV/A.M.U. for carbon and 

2.3-2.5x10 MeV/A.M.U. for oxygen, that is, 0.32-0.35 MeV for carbon 

and 0.37-0.40 MeV for oxygen. Therefore, the minimum neutron 

energy necessary for carbon, recoil registration in polycarbonate 

will be in the range 1.13-1.23 MeV, and 1.65-1.80 MeV for oxygen 

recoil registration. 
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Fa 82d Faermann S., Eisen Y., Schlesinger. T., Even 0. and . 

Kushilevski A., 1982, "Construction and Initial Operation 

of a Passive Fast Neutron Spectrometer liased on CR-39", 

in Trans. Joint Annual Meeting of the Nucl. Soc. of Israel, 

Tel Aviv, Ĵ O, 176. 
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