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FOREWORD 

The National Council on Radiation Protection and Measurements has recently 
issued a statement regarding dose limits for neutrons. The changes proposed 
in the statement present substantive problems with regard to personnel expo
sures to neutrons and point to the need to reassess the adequacy of current 

neutron dosimetry practices. Generally, the same types of dosimeters, i.e., 
NTA films and TLD-albedo, have been used over the past 15 years. More recently, 
other dosimetry methods such as track etch with polycarbonates and CR-39 have 
been developed. However, these should be recognized as interim systems pending 
the development of better, more applicable dosimeters • 

In addition to advances in personnel neutron dosimeters, improvement in 
the characterization of neutron fields and spectra at work locations is needed. 
In many situations, a large fraction of the dose may be delivered by neutrons 
with energies less than 100 keV. While some of the recent developments in 
track etch techniques show promise for accurate detection of energies above 
200 keV, improvement in detector accuracies and sensitivities to energies below 
200 keV is also needed. With DOE encouragement and funding, the National 
Bureau of Standards has established a monoenergetic beam capability for neu
trons with energies between thermal and 1.2 MeV. This facility provides the 
ability to determine the energy response of various dosimeters. 

In the context of these problems and possible solutions, investigators in 
the United States are encouraged to increase their collaboration with inter
national authorities. The DOE Neutron Dosimetry Workshop provides a forum for 
the exchange of ideas and new techniques and should continue to be used for 
this purpose. We believe there is an urgent need to initiate new programs 
oriented to the resolution of neutron dosimetry problems, and this report is 
intended to provide a basic reference point for the development of new ideas. 
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SUMMARY OF FINDINGS AND RECOMMENDATIONS 

Accurate neutron dosimetry is difficult because of the wide range of neu
tron energies that must be measured and the wide range of linear energy trans

(LETs) associated with neutron irradiations. The dose equivalents 
livered by a single neutron vary by a factor of 70 in the range of neutron 

energies found in Department of Energy (DOE) facilities. A comparison of 
indicated and actual dose equivalents during a recent survey of personnel 

imetry in the United States showed that about 45% of the dosimeter results 
were in error by more than 60%. The need for improved accuracy for personnel 
neutron dosimeters has also been demonstrated ~ several dosimeter intercom
parison studies. 

The purpose of this study was to assess the state of personnel neutron 
dosimetry at DOE facilities. To accomplish this, a survey of the personnel 
dosimetry systems in use at major DOE facilities was conducted, a literature 
search was made to determine recent advances in neutron dosimetry, and several 
dosimetry experts were interviewed. We concluded that personnel neutron dosi
meters do not meet current needs and that serious problems exist now and will 
increase in the future if neutron quality factors are increased and/or dose 
limits are lowered. 

FINDINGS 

A significant number of persons are exposed to neutrons in DOE facilities. 
The dosimetry survey data indicated that over 30,000 persons at DOE facilities 
have a potential for neutron exposure and are issued dosimeters. While this 
report addresses only needs within DOE, workers regulated by the Nuclear Regu
latory Commission (NRC) and the Department of Defense (DOD) also have a poten
tial for neutron exposure. It has been estimated that about 52,000 persons who 
work under NRC regulations are exposed to neutrons. (a) In addition, thousands 

(a) Data from U.S. Nuclear Regulatory Commission's draft Eleventh Annual 
Occupational Exposure Report. Data include 46,000 workers at reactors 
and 6,000 well loggers. 
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of workers are exposed to neutrons from accelerators utilized by the medical 
community. In all, over 100,000 persons in the United States may be exposed 
to neutrons. 

The introduction of nuclear fusion technology may further increase this 
number if fusion proves to be feasible and large numbers of fusion plants are 
built for electric power production. A problem already exists because increas
ing numbers of persons must enter neutron fields inside the containment ves
sels of commercial nuclear power plants while the reactors are operating. A 

solution to DOE problems could contribute to the solution of the neutron dosi
metry problems of other federal agencies. 

Concern about the effects of low-level radiation is increasing, and the 
degree of hazard may be higher than has been assumed in the past. Proposals 
have been made that the National Council on Radiation Protection and Measure
ments (NCRP) significantly increase the quality factors for neutrons. These 
proposals are being studied by NCRP, which recently issued a "Statement on Dose 
Limit for Neutrons·· indicating that the maximum permissible neutron dose limits 
may be reduced by anywhere from a factor of 3 to a factor of 10. 

Current neutron dosimetry is inadequate for many neutron irradiation 

situations. Department of Energy sites are still using nuclear track emulsion 
(NTA film) or thermoluminescence (TLD-albedo) neutron dosimeters, both of which 
suffer from energy dependence problems. Personnel dosimeters in routine use 
today will not be adequate if neutron dose limits are lowered. Dosimeter 
accuracy needs to be improved, and the minimum detectable dose equivalent 
(approximately 30 mrem or 3 mrad for fast neutrons) needs to be lowered. 

RECOMMENDATIONS 

Funding of neutron dosimetry research should be increased significantly. 
Current DOE-sponsored research programs on personnel neutron dosimetry are 

estimated to be limited to about 1.5 man-years of effort. Priorities should 
be given to: 
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• establishing a lead laboratory to direct the necessary research 

• optimizing current dosimetry programs and systems 

• performing research leading to the development of new types of dosi
meters and neutron detection mechanisms 

• establishing a neutron dosimetry "think tank" to suggest new areas 
of research and development and provide guidance to DOE at least 
until the lead laboratory is established 

• establishing adequate calibration techniques and facilities 

• sponsoring symposia, workshops, and intercomparison studies. 
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PERSONNEL NEUTRON DOSIMETRY 
AT DEPARTMENT OF ENERGY FACILITIES 

INTRODUCTION 

Accurate neutron dosimetry is difficult to obtain because of the wide 
range of neutron energies that must be measured and because of the variations 
in linear energy transfer (LET) from neutron-induced secondaries. The dose 
equivalents delivered by single neutrons vary by a factor of 70 in the range 
of neutron energies found in Department of Energy (DOE) facilities. The detec
tion systems currently used for personnel neutron dosimetry at DOE sites -
primarily nuclear track emulsion (NTA film) dosimeters and thermoluminescence
albedo dosimeters -- have been in use for more than 15 years. Although these 
systems are still being improved, they have energy response problems that make 
them inadequate for general, widespread use. 

Concern about the effects of low-level radiation may lead to a lowering 
of the maximum permissible dose for neutrons (National Council on Radiation 
Protection and Measurements [NCRP] 1980). The degree of hazard from high-LET 
radiations such as neutrons is under question and may be greater than has been 
assumed in the past (Rossi 1977a). If the neutron dose limits are decreased 
or the neutron quality factors are increased or redefined, the personnel neu
tron dosimeters routinely used today will be inadequate. 

This study was undertaken for DOE by the Pacific Northwest Laboratory(a) 
to assess the state of personnel neutron dosimetry at DOE facilities, to 
delineate possible problem areas, and to offer suggestions for improving per
sonnel neutron dosimetry. This purpose was accomplished by the following: 

(a) Operated by Battelle Memorial Institute. 
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• a survey of the personnel neutron dosimetry systems in use at DOE 
facilities 

• a literature survey of techniques that may be useful for neutron 
dosimetry 

• discussions with dosimetry experts at several DOE sites concerning 
improved dosimetry techniques and neutron dosimeters that may be 
used in the future. 

Background information about neutron dosimetry is provided in the remain
der of this introduction. A brief description of the types of personnel neu
tron dosimeters in use today, and of some devices that may be suitable for 
future use, follows. The results of the survey conducted at major DOE sites 
are then presented, followed by a summary of the current state of personnel 
neutron dosimetry and a discussion of possible ways of improving dosimetry 
systems. 

LEGAL REQUIREMENTS AND RECOMMENDATIONS ON PERSONNEL NEUTRON DOSIMETERS 

The requirements for radiation protection at DOE facilities are contained 
in DOE Manual Chapter 0524, "Standards for Radiation Protection ll (U.S. Depart
ment of Energy 1978). This document contains little guidance specific to per
sonnel neutron dosimeters. However, it does require compliance with standards 

of performance for personnel neutron dosimeters developed by the American 
National Standards Institute (ANSI). The U.S. Nuclear Regulatory Commission 
(NRC) has also developed performance standards, but they do not specifically 
apply to DOE contractors. The standards with which NRC contractors must com
ply are: Section 20.202, IIPersonnel Monitoring,1I of Title 10, Chapter 20, Code 
of Federal Regulations (10 CFR 20.202), Regulatory Guide 8.14 (U.S. Nuclear 
Regulatory Commission 1980), and ANSI N319-1976 (ANSI 1976). Some of these 
requirements are summarized here: 

1. Personnel neutron dosimeters shall be capable of measuring neutron 
dose equivalents in the range of 300 mrem to 10 rem per quarter of a 

year. 
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2. The accuracy of 10 dosimeters exposed to an unmoderated 252Cf source 
in the range of 100 mrem to 3 rem shall be within +50% of the true 
dose equivalent. 

3. The neutron dosimeter shall be able to measure 1 rem of neutrons in 
the presence of 3 rem of gamma rays with an energy of >500 keV in 
mixed radiation fields. 

4. The neutron dosimeter shall meet the above requirements when sub
jected to the following environmental conditions: 
a. temperature extremes of O°C and 45°C for 1 week 
b. relative humidity of 90% for 1 week 
c. mechanical shock from a drop from a height of 1.5 m (4.9 ft) 
d. exposure to light (sunlight or normal room light). 

In addition, ANSI has published a draft of a proposed standard, ANSI N13.11, 
which lists criteria to be used for testing personnel dosimeters (ANSI 1978). 

The National Council on Radiation Protection and Measurements (NCRP) has 

published several reports that give recommendations for personnel dosimetry. 
These recommendations are generally adhered to at DOE facilities. Protection 
Against Neutron Radiation, NCRP Report No. 38 (1971), contains information 
important for personnel dosimetry, such as definitions, dose-equivalent limits, 
quality factors, conversion factors for changing flux to dose-equivalent rate, 
and depth-dose relationships for neutrons of various energies. Instrumentation 
and Monitoring Methods for Radiation Protection, NCRP Report No. 57 (1978), 
contains information on suggested types of neutron dosimeters, methods for 
estimating whole-body or organ doses and dose equivalents, and suggested dosi
meter exchange periods, accuracy requirements, records, etc. 

PROPOSED CHANGES IN QUALITY FACTORS OR DOSE LIMITS FOR NEUTRONS 

The concept of quality factor was introduced in health physics to account 
for the degree of hazard from equal doses of different types of radiation. For 
a given dose (in rads or Greys), for example, neutrons produce more biological 

damage than gamma rays. Quality factor is a function of the LET produced by 
each type of radiation. 

3 



Radiation dose limits are based on a limited knowledge of a number of 

effects that occur at a fairly high dose. It has been assumed (the so-called 

"linear hypothesis") that, for anyone type of radiation, the radiation risk 

is directly proportional to the radiation dose. Rossi points out that the 
linear hypothesis has been applied to both high-LET radiation (neutrons) and 

low-LET radiation (x and gamma rays) (Nuclear News 1980). This implies that 
quality factors and relative biological effectiveness (RBE) have a fixed value 

regardless of the dose level involved in a neutron or gamma-ray exposure. 
However, Rossi states, theoretical and experimental evidence indicate that the 

RBE increases with decreasing dose or decreasing level of effect, "reaching 
values that can be 100 or more for the doses of interest in radiation protec
tion ... [and therefore] current estimates of cancer risk are too high for low
LET radiations, but too low for high-LET radiations" (Nuclear News 1980). 

Rossi has also proposed that the entire basis for the definition of quality 
factor be changed (Rossi 1977a and 1977b; Rossi and Mays 1978). The effect of 

these proposals may well be a significant increase in the quality factors for 
fast neutrons. 

The NCRP is currently considering changing the neutron dose limits. Their 

recently issued "NCRP Statement on Dose Limit for Neutrons" (NCRP 1980) indi
cates that they may recommend lowering neutron dose limits by anywhere from a 

factor of 3 to a factor of 10 below the current limits. (The current annual 
dose-equivalent limit is 5 rem. This corresponds to 2.5 rad/yr for a quality 

factor of 2 for thermal neutrons, or 0.45 rad/yr for a quality factor of 11 
for 0.5-MeV neutrons.) One method of effecting these reduced dose limits 
would be to increase neutron quality factors by factors of 3 to 10. However, 
NCRP noted in the statement that the basis for defining quality factors may 
change substantially, and its future recommendations may be more than an 

updating of previous NCRP recommendations or a simple increase of the neutron 

quality factors. No formal action has been taken to date, and the decision 

may be contingent upon the recommendations of a future report by the Committee 
on the Biological Effects of Ionizing Radiation of the National Research 
Counc i 1 . 
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Adopting the proposed changes -- either a significant increase in the 
quality factors for neutrons or a reduction in the limit for exposure to neu
tron radiation -- would cause serious problems for neutron dosimetry. 

ACCURACY OF PERSONNEL NEUTRON DOSIMETERS 

It is difficult to assess the accuracy of neutron dosimeters because of 
the diversity of dosimeter designs in use. Each DOE site has developed its 
own neutron dosimeter to meet problems specific to the site. Even tests com
paring dosimeters may not be indicative of dosimeter accuracy because of 
differences between the neutron spectra in the test situation and those in the 
field exposure. Some general conclusions can be drawn, however. The accuracy 
of neutron dosimeters is generally poorer than that of gamma dosimeters, as 
evidenced by Plato and Hudson's dosimeter intercomparison studies (1979), 
dosimeter intercomparisons at Oak Ridge National Laboratory (Gilley, Dickson 
and Christian 1976; Gilley and Dickson 1979), European intercomparisons 
(Schraube and Paretzke 1976), and international comparisons (Caswell, Goodman 
and Colvett 1975; Goodman 1976). A recent dosimeter survey indicates that 
under well defined irradiation conditions, the difference between the actual 
and indicated dose equivalent exceeds 60% in about 45% of the neutron dosi
meters surveyed (Chabot, Jimenez and Skrable 1978). 

There are several reasons for the relatively poor accuracy of neutron 
dosimeters. First, all neutron dosimeters in use today are energy sensitive, 
and the neutron energies encountered in DOE facilities vary from 0.025 eV 
(thermal) to 300 GeV. Second, neutron quality factors vary between 2 and 11, 
whereas gamma rays have only a single quality factor of 1. Third, many neu
tron dosimeters are sensitive to gamma rays, and because the two types of 
radiation usually occur together, the interpretation of neutron dosimeter 
readings is complicated. 

In many instances, it is difficult for personnel neutron dosimeters to 
meet the recommendations of NCRP Report No. 57, Instrumentation and Monitoring 
Methods for Radiation Protection (NCRP 1978), concerning the accuracy of 
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personnel dosimeters. The report states that the precision of a dosimeter 
measurement should be +10% and that the accuracy of the measurement will 
depend on the level of exposure: 

• at levels less than 1/4 of the maximum permissible dose (MPD), a factor 
of 2 is acceptable; 

• at the level of MPD, ~30% accuracy should be achieved; 

• at levels higher than the MPD, such as those that might occur during 
emergencies, an accuracy of better than ~20% is desirable. 

SOURCES OF INFORMATION ABOUT NEUTRON DOSIMETRY 

Several recent articles provide information on personnel neutron dosi
metry. An extensive survey of personnel dosimetry practices in the United 
States, recently completed by Chabot, Jimenez and Skrable (1978), contains 
some information on neutron dosimetry. Griffith et ale have published an 
excellent review of recent developments in personnel neutron dosimeters and 

dosimetry techniques (1979). Another review is contained in Oak Ridge report 
ORNL/TM-6756 (Barton and Easterly 1979). 

A forum for the exchange of information among national and international 
experts is provided by the DOE-sponsored Neutron Dosimetry Workshops. (a) 
Seven workshops have been held to date, and the proceedings of all but the 
third have been reported by the Pacific Northwest Laboratory as listed below: 

Workshop Date Report No. 

1 1969 BNWL-1340 
2 1971 BNWL-1616 
4 1973 BNWL-1717 
5 1975 BNWL-1934 

6 1977 PNL-2449 
7 1978 PNL-2807 

(a) For further information, see the list of contacts in Appendix A. 
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PERSONNEL DOSIMETRY INTERCOMPARISON STUDIES 

Personnel dosimeter intercomparison studies are performed annually at 
Oak Ridge National Laboratory's Dosimetry Applications Research Facility 
(DOSAR). (a) For these studies, the Health Physics Research Reactor (HPRR) 
is used. The HPRR is a small, unmoderated, fast-pulse reactor, which is oper
ated in a low-power steady-state mode for the dosimeter intercomparisons. The 
reactor is used unshielded, or with one or more of the following shields: 
12-cm-thick (5-in.) Lucite shields, 20-cm-thick (8-in.) concrete shields, or a 

combination shield of 5-cm-thick (2-in.) steel, 13-cm-thick (5-in.) steel, and 
15-cm-thick (6-in.) concrete. The different shield materials provide dif
ferent neutron spectra, which have been characterized by the two-dimensional 
transport code DOT (Rhoades and Mynatt 1973). The radiation fields are also 
characterized by other devices such as thermoluminescence dosimeters (TLDs), 
small Geiger-Muller (GM) counters, and tissue-equivalent ion chambers (Sims 
1980). The results of the fourth and fifth intercomparison studies are given 
in reports by Dickson (1980) and Sims (1980). 

(a) For further information, see the list of contacts in Appendix A. 
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SUMMARY OF TYPES OF NEUTRON DOSIMETERS 

Many types of neutron detectors may be useful as personnel neutron dosi
meters. Because of the volume of the data on these detectors, the details of 

how they function have been placed in Appendix B. Some of the more pertinent 

information is summarized in brief descriptions and tables in this section. 

To give a basis of comparison among the different dosimeter types, we have 
selected the following criteria as representative of the "ideal" personnel 

neutron dosimeter: 

• sensitivity, or lower detection limit - The dosimeter should be able 

to measure down to at least 10 mrem for almost any neutron energy. 

• interference from other radiations - The dosimeter should be insen
sitive to photons and beta particles. 

• stability - The dosimeter should not exhibit fading with time. 

• environmental factors - The dosimeter should not be affected by 
ambient temperature, humidity, or pressure, or be sensitive to 

mechanical shock. 

• energy response - The dosimeter's response should follow the dose 
equivalent as a function of neutron energy. If this is not possible, 

the dosimeter should indicate neutron fluence and energy or neutron 
absorbed dose (in rads) and quality factors. 

• cost - The dosimeter materials should have a reasonable cost to allow 
widespread use. The readout of the dosimeter should be capable of 
being automated to reduce readout costs. 

• other factors - The personnel dosimeter should be easily worn by the 
user. It should not present unacceptable toxicity hazards. 
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NEUTRON DOSIMETERS CURRENTLY IN USE 

Only two types of personnel neutron dosimeters are widely used at DOE 
facilities: 1) nuclear track emulsion (NTA film) dosimeters and 2) thermo
luminescence (TLD-albedo) dosimeters. A comparison between the hypothetical 
ideal dosimeter and the NTA film and TLD-albedo dosimeters is given in Table 1. 

While not currently used as personnel dosimeters at DOE facilities, track 
etch devices have been under investigation for more than 15 years and are being 
used for routine neutron dosimetry in Europe. The two basic types of track 
etch dosimeters are 1) fission track etch dosimeters, in which the neutrons 
interact with fissionable foils to produce fission fragments that damage the 
plastic or mica film and tracks that are visible when the film is etched, and 
2) recoil track etch dosimeters, in which neutrons interact with carbon or 
hydrogen in plastics to produce tracks. A comparison between the ideal dosi
meter and the track etch dosimeters is given in Table 2. 

POSSIBLE FUTURE NEUTRON DOSIMETERS 

Several other types of neutron detectors have been studied and might, with 
additional research, be usable as personnel neutron dosimeters. Combination 
dosimeters combine TLD-albedo dosimeters with track etch or deep-trap TLDs to 
compensate for the energy dependence of the TLD-albedo dosimeters. Silicon 
diodes have been shown through preliminary research to have a flat energy 
response and could be used as an integrating dosimeter if the lower detection 
limit can be improved. These two detectors are compared with the ideal dosi
meter in Table 3. 

Finally, many different types of neutron detectors may be used as neutron 
dosimeters in the future, but considerble research on the lower detection 
limit, energy response, etc. will be required before these neutron detectors 
can become useful personnel dosimeters. These devices include the following: 
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TABLE 1. 

Factor 

Lower detection limit 

Interference from other 
radiations 

Stability 

Environmental factors 

Energy response/ 
angular response 

Cost 

Application 

Advantages 

Disadvantages 

Comparison of Ideal Dosimeter with Dosimeters Used at DOE Facilities 

Ideal Dosimeter 

Measures down to 10 mrem 

No interference from photons 
or other particles in mixed 
fields 

No fading problems with time 

Unaffected by temperature, 
humidity, mechanical shock 

Response to neutrons of 
different energies similar 
to response of soft tissue 
OR dosimeter must indicate 
neutron energy to allow 
proper interpretation; 
responds to all incident 
neutron angles 

Moderate cost; dosimeter 
readout capable of being 
automated 

All neutron energies 

NTA Film Dosimeter 

Poor sensitivity except for 
high energies; lower detection 
limit~50 mrem under favor
able conditions 

Serious interference problem: 
photons darken film, making 
it difficult to read tracks 

Serious fading problem -- can 
be compensated for by careful 
packaging and handling 

High humidity and temperatures 
cause track fading; special 
packaging needed 

Responds to neutron energies 
above 0.7 MeV; response 
(tracks/rem) varies by 
factor of 3 from 0.7 MeV 
to 14 MeV; some angular 
dependence 

Film inexpensive, but optical 
readout tedious 

High-energy neutrons 

Relatively inexpensive, 
useful for high-energy 
neutrons 

Track fading from environ
mental factors; relatively 
poor sensitivity (need to 
count many tracks for 
statistical accuracy); poor 
response to intermediate 
and slow neutrons 

TLD-Albedo Dosimeter 

Lower detection limit of 1 to 
50 mrem for fast neutrons 

TLD sensitive to neutrons 
and photons; photon response 
must be subtracted out 

Can be made stable with 
proper annealing 

Relatively unaffected by 
temperature, humidity, shock; 
can be influenced by dirt, 
oil, environmental conta
minants 

Very poor energy response; 
varies by factor of 600 from 
1 eV to 10 MeV; some angular 
dependence 

Moderate initial expense; TLD 
can be reused many times after 
annealing; readout eaSily 
automated 

Almost any location where 
calibration factor has been 
established, except for high
energy fields 

Useful for moderated neutron 
spectra; used where spectrum 
does not change much; inexpen
sive; can be automated to 
handle large numbers of 
persons 

Severe energy response prob
lem: dose equivalent is 
overestimated for low-energy 
neutrons unless special 
calibrations are performed 



TABLE 2. Comparison of Ideal Dosimeter with Track Etch Dosimeters 

Factor 

Lower detection limit 

Interference from other 
rad i at ions 

Stabil ity 

Environmental factors 

Energy response/ 
angular response 

Cost 

App 1 i ca t i on 

Advantages 

Disadvantages 

Idea 1 Dos imeter 

Measures down to 10 mrem 

No interference from 
photons or other particles 

No fading problems with time 

Unaffected by temperature, 
humidity, mechanical shock 

Response to neutrons of 
different energies similar 
to response of soft tissue 
OR dosimeter must indicate 
neutron energy to allow 
proper interpretation; 
responds to all incident 
neutron angles 

Moderate cost; dosimeter 
readout capable of being 
automated 

All neutron energies 

®Registerea trademark of Pittsburgh Plate Glass. 

Fission Track Etch Dosimeters 
Np-237 

Estimated 10 to 100 mrem 
depending on energy and 
foil size 

Free of Y interference below 
photo-fission threshold 

Good track stability 

Unaffected by moderate 
temperature (- 100C) 
or by mechanical shock 

Response matches dose
equivalent curve within 
factor of 2 for most energies 

High initial cost for Np-237 
foils; inexpensive plastic 
track recorder; automated 
readout using spark counters 

Most neutron energies 
except thermal 

Good energy response; 
inexpensive readout if 
spark counting used 

Gamma dose to wearer; 
administrative problems 
with special nuclear 
material; high cost for 
Np-237 foils 

Th-232 

~100 mrem depending on foil 
size 

Free of Y i nterf erence 
below photo-fission 
threshold 

Good track stability 

Unaffected by temperature, 
humidity, mechanical 
shock 

Responds to neutrons with 
energies above 1 MeV 

Moderate expense; automated 
readout using spark counters 

High-energy neutrons 

Moderate expense; Th-232 
exempted from NRC licens
ing if used for dosimeters 

Poor sensitivity; 
poor lower limit of 
detection; use of radio
active materi a 1 

Recoil Track Etch Dosimeters 

20 to 60 mrem depending on 
type of plastic, no. of 
artifacts in plastic, and 
neutron energy 

Free of Y interference 

Good track stability 

Unaffected by normal ambient 
temperature, humidity, 
mechanical shock 

Polycarbonate - threshold of 
1.5 MeV; Cr-3g® - threshold 
of ",200 keV 

Inexpensive; semi automated 
e 1 ectrochemi ca 1 etch 

Fast neutrons 

Moderate expense; good for 
fast neutrons 

Energy response does not 
match that of tissue 



Factor 

Lower detection limit 

Interference from other 
radiations 

Stability 

Env 1 ronmenta 1 f ac tors 

Energy response! 
angular response 

Cost 

Appllcatlon 

Advantages 

Disadvantages 

TABLE 3. Comparison of Ideal Dosimeter with Combination Dosimeters and 
Silicon Diodes 

Idea 1 Dos i meter 

Measures down to 10 mrem 

No interference from photons 
or other particles in mixed 
fields 

No fading problems with time 

Unaffected by temperature, 
humidity, mechanical shock 

Response to neutrons of 
dlfferent energies similar 
to response of soft tissue 
OR dosimeter must indicate 
neutron energy to allow 
proper interpretation; 
responds to all 1 nc 1 dent 
neutron angles 

Moderate cost; dosimeter 
readout capable of belng 
au tomated 

A 11 neutron energies 

Combination Dosimeters 
TLD-Albedo & Track Etch TLD-Albedo & Deep-Trap TLD 

to 20 mrem depending on 
energy 

Y response must be sub
tracted out for TLDs 

Good stability -- little 
fad i ng 

Unaffected by ambient 
temperatures, humidity, 
mechanical shock 

Wide energy range: TLDs -
slow & intermediate energies 
track etch -- high energies 

Moderate -- 1 nc 1 udes costs 
f or two sys tems: TLD & 
track etch 

Wldespread use 

Overcomes severe energy 
dependence of TLD-albedo 

lxpense of two doslmetry 
systems: TLD & track etch; 
more work needed on energy 
response of CR-39® 

About 1 mrem, depending on 
energy 

Y response must be sub
tracted out for TLDs 

Stability of deep-trap TLD 
not known 

Probably not affected 
by temperature, humidlty, 
mechanical shock 

Energy response of deep-trap 
TLD not known 

InexpenSlve -- low-cost 
addition of deep-trap TLD 
to TLD-albedo dosimeter 
sys tem 

Widespread use possible 

Overcomes severe energy 
dependence of TLD-albedo; 
least expenslve way to 
signiflcantly improve 
existing TLD-albedo systems 

Little known about deep
trap TLD systems 

Si 1 icon Diodes 

500 mrem for fast neutrons 

Insensitive to Y and r 

Conflicting data on stability 
-- can apparently be used as 
integrating dosimeter 

Unaffected by environmental 
factors 

Relatively flat energy 
response from 200 keV 
to 16 MeV 

Moderate to high -- could 
be reduced 1 f d lOdes m,1de 
in quantlty 

Fast neutrons 

Integratlng capablllty; 
flat energy response from 
200 keV to 16 MeV 

Not sens i t 1 ve enough; poor 
conslstency of response 
between diodes -- each may 
require its own calibration; 
more research needed 

®Registered trademark of Pittsburgh Plate Glass. 



• plastics - Certain plastics exhibit changes in electrical conduc
tivity when irradiated. 

• electrets - These electric analogs of permanent magnets undergo 
changes in electric field strength when exposed to radiation. 

• the superheated drop detector - Small drops of superheated liquid in 
a viscous gel vaporize when struck by neutrons. 

• electronic devices - With the introduction of inexpensive micro

electronics, different types of neutron detectors, such as recoil 
chambers, 3He counters, and low-voltage capacitors with fission

able foils, can be made into neutron-sensitive alarming dosimeters. 

• thermally stimulated exoelectron emission (TSEE) devices - When 
certain materials are heated, they emit electrons in proportion to 
the absorbed dose. 

• lyoluminescent chemicals - Some organic compounds emit light when 

they are dissolved; the amount of light is proportional to the dose 
received by the compound. 

The characteristics of these neutron detectors are listed in Table 4. 

For a more extensive description of each of the devices mentioned here, 
with references, consult Appendix B. 
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Factor 

Lower detection 
1 imit 

I nterf erence 
from other radia
tions 

Stabil ity 

Environmental 
factors 

Energy response/ 
angu 1 ar response 

Cost 

Application 

Advantages 

Disadvantages 

TABLE 4. 

Plastics 

10 mrem for fast 
neutrons 

Unaffected by Y 
and 6 

Unknown 

Unknown 

Unknown 

I nexpens i ve 

Fast neutrons 

Appears to work 
from 10 mrem to 
70 rem 

Little known about 
use as dosimeter; 
must be read out at 
constant tempera
ture 

Neutron Dosimeters that May be Used in the Future 

Electrets 

Unknown 

Sensitive to Y 

Unknown 

Unknown 

Unknown 

Moderate 

Fast neutrons 

Already used as 
a 1 armi ng Y dos i
meter; can be used 
to determi ne any 
dose below alarm 
level; response 
should be similar 
to response of 
t i ss ue 

Response to neutrons 
unknown 

Superheated 
Dro~ Detectors 

C an be made to any 
sens it i vity 

Not sensitive to Y 

Unknown 

Sensitive to temper-
ature and pressure 
changes 

Unknown 

Inexpensive 

Fast neutrons 

]nexpenslve; self
reading capabi I ity; 
can be made into 
neutron spectro
meter 

Nothing known about 
energy response and 
stabi Ii ty; energy 
threshold changes 
with temperature 

Electronic Devices 

Depends upon device 

Apparently can 
separate Y and 
neutron events 

Unknown 

Unknown, but should 
have little effect 

Energy response 
matches that of 
tissue withln a 
factor of 2 from 
0.5 eV to 14 MeV 

Very expensive 

Alarming dosimeter 

Real-time dosimetry 

Very high costs; 
conceptua I dev 1 ces 
only -- few have 
been built yet 

Therma lly 
Stimulated Exoelectron 

Emission Devices 

High sensitivity 

Neutron response 
small fraction of 
Y response 

Unknown 

Should have little 
effect 

Unknown 

Inexpensive to 
moderate 

Fast neutrons 

Moderate costs 

Neutron response 
much smaller than I 

response; not suited 
for use in mixed 
radiation fields 

Lyoluminescent 
Chemicals 

Lower detection 
I imi t 400 mrem 

Sensitive to Y 

Unknown over long 
times 

Should have little 
effect 

Unknown, but should 
match energy 
response of tissue 

Expensive 
ultrapure chemicals 
required 

Fast neutrons 

Possible tissue
like response 

Need to lmprove 
lower I imit of 
detection by 2 
orders of 
magnitude 



DOSIMETRY AT DEPARTMENT OF ENERGY SITES 

Information on the present state of neutron dosimetry at DOE facilities 
was obtained by contacting dosimetry experts at various DOE laboratories and 
by the use of a personnel neutron dosimeter survey. The survey was sent to 
health physicists at 17 major DOE facilities. Health physicists at nine of 
the sites returned the survey forms; information for the other eight sites was 
obtained by telephone interviews. 

Appendix C presents the survey form with a brief tabulation of the 
responses from the 17 participating facilities. Because one of the partici
pants did not wish to be identified, the information obtained in the survey is 
not identified by site names. 

TYPES OF NEUTRON DOSIMETERS IN USE 

Thermolumincescence-albedo dosimeters, used at 13 DOE sites, are the most 
widely used dosimeters. Nuclear track emulsion dosimeters are used at six 
sites, usually small sites where a limited number of dosimeters are issued or 
else sites where accelerators generate high-energy neutrons. One site uses a 
neutron dosimeter that employs a film packet placed next to a cadmium foil to 
detect slow and albedo neutrons by the capture of gamma rays from the cadmium 
filter. Several laboratories issue both NTA and TLD-albedo dosimeters, but 
only one uses a combination TLD-albedo and NTA dosimeter. In the combination 
dosimeter, the TLD-albedo dosimeter is used to detect low-energy neutrons and 
the NTA film is used to detect fast neutrons. This combination overcomes the 
energy response problem of the TLD-albedo dosimeter. The most recent TLD
albedo dosimeters use modifications of the Hankins calibration method (1975; 
see also Appendix B) to correct for the energy response. 

Only one DOE laboratory is using track etch techniques for personnel 
dosimetry on an experimental basis, although several facilities reported using 
fission and recoil track etch dosimeters for area monitoring. Two sites are 
monitoring neutron dose equivalents to the hands and forearms. One site uses 
a special TLD-albedo wrist dosimeter; the other uses neutron-to-gamma ratios. 
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However, one must use caution in applying the neutron-to-gamma ratio technique 
to plutonium gloveboxes. The dust layer on gloves can give a significant 
photon exposure even when the amount of plutonium in the glovebox is not high 
enough to generate neutrons. 

The dosimeter readout systems used have varying degrees of automation. 
The NTA dosimeter systems are manual: the films are developed and read out 
under microscopes. Most of the TLD systems are semi automated , i.e., the TLDs 
must be manually removed from the dosimeter and placed in the reader. Only 
two sites reported fully automated TLD readout systems. Seven sites reported 
that their dosimeter results are in computer files and easily accessible. 

DOSIMETER RESPONSE 

The effects of environmental factors on dosimeter response are reasonably 
well known. Nuclear track emulsion film suffers from track fading and is 
sensitive to temperature and humidity; it also "fogs" from low-energy gamma 
interference. Four sites that use NTA film reported problems with high tem
peratures and high humidities. At high-energy accelerator facilities, muons 
are interpreted as gamma exposure on the NTA film. At GeV energies, neutrons 
are indistinguishable from protons and other hadrons. 

Thermoluminescence dosimeters also suffer from environmental effects. Two 
sites reported that chalk dust, dirt, and oil have been found to cause false 
readings unless the TLDs are thoroughly cleaned. Perfumes and some cosmetics 
spilled on the TLDs can cause high readings even after the TLDs have been 
thoroughly cleaned in alcohol. Some solvents used to clean dosimeters may 
fluoresce. Only one site reported problems caused by TLDs responding to 
ultraviolet light; this problem may be due to phosphorescence in the teflon 
tape used to hold the TLDs in place. One site reported that radioactive 
contamination on dosimeters is sometimes a problem also, but the effects can 
be estimated by placing new chips in the badge. 

Mixed radiation fields influence the accuracy of neutron dosimeters. One 
site reported that NTA films fog badly when exposed to 1000 mrem of photon 

radiation; the effect is especially bad for low-energy photon fields such as 
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those from 241Am and plutonium. Mixed fields affect TLDs also, because the 
6LiF chips are gamma sensitive, and the cadmium filters used to shield the 
6LiF chips emit gamma rays from absorbing neutrons. Four sites reported 
that TLD albedo dosimeters have gamma interference problems at gamma-to-neutron 
ratios ranging from 4:1 to 20:1. Low-energy x rays tend to mask neutron expo
sures because of the methods used to correct for the photon exposure registered 
by the 6LiF chip. 

The lower limit of detection reported varies quite a bit depending upon 
the dosimeter used. Thermoluminescence dosimeters are very sensitive to low
energy neutrons. Nuclear track emulsion dosimeters also respond to thermal 
neutrons via N(n,p) reactions in the emulsion; however, sites using NTA dosi
meters did not report the lower limit of detection for neutrons. For thermal 
neutrons, the lower limit of detection reported varies from 0.01 mrem ~ 50% to 
50 mrem + 50%, with an average of 10 mrem. For fast neutrons with energies 
above 100 keY, 10 sites reported lower detection limits ranging from 1 mrem at 
an unknown confidence level to 50 mrem ~ 50%, with an average value of 30 mrem. 
Only three sites gave the lower detection limit for intermediate-energy neu
trons (energies of 1 eV to 100 keY); the values range from 10 mrem ~ 40% to 
35 mrem + 40%. 

DOSIMETER CALIBRATIONS 

Most DOE sites have neutron calibration sources available, even if they 
are not routinely used for dosimeter calibration. Some sites using the Han
kins method (1975) for calibration of TLD-albedo dosimeters do not expose 
dosimeters to calibrated sources. Nine sites reported having PuBe sources 
(ranging from 1 to 160 grams); five sites have 252Cf sources; four sites 
have PuF4 sources; one site uses a combination of PuF4 and Pu02 for a 
calibration source that more closely matches that in work locations. Other 
types of neutron sources are available (PuB and PuLi) but are not rout1nely 
used for dosimeter calibrations. Corrections for changes in source strength 
are applied at 5- and 10-year intervals for PuBe and every time the source is 
used for 252Cf • 
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At six sites, dosimeters are usually calibrated under medium-scatter con
ditions (in a large room with concrete walls and floors, with the source ele
vated more than 1.5 m [5 ft] above the floor). At three sites, dosimeters are 
calibrated in high-scatter rooms (small rooms, 3 by 6 m [10 by 20 ft], with 
thick concrete walls and floors and with the source within 0.9 or 1.2 m [3 or 
4 ft] of the floor). 

Nuclear track emulsion dosimeters are calibrated without a phantom at four 
sites. Thermoluminescence-albedo dosimeters must, of course, be exposed on a 
phantom to operate properly. Four sites reported using phantoms that are com
posed of water, polyethylene, lucite, or paraffin. One site uses an anthropo
morphic phantom for calibrations. A recent report (Hankins 1979) notes that 
the size and shape of the phantom may be more important than its composition. 
At one site, the phantom is rotated to simulate an isotropic irradiation, and 
at another wrist dosimeters are placed on a water-filled phantom that is also 
rotated. 

Eight sites have performed source calibrations, and four have sources 
calibrated by the National Bureau of Standards (NBS). Only two sites have made 
measurements to determine whether the source emits neutrons isotropically. 
Three sites have measured the field around the source, using a long counter to 
measure flux, and tissue-equivalent proportional counters and rem meters to 
measure dose equivalent. The remaining sites have assumed isotropic emis
sion. Isotropic emission is a good assumption for most sources. Anisotropy 
measurements have been made at PNL with a PuBe source, and the anisotropy was 
found to be about 8% in the worst case. 

Dosimeters are reported to be exposed at distances of 15 to 150 cm 
(5.9 to 59 in.) from the source. At distances of less than 40 to 50 cm (16 to 
20 in.), unusual effects are sometimes seen in the gamma-ray component, which 
is subtracted from the 6LiF chip response. At distances beyond about 40% of 
the distance to the nearest wall, (a) the room scatter predominates in the 
calibration of the TLD-albedo dosimeter. 

(a) Eisenhauer and Schwartz, to be published. 
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A single calibration factor is used at eight sites; seven sites use a 
variable calibration factor that accounts for changes in neutron energy and 
scattering conditions. The energy calibration is found by taking the ratio 
of the measured flux inside a 23-cm-dia (9-in.) polyethylene sphere and a 
2.6-cm-dia (3-in.) cadmium-covered polyethylene sphere (Hankins 1975; see also 
Appendix B). One site calibrates dosimeters on phantoms in work areas where 
the dose-equivalent rate has been measured by other methods. 

TYPES OF FACILITIES IN WHICH PERSONNEL NEUTRON DOSIMETERS ARE USED 

Neutron dosimeters are used in an amazingly wide variety of DOE facili
ties, some of which are listed below. 

Type of Facility 

Nuclear reactor 
Accelerator 
Deuterium-tritium generator 
Fusion reactor 
Isotopic neutron source 
Nuclear fuels fabrication 
Chemical separations 
Plutonium manufacture 
Biological facilities 
Transuranics recovery 

Others (waste handling, 
well-logging) 

No. of Sites 

11 
11 
8 

3 
12 
7 
6 
8 

3 
5 

5 

Nuclear reactors, particle accelerators, and isotopic neutron sources are found 
at most DOE sites. Potential neutron exposure problems are also found at sites 
involving radioactive waste handling and well-logging using neutron sources, 

and at transuranic element manufacture and encapsulation facilities. 
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NUMBERS OF PERSONS USING PERSONNEL DOSIMETERS 

The number of persons issued neutron dosimeters at DOE facilities is quite 
large -- some 30,000 persons. This overall number was obtained through tele
phone interviews and the dosimeter survey form. Only seven of the survey 
respondents (from two accelerator sites, four national laboratories and one 
reactor site) gave the specific categories of persons issued dosimeters (see 
Appendix C). 

According to the survey, some 3900 persons were issued NTA film dosimeters 
and 14,200 persons were issued TLD-albedo dosimeters. It was not possible to 
estimate what type of dosimeter was used by other dosimeter recipients, since 
many sites issue more than one type of neutron dosimeter. One respondent 
estimated, however, that approximately 8000 people are issued Cd-film dosi
meters, which can detect thermal and albedo neutrons by the captured gamma rays 
produced when cadmium absorbs a neutron. These devices are used to determine 
the presence of neutrons. 

PROCESSING AUDITS AND PROBLEMS NOTED 

Blind audits to verify the accuracy of the dosimetry processing system are 
used at only two sites. A blind audit consists of processing dosimeters with 
known doses to assess how accurately the dose equivalent is being determined. 
A third site regularly processes TLDs with known exposures through the TLD 
reader to verify that the reader is operating correctly. 

Eight of the sites reported an energy response problem for their dosi
meters. Only two sites indicated a lack of sensitivity; four reported cali
bration problems; four reported accuracy problems (occasional "flyers" or 
inconsistent data); five indicated a gamma interference problem in the inter
pretation of neutron dose; and four mentioned a track fading problem with NTA 
film dosimeters. Two sites also reported a need for extremity neutron 

dosimeters. 
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NEUTRON DOSIMETRY: CURRENT PROBLEMS AND AREAS 
FOR IMPROVEMENT AND DEVELOPMENT 

The future of personnel neutron dosimetry is uncertain at present. Exist
ing personnel neutron dosimeters are not fully adequate to meet the current 
needs of workers and the recommendations of regulatory agencies. The National 
Council on Radiation Protection and Measurements is now examining the risks 
associated with both high- and low-LET radiations, and may in future lower neu
tron dose limits or redefine or increase the quality factors for fast neutrons 
(NCRP 1980). Either change could have two effects: it might increase the 
number of persons to whom neutron dosimeters would be issued, and it would 
increase the need for greater accuracy in personnel neutron dosimetry. In the 
interim, NCRP has recommended that "steps be taken to reduce the potential 
exposure of individuals who may receive neutron doses that are a substantial 
fraction of the current maximum permissible dose" (NCRP 1980). 

This section presents a summary of the status of personnel neutron dosi
metry, together with some suggestions for improvements in existing dosimetry 
systems and calibration techniques and some discussion of potential future 
directions in personnel neutron dosimetry. Clearly, increased emphasis should 
be given to neutron dosimetry research to develop the more accurate dosimeters 
that may be required in the future. 

SUMMARY OF CURRENT PROBLEMS IN NEUTRON DOSIMETRY 

No truly adequate neutron dosimeter is available for use today. The 
accuracy of personnel neutron dosimetry is poor, as evidence by dosimeter sur
veys and by dosimeter comparison studies such as that of Plato and Hudson 
(1979). Many neutron dosimeters do not meet NCRpls recommendations on dosi
meter accuracy. Chabot, Jimenez, and Skrable found from their survey (1978) 
that 45% of personnel neutron dosimeters were in error by more than 60%. 
Significant improvements must be made in personnel neutron dosimetry if an 
accuracy comparable to that of gamma dosimetry is to be achieved. 
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The neutron dosimeters presently used in the United States -- NTA film 
and TLD-albedo -- have been in use for over 15 years. Both have an energy 
response problem. Many TLD-albedo dosimeters that employ a single calibration 
factor are purposely calibrated to overestimate the dose equivalent to compen
sate for inaccuracies introduced by the energy response problem. A track etch 
dosimeter is now commercially available and track etch techniques show promise, 
but none has yet been introduced at any DOE site. 

The introduction of nuclear fusion technology may increase the need to 
improve neutron dosimetry. If fusion proves to be feasible and large numbers 
of fusion plants are built for electric power production, the number of persons 
exposed to neutrons will increase. A problem already exists because increas
ing numbers of persons are entering neutron fields inside the containment 
vessels of commercial nuclear power plants while the reactors are operating. 

Concern about the effects of low-level radiation is increasing, and more 
accurate neutron dosimeters may be needed to measure these low levels. At 
present, neutron dosimeters have a lower detection limit of 1 to 50 mrem under 
ideal conditions. There is also some evidence that neutrons and other high
LET radiations pose a higher degree of hazard than has been assumed in the past 
(Rossi 1977a and 1977b; Rossi and Mays 1978). If the neutron quality factors 
currently under study by NCRP are revised, NTA dosimeters will have neither 
sufficient accuracy nor a low enough detection limit to meet the requirements 
of NCRP Report No. 57 (1978). TLD-albedo dosimeters may have an adequate lower 
detection limit, but their severe energy dependence problem must still be 
resolved. 

IMPROVEMENTS IN EXISTING DOSIMETRY 

It may be possible to improve existing dosimetry systems and dosimeter 

calibrations using techniques that have been successful at several DOE labora
tories. These techniques are discussed below for NTA film and TLD-albedo 
systems. In addition, the accuracy of the entire personnel dosimetry system 
can be verified by the use of audits. 
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Improving NTA Film Dosimetry Systems 

NTA film dosimeters are still being used at a few DOE facilities, usually 

at sites where small numbers of persons are exposed to neutrons and where the 
expense of converting to automated TLD systems is difficult to justify. 

Traditionally, NTA film dosimeters are also used at high-energy accelerators 

that produce neutrons with energies well above the O.7-MeV energy threshold of 

NTA film. Thermoluminescence-albedo dosimeters are not used at these sites 
because of their low sensitivity to very-high-energy neutrons. 

Health physicists using NTA film dosimeters are well aware of the prob

lems involved in their use. At high-energy accelerators or other facilities 

with massive amounts of shielding, periodic surveys are made using instruments 
that can detect neutrons with energies below the threshold of NTA film. Acti

vation foils or TLD-albedo dosimeters, which almost always indicate the pre
sence of neutrons even if the correct dose equivalent cannot be determined, 

are often used in conjunction with NTA film as area monitors, to detect the 

presence of neutrons in occupied areas. 

Track fading was mentioned as a problem at four sites that use NTA film 

dosimeters. This problem might be alleviated by using nitrogen desiccation 

and sealing the NTA film in a moisture-proof package (Bartlett 1978). 

Improvements can also be made in the calibration of NTA film dosimeters, 

which are often calibrated in free air (without a phantom) using PuBe neutron 

sources. The neutron energy spectrum for the PuBe source (average neutron 
energy of 4.5 MeV) is often quite different from that found in the work loca

tions where the dosimeter is used. Bartlett has reported on correction factors 
to account for differences in the energy spectra (1978). 

Improving Thermoluminescence-Albedo Dosimetry Systems 

Thermoluminescence-albedo dosimeters are the most widely used type of 
personnel neutron dosimeter. They can be automated and are easy to use. They 

also give a positive response to a significant neutron exposure, particularly 

for the low-energy neutrons that NTA film dosimeters do not detect. Two DOE 

sites have recently converted from NTA film to TLD-albedo systems. 
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A wide variety of TLD-albedo dosimeter designs are in use at DOE facili
ties. The smallest is a TLD-albedo dosimeter containing polyethylene com
pletely surrounded by cadmium (Hankins 1973). This dosimeter can be worn 
loosely attached to the body at almost any orientation. However, it is not as 
sensitive as some others. If higher sensitivity and a lower detection limit 
are required, the neutron dosimeter can be separated from the security cre
dentials and beta-gamma dosimeters with which they are often associated and a 
dosimeter similar to that described by Hoy (1972) can be used. This dosimeter 
is one of the largest (up to 6.3 cm [2.5 in.] square) and is securely posi
tioned on the body by a belt. These dosimeters and others are discussed in 
detail in Appendix B. 

Several techniques can be used to improve the accuracy of existing TLD
albedo systems. The TL chips or disks can be screened to ensure that they all 
have the same sensitivity. Periodic checks can be made to eliminate TL chips 
that are broken or contaminated. An automatic hot-gas reader is convenient for 
screening chips. Thoroughly cleaning the chips in a solvent such as absolute 
ethanol should alleviate problems caused by dirt, oil, chalk dust, and some 
cosmetics. (Perfume, which causes erroneous readings when spilled on a dosi
meter, cannot be removed by cleaning with absolute ethanol.) 

The most important step toward improving the accuracy of TLD-albedo 
systems is determining the correct calibration factor. The TLD-albedo dosi
meter is very sensitive to the energy spectrum of the incident neutrons, 
especially to the low-energy neutrons resulting from scattering. In many 
instances, the response of the TLD-albedo dosimeter is influenced more by 
room-scattered neutrons than by those coming directly from the source. 
Ideally, the TLD-albedo dosimeter should be calibrated using the same neu
tron energy spectrum as that encountered in the wcrk locations. Unfortu
nately, this is not always possible. 

There are two basic ways of calibrating TLD-albedo dosimeters: 1) by 

applying a constant calibration factor for all dosimeters, and 2) by applying 
a variable calibration factor, the value of which is determined by field 
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measurements at work locations. The first method is the simplest to use; the 
second method is far more accurate but is difficult to use. Each method is 
discussed below. 

A single calibration factor applied to all dosimeters was the first method 
used at most DOE facilities. However, there is considerable disagreement over 
how the single calibration factor should be determined. One school of thought 
maintains that TLD-albedo dosimeters should be calibrated under low-scatter 
conditions using an unmoderated source, preferably 252Cf , to match the fis

sion spectrum usually present from plutonium and plutonium oxide sources. 
Advocates of this approach state that in work areas, TLD-albedo dosimeters are 
exposed to low-energy scattered neutrons that cause the dosimeters to overesti
mate the actual dose equivalent, perhaps by as much as a factor of two. Under 
these conditions, TLD-albedo dosimeter results are always conservative. 

Others argue that using an unmoderated source is unrealistic and that low
scatter conditions are rarely found in work areas where dosimeters are used. 
They maintain that TLD-albedo dosimeters should be calibrated using moderated 
neutron sources, although there is little agreement concerning how much and 
what type of moderator should be used. The National Bureau of Standards has 
built a TLD-albedo dosimeter calibration source using 252Cf moderated by 

15 cm (5.9 in.) of deuterium oxide (Schwartz and Eisenhauer 1979). 

These arguments may be resolved when neutron spectral measurements are 
made in work areas and calibrations laboratories and are correlated with the 
responses of TLD-albedo dosimeters exposed at the same locations. A few cor
relations have already been made for the unique low-energy spectra found inside 
the containment vessels of operating nuclear reactors (Hankins and Griffith 
1979; Hajnal 1979). Here the TLD-albedo dosimeters were found to overestimate 
the neutron dose equivalent by an order of magnitude. Many additional spectral 
measurements must be made before this issue is resolved. 

For the past few years, facilities at the National Bureau of Standards 
have been made available for the calibration of personnel neutron dosimeters 
(Schwartz 1977). These facilities, which can be used for determining energy 
response or a single calibration factor, include the following: 
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• a high-yield 252Cf source with a continuous spontaneous fission 
spectrum 

• a thermal neutron beam with a Maxwellian neutron energy spectrum 

• monoenergetic neutron beams of 2, 24, and 144 keV produced at the 
NBS filtered-neutron-beam facility 

• monoenergetic neutrons with energies of 100 keV to 1.5 MeV produced 
by a Van de Graaff accelerator. 

In addition, a moderated neutron source has been constructed at NBS for 
use in calibrating TLD-albedo dosimeters (Schwartz and Eisenhauer 1979). 
Lawrence Livermore Laboratory has a specially designed calibration and irra
diation facility that has spheres of polyethylene, water, deuterium oxide, and 
aluminum moderators into which 252Cf and PuBe sources can be placed (Elliott 
1978). Neutron energy spectra have been measured for these moderated sources. 
The Pacific Northwest Laboratory also has a calibrations laboratory and accel
erator available to produce monoenergetic neutrons. These calibration facili
ties should be better utilized by DOE contractors. (a) 

The second basic way of calibrating TLD-albedo dosimeters is to apply a 
variable calibration factor to account for the variation in dosimeter response 
with incident neutron energy. Using a calibration factor that varies depending
on where the dosimeter is worn necessitates a record-keeping system, which can 
be expensive and time consuming to maintain. Three methods can be used to 
compensate for the energy dependence problem. 

The first method, which is used at one DOE site, involves measuring the 
dose-equivalent rate at work locations using rem meters. The TLD-albedo dosi
meter is then calibrated by exposing it on a phantom in the known neutron field 
at the work location. 

The second method involves a survey of work areas to determine an appro
priate calibration factor. The thermal neutron flux in a 23-cm-dia (9-in.) 
sphere of polyethylene and in a 7.6-cm-dia (3-inch) cadmium-covered sphere of 

(a) For more information, see the list of contacts in Appendix A. 

26 



polyethylene is determined using a BF3 proportional counter and a commer
cially available survey meter. The effective TLD calibration factor can be 
determined from the ratio of the responses of the two spheres using Figure 1, 
which is derived from a graph presented by Griffith et al. (1979, p. 244). A 
similar method of field measurements is reported by Reil, Scofield, and Woo 

(1979) • 

A third method consists of making much more elaborate neutron spectral 
measurements, using neutron spectrometers such as the Bonner or multisphere 
spectrometer, to more accurately determine the dosimeter response. Some skill 
and experience are necessary for effective use of the unfolding codes (LOUHI, 
BON, etc.) to obtain the neutron spectrum, and a complete set of polyethylene 
spheres is expensive and heavy. 
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Accuracy Verification Through System Audits 

Audits of the dosimetry system, currently used by only three DOE contrac
tors, could be useful at several other sites. Dosimeters with known exposures 
are introduced into the system and the readings are recorded for imaginary 
individuals. This is a convenient way to verify the accuracy of the entire 
dosimetry system, including record keeping; problems can be quickly spotted 
and steps taken to improve the system if necessary. Two DOE contractors 
frequently process TLDs with known exposures through the TLD reader to verify 
the reader's accuracy. 

RECOMMENDATIONS FOR FUTURE PERSONNEL NEUTRON DOSIMETERS 

One solution to the energy sensitivity problem of the TLD-albedo dosimeter 
may be to use it in conjunction with another dosimeter that is more sensitive 
to higher-energy neutrons (above 100 keV). This approach has been suggested 
by others (Griffith, Fisher and Harder 1977; Tymons, Tuyn and Baarli 1973; 
Distenfeld 1973). Alternatively, new dosimeters can be developed through 
research on various types of neutron detectors. 

Combination TLD-Albedo and Track Etch 

Griffith, Fisher and Harder (1977) suggest using TLD-albedo dosimeters to 
detect low-energy neutrons and track etch dosimeters to detect fast neutrons. 
The use of electrochemical etching and CR-39 plastic, which has an energy 
threshold below 200 keV, certainly looks attractive. (See Appendix B for more 
information.) A combination of CR-39 plastic, polycarbonate plastic, and a 
TLD-albedo system could be used as a crude neutron energy spectrometer for 
improved accuracy in determining the dose equivalent. Two potential disadvan
tages to this technique are that 1) additional costs are incurred in evaluat
ing an extra dosimeter and 2) the electrochemical etch technique produces 
tracks that must be counted by hand, so the system is not easily automated. 

Combination TLD-Albedo and NTA Film 

Several sites are using combinations of TLD-albedo and NTA film dosimeters 
(Anderson and Crain 1977). Unfortunately, this combination introduces the 
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problems associated with NTA dosimeters (see Appendix B); however, it may be a 
convenient way to switch from NTA film dosimeters to another type of combina
ti on dos imeter. 

Combination TLD-Albedo and Deep-Trap TLD 

Perhaps the most easily implemented combination dosimeter would utilize 
an LiF TLD-albedo dosimeter for detecting low-energy neutrons and a deep-trap 
TLD that responds directly to fast neutrons (see Appendix B). This approach 
would probably be the least expensive to put in place, since almost all DOE 
facilities already use TLDs. The only additional expenses wou~d be for the 
additional CaF2:Tm (TLD-300) and CaF2:Mn (TLD-400) dosimeters and for new 
microprocessor-controlled TLD readers that would separately read out the 150°C 
and 240°C glow peaks of the TLD-300 material. Before this type of system can 
be used, additional work must be done on improving the sensitivity, examlnlng 
the energy response, and investigating the fading of the 150°C glow peak in 
TLD-300 material. 

Other New Types of Dosimeters 

Additional research needs to be done on other neutron detectors, such 
as silicon diodes, plastics that exhibit changes in electrical conductivity 
when exposed to neutrons, plastics that act as semiconductors, electronic 
devices, electrets, and the superheated drop detector. Information on how 
these detectors could be used as neutron dosimeters can be found in Appendix B. 
It would be possible to determine the suitability of some of these devices by 
exposing them to monoenergetic neutrons to determine their energy response and 
lower limit of detection. Those with desirable characteristics could then be 
developed further. This research might reveal a new and more accurate person
nel neutron dosimeter that would be suitable for future dosimetry needs. 

OTHER RECOMMENDATIONS 

At the present time, it is not possible to identify the "best" type of 
neutron dosimeter for future development. A neutron dosimetry "think tank" 
should be established to evaluate new types of dosimeters and recommend new 
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areas of research. This "think tank" should include DOE and DOE contractor 
personnel and should consult with representatives from private industry and 
from other federal agencies, such as NRC and NBS. A spectrum of persons with 

different backgrounds could provide a broad overall view so as not to overlook 
some possible new neutron dosimetry techniques. The "think tank" needs to 

assess current technology and identify future areas for research that are not 
now being explored. The long-range goal of the "think tank" should be to 
focus research on a few neutron dosimetry systems, perhaps two to five, for 
further development. 

In the past, research on personnel neutron dosimeters has been somewhat 
fragmentary. Each DOE site has developed its own neutron dosimetry system 
specifically tailored to meet the needs of that site. After the personnel 
dosimeter system is in place, research on personnel neutron dosimeters usually 
stops, although the needs for neutron dosimetry may change with time. This 
trend has resulted in a wide diversity of dosimetry systems, some of which are 
not adequate. Centralized funding for research on personnel neutron dosimeters 
has not been available for any extended period of time. 

To deal with these problems, a "lead laboratory" for research on personnel 
neutron dosimeters should be established. The lead laQoratory would provide 
strong technical program management and coordinate dosimeter research, although 

it would not necessarily conduct the research itself. It would advise DOE, 
review technical ideas, set priorities, and assist in setting up meetings and 
dosimeter intercomparison studies. If necessary, the lead laboratory may also 
provide some dosimeter calibrations in conjunction with NBS. A strong con
tinuing dosimeter research program may result in a more accurate personnel 
neutron dosimeter design that will be more universally applicable than current 
designs. 
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APPENDIX A 

CONTACTS FOR FURTHER INFORMATION 

For information on the following topics, contact the persons listed below. 

• DOE Neutron Dosimetry Worshops: 

Edward J. Vallario 
Assistant Chief/Manager 
Health Physics Programs 
Division of Operational and Environmental Safety 
U.S. Department of Energy 
Washington, DC 20545 

FTS 233-5640 

• Personnel dosimeter intercomparsion studies: 

Howard W. Dickson or C. S. Sims 
Health and Safety Research Division 
Oak Ridge National Laboratory 
Oak Ridge, TN 37830 

(615) 574-5860 or (615) 574-5851 
FTS 624-5860 or 624-5851 

• National Bureau of Standards calibration facilities: 

Dr. Robert B. Schwartz 
Reactor Building 235 
U.S. Department of Commerce 
National Bureau of Standards 
Washington, DC 20234 

FTS 921-2421 

• Lawrence Livermore Laboratory calibration facilities: 

Jack Elliott 
University of California 
Lawrence Livermore Laboratory 
P.O. Box 808 
Livermore, CA 94550 

FTS 532-5225 
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• Pacific Northwest Laboratory calibration facilities: 

Craig Yoder 
Battelle, Pacific Northwest Laboratories 
Richland, WA 99352 

FTS 444-4366 

A.2 



APPENDIX B 

TYPES OF NEUTRON DOSIMETERS 



CONTENTS 

TYPES OF NEUTRON DOSIMETERS 

NUCLEAR TRACK EMULSION (NTA FILM) DOSIMETERS 

THERMOLUMINESCENCE DOSIMETERS 

Thermoluminescence-Albedo Dosimeters 

Hydrogeneous Radiatior TLDs 

LET-Dependent Glow Peaks - Deep-Trap TLDs 

TRACK ETCH DOSIMETERS 

Fission Track Etch Dosimeters . 

Recoil Track Etch Dosimeters . 

Track Counting Techniques 

LYOLUMINESCENT CHEMICALS. 

DIODES 

DEVICES USING ELECTRICAL CONDUCTIVITY IN PLASTICS 

THERMALLY STIMULATED EXOELECTRON EMISSION (TSEE) DEVICES 

ELECTRETS 

ELECTRONIC DEVICES 

SUPERHEATED DROP DETECTORS 

REFERENCES 

B.l 

B.3 

B.3 

B.S 

B.5 

B.12 

B.l3 

B.14 

B.1S 

B.18 

B.19 

B.2l 

B.22 

B.23 

B.23 

B.24 

B.24 

B.26 

B.28 



FIGURES 

B.1 Basic Concept of TLD-Albedo Dosimeter 

B.2 Energy Dependence of Various Albedo Dosimeters 

B.3 Design of Karlsruhe TLD-Albedo Dosimeter 

B.4 Schematic Representation of TLD-Albedo Dosimeters 
Used at DOE Facilities 

B.5 Energy Response of Fission Fragment Track Dosimeter 
Compared with Fission Cross Sections 

B.6 Fission Cross Sections for 232Th and 237Np Compared 
with the ICRP Dose Equivalent Per Unit Fluence 

B.7 Measured Neutron Energy Response of Electro-Chemically 
Etched Polycarbonate and CR-39 Plastics. 

B.2 

B.6 

B.9 

B.10 

B.12 

B.16 

B.18 

B.20 



APPENDIX B 

TYPES OF NEUTRON DOSIMETERS 

The various types of neutron detectors that are currently used or have the 

potential for use as personnel neutron dosimeters are discussed below. They 
include: 

• nuclear track emulsion (NTA) dosimeters 

• thermoluminescence dosimeters (TLDs) 

• track etch dosimeters, including those using fissionable foils and 

those in which fast neutrons interact directly with a plastic 

• lyoluminescent chemicals 

• diodes 

• devices using electrical conductivity in plastics 

• thermally stimulated exoelectron emission devices 

• electrets 

• electronic devices 

• superheated drop detectors. 

For a comparison of these devices' characteristics with the characteristics of 

an "ideal" personnel neutron dosimeter, refer to Tables 1 to 4 in the main 
text. 

NUCLEAR TRACK EMULSION (NTA FILM) DOSIMETERS 

The oldest type of dosimeter still in use at DOE facilities is the nuclear 

track emulsion (NTA film) dosimeter, which consists of a thin layer of emul
sion on a plastic base. Neutrons interact with hydrogen in the dosimeter to 
produce tracks in the emulsion, which are made visible by developing the film. 

The neutron dose equivalent is calculated by counting the tracks with a micro

scope or other optical device. 
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The main advantages of the NTA film dosimeter are that the film is inex

pensive and responds to high-energy neutrons. However, NTA film also suffers 

from several disadvantages. One of the first problems recognized was track or 

latent image fading caused by oxidation by atmospheric oxygen in the presence 

of water vapor (A1buoy and Faraggi 1949; Knight 1974; Sayed and Piesch 1974; 

Becker 1973). The amount of fading can be reduced by sealing the NTA film in 
moisture-proof packages with or without desiccants. It is possible to almost 
eliminate fading by using nitrogen desiccation and sealing the film in 

mOisture-proof pouches (Bartlett 1978). Another technique for handling the 

problem of fading is to expose calibration films to the same environmental 

conditions as the field dosimeters, so that similar amounts of fading occur. 

If track fading is controlled, the major disadvantages of NTA film are 

its energy response and statistical problems at low neutron doses. The NTA 

film dosimeter is sensitive to fast neutrons above about 0.7 MeV. This 10w

energy threshold varies somewhat depending upon the criterion used for deter

mining what constitutes a proton recoil track. The response (tracks/rem) 

varies by a factor of three from 0.7 MeV to 14 MeV (Barton and Easterly 1979). 

Nuclear track emulsion film is also sensitive to thermal neutrons, which inter
act with nitrogen in the emulsion to produce protons by an N(n,p) reaction. 

On a dose-equivalent basis, the NTA dosimeter has about the same sensitivity 

to 15-MeV neutrons and thermal neutrons (Bartlett 1978). At low neutron expo

sures, the statistical accuracy of NTA film is poor -- few tracks are produced 
for dose equivalents in the mi11irem range. 

There are several other disadvantages of NTA film dosimeters. High tem
peratures darken the film so that the tracks cannot be read (e.g., if someone 
leaves a dosimeter in a parked car exposed to the sun). About 1 rem of 10w
energy photons can also darken the film to the point where tracks cannot be 

counted. In addition, optically counting the proton recoil tracks can be 

tedious work. It may be possible to automate the track-reading process, but 

this change would be very expensive. 
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Nuclear track emulsion dosimeters are still used at six DOE sites, usually 

where few dosimeters are issued and high-energy neutrons are present. 

THERMOLUMINESCENCE DOSIMETERS 

Thermoluminescence dosimeters (TLDs) emit light after being irradiated by 

ionizing radiation. This phenomenon occurs in many minerals found in nature. 
For neutron dosimetry, special phosphors containing lithium or boron are made. 

The lithium or boron absorbs neutrons and produces charged particles that 
interact with the phosphor. 

This section deals with three types of thermoluminescence dosimeters: 
TLD-albedo dosimeters, in which low-energy neutrons reflected from the body 
interact with the TL chips; hydrogenous radiator TLDs, in which neutrons inter
act with hydrogen to produce charged particles that activate the TL chips; and 
deep-trap TLDs, in which fast neutrons interact directly with the phosphor to 
produce an enhanced glow peak upon readout. 

Thermoluminescence-Albedo Dosimeters 

The dosimeter most widely used at DOE facilities is the TLD-albedo dosi
meter, which uses the 6Li (n,a)3H reaction in thermoluminescent materials 
to detect neutrons. Thermoluminescence-albedo dosimeters are worn on the body. 
Incident fast neutrons enter the body and are moderated, and slow neutrons are 
reflected back to the dosimeter (hence the term albedo, from the reflected 
neutrons). Slow neutrons interact with the thermoluminescent material, usually 
through 6Li (n,a)3H rections, and the charged particles excite the thermo
luminescent material. When heated, the phosphor emits light in quantities 
proportional to the energy deposited in the material. 

The thermoluminescent material is sensitive to both neutrons and photons, 
so a correction must be made for gamma exposures by using matched pairs of TL 
chips. One pair is made from 6LiF , which detects neutrons and photons, and 
the other is made from fully enriched 7LiF, which detects mostly photons. The 
neutron response is found by subtracting the 7LiF response from the 6LiF 
response. 
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The basic concepts of the TLD-albedo dosimeter are shown in Figure B.l. 

Pairs of 6LiF and 7LiF TL chips are placed on each side of a cadmium shield, 

which is used to differentiate incident thermal neutrons from the albedo neu

trons reflected from the body. The too pair measure the incident thermal neu

tron dose; the bottom pair measure the albedo neutrons from which the incident 

fast neutron dose is inferred. The cadmium foil is usually between 0.4 and 

1.5 mm (0.015 and 0.060 in.) thick. Thinner foils allow too many thermal neu
trons to pass through. The cadmium foil should be as large as practical to 

prevent thermal neutrons from diffusing around the foil to the bottom TL chips; 
the smallest useful diameter for the cadmium foil is about 1 cm (0.39 in.) 

(Hankins 1972). Cadmium emits gamma rays when it captures a neutron, so gamma 

shields are sometimes placed between the cadmium and the TL chips. Boron or 

boron-loaded plastic can also be used in place of cadmium, but a much thicker 

shield is required because of boron's lower absorption cross section. The 

material is often enriched in lOB, but this is expensive. 

The TLD-albedo dosimeter must be worn close to the body to function pro

perly. As it is moved away from the body, its sensitivity to fast neutrons 

decreases and its sensitivity to thermal neutrons increases. The common prac
tice of wearing a dosimeter loosely clipped on a pocket containing a pack of 

cigarettes can cause inaccurate readings. Some TLD-albedo dosimeters will not 

I NC I DENT NEUTRON S 

I 
6UF 7 UF 

==~G~==C~=:=:::::JI CADM I UM 
6UF 7Lo r 

Ir 

FIGURE B.1. Basic Concept of TLD-Albedo Dosimeter 
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function at all if they are worn backwards clipped to the inside of a pocket 

or loosely held on a necklace. Hankins has developed a symmetric dosimeter 
that can be worn in either direction (Hankins 1973). It also contains a poly
ethylene moderator inside the cadmium shield, so it does not have to be worn 
next to the body to respond to neutrons. 

Advantages and Disadvantages of Thermoluminescence-Albedo Dosimeters 

There are several advantages to TLD-albedo dosimeters: 

1. They always give some indication when exposed to a significant neu
tron dose. 

2. They are relatively inexpensive and can be reused over and over. 

3. They are easily fabricated and are usually lightweight and easy to 
wear. 

4. Readout is simple and can be automated. It is possible to process 
several thousand dosimeters with relative ease. 

5. They are insensitive to humidity and moderate mechanical shock. 

Unfortunately, there are also several disadvantages to using TLD-albedo dosi
meters: 

1. The single most important disadvantage of TLD-albedo dosimeters is 
that their sensitivity is highly dependent upon the energy of the 
incident neutron. The dose equivalent indicated by the dosimeter 
can be in error by an order of magnitude if the dosimeter is not 
properly calibrated. 

2. The TLD-albedo dosimeter is also gamma sensitive. In mixed radia
tion fields, care must be taken to properly subtract out the photon 
response of the 6LiF chip. 

3. Many TLD-albedo dosimeters must be worn properly (i.e., close to the 

body) or serious errors can result. To overcome this difficulty, 
some dosimeters are worn on belts or in special pockets sewn into 

protective clothing. 
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4. Most TLD-albedo dosimeters worn flat against the body exhibit some 

angular dependence, but the effect is small compared to that for Y-B 

dosimeters. The hemispherical design used at the Savannah River 

laboratory seems to overcome some of these problems (Korba and Hoy 

1969). 

5. Thermoluminescence dosimeters do not give a permanent record, as 

film or track etch dosimeters do. If the TLD reader malfunctions, 
the reading may be lost. 

6. Thermoluminescence dosimeters must be carefully annealed to preserve 

the accuracy of their calibration. 

7. Some TLDs exhibit fading. The rapid fading problem in TLD-600s and 

TLD-700s can be overcome by waiting 1 day before reading the TLDs 

out. High temperatures cause fading problems; 20% to 40% fading of 

TLDs has been found for dosimeters left on the dashboard of cars in 

the sun. 

Energy Response Problems of Thermoluminescence-Albedo Dosimeters 

Thermoluminescence-albedo dosimeters have a severe energy response prob
lem, as demonstrated in Figure B.2. A simplistic explanation of this varia

tion in the response to neutrons of various energies is that the mean free path 

for high-energy neutrons is greater than that for low-energy neutrons, and the 

fast neutrons penetrate farther into the body before interacting and becoming 
thermalized. The thermal neutrons must then migrate a farther distance back 
to the surface of the body, and many are absorbed before reaching the TLDs on 
the surface. Thus the sensitivity of the TLD-albedo dosimeter decreases with 
increasing neutron energy. 

Several methods can be used to overcome the energy dependence problem. 

First, TLD-albedo dosimeters can be used in facilities in which the neutron 

energy spectrum is almost constant. Second, the TLD-albedo dosimeter can be 

designed to compensate for spectral differences. However, this solution is 
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FIGURE B.2. Energy Dependence of Various Albedo Dosimeters 
(Piesch and Burgkhardt 1978b) 

difficult to achieve in practice. Figure B.3 shows a schematic diagram of the 
Karlsruhe dosimeter (Piesch and Burgkhardt 1978a), a multicomponent dos"imeter 
that provides information about variations in the neutron energy spectrum in 

work areas. The Karlsruhe dosimeter uses three pairs of TL chips inside a 
capsule of boron-loaded plastic, which is held to the body by a belt worn 
about the waist. One of the front chips, designated "all in Figure B.3, mea
sures the incident thermal neutrons; a middle chip, designated "mil, measures 

mostly epithermal neutrons; and a bottom chip closest to the body, designated 
";", measures mostly albedo neutrons. The use of the dosimeter to analyze the 
incident neutron spectrum is described in two papers (Piesch and Burgkhardt 
1978a and 1978b). The dosimeter must be calibrated in work areas where it is 
worn, not in laboratories or by monoenergetic neutron exposures. Piesch 
introduces a method by which the dose equivalent can be separated into frac
tions corresponding to thermal and fast neutrons with an effective average 
energy, which can be related to field measurements and the ratio ita of the 
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FIGURE B.3. Design of Karlsruhe TLD-Albedo Dosimeter 
(Piesch and Burgkhardt 1978a) 

responses of the TL chips (Piesch and Burgkhardt 1978a). In this way, Piesch 
corrects for the TLD-albedo dosimeter's greater response to the low-energy 

neutrons (thermal and intermediate energies) that result from the high-scatter 

situations typical of work locations. 

A third method of correcting for energy response (Hankins 1975) uses the 

ratio of the thermal neutron flux inside a 23-cm-dia (9-in.-dia) spherical 
"rem meter" to the flux inside a 7.6-cm-dia (3-in.-dia) sphere covered with a 

O.025-cm (O.OlO-in.) layer of cadmium. Measurements are usually made with a 

small BF3 counter inside the polyethylene spheres, and a calibration factor 

is determined from the ratio of the spheres' responses, using a graph similar 
to that shown in Figure 1 of the main text. The calibration factor will vary 
depending upon the sensitivity of the 6LiF TL chips and the type of albedo 

dosimeter used, but the data will plot out to a straight line and have the 

same slope on log-log graphs. This method can be somewhat cumbersome because 
measurements must be made at several work locations and records kept of which 
dosimeters were used at these work locations. In many instances, the calibra
tion factors for a single facility may not vary by more than 20% to 30% (Han
kins 1975). Somewhat similar calibration factors have been obtained using the 

ratio of Bonner sphere measurements. The ratio of 30-cm to 5-cm (12-in. to 
2-in.) spheres has been used (Piesch and Burgkhardt 1978b), as has the ratio 

of 25-cm to 7.6-cm (10-in. to 3-in.) spheres (Anderson and Crain 1977). 
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Finally, TLD-albedo dosimeters can be exposed on phantoms in work loca
tions where the dose equivalent or neutron spectrum has been measured to 
determine the calibration factors. This method is useful in facilities where 

the spectrum does not change much, and is currently used at three DOE 

fac il it i es. 

Thermoluminescence-Albedo Dosimeters Used at DOE Facilities 

Some typical TLD-albedo dosimeter designs used at DOE facilities are shown 

schematically in Figure B.4. Figure B.4 (A) shows the design used at Hanford 

(Kocher et al. 1971; Endres 1971), in which four or five TL chips are held on 
a card between teflon films, which can be read out in an automatic TLD reader. 

All three of the TL chips used in the albedo portion of the badge are shielded 

with tin, which has a very low neutron cross section, to reduce the photon 

response of the TLDs. The dosimeter holder also holds a security credential 
and is worn loosely on the clothing above the waist. This practice often 

results in problems, since the dosimeter is not always next to the body. 

Figure B.4 (B) shows the dosimeter used at the Savannah River Laboratory 

(Korba and Hoy 1969; Hoy 1972). This design uses a 5.1-cm-dia (2-in.-dia) 
polyethylene hemisphere to increase its sensitivity, and can be used to mea

sure as little as 5 mrem of fast neutrons. The Hoy dosimeter is worn close to 

the body on a belt to help ensure accuracy. This design gives high sensitiv

ity, good angular response characteristics, and better precision of measurement 
than many other designs. 

Figure B.4 (C) shows the dosimeter used at the Los Alamos Scientific 

Laboratory (Blackstock et al. 1978), which is a modified version of the Hankins 
dosimeter (Hankins 1973). This dosimeter is symmetric and can be worn front
wards or backwards, and it does not need to be held in contact with the body. 
However, having cadmium completely surrounding the TL chips does reduce the 
dosimeter's sensitivity. The TL chips in this dosimeter are held by teflon 
tape in holes in an aluminum dosimeter card inside the cadmium box. These 

cards can be easily processed through an automated TLD reader. One advantage 
of the LASL design is its ability to correct for the energy dependence of the 

TLD-albedo dosimeter using a calibration factor determined by measurements 
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FIGURE B.4. Schematic Representation of TLD-Albedo Dosimeters 
Used at DOE Facilities 

made with polyethylene spheres at work locations, as described earlier. The 
Los Alamos design includes provisions for a "piggy back" NTA film dosimeter 
that clips on to the TLD-albedo dosimeter. 

Hydrogeneous Radiator TLDs 

Thermoluminescence dosimeters can respond to fast-neutron-induced proton 

recoils from hydrogenous materials. One can simply mix thermoluminescent pow

der with a suitable hydrogenous compound. About 15 years ago, G.W.R. Endres 
mixed 6LiF powder with ethanol and was able to detect fast neutrons, but the 

method was not sensitive enough to be practical. Rzyski, Watanabe and Suntga 
(1977) used CaF2 mixed with sugar and other organic compounds, which 
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detected as little as 10 mrad of fast neutrons from an AmBe source. Consider

able effort was required to wash the sugar from the TLD and carefully dry the 

material. 

Another possibility is to permanently mix thermoluminescent materials with 

a hydrogenous material that has a high melting point. Many thermoluminescent 

materials are read out at 200 0 to 250°C, so the hydrogenous material must be 

stable above these temperatures. Parasexiphenyl (melting point 465°C) has been 

used with CaS04:Dy or CaS04:Tm powder (Becker, Tham and Haywood 1973, p. 584; 

Becker et al. 1975), but this technique still needs improvement to be useful. 
Another possibility is the use of lithium hydride, but this may present prob

lems because of its chemical reactivity. An article by Griffith et al. (1979) 

describes several other hydrogenous radiator techniques. These techniques have 

demonstrated that thermoluminescent materials mixed with hydrogenous materials 

do detect fast neutrons, but the sensitivity needs to be improved by an order 

of magnitude before they will be useful for personnel neutron dosimetry. 

LET-Dependent Glow Peaks - Deep-Trap TLDs 

It is possible for fast neutrons to interact directly with thermolumines

cent material (Endres 1975). Calcium fluoride doped with thulium, CaF 2:Tm 

(TLD-300), produces two glow peaks, one at 150°C and one at 240°C. The high

temperature glow peak shows a direct response to fast neutrons or other high
LET radiations, as well as gamma rays.(a) In a gamma field, the ratio of 

the 150°C peak to the 240°C peak is 2 to 1; in a high-energy neutron field, 
this ratio becomes almost 1 to 1. Inconsistent results in early studies were 

(a) According to one theory for thermoluminescence in crystalline lattices, 
impurity atoms in the lattice cause energy levels or energy states called 
traps, which have energies slightly less than that of a conduction band. 
Heating the crystal supplies enough energy for electrons to vacate these 
traps and escape to the conduction band. Electrons repopulating the traps 
produce the emission of light (luminescence). Some of the energy levels 
are farther removed from the conduction band than others and require more 
energy, i.e., higher temperatures, for the electrons to escape. These are 
the so-called deep-trap energy levels. The electron population of these 
levels seems to be dependent on the LET of the ionizing radiation striking 
the crystal. 

B.13 



traced to fading of the IS0°C peak. This problem can be eliminated by using 
CaF 2:Mn (TLO-400) to determine the gamma dose, since TLO-400s do not exhibit 

the fast fading that is characteristic of TLO-300s. 

Further studies on optimizing the phosphor have been made by Lucas and 

Kapsar (Lucas and Kapsar 1977; Kapsar and Lucas 1977). At present, it is pos
sible to detect about 1 mrad of fast neutrons from AmBe. There is sufficient 

precision to determine the total dose within 10%. Using this glow peak tech

nique to measure fast neutrons directly, in conjunction with a TLO-albedo 

dosimeter to measure lower-energy neutrons, it may be possible to develop a 
more accurate neutron dosimeter that could be processed by automated TLD 

readers being introduced commercially. Lucas and Kapsar (1977) estimated that 
it would be possible to use this differential glow peak technique for routine 

personnel neutron dosimetry if the sensitivity could be increased by a factor 

of three. This increase may be possible using recently developed computer

controlled TLO readers to determine the areas under each glow peak and using 
CaF:Mn to compensate for the ga~.la fading problem in the IS0 a C glow peak. 

Further research should be performed in this area. 

TRACK ETCH DOSIMETERS 

Track etch detectors can also be used to determine neutron doses. This 

technique is currently being studied by more investigators than any other 
dosimetry method, perhaps because of its simplicity. Griffith has published 
reviews of the techniques used (Griffith 1974; Griffith et ale 1979). A 
journal, Nuclear Track Detection, was started recently because of the great 
interest in track etch techniques. 

When charged particles pass through insulators, they produce damaged areas 

that can be preferentially etched by a suitable solvent to produce a track that 
is readily visible under a microscope or microfiche reader. The charged 

particles can be produced by neutrons interacting to produce charged particles 
in an adjacent foil or by neutron interactions in the material itself. These 
methods will be discussed below. 
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Fission Track Etch Dosimeters 

The use of fissionable foils placed next to a track detector was first 
proposed by Price, Walker and Fleischer at the General Electric Research 
Laboratories, Schenectady, New York (Price and Walker, 1963; Walker, Price and 
Fleischer 1963; Fleischer, Price and Walker 1965). They used uranium foils to 
produce fission fragments, which were detected by mica sheets placed next to 

the foil. The fission fragment tracks were made visible by etching the mica 
or glass with hydrofluoric acid. Price, Walker and Fleischer found that poly
carbonate plastic films (Lexan~ etched by sodium hydroxide or potassium 

• 
hydroxide solutions were more suitable than the materials originally used. 
Later, a neutron detector was developed by Baumgartner and Brackenbush (1966) 
using thin foils of 235 U, 238U, and 237NP02 next to polycarbonate plastic 

film. The plotted energy response of these fission track detectors follows 
the fission cross section, as shown in Figure B.5. These devices were found 

to measure the fast neutron dose to within about 15% when compared to doses 
calculated from fluence and spectral measurements. The dosimeters have been 

used only as area monitors at the Hanford site because of prohibitions against 
people wearing devices containing special nuclear materials. Recently, how

ever, the U.S. Nuclear Regulatory Commission ruled in NUREG-0137 that thorium 
is exempt from nuclear materials accountability when used in fission foil 
dosimeters (U.S. NRC 1977). 

Many other investigators have used fission fragment track detectors for 
neutron dosimeters. (a) In 1976, an International Conference on Solid State 

Nuclear Track Detectors was held at Neuherberg, Federal Republic of Germany, 
to discuss this type of detector (European Org~ization for Nuclear Research 
1976). Fission fragment track detectors are being used in Europe (Gibson 1978; 
Harrison 1978). 

® Registered trademark of General Electric Corporation. 
(a) Burger, Griinauer and Paretzke 1971; Cross and Tommasino 1970; Cross and 

Ing 1975; Distenfeld 1973; Gamma and Hossil 1971; Petre 1973; Yule 1973. 
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Nuclear reactions that produce alpha particles have also been used for 
neutron dosimetry. Usually cellulose nitrate is used to detect the neutrons 
from 6Li (n,a)3H reactions. 

Track etch detectors, which detect fission fragments or alpha particles 

induced in adjacent foils, offer several advantages: 

1. accuracy - Fast neutron dose equivalents of 1 rem from unmoderated 

sources can be measured to within about 15% using multiple foil 
detectors; single 237 Np foils offer somewhat reduced accuracy. 

2. interference - Fission fragment detectors are insensitive to gamma 
rays and beta particles to doses below 10,000 rads in polycarbonate 

plastic. 

3. stability - Fission fragment detectors using polycarbonate plastic 

exhibit virtually no fading at temperatures below 50°C. 

4. environmental factors - Fission fragment detectors are unaffected by 

humidity, mechanical shock, or temperatures below 50°C. 

5. energy response - A crude spectrometer can be made using multiple 

foils to correct for the energy response of the detector. The fis

sion cross sections for common foil materials, as compared with the 
neutron dose equivalent in tissue, are shown in Figure B.6. 

The nuclear track detectors employing fissionable foils also have some 
distinct disadvantages: 

1. The fission foils emit gamma rays to which the wearer is exposed. 
Efforts to keep doses as low as reasonably achievable (ALARA) may 
preclude their widespread use. Recent advances in preparing thin 
foils have reduced the exposure at 5 cm to about 35 mrem/yr from 
0.6 mg of 237 Np and 5 mrem/yr from 50 mg 232Th (Cross and Ing 1975). 

2. There may be administrative prohibitions against the movement and 

possession of special nuclear materials, especially small amounts of 
Pu or 235U. 

3. The dynamic range of the devices may be limited because of track 

overlap at high neutron doses and artifact backgrounds at low neu
tron doses. 
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Recoil Track Etch Dosimeters 

Neutrons may interact directly in plastic to produce carbon or proton 

recoils. However, because of the lower LET hydrogen recoils, the tracks are 

more difficult to observe. Sohrabi (1974) recently demonstrated that recoil 
tracks could be registered by the electrochemical etching technique introduced 
by Tommasino (1970). High electric fields at high frequencies cause electrical 

breakdown at the tips of the tracks, and very vigorous etching occurs (Tomma
sino and Armellini 1974). The relatively large tracks formed are visible with 
a microfiche reader or microscope. The technique is sufficiently accurate that 

one laboratory and a commercial dosimetry service are using this technique with 

polycarbonate plastic for neutron dosimetry (Griffith, Fisher and Harder 1977; 

Oswald and Wheeler 1977). Unfortunately, the electrochemical etch technique 

used on polycarbonate plastic has an energy threshold of about 1.5 MeV. Other 
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materials are being tested in a search for lower energy thresholds (Gammage and 

Cotter 1977). The monomer allyl diglycol carbonate (trade name CR-39~ has an 
energy threshold below 200 keV and is being used by a commercial dosimeter 

laboratory. The dosimeter that uses this_material produces tracks from proton 
recoils. The energy responses of electrochemically etched polycarbonate and 

CR-39 are shown in Figure B.7. The CR-39 dosimeter appears to be quite useful 
for fast neutron dosimetry. 

Neutron recoil track detectors have all of the advantages listed for fis

sion fragment track detectors with none of the attendant problems of fission 
foils. They do have some other disadvantages, however: 

1. They exhibit a background that corresponds to 20 to 60 mrem, depend
ing upon the calibration used (Griffith et ale 1979). 

2. They exhibit energy thresholds of about 200 keV for CR-39 and 
1.5 MeV for polycarbonate plastic. 

Track Counting Techniques 

Determining neutron dose equivalent from track etch dosimeters originally 

involved counting the number of tracks per unit area with a microscope. This 
method is tedious and causes eye strain, so various other methods were tried: 
electric conductivity through thin films with holes from track etching, opaque 
or dyed films that passed light through the track etch holes, etc. None of 

these methods was really successful in automating the track reading process. 
A Quantamet system has been developed that scans for tracks of a given range 
of sizes using a computer, but this system is quite expensive. The best 
method for automatic reading of the etched fission-fragment holes in plastic 
films is the spark-replica or spark counting technique (Cross and Tommasino 
1970). Thin films are used to detect fission fragment tracks. The tracks are 
etched out to produce holes in the plastic. The plastic film is placed next 
to a sheet of aluminized mylar and a metal plate or needle is placed on the 

opposite side of the plastic. A high voltage is applied and sparks arc through 

® Registered trademark of Pittsburgh Plate Glass. 
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the holes; the number of tracks is determined by counting the number of sparks 
with a scaler. Multiple sparks through the same hole are prevented by 
vaporizing away the aluminum film around the hole with the first spark. 

A similar principle can be used to construct an alarming dosimeter, using 
a thin-film capacitor with a fission foil as one of the electrodes. For 
insulators only 10-6 to 10-5 cm thick, low voltages can be used to power 

the device, which could be made into a small dosimeter carried in the pocket 
(Tommasino, Klein and Solomon 1977; Griffith et al. 1979). 

The electrochemical etching technique discussed previously is the second 
major advance in track counting techniques. Using this technique, it is pos
sible to make neutron recoil tracks visible. Details of all of these track 
etch techniques are discussed in the excellent review article by Griffith et 
al. (1979). 

LYOLUMINESCENT CHEMICALS 

Lyoluminescence, the emission of light when irradiated materials are dis
solved, has been investigated by Ettinger and coworkers at the University of 
Aberdeen. The most sensitive lyoluminescent materials are organic compounds: 
saccharides (Takavar et al. 1977), amino acids, proteins, and nucleic acids 
(Ettinger et al. 1977a and 1977b). Puite (1977) has used the saccharide man
nose to measure as little as 5 rads of mixed radiation. He points out that 
the dose response is close to that of tissue and that the sensitivity of light 
emission, i.e., the light emitted for the energy absorbed, is much higher for 
lyoluminescence than for thermoluminescence. Mannose dissolved in water 
exhibits a fast-fast effect somewhat similar to some TLDs. Ettinger et al. 
(1977c) have reported the use of sensitizers such as luminol or lucigenin to 
increase light output by chemiluminescent oxidation. The sensitivity of this 
method is limited by impurities in the materials that induce chemiluminescence. 
Impurities in the reagents used limit the lowest dose that can be measured. 
At present, it appears that the sensitivity of lyoluminescence must be improved 
by two orders of magnitude before lyoluminescent materials can be used for 
personnel neutron dosimetry. This magnitude of improvement is not likely to 
occur soon. 
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DIODES 

Silicon PIN (p-type intrinsic n-type) diodes may be useful as dosimeters 

for fast neutrons. The forward resistance of the diode increases linearly with 
fast neutron dose over two orders of magnitude, but the device is usable for 
three or four orders of magnitude before saturation occurs. It is believed 
that radiation-induced damage in the crystalline lattice causes the increase 
in forward resistance. The resistance is measured by passing a constant cur
rent, usually about 25 mAt through a diode placed in a constant-temperature 
bath (e.g., an ice bath) to obtain consistent results. Recently, pulsed cur
rent techniques have been used so that the diode does not heat up and change 
resistance during the measurement. 
performance of diodes (Lucas 1977). 

Attempts have been made to improve the 
Diodes with a 20-mV/rad voltage drop 

across the diode at 25-mA constant current were produced. The minimum sensi
tivity was about 500 mrem, which could be useful for a yearly dosimeter 
exchange. 

Silicon diodes have several advantages: 

1. They are insensitive to gamma rays and beta particles. 

2. They are stable over long periods and can be used as integrating 
dosimeters. 

3. They are unaffected by environmental factors. 

4. They are small and easily worn in security badges. 

5. The readout of the devices is simple if a constant temperature is 
maintained, or if diodes with low-temperature coefficients are used. 

The disadvantages of diodes include the following: 

1. They are not sensitive enough for use as routine dosimeters. The 
lower detection limit of 500 mrem needs to be improved by an order 
of magnitude. 

2. Low precision and consistency of response between different diodes 
is a problem. A calibration factor for each individual diode may be 
necessary. 
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3. For a high initial cost, the units can be reissued to the same 
person and used as an integrating dosimeter. 

4. The diodes do not respond to all neutron energies. They have a 
relatively constant response to fast neutrons in the energy range of 

200 or 300 keV to 16 MeV or higher. 

Diodes show promise for use as a fast neutron dosimeter if the lower 
limit of detection can be improved. The relatively flat energy response and 
dose integrating capability are distinct advantages over existing dosimeters. 

DEVICES USING ELECTRICAL CONDUCTIVITY IN PLASTICS 

Fadel (1977) has reported a method of measuring fast neutron doses of 
0.001 rad to 7 rads from an AmBe source by measuring changes in the resistiv
ity of a cellulose acetate film covered by a cellulose acetate proton recoil 
irradiator. Simple resistivity measurements were made at room temperature, and 
as little as 1 mrad could be detected. The film gave a record of the accumu
lated neutron dose free of interference from gamma rays. Fadel states that 
the method is reproducible and accurate if the temperature is kept constant. 
This method should be investigated further. 

THERMALLY STIMULATED EXOELECTRON EMISSION (TSEE) DEVICES 

About a decade ago, there was great interest in dosimetry using the 
electron emitted when an irradiated material was heated. This method was 
reported to be quite sensitive for detecting gamma rays, and it was proposed 
that it could also be used for neutron dosimetry (Becker and Crase 1970). In 
the United States, interest in this dosimetry technique almost ceased when 
measurements (Gammage et al. 1974) indicated that the neutron response in 
beryllium oxide was only about 11% of the photon response, and that the device 
would not be useful in mixed radiation fields. The TSEE technique was not 

abandoned in Europe, and research has continued there. Lausch and Huebner 
(1974) and Jaek, Savikhin and Kaambre (1974) reported TSEE detectors made from 
calcium sulfate and carbon. However, it still appears that the TSEE technique 
offers little hope of being useful as a personnel neutron dosimeter in mixed 
radiation fields. 
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ELECTRETS 

A novel device for use as an alarming gamma dosimeter, using electrets, 
was presented by French scientists at the IAEA Symposium on Advances in 
Radiation Protection Monitoring in Stockholm, Sweden, in June 1978 (Perino, 
Lewiner and Dreyfus 1978). Electrets are the electric analog of a permanent 
magnet. The device consists of two electrets placed close to one another and 
held together by mutual electric attraction. One of the electrets is on a 
spring. When the device is exposed to gamma rays, the electric attraction is 
diminished, and the spring separates the electrets and sets off an alarm. The 
amount of radiation the electret is exposed to can be determined by applying 
an external electric field. 

At the time the paper was presented, the device had been tested only with 
gamma rays, but it was expected to function with neutrons also. 
electret material has a composition similar to that of tissue, 
be a good fast neutron dosimeter that can be read out easily. 
investigated further. 

ELECTRONIC DEVICES 

Since the 
this device may 
It should be 

Recent advances in electronics may make it possible to build new types of 
neutron dosimeters at a reasonble cost. Colvett (1978) has pointed out that 
it is possible to separate neutron events from gamma events in a counter with
out using gas multiplication. He proposes building a personnel neutron dosi
meter capable of alarming at any neutron dose by uSing a small hydrogen-neutron 
counter with a little 3He in it to provide thermal neutron sensitivity. No 
high voltages would be involved, and recently developed microelectronic cir
cuits could be used to discriminate neutron- and photon-induced events and to 

store them in scalers. Several European scientists have built a somewhat 
similar device using a cadmium-covered 3He counter and a polyethylene 

moderator to produce an energy-independent albedo dosimeter for neutrons 
(Heinzelmann, Opladen and Schueren 1977; Gibson 1977). They state that, by an 
adjustment of the discriminator threshold, the device can be made energy inde
pendent from 0.5 eV to 14 MeV, with the energy responses matching tissue 
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response to within a factor of two. Lucas (1978) has also described a 3He 
counter with a discriminator whose response to fast neutrons nearly matches 
that of a tissue-equivalent chamber. 

These methods seem to hold great promise for the development of a fast 
neutron dosimeter in which the neutron dose equivalent can be differentiated 
from the photon dose equivalent. The dosimeter could be set to alarm at any 

level, and appears to have good sensitivity. It is technically feasible to 
build such a device today, but the costs are prohibitive. With further 

advances in large-scale integrated circuits, it may be practical to build 
electronic dosimeters using new memory storage devices. 

Another approach would be to build a tissue-equivalent proportional 
counter (TEPC) into a small, portable dosimeter. This device would have many 
advantages. Its energy response would very closely match that of tissue. It 
could be made quite sensitive by using parallel plates, since the sensitivity 
is proportional to the surface area of the tissue-equivalent plastic. Under 
certain conditions, the TEPC is self-calibrating; it is an absolute dosimeter 
that does not require further calibration, unlike almost every other type of 
neutron dosimeter. With advances in microelectronics, it may be possible to 
build a simple multichannel analyzer to record pulse height or energy loss 
data from the TEPC. From the event size spectra from a TEPC, it is possible 
to derive dose distributions as a function of LET and hence to determine 
effective quality factors and dose equivalents. The algorithms for quality 
factor and dose-equivalent determinations already exist for spherical counters. 
Because the TEPC measures absorbed dose as a function of lineal energy, quality 
factors could be determined directly if they were redefined in terms of lineal 
energy (Rossi 1977b). 

In addition to the many advantages of using TEPCs, there are also distinct 

disadvantages. It would be extremely expensive to build such a dosimeter 
today; each unit would cost several thousand dollars. Inexpensive electronics 
must be developed for such a system to be practical. 
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SUPERHEATED DROP DETECTORS 

The superheated drop detector, a miniature bubble chamber invented by 

Dr. Robert Apfel (1979), is a simple device for the detection of neutrons 

and charged particles. A liquid like Freon is injected into a viscous gel 

under pressure, or an emulsion of very small droplets is created in a gel. 

When the pressure is released, the Freon becomes superheated. A charged 

particle or neutron recoil can trigger nucleation in the superheated liquid 

and instantly convert it to a gas. Photons cannot impart enough energy to 

cause vapor formation, so the device is co~pletely insensitive to gamma and x 
rays. Apfel (a) has developed a "thermal spike" theory to account for the 

conditions necessary for nucleation and the changing of the superheated liquid 

to a gas. If enough energy is imparted in a small volume, a microscopic bubble 

is formed. If the diameter of the bubble is large enough, the bubble becomes 
thermodynamically unstable and grows; if not, surface tension collapses the 

bubble. Apfel has shown that the critical radius of this microscopic gas 

bubble necessary for nucleation is 

Rc = 2Y(T)/lIP 

where 

y(T) = the surface tension of the superheated liquid 

liP = P (T) + P - P 
v g 0 

Pv = the pressure of the vapor in the cavity 

p the partial pressure associated with the noncondensible, 
g 

d i sso 1 ved gas 

Po = the externally applied pressure. 

The quantity liP is a measure of the degree of superheat of the liquid. As 6P 

increases, the critical radius Rc grows smaller and less heat is required for 

drop vaporization. The heat released along the neutron recoil can be calcu
lated from the stopping power or LET. Heavier ions such as carbon have the 

highest LET and are the most effective in vapor formation. 

(a) Paper to be published in Nuclear Instrumentation and Methods. 

B.26 



A simple dosimeter can be made by placing inside a small container the 

superheated liquid drops contained in a viscous gel, with a manometer-like 
device to record changes in the volume from gas formation. Another alterna

tive would be to mix the superheated liquid with a dye, which would be released 
and cause an immiscible liquid to change colors when the superheated liquid was 

vaporized by neutron irradiation. Both of these devices would be self-reading. 

There are many advantages to the superheated drop detector: 

1. It is inexpensive; the materials required cost only a few cents. 

2. It is totally insensitive to gamma rays. 

3. Any desired sensitivity can be achieved by changing the amount of 
superheated liquid. 

4. The dosimeter can be made to be self-reading as described above. 

5. The dosimeter can be made to be sensitive to thermal neutrons by 

adding boron or lithium compounds. 

6. A crude neutron energy spectrometer can be constructed by using mix

tures of liquids with various degrees of superheat and hence various 

energy thresholds. 

There are also several disadvantages: 

1. The energy response is not yet known. 

2. The dosimeter appears to be sensitive to temperature. Its energy 

threshold depends on the degree of superheat. This dependence may 

not be a problem if a liquid with a very low boiling point is used. 

3. Mechanical shock may trigger vaporization. 

Virtually nothing is known about the energy sensitivity and thresholds of 
superheated drop detectors. A great deal of work needs to be done before they 
can be used as neutron dosimeters. 
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APPENDIX C 

PERSONNEL NEUTRON DOSIMETER SURVEY FORM 
AND RESPONSES 

NAME (S) ________________________ _ 

TELEPHONE: FTS COMMERCIAL -------------------------- -------------------
ADDRESS: -----------------------------------------------------------

Would you like a copy of the final report? Yes --- No --

TYPES OF NEUTRON DOSIMETERS 

What type of neutron dosimeters are used? If the dosimeter is described in a 
document, please give a reference. If a commercial dosimeter service is used, 
please indicate which one. 

TLD albedo: 

NTA emulsion: 
Track etch: 

Fission foil 

Other (please describe): 

Neutron/gamma ratios: 

Extremity dosimeters: 

C.1 

13 sites 

6 sites (Landauer - 1 site) 
Experimental use at 1 site 

2 sites -- Cd & film albedo; 
combination NTA & TLD albedo 

1 site -- used for extremity dose 
equivalent 

1 site 



Is the dosimeter system automated? 

Fully automated dosimeter reader: 

Semi-automated -- dosimeter material 
manually placed in "reader": 

Manual system -- dosimeter read out 
by hand: 

Neutron dosimeter results in 
computer file: 

DOSIMETER RESPONSE 

2 sites 

3 sites 

3 sites 

7 sites 

Has the energy response been measured by the following neutron energies? 
Please give any documentation of energy response. 

Slow neutrons (thermal to 1 eV): 

Intermediate-energy neutrons 
(1 eV to 100 keV): 

Fast neutrons (above 100 keV): 

Has the angular response been measured? 

No: 

Yes - reference: 

8 sites 

1 site 

13 sites 

5 sites 

3 sites 

What is the sensitivity of the dosimeter to neutrons of various energies (for 
example, 20 mrem + 50% for fast neutrons and 1 mrem + 50% for thermal 
neutrons)? -

Dosimeter sensitive to: Minimum detectable dose + confidence level 

Slow (thermal to 1 eV): Range 0.01 mrem + 50% to 50 mrem + 50%; 
average 1 mrem - -

Intermediate (1 eV to 100 keV): Range 10 mrem + 40% to 35 mrem ~ 40%; 
average 20 mrem 

Fast (above 100 keV): Range 1 mrem + ? to 50 mrem + 50%; 
average 30 mrem 

C.2 

'. 



Does the dosimeter respond to environmental factors such as: 

Temperature (high or low): 

Humidity: 

Background radiation: 

Ultraviolet light: 

Other factors (for example: 
TLDs give erroneous readings if 
exposed to perfumes and cosmetics): 

4 sites 

4 sites 

NTA 

NTA 

1 site -- a. contami nat i on on badge 

1 site 

2 sites: oil on TLD -- cleaned 
with ethanol; chalk dust 
on TLDs 

What is the effect of mixed radiation fields on the neutron dose determination? 

Independent of Y rays 

Interference from high doses of 
gamma rays or beta particles above 
yin ratio of ----
Other interfering particles (hadrons) 

Is the dosimeter dose-rate-dependent? 

No: 

Yes, above a dose rate 
level of rad/hr 

FACILITIES DOSIMETERS ARE USED IN 

In what type of facilities are the neutron 

Reactor: 

Accelerator: 

D-T generator: 

Chemical separations: 

Fusion device: 

C.3 

8 sites -- yin of 4, 7, 20, 
100 (TLD); NTA above 1 rem 

4 sites 

dosimeters used? 

11 sites 

11 sites 

8 sites 

5 sites 

3 sites 



Isotopic neutron source: 

Medical sources (252Cf implant): 

Nuclear fuel fabrication: 

Others (please describe): 

10 sites 

2 sites 

7 sites 

Pu or weapons -- 7 sites 
TRU recovery -- 5 sites 
well-logging/waste -- 1 site 

Please make an estimate of the types and numbers of employees issued neutron 
dosimeters. 

Response: total number issued dosimeters is 27,500. Most not classified 
as to type. Those classified are listed below. 

Health physicists/technicians 298 

Reactor operators/technicians 273 

Accelerator operators 1938 

Medical staff 20 

Nuclear fuel fabrication technicians 147 

Craftsmen (pipefitters, electricians) 601 

Visitors to Facilities 720 

Plutonium manufacture 1765 

Chemical separations 265 

Others (please specify) 1229(a) 

TOTAL classified by group: 7256 

What is the energy spectrum the neutron dosimeters are exposed to in the field? 

Slow (thermal to 1 eV): 5 sites 

Intermediate (1 eV to 100 keV): 6 sites 

Fast (above 100 keV): 9 sites 

(a) Mostly "researchers" -- scientists and engineers at accelerator sites, or 
casual radiation workers. 
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Has the energy spectrum the dosimeters are used in been measured or 
calculated? If so, describe the neutron spectrometer or measurement technique 
used. 

Multisphere (Bonner Sphere): 

3He spectrometer: 

Scintillation spectrometer: 

Proton recoil spectrometer: 

Monte Carlo computer code 
calculations: 

CALIBRATIONS 

5 sites 

2 sites 

1 site 

3 sites 

3 sites (accelerators) 

What type of neutron sources are used for dosimeter calibrations (for example, 
80-gram PuBe sources)? 

PuBe: 

252Cf: 

Other: 

None 

9 sites, 1 to 160 g 

5 sites, avg. 10 ~ g 

4 sites 

PuF4 + Pu02 (PuLi, PuB -- not 
routinely used) 

Are corrections applied for changes in neutron source strength with time? 

Yes -- time interval: 

No 

C.5 

5 to 10 yr for PuBe; 
every time for Cf 



Please describe the exposure conditions for calibrations (for example, is the 
calibration performed in a large room with an aluminum grate for a floor to 
minimize scatter, or is the exposure made in a 10-ft by 20-ft room with thick 
concrete walls and floor?) 

Low-scatter room: 

Med i um-s ca tter: 

High-scatter: 

1 site -- large room 
(>30 ft x 30 ft), thin walls, open 
grating for floor 

6 sites -- large room, concrete 
floors and walls, source elevated 
>5 ft from floor 

3 sites -- small room 
(10 ft x 20 ft), thick concrete 
walls and floor 

Conditions under which dosimeter is calibrated: 

Unidirectional neutron beam 

Isotropic neutron source: 

Free air exposure -- no phantom: 

Dosimeter exposed on phantom: 

Material phantom is composed of: 

Water: 

Polyethylene: 

Tissue-equivalent liquid 

Remab phantom: 

Other: 

Phantom rotated for isotropic 
irradiation: 

C.6 

7 sites 

4 sites 

4 sites 

3 sites 

2 sites 

1 site (available at 2 other sites 
but not routinely used) 

1 site 1 uc ite 
1 site -- paraffin 

2 sites -- rotation used for wrist 
dosimeter at 1 site; phantom 
rotated for isotropic exposure at 
1 site 



Is a moderated source used (for example, a source in a water tank or graphite 
pile for thermal neutrons)? Please describe the size and type of moderator 
material. 

Bare source: 

°20 -- Thickness __ cm: 

H20 -- Thickness cm 

Carbon -- Thickness cm: --

Other: 

6 sites 

2 sites -- center of 55-gal drum 
for thermals 

1 site -- sigma pile for thermal 
neutrons 

1 site -- lucite and polyethylene 
for thermal neutrons 

Please describe any source calibrations used (for example, measurements with a 
tissue-equivalent proportional counter to determine dose or a long counter to 
determine neutron flux). 

Manganese sulfate bath to 
determine yield: 

Long counter to measure flux: 

Tissue-equivalent proportional 
counter or ion chamber to 
measure neutron dose: 

Other device -- please describe: 

2 sites 

3 sites 

1 site 

3 sites -- AB rem meter; standard 
graphite pile; long counter 

Is the source calibration directly traceable to the U.S. National Bureau of 
Standards? 

Calibrated at NBS: 4 sites 

Intercompared against another source: 4 sites 

Use manufacturer's values: 1 site 

Other 

C.l 



What is the angular emission of neutrons from the source? 

Assumed to be isotropic: 6 sites 

Angular measurements made please 
describe or give reference: 2 sites 

What is the dose-equivalent rate as a function of distance from the source? 

Inverse square behavior assumed: 

Dose measured as function of 
distance using -------

Flux measured as function of 
distance using -------

Distance from source dosimeter is exposed: 

Type of dosimeter calibration: 

Single calibration for all 
exposure situations: 

Energy correction factor applied: 

Method used for correction factor: 

Ratio of 9-inch to 3-inch 
polyethylene sphere responses: 

Ratio of TLD responses inside 
dosimeter 

Track length in NTA 

Other: 

4 sites 

3 sites -- rem meter; PNR-4; 
TEPC 

1 site --
Monte Carlo code 

15 to 150 cm 

8 sites 

8 sites 

7 sites 

1 site -- exposed in work location 
where DE known 

Are any types of internal audits used? For example, are dosimeters with known 
exposures to neutron or mixed neutron and gamma fields placed in the dosimetry 
system as "dummy" persons? 

Yes -- please describe: 

C.8 

3 sites -- 2 audit TLD reader with 
badges of known dose; 1 does blind 
audit of entire system, including 
records 



. . 

How are the dosimeters worn? 

On belt around waist: 2 sites 

Cl i pped to clothing on chest: 9 sites 

As part of security credential: 5 sites 

On neck 1 ace 

On wrists: 1 site 

What do you see as your problem areas for neutron dosimetry? 

Energy response problem: 

Lack of sensitivity: 

Calibration problems: 

Accuracy problems (occasional 
IIflyersll): 

Gamma interference: 

Other: 

8 sites 

2 sites 

4 sites 

4 sites 

5 sites 

3 sites -- film fading; 
forearm dose -- estimated from 
yin ratio; hand dosimeter 
problem 

Please describe areas in which neutron dosimeters have been successfully used. 

Response: TLD-albedo-detected neutrons undetected by NTA 
High-energy neutrons 
Also useful as area monitors 
TLD-albedo used successfully in Pu fabrication, accelerator 

Do you think there will be a major impact on the dosimetry system used if 
there is a change in quality factors for neutrons? For example, will it be 
possible to correct for changes in QF for past exposures? 

C.9 



Please give the names, addresses and telephone numbers of anyone in your 
organization engaged in neutron dosimetry research. 

Response: 6 sites have persons working on neutron dosimetry problems 

What are your ideas about the type of personnel neutron dosimeters to be used 
in the future? Where should future neutron dosimetry research be directed? 

Response: More work should be done on TL dosimeters 

Use of mixtures of dosimeters (e.g., TL 600 & 300 on 
combinations of filtered 600s, 300s, and track etch) 

Techniques of measurement and accurate dose-equivalent 
determination by field personnel 

Accelerator site: Occupational neutron dose-equivalent 
determination is not usually a problem because the dose 
equivalent is currently very low, i.e., <100 mrem per year. 
Since only a small percentage of radiation workers need neutron 
monitoring, fission track damage and albedo (TLD) monitoring 
can be optimized for small number of workers. If regulations 
require monitoring below 0.5 rem per year, then the situation 
appears hopeless given present monitoring methods. 

C.lO 
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SURVEY PARTICIPANTS 

The following DOE sites participated in the personnel neutron dosimeter 
survey. Not all sites responded to the written dosimeter survey form; some 
responded by telephone interviews. 

Argonne National Laboratory 
Bettis Atomic Power Laboratory 
Brookhaven National Laboratory 
Environmental Measurements Laboratory 
Fermi National Accelerator Laboratory 
Hanford - Pacific Northwest Laboratory 
Idaho National Engineering Laboratory 
Lawrence Berkeley Laboratory 
Lawrence Livermore Laboratory 
Los Alamos Scientific Laboratory 
Mound Facility 
Nevada Test Site - Reynolds Electric Company 
Oak Ridge National Laboratory 
Pentax Facility 
Rocky Flats Plant - Rockwell International 
Savannah River Laboratory 
Stanford Linear Accelerator Center 
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