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Abstract 

This paper reviews recent progress in personnel neutron dosimetry. A survey 
of the various albedo-neutron dosimetry systems that have been de/eloped shows 
the advantages and disadvantages of each of the systems. The energy dependence 
of the albedo-neutron dosimeters is rather poor, and the effect of this on their 
accuracy and usefulness is discussed. 

Fission-fragment damage to polycarbonates has been studied extensively, with 
most investigators using the spark-counter technique for evaluation. A survey is 
made of the systems currently in use, and the problems associated with their use 
are discussed, including sensitivity, evaluation time, and exposure of the wsarer 
to the fissionable material. 

Other systems under study but not yet in practical application are discussed 
briefly and include thermally stimulated exoelectron emission (TSEE), direct re
sponse of thermoluminescent-dosimeter (TLD) materials to fast neutrons, and the 
response of TLD materials to recoil protons. 

-Introduction 

The development of dosimeters to determine neutron exposure has not been as 
successful as the development of gamma-ray dosimeters. For many years, exposures 
to gamma and x rays were determined from film badges and, more recently, froir. 
glass dosimeters and TLD's. With these dosimeters, personnel exposure can be de
termined with acceptable accuracy, the largest uncertainty being the variation in 
readings caused by the orientation of the wearer to the source during exposure. 

Neutron dosimeter advances have been much slower and less successful. For 
many years NTA film was the only fast-neutron dosimeter available, but now there 
are two additional practical dosimetry systems: albedo-neutron dosimeters and 
fission-fragment track registration. Albedo-neutron dosimeters have recently 
been placed into service by several organizations, but probably more widespread 
interest and study have been given to fission-fragment track registration. In 
this paper I will review and compare these three systems and briefly discuss 
other techniques which are being studied but which have not yet been adapted to 
personnel dosimetry. 

Film Badges msm 
The earliest evaluations of personnel doses from neutrons were vxada with 

neutron film plates which were inconvenient to read, expensive, and easily broken. 
NTA film was being used 
than the film plates. 

as early as 1947 and was significantly more convenient 
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The major disadvantages of MTA film are the fading of tracks and the energy 
dependence. The fading problem v/as recognized early, and has never be'jn entire
ly solved. To overcome the fading, desiccation and sealing of the filrr was sug
gested as early as 1954. Sealing of film has been tried by many investigator:;, 
with varying degrees of success. Several organizations that routinely seal NTA 
films in an envelope made of aluminum, ethylene, and paper report success in e-
liminating or slowing the fading process. 

The energy dependence of the nuclear track film was improved by using a com
plex packaging technique which gave a flatter energy response for neutron energies 
up to 14 MeV. Unfortunately, this packaging procedure is no longer available 
commercially, and no improvements in neutron films have been reported since 1954. 

The response of NTA film to 2-MeV neutrons is about twice as great as its 
response to CL5-MeV neutrons, ' thus limiting the usefulness of NTA film. NTA 
film has a low-energy cutoff of around 0.5 MeV, but in practice the effective 
cutoff may be as high as 1.0 MeV, depending on the ability of technicians to dis
cern short tracks. For low-energy neutron spectra, such as the leakage spectra 
from large reactors, NTA film has proved to be largely unsatisfactory, but for 
high-energy neutrons from accelerators and neutron sources, such as Pu3e and AnBe, 
the film has been satisfactory. 

Albedo-Neutron Dosimeters 

When the human body is exposed to neutrons, some of the incident neutrons 
are backscattered to create a flux of neutrons of various energies leaving the 
body. These neutrons are called albedo neutrons. A dosimeter placed on the body 
to measure this flux of backscattered neutrons is called an albedo-neutron dosim
eter. Such dosimeters are usually designed to detect thermal neutrons. When 
cadmium is used to eliminated incident thermal neutrons, the dosimeter response 
is caused mainly by the thermal neutrons backscattered from the body. 

The possibility of making a personnel dosimeter based on the detection of 
backscattered thermal neutrons is not new and dates back to the earliest days of 
the atomic-energy programs. Several types of thermal-neutron detectors were con
sidered, including film. Studies usually showed that the response was not pro
portional to the dose for various neutron energies, i.e., the dosimeters were 
highly energy dependent. Most studies were discontinued at that point. 

The introduction of Li TLD's, which proved highly sensitive to thermal neu
trons created a new interest in albedo-neutron dosimeters. It is doubtful that 
this interest was caused by any indication that such a dosimeter would be success
ful but probably because the dosimeters were easy to make and cost of the dosime
ters and associated study was small. Several albedo-neutron dosimetry systems 
were developed and studied, and differing conclusions were reached regarding 
their accuracy, sensitivity, and usefulness. The differences were caused prima
rily by variations in dosimeter design. Little consideration was giver, to what 
dimensions or material should be used to give the best dosimeter. To provide in
formation necessary for a good albedo-neutron dosimeter design, an extensive 
study was performed at Los Alamos Scientific Laboratory (LASL). ' The study 
included many variations in design, including dosimeter size and thickness, and 
different TLD locations in or on the dosimeter. 

The study used dosimeters of 30-mil cadmium, 2 in. in diameter, and having 
1/8-, 1/4-, 1/2-, and 3/4-in. thicknesses of polyethylene. Data were obtained 
at the nine TLD positions shown in Fig. 1. Other dosimeters of 15- and 30-mil 
cadmium (no polyethylene) with diameters of 3/8, 1/2, 5/3, and 7/S in. were also 
used to determine the effect of diameter size and cadmium thickness on the dosim
eter's response to neutrons. 
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Fig. 1. Schematic of the dosimeters showing the nine TLD positions. 

The study showed that albedo-neutron dosimeters are very energy dependent 
for fast-neutron energies (between 100 keV and 10 HeV). The fast-neutron energy 
could not be determined from a wide variety of such dosimeters or frort a combina
tion of dosimeters, consequently one could not correct for the energy dependence 
of the dosimeter. 

A major problem is the thermal-reutron response of the dosimeter. Thensal-
neutron leakage cannot be eliminated from dosimeters of reasonable size, and mov
ing the dosimeter away from the body or wearing it backwards can cause large er
rors in dosimeter response, even for thermal-neutron dose rates as small as 1 to 
2% of the fast-neutron dose (measured in rem). 

The effect of the energy dependence of albedo-neutron dosimeters can be seen 
in Table I. The dosimeter response decreases rapidly as the fast-neutron energy 

TABLE I 

RELATIVE RESPONSE OF AN ALBEDO-NEUTRON DOSIMETER 
TO NEUTRON ENERGIES, SOURCES, OR EXPOSURE AREAS 

Neutrons 

*220 MeV 
*14 MeV 
PUB 
PuBe 

5S* Z36Pu sphere 
PuLi 
239Pu metal ^3 
239Pu facility 
238Pu facility 
PuPt, with 2-in. 
Reactor leakage 

kg 

-polyethylene shielding 

Relative 
Response 

•fcO.003 
0.02S 
0.07? 
0.080 
0.13 
0.14 
0.30 
0.31 

•wO.34 
M5.44 
0.75 
1.2 
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Fig. 2. Calculated response of the albedo-neutron dosimeter. 

from savaral energy neutron sources is increased. These variatiors in observed 
response agree wall with calculations made by Alsmiller and Barish18 (Fig. 2). 

Savaral albedo-neutron dosimeters and systems are in use. Figure 3 shows 
schematics of five dosimeters from the United States and one from England. Tha 
schematics hava baan dratm so that the bottom of the figure represents the side 
of tha dosimeter that would be against the body. 
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Fig. 3. Schematics of albedo-neutron dosimeters. 
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The dosimeter schematic in Fig. 3(a) is the simplest design and the dosime
try system most frequently considered. A dosimetry system of this tyr-e is in use 
at Rocky Flats. ' " This dosimeter uses 15-mil cadmium (other investigators have 
used different cadmium thicknesses). The response of the 5Li TLD's is corrected 
for gamma rays by using the 'Li TLD's. Because the cadmium is too thin and too 
small in diameter to eliminate all incident thermal neutrons, the therral-neutron 
response of the 6Li TLD located above the cadmium is used to correct the respor.se 
of the lower *Li TLD for thermal-neutron leakage through and around the cadr.iu:n. 
The response of the dosimeter changes with distance from the body, and a large 
error can occur if it is worn backwards. To avoid this problem, the Rocky Flats 
dosimeter consists of TLD's mounted on a card which is slipped into a special 
pocket sewn on the chest area of the coveralls. A 7Li TLD located away from the 
cadmium (to avoid thermal-neutron capture gammas in cadmium) is used to measure 
the gamma-ray exposure. 

To do away with large errors in dosimeter readings, it should be stressed 
that dosimeters (where the TLD's are not completely surrounded with cadmium or 
l0B) must be held against the body and not be worn backwards. 

Host neutron exposure at Rocky Flats is to spontaneous fission energy neu
trons and the energy dependence of the dosimeter does not significantly affect 
the dosimeter accuracy except when the work is located behind neutron shielding. 
When this occurs, a correction is applied to the reading of the dosimeter. The 
correction is based on the presence of more thermal neutrons behind the shielding, 
indicated by a high reading of the 6Li TLD located above the cadmium. 

14 IS 
The dosimeter* ' in Fig. 3(b) is used at f-e Hanford facilities. The neu

tron component of the dosimeter consists of only three TLD's mounted in a card 
containing a total of five TLD's that is slipped into a holder similar to a film 
badge. The TLD's are read by placing the cards in an automatic reader thus mak
ing the dosimetry system practical for a large number of people. The incident 
thermal-neutron flux is determined by using the 6Li and 7Li TLD's that are not 
cadmium-covered. Tht size of the cadmium over the other 6Li TLD is too small to 
eliminate all incident thermal-neutron leakage, and a correction based on the 
reading of the bare 6Li TLD is applied. The reading of the 6Li TLD under the 
cadmium is corrected for gamma-ray response by using the 7Li TLD. All TLD's in 
the dosimeter have a shield which gives the same gamma-ray absorption as cadmium. 
However, incident thermal neutrons produce capture gamma rays in the cadmium, 
thereby increasing the reading of the 6Li TLD's located below the cadmium, and 
introducing a small error. 

This dosimeter is worn loosely on the clothing, and thus may be at varying 
distances from the body. As the distance increases, fast-neutron response de
creases and thermal-neutron response increases. An average body-to-dosimeter 
distance is assumed, and a calibration is performed at that distance. If the do
simeter is worn backwards, a large error in the reported dose can result. 

The dosimeter ' in Fig. 3(c) is in experimental use at LASL. It requires 
only one pair of TLD's completely surround with polyethylene and cadmium. The 
dosimeter was designed to permit correct dose interpretation even if worn back
wards or at varying distances from the body. It is small (1-1/2 by 3/-t by 3/3 
in.) and is worn by taping it to the bottom of a film badge. It could be designed 
into a film-badge size packet with the TLD's mounted or. a card, thereby permit
ting an automated readout technique to make feasible the issuance of dosimeter* 
to a large number of people. 

This dosimeter was designed to have a thermal-neutron response equal to the 
response of the dosimeter to VL-MeV neutrons, making a separate measurement of 
the thermal dose unnecessary. The thermal- and fast-neutron dose determination 
requires only two TLD's, one 6Li and one 7Li. The sensitivity of this dosimeter 
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is lower than that of a dosimeter designed with cadmium or boron on one side 
only. 

To measure the beta and gamma components of the dose, there must be addi
tional TLD's separate from the dosimeter. If desired, the thermal-neutron dose 
could be determined by using an additional 6Li TLD. The thermal-neutron dose 
could be used to give information about shielding conditions in a way similar to 
the technique used at Rocky Flats. 

The boron-loaded plastic dosimeter shown in Fig. 3(d) was developed in Eng
land. ' It has a thermal-neutron response equal to the dosimeter's response 
to reactor-leakage intermediate-energy neutrons. If used for fast neutrons, the 
dosimeter's response is much lower than the thermal-neutron response, and a sepa
rate measurement of the thermal fluence would be required to correct for the 
thermal-neutron overresponse of the dosimeter. This dosimeter was designed for 
use at reactors, and the developers feel it is useful only for reactors. The 
shape of the dosimeter reduces its response to incident thermal neutrons because 
the TLD's are "hidden" in a recess. The dosimeter's response to themal neutrons 
also varies as a function of dosimeter distance from the body, and it is assumed 
that an average distance applies. It is attached to the clothing by a safety pin 
snapped to the dosimeter. Additional TLD's to measure incident beta and gamma 
radiations can be placed in a cup located on top of the dosimeter. 

The dosimeter15'24 shown in Pig. 3(e) was developed at Lawrence Livermore 
Laboratory (LLL). The dosimeter uses two 6Li TLD's, one under a shield of l0B and 
the other under cadmium. Because the cross sections of these materials vary at 
low-neutron energies, one can determine theoretically whether the dosimeter has 
been exposed to high- or intermediate-energy neutrons. However, in practice, the 
difference between the two *Li readings is small for even the lowest energy neu
trons, and the results obtained are not always meaningful. Also the gamma read
ing of the 7Li TLD's under the 10B, used to correct the 6Li-TLD readings for 
their gamma-ray exposure, is not always the same as it would be if the TLD's were 
placed under the cadmium. This is caused by the shielding of low-energy gammas 
(<100 keV) by the cadmium, which reduces the TLD reading, and the capture of 
thermal neutrons in cadmium, which increases the TLD reading under the cadmium. 

The back of this dosimeter is cadmium-covered and could be worn backwards 
without causing a large error in its response. It also responds acceptably when 
worn at varying distances from the body. Readout of the dosimeter is automated. 
The dosimeter is a plastic disk M.-3/8 in. in diameter, similar to the LLL gamma 
TLD dosimeter which can be used to determine the incident thermal-neutron and 
gamma-ray dose. 

The dosimeter shown in Pig. 3(f) is the largest dosimeter shown - ^2 in. in 
diameter. ' Because of its weight, it is worn on a belt and is not likely to 
be worn backwards or at varying distances from the body. 

The incident thermal-neutron dose is determined using the TLD's at the top 
of the dosimeter, and a correction for the incident thermal-neutron leakage a-
round the dosimeter is made to the response of the TLD's next to the body. Of 
the dosimeters shown in Pig. 3, this dosimeter has the highest sensitivity be
cause a substantial amount of polyethylene is used. It is commercially available, 
without TLD's or belt, for about $16.00. 

This Savannah River Plant dosimeter has the same fast-neutron energy depend
ence as other albedo-neutron dosimeters but: its response to intermediate-energy 
neutrons is slightly lower because of its large size and polyethylene content. 
Its decreased response may give it a slight advantage for reactor-leakage spectra. 

There are several sources of error in albedo-neutron dosimeter readings 
which one should consider when selecting a dosimeter. 
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1. The "wearing" error, i.e., whether the dosimeter is being worn backwards 
or at varying distances from the body. 

2. The error caused by the 7Li TLD's not being in the same location as the 
6Li TLD's, i.e., not under cadmium or *°B. 

3. The error in the correction applied for incident thermal-neutron leakage 
through or around the cadmium or 10B. 

4. The error caused by uncertainties in each of several TLD readings. 

5. The error caused by energy dependence. The neutron-energy dependence 
of albedo-neutron dosimeters is so large that these dosimeters are acceptable on
ly if the neutron energy is known. ' ' For example, if both PuBe- and PuLi-
neutron sources are handled, readings from any of the dosimeters in Fig. 3 could 
not be correctly interpreted, since the response of the the dosimeter to PuLi 
neutrons is higher by a factor of ^3.8 than the response to PuBe neutrons. For 
another example, the response to neutrons from a PuF^-neutron source is only one-
third that of the response to neutrons from PuFij in the process line where PuFi* 
is converted to plutonium metal. 

The severe energy dependence of albedo-neutron dosimeters requires field 
calibrations which may be done by either of two techniques." The first is by 
taping the dosimeter onto a suitable moderator such as a cylindrical 1-gal poly
ethylene jug filled with water. The front of the jug is positioned at a point • 
where the neutron dose rate has been measured. The readings from the TLD's and 
the total dose are then used to determine the calibration factor. The second 
calibration procedure uses « 3-in.- and a 9-in.-sphere neutron instrument. The 
ratio of the count rates from these spheres is directly related to the sensitivi
ty of the albedo-neutron dosimeter. Although this teclinique was devised for 
use with the LASL dosimeter, it can be adapted to other dosimeters. Kith this 
technique, one can make a rapid survey of an area to determine if albedo-neutron 
dosimeters can be used and, if so, one can determine the appropriate calibration 
factor. 

fission-Fragment Track Registration 

The fission-fragment damage track technique for neutron dosimetry is an in
teresting new approach to dosimetry. Its general interest is demonstrated by a 
survey conducted by Griffith. In response to a questionnaire, he received re
plies from 118 laboratory groups in 20 countries indicating that they had made 
studies of track registration. Of these, 46 indicated an interest in neutron do
simetry. In spite of this widespread interest, relatively few organizations are 
using track registration for routine neutron dosimetry of personnel. 

When an energetic charged particle passes through a good insulating solid 
substance, such as mica or a polycarbonate, electrons are scattered away, leaving 
• damaged region. If the material is subsequently etched, a cylindrical region 
along this track :.s preferentially etched and develops into a pit or track which 
can be seen through a microscope. The energetic particles can be any of several 
charged particles but, for personnel dosimetry, only fission fragments have proved 
useful. 

To avoid the tedious procedure of counting tracks with a microscope and to 
improve sensitivity, a spark-counting technique was developed. A thin piece of 
polycarbonate foil is placed in contact with a fissile material. When the fis
sile material is exposed to neutrons of the proper energy, fission occurs. Many 
of the fission fragments have adequate energy to penetrate this foil. When the 
foil is etched, holes appear in the foil where the fission fragments penetrated. 
The foil is placed between two electrodes, one of metal and the other consisting 
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of Mylar foil onto which a thin layer of aluminum has been evaporated. V/hen a 
high voltage is applied, a spark jumps between the electrodes through one of the 
holes in the polycarbonate foil. Heat from the spark evaporates the aluminum 
layer from the Mylar in a-small area around the hole. This effectively removes 
one electrode, and no additional sparks v/ill occur through that hole. Sparking 
occurs at other holes, and this process continues until a spark has occurred at 
each hole. The sparking rate is dependent on the capacitance built into the high-
voltage line. By connecting the circuit to a scaler, the number of sparks that 
occurred can be determined. This is related to the number of fissions that oc
curred and to the flux of neutrons impinging on the fissionable material. 

For a given flux of neutrons, the number of fissions that occur is propor
tional to the mass and the fission cross section of the fissile material. Figure 
4 shows the cross sections of three fissile materials that have been considered 
for use as radiators. 2 3 8 u is useful for short-term exposures, but for personnel 
neutron dosimeters it is generally considered unacceptable1 because of its high 
spontaneous fission rate. This causes a high number of background tracks over a 
period of a month and is therefore not useful for low exposure over lor.g time pe
r i o d s . 2 8 ' 2 9 2 3 5 U , not shown on Fig. 4, has also been considered for use. It has 
a high thermal- and intermediate-energy cross section and, although it has little 
value for fast-neutron dosimetry, it is being used as a monitor for intermediate-
energy reactor neutrons. 

2 3 2 T h and 2 3 7 N p are the two fissile materials receiving the most considera
tion for personnel neutron dosimeters. Referring to Fig. 4, one apparent advan
tage of " 7 N p is that its cross section extends to lower neutron energies with an 
effective threshold energy of about 0.6 MeV, compared to M.5 MeV for thorium. 
Another advantage is that the 2 3 / N p fission cross section is about a factor of 10 
higher than the thorium cross section. Unfortunately, neptunium has a higher spe
cific activity and creates a significantly higher external hazard from gamna-ray 
exposure to the wearer. However, the energy of the neptunium gcjnma rays is low
er than many of the gamma rays in the thorium chain. It is argued that neptunium 
gammas can be more easily shielded, thereby reducing personnel exposure (but in
creasing the weight of the dosimeter). There is also the possibility that dosime
ters containing fissionable material may be taken horns, lost, stolen, or in other 
ways find their way to the public. (The possibility of a child cutting teeth on 
one of the badges is often mentioned.) Fixing the fissionable material into the 
badge in a nonremovable manner is one possible solution. Consideration has been 
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Fig. 4. Fission cross sections of 237Np, 2 3 8U, and 232Th as a function of neu
tron energy. 



given to a neptunium alloy of aluminum," a sealing coat of gold,-** or polycarbo
nate foil. Unfortunately, sealing or packaging reduces the sensitivity of the 
dosimeter by reducing the number of fission fragments that may cause tracks. 

Gamma exposure rates from fissile material in a dosimeter are kept low by 
using as little of the fissile material as possible (2 to 5 mg/cm^) and spreading 
it uniformly over an area of about 2 to 5 cm . Since fission fragments are easi
ly absorbed in the fissile material, the use of thicker foils does not apprecia
bly increase the number of tracks. The sensitivity of a dosimeter using 237Kp 
as the fissile material is about six sparks for a fast-neutron dose of 10 mrem, 

29 28 and for thorium reported values vary from 0.8 to V3.0 sparks per 10 rarem. 
The time required to count the tracks in a mica or polycarbonate foil using a mi
croscope is about the same as that needed to evaluate an NTA film. With some 
spark-counter techniques, the time required to evaluate a foil may be reduced, but 
with others the time may be greatly increased. 

At present, only three U.S. laboratories are known to be routinely using 
fission-track dosimeters on personnel. Argonne National Laboratory is using a 
2 " u system with mica foils. Brookhaven National Laboratory is using thorium 
and a polycarbonate foil, with spark counting for evaluation. Oak Ridge Nation
al Laboratory (ORNL) is using a finger ring of thorium and polycarbonate foil, 
with spark counting for evaluation. 

Probably the most widely used fission-fragment dosimetry system is that of 
PrStre ' in Switzerland. It has been recently modified to use two fissile ma
terials, ons of thorium and the other of either 235U or 209Bi, depending on the 
application. A thorium dosimetry system is in use at Julich, Germany, 5 a tho
rium finger system is used at Karlsruhe, Germany, and a thorium dosimeter for 
the hands is in use at Geel, Belgium. Other dosimetry systems are being stud
ied and were reported at the IAEA Symposium on Neutron Monitoring for Radiation 
Protection Purposes, Vienna, 1972. 

Selecting a Dosimetry System 

Three dosimetry systems are presently being used for fast-neutron personnel 
dosimetry: NTA film, albedo-neutron dosimeters, and fission-fragment track do
simeters. Each dosimetry system has its advantages and disadvantages. No one 
system is the ultimate dosimetry system for all applications. 

In the selection of a dosimetry system, consideration must be given to the 
energy dependence of the dosimeters over the energy region encountered at a fa
cility. For example, the three dosimetry systems discussed here have an energy 
dependence of about a factor of 10 for neutron energies between 0.5 and 14 MeV. 
Over this energy region, fission fragment dosimeters using 237Np and NTA film 
have responses that increase, whereas the response of albedo-neutron dosimeters 
decreases. In addition to the energy dependence, the lower energy threshold must 
be considered. For example, fission-fragment damage dosimeters using 237Np would 
be useful for neutrons of 1 MeV energy, but if 232Th is used, the dosimeter would 
have no reading. Only albedo-neutron dosimeters and fission-fragment dosimeters 
using 2 3 5U will respond to neutrons having energies of less than ^0.5 MeV, and 
for facilities that have these lower energy neutrons these are the only dosime
ters that should be used. Of the three dosimetry systems discussed, the albedo-
neutron dosimeter is the only one that respond to thermal-, intermediate-, and 
fast-neutron energies, but its energy dependence may make it difficult to inter
pret the response into dose. 

Selection of a dosimetry system may depend on the location of the facility. 
In humid climates, NTA film fades rapidly, and if the films are n t sealed, re
sults can be of questionable value. In dry climates, where fading is minimal or 
when the film is sealed, NTA film can be used. Albedo-neutron and fission-frag
ment track dosimeters do not fade. 
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The time necessary to evaluate an exposed dosimeter may be an important con
sideration in selecting a dosimetry system, particularly if large numbers of do
simeters are issued. The time to process and read tlTA film is similar to that 
required for etching and microscopic evaluation of fission-fragment damage dosime
ters. Evaluating the foils by using the spark counter can reduce the time 
slightly if a simple (but less accurate) sparking procedure is adopted, but the 
complex procedures would require more time. The reading of TLD's in an albedo-
neutron dosimeter requires varying amounts of time, depending on the number of 
TLD's in the dosimeter and whether the TLD's are individually handled or have an 
automatic readout capability. 

Another consideration is the ability of the dosimeter to discriminate against 
gamma rays or to evaluate neutron exposure in the presence of gamma rays. Only 
the fission-fragment dosimeter can be used to measure neutron doses in the pre
sence of significantly high gamma-ray doses. The ability of albedo-neutron do
simeters to discriminate against gamma rays varies, depending on the design of 
the dosimeter, but is generally considered adequate for gamma-to-neutron ratios 
of 3-to-l. With NTA film, the associated gamma rays for most practical applica
tions, i.e., doses less than 1 R, do not cause a problem in evaluating the film. 

Other items to be considered include the realization that the TLD reading 
could be lost by a defective reader, the fission-fragment polycarbonate foil could 
be ~uined by overetching or tearing of the foil, and the NTA film could be defec-
ti.;., lost, or ruined in the photographic processing. The reading of the TLD's 
in albedo-neutron dosimeters cannot be repeated, whereas the NTA film and spark-
counter foils can be reread if necessary. 

Fission-fragment track dosimeters require that a person carry a fissionable 
material which may expose him to radiation, and could pose a problem if lost. 
This has led many organizations to consider these dosimeters unacceptable. 

The acceptance of the wearer should be given consideration. Some persons 
object to wearing an albedo-neutron dosimeter on a belt. Dosimeters placed in 
pockets sewn on coveralls are not practical in areas where coveralls are not re
quired for other reasons. Generally, a film-badge size dosimeter is considered 
acceptable, but the clamp, pin, snap, etc., to attach it to the clothing has nev
er been universally accepted by the wearer. 

Several comparisons of these dosimetry systems have been made. One compari
son of albedo-neutron dosimeters and film indicated that greater accuracy could 
be obtained with film, and other studies indicate the albedo-neutron dosimeter 
is preferred. ' ' One organization has considered using a combination albedo-
neutron and fission-fragment track dosimeter; another group is studying albedo-
neutron dosimeters and NTA film. These combinations are being used because 
they give two evaluations of the dose which, in combination, cover the intermedi
ate- and high-energy regions. 

Studies of Other Dosimetry Techniques 

Other personnel neutron-dosimetry techniques are being studied. Most have 
inadequate sensitivity at the present time, but efforts are being made to increase 
their sensitivity. 

One of the earlier studies investigated various TLD materials to see if 
the fast-neutron response could be enhanced. TLD materials were prepared by The 
Harshaw Chemical Company and contained materials such as uranium, manganese, sodi
um, dysprosium, gadolinium, and other related compounds. They were distributed 
to investigators who found that the addition of these materials usually decreased 
total TLD sensitivity and, with the exception of the uranium loading, failed to 
increase the fast-neutron sensitivity. Uranium-loaded TLD materials showed a 
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slight increase in sensitivity, probably caused by the capture of thermal neutrons 
produced by the degrading of fast neutrons in the TLD materials and surroundings. 
To the author's knowledge, this work has been discontinued. 

Thermally stimulated exoelectron emission (TSEE) has been considered as a 
possible personnel neutron dosimeter. Many of the reproducibility problems re
ported in earlier work have been solved. ' ' ' Unfortunately, the dosime
ters require M rad of fast-neutron dose to give the same reading as 1 R of gam
ma rays. When the neutron dose is expressed in rem, ^30 to 40 rem of neutron 
dose is required to give the same reading as 1 R of gamma rays. For the dosime
try system to be useful, the gamma component of the dose must be small compared 
to the neutron component. These dosimeters are useful around some critical as
semblies, but for routine personnel neutron exposure, the gamma-ray response of 
TSEE materials is so large that the neutron response cannot be determined. De
velopment work on TSEE is still continuing.31 * 

Mixing of TLD materials with liquid or solid organic recoil proton radiators 
to increase the ;,asponse of the TLD materials to neutrons has been reported. i 

In most cases, liquid or solid organic proton radiators have been used and this 
technique requires the separation of the constituents prior to evaluation. A re
cent study at ORNL31 has placed TLD material in a hydrogeneous matrix which can 
be heated repeatedly without decomposing. The response to mixed radiation fields 
from ORNL's Health Physics Research Reactor is three times higher than for Teflon-
embedded phosphors having the sane gamma radiation sensitivity, the enhanced re
sponse being due to the fission neutrons. Although there is an enhanced response, 
the ratio of neutron-to-gamma sensitivity is still too small to be useful for 
most applications. This work is continuing. 

Thick-film emulsions are of interest to high-energy accelerator health-
physics personnel. The response of these films to high-energy neutrons may be 
useful in evaluation of personnel exposure, and there is a proposal for addition
al research. 

Track registration of recoil protons and other nuclei, mainly carbon and 
some alpha tracks from (n,ot) reactions at higher neutron energies, has been re
ported.^' Track registration of protons or nuclei would avoid the disadvantage 
of having the person carry a fissionable material. The disadvantage is that the 
recoil tracks are small, more difficult to count visually than fission-fragment 
tracks, and do not create holes in the thin foil to make spark counting possible. 
A method proposed by Tommasino for amplification of the tracks has been used 
with reasonable success.29 However, because of the time, procedures, and equip
ment required, it is questionable whether such a system would be useful for rou
tine application. If necessary, this technique can be used to reevaluate an ex
posed NTA film, after the photographic emulsion has been removed, to determine 
the neutron dose with a relatively high sensitivity.29 

Discussion and Summary 

Many of the studies in this paper have been discussed at the four meetings 
of the USAEC Workshop on Personnel Neutron Dosimetry.14'15'31'42 This group con
sists of people who are actively working on personnel neutron dosimetry develop
ment and application. The exchange of ideas, developments, and methods has elim
inated much of the duplication of effort that existed before these meetings and 
has been of value in guiding research efforts of the participants. These meet
ings have provided an opportunity to discuss openly some of the problems with 
various dosimetry systems, for example, the hazards of fissile material in dosim
eters, the energy dependence of albedo-neutron dosimeters, and the special prob
lems associated with high-energy accelerator health physics. The meetings also 
serve to keep the participant* informed of recent developments in personnel neu
tron dosimetry. 

// 



[1 ] 
12] 
[3] 
[4] 

J . S 
J . S 
J . S. 
P . N. 

There are now three dosimetry systems available for consideration by users: liTA 
filn, albedo-neutron dosimeters, and fission-fragment track dosimeters. I.'one of 
the_J systems is the ultimate dosimeter. Each has been extensively studied and 
its limitations and advantages are known. Selection of a dosimetry system will 
depend on a number of factors, and a dosimeter useful at one facility may not be 
considered useful at another. 

Interesting dosimetry techniques are being studied and may have future am
plication for personnel neutron dosimetry, but at present most lack sensitivity 
or the ability to separate adequately the gamma and neutron components. 
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