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FOREWORD

Neutron dosimetry is an essential part of the U.S. Department of Energy
{DOE) personnel dosimetry program. Historically, nuclear track emulsion
dosimeters and thermoluminescent-albedo dosimeters (TLDs) have been used for
neutron dosimetry at DOE facilities. Both dosimeters have energy dependent
responses requiring accurate knowledge of the neutron energy spectra to
properly interpret their results. Until recently, technology difficulties
precluded the rapid assessment of neutron spectra necessary to accurately
interpret dosimetry results. Thus, dosimetry analysts have used a conserva-
tive approach in estimating neutron dose by assuming the existence of high
energy neutrons wherein maximum quality factors are used in the conversion
of neutron absorbed dose to rem. To improve the state of art of neutron dose
assessment and to respond to the need for enhanced accuracy dictated by recent
changes to the neutron quality factor, the DOE Office of Nuclear Safety has
sponsored research over the past eight years to enhance neutron measurement
techniques. This effort has been coordinated among DOE contractors with a
goal of providing the most effective system. Results of this effort are being
reported in a three volume series entitled, Personnel Neutron Dose Assessment

Upgrade (PNL-6620). This report is Volume 1: Personnel Neutron Dosimetry

Assessment of that series. The other reports are Volume 2: Field Neutron

Spectrometer for Health Physics Application, and Volume 3: Computer Code

Listing for the Field Neutron Spectrometer.

This report, Volume 1: Personnel Neutron Dosimetry Assessment, provides

guidance on the characteristics, use, and calibration of personnel neutron
dosimeters with particular emphasis on new dosimetry development. Recent
technological advances in neutron dosimeters and instruments have resulted in
the development of dosimeters especially suited to specific neutron energies
found in various work places. The report is appliicabie to dosimetry respond-
ing to neutron energies ranging from thermal to less than 20 MeV. The back-
ground for general neutron dosimetry requirements is provided, as well as
relevant federal regulations and other standards. To provide an appreciation
of the limitations of current dosimetry, the characteristics of personnel






neutron dosimeters are discussed, with particuiar attention paid to systems
currently used at DOE and DOE-contractor facilities, i.e., nuclear track
emulsion and thermoluminescent albedo.

The combination TLD/TED which was recently devejoped is discussed in
terms of field appiication, theory of operation, processing, readout, and
interpretation, as well as advantages and disadvantages in field use. The
procedures required for occupational neutron dosimetry are discussed,
including radiation monitoring, wearing of dosimeters, exchange periods, dose
equivalent evaluations, and documentation of neutron exposures, Finally,
discussions on dosimeter testing, maintenance, and calibration are provided
including selection of calibration sources, effects of irradiation geometries,
Tower limits of detectability, fading, frequency of calibration, spectrometry,
and quality control.

The application of the new CR-39 dosimetry (TLD/TED)} used in conjunction
with the recently developed portable neutron spectrometer reported in
Volume 2: Field Neutron Spectrometer for Health Physics Applications should
provide a considerably improved system for neutron dose assessment. Accurate

neutron dose estimates require the use of appropriate quality factor (Q) and
the selection of {§ is dependent on knowledge of neutron spectra. The system
described herein will provide spectra information when used in conjunction
with the portable neutron spectrometer. Thus, a more realistic determination
of Q can be made to derive accurate estimates of neutron dose.

Revisions in the risk estimates for radiation effects make it increas-
ingly important that attention continue toc be focused on accurate dosimetry
used to control occupational exposure. In the interest of worker protection,
we will continue to seek methods of improving measurements.

Dl

Edward J. Vallario
Acting Director
Performance Evaluation Division
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ABSTRACT

This report provides guidance on the characteristics, use, and calibra-
tion criteria for personnel neutron dosimeters. The report is applicable for
neutrons with energies ranging from thermal to less than 20 MeV. Background
for general neutron dosimetry requirements is provided, as is relevant Federal
requlations and other standards. The characteristics of personnel neutron
dosimeters are discussed, with particular attention paid to passive neutron
dosimetry systems. Two of the systems discussed are used at DOE and DOE-
contractor facilities (nuclear track emulsion and thermoluminescent-albedo)
and another (the combination TLD/TED) was recently developed. Topics
discussed in the field applications of these dosimeters include their theory
of operation, their processing, readout, and interpretation, and their
advantages and disadvantages for field use. The procedures required for
occupational neutron dosimetry are discussed, including radiation monitoring
and the wearing of dosimeters, their exchange periods, dose equivalent
evaluations, and the documenting of neutron exposures. Finally, the coverage
of dosimeter testing, maintenance, and calibration includes gquidance on the
selection of calibration sources, the effects of irradiation geometries, lower
1imits of detectability, fading, frequency of calibration, spectrometry, and
quality control.






EXECUTIVE SUMMARY

The purpose of personnel dosimetry is to measure an individual's exposure
to all applicable radiation types, so that the risk of undesirable effects
can be managed. Historically, nuclear track emulsion dosimeters and
thermoluminescent-albedo dosimeters {TLDs)} have been used for neutron dosim-
etry at Department of Energy {DQE) facilities. Both dosimeters have energy
dependent responses requiring accurate knowledge of the neutron energy spectra
to properly interpret their results.

Recent technological advances in neutron dosimeters and instruments have
resuited in dosimeters especially suited to specific neutron energies found in
various work places and pointed out deficiencies in each of them for some
neutron environments. These advances have been in both active and passive
dosimeters, as well as in field neutron spectrometers, The primary
consideration in selecting passive neutron dosimeters is the energy of the
neutrons to which the wearer of the dosimeter will be exposed. Dosimeter
performance is affected to a Tesser degree by the relative magnitude of the
other types of radiation that may be present, the minimum neutron dose equi-
valent to be detected, the direction of the radiation, and the manner in which
the dosimeter is worn,

Three passive dosimeters are discussed in this report: nuclear track
emulsion dosimeters, TLDs, and proton recoil track-etch dosimeters {TED).
Active dosimeters and other types of passive dosimeters are briefly discussed
in Appendix B.

Nuclear track emulsion dosimeters are widely used to monitor the exposure
of individuals to fast neutrons at DOE accelerators. Boron- or lithium-loaded
emulsions are available for thermal neutron detection. The dosimeter consists
of a sensitive silver bromide emulsion bonded to a cellulose triacetate base.
The number of recoil proton tracks per unit area of film emulsion is propor-
tional to the exposure to neutrons with energy greater than about 0.5 MeV.

The dosimeter approximates dose equivalent between 0.5 and 3.5 MeV, but it
begins to overestimate dose equivalent at energies greater than 3.5 MeV.
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Disadvantages of nuclear track emulsion dosimeters include their sensi-
tivity to gamma rays. Approximately one rem of gamma produces fogging aof the
film to the point where it is unreadable for neutrons. Fading of the Tlatent
image with time can be significant. The rate of fading increases with rela-
tive humidity, temperature, oxygen in the atmosphere in contact with the
emulsion, decreasing specific ionization of the incident particles, decreasing
emulsion pH, and decreasing grain size. Thus, accuracy may suffer from lang
exposures. Statistical accuracy and energy dependence are also major dis-
advantages of nuclear track emulsions. The response {tracks/rem) varies by a
factor of 2 over the neutron energy range from 0.7 to 14 MeV,

The most widely used personnel neutron dosimeter at DOE facilities is the
TLD, which consists of 6LiF detectors and ?LiF detectors., Lithium is
sensitive to sTow neutrons and relative insensitive to fast neutrons. The
pair of detectors made from 6L1'F which are sensitive to neutrons and photons,
and the pair of 7LiF detectors are sensitive to photons only. The neutron
response is found by subtracting the photon response from the neutron and
photon response,

The major advantages of TLDs are that they give some indication when
exposed to a significant neutron dose, their readoyt is simple and can be
automated, and they are insensitive to humidity and moderate mechanical
shock. They are inexpensive and can be reused. Their greatest disadvantage
is their dependence upon the energy of the incident neutrons. The dose
equivalent can be in error by a factor of 10 if the dosimeter is not properly
calibrated. Moreover, they are not useful at neutron energies above 1 MeV.
Therefore, the neutron spectra in the workplace must be known, and the
dosimeters must be calibrated for neutrons of the energy that they are to
measure.

Proton recoil track-etch dosimeters (TED) are based on neutrons
interacting with hydrogen in certain plastics or radiators to produce recoil
protons with high elastic scattering cross sections. These protons break the
molecular chain, producing damage sites at which preferential etching can be
accomplished in a strong basic solution with an electrical potential applied
across the TED. A dosimetry grade CR-39, the polymer of allyl diglycol
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carbonate, has been developed that is highly sensitive to chain scission by
radiation. The CR-39 has a dense, uniform molecular structure and is
optically transparent, which facilitates readout.

The CR-39 does not have the energy dependence that exists with albedo
neutron dosimeters exposed to fast neutrons, and it does not have the fading
and photon sensitivity problems that nuclear track emulsions have., Its other
advantages include stability to high humidity and temperatures to 50°C,
accuracy to +25% at 10 mrem, and a lower limit of detection of 10 mrem in the
energy range of 100 keV to 18 MeV. The major disadvantage of TEDs is their
angular dependence. The response drops to about 20% as the angle of incident
neutrons approaches 90°, Other disadvantages include sensitivities to UV
Tight, high temperature, and alpha particles. Their useful energy range is
100 keV to 18 MeV, but there is a Toss in sensitivity above about 5 Mev.

CaTibration of personnel neutron dosimeters is essential to theijr
accuracy. Calibration should be based on a technique that is traceable to the
Mational Bureau of Standards (NBS) as well as on the response of the dosimeter
in the field environment and the manner in which it is used. The influence of
the work environment can be incorporated into the dosimeter calibration in two
ways: 1) by measuring the neutron flux density in the work place as a func-
tion of neutron energy and calculating the dosimeter response or 2) by expos-
ing the dosimeters to a known dose eguivalent in the work place and using
spectrometric methods to determine dose equivalent. Spectrometric methods
should be used to increase the accuracy of existing perscnnel dosimeters and
instruments. Spectral information can be used to calculate quality factors
and dose conversion factors to account for future changes., Effective dose
equivalent can be calculated if the neutron energy spectra and irradiation
gecmetry data are known. Therefore, spectral data in the work place are
essential to personnel neutron dosimetry.
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BLOSSARY

Absorbed Dose (D). The energy imparted to matter in a volume element by ioniz-

ing radiation divided by the mass of irradiated material in that volume
element, The special unit is the rad. The SI unit is the gray (Gy).
One Gy equals 100 rad.

Absorber. A material with a high neutron absorption cross section,

Accident Dosimetry. The determination of high levels of absorbed dose result-

ing from uncontrolled events.

Accreditation. The process of approval for a program which uses personnel

dosimeters to measure, report, and record dose equivalents received by
radiation workers. {(See DOELAP and NVLAP.)

Accuracy. The degree of agreement of the observed value with the correct
value of the quantity being measured.

Active Dosimeter. A system, such as a total dose meter or pocket ion chamber,

which gives real time readout of dose information continuously and does
not require an external readout system.

ALARA. As low as reasonably achievable.

Angular Dependence. Response of the detector as a function of the angle of

incidence of the radiation being detected.

Calibration. The check or correction of the accuracy of a measuring instru-
ment or dosimeter to assure proper operational characteristics.

Combination Dosimeter. A dosimeter that consists of two or more different

types of radiation-sensitive elements, such as the combination
thermoluminescent/track etch dosimeter (TLD/TED), each with their own
unique energy response and range.

Controlled Area. Any area to which access is controlled in order to protect

individuals from exposure to radiation and radioactive materials,

CR-39. Trade name for Columbia Resin-39, produced by Pittsburgh Plate Glass,

Pittsburgh, Pennsylvania. A specific polycarbonate polymer made of allyl
diglycol carbonate that is sensitive to heavy charged particles.
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Cross Section. Effective target area for a specified nuclear interaction.

The cross section is a measure of the probabiiity for the interaction.

-24 sz .

It is usually expressed in barps. One barn equals 10
DOELAP. Department of Energy Laboratory Accreditation Program.

Detection Limit. The extreme of detection or quantification for the radiation

of interest by the instrument as a whole or an individual readout scale.
The lower detection Timit is defined on the next page. The upper detec-
tion Timit is the maximum quantifiable instrument response or reading.

Dose Equivalent (H). The product of the absorbed dose (D}, the quality factor
(Q), and any other modifying factors. The special unit is the rem. When
D is expressed in Gy, H is in Sieverts (Sv). 1 Sv = 100 rem,

Dosimeter. A combination of absorber(s) and radiation-sensitive element(s)
packaged to provide a cumulative record of the wearer's absorbed dose or
dose equivalent,

Bosimeter Element. A volume of radiation-sensitive material within a dosim-

eter. Examples: thermoluminescent chip and track-etch foil.

Dosimetry System. The dosimeters, the related data-collection and processing

instruments, and the techniques required to estimate the dose equivalent
received by exposed individuals.

Effective Dose Equivalent. Weighted sum of the dose equivalent to the exposed

critical organs in the body.

Energy Dependence. A change in instrument or dosimeter response per unit of

radiation quantity, as a function of radiation energy.

Exchange Period. The length of time for which a dosimeter is issued to an

individual for the purpose of dose determination.

Fast Neutrons. Neutrons of energies above 1D keV.

Fluence. The number of particles which enter a sphere per unit of cross
sectional area of that sphere.

Free Field. Without the human body present.

xiv



Intermediate Neutrons. Neutrons with energies from 1 eV to 10 keV.

Gray (Gy). The SI special unit of absorbed dose. One Gy equals one J/kg or
100 rad.

Kerma. The initial total kinetic energy of directly ionizing particles
ejected by the action of indirectly ionizing radiation per unit mass of
specified material,

Lineal Energy (y)}. The quotient of ¢ and T, where € is the energy imparted to

the matter in a volume of interest by an energy deposition event and T is
the mean chord Tength in that volume,

Linear Energy Transfer (LET). The average energy lost by a directly ionizing

particle per unit distance of its travel in a medium.

Lower Detection Limit., The minimum evaluated dose equivalent for which the

readout value of a dosimeter is significantly different (at least 95%
confidence level) from the readout value for unexposed dosimeters.

Monitoring. Periodic or continuous determination of the amount of jonizing
radiation exposure received by an individual or individuals.

Monte Carlo. A computer method for solving problems of physics, such as those
of neutron transport, by determining the history of a large number of
elementary events by the application of the mathematical theory of random
processes.

Neutron. An uncharged elementary particle with a mass slightly greater than
that of the proton. It is found in the nucleus of every atom heavier
than hydrogen.

Nuclear Track Emulsion. The oldest type of passive personnel neutron dosim-

eter still in use at DOE facitities. It records individual charged-
particle tracks. Kodak Personal Neutron Monitoring Film Packet, Type A
(NTA} is the most widely used film for measuring fast neutrons at DOE
accelerators.

NVLAP. WNational Voluntary Laboratory Accreditation Program.
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Passive Dosimeter. A system, such as NTA film, that accumulates a signal

proportional to dose equivalent. An external readout system is required
to evaluate the dose equivalent after the dosimeter has been exposed to
radiation.

Quality Factor {Q). The modifying factor selected to account for the differ-

ence in the biological effects of equal absorbed doses of different types
of radiation.

Rad. The special unit of absorbed dose. One rad equals 100 ergs per gram.

Radiation Worker. A person who is exposed or is Tikely to be exposed to

radiation in the course of his work. Defined by DOE as any individual
who, by qualification through documented training, is allowed to enter
controlled radiation zones unescorted,

Rem. The special unit of dose equivalent., The dose equivalent in rem is
numerically equal to the absorbed dose in rad multiplied by the quality
factor, the distribution factor, and any other necessary modifying
factors,

Sievert (Sv). The SI unit of dose equivalent. One hundred rem equal one

Sievert.

Spectrum. The energy spectrum. The distribution of the fluence as a function
of energy.

Track Etch Dosimeter (TED). A dosimeter based on the use of track etch

detectors. Examples: CR-39, polycarbonate, Lexan.

Tissue Equivalent Proportional Counter (TEPC}., A device that measures the

absorbed neutron dose and determines quality factors from lineal energy
and LET distributions.

Thermoluminescent Dosimeter (TLD). An integrating detector that uses a

phosphor such as LiF:(mgT1} or CaS0,:Mn that is sensitive to ionizing

4
radiation. The phosphor stores some of the energy of the ionization by
trapped electrons and releases the energy as low-energy photons (1ight)

when heated.
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Thermal Neutrons. Neutrons in thermal equilibrium with their surroundings.
In this document, all neutrons with energies of less than about 1 eV are

termed "thermal."

Total Dose Meter. An active pocket-sized dosimeter capable of measuring any

penetrating ionizing radiation. It uses a TEPC detector.

Track Etch Detector. A dielectric material that is capable of detecting and
recording the interactions of individual heavy charged particles (pro-
tons, alpha particles, and charged nuclei}, The particles can result
either from direct neutron interactions in the material or from an

external radiator.
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1.0 INTRODUCTIDN

Developing a neutron dosimetry program raises difficult problems.
 Ideally, personnel dosimeters should respond accurately over a large range of
neutron energies and should follow a dose equivalent response function that

is not physically measurable. It should perform these functions in the pre-
sence of varying amounts of photon and beta radiation of various energies. No
single dosimeter system has these characteristics. Therefore, systems using
more than one dosimeter type have been developed. Even with these systems, it
may be necessary to combine the data obtained from the personnel dosimetry
system with information from other neutron monitoring techniques to make
proper individual assessments of dose equivalent,

This report discusses characteristics, use, and calibration criteria for
passive and active neutron dosimeter systems worn by individuals. The report
is applicable for neutrons with energies ranging from thermal to values less
than 20 MeV. Guidance in this report applies to devices worn by individuals,
as opposed to hand-held or fixed-area instrumentation. The report only
briefly discusses the dosimetry necessary for criticality accidents and does
not address extremity measurements. Criticality (nuclear accident) dosimetry
guidance is given in the U.S. Department of Energy (DDE) Order 5480.1 (1981},
Chapter XI, Section 4.¢c. Guidance on extremity dosimetry js still being
developed, and the current status of extremity dosimetry performance, use,
and caltibration at DDE facilities is presented in the Pacific Northwest
Laboratory(a) (PNL} report, Extremity Dosimetry at U.S. Department of Energy
FaciTities, PNL-5831 (Harty et al., 1986).

(a) The Pacific Northwest Laboratory is operated for the U.S. Department of
Energy by Battelle Memorial Institute under Contract DE-ACO6-76RLO 1830.
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2.0 GENERAL NEUTRON DOSIMETRY REQUIREMENTS

Historically at DOE facilities two types of personnel neutron dosimeters
have been in routine use: nuclear track emulsion film and thermoluminescent
(TLD)-albedo. Both dosimeters have responses that are dependent on nuclear
energy, In addition, the dosimeters have limited energy ranges. Therefore,
the neutron energy spectra must be known to properly interpret the dosimeter
results. To overcome these problems, a field neutron spectrometer and new
dosimeter types, some of which contain multiple detecting elements, have been
developed. System development has been largely justified by the need for
improved neutron dosimetry, as discussed in the following sections.

2.1 BACKGROUND

The purpose of personnel dosimetry is to measure an individual's exposure
to all applicable radiation types, so that the risk of undesired effects can
be managed. Neutron dosimetry is particularly troublesome for several rea-
sons. The primary reason is that neutrons interact strongly with tissue, and
the mechanisms available for neutron detection are not usually directly
refated to the tissue damage processes. In addition, self-shielding in a
hydrogenous object of human dimensions (either person or phantom) can cause
the neutron dose at any given point to vary by as much as a factor of 100,
depending on the direction of incidence and its energy. Because of the
difference in biological effectiveness of equal absorbed doses of neutrons and
photons, a quality factor (Q)} is applied to absorbed doses to calculate the
dose equivlaents. The Q for neutrons varies from 2 to 11 depending on the
neutron energy. However, the quality factor is not a simple, physically
observable quantity, and evidence appears to substantiate the need for an
increase in Q. Selection of new, more appropriate Qs is being actively
debated., If the neutron Qs are raised, personnel neutron dose equivalent as a
function of the neutron energies must be accurately determined.
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2.2 REQUIREMENTS

The requirements for radiation protection at DOE facilities are contained
in DOE Order 5480.1, Chapter XI, "Requirements for Radiation Protectjon" (DOE
1981). Chapter XI establishes radiation protection standards and requirements
for OOt and DOE contractor operations based upon the recommendations of the
Environmental Protection Agency (EPA) and the Natjonal Council on Radiation
Protection and Measurement (NCRP). It contains 1ittle guidance spécific to
personnel neutron dosimeters. Therefore, this document supplements OOE
Order 5480.1, Chapter XI, specifically to address neutron dosimetry. The need
for additional guidance results from the on-going development and implementa-
tion in the field of new dosimetry systems, e.g., field neutron spectrometer,
combination thermoluminescent/track-etch dosimeters (TLD/TED), total dose
meter, and others.

The NCRP has published several reports whose recommendations for per-
sonnel dosimetry are generally followed at DOE facilities. Protection Against

Neutron Radiation, NCRP Report No. 38 (1971), contains information important

for personnel dosimetry, such as definitions, dose equivalent 1imits, 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 and suggestions on types of neutron dosimeters, methods

for estimating whole-body or organ doses and dose equivalents, as well as

dosimeter exchange periods, accuracy requirements, and records,

The U.S. Nuclear Regulatory Commission (NRC) has also developed perform-
ance standards which may be used as guidance but that do not apply specific-
ally to OOE contractors. The standards with which NRC Tlicensees must comply
are contained in three documents: "Personnel Monitoring," Section 20.202 of
Title 10, Chapter 20, U.S. Code of Federal Regulations (10 CFR 20); "Personnel
Neutron Dosimeters," Regulatory Guide 8.14 (NRC 1980); and Personnel Neutron
Dosimeters {Neutron Energies Less Than 20 MeV) (ANSI 1976), Some of these
requirements are summarized as follows:
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1. Personnel neutron dosimeters shall be capable of measuring neutron

(a)

dose equivalents in the range of 10 mrem to 1000 rem per the
exchange period of the dosimeters.

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 eguivalent.

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 2500 keV in mixed
radiation fields.

4, The neutron dosimeter shall meet the above reguirements when sub-
jected to the following environmental conditions:
a. temperature extremes of 0°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 1ight) for the
‘extent of the dosimetry period.

In addition, the ANSI Standard N13.11, Personnel Dosimetry Performance-
Criteria for Testing (ANSI 1983) lists criteria to be used for testing

personnel dosimeters,

Performance characteristics for neutron dosimeters are provided in
Appendix A.

{a) Quality factors are not necessarily defined for high-dose conditions.
Quality factors were derived for low exposures considering cancer
induction as an endpoint,
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3.0 NEUTRON DOSIMETRY SYSTEMS

Recent technological advancements in neutron dosimetry devices have
resulted in the availability of dosimeters especially suited to specifié
neutron energies found in various workplaces and pointed out deficiencies in
each of them in some neutron environments. Regulatory changes and the recog-
nition of the possibility of greater risk from the exposure to neutrons
relative to other radijations now prompts DOE to provide the best possible
dosimetry to workers likely to be exposed to neutrons. There are two types of
dosimetry systems from which to choose: passive systems and active systems.
Passive dosimeters store dose data for intermittent readout using an external
system and are discussed in Section 3.2. Active dosimeters provide real-time
dose information without the requirement for external readout; they are dis-
cussed in Appendix B.

3.1 SELECTION

Several considerations are iﬁportant in selecting, calibrating, and using
a personnel neutron dosimetry system: the spectrum of the neutrons to be mon-
jtored, the minimum neutron dose equivalent to be detected, and the relative
magnitude of other types of ionizing radiation that may be present. Beyond
these considerations, other factors should be evaluated that relate to either
the unique characteristics of the dosimeter being considered, or to the
specific requirements of the monitoring program.

The dosimeter performance is an important consideration in the selection
process. The performance of the dosimetry system should be characterized
in relation to the working environment(s) in which it is to be used. Current
neutron dosimeter performance is highly dependent on the energy of the neutron
radiation, on the manner in which it is used, and on the calibration tech-
niques. Care should be taken to accurately relate the performance of the
dosimetry system in a laboratory environment to performance during actual
field use.

The dosimeter performance is dependent upon the location of the dosimeter
and the way in which it is worn, It is important to know the effects of
photon interference and radiation directionality on dosimeter response.
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Selection of a personnel neutron dosimeter should be based initially on
the neutraon spectrum normally encountered in the work area. Currently, dif-
ferent dosimeter types are required to detect thermal, intermediate, or fast
neutrons.

3.2 PASSIVE SYSTEMS

This section discusses the three passive neutron dosimetry systems widely
used by DOE and DOE contractors at present and the recently developed combina-
tion dosimeter. (The five figures in this section present examples of dosim-
eter responses are only approximations. Data should not be taken from them
for site dosimetry programs.) As shown in this section and tabulated in
Section 3.3, certain limitations inherent in each of these dosimeters have
necessitated developing a combination dosimeter to provide expanded dosimetry
coverage. Other passive systems and potential future passive and active
systems are discussed briefly in Appendix B.

3.2.1 MNuclear Track Emulsion Dosimeters

Emulsions used in radiation dosimetry fall into two categories:; nuclear
track emulsions and ordinary emulsions for photographic or radiographic appli-
cations. Nuclear track emulsions permit observation of individual charged-
particle tracks using a microscope.

The oldest type of passive personnel neutron dosimeter still in use at
DOE facilities is nuclear track emulsion, The Kodak Personal Neutron Monitor-
ing Film Packet, Type A (NTA), is widely used to monitor the exposure of
individuals to energetic fast neutrons at DOE accelerators., In addition,
boron- or lithium-Toaded emulsions are commercially available for thermal
neutron detection. The packet consists of a sensitive emulsion approximately
20 uym thick, bonded to a cellulose triacetate base 200 pm thick, and encased
in an opaque paper wrapping. The NTA emulsion consists of silver bromide
grains (approximately 3 um thick) suspended in a gelatin-type medium. Neu-
trons are detected by observing the number of proton recoil tracks per unit
area of film emulsion after the film is exposed, developed, and read by
optical magnification. The generation of detectable proton recoil tracks
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requires interaction with the emulsion of neutrons having energies greater
than 0.4 to 0.7 MeV, depending on the grain size in the film and the number of
grains considered to constitute a track. At lTower neutron energies, few
discernible tracks are produced. At greater neutron energies, if the film is
properly calibrated, the dosimeter will closely approximate the dose equiva-
lent up to an energy of approximately 3.5 MeV. At energies greater than

3.5 Me¥, the film begins to overestimate the dose equivalent.

Processing

Radiation absorbed in an individual silver bromide grain forms a “latent
image," which accelerates the reduction of the grain to elemental silver under
the chemical action of development., Further steps are necessary to remove the
undeveloped grains and make the pattern of developed grains permanent so that
the dosimeter can be read out by optical means. This photographic development
is a process of amplification, whereby the few silver atoms that constitute
10 until the
full grain is converted to elemental silver. The Tatent image is defined as
the physical condition of a grain: namely, the condition that permits the

the Tatent image are multiplied by a factor on the order of 10

chemical developer more rapidly to reduce to elemental silver those grains
that have absorbed radiation than those that have not. The reducing agent
itself is usually one or more aromatic organic compounds. Common organic
reducing agents, such as amidol or a mixture of metol and hydroquinone, all
increase in activity with pH. The pH is usually established and maintained by
added alkali and buffer. Because of the complexity of the developer-film
system, it is general practice to use commercial developers recommended by the
manufacturers for the emulsion in question. In addition to being a function
of the chemical composition of the developer, the extent of development is
influenced by increasing development time and temperature.

After development, the emulsion is rinsed briefly in a "stop bath,"
usually a dilute acetic acid solution, which stops development quickly by
lowering the emulsion pH. Use of a stop bath is recommended to define the end
of development with better precision than with a mere water rinse before
fixation. The undeveloped silver halide is then dissolved in the fixer, or
"hypo," a sodium thiosulfate solution. Finally, the emulsion is thoroughly
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washed in fresh water and dried in air. The steps after development have
Tittle effect on the developed grains.

Development conditions greatly influence the apparent response of emuls-
ions to radiation. The single most effective defense against errors fram this
source Ties in processing calibration and personnel dosimetry films simul-
taneousTy. For greatest accuracy, however, standardized processing techniques
are necessary, also. A good processing method should provide for 1) time
control, 2) temperature control, 3) developer suitability and uniformity, and
4) adequate agitation of chemical processing solutions. Recommendations
regarding the first three conditions are usually provided by the film manu-
facturer. Chemical development time should be sufficiently Tong that it can
be controlled within a few percent. A temperature of about 20°C is usually
specified; variations of 1°C can affect the number of tracks processed by a
few percent. A wide variety of chemical developers is available, many of
which give fairly satisfactory results on many emulsions. Since the develop-
ment process is a subtle one, however, it is advisable to follow the manu-
facturer's selection of developer for a particular emulsion unless there are
reasons to do otherwise. Sufficient quantities of developer should be pre-
pared so that all interrelated films can be processed in the same batch of
developer. The composition of developer changes with use and age; tests with
calibration films will reveal the magnitude of such changes. In general, the
life of a developer is prolonged if it is stored in a closed container in a
refrigerator, Agitation increases uniformity of development over the full
area of the film,

ATthough the latent image can fade, the amount of fading can be reduced
by sealing the NTA film in moisture-proof packages with or without desiccants.

Readout/Interpretation

Neutron interactions leading to changes in film density on NTA film,
could permit quick and easy evaluation of the response. However, because
photons produce the same effect, it is difficult to determine the neutron
response when photons are present. For this reason, fast-neutron monitoring
is typically performed by track-counting methods.
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