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ABSTRACT 

The U.S. Department of Energy (DOE) sponsors an extensive 
research program to improve the methods, dosimeters, and instruments 
available to DOE facilities for measuring neutron dose and assessing 
its effects on the work force. The Total Dose Meter was recently 
developed for measuring in real time the absorbed dose of mixed 
neutron and gamma radiation and for calculating the dose «=»muivalent. 
The Field Neutron Spectrometer was developed to provide ^ portable 
instrument for determining neutron spectra in the workplace for 
flux-to-dose equivalent conversion and quality factor calculation. 
The Combination Thermoluminescence/Track Etch Dosimeter (TLD/TED) 
was developed to extend the effective neutron energy range of the 
conventional TLDs to improve detection of fast-energy neutrons. An 
Optically Stimulated Luminescence Dosimeter is presently being 
developed for application to gamma, neutron, and beta radiation. 
An Effective Dose Equivalent System is being developed to provide 
guidance in implementing the January 1987 Presidential Directive to 
determine effective dose equivalent. Superheated Drop Detectors 
are being investigated for their potential as real time neutron 
dosimeters. This paper includes discussions of these improvements 
brought about by the DOE research program. 

INTRODUCTION 
The DOE Personnel Neutron Dosimetry Evaluation and Upgrade 

Program was initiated in October 1980. Its primary objectives are 
to assess current neutron dosimetry capabilities and develop improved 
personnel neutron dosimeters and instruments. The short-term goal 
of the program is to provide a portable field neutron spectrometer 
and an interim neutron dosimeter that are effective over the maximum 
practical energy range and dose. The long-term goal of the program 
is to improve our understanding of neutron exposure and to develop 
a total effective dose equivalent system. 

Health risks associated with exposure to neutrons are still not 
well defined. However, it is known that neutrons are more damaging 
biologically than other types of radiations, such as gamma rays. 
Concern about the low-level effects of radiation dose is increasing, 
and the relative hazard for neutron radiation may be higher than has 
been assumed in the past. With the proposed increase in neutron 
quality factors, neutron dose and, therefore, neutron dosimetry 
will become more significant. Present dosimeters do not provide 
information about the quality of radiation to account for differences 
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in biological damage produced by neutrons and gamma rays. The minimum 
sensitivity of present neutron dosimeters is typically 50 mrem ±100%. 
When these dosimeters are exchanged on a monthly basis, there is a 
potential for missing up to 600 mrem per year. If neutron quality 
factors are increased by a factor of 2, the minimum sensitivity 
will be increased to 100 mrem and the potentially unaccounted-for 
dose will be increased to 1200 mrem per year. 

It is necessary to know the neutron dose at various depths in 
the body as well as on the surface. In January 1987, President 
Reagan signed the "Radiation Protection Guidance to Federal Agencies 
for Occupational Exposure; Approval of Environmental Protection 
Agency Recommendations" (1) which adopts the methods of the 
International Commission on Radiological Protection (ICRP) Publication 
26 (2). ICRP-26 recommends that the dose equivalent in non-uniform 
fields be determined by summing the dose equivalent to various 
specified tissues multiplied by a set of weighting factors. 

National laboratories, private industry, and universities provide 
the technical support for this program. Research is accomplished 
by a combination of contracts and subcontracts that focus the best 
possible expertise on each task. The advice and recommendations of 
consulting committees are used to guide program development, and 
interactions with the National Bureau of Standards adSure that 
measurements and results are consistent with national stand^lrds. 

RECENT DEVELOPMENTS 
A portable lield neutron spectrometer, total dose meter, and 

combination thermoluminescence/track etch dosimeter (TLD/TED) have 
been developed and are being used to assess occupational radiation 
dose. 
PORTABLE FIELD NEUTRON SPECTROMETER 

Proper application of dose conversion and quality fp~tors to 
calculate dose equivalents requires knowledge of the energy spectra 
of the neutron fields. If this information is not available, 
conservative factors are used in calculations, potentially inflating 
reported dose equivalents. Neutron source energy spectra are seldom 
well known in the workplace and may vary as operational conditions 
vary. A neutron spectrometer is needed to characterize these fields 
and a portable spectrometer is needed for monitoring these fields 
on a routine and as needed basis. Use of a field spectrometer 
increases accuracy by incorporating irradiation geometry in the field 
calibration of personnel dosimeters and instruments. With the 
exception of Bonner spheres, there are no portable field neutron 
spectrometers commercially available a: this time. 

Pacific Northwest Laboratory (PNL) has developed an innovative 
portable field neutron spectrometer that covers the ranges of neutron 
energies involved in the processing of plutonium. The unit is 
completely portable and can be carried into the workplace and set 
up quickly. It uses a modular design, so that it can be repaired 
in the field by exchanging modules. Two different types of detectors, 
each with built-in electronics, are used: a tissue equivalent 
proportional counter (TEPC) and a 3He proportional counter. The 
analysis module is mounted in a suitcase and based on a lap-top 
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computer that controls the data collection, analyzes the data, and 
displays the resultB to the operator. The differential neutron 
flux density as a function of neutron energy between 50 keV and 5 
MeV is displayed graphically. The computer also calculates and 
displays average neutron energy, average neutron quality factor, 
and average dose equivalent. The analysis program uses the current 
values for quality factors and flux-to-dose equivalent conversion 
factor listed in NCRP Report 38 (3). 

The 3ne detector is sensitive to neutrons in the 50 keV to 5 
Mev energy-range and can measure 0.1 to 100 mrem/hr depending on 
the size of the detector. The detector is self-calibrating using 
the 764 keV peak produced by slow neutrons. The unfolding algorithm 
used in the data analysis is programmed into the computer. Thus, 
measurements can be made by pushing a single button. 

Quality factors are presently defined as a function of linear 
energy transfer (LET). The TEPC is used to determine LET 
distributions. Thus, quality factors and dose equivalents can be 
determined from first principles using TEPCs and appropriate 
algorithms. The TEPC covers the energy range from thermal to 20 MeV. 

Agreement from the two different methodologies employed by the 
3He detector and the TEPC lends credibility to the accuracy of the 
results. The spectrometer is effective in gamma/neutron fields up 
to 500:1. 

A plan to convert the spectrometer to battery operation with an 
AC electrical charger will eliminate its sensitivity to electrical 
disruptions. As funds become available for this conversion, the 
over consumption and size of the spectrometer will be reduced to 
duce its cost and increase its ease of use in the field. Also, 

Laurence Livermore National Laboratory (LLNL) is developing plans 
to incorporate the NE-213 probe into the spectrometer which will 
expand its effective energy range to 20 MeV. 
TOTAL DOSE METER 

The total dose meter was developed jointly by PNL and EG&G/Santa 
Barbara Laboratory. It uses a single TEPC to measure the neutron 
and photon dose. The radiation reacts with the tissue equivalent 
plastic walls to form charged particle secondaries/ which deposit 
energy through ionization in its cavity. At the low gas pressure 
in the cavity, most particles have a nearly constant LET in traversing 
the cavity. The ionization produced in the detector is proportional 
to the energy deposited in the gas cavity, and this value of energy 
deposition can be divided by the mass of the gas to determine the 
absorbed dose (energy per unit mass). 

The TEPC used in the total dose meter simulates a tissue site 
diameter of one micron. A built-in empirical algorithm is used in 
the microprocessor to calculate the dose equivalent from mixed 
radiation and display the results on a xiquid crystal. The 
microprocessor can be reprogrammed with a different algorithm to 
accurately determine dose equivalent if the neutron and/or photon 
quality factors are changed. 
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The total dose meter has an operating range of 1 mrem to 10 rem 
in the neutron energy range from thermal to 20 MeV with an alarm if 
the accumulated dose exceeds 100 mrem. It has a minimum sensitivity 
of 0.2 mrem for neutrons and displays results to the nearest mrem. 

A reduction in power consumption and size of the total dose 
meter is planned to enhance its usefulness in the workplace. 
COMBINATION THERMOLUMINESCENCE/TRACK ETCH DOSIMETERS 

Most DOE facilities use thermoluminescence-albedo dosimeters 
(TLDs) which are relative inexpensive, easy to read out automatically, 
and reusable. TLDs effectively measure exposure to low-energy 
neutrons and indicate exposure to significant fast neutron radiation. 
However, their response drops quickly at neutron energies above 1 
keV. 

Proton recoil track etch dosimeters (TEDs) are insensitive to 
low-energy neutrons but are quite sensitive to neutrons above about 
150 keV. Neutrons interact with hydrogen in specialized plastics 
or radiators producing recoil proton with high elastic scattering 
cross section. The polymer of allyl diglycol carbonate, CR-39, the 
monomer of which is produced by PPG Industries, Pittsburgh, 
Pennsylvania, is the plastic currently being used. 

CR-39 is highly sensitive to chain scission from alphas, protons, 
neutrons, and heavy charged particles. It is not sensitive to beta 
or gamma radiation and does not rely on the albedo effect to detect 
fast neutrons. The damage tracks are enlarged to macroscopic size 
by electrochemical etching. Readout is normally accomplished using 
an optical microscope together with an image analyzer to determine 
the track density. 

The combination TLD/TED has an effective neutron energy range 
from thermal to 18 MeV and enhanced accuracy at neutron energies 
above about 200 MeV. 

Software is presently being developed by LLNL for DOE-wide 
application for the analysis of CR-39 data. Further reso&rch is 
planned to develop a badge that will reduce the angular dependence 
of the CR-39 and to expand the sensitivity of the CR-39 into the 
thermal energy range by loading boron into the radiator. U.S. 
Department of Energy Laboratory Accreditation Program (DOELAP) 
criteria for TEDs are in the early development stage. 

ONGOING DEVELOPMENTS 
Developmental work has begun on the following tasks and is 

expected to continue through fiscal year (FY) 1989. 
OPTICALLY STIMULATED LUMINESCENCE (OSL) 

Solid-state alkaline and alkaline earth crystals doped with 
metallic impurities have been used extensively for measuring ionizing 
radiations. CaF2:Mn, CaF2Dy, and NaCl:Ag gave radiation-dependent 
responses indicating that OSL properties exist in almost all impurity-
doped salts. OSL research efforts through 1986 reported minimum 
detectable gamma exposures from one to 1,000 R. 
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PNL found that a lower limit of detection of 100 mR was possible 
at room temperature using CaF2>Hn and ultraviolet or Excimer laser 
stimulation and that this lower limit could be reduced to less than 
1 mR by cooling the crystal to liquid nitrogen temperatures. This 
lower limit of detection can be further reduced by increasing the 
crystal size. OSL stimulation and readout is nondestructive. 
Approximately 10% decrease in signal occurs each time a crystal is 
read out. In addition, re-reading crystals after five months showed 
no loss of signal, indicating that fading will not be a concern. 

OSL has potential applications in neutron, beta, internal, and 
environmental dosimetry, as well as in gamma dosimetry. The 
development of an OSL proton recoil dosimeter will be the focus of 
this research. CaF2<Mn will be ground into micron-size particles 
and cast into a plastic of high hydrogen content. The small size 
of the sensitive material should provide good neutron/gamma 
discrimination because the difference in energy deposition will 
favor proton recoil interactions. The variations in size and spacing 
of the particles will provide a means for obtaining neutron spectral 
information. 

Developing optimal crystal material and OSL procedures v }. be 
challenging research for the future. Developing a phosphorescence-
free plastic is essential to adapting OSL techniques to neutron 
dosimetry. 
EFFECTIVE DOSE EQUIVALENT SYSTEM 

The present system of dose limitation used by DOE is based on 
the maximum value of dose equivalent that results at any point in a 
cylindrical phantom of uniform composition subjected to a normally 
incident beam of radiation. This approach does not take into account 
the different radiosensitivities of various tissues in the body. 
The January 1987 Presidential Directive (1) mandates the determination 
of effective dose equivalent (EDE), but there is little guidance 
for this determination for external exposures. This task will thus 
develop a methodology to determine EDE and demonstrate a practical 
dosimetry system for its determination for external irradiations. 

Preliminary calculations were started in FY 1987 using a Monte 
Carlo computer code, MCNP, and the Medical Internal Radiation Dose 
(MIRD) anthropomorphic phantom. Calculations demonstrated that EDE 
at various depths is less than dose equivalent based on measurements 
made at the surface of the body. The following seven tasks have been 
identified for this projects 

9 A comparison will be made of the state-of-the-art neutron 
transport codes to determine if significant differences result 
from the calculations themselves. 

0 When the Monte Carlo calculations are completed, a simple utility 
code containing the necessary conversion factors will be written 
to enable the calculation of EDE for specific work conditions 
(neutron spectra and irradiation geometry). 

# The best phantom available for mathematical calculations is the 
MIRD-V phantom. This model will be modified to be more accurate 
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for external Irradiations, and additional organs will be 
specified. 

« The requirements of DOELAP and consistency with internal 
dosimetry methods for adding internal and external doses will 
be included. 

9 Provisions will be made for acquiring and incorporating field 
data on neutron energy spectra, kerma or absorbed dose, and 
irradiation geometry. 

« Criteria will be established for dosimeter response, placement 
of dosimeter, and interpretation of multiple dosimeters in order 
to provide the information required concerning neutron energy 
spectra and irradiation geometry. 

« Criteria and methodologies will be established for determining 
EDE for partial body irradiations and for coordinating with the 
methods used for internal dosimetry. 

SUPERHEATED DROP DETECTOR 

Apfel Enterprises is developing a Superheated Drop Detector 
(SDD) for the measuring of neutron dose. The SDD system being 
developed consists of superheated fluorocarbons suspended in a viscous 
gel. Charged particles or neutron recoils trigger nucleation in 
the superheated liquid drop, and the stored energy is released very 
quickly (the drops pop). The acoustic signals generated by the 
process are detected, amplified, filtered, passed through a 
discriminator, and displayed digitally. 

Advantages of SDDs include their insensitivity to gamma rays, 
their flexibility to provide crude spectral data, and their 
flexibility for providing active or passive data. 

Problems encountered with the first prototype SDD system included 
overflow of the detector vials and their temperature, dose rate, 
and energy dependence. 

OPTICAL TRACK DETECTOR FOR NEUTRON DOSIMETRY 

Oak Ridge National Laboratory (ORNL) is conducting a feasibility 
and practicality study for an optical track detector for neutron 
dosimetry. 

When a charged particle enters or originates in a chamber, it 
leaves a trail of subexcitation electrons. In addition, the particle 
electronically exciter che gas molecules, which quickly emit light. 
The optical radiation thus produced by the excited molecules is 
used to trigger a high voltage, damped RF pulse generator, which is 
applied across the electrodes of the chamber. The electrons in the 
particle track are rapidly accelerated back and forth under the 
influence of the oscillating field, gaining sufficient energy to 
excite and ionize the surrounding gas. The light emitted by the 
gas molecules from the electronic excitation is imaged simultaneously 
by two digital solid-state cameras scanning across two perpendicular 
planes. The camera images are stored and analyzed in a computer 
for three-dimensional reconstruction of the track. The data will 
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be related directly , dose and LET distributions. Algorithms for 
obtaining the neutroa energy spectrum will also be developed. 
LLNL PORTABLE NEUTRON SPECTROMETER 

Lawrence Livermore National Laboratory (LLNL) has proven the 
feasibility of an improved portable neutron spectrometer that uses 
a compact liguid-scintillator detector with an optimum combination 
of sensitivity, resolution, and response function. A stable light 
pulser will be included for calibration. The gain in the detector 
system will be established using the signal produced in the 
photomultiplier, a light pulser. This circuit will also stabilize 
variations in photomultiplier gain that occur as a function of 
temperature. Gamma sources will not be required for calibration. 

CompuHari i * 4* mul «t ' n teohhlrjties and data reduction 
programs will f ^ data in r. Al time with 
mlUU % |««u\|iams will be optimized for 
u i ® i n l n e f i i t l . 

CONCLUSIONS 
The U.S. Department of Energy, through the Personnel Neutron 

Evaluation and Upgrade Program, has historically developed and 
evaluated new neutron measurement technologies. Because of these 
continuing efforts, state-of-the-art systems have been developed 
for DOE facilities, and the technologies have been transferred to 
the commercial sector. 

All research proposals are evaluated by a peer review group and 
prioritized according to their likelihood of improving personnel 
neutron dosimetry and their applicability to field use at DOE 
facilities. 
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