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INTRODUCTION

Tissue equivalent proportional counters (TEPCs) have been used in the laboratory for over 30 years to

determine neutron dose in mixed radiation fields, but they are seldom used by operational health

physicists. But a number of TEPC-based instruments are being developed in Europe and in the United

States. The purpose of this paper is: to introduce operational health physicists to tissue equivalent

proportional cou:aters, to examine some of the algorithms used to convert data from TEPCs into dose

equivalent, to exa_:aine how TEPC measurements meet the requirements of DOE Order 5480.11 (DOE

1988) and 10CFR20, and to examine some of the TEPC-based instruments that are available.

Many operational health physicists are not familiar with the concept of microdosimetry and the

specialized terms that are used in analyzing the data from TEPCs, so a brief discussion is included. At

present, quality factors are defined in terms of linear energy transfer, but TEPCs measure lineal energy.

The differences between the two concepts can be explained by examining Figure l, where a 1 MeV

proton strikes a hydrogen atom in tissue to produce a recoil proton. In Figure 1, the dots represent

ionizations produced along the track of the recoil proton and its secondary particles (delta rays or recoil

electrons). There are two identical spheres drawn along the path of the recoil proton. On the left, there

is little energy deposited in the volume; on the right, there is a large energy deposit in the same volume.

The variation in energy deposit on a microscopic scale is the basis for the concept of lineal energy.

Lineal energy, y, is defined as the energy imparted to a volume divided by the mean track length

in that volume, lt is a microscopic quantity that can be measured by a TEPC. lt is a stochastic quantity-

i.e., it has a distribution of values that depend on where radiation interactions occur.

Linear energy transfer, LET or I., is defined as the linear rate of energy loss along the path of

the charged particle, dE/dx. LET is a macroscopic quantity which is the average of many measurements.

For a given energy of the charged particle, LET has a single value. Often LET is not measured, but is

calculated from stopping power formulas.

* Work supported by the U.S. Department of Energy under Contract DE-AC06-76RLO 1830.
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TISSUE EQUIVALENT PROPORTIONAL COUNTERS

Tissue equivalent proportional counters are hollow spheres or cylinders of A-150 tissue

equivalent (TE) plastic filled with tissue equivalent gas. The gas pressure in the cavity is so low that the

gas cavity has the same mass stopping power as a 1 or 2 micrometer sphere of solid tissue at unit density.

Typically, a neutron strikes the TE plastic and knocks out a recoil proton, which traverses the gas cavity.

The energy deposited in the cavity is roughly proportional to the charge deposited and measured by the

proportional counter.

Figure 2 shows the spectrum of pulses from a spherical TEPC recorded by a multichannel

analyzer. The lower curve is the spectrum recorded for gamma rays, which deposit energies less than

about 15 kev/#m. The middle curve shows the spectrum recorded for 1.4 MeV neutrons, which

generally deposit energies above 15 keV/#m. Thus, fast neutrons and gamma rays can be separated on

the basis of pulse height. The top curve shows the absorbed dose distribution obtained by multiplying

the counts per channel by the channel number or energy deposited in the TEPC. Notice that the point

of inflection from proton recoils always occurs at about 150 keV/#m, regardless of the incident neutron

energy. This "proton drop point" can be used to calibrate the counter.

The absorbed dose, D, can be determined from a spectrum of pulse heights measured by the
TEPC using the formula:

D = (c/m) _ N(e) e

where e is the energy deposited in the counter (or channel number)

N(e) is the number of events of energy e (or counts per channel)
m is the mass of the gas in the sensitive volume of the counter

c is a constant of proportionality relating the energy deposited or channel number.

The dose equivalent, H, is found from the definition:

H- f O_)OO_)dE

where Q(L) is the quality factor defined as a function of linear energy transfer and D is the absorbed

dose. The problem is how to convert from lineal energy distributions, which are measured by the TEPC,

to linear energy transfer distributions.

About 20 years ago, Albrecht Kellerer (1969) derived a simple equation to relate lineal energy

and LET. For spherical detectors, the first moment of the dose distribution in LET is approximately

8/9ths of the first moment of the lineal energy distribution:

L = (8/9) YD
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where L is the first moment of the dose distribution in LET

YDis the first moment of the dose distribution in lineal energy measured by the TEPC.

One can simply substitute (8/9) YDfor L and evaluate the dose equivalent for spherical detectors using

existing quality factors defined as a function of linear energy transfer.

Another way of looking at dose equivalent is to use the quality factor as an empirical conversion

factor to relate dose measured by the TEPC to the "official" dose equivalent. The graph in Figure 3

shows the quality factor from ICRU Report 20 (ICRU 1971) as a function of the first moment of the dose

distribution from a spherical TEPC exposed to monoenergetic neutrons. If one only examines proton

recoil events with lineal energies below about 150 keV//_m, there is a simple linear relationship between

the average event size in the dose distribution measured by the TEPC and the quality factor. This is the

empirical algorithm that was used to determine neutron dose equivalent in the first version of the total

dose meter developed at PNL. Additional information on quality factor algorithms can be found in a

paper by Brackenbush et ai. (1985).

DOSE EQUIVALENT CALCULATED FROM SPECTRAL MEASUREMENTS

The dose equivalent determined from TEPC measurements, as outlined above, is not necessarily

the same as the dose equivalent obtained from neutron energy spectrum measurements. Let's examine

how the TEPC measurement compares with the "official" or "conventional" dose equivalent calculated

from the neutron energy spectrum and the fluence-to-dose equivalent conversion factors listed in DOE

Order 5480. I 1 (DOE 1988). A comparison of the two methods is outlined in Figure 4.

The conventional dose equivalent is based on the Monte Carlo computer calculations of Auxier,

Snyder, and Jones (1968) made at Oak Ridge National Laboratory almost 30 years ago. They considered

a parallel beam of monoenergetic neutrons normally incident on a cylindrical phantom 30 cm in diameter

and 60 cm high composed of soft tissue. The computer code calculated the highest value of dose

equivalent at any depth in the phantom. In the case of the TEPC measurements, neutrons from ali

directions are measured at a depth corresponding to the wall thickness of the counter.

The conventional dose equivalent is calculated by measuring the neutron fluence as a function of

the incident neutron energy, multiplying by fluence-to-dose equivalent conversion factors for each energy

(interpolated from the Monte Carlo calculations of Auxier et al. 1968), and summing the results together.

The dose equivalent from the TEPC is the product of the absorbed dose measured by the TEPC multiplied

by an average or effective quality factor determined by an appropriate algorithm. Activation gamma rays
from H(n,r)D reactions are included as part of the conventional neutron dose equivalent, even though a

gamma dosimeter will measure some of these activation gammas and include them as part of the incident

gamma dose. In the TEPC measurement, it is impossible to determine the origin of gamma rays (from

incident gamma rays or neutron activation reactions inside the TEPC) so activation gamma rays are

considered as part of the gamma dose.

In conventional dose equivalent, one uses interpolated values for the conversion factors, which

are calculated at only a few neutron energies. In the TEPC measurement, one includes the contributions
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from neutron-alpha resonances, which produce high quality factors and contribute significantly to dose

equivalent in the region of 4-5 MeV and 15-18 MeV. These resonances in neutron cross sections are

ignored in the Monte Carlo calculations.

In the conventional method, one sums together the maximum dose equivalent value for each

neutron energy, even though the maxima occur at different depths in tissue and are not strictly additive.

In the TEPC measurement, one measures the dose at a depth of the wall thickness.

As a result, the conventional method provides a conservative value for the dose equivalent, which

is impossible to measure physically. Figure 5 shows the percent of dose equivalent from heavy charged

particles only (i.e., excluding gamma activation reactions) as a function of the incident neutron energy.
These data are taken from the calculations of Auxier et al. used for the conversion factors listed in DOE

Order 5480.11 (DOE 1988) or 10 CFR 20. The value shown in the graph is the ratio of the dose

equivalent on the surface (excluding gamma activation reactions) compared to the maximum dose

equivalent at any depth in the phantom. At energies above about 100 keV, the TEPC can accurately

estimate dose equivalent, _ssuming that the quality factor algorithm is accurate. For neutron energies

below about 10 keV, the TEPC can only measure about 60% of the conventional dose equivalent, because

activation gamma rays from neutron capture reactions in tissue are excluded in the neutron dose measured

by the TEPC. Forty percent error in this energy range may seem excessive, but one must consider that

moderator-based instruments such as a Snoopy or rem ball will overestimate dose equivalent by a factor

of 3 or 4 in this energy region (see Lesiecki and Cosak 1984). In most DOE plutonium production

facilities, the major contribution to dose equivalent originates from neutrons with energies above 10 keV,

so the TEFC measurement can be quite accurate. Generally, dose equivalents from TEPC measurements

on bare or lightly moderated fission sources are accurate within 15%, as shown by the data in Table 1

of the paper on the field neutron spectrometer (Brackenbush 199I).

It is possible to almost match the dose equivalent conversion factor as a function of energy by
including a shall amount of 3He gas in the counter fill gas (Phiet 1989). The cross section of 3He has

about the same energy dependence as H(n,r)D reactions in tissue. The He(n,p)T reaction produces

charged particles (protons and tritons) that are included as part of the neutron dose measured by the
TEPC.

TEPC-BASED INSTRUMENTS

There are a number of instruments that have been recently been developed that use tissue

equivalent proportional counters as radiation detectors. A number of survey instruments have been

developed as part of an extensive effort funded by the Commission of European Communities. These

instruments have been described in a special issue of the journal Radiation Protection Dosimetry,

Volume 10, devoted to a European neutron dosimetry workshop. Special intercomparisons have also

been performed at the PTB in Germany to show the accuracy of these instruments when exposed to

monoenergetic neutrons from accelerators and filtered beams from reactors (Schuhmacher et al. 1985;

Dietze et al. 1986; Alberts et al. 1988).
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Since the last DOE neutron dosimetry workshop, there have been a number of TEPC-based

instruments developed. The first really practical, portable instrument to determine dose equivalent was

developed by W. Quam and co-workers at EG&G/Santa Barbara Laboratories. This instrument used

three cylindrical TEPCs filled with methane to determine the absorbed neutron dose; it is about the size

of a portable hand-held radio.

The Pacific Northwest Laboratory has developed a variety of small instruments that use a single

cylindrical tissue equivalent proportional counter to measure the absorbed dose and determine dose

equivalent in mixed radiation fields, including neutrons, gamma rays, and heavy charged particles. The

first instrument developed at PNL was the total dose meter, which used a single cylindrical tissue

equivalent proportional counter to measure both neutron and gamma rays and display the total dose

equivalent on a LCD display. This instrument was sensitive to shock, and the electronic circuitry was

not sensitive enough to measure ali of the lower energy gamma events.

Improved versions of instruments based on the total dose meter concept are shown in Figure 6.
The instrument on the left is an improved version of the total dose meter developed for DOE. This

instrument uses surface mount technology to reduce the size of the electronic circuits. Irl this instrument,

the TEPC and the preamplifier and amplifier are contained in a copper tube I.l-inches (28 nam) in

diameter to isolate the detector from the rest of the electronics; this considerably reduces the cross-talk

and increases the sensitivity to gamma events, which are 10 to 1000 times smaller than neutron events
ill the TEPC.

The instrument in the middle of the photograph in Figure 6 is the TEPC spectrometer developed

at PNL for the National Aeronautics and Space Administration (NASA) for use aboard the space shuttle

(Brackenbush, Braby, and Anderson 1989). lt uses a single cylindrical TEPC to measure the absorbed

dose and record the TEPC event spectra in 16 pseudologarithmic channels. The absorbed doe is read out

to memory and displayed on a LCD display every minute for the duration of the flight. This instrument

has been used on space shuttle missions STS31 and STS40 to determine the absorbed dose to the

astronauts from protons, gamma rays, and cosmic rays. The event spectra are recorded periodically to

record differences in the spectra and dose rate as a function of position of the space craft. Doses in the

South Atlantic anomaly are generally 100 times higher than the rest of the orbit, and the quality factors

are lower due to the trapped protons. Improved versions of the instrument are under development that

have lower noise electronics and two 64 channel analog-to-digital converters to record the event spectrum

in 32 logarithmic channels.

The instrument on the right is the aircraft total dose meter developed by Battelle to record the

dose to passengers and flight crew aboard aircraft. As shown in the photograph, the instrument has a

detachable probe containing a cylindrical TEPC with built-in preamplifier and amplifier, lt also contains

a 256 kbyte memory to i,eriodically record the TEPC event spectra. A microprocessor in the instrument

calculates and displays the accumulated dose equivalent on a liquid crystal display shown on the end of

the instrument. Ali of these instruments are battery powered, and can function for several days,

depending on the size of the battery pack.
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Although not shown in the photograph, an improved instrument with a linear multichannel

analyzer (MCA) has also been developed at PNL. One version contains a 256 channel multichannel

analyzer that can record over 200 individual spectra in memory. These units can be used to record both

the neutron and gamma event spectra from TEPCs. The MCAs are significantly smaller, lighter, and

require less power than any existing commercially available MCA, and they are relatively inexpensive

to build. Obviously, these MCAs were originally developed for personnel dosimetry and can be used

for personnel or area monitors for any type of ionizing radiation. They can also be used for gamma

spectrometry and environmental monitoring. Because of their small size, they can even be put down

wells to monitor gamma emitters in ground water.

The precision of that can be obtained from these TEPC-based instruments is shown in Table 1.

In this table, the instruments were exposed to 2 to 30 mrem gamma from a '37Cs source and fast neutrons

from a 252Cfsource. Ten to twenty identical measurements were recorded, and the results are presented

in Table 1. For gamma rays, the measured dose equivalent was within 3% of the delivered dose

equivalent, with a coefficient of variation of 3 %. For fast neutrons, the results are more erratic because
of the small delivered doses. In the worst case the measured neutron dose equivalent was 9 % lower than

the delivered dose equivalent, with a coefficient of variation of 14%.

CONCLUSIONS

In conclusion, TEPCs can accurately measure absorbed dose and determine dose equivalent over

a wide range of neutron energies. They are quite accurate for fast neutrons, usually within 15%. They

offer several distinct advantages over other types of neutron dosimeters:

• They are self-calibrating using the proton edge or internal alpha sources.

• They are an absolute dosimeter in the sense that they measure the energy deposited in a tissue-like

material; they do not require exposure to a NIST-calibrated source.

• Quality factors can be determined from the pattern of energy deposition from the TEPC.

• They cover a wide range of neutron energies. The upper energy limit is determined by the wall

.thickness of the TE plastic required for electronic equilibrium. The problem at low neutron

energies is one of definition, where activation gamma rays are included in the neutron dose

equivalent in conventional dose equivalent conversion factors.

A variety of instruments have been designed using tissue equivalent proportional counters as the radiation

detector. The Commission of European Communities has coordinated the development of several survey

meters using TEPCs. The results of intercomparisons are reported in studies at the PTB in Germany.

Several different instruments have been developed at PNL using a single cylindrical TEPC detector.

Even at low doses, these instruments are surprisingly accurate. In general, the dose equivalent measured

by TEPC-based instruments are usually within 15% of the delivered dose. The accuracy has been
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confirmed by exposures to bare and D20 moderated _2Cf sources with calibrations directly traceable to
the National Institute of Standards and Technology.

Finally, the technology developed can be applied to a number of other areas, including:

• personnel and area monitoring for mixed radiations

• space and aircraft dosimetry for neutrons, gamma rays and cosmic rays

• environmental monitoring, including neutron and gamma energy spectrum measurements.
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TABLE 1. Precision of Total Dose Meter Instruments

Ratio of Measured/Delivered Dose Equivalent
137Cs B_r¢ _2Cf

DOE s/n 201 1.03 -t- 0.03 1.06 + 0.11

NASA s/n 102 0.98 + 0.01 1.02:1:0.02

BNW Aircraft s/n 301 0.99 :l: 0.03 0.91 -1-0.14

4
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FIGURE 5. Percent of Neutron Dose Equivalent Produced by Charged Particles on the Surface of a
Cylindrical Phantom
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I:i(iURE 6. Photograph of Three Instruments Using TEPC Detectors Developed at the Pacific

Northwest Laboratory
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