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Abstract

The commercially available REM500 neutron survey meter is a microdosimetric
instrument based on the use of a low-pressure tissue-equivalent proportional counter. The
neutron spectrometry capability, as well as the dose equivalent response, of the REM500 was
evaluated with five radioisotopic neutron sources (**PuLi, *®PuF, %*PuB, **®*PuBe and %*Cf)
and the mono-energetic 14-MeV neutrons. The response (countYmSv) and sensitivity
(countg/neutron) as a function of neutron energy were determined. From the measured pulse
height spectra, the frequency-mean and dose-mean lineal energy values, as well as the mean
quality factors, were derived for all sources. The neutron dose equivalent determined from the
dose and mean quality factor measured by the REM500 agreed well with the reference values of
ICRP21 maximum dose equivalent. However, for the REM500 to measure proper lineal spectra,
the low sensitivity and inaccurate measurements for high-energy neutrons are areas that may

need improvements.



INTRODUCTION

The use of microdosimetric-based detectors for radiological protection measurements has

been studied before . Two portable instruments based on the principle of low-pressure tissue-
equivaent proportional counter are commercially available for routine health physics survey ©7.
The portable neutron survey meter REM500, commercialy available from the Health Physics
Instruments *, is a microdosimetric instrument. The REM500 performance as a neutron field
survey meter has been tested in a nuclear power plant . The REM500 performance was also
compared with that of HANDI © in an accelerator reference field ©.

Instead of the REM500’s field survey function, this study emphasized on the evaluation
of its neutron spectrometry capability. The performance of the REM500 meter was tested with
five well-characterized radioisotopic neutron sourc&8P(Li, Z*PuF, *®*pPuB, **PuBe and
%2Cf) and the mono-energetic 14-MeV neutrons. The response (counts/mSv) and sensitivity
(counts/neutron) as a function of neutron energy were determined. From the microdosimetric
spectra, the frequency-mean and dose-mean lineal energy values, as well as the mean quality
factors, were derived. The neutron dose equivalent determined from the dose and mean quality
factor measured by the REM500 was compared with the reference values of maximum dose

equivalent.

* Health Physics Instruments, A Division of Far West Technology, 330 D South Kellogg Ave.,

Goleta, CA 93117



DESCRIPTION OF REM500

While the REM500 Operations and Repair Manual can be consulted for the details of the
instrument, the key information of the REM500 is described here. The sensor is a Ross type,
sealed spherical tissue-equivalent proportional counter (5.97 cm ID). The wall is made of Shonka
A150 tissue-equivalent plastic (0.127 cm thick, 0.144 gm cm’®). The counter is filled with low-
pressure, tissue-equivalent propane gas (pressure 1.77 kPa and mass 3.54 mg) to simulate a
tissue volume of 2 pm * in diameter at unit density. The counter is enclosed inside a sealed
aluminum (0.165-cm-thick) cylindrical can.

There are three main operation modes for the REM500: rate, integrate, and multichannel
analyzer (MCA) modes. Rate and integrate modes are for routine field survey to measure neutron
dose equivalent rates directly while the MCA mode is to measure a microdosimetric spectrum. In
MCA mode a pulse height spectrum in 256 channels (i.e., events vs. energy deposition) can be
collected and then downloaded to a computer through the RS232 serial link. With post-
processing, the MCA mode allows the users to evaluate important quantities in microdosimetry
(lineal energy spectrum, frequency-mean and dose-mean lineal energy values, quality factor,
sensitivity, etc.) and is, therefore, the main operation that was studied here. The rate and integrate
modes simply gather pulses (counts) into appropriate channels over a preset time period (10-60

s) and then calculate and display the dose and dose equivalent rates using its internal algorithm.

# The manual mistakenly stated 1 pm.



The counter response can be checked with an internal ***Cm source in the CHECK mode.
With the shutter opened in the CHECK mode, the alpha particles from the **Cm source can
traverse the diameter of the counter. The stopping power of these alpha particles in propane is
about 108 keV/um as compared with 91 keV/um in tissue gas. The stopping power of protons
(recoils from neutron interaction with A150 wall) is also higher in propane than in tissue gas
with similar magnitudes. Therefore, the alpha peak was set by manufacturer at channel 90,
equivalent to an energy deposition (¢) of 180 keV in tissue over the 2 um diameter. The
relationship between channel number | and lineal energy y (keV/um) istheny = ¢/l = 21/(2d/3),
where d is counter diameter (2 um) and | is the mean chord length (1.333 um). Thus, channel 90
is equivalent to alineal energy y of 135 keV/um in tissue. The lowest detection limit is set by
manufacturer at channel 5, i.e., 7.5 keV/um. Therefore, photons may still contribute some counts
into lower channels. Any event depositing more than 512 keV (i.e., 384 keV/um) is accumulated

into channel 256. This may cause errorsif heavy ion recoils are present.

METHODS

The REM500 was irradiated to the neutron sources in a low-scattering environment
(source and detector heights were 175 cm above ground and the source-to-detector distance was
75 cm). The average energies and the ICRP21 @ fluence-to-maximum dose equivalent
conversion factors for the sources are given in Table 1. To ensure good statistics, more than 8000
counts were accumulated in any single pulse height spectrum. The effects of dead time (60 us)

and background (~90 count per day) were negligible for these source irradiations.



The magnitude of photon dose rate of every neutron source was measured with a
Victoreen 450p photon survey meter*. The photon contribution to the REM500 response was
first removed by assuming source photons are similar to *3'Cs photons. With the resulting pulse
height spectrum due to neutrons only, N(1), the absorbed dose in tissue, D (in units of Gy), can

be calculated as Equation 1 below:

D = (C/M) = N(I) £(1) 1)

where C = unit conversion (Gy.gm/keV) = 1.6x10™%3,
M = mass of propane (gm) = 3.54x107,
N(1) = number of countsin channel | (I = 6 to 256), and

€(I) = deposited energy for channel | (keV) = 1801 / 90 = 2I

The summation in Equation 1 is summed over channels 6-256. From the pulse height spectrum
and using the above-mentioned channel-lineal energy relationship, the normalized spectra of
lineal energy, f(y), and probability density of dose, d(y), as a function of y can then be derived
using Equations 2.21 and 2.25 of ICRU36 ™, respectively. The frequency-mean linea energy,
Y&, and dose-mean lineal energy, Yo, can aso be calculated from the distributions of f(y) and d(y)

using Equations 2.22 and 2.26 of ICRU36 “?, respectively.

* Victoreen Inc., Cochran Blvd, Cleveland, OH 44139



The mean quality factor, Q, is estimated using the linear equation °:

Q=0.8+0.14y, (2

or by the following summation:

Q=2 q(y) d(y) 3

where q(y) is the quality factor as a function of y. The function q(y) was chosen to approximate
the ICRP26 ¥ function of quality factor vs. LET by setting either y=L or y=9L/8 ®. The Qis 1
for L below 3.5 keV/um, Q is 20 for L above 175 keV/um, and Q is proportional to L within the
interval ®, The function of q(y) is shown in Figure 1 for the cases of setting y=L and y=9L/8.

The neutron dose equivalent, H (in Sv), is then calculated using

H=DQ (4)

RESULTS

In this section the sensitivity, microdosimetric spectra for neutron sources, the frequency-
mean and dose-mean lineal energy values, quality factors, and dose equivalent response as a

function of neutron energy are presented. The results are also summarized in Table 1.



Response and sensitivity
The response of the REM500 was ~30000 countsmSv for low-energy neutrons and
increases to ~70000 countsmSv for 14-MeV neutrons, while the sensitivity (count per neutron)

increases from 2x10™ to 1.1x10°3,

Microdosimetric spectra

The photon response (count/mGy) of the REM500 to **’Cs and ®Co sources, shown as
event spectra in Figure 2, indicated most photons deposit energy less than 15 keV/um and the
response between **’Cs and ®Co photons is similar.

Figure 3 shows the lineal energy spectrum, f(y) vs. y on linear scales, for PuLi neutrons
with the photon components subtracted. Because of the sources’ small photon/neutron fractions
and the low energy deposition for photons, the use of eftf@s or®®Co photon response in
Figure 1 for photon component subtraction does not affect the neutron’s lineal energy spectra.

Figure 4 shows the lineal energy spectra, yf(y) on a linear scale vs. y on a logarithmic
scale, for five radioisotopic neutron sources (in this figure the visual area under the curve is also
proportional to the event frequency). The neutron spectrometry capability of the REM500 is
clearly seen: the lower the average energy of the neutron source, the harder the lineal energy
spectrum. Most neutrons produced events with y between 10 and 15%0rkeV/

Figure 5 compares the dose spectra, yd(y) on a linear scale vs. y on a logarithmic scale,
for five neutron sources (in this figure the visual area under the curve is proportional to the dose).
Note that the doses in channel 256 are over the scale.

Figure 6 shows that the lineal energy spectrum of 14-MeV neutrons is similar to that of
the PuBe, both softer than tRECf spectrum. Figure 7 indicates that the 14-MeV neutrons

produce higher doses at large y values than isotopic neutron sources, most likely due to heavy



ion recoils. The significant presence of dose in channel 256 is clearly seen in the case of 14-MeV

neutrons.

Frequency-mean (y:) and dose-mean (yp) lineal energies

They: and y,, values as a function of average energy of the neutron sources (see Table 1)
agree with Figure F6 of ICRU36 ™. For radioisotopic neutron sources, either ye or y, value can
be used as an index for neutron spectrum like the average energy.

The fractions of yrand y,, contributed from channel 256, i.e., y = 384 keV/um, are higher
for high-energy neutrons. For 14-MeV neutrons the y,, fraction is as high as 24%. Note that these
fractions, aswell asthe y: and y,, values, were underestimated (except for PuLi and PUF) because

afixed y value of 384 keV/um was used for all events above channel 256.

Quality factor, Q

The mean quality factors determined using Equation 2 (which gives the highest Q) and
Equation 3 are shown in Figure 8 and Table 1. Note that our Q values are due to neutrons only.
The Q value determined using Equation 2 is valid for radiation qualities where the fraction of
dose deposited at L values above 100 keV/um is small ®, Therefore, the Q value of 15.5 for 14-
MeV neutrons has a larger error, compared to those of isotopic neutron sources. The Q vaues

close to 10 for radioisotopic neutron sources agree with those in 10CFR835 2,

Dose equivalent response and summary
As stated by Blanc and Terrissol 2, for neutrons between 0.2-5 MeV and a sphere size of

1-2 pum, the Q value estimated using Equation 2 should agree with the Q vaue for the ICRP21



maximum dose equivaent. Therefore, if the tissue dose estimation using Equation 1 is correct,
the dose equivalent estimation using Q from Equation 2 should have better agreement than those
using Q from Equation 3. This expectation is verified in the dose equivalent comparison shown
in the last three rows of Table 1. Except for the PuLi and 14-MeV neutrons, the neutron dose
equivalent measured by the REM500 (using Q from Equation 2) agrees with the ICRP21

maximum dose equivalent within 10%.

CONCLUSIONS

With a simple alpha peak check before a pulse height measurement and some spectral
post-processing, the REM500 can measure neutron dose and quality factor (and thus the neutron
dose equivalent) accurately. The neutron spectrometry capability of the REM500 survey meter
was demonstrated. The frequency-mean (yg) and dose-mean (y,) lineal energies can also be used
to estimate the average energy and the fluence-to-dose equivalent conversion factor for a neutron
spectrum. However, for the REM500 to measure proper lineal spectra, the low sensitivity and
Inaccurate measurements for high-energy neutrons are areas that may need improvements. For
example, at a field of 0.01 mSv/h, a measurement as long as a few hours may be needed to
achieve good statistics. The measurement performance of the REM500 in SLAC neutron fields,
which have pulsed and high-energy (up to a few hundred MeV) neutrons, is currently under

testing and the results are to be presented in another report.
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Table 1. Summary of neutron source parameters, neutron dose equivalent H and fluence
irradiated, the response and sensitivity of the REM500, the frequency-mean yr and dose-mean yp
lineal energies and their corresponding fractions from channel 256, the tissue dose (calculated
with Equation 1), and quality factors (Q evaluated with Equations 2 and 3) measured by the
REM500, and comparison of dose equivaent between the REM500 measurement and
irradiation.

Source “8PuLi >8PuF »2Cf “pPuB  *PuBe  14-MeV
Ave. Energy (MeV) 0.5 14 2.2 2.7 4.3 14.0
h-ICRP21 (x10™ Sv cnv’) 1.80 3.40 3.33 3.90 3.90 4.18
H delivered (mSv) 0.33 0.27 0.80 0.21 0.27 1.25
Fluence (cm?) 1850000 806000 2400000 544000 703000 2987869
Total counts 11278 8196 25734 9643 13798 90339
Response (countsmSv) 33870 29910 32200 45450 50330 72330
Sensi. (counts/neutron) 0.00022 0.00037 0.00039 0.00064 0.00070 0.00109
Ye (keV/um) 54.8 48.6 40.6 375 32.0 35.8
Yo (keV/um) 75.6 69.9 70.7 67.8 66.1 104.7
Ch256 Fraction y¢ 0.000 0.000 0.008 0.004 0.016 0.064
Ch256 Fraction y, 0.000 0.000 0.044 0.024 0.091 0.235
Tissue Dose (mGy) 0.039 0.025 0.066 0.023 0.028 0.204
Q (0.8+0.14 yp) 114 10.6 10.7 10.3 10.1 155
Q-ICRP26 y=L 8.9 8.3 7.9 7.5 7.0 9.2
Q-ICRP26 y=9L/8 8.0 7.4 7.2 6.9 6.4 8.7
H(Q) / H-ICRP21 1.34 0.97 0.89 1.11 1.03 2.53
H(y=L) / H-ICRP21 1.05 0.76 0.65 0.81 0.72 151

H(y=9L/8) / H-ICRP21 0.94 0.68 0.59 0.74 0.65 1.42
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Figure 1. Function of quality factor Q vs. linea energy vy, q(y), for the cases of setting y=L and
y=9L/8.
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Figure2. Photon response (count/mGy) of the REM500 to **’Cs and ®Co sources, which
shows that most photons deposit energy less than 15 keV/um and the response
between *’Cs and ®Co photonsis similar.
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Figure3. Linea energy event spectrum, f(y), for PuLi neutrons with the photon components
subtracted. The use of either »*'Cs or ®*Co photon response for photon component
subtraction does not affect the neutron’s lineal energy spectra.
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Figure4. Linea energy spectra, yf(y), for five radioisotopic neutron sources (the visual area
under the curve is proportional to the event frequency). The lower the average energy
of the neutron source, the harder the lineal energy spectrum. Most neutrons produced
events with y between 10 and 150 keV/pum.
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Figure5. Comparison of the dose spectra, yd(y), for five radioisotopic neutron sources (the

visual area under the curve is proportiona to the dose). Note that the values in
channel 256 are over the scale.
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Lineal energy spectrum of 14-MeV neutronsis similar to that of the PuBe, both softer

than the #*Cf spectrum.

18



100.0

10.0 |
5 z
= i
> L
1.0
0.1
10 100 1000

Lineal Energy, y (keV/um)

Figure 7. Comparison of dose spectra, yd(y), for three neutron sources. The 14-MeV neutrons
produce higher doses at large y values than isotopic neutron sources, most likely due
to heavy ion recails.
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Figure8. The mean quality factor as a function of average energy for neutron sources,

determined using Equation 2 (which gives the highest Q) and Equation 3.
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