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Abstract

Average and effective energies for 2¥Pu-Be, *'Am-Li and ?'Am-F neutron
sources have been calculated from a number of published data for the
neutron spectra and for the dose equivalent as a function of neutron energies
by a numerical method. Also a calculation of the dose equivalent conversion
factors, i.e., the first collision dose equivalent and the surface (or multicollision)
dose equivalent that equals the product of surface-absorbed dose and a corres-
ponding quality factor, per unit fluence of neutrons from these sources has been
carried out in the same way as before.

The results are as follows:

1. for average energies
4.074:0.33, 0.42 and 1.41 MeV:;

2. for effective energies based on the concept of the first collision process
in the human body
4.45+0.344, 0.51 and 1.47 MeV;

3. for effective energies based on the concept of the multi-collision process
in the human body
4.50+0.36, 0.50 and 1.45 MeV:;

4. for fluence-first collision dose equivalent conversion factors
(2.7440.07)1078, 1.58%107* and 2.34X107% rems/(n/cm?); and

5. for fluence-surface dose equivalent conversion factors
(8.55-+0. 091078, 2.19X107® and 2.82X107% rems/(n/cm?): respectively.
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1. By

4.0710.33, 0.42 2 1.41 MeV;

2. FAA BAFERA dste] QA7 wA=E A Ade] bl 73

Frae A

4.4510.344, 0.51 B 1.47 MeV;
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4.507%0.36, 0.50 9 1.45MeV;

4. FAAG GdEE VA H S4qQA

(2.7430.07)1078, 1.58X107® ¥ 2.34X10™® rems/(n/cm?);
5. FAAG EFE SUHAH F49F

(3.5540.09)107%, 2.19%X107® 2 2.82X 107 rems/(n/cm?),

1. Introduction

Various radioactive neutron sources are ex-
tensively used in health physics to calibrate
neutron detectors and dosimeters.? If these
neutron sources are employed for calibration,
the neutron fluence-dose equivalent conversion
factors as well as the average and effective
energies may be of great interest.

Some laboratory neutron sources such as
29Pu-Be, 2#!Am-Li and ?'Am-F are available
for neutron dosimetry in our laboratory. In
the present work, for making them useful as
a standard system of neutron dosimetry a
calculational program:was conducted determin-
ing the average and effective energies, and
the dose equivalent conversion factors per
unit fluence of neutrons from these sources.
By means of a numerical method they were
calculated from a number of published data
for the neutron spectra®*® and for the differ-
ential dose equivalent. 1% 1

2. Calculation

2—1. Average Energies
The average neutron energy E of a spectrum
is defined by the relationship
Enes NEYEGE

E= Bote _— el trererna, D)
R

Here N(E) dE is the number of neutrons with

energies between E and E-4dE.

Informations on neutron spectra for the
sources of interest were gathered from a
number of articles. 29 Several papers>™ have
29Pu-Be
neutron source, but published spectra differ

been reported on the spectrum for

one from another. Also in some works® ™ the
data on the spectrum are given for neutrons
higher than certain energies. In this case, the
data below these energies were taken from
curves which were smoothly drawn according
to the experimental values of Stewart.? On
spectra for 2'Am-Li and
saurces the available experimental data are

MAm-F neutron

very scanty. For #!Am-Li source the only one
obtained by Bennett®
published papers for *'Am-F source were

was available, No

found in the course of literature survey. So for
this neutron source the use substituted the
spectrum of %%Po-F neutrons, assuming that
a 2'Am-F neutron source may have the same
spectral form as that from a 22°Po-F neutron
source. The spectrum for 2! Am-F source should
not differ greatly, in fact, from that for ?°Po-F
source since the alpha energies of #!Am and
210Pg differ by only about 0. 18 MeV.!P The er-
rors given for N(E), 2°Pu-Be neutron spectra,
in the literature? ™ are about +-10% for all the
cases while the errors are not included for
H#AmM-Li and 2#'Am-F neutron spectra. 8

In order to determine the average energy E
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the continuous N(E) curve is thought to
consist of a histogram with equal intervals of
say 0. 5 MeV(AE) for #*Pu-Be neutron spectrum
and 0.05 MeV(AE) for #'Am-Li and ?Am-F
neutron spectra. Eq. (1) can then be written as

a summation:

E ___EME_ ..................... @
?;!N(E;)AE
The energy axes of the plotted spectra were
divided into a energy intervals with (n=22).
The individual integrals were obtained as areas
by a simple histogram method.
92-9. Effective Energies
The effective energy E: defined by Nachti-
gall'® is expressed by the form

Sg'”:’N(E)d,(E)EdE
S?‘:‘N(E)d.(E)dE

veeenn(3)

where d.(E) is dose equivalent as a function
of neutron energies. Uncertainties in the
differential dose equivalent assigned by au-
thors'™ are about 10%. As implied in Eq. (3),
the spectrum can be treated as if it is a
monoenergetic spectrum with the effective
energy Ex. This may find its application when
such quantities as dose or dose equivalent are
calculated for continuous neutron spectrum.
Differential dose equivalent d.(E) up to 10
MeV  of neutron energies was mainly extracted
from the data which are graphically given
by Snyder and Neufeld,!” with the exception
of the autogamma dose from the 'H(n, y)?D
reactions in the human body. For the autoga-
mma dose the use was made from the data of
Smith and Boot, ®> and their values are low by
as much as 25% of those of Snyder and Neu-
feld. For neutrons with energies ranging from
10 to 11 MeV around which there may exist the
upper limit of the ?*Pu-Be neutron spectrum,
no appropriate data on the differential dose
equivalent are evailable yet. So in this region

the data on it were obtained by extrapolation
of the remaining data of Snyder and Neudfeld.

In the same way as before, Eq. (3) is
approximated by a summation:
YNCE)A(EDENE

Ey=f=t — 7T T e, vre(4)

b NCEYA(EDNE

In this equation the factor d.(E:) is considered
as weighting factor and now taken equal to
corresponding factor for the neutron spectrum
of interest. The integral was obtained by the
same method as in the above. They were
computed with some conventions on the neutron
dose equivalent, that is, first- and multi-
collision dose equivalents. The term “multi-
collision dose equivalent” is to be used with
the same meaning as “surface dose equivalent”
in this report. In view of the radiolog-

ical protective measures, it seems more
reliable to adopt the concept of multicollision
dose equivalent than that of the first collision
Still the later concept,
however, is accepted in many countries. The-
refore, data obtained on the concept of the
first collision dose equivalent are included in

this paper.

dose equivalent.

The surface dose equivalent in place of the
maximum dose equivalent commonly adopted
was used in this study. Unless otherwise spe-
cified, the term “surface dose equivalent”
refers to “total surface dose equivalent” as
will be described later. Itis, of course, very
advisable to use the concept of the maximum
dose equivalent. Some practical difficulties,
however, are often encountered in interpreting
the experimental data obtained by a personnel
dosimeter by which tissue dose is usually
measured at the surface of the human body.
It is hardly possible to get the maximum dose
equivalent if the measurements are made in
the radiation field where incident radiation is
not free from the scattered radiation flux in
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the human body. In fact, there is no sig-
nificant difference between values obtained on
these two concepts in the energy region of
interest as can seen in the reference.'® Fur-
thermore, there is an advantage'¥ that the
dose equivalent obtained on the former concept
is consistent with the routine interpretation
of the gamma-ray film dosimetry. Also it has
a merit that the dose equivalent from the
external gamma-ray and from the 'H(n, 7)?D
process giving a 2.2 MeV gamma-ray in the
human body can be readily obtained by the
usual film dosimeter.

For some purposes it is desirable to separate
the effective energies for the charged particles
production reactions in the human body from
those for the H(n, 7)?D reaction from which
dose equivalent can be easily measured by the
usual film dosimetry as aforementioned. For
all the nuclear processes (charged particles
plus autogamma production reactions) they
are, however, nearly the same as those  for
the former process because the contribution
by the later is negligible compared to that by

In the case of first
the contribution by the

the former process.
collision concept,
H(n, 7)?D reaction to the total dose equivalent
is less than by several orders of magnitude.
The effective energies for the former process
only were thus computed.

2—3. Average Fluence-Dose Equivalent

Conversion Factors

The average fluence-dose equivalent con-

version factor d. may be written by

(Enes NCEYAL(EIE
.= 3 Enin

{pzeNCEYIE

.................(5)

where all the symbols have the same meaning
as given elsewhere in this report.

The d. was obtained in the same way as in
the above. Fluence-First collision charged

partcle, -multi-collision charged particle and-

multi-collision autogamma dose equivalent

conversion factors were computed.

3. Results and Discussion

The results calculated, for average and
effective energies, and fluence-dose equivalent
conversion factors, are summarized in Table
1. In this table the symbols E and K: refer
to average and effective energies, respectively.
The subscripts f and m mean first~ and multi-
collision processes of neutrons in the human
body while ¢, g and t imply charged particles,
autogamma production and total nuclear reac-
tions (charged particles plus autogamma pro-
duction reactions). d. means average fluence-
dose equivalent conversion factor, and the
suffices in the symbol have the same meaning
as described above.

As shown in Table 1, the concept of the
first collision process gives dose equivalents
20~40% less than that of the multi-collision
process in the human body in the energy region
of interest.

For 2%Pu-Be neutron source,
pancies between the values calculated from one
to another literature quoted on the spectrum
are noted. Tt is not possible to decide which
data should be considered from the divergent
values. One may therefore use the averaged
values as a compromise. In the table the
averaged values are listed and the standard

some discre-

deviations in these values are given as the
square root of the average value of the square
of the individual deviations from the mean
value. For comparison, some data obtained
by Nachtigall!® are given in parenthesis among
which 3.52X107% rems/(n/cm?) in the second
column from the righthand side of the table
was obtained as a fluence-maximum dose
equivalent conversion factor by him. He
calculated them in the same way as in this

study. It is clear that there is actually no
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difference between the values based on the

different concepts, namely, maximum and

surface dose equivalents. Also the values
calculated here are in good agreement with
those obtained by Nachtigall.

As can be seen in the table, these neutron
sources are likely to be very useful in calibra-
ting neutron detectors and dosimeters because
they cover the most interest region with
average energies 0.42—4.1 MeV usually en-
countered in the radiation safety control like
around reactors.

Unfortunately 2%Pu-Be neutron source is
inadequate for the use as a constant flux
source because neutron emission rate increases
with time in the useful lifetime of the source
15 16) It is known that the presence of 24Pu
in Pu at the time of source fabrication gives
chiefly rise to the increase in the mneutron
yield. 2#'Pu decays to 2*!Am, which produces
neutrons by the ?Am-Be(a, n) reaction.
According to the work of Jordan et al. 1% the
increasing rates are of the order of 0.11 to
about 7% a year but vary depending upon the
isotopic composition of the plutonium source
difficult to

information

material used. It may thus be
estimate the growth rate if an
on the exact composition of the source is not
known. In conclusion, it is not very recommend-
able

source as a standard in the precise work where

to use plutonjum-beryllium neutron

high accuracy is required.
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