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ABSTRACT

Neutronsourceshave a varietyof applicationsin the
laboratory and their use necessitates some form of
physical handling. Such source interaction is directly
related to radiation protection measures taken to ensure
employees do not receive unnecessary radiation
exposure. Thus, an obvious quantity of interest is the
dose resulting from such source handling activities,
especially that obtained upon direct contact with the
source. Knowledge of these doses can be advantageous
in planning work activities and minimizing exposure.
Unfortunately, however, the literature does not contain
many measured neutron dose rate references, and size
and geometry limitations of neutron detectors make
measurements near the source difficult to obtain.
Consequently, the Monte Carlo code MCNP-4B’ was
used to calculate neutron dose equivalent rates (Table 2)
from the following neutron sources in a “contact”
geometry: 238PuBe, 239PuBe, 241AmBe, ‘lAmLi, and
252cf.

I. INTRODUCTION

Neutrons have applications in a wide variety of
disciplines, and much has been written on development
of suitable neutron sources for fields ranging from basic
research to oil well logging. 1’2)3’4Research institutions
such as university laboratories and nuclear reactors
employ neutron sources for basic research, calibration
and experimentation. At a large multidisciplinary
research institution such as Los Alamos National
Laboratory (LANL), many neutron sources may be
encountered. Indeed, aside from its actively used source
inventory, LANL began accepting unwanted sealed
sources from licensees and Department of Energy
(DOE) sites in 1979. As of this writing, LANL had
identified over 6,000 such sources with 12,000 projected

a MCNP is trademark of the Regents of the University of
California, Los Alamos National Laboratory

to become unwanted within the next 5 to 10 years.5 Such
volumes imply a considerable amount of time may be
spent handling the sources even if simply transferring
them to an on-site storage area. Estimates of the dose
received from such operations may assist. in planning
such activities.

With the variety and number of sources, it’s not
surprising that competing mechanisms produce the
neutrons from these compact and portable
configurations. For example, the spontaneous fission of
a heavy nucleus such as californium-252 results in direct
neutron emission while other processes, such as alpha
decay, produce neutrons indirectly. Sources using the
latter mechanism are fabricated by intimately mixing an
alpha-emitting radionuclide with a suitable non-
radioactive light element target material for an “(cx,n)”
source. According to Knoll, all alpha emitters of
practical use are actinides, with beryllium one of the
more common target materials. A stable chemical
combination of actinides and beryllium can take the
molecular form of M1Be13,where the actinide metal is
“M.s Neutrons are then produced through the following
reaction:

The 239PuBelJsource is one of the most widely used
(a,n) reaction neutron sources and approximately 16
grams of the material are required for an activity of 1 Ci.
These types of sources, with dimensions on the order of
centimeters, are limited to about 1X107 rdsec. Higher
neutron yields can be obtained by using an alpha emitter
with a higher specific activity. For example, 238Puhas a
specific activity of approximately 17 Ci/g. Other
common actinide/target combinations include ~lAmBe
and 241AmLi. While AmBe sources are very similar to
their PuBe counterparts, the AmLi configuration was
designed for lower energy neutrons as evidenced by its
average neutron energy of 0.54 MeV7 and its spectral



peak at 145 keV.8 Table 1 provides information
regarding several neutron sources.

When handling neutron sources, an obvious
radiation protection goal is to assure individuals do not
receive an unnecessary radiation exposure under the As
Low As Reasonable Achievable (ALARA) principle. As
a result, while planning an activity requiring the use of
neutron sources, it is advantageous to know what dose
rates exist in the immediate vicinity of the source.
Unfortunately, the literature does not contain many
neutron source dose rates measured near the source.
Further complications are introduced based upon size
and geometry limitations of neutron detectors that make
measurements near the source difficult to obtain. To that
end, neutron dose equivalent rates were calculated for
the following neutron sources using the Monte Carlo
code MCNP-4B:9 238PuBe,239PuBe,‘* AmBe, ~lAmLi,
and ‘2Cf.

Table 1. Neutron Source Informationb

Source E,v~ Yield Neutron Dose Rate
(MeV) (n/sec-Ci) at 1 meter

‘8PuBe 4,5 2.3e6 -2.3 rnrem/hr-Cic
239PuBe 3.2 1.7e6 1.3 mrem/hr-Ci
~lAmBe 4.5 2.2e6 1.7 mrem/hr-Ci
241AmLi 0.54 6.0e4 -0.06 mrern/hr-Ci

252cf 2.35 4.4e9 2.2e3 rem/hr-g

II. PROBLEM DESCRIPTION

Within the DOE complex, occupational exposure to
employees is regulated via 10 CFR 835.10Annual limits
are specified for workers in terms of effective dose
equivalent (EDE), deep dose equivalent (DDE) and
shallow dose equivalent (SDE).

Although often confusing, these quantities are based
on the concept of dose equivalent (H), or the product of
absorbed dose (D) in a specific tissue and a quality
factor (Q). Effective dose equivalent (HE or EDE) is
simply the summation of the products of dose equivalent
received by specified tissues of the body (HT) and an
appropriate weighting factor (wT). However, with
knowledge of the fluence, one can conveniently
calculate EDE with pre-calculated fluence-to-dose
conversion factors[ 1 and avoid the need to compute HT.
The conversion factors are based on recommendations of
the International Commission on Radiological Protection
(ICRP) as outlined in ICRP 51.12SDE is then HTderived

b Data from Profio and Geiger
c Although values were unavailable for 238PuBeand
24*AmLi, the following rule of thumb was applied for the
one meter dose rate: 1 rnrern/hr per 10bneutrons/s.

from external radiation at a depth of 0.007 cm in tissue
while DDE is that obtained at a 1 cm tissue depth.

The EDE limit of 10 CFR 835 (e.g. 0.05 Sv) is often
applied to a wide variety of conditions in radiological
engineering calculations. As limits also exist in the form
of deep dose equivalent (0.5 Sv)d and shallow dose
equivalent (0.5 Sv), it is important to calculate the
correct quantity of interest and ensure these limits are
not exceeded. For example, assuming neutron sources
are directly held in the hand, a dose rate to the skin or
extremities may exceed the EDE or DDE to an organ.
While not recommended practice, such contact situations
are sometimes necessary and highlight the need for these
types of dose estimates. Although the neutron DDE is
used as a substitute for SDE in estimating extremity dose
for dosimetry reporting purposes, this paper calculates
both SDE and DDE to soft tissue.

III. METHODOLOGY

Based on previous work by Shores,13 the first
MCNP model consisted of a PuBe source, modeled as a
1 cm radius sphere, surrounded by a series of concentric
spheres (Figure 1). The spheres ranged in radius from 2
to 121 cm and Figure 1 shows the shells of radius 3,4,5,
6, 8, 11, and 31.48 cm. The latter dimension
corresponded to a shell that was 1 foot away from the
surface of the source (31.48 cm – 1 cm= 30.48 cm). To
obtain dose rates (mremJhr-Ci), neutron fluence was
tallied over each spherical surface by MCNP’S “F2”
tally. EDE rates were then calculated by scaling up the
fluence with the neutron emission rate and multiplying
by the appropriate fluence-to-dose conversion factor
(frontal AP exposure geometry).

.--’’-----=..
/ ‘\

Figure 1. Cross section of spherical shell model.

dFor this paper, the 0.5 Sv limit assumes no internal
dose contribution (i.e. zero committed dose equivalent)
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The second MCNP model (Figure 2) used a type
“F6” energy deposition tally in conjunction with the
appropriate scaling factor. To approximate the scenario
in which a radiological worker might use abare hand to
pick up a source, fingers of the hand were modeled as a
1.5 cm thick spherical shell of NCRP 38 tissue*4placed
around the source. The tissue composition included only
oxygen, nitrogen, hydrogen, and carbon, neglected trace
elements, and assumed a density of 1.0 g/cc. The shell
was divided into thin volume elements centered at 0.007
cm and 1.0 cm depths to tally for SDE and DDE,
respectively. Neutron quality factors’5 were then folded
into the tally results to obtain dose equivalent rates.

In all models save for the AmLi source, neutron
spectra were generated via the SOURCES-3A computer
code. ic The sources were modeled as homogeneous
mixtures, and the atom fractions of the elemental
constituents were assumed to-be 13/14target material (e.g.
‘Be) and 1/,4actinide (e.g, ‘8Pu, 239Pu,or ‘]Am). In the
case of 252Cf,which assumed an oxide form, the atom
fractions were 2/3 oxygen and 1/3 californium.
Regarding the AmLi source, a tabular neutron spectrum
in 40 keV intervals was obtained from Geiger and van
der Zwan.17 Their work assumed the source was in the
form of Am-LiH. It should be noted that AmLi sources
can also be fabricated by mixing americium oxide with
lithium oxide.18

Figure 2. Geometric model with 1 cm source radius
displayed as “x”.

IV. NEUTRON YIELD

Calculating dose equivalent quantities requires
knowledge of the neutron yield. With MBe sources,
however, there are at least two issues affecting the
neutron yield. First of all, the “M” actinide is frequently

not the sole isotope present. For example, 239PuBe
sources are often prepared from plutonium where 239Pu
is the predominate radionuclide, but other plutonium
isotopes (e.g. *8Pu, 239Pu,‘lPu, and ‘2Pu) may also be
present. The second issue is that decay of the various
actinides may lead to radioactive daughters that are also
alpha emitters. For example, 24]Pu alpha decays to
241Am, which also emits alpha particles. These
additional alphas cause the neutron yield of the source to
increase over time as the 24]Am builds up.
Consequently, one cannot assume the neutron yield of a
MBe source decays exactly as the half-life of the
principal alpha emitter.

The neutron spectrum is also dependent upon the
physical size of the source. Smaller sources, on the
order of grams in size, will emit neutrons from the
reaction essentially as they are produced without further
interaction. However, neutron scattering within the
source, (n, 2n) reactions within the target and (n, fission)
events within the alpha emitter, are factors that will alter
the shape of the neutron spectrum in larger sources.1’4

Regarding the idealized spectra for this work, the
aforementioned factors affecting neutron yield were not
accounted for in these calculations.

V. RESULTS AND DISCUSSION

Although the DDE is often approximated by EDE,
especially at large distances relative to the source, an
ambiguity exists in the definition of distance as applied
to the “contact” dose. For a neutron source held in the
hand, the definition of DDE requires the dose to be
calculated at 1 cm skin depth, yet the distance to the
surface of the skin is usually employed when calculating
dose equivalents with pre-calculated fluence-to-dose
conversion factors. Pending the type of calculation
performed, one may inadvertently interpret the distance
incorrectly. For example, assume the source was a 1 cm
radius sphere and in direct contact with the tissue
surface. The distance from surface to surface would be
O cm. However, the source center to the tissue surface
distance would be 1 cm while that to the tissue depth
would be 2 cm. What dktance should one use as the
“contact” distance? This is cause for concern as one may
desire to extrapolate a given measurement back to a
smaller distance. The dose rate would infinitely increase
as the O cm distance was approached. As another
example, assume the tissue surface was 1 cm from the
source surface. ‘The distance from the center” of the
source to the depth in tissue necesswy for a DDE
calculation would be 3 cm. However, when the DDE is
obtained, which distance should be used to describe that
dose rate: 1, 2, or 3 cm? Clearly, the distance from the
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source surface to that of the tissue surface would be 1
cm. From the source center, the distance to the tissue
surface would be 2 cm and that to the tissue depth would
be 3 cm. In principle, each value would be a viable
distance to associate a given dose as long as it was
properly defined and used consistently for subsequent
calculations. When using the conversion factor method
of calculation, the distance often reported would be that
from the source surface to the tissue surface (1 cm in this
example). In other words, the 1 cm skin depth may not
be accounted for. If DDE and EDE are to be compared,
the same distance definition must be used. The resulting
trend, an artifact of inconsistent distance definitions, is
readily seen in the dose quantities calculated for an
AmLi source (Figure 3). Failure to consider this
“geometry effect” could result in a misrepresentation of
the DDE at close distances relative to the source.

Even though this geometry effect necessitates a
consistent dktance definition, calculations using pre-
calculated conversion factors may overestimate the
DDE. In Figure 3, consider the AmLi neutron EDE for a
contact geometry (1 cm) is approximately 211 mrern/hr-
Ci, yet the contact DDE (plotte’d at 2 cm) is
approximately 66 mrem/hr-Ci. As the energy deposition
method of calculation is believed to more accurately
portray the true dose, a heating tally (F6) is
recommended at such distances for a better dose
estimate. The preferred contact DDE rates for 238PuBe,
‘9PuBe, 241ArriBe, ‘lAmLi, and 252Cf sources are

summarized in Table 2 along with EDE and SDE
estimates. EDE rates as a function “ofdistance are also
shown in Figure 3.

The dose equivalent values shown in Table 2 are
sample means with relative errors less than 590, where
relative error is one standard deviation of the mean
divided by the sample mean.

Operationally, it is difficult to obtain neutron
measurements near the source because of the size of the
detection instrument. For neutron measurements, the
detectors are approximately 9 inches (22.9 cm) in
diameter. Although measurements taken as close as
possible to the source may be extrapolated back to the
desired distance via the inverse square law, this
approximation may also incorrectly estimate the dose
equivalents at distances close to the source.

Table 2. Contact Dose Rates

Source Fluence Energy Deposition
(F2) Tallye (F6) Tally

(mremlhr-Ci) (mrem/hr-Ci)
EDE DDE SDE

238PuBe 3.06e4 6.15e3 3.39e4
‘gPuBe 2.23e4 4.51e3 2.49e4
24]AmBe 2.93e4 5.88e3 3.25e4
241AmLi 2.lle2 6.56el 4.26e2

252cf 4.41e7 1.04e7 5.84e7

VI. CONCLUSIONS

Neutron dose equivalent rates for several common
neutron sources were calculated by two different
methods with the Monte Carlo code MCNP-4B. Results
from the EDE fluence tally and SDE/DDE energy
deposition tallies were in agreement and compare
favorably to measured and referenced values. For
measurements, operational considerations may preclude
obtaining a dose quantity at small distances relative to
the size of the source. Although calculations may yield
the desired information, care should be taken when
presenting these dose quantities at such distances.
Heating tallies are recommended for such dose quantity
estimations.

eFluence was tallied on spherical surface of l-cm radius
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