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Abstract—A right circular cylinder, 30 cm in diameter and 60 cm in height, was assumed to
be composed of standard soft tissue, and dose as a function of penetration depth was computed
for plane beams of incident neutrons. Data are presented for monoenergetic neutrons of
various energies up to 14.0 MeV as well as for the neutron spectrum from the Health Physics
Research Reactor (HPRR). The calculations were of a Monte Carlo nature using a slightly
revised version of Snyder’s linear energy transfer (LET) code.(» New LET curves were ob-
tained for C, N, O, B, Be, protons, tritons, and alpha particles, and recently obtained values
of cross sections for these same elements were used with the code.(® Many previous theoretical
treatments of similar problems tended to ignore inelastic scattering reactions due to (1) the
complexity of coding, (2) the difficulty of obtaining appropriate inelastic cross sections, and
(3) inadequate “‘fast memory” capacity of many computational machines. Results of these
calculations were compared with (1) those for the infinite slab 30 cm thick in the National
Bureau of Standards (NBS) Handbook 63, (2) those obtained for a burro cadaver exposed to
the neutron spectrum from the HPRR,(® and (3) those presented by Auxier et al.,( in their
description of a belt containing various radiation detection devices to be used in the determina-

tion of the orientation of persons exposed to unscheduled criticality excursions.

THe Monte Carlo Linear Energy Transfer
(LET) code used by Sunyder in previous work ¢,
has been modified and extended so that a more
realistic treatment of various exposure situations
is now possible. New stopping-power data®
have been obtained for ions of C, N, O, B, Be,
protons, tritons, and alpha particles, and are
shown in Fig. 1. These curves are similar to
those previously used by Snyder® for ions of
C, N, O, and protons, except the low energy
tail is now assumed to fall as the inverse power
of velocity rather than the inverse power of
energy. The code has been extended to include
neutron inelastic scattering reactions in which
the emitted neutron is assumed to come off
isotropically in the center of mass system. For

* Research sponsored by the U.S. Atomic Energy
Commission under contract with the Union Carbide
Corporation.

elastic scattering, preliminary calculations were
made for incident neutron energies of 7 and 14
MeV. An energy cutoff of 2.5 MeV was used
to determine the maximum influence of the
assumption that all reactions were of an iso-
tropic nature. The phantom is shown at the
bottom of Table 1, and the results of the calcu-
lations are as shown in the table. Although
the errors due to the assumption of isotropy are
well within the bounds of the values of the coef-
ficients of variation given in columns 4 and 6,
the calculations, for the elastic case, were made
without this simplifying assumption. Cross-
sections used in the code were presented by
Auxier (a complete discussion of the 33 nuclear
cross-sections would be much too extensive for
this paper) in his paper entitled “Neutron Cross-
Sections and Reaction Products for H, C, N, and
O for the Energy Range from Thermal to 15
MeV?”, and calculations were made for various
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DOSE DISTRIBUTION FUNCTIONS FOR NEUTRONS AND GAMMA-RAYS
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F1c. 1. Stopping power for recoil ions in soft tissue.
monoenergetic neutron beams as well as the
Health Physics Research Reactor (HPRR) neu-.
Ol T g tron spectrum. @ ® The HPRR is an unshielded
- J  critical assembly of enriched **U® producing
= -4 neutrons having the spectral distribution shown
i P 7 in Fig. 2. The exposure situation was assumed
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Fie. 2. Neutron leakage spectrum from HPRR.
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Fic. 3. Numbering of volume elements in the
cylindrical phantom.
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C, N, and O in the proportions found in stan-
dard, soft tissue. @ The cylinder was subdivided
into 150 volume elements, but due to geometrical
symmetry, only 60 different elemental exposures
were possible.

Table 2 shows the list of reactions that may
occur in the phantom and the contribution
averaged over the entire phantom from each of
the various reactions. From this it is evident
that many of the 33 possible reactions could have
been ignored since they contribute an almost
insignificant amount to the total dose. The
reactions are listed in three groups. The re-
actions in the first group, numbers 1 through 4,
are those of elastic scattering of neutrons by
the nuclei in the medium. The second group,
numbers 5 through 16, is that of the inelastic
type in which a nucleus absorbs a neutron and
is raised to an excited state and emits a neutron
or two, in the case of the C(n, 2n") reaction, and
one or more gamma-rays. The third group is
that of the absorption type, in which a neutron
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is captured by a nucleus and one or more
charged particles are emitted with or without
accompanying gamma-rays. .

The absorbed dose as a function of penetra-
tion depth, due to neutron reactions exclusive
of the neutron-produced gamma dose, and the
dose as a function of penetration depth, due
to neutron-produced gamma-rays, for represen-
tative energies are shown in Fig. 4. For instance,
the n and y curves for a specific energy could
be summed to obtain the total dose for a particu-
lar exposure situation. .

Dose equivalent as a function of penetration
depth is shown in Fig. 5 and was obtained
through the use of ICRP-recommended quality
factorst?) shown in the inset of this figure.
The absorbed dose was separated into 12 LET
intervals, and quality factors denoted by the
arrows, representing the mean quality factor
for that particular interval, were used to com-
pute the dose-equivalent curves shown in ‘this
figure. The coefficients of variation for both the
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F16. 4. Absorbed dose as a function of penetration depth in a cylindrical phantom (30 cm x 60 cm).
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Fic. 5. Dose equivalent as a function of penetration depth in a cylindrical phantom
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rad and rem dose curves range from about 7%,
at the front where the volume elements are large 16*
to 229, at the center where they were much 1
srnaller to about 17% at the rear Wher.e .the : I.5em PENETRATION 13.8 cm PENETRATION 28.% &m PENETRATION
volume elements are large, but the statistical L T I L OEPTH e
parameters are influenced by the exponential T ks o b
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nature of the attenuation of neutrons. For the 3 R
spectrum from the HPRR, the coefficients of 2 L
variation range from 5% at the front to 40% 3 L -
at the center and rear. The determinant factor = .
here is the statistical nature of the energy of £ [ SRS L
the incident neutrons. g | 1 b
Figure 6 shows dose as a function of LET t "3 o
for incident neutrons of energies 2.5, 5, and ] || - e
. 1]
14 MeV at penetration depths of 1.5, 13.5, and il S
28.5 cm. This illustrates the changing LET | e
spectrum with both penetration depth and - BREEEERENT
. o —
energy. For example, the LET spectral distri- 1o TR I W

bution of dose for 5 MeV neutrons at a pene-
tration depth of 1.5 cm is not very unlike that
for 14 MeV neutrons at a penetration depth
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Fic. 6. Dose as a function of LET.
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of 13.5 cm. CQalculations of the above type
have been completed for incident neutrons of

representative energies between thermal and
14 MeV.
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