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Abstract

In order to calculate the dose eauivalent for
persons on the far side of an ordinary concrete
shielding wall from a plane parallel source of
neutrons, published monoenerpetic neutron data and

practical neutron spectra have been folded together.
Some interpolation of the monoenergetic neutron data,
both in energy and slab thickness, was required to
prepared the data for computation in steps of 50 e/em?,
The result is a set of useful dese-equivalent data for

walls as thick as 800 g/cm? used to shield particle
accelerators producing neutrons up to 100 MeV 4n
energy. A simple, empirically derived, analytical
expression for the dose equivalent for walls of 50 to

800 g/cm2 thickness is given with suitable constants
for neutron spectra produced by rore than 60 selected
examples of the following reactions: slow and fast
neutron induced fission, (y,n), (p,n), (%He,n), (a,f)
and fission (y,n).

Introduction

for rabbit stew that
Manv chefs never
In a similar fashion,
"First you measure {or
of neutrons incident on

There 1is a famous recipe
begins, "First you catch a rabbit,"
read beyond that first line.
this brief paper must begin,
calculate) the total number
each unit of area of an ordinary concrete shielding
wall surrounding a neutron source, such as an
accelerator." The material presented here allows a
calculation of the tissue dose~equivalent, due to both
neutrons and gamma rays induced in the shield at the
far side of a wall of thickness z (in g/cmz).

This calculation was undertaken to provide data in

a readily usable form for shielding designers. The
need for such information became evident 1in the
preparation of design guidelines for accelerator

facilities by Scientific Cormittee #22 of the Natiomal
Council on Radiation Protection and Measurement, and
the results will be used in that document, Multi-
collision dose-equivalent due to monoenergetic plane-
parallel neutrons incident on ordinary concrete walls
has been reported by Roussin and Schmidt( 1) (herein
after called R&S), R.G. Alsmiller et gi(z (herein
after called AMBE) and by Roussin, Alsmiller and
Barish( (herein after called RAB) for neutron
energies from thermal up to 400 MeV, Also, a largpe
member of workers have measured neutron energy spectra
and reported their results. A pood-sized sample of
these spectra, representative of thick tarpet
conditions, in the vicinity of 1 to 100 ‘fe¥ particle
accelerators have been taken from the literature. This
report gives the results of a straight forward folding
of gsome of these two types of data together.
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There are several factors, not discussed in this
report, which also influence the work of a neutron
shielding desirner, For the variation of enerry
spectra and neutron flux with anple, we refer the
reader to many of the articles given as references for
the neutron energy spectra. A recent study by one of
the authors(“) (ABC) has shown the importance of water

content and other constituents on shielding for
neutrons up to 15 MeV in energv. In this remort, only
a single silicacious type of concrete is considered

with a density of 2,31 g/cm2 and composition as used by

m&S and by RAB 1in units of 102} atoms per cubie
centineter as follows: H(8.5), €(20.50), 0(35,50),
Mz(1.86), AL(0.60), S1(1.70), €a(11.30) and Te(0.19).

This concrete has 5.57 water, hv weight. The location
of anv type of ducts or irresularities in the wall has
a strong bearing on neutrons shielding characteristics
and has been discussed in detail elsevhere(3),

1t should be noted that dose-equivalent 18 a
defined quantity without direct physical significance.
Neutron energy and gamma-ray energy are nhvsical
quantities, but the qualitv factor which relates these
quantities to dose equivalent 1s the result of
biological investigations., The set of fluence-to-dose-
equivalent conversion factors used by R&S, AMBE and PAB

is given in reference 1 and are consistent with the
information given in NCRP Report No, 38 .
This report 1is organized in 4 sections, The first

discusses the neutron energy spectra selected from the
literature for the calculations. The gecond presents
the monoenergetic neutron dose equivalent data derived
from R&S, AMMBE and NAB. The third section discusses
the dose equivalent calculations including an empirical
analytical fit to the resulting dose equivalent data,
The forth and final section presents a few comments on
the results obtained,

1. The Neutron Fnergy Spectra

To the extent that beam particle type, incident
particle energy, target material and target geometry
vary, the data taken from the literature can only be
considered to be a fair sample of the neutron spectra

to be expected under other circumstances. The spectra
used are listed in Table 1 where part (a) includes 3
fissfon cases( 7). and 3 (a,n) cases( 8); part (b)

includes 35 (p,n) spectra and a single (’He,n) case and
part (c¢) includes 20 bremsstrahlune induced (y,n)
spectra for a total of 62 spectra. In some cases
neutron enerpy spectra are integrated over all angsles,
but most of these data are for reutrnns leaving a
tarpet in a restricted anpular rerion. The constants
A, B, and € 1listed 1in these tables relate to the
empirical dose eauivalent expression to be discussed in
section TIIT, As the format and scale of the original
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Table 1
Neutron Sources and Related Dose Equivalent Constancs

Table la Incident Particle Particle Ref,
No. Particle Source Target A B [ No.
1 a Ra Be 1611 L3697 L4318 7
2 a Po Be .1618 ,3624 3458 7
3 a Pu Be L1620 .3593 ,3025 7
4 n(slow) fission 235y 1658 3857 .7290 7
s n th fission 235y 1629 .3824 6543 8
6 n fast fissior 235y 1632 .3506 .1990 8
Table 1b Proton Proton n angle Ref.
No, Energy Target to beam A B C No,.
1 8 c o L1615 .4096 1.031 8
2 9 c 0 L1609 .3686 .3913 8
3 1 c 0 L1610 .3956 .8178 8
4 12 c 0 L1609 .3926 ,7700 8
5 13 c 0 L1614 ,3910 7502 8
6 1 c 90 L1606 4172 1,181 8
? 12 c 90 L1628 ,4087 1,057 8
8 1 H,0 90 .1668 .4252 1,378 8
9 12 H,0 90 L1667 .4052 1.036 8
10 13 H,0 90 L1661 .4078 1.074 8
11 10 Mg 0 L1653 .4234 1,333 8
12 11 Mg i L1643 .4140 1,161 8
13 12 Mg 0 L1640 ,4090 1.074 8
14 14,0 Al 10 L1631 ,3441  .1323 9
15 15.7 Al 10 L1620 .3396 .06872 9
16 16.3 Al 10 L1621 .3401  ,07353 9
17 16.5 Al 10 L1625 .3400  .07496 9
18 18.0 Al 10 L1620 .3392  .06556 9
19 18.5 Al 10 L1632 .3415  ,09840 9
20 20 Al 10 L1624 ,3397  ,07029 9
2 10 s1 0 .1623 4265 1,371 8
22 11 si 0 L1632 ,4140 1,140 8
23 12 s1 0 L1635 ,4120 1.111 8
2% 10 s 0 L1664 ,4256 1.391 8
25 11 s 0 1696 .4256 1,439 8
26 12 s 0 .1680 .4243 1,389 8
27 8 Ta 0 L1708 .4285 1,501 8
28 9 Ta 0 L1706 .4270 1,468 8
29 10 Ta 0 .1704  .4253 1,433 8
30 11 Ta 0 L1711 .4211 1,367 8
31 12 Ta 0 .1705 4207 1.348 8
32 13 Ta 0 L1701 4206 1,343 8
33 11 Ta 90 L1716 4250 1,443 8
3% 12 Ta 90 L1702 .4253 1.434 8
35 13 Ta 90 L1708 .4224 1,383 8
Table 1b 3He 3ge n angle Ref.
No. Energy Target to beam A B c No.
36 18 Cu .1630 .3780 ,5881 14
Table lc Brems. Brems. angle Ref.
No. Energy Target to beam A B C No.
by 16 Pt 90 L1722 ,4222 1,397 10
2 16 Pb 90 L1660 L4184 1,256 10
3 13 BL 90 .1680 .4212 1.325 10
4 16 g 90 L1704 ,4090 1,141 10
5 34 16p 55 L1619 .3428  .09096 11
6 34 i6g 93 L1615 .3662 1279 11
7 34 169 141 L1622 ,3488 .1669 11
8 45 238y 90 .1646 ,3893 .7646 8
9 S5 Be 67.5 L1575 ,2374 -,2266 12
10 55 Pb 67.5 .1585 .2697 1,207 12
11 65 12¢ 90 L1601 .2979 ,2126 13
12 65 169 90 L1600 3145 .2923 13
13 65 2hpg 90 L1606 ,2866 ,1543 13
14 65. 2751 90 .1608 ,2845 1446 13
15 65 28g4 90 L1596 .2942 .1717 13
16 65 40cqa 90 .1609 ,2904 1864 13
17 65 S9¢o 90 L1595 ,3217 ,2675 13
18 65 18l 90 .1607 ,3185 ,3681 13
19 85 Be 67.5 .1601 1941 .4703 12
20 85 Pb 67.5 .1582 .2506 L4734 12
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1, Neutron spectra

24, 10 MeV S(0°), 27,

a thermal reactor core and (6) a faster
core, Note that the faster reactor data is

on the high energy side.

, 8. 11 eV 1,0 (90°), 13.
. 18.5 Mev A1((10°), 21.

).

from beryllium hombarded by
« particles in (1) Ra-Be (2) Po-Be and (3)
sources, and fission spdctra from a (4) 235, (5)

Pu-Be

reactor

2, Neutron spectra produced by proton bombardment of
a number of targets obtained at angles to the beam
indicated in parenthesis: 1, 8 MeV C(0°), 7. 12

12 MeV

10 eV Si(0°),
8 MeV Ta(N°), and 35. 13
The neutron spectrum produced bv 18
MeV JHe incident on Cu 11 is plotted in curve 36.

spectra produced by bremsstrahlung

PE(90°), 5. 34 Mev l€0(55°),

90°), 9. 55 MeV BE(67.5°), 10.
11. 65 “ev 12c(90°), 13,
19. 85 MeV Be(67.5°), and 20,

8.

65

bombardment of the targets indicated with neutrons
emerging at the angles indicated in parenthesis:

45
55 Ma¥

Matr
85 MeV



drawings varies widely, selected samples of these input

data have beem replotted in Figures 1, 2, and 3 on
semi-log graphs so that ghape differences and
limitacions on some of the data can be appreciated.

The o source and fission spectra are included for
completeness though of 1limited use 1in accelerator
shielding situations.

II. The Moncenergetic Neutron Dose Equivalent Nata

The data in Table 4 is the tissue dose equivalent
per neutron due to both neutrons and the vy-rays
produced in the shielding concrete for each of enerpy
bing indicated. The original data used to prepared

this table _ came from the three sources already
mentioned( 1-3), Each had to be adapted to this
application,

R&s( 1 ) covered concrete-slab penetration by
neutrons in 22 energy groups covering the energy range
from thermal to 15 MeV and slab thicknesses to 642
g/cmz Similar data reported by one of the authors
(ABC)t 2 ) allowed extrapolation of this data to
thicknesses of 800 g/cm®. Interpolation in slab
thickness was used to tabulate these data in steps of
50 g/em?.

RAB( 3 ) extended the energy range by making
calculations at 25, 50, and 75 MeV for slabs as thick
as 1500 g/em?. AMBE( %) reported calculation for
$10; and 5% H,0 at 100 MeV, Since neutrons interact,
at such high energies, largely with individual
nucleons, calculations for such a simpliified material
may fairly be used for a concrete shield calculation.
RAB confirmed this by means of a calculation at 50 MeV
which showed little difference between a more realistic
concrete composition and the SiOZ-HZO model., The
results of these two calculations of dose equivalent
inside a shield were used to obtain dose-equivalent on
the far sgide of a shielding wall., A correction to
account for the droop in dose equivalent near the exit
surface due to a lack of backscattering had to be made.
This correction process 1is’ not precise 80 some
uncertainty 1s introduced in the results by this atep.
Since the energies used in the dose equivalent matrix
of this report are at 20, 32,5, 50, 70, and 100 MeV 1t
was necessary to interpolate, not only with respect to
thickness as was done in the case of the R&S data, but
also with respect to incident enerpy.

Table 2 may be employed with any plane parallel
incident neutron energy spectra to obtain the tissue
dose equivalent on the far side of a concrete shielding
wall,

III. Computation of the Dose Equivalent

The matrix multiplication used to fold the neutron
spectra f(E) into the dose equivalent matrix R(Z,E) is
1=27
D(Z) = ¢

i=1

£(B)) R(Z, By) A E,

The results obtained for about one-third of the spectra
are plotted in Figure 4 for values of Z ranging from 0
to 800 g/cm?, Dose in this case is in units
remecm?en”!,

The dose equivalent when plotted on a semi-log
plot tends toward a straight 1line at greater depth
which suggested the possibility of an empirical fitting
of the data by an equation of the form
2

Ln D(Z) = -A-102 - B-107! + C-1075

2 Z
2o Zy
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where 25 = 1 g/em?,

Using this expression as a basis function, a polynomial
least squares fit was made for the D(Z) data for each
calculated case. It was found that a reasonable
x2 could be obtained if the first and last data points
were dropped 8o, for this case, the values are listed
in table la, b, and ¢. Where values of N(Z) calculated
by this approximation are compared to the original data

differences of up to 187 are observed but the mean
difference 1is considerably less, Since D(Z) varies by
more than 10 decades for the walls considered, this

fit, which corresponds
g/cm?, 1s impressively
g/em?, Below 50 g/em
poasible,

W0 an uncertainty of about 10
ood 1in the region above 50
errors up to a factor of 3 are

Examination of the basis function makes it clear
that the first term establishes an incident plane
intercept, the second term determines the slope and the
third term applies a small correction to the slope.

IV, Comments on the Results

The first generalization about the dose equivalent
as a function of shielding wall thickness 1s that for
three cases, neutrons produced by fission, bv Be(a,n)
procesges and by (p,n) processes shielding thickness
required 1is very similar, Variations of 25
g/cm2 separate the extremes for (a,n) and fission
processes. Varlations of about 60 g/em? separate the
extremes for (n,n) processes. In sharp contrast to
this, (y,n) processes reauire shielding that is very
much a function of energy. For example, a shielding
wall adequate for a 16 MeV bremsstrahlung platinum
target must be doubled in thickness for an 85 MeV
brensstrahlung lead target producing an eaqual flux of
neutrons at the entrance plane. The dose equivaleat
calculated for the neutrons produced by bremasstrahlung
striking 238y are an understandable exception due to
the admixture of low energy fission neutrons produced.

Small changes in the energy of protons incident on
the target material, and 4in the angle of exit of
neutrons leaving the target material, seem to have only
minimal effect on the shielding requirements.

There 4s a lack of data (known to these authors)
on experimental determination of dose equivalent for
cases involving the inevitable mixture of neutrons and
x-rays leaving a thick concrete shield when higher
energy neutrons are incident,
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Figure &.
neutron spectra.
shown in (a).

Tissue dose-equivalent at the far side of a concrete shielding wall for plane parallel incident
fFission process and a-beryllium sources indicated by number are listed in Table ta and
(p,n) and (3He,n) data are shown in (b} and {y,n) data is shown in (c).

The concrete thick-

ness axls has been shifted by 400 g/cm? for (b) and {(c) in order to avoid confusion of closely spaced data.
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