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With the publication of Volume II, “Shielding Materials”, the E ngineering Com-
pendium on Radiation Shielding has been completed. More than ten years of work
resulted in a publication which summarizes the present state of the art in the very
complex field of radiation shielding. More than a hundred specialists have contri-
buted to this endeavour by making available to the shielding workers their ex-
perience and knowledge, and by collecting relevant data scattered around in many
hundreds of journals and reports. The IAEA and the editors hope that the Com-
pendium will be a valuable source of information to the user and that it will serve
as a reliable guide to all those engaged in shielding problems. They wish to extend
their sincere gratitude to all authors for their cooperation, in particular to Prof.
H. E. HUNGERFORD for his most valuable and unselfish assistance without which,
publication of this volume would have been further delayed. They also wish to
express their appreciation of the excellent work and of the patience shown by the
staff of Springer-Verlag.

' Horst H. Eisenlohr

IAEA, Department of Research and Isotopes
Coordinating Editor



Preface

The utilization of nuclear energy makes great demands on the knowledge of the
engineers engaged in design work and calculations relating to construction in nuclear
industry. Apart, of course, from nuclear reactors themselves, a great deal of nuclear
experience is involved in the design and construction of radiotherapy centres, non-
destructive testing laboratories, partlcle accelerators, radioisotope laboratories and
nuclear research plants. ’ ’

Whereas in the USA there appears to be no great’ dﬂerence in the methods of
training personnel for fundamental or for applied science, European universities draw.
a sharp dividing line between the two fields. However, if we consider graduates solely
from the point of view of their activities at their place of employment, two types of
personnel can be distinguished: scientifically oriented research workers and those
with a more technical and practical backgroiind who are looking for rational and rapid
methods and solutions, even at some expense in térms of accuracy.

The Engineering Compendium on Radiation Shielding endeavours to cover both
approaches, the scientific and the technical. Volume I was devoted to the fundamental
aspects of shielding, while Volumes II and III discuss its technology.

The present volume bears the title Shielding Materials and constitutes the ninth
chapter of the Compendium. It covers the nuclear, physical and mechanical properties
of shielding materials. The materials are described in the first two sections from the
points of view of gamma radiation shielding alone and of combined neutron and
gamma radiation shielding. It has not been possible for the editors to maintain this
division without some compromise, although the editor of Volume II has made every
effort to comply with the original intentions. Even though their physical properties
make heavy elements not really suitable for neutron shielding, these properties have
been included since heavy elements are often used in combination with other materials
for the construction of protective shielding and nuclear reactor walls.

The third section of the book discusses laminated shields, while the last two sections
present the effects of high temperatures on the relevant properties of concrete, and
discuss the question of the proper choice of shielding materials.

This second volume of the three-volume work has been published last. Its later
publication was caused partly by the great difficulty experienced in obtaining realistic
tigures, which are treated as classified data in a number of countries, and partly by
the fact that the cooperation of the authors in some chapters was  impeded by problems
of technical translation.

The editor would like to express his sincere thanks to the representatives of Springer-
Verlag for their helpfuiness and cooperation. Their patience, which often went far
beyond that usually called for in publishing, is gratefully acknowledged.

Brno, March 1975

Arnost Hénig
Editor of Volume II
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Chapter 9

SHIELDING MATERIALS
9.1. MATERIALS AGAINST GAMMA RAYS

9.1.1. LEAD AND LEAD ALLOYS
by E. E. HaMER and A. E. MCARTHY

9.1.1.1. INTRODUCTION
Pure lead is a soft, structurally weak, low melt-

ing point (327.4 °C) material with a density of i

11.34 g/cm3; it is an excellent attenuator of gamma
radiation. Normally, alloying reduces the density
and therefore its shielding effectiveness, but the
structural properties are significantly improved.
Lead is attractive as a shielding material against
gamma radiation because of its low cost-to-density
ratio, the variety of forms available, and the
numerous fabrication methods that can be used.

9.1.1.2. OCCURRENCE AND EXTRACTION

The earth’s crust is calculated to be about
0.00169, lead. The only ore of commercial import-
ance is galena (PbS), which is usually found asso-
ciated with iron, zinc, and silver minerals. Second-
ary lead is presently recovered in tonnage that is
about equivalent to primary lead production.
Lead has a high salvage value because of its good
resistance to corrosion and the comparative ease
with which it may be recovered from scrap materials
by smelting and refining processes [7].

9.1.1.3. PROPERTIES
A. Nuclear Properties

Tables 9.1.—-1 and -2 compares thicknesses and
weights of lead and five other materials for equi-
valent gamma-ray shielding.

Table 9.1.~1. Equivalent thicknesses of various materials per unit lead thickness,
for several gamma-ray energies [2]9)

Table 4.1.-3 (Vol. 1, p! 175) lists values of the
gamma ray mass-attenuation coefficient u/, [cm?/g];
Table 4.1.-9 (Vol. I, p. 183) lists values of the
mass energy-transfer coefficient ux/p, and the
mass energy-absorption coefficient, u,,/0.

Figures 9.1.-1 and -2 and Table 9.1.-3 show
the exposure-attenuation factors for broad-beam
gamma radiation of a point isotropic source in lead
for various enetgies of incident gamma radiation
as a function of the lead thickness [3].

The exposure-attenuatiotr factor X can be used
to obtain the gamma radiation dose rate I from
a pointisotropic source throughaspecified thickness
of shielding » in accordance with thie equation

K = I{Iy = Be-#r,
where ‘
I, gamma ray dose rate for an unshielded point

isotropic source at the specified distance,

B Taylor buildup factor for the material thickness
being considered and the photon energy of the radiation
source, . :

p attenuation coefficient of the shield material for
the source radiation [cm™1].

Figures 9.1.-3 through -18 show the shield
(exposure)-attenuation factor, a;, for the radiation
dose rate as a function of the lead shield thickness
for a large number ¢f radioisqtopes and certain
isotope combinations [4]. Included are curves
(Fig. 9.1.-18) for mixed fission products (MFP- )

for 5and, 10 mean free paths of lead,

18]

Energy Iron Water Concrete

(MeV] (ut)pp = § (u?)pp = 10 ()b =5 | (ut)pp = 10 (t)pp = § (48)Pp = 10
0.10 21,0 — — - — —
0.5 3.9 3.6 328 27.8 - -
1.0 2.2 2.1 16.0 14.3 7.2 6.6
2.0 1.8 1.7 12.» 11.6 5.6 5.4
3.0 1.8 1.8 13.3 12.5 5.9 5.7
4.0 1.9 1.9 15.0 14.2 6.7 6.4
5.0 2.1 2.0 17.1 15.9 7.5 7.2
60 2.3 2.1 19.3 17.9 8.5 8.0
7.0 2.4 2.3 21.6 19.9 9. 8.8
8.0 2. 2.3 23.8 21.9 10.0 9.

*) Differences in equivalent thicknesses over 5 and 10 mean free paths is attributable to différences in buildup-factor ratios
for 5 and 10 mean free paths. Multiply any given lead thickness by the values given in the table to obtain the equivalent

thickness of iron, water, and concrete.
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2 9.1. Materials against gamma rays

Table 9.1.-2. Comparison of gamma attenuation properties of various materials by thick-
ness and weight [ /]

Buil&up of lower energy radiation not taken into account.
(11b/sq. ft = 4.882 kg/m?- ' I"/cu. ft = 16.02 kg/m?)

1. Relat kness
Densit Shield thickness [ft]
Material ensity
[1bs/cu. ft] 0.2 MeV 0.5 MeV 1.0 MeV 3.0 MeV

Concrete 144 2.5 4.1 5.4 9.1
Heavy concrete 288 1.13 2.05 2.7 4,55
Iron 450 0.7 1.26 1.75 2.91
Lead 707 0.071 0.44 0.95 1.63
Tungsten 1200 0.054 0.30 0.60 0.985
Uranium 1170 0.038 0.22 0.52 0.91

Slabs of these thicknesses will attenuate radiation by 101, i, e., for a spherical source 1 foot in radius,
radiation 10 feet from center of source i. attenuated bv 1 /'3

2. Effect of geome:.. . .. weight
Shield weight in pounds
Material 0.2 MeV 0.5 MeV 1.0 MeV 3.0 MeV
A B A B A B A B
Concrete " 380 22 500 590 79 200 780 | 157100 | 1310 | 619 000
Heavy concrete 325 10 150 590 32900 - | 780 59900 | 1310 | 205 000
Iron - 315 7370 568 19900 | 780 37600 | 13:0 | 111 000
Lead 50 68 310 5880 670 19 000 | 1150 50 900
Tungsten 65 814 360 6010 720 15 540 | 1180 34 200
Uranium 45 76 253 3 990 605 12290 | 1070 29 200

Column A gives lbs/sq. ft of slab perpendicular to radiation; Column B gives total weight of
spherical shield. Thickness as above.
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9.1.1. Lead and lead alloys
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9.1. Materials against gamma rays

Note: Attenuation factor .3480 09~ read: 0.3480-10~%
1.0

08

Exposure attenuation factors I/I, for broad beam gamma radiation of a point isotropic source in
a6

lead (p=11340 kg/m?) in dependence on the energy of incident gamma radiation E, [3]
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9.1.1. Lead and lead alloys
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Note: All curves are for bremsstrahlung.
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