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INTRODUCTION

The problem of scattering and absorption of gamma rays has
occupled many investigators for over half a century. Some of
the theoretical aspects of scattering and absorption of these
rays have been discussed by Compton (3), FPermi (5), Green (9)
and Heltler (11). #ven though theory 1s well developed and
completely deseribes the interactions of gamma rayes with
matter, it leaves much to be desired when practical problems
arise in shielding of nuclear reactors and other sources of
radiation (1, 7, 10). The difficulty arises from the fact that
theory develops relations on the basis of single interactions
between a photon and an electron and it does not account for
such factors as buildup and multiple scattering.

In this investigation, an attempt has been made to find
the extent of such complications in secattering for a barytes
conerete block measuring 2x2xl, inches, Particular attention
was given to the scattered radiation emerging from the corners
of the block. This was done in order to determine if the
presence of the corner had any effects on the multiplicity of
such scattering.



REVIEW OF LITERATURE
Interactions of Gamma Rays with Matter

Gamma radiation is the name given to the eclectromagnetic
radiation originating at excited nuclei of some radiocactive
materiale. Oamma rays are identical with X rays and the two
cannot be distinguished from each other. The only difference
between the two comes from the fact that X rays have their
origin at the electronic shells of an atom when the electrons
undergo changes in energy states, while gamma rays are emitted
directly from changes in energy states in the nucleus. Pigure
1 displays the electromagnetic spectrum of radiation in terms
of photon energy and frequency in cycles per second (13).
Since gamma radiation occurs at the higher end of the spectrum
in terms of frequency and energy, its effects on humans as
well as materilals become damaging. This 18 to be contrasted
with the essentially harmless radio waves that fill the air.

Due to this fact the detection and evaluation of gamma
ray interaction with matter has occupied many investigators
for over half a century.

In the follewing pages an attempt has been made to
summarize some important aspects of gamma rays with emphasie
on their scattering properties. PFor more detalled analyesis of
the penetration of gamma raye, the reader might refer to
Avery (1), Grotenhuis (10), Goldetein (7) and Ruddy (19).
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Figure 1. The electromagnetic spectrum on a logarithmic frequency (Energy) scale



There are three primary mechanisma by which photons of
gamma radiation are sither absorbed or scattered.

Fhotoelectric absorption

The electrons which surround the nueleus are grouped
according to their binding energles into the K, L, ¥, ¥
ghells. Vhen the frequency (v ) of the incident photon is
increased from zerc, its energy, which 1s given by the

expression

E= hy

h = Plancks' conatant and

V= e/

¢ = epeed of light

= wave length of the inecident photon,

reaches a value corresponding to the binding energy of elece
trone in the K and L shells (5) where a large absorption of
photon energies oceurs. Thie absorption removes an amount of
energy from the Incident beam equal to the binding energy of
the electron in addition to any kinetic energy that may be
imparted to the eleetrons. This may be represented by the
equation

hl}' = KeEs + K‘h

where
hy =energy of the ineident photon



K.Be = kinetlic energy of the ejected electron

Egp = binding energy of an electron in the K shell.
The energy removed from the inecldent photon by photoelectrie
absorption is complete, & fect which requires this intere
action to take place with a bound K or L slectron where the

atom and the e¢jectsd electron can conserve momentum (}).

When the energy of the ineident photon is large compared
with binding energy of the electrons, such electrons may be
conslidered ae free electrons rather than bound as was the case
in the photoelectric affect.

The process glving rise to seattering of photons by a
free electron may be degseribed in the following manner,

An incident photon of energy ¥y collides with a free
electron which may be assumed to be initially at rest. The
scattered photon emerges at energy El less than Hg. In this
interaction it has been demonstrated that momentum iz cone
eerved (11) and that the energy of the incident photon is
related to the energy of the scattered photon and ite angle of
scatter by the equation

1+;§'(1«use}

where me? i the rest energy of the electron which is equal to



+51 mev. (Heltler).

In general, Compton scattering involves the outermost
electrons surrounding the atom. It therefore does not produce
any significant iateractions with K or L electrons ().

In addition to the above Compton formula which describes
the angular distribution of the scattered radlation, Klein and
Kishina (9) derived the following expreasion for the differe
ential cross section of an unpolarized incident beam of

photons.

2
r(84) = 3% /+cosd . £ (1 —cwssl) .
(e [/ v 5(/—:059)]3 (/ > co:zﬂ)[/ »~ 5(,_(0,527
where
oc—(a, ¢) = differential cross section per unit solld

angle in /electron for number of
photons scattered in the direction , and

b
where
By = incident gamma ray energy mev.

The KleineNishina c¢ross sectiona have been plotted for an
energy rvange of 10 kev to 500 mev by Nelms (16). One such
plot ia umoam;uoa in Pigure 2. Pigure 3 shows the same cross
ssction for 1.25 mev inecident photon energy, plotted on polar

coordinates.

Por an incident photon ¢f energy in the range of 1 mev,
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Figure 2. The Klein-Nishina cross section as a function of
angle and energy of the incident photon
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the differential cross section shows a uniform drop from },0°
to 80%, a fact which will be compared to the results of this

investigation.

For higher photon energies pair production becomes of
increasing importance in absorption of gamma ray radiation
{(5)s Here a gamma photon disappears and a positroneelectron
pair is produced. The condition giving rise te this absorp-
tion may be summarized by stating that when a photon passes
near an atomic nucleus, the strong electrie field in that
vieinity converte the gamma photon inte an electronepositron
pair which requires 2m ¢ for ite formation (17).

From this it can be seen that for every event leading to
pair production the incident beames suffer a loss of energy
equal to at least 2m,e? or 1.02 mev.

Por a clear understanding of this mechanism of absorpe
tion, quantum mechanics methods must be considered. This has
b#an done in Heitler (11).

Yass Absorption Coefficient

The mass absorption coefficient usually given in em®/gm
is defined as the fraction of photons not absorbed after
having passsd a distance X of some absorber (5). The distance
X 18 given in gm/em®,

If an incident beam of radiation is represented by the
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intensity I, and the emerging beam by I, then the fraction of
radiation not absorbed is I/I,. This fraction is related to
the mass absorption coefficlent by the equation

where L/, is the mass absorption coefficient defined above and
X is the modified distance term obtained by multiplying the
actual thickness of absorber, x, by its density. The unite
used must of course be consistent.

A relation betwesn the mass absorption coefficient and
the eross section per atom (5) may be derived as follows:

Given: An incident beam of gamma photons, I, per em® second
falling on area, &, of thickness, dx,

assume that an area B within, a, abgorbs all of the incident
photons. B ie then defined by

The number of photons absorbed per second i given by
Io(B/a) where B/a is the fraction of total effective absorbing
area to the total area, a, which the beam strikes.

By making a photon balance i. e. photon in - photon out+

absorption, we have
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I = I + I,(8/a)

or Ip = I +1, f;_!%é_x_ H
therefore, I, = I+ Iofldx.

Rearranging this we have

""“g';"' =0 Ndx = frection abgorbed.

The last equation may be written in differential form
%1 = = o Ndx

where 4I i# the change in photon flux., Integrating this we
have

geoem

which 18 the fraction not absorbed., The number of atoms i
given by the relation

,=+L§_i_um_i_um+,
em A gnm gmegtom

. ONe
therefore, -!l = & A rx
]
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by analogy with what was stated before where

oMo
e * &
The cross section o can be ealeulated for any specifiec
mechanism of absorption or scatter, such ag photoelectric
absorption, pair production and so on. Vvhen o i8 a come
posite of such mechanisme it is called the total cross
section per atom md’:bocma the total mase absorption

coefficient.
Barytes Concrete as a Shielding Material

¥hen the shielding of gamma rays is considered, we find
that only those materials that have & high atomic number (Z)
are truly effective in reduecing the strength of these highly
pomtntmg rays. Lead, which has an atomic number of 82,
has been one of the primary gamma ray shislding materials.

However, when a wall 15, 25 or 30 feet high iz required for
shielding as well as for structural strength, lead fails to
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remain & very useful or practical material to use.

Steel, while having the structural strength, lacks the
property of casy workability. Therefore ite use ag a sube
stitute for lead reaches a practical limit of design require.
ments beyond which it renders itself useless.

Under such conditions the utilization of concretes
becomes eignificant. Stone, sand and cement are available
almoet anywhere. Thisg, along with the ease with which cone
erete can be made to fit a varlety of ehapes, makes it a very
attractive and relatively inexpensive material with which to
work (12, 20). 1ts only disadvantage is the great thickness
that is required for the adequate shielding of strong gamma
ray fluxes, However, its workability, adaptability, strength
and low coest per unit of shielding are characteristics in its
favor.,

Tirpak (20) was firet to study the feasibllity of using
high density conerete by utilizing barium sulfate aggregates
known as barytes. This work was conducted at the Oak Ridge
National Laboratories with the expectation of produecing &
heavy conerete having a shielding potential of 50 percent
beyond that of ordinary concrete. Tirpak's investigation was
successful in producing a mix eriteria for a satisfactory
heavy conerete (220 pounds per cubic foot). Based on hie
experiments, he reported that barytes concrete can be used
for cell construction and for shielding purposes, provided it
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is not submerged in water or exposed to continucue hesavy

washing action.

The better grades of barytea, obtained from Sweetwater,
Tennessee, contain at least 90 percent BaS0). Table 1 (6)
gives & partial chemical analysis of the aggregate. Table 2
(6) gives the gradation, density, specific gravity and the
percent voldes of the same aggregate. The higher concentrae
tion of iron in the fine aggregate 1s due to iron oxide
?6303;

The larger barytes aggregates, i. e, above 3/4 ineh
sizeeg, have a tendency to break up along eleavage planes.
Thus under pressure this material will crumble into smaller
pleces.

The finer aggregates, 1. e. 3/ inch maximum size have
excellent strength. Hence when & mixture of the two aggree
gates (fine and coarse) is correctly chosen, a concrete of
satisfactory strength may be produced.

Barytes 18 not found to contain or absorb appreciabdle
amounts of water. In a recent publication from the Oak Ridge
National Laboratories, Grantham (8) reported the following
characteristics of barytes mined at Cartersville, Georglas
a. Saturatedesurface dry specific gravity L.13

b. Saturatedesurface dry Hp0 content .85% by wt. of
oven dry
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Table 1. Partial chemical analysis of barytes aggregate

.

Coarse Pine

Component Weight # Veight %
Bas0), 95.9 81.6
Pe 1.0 9;8
Ca n5 «9
02 1.3 6.2

Table 2. Physical propertics of Sweetwater, Tennessee,
barytes aggregates

Sieve Sisze 4 g::::;g % P::::ng
1 inch 100

3/4 iach G0«100

3/8 ineh 20-55 100
No. 4§ 0«10 95-100
No. 16 45«80
No. 50 10«30
No. 100 2«10

Wweight per cu. ft. 162 1b. dry 159 1b, dry

rodded rodded
Speeifie Gravity he2 4.0
Voide 38% 35%
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e g:am dry water content .17 percent by welight of oven
J

d. Ratlo of roomedry weight to saturatede-surface dry
welght «9933

Barytes obtained from the Western parts of the United States
wag found to contain alkallereactive opal and chaleedony (6).
These impurities react destructively in concretes containing
high alkali cements and eventually cause the conerete to fail
due to expansion cracks. Because of this it has been recome
mended (6) that all barytes aggregates be tested for those
impurities. If they are found to contain more than .2i pere
cent by weight opal and 5 percent by weight chalecedony, their
use should be limited for use in low alkaline econtent

cements.

Properties of barytes concrete
The phyaical properties of barytes conerete have been

inveatigated and the results are available in U. 8. Atomie

Table 3. Physical properties of barytes concrete

Barytes ardlﬁlr;*
Density g/em3 3.5 2.3
Density 1b./ft3 218 4
ggug:;:n;:g strength after 3860 1500
gzgjggln‘ggﬁg;ti:1§00°? 1.0 1.0

Specific heat Btu/ib., °F .123 «156
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Inergy Commission publications. However, it might be
mentioned here that barytes conecrete has properties very much
like ordinary concrete () as shown in Table 3.
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EQUIPMERT

The squipment used in thie investigation consisted of
the following:

The Iowa State University radiation facility (14): this
getup provided a fine beam of gamma rays (approximately 1/4
inch in diameter) from a 1.3 curie Co-(0 source. The source
is housed in a concrete block near the floor of the room,

The source ig raised by a motor, spur gear and rack apparatus
into an upper cylindrical lead container 16 inches in dlame
eter. Thie upper lead housing provided six beams of gamma
rays, one of which was utilized for this investigation.

Single channel analyser and scaler: for the detection
of gamma ray spectrusm & sodium lodide, thalium activated
1 inch in diameter by 1 inch deep scintillation crystal was
uged with model 1810 single channel analyzer and model 181.A
scaler all made by Wuelear Chicago.

Collimater:s a lead "brick" measuring lixix8 inches with
& 1/} inch dlameter hole drilled through it was used to give
& sharp gamma ray beam. This was done by allowing the
emerging beam to pass through it before striking the barytes
conerste block.
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PROCEDURE
Determination of Scattering Propertice of Barytes' Conerete

The main cobjective of this Investigation was to observe
in detall the gamma rays that are scattered at angles ranging
from 20° to 75° measured from the direction of the incident
beam. To facilitate this, two geometries were used as dise

cussed below.

Geometry Ia

4 1.3 curie gamma beam spproximately 1/L inch in diame
etor was employed to atrike a barytes concrete block
measuring 2x2zl; inches. The sodium fodide (Th activated)
erystal measuring 1 inech diameter by 1 inch deep was allowed
to view 1/2 inch of the sample at every angle. This was
accomplished by the use of lead blocks positioned as shown
in Pigure 4. At any given angle a plane of scattered
radiation 1/2 inech wide reached the crystal.

Geometry Ib

The above geometry was kept constant, except that one
other barytes concrete block was placed beside the first one.
This 1s shown in Figure 5.

Geometry I1a

Por this geometry the plane of radiation reaching the
erystal was narrowed to 1/) inch and the conerete block was
altered. Its corner was rounded to & radius of 2 inches.
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See Pigure 6.

Qeometry IIb

For thie geometry the plane of radistion reaching the
erystal was 1/}, inch and the conerete block was cut down to
1/2 ineh thickness. See Figure 7.

For the above geometrles, the total undiscriminated
activity of the scattered gamma-ray beam wag measured at
angles from 20° to 80°, The activity was then plotted va.
angle on semi log paper.

The gamma ray energy apectrum wasz observed with the aid
of a single channel analyzer at 10° intervals begimning with
20° and ending with 809, ‘The geometry used was essentially
that of Geometry I. These results are shown in Pligures 10
through 16.

The mass abgorption coefficient of barytes concrete of
density 3.4 gm/em® was also determined., For this, seven
blocks of this concrete were placed in a row and the total
activity noted aftor each one was removed, These blocks were
surrounded by lead walls on both sides., The geometry used
was essentially that of Geometry II. The results of activity
ve. absorber thickness are shown in Figure 17.

Evaluation of Background

The background activity was measured at every angle,
This wae done by blocking the chamnel of lead leading to the
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erystal with a lead block, after removing the sample conecrete
block. Everything else wag left unchanged for every geometry
which wag used.

¥ix Criteria for the Barytes Concre*e

In making the barytes concrete blocks the following
factore were considered,

The use of small amounts of water and cement is neces-
sary for high density conerete (6, 7, 20). Thess¢ materials
are less dense than barytesj therefore, they should not be
used in more quantities than is necessary.

The use of large quantities of fine barytes is not
recommended since this leads to an increase of surface area
and would necessitate the use of more water and more cement
to bind the mixture. All of these factors tend to reduce the
density of the final mixture.

The exclusive use of coarse barytes is not recommended
even though it increases the density. The larger aggregates
show less strength and durability than the finer aggregates.

An effort was therefore made to combine the above
opposing factors in order to give a satisfactory concrete
mixture. The proportions used to make 24 blocks of 2x2xi
inches size were as follows:

Type one cement (15) ; pounds

Swee twater, Tennesgsee
barytes aggregates 42 pounds
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Water 2.3 pounds
This gave a concrete of density 3.4 gm/em3 and of compression
strength 2500 psi. The difference in water content between
samples placed in 100 percent environment and those at ordle
nary room conditions was approximately 2 percent.

Table 4 shows the sieve analysie of the aggregates used.

Table 4. Sleve analysie

Sleve size £ Retained 4 Paseing
3/ ineh 0 100

3/8 inch 33.8 66.2
No. 4 40.8 59.2
No. 8 579 2.1
No. 16 he3 25.7
No. 30 87.1 12.9
No. 50 92.7 ‘Te3

99’? 0. 3
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RESULTS AND ANALYSIS OF DATA
Plateau Formation

As stated in the procedure, two main geometries were used
to examine the scattered gamma rays through angles of 20° to
80° from the direction of the incident 1.3 curie Co-£0 gamma
beam. Curve 1 of FPigure 8 shows the result for Geometry ZIa.
An examination of this curve reveals that the total undiscrime
inated activity decreases along & straight line from 20° to
4,0°, Between ,0° and 60° a flat reglon develops. Beyond 60°
the curve drops along & straight line until an angle of 75°
is reached.

Recalling that the barytes conerete block measured 2x2xl
inches and that its corners were situated at 5° to either
side of the incident beam, one might hasten to associate this
corner with the occurence of the plateau. One might also
observe that at 5% the oblique distance from the point at
which the ineident beam strikes the block to where scattered
photons emerge 18 & maximum. Hence the plateau could be
attributed to build up as well.

Such speculations led to Geometry Ib which eliminated the
corner effect at [5°, Plgure 5, Here, as was pointed out
before, another concrete block was placed adjacent to the
first one used. The result of this change 18 indicated by
Curve 2 of Figure 8. Thie curve shows a similar but emaller
plateau up to 55°, Beyond 55° it drops much faster than
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Curve 1 due to an inerease in the oblique distance. It might
be noticed that the two curves coincide at angles delow L5°
as expeected,

Comparison of the trend of the results obtained up to this
point with the theoretical predlictions indicated by Klein and
Wishina in Welms (16) may be obtained by plotting Curves 1 and
2 of Pigure 8 on polar coordinates. Such comparisons are justie
fied due to the fact that the activity obtained is proportional
to the cross section. Another comparison may be made directly
by referring to Figure 2 which shows & plot of the differential
eross section per slectrons vs., angle (16). In any case, such
comparisons show that the occurance of the plateau 1s not
predicted by the KleineNishina equation., Since the Kleine
Nishina equation does not account for multiple secattering, the
differences in the shapes of the curves gives an indication of
this multipliecity in scattering. The results of Geometry Ib
excluded corner effects as & possible reagon for plateau formae
tion, there remains the oblique distance variance and the build
up associated with 1t to be considered.

Geometry IIa eliminates oblique distance variance and any
change in build up assoclated with it, by virtue of the fact
that the corner was rounded to a radius of 2 inches. Wore
attention was glven here to sereening out any possible scatter
from other parts of the block by first allowing a plane of
radiation 1/} inch wide to reach the erystal and by inereasing
the length of the lead channel from 8 inches to 16 inches. The
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results obtained are shown by Curve 1 of Flgure 9a.

The fact that the plateau occurred here also might lead
one to speculate that the thickness of the conerete block may
be involved. Thus we are led to Geometry IIb where the thicke
ness of the sample was reduced from 2 inches to 1/2 inch,
everything else was identical with Geometry Ila.

The result of this is shown by Curve 2 of Pigure 9a. This
curve does not show a plateau. Therefore, unless the platesu
is & result of some effect not included in this study, it 1es
logical to conclude that 1t is a function of thickness of the
block within the limite of the geometries used.

As thickness of the block inereases, the number of
scattered photons having shorter path lengthe increase also.
Path lengths are defined here to mean the distance between
collisions that any photon might undertake. These photons show
an inerease in the transmitted radiation between 40° and 60°,
This increase may come about because of the following reasons.
Pirst, at small angles, 1. e. angles between O and 35°, the
transmitted radiation is high. The secondary photons, 1. e.
those having shorter path lengthe do not contribute enough
radiation to change the shape of the curve in this region
appreciably. Secondly, at larger angles, 1. ¢. those beyond
60°, the probability of an initial scattering decreases ace
cording to the KleineNishina distribution shown in Pigure 3.
This fact causes the secondary collisions at those angles to

decrease also, Therefore we are left with a region between
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these two extremes where the secondary photons seem to dominate
the transmission to a degree high enough that it could be
detected.

The resulte obtained for the gamme-ray spectrum at }5°,
50° and 60° support the above explanation. Here we notice that
the relative pesks of the normallzed spectrumecurves do not
fall off as one might expect from the Klein-Nishina distri.
bution., Some etagnation or piling up of gamma photons is
evident at these angles. This fact ssems to indlcate that
some primary photons are beling scattered down into this energy
range thue contributing to the amount of transmitted radiation.

When the significance of some of the experimental points
in Pigure 8 and Pigure Ga seemed critical in the determination
of the plateau, the geattering at different angles was measured
again, The set up used was similar to that of Ceometry II
except for the diatance between the detector and the concrete
block. This distance was decreased so that a higher count rate
may be obtained. One conerete block, two concrete blocks, a
rounded edge conerete block and the 1/2 inch concrets bloek
were placed in the path of the gamma beam in succession. Thus
four points were obtained per angle from 25° to 75° The
resulting curves are ghown in Plgure 9b, These are in agreement
with what has been dlgcussed previcusly. All curves show a
plateau except the 1/2 inch sample where the curve is almost a
straight line.
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Figure 10.

The scattered gamma-ray spectrum at 20°
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Figure 12.

The scattered gamma-ray spectrum at 4O°
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Figure 13. The scattered gamma-ray spectrum at 45°
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Figure 15. The scattered gamma-ray spectrum at 60°
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Spectrum of the Scattered Fhoton

Utiliszsing the Geometry la, the scattered gamma energles
were found with the aid of a single channel analyszer, The
results are shown in Pigures 10 through Pigure 16.

Table 5 shows the experimental peak energies at 10°
intervals from 20° to 70° as well as the caleulated peak
energlies from the equation

1 +fzu.c«e)

where 1 1s the energy of the scattersd photon, E is the energy
of incident photon taken as 1.25 mev for Co=00 and ) is the
angle the scattered photon makes with the incident photon.

A® may be seen, the experimental results are in agreee
ment with what is predicted by the Compton scatter equation.

The eignificance of this part of the investigation lies
in the fact that while we are not able to use the differene
tial cross section per electron to predict aceurately the
behavior of the scattered photons due to multiple interace
tions of the photons, we find that the measured psak energles
at these angles as well as all others to be almost in perfect
agreement with theory.
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Pable 5. Caleulated and observed scattered photon peak

energzics
1n Ggpess Y |
20 1087 1030
30 936 915
40 788 765
45 723 695
50 660 645
60 555 525
70 h72 455
80 408 Los

Hase Absorption Coefficient
The mase absorption coefficlient 4, in em? per gram is

always important in radiation attenuation caleculations. For
barytes concrete it has the value of .05 em?/gm.

This value was arrived at from the slope of Figure 17
which represents counts per minute ve, absorber thickness in
inches of barytes concrete. The value .05 om?/gm was
obtained consistently when several runs were taken with
different blocks selected at random from a total of 2l
blocks. Walker (21) reports a value of approximately ,052
for a barytes concrete of demsity 3.39 gm/em’ which is in
good agreement with that determined here.
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CONCLUSIONS

This investigation has shown that the scattered gamma
rayes emerging from & barytes concrete block measuring 2x2xl
inches decreases in intensity in a manner which is expected
from the KleineNishina distribution up to 40° Prom 40° to
60° a plateau forms indicating & piling up of gammas in this
region., This plateau is a function of the thickness of the
block only for the Co=060 1.25 mev ineident beam, Ite occurance
is thought to be caused by gamma rays having shorter path
lengths which seem to dominate the transmission at the larger
angles up to 60°, As the angles continue to increase the
probability of scattering decrcases also, thus causing multiple
scattering to decrease. This leads to an eventual disappearance
of the plateau. Therefors, when this material is considered for
the shielding of gamma radiation under the conditions of narrow
beam geometry, particular attention should be given to potentie
alities of secondary and multiple scatterings of these rays.

Direct comparison was not made between the actual intene
sity of the emerging radiation at different angles and those
predicted by theory or other methods of caleculating gammaeray
penetrations, Hmphasis was placed on the trends of the
experimental resulte as compared to what is expected from the
Klein-Nishina distribution of the scattered rays. The Kleine
Hishina distribution applies only to very thin targets. Hence
the deviations observed by examining the relative peak heights
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of the spesctrum curves is a measure of the extent of the
deviations from purely theoretical considerations. These
same deviations are reflected in the formation of the plateau.
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