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I, IRTRODUCTION

In the past ten years, a tremendous amcunt of work has
gone inte the investigstion of the attenuation of gamma
radiations The preblem of gamsa ray attenuation would be
relatively simple if 1t vere merely an absorptive reaction.
However, 1t is complicated greatly by the energy dependence
and by the variety of interacticns of gamma rays with mstter.
Because of the different types of interactions, the attenus~
tion of gamma rays does not lend itselfl particularly well teo
experimental determinations and the more detalled and exact
results have been deternmined theoretically.

With the advent of impreved counting technigues sub-
sequent to 1947, 1t has been possible to obtain more accurate
experimental results. However, most ¢f the experimenta have
been performed using a highly collimated beam of moncenergetic
gemma rays and recording the half thickness, or abserption
coefficients, of the absorbing materisl with regard tec the
total amount of electromagnetic radisticen issuing from the
material. Due te the various intersction processes, the
clectromagnetic radiation coming from the absorber covers
the entire energy range from the energy of the initiasl gamma
ray through the x-ray region.

The varistion ¢f the energy spectrum of gamma radistion
with increasing sbsorber thickness iz of particular interest
since this variation is not constant over the energy range.
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With the development ¢f improved gamma ray seintillation
erystals, photc multiplier tubes, and recording speectrometers,
it is possible to obtain a rather accurate gamma ray energy
spectrum using a fairly low intensity source of gamma radi-
ation.

Since gamma ray sources are not collimsted in normal
usey and since there is some debate as to the degree of cole
limation that can actually be obtained, 1t was deelded not
to eollimate the sourece in this investigation. This idea
led to a rather simple experimental setup closely approximat-
ing a te&aﬁlhﬂm detector being placed agsainst the cut-
side of a radiation shield. Lead was chosen as the absorb-
ing material, since it i3 the primery material used in gamma
ray shielding.

If the variations in the energy spectrum with absorber
thickness, using this setup, could be correlated with exist-
ing thecry, it would provide a relatively simple experimental
methed of determining information on the attenuation of gamma
radiation.
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11, REVIIW OF THE LITERATURE AND THECRX

Volumes of literature have been published on interac-
tions of gamma rays with matter. No attempt was made to read
through all of this material. a few of the more ace
cessible and aceeptable articles, dealing with the various
aspects of the problem, were chosen for review,

It would be rather pointless to attempt to cover the
detailed theory of the variocus gamma ray interactions.
Beferences to the detalled theory will be given and some of
the more important egquations and results will be shown.

4. General

There are several good refersnces on the fundamentals
of gemma ray interaction processes. For basic understanding
Fano (1), Friedlander and Kennedy (3), Kaplan (11), and Segreé
(19) present a comparatively simple appreach to the overall
preblem. Hedtler (&) gives a broader treatment of the prob-
lem but 1s more difficult to follows One of the latest
general works on the attenuation of gamma rays by Goldstein
(4) eontains excellent materisl in all phases of the problem:
ineluding primsry and secondary effects, recent mass absorpe
tion coefficients, and some methods of caleulation.

B. Photoeleetriec Effect

In the photoelectrie process the incldent photon trans-
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fers all of 4its energy to one of the atomic electrons, eject-
ing it with an energy equal to the energy of the incident
photon less the lonization energy of the eleetrons There-
fore, in order for the process to cccur, the energy of the
ineldent photon must be greater than the binding energy of
the electron, Since the binding energy of the electrons is
gmall for low & elemonts and inereases approximately as 22 ’
the photeoeleetric effeet is much more important in the higher
4 elements. When the eleetron is ejected from its shell in
the atom, an electron from the next ocuter shell drops inte
its place and a photen is emitted with energy equal to the
difference in binding energy of the twe electron shells.

When photon energles are large compared te the ioniza-
tion energy, the electron appears lightly bound and the photo
eleetrie process beccmes less probable, Heltler (&) shows
the quantum mechanical derivatien of formulas for the prob-
ability that a photon of a particular energy will underge
rhotoelectric absorption. Xaplan (11) gives the simplified
formule for the photoeleetrie eross section per atom

a0 = 8250130 WE (mgelmv )72 ()

where h7 1s the energy of the incident photon, n,na is the
rest energy of the electrony £ 18 the atomie number of the
absorbing material, and ’w is the Thompson scattering unit

B, = 877/3 (¢*/n6®)? = 0.665 varns (2)
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The values of o U obtained from this formula are only ae-
surate for photon energies in the neighborhood of 0.5 MHev
and mors rigorous formulas must be used for energles differ-
ing appreciably from this value.

€. Compton Seattering

The Compton effect is the scattering of photons by free
electrons. The main source of diffieulty in the caleulation
of gamma ray attenuation is caused by the change in direction
and energy ¢of the ineident photons in this scattering process.
Kaplan (11) gives the energy ¢f a photon scattered at a given
angle;

h 2
YV = 9‘! -y (3)
1+h Vofnea {(1-cos8)
or in terms of electron rest mass energy,
E - ()
' ® T, (i-ees®) |
1+8, ¢

The quantum mechanical development of the Klein Rishins
fermula for the probability that Cowpton scattering will oe-
cur is shown by Hedtler (£). The equation for tetal scatter-
ing eross section per electron i

1 +8

o Tol®) = 3/48, Y —2

o
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where E, is in electron rest mass units and §, 1s given by
fZquation 2. The differential cross seetion for seattering
by a given angle, per unit solid angle, is given by

(e = 1%5(!0/! +B/E, - m‘w a0 « (6)
.

Latter and Kahn (12) have compiled tables for the values of
the differential eross seetion and Nelms (16) made an exten-
sive set of graphs of Compton energy angle relationship and
the differential cross sections for various seattering angles
and initial photon energies.

From Equation 5, 1t ean be seen that the total scatter-
ing eross section per eleetron is independent of 7 and there-
fore the ecross seection per atom varies as 2. It ean also be
shown from this equation that the total seattering eross
section increases with inereasing photon energies.

D, Pair Preduction

In pair production the entire energy of the ineident
photon 4s transformed into the ereation of an electron -
positron pair. The kinetie energy of the pair 13 equal to
the energy of the ineident photon minus twice the rest mass
of an electron. Therefore, the thresheold for pair produetion
1s 2u.0® or 1,022 Mev. Begré (19) has a good development
of this process, showing the increase in the effeet with 2
and energy.



7

Since the energy of the source used in this investiga-
tion was below the thresheld energy, the effeet of pair pro-
duction could be neglected.

Ee Secondary Intersction Frocesses

There are several secondary preocesses of photon inter-
action with metter, These are coherent clectron seattering,
annihilation radiation, fluorescence radistion, bremsstrah-
lung, Thomson seattering from the nucleus, potential scatter-
ing, ccherent mcleeulsr or erystal scattering, nuelear inter-
action, and radiative corrections te lower order processes.
Goldstein (%) discusses each of these processes and shows
why they can be neglected for actual caleuiations of gamma
ray attenuation.

P UGamma Hay Absorption Coefflcients

If & beam of photons of flux density I strikes an abe-
sorber which has thickness x, n number of atoms per unit
velume, and a collision cross section of 0 , then the number
of eollisions made in a path length dx by photons passing in
unit time through unit cress secticnal arsa of the beam 1s
Ion dx. Using the macroscople absorption ccefficient 4 ,
equal to no, this value is Iydx. If the collisions are
purely absorptive, this number of ccllisions must be equal
te the decrease in the flux density I over the distance dxt
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-4l = I Y ax (7
The solution te this simple differential equation is the well
known absorption law

I=184% (8)

8ince the gamma ray interaction processes are not
eompletely absorptive, Iguation 7 does net give the actual
decrease in flux density. Therefore Igquation 8 does not
describe the attenuation of the total beam, but gives the
flux density of those photons which survive without having
made any collisions,

The total photon cross section is the sum of the cross
sections for photoelsetric elfect, Compton scattering and
pair production:

0= 0pg + 0c + Tpp (9)

This total ercss section is normally expressed as the mass
abserption coefficlent, , , in units of em/g. lumerous
tables of absorptien ccefficients have been made, based in
varying proportions on caleulations and measurements with
narrow beam geometry. Latter and Kahn (12) msde an extensive
compilation in 19%9. The compilation made by White (22) is
one of the most reecent and is belleved te be accurate within
2 per ecent.
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G. Methods of Csleulating Camma Ray Attenmation

In order to caleulate the attenustion of gamma radistion
it is neecessary to know how many photons are going in what
direction with what emergy at any point. This is given by
8 flux density function of pesition, energy snd direction,

N (F, E40))s This funetion 1s defined so that N(¥, E,Q)
dEd ) gives the number of photens at T, with energy I in
range dE, going in the direction speeified by the unit veetor,
0y within the element of solid angle d(), which eross in
unit time a unit differential element of area whese normal

is in the direction ()« This value of ¥ is normally ealled
the angular number flux. Corresponding is the angular energy
flux, I (¥, B,0)) vhich refers to the energy carried by the
rvhotons rather than to their number. This angular energy
flux is equal to EN,

Goldstein and Wilkins (5) show the derivation of the
equation for the transport of gamma reys in terms of I:

Veldlouls _g 17,500 In 0 0, pee )RS aoves(F 2,00, (10)

vhere g(AW0 s E'>E) is the differential cross simm
for seattering from the direetion [)' to £) and from the
energy E' to E, and 8(F 8,0)) 1s the energy source function,
The complieated form of Eguation 10 insures that any aee
curate method of solving the transport equation will invelve



10

extensive eomputations. Welton (21) reviewed some of the
methods that have been used up to 1955, Fano and Nelms (2)
developed a simplified solution in 1957, but it 1s only ape-
plicable to photons of energy less than 0,5 Mev and fairly
low & absorbers. At present only three successful metheds
have been developed.

The method of successive scatterings uses the ealeulation
of the unscattered flux to obtain the ecollision density for
the first scattering. By treating the scattersd photons as new
sources, the flux of singly scattered photons can be found.
This process ean be repeated until all photons making econtribue
tions to the flux are included. After the first scattering
this procedure becomes quite involved, Peebles (17) and Pee-
bles and Plesset (18) have carried this method the farthest
and give results cbtalned for lead and iron slabs.

The Monte Carlo technique econsists of theoretiecally
tracing the life history of a large number of photons. Fach
step in the history is chosen at randem from the known prob-
ability distributicn for the given event, Meyer (1) has
brought together a number of papers on the Monte Carlo tech-
nigque ineluding some results of its application to several
shielding problems,

The method of moments was developed by Spencer and Fano
(20) in 1951, It consists primarily of expanding the angular
flux in terms of Legendre polynomials 'm integrating over
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all solid angles. Geoldsteln and Wilkins (5) have applied
this method to an extensive program of gamma ray attenuation
caleulations with excellent results.
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III, BYUIPMENT AND PROCEDURE

The equipment used in this investigation snd the experi-
mental arrangement are shown in Figure 1. A detailed deserip-
ticn ef the squipment follows.

4+ Source

The source chesen for this experiment was of cesiume
barium 137. This isctope pair emits a menocenergetic gamma
ray with an energy of 0.662 Hev due to the decay schemes

and .
MHNMM137 + 0,662 Mav &

Due to the long half life, the scurce remained essentially
constant over the period of the investigation. The source
consisted of a thin laysr of cesium, one inch in diameter,
on an aluminum planchet, The strength of the source was ap-
preximately Ou1 millicuries; the exact strength was not
important since only relative values were needed in this
investigation. The aluminum planchet was mounted over & hole
in a wooden stand to minimize scattering. The source was
left at a constant distance of one ineh from the seintilla-
tion erystal.



Figure 1. Ixperimental equipment

Jource

Lead absorber

Crystal apnd adapter

Basic probe
pectrometor

Sealer



14




15
B.s Absorbers

Lead was used as the absorbing meterial. It was in the
form of three inch squares of varying thieknesses. The thieck.
ness of these lead plates was measured in grams per square
centimetor; the maximum thickness being 14.7 g/em® or about
1/2 inchs The absorber in use was held against the face of
the seintillation erystal by a wooden bracket.

Ce Detector

The detector used in this experiment was the Nuclear-
Chicago Model D85 Versatile Seintillation Counter which was
designed for cperation with scalers, rate meters, or 4if.
ferential pulse-height analysers. This detector conasiasts of
three parts; the baslie probe, s erystal adapter, and the
seintillation erystal.

The basic probe is mede up of the housing, inner lead
shielding, photo multiplier tube, preamplifier eireuit, and
the attached cables. The photo multiplier tube is the ECA
type 665, Morton (15) gives a good discussion of the use of
this type of tube for seintillation counting.

The AKLS erystal adapter used for the well type erystal
consists of the housing which serews on tc the D87 basie
probe, a light pipe, and an internal lead shielding ring.

The scintilliation erystal used was the AI2W0 well-type
erystals This 1s s thallium activated sodium lodide erystal
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hermetically sealed in a 1/32 inch aluminum cans The dimens
sions of the erystal are 1-7/8 inches in diameter by 2-1/h
inches thick with a 21/32 ineh diameter well 1-1/2 inches
deeps This ecrystal was primarily designed for use with test
tubes and centrifuge tubes, Due to the geometry of the ex-
periment, the well had no effect on the results.

Hofstadter (7, 8), Hofstadter and Melntyre (9) and Jordan
and Bell (10), who have done a vast amount of investigation of
seintillation materials, recommend the thallium setivated sodi-
um iodide ecrystal as the best available for gamma ray detee~
tion. They estimate the detection efficiency of this type of
erystal te be approximately L45%, depending on geometry., Maed-
er and Winterstieger (13) used this type of erystal in the
investigation of gamms ray spectra with excellent results,

D, 8pectrometer

The seintillation detector was conneeted to a2 Nuelearw
Chicago Model 1820 Recording Spectrometer, This i3 a single
channel differential pulse<height analyzer which asutomatiecale
ly seans the pulse height speetrum and zraphically records
the input pulse rate versus pulse helght on a paper strip
chart. This instrument consists of a radiation analyszer, a
eount rate meter, and a recorder.

The pulses from the seintillatieon detector are fed inte
& linear amplifier in the radistion analyzer snd then into
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both of twe amplitude discriminsting eircuits. The base
level discriminator sets the voltage level below which all
pulses are rejected. The base level can be adjusted from

1 to 100 volts by the base level centrol. From the known
pulse hedght of a source, the base level c¢an be calibrated
by means of a high voltage control. The upper diseriminator
is referenced te the base level diseriminator. A4 voltage
of from O te 10 volts above base level voltage can be set by
means of the window width control, Both ¢f these diserimi-
nators feed into an anticoineldence eireuit which rejects
pulses received simmltanecusly {rom both diseriminators and
passes cnly those pulses received alone {rom the base level
diseriminstor. For operation as a recording speetrometer,
seanning of the radistion energy range is produced by a linear
sweep of the base level diseriminator voltage. This is ac-
complished by motor driving the base level contrel at a
standard rate of cone-halfl hour per complete scan.

The selected pulses from the radiastion snalyser are fed
intc the count rate unit which provides a controliable amount
of integration. The cutput signsl, which is proporticnal to
the number of pulses per minute, is fed to the visuval meter
on the front of the spectrometer and also to the chart ree
corder.

The recorder is used to obtain a large linear presents-
tion of the radiation spectrograms. The input signel is fed
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into a self baslaneing deec potentiometer which drives the
recording pen. The ecount rate is then indicated by pen dis-
placement, and the radistion energy is represented by the
distance along the time axis of the chart.

Ee Sealer

Due to the fluetuation of the ecount rate meter, the base
level volta e can be more sccurately ealibrated by attaching
& sealer to the radiation analyser. A4 standard luclearw
Chiecago Model 181A Secaler was used for this purpose.

P. Hethod of Obtaining Data

The spparatus was arranged on a table as shown in Figure
1+ The table was placed in the eenter of the room to minimize
scattering from the walls., After allowing the equipnent time
te warm upy the source was placed in position, and the speec~
trometey was calibrated for 662 Kev by sdjusting the high
voltage until the maximunm count rate was obtained on the
scaler. Feor all runs the spectrometer was get with a gain
of 411, a count rate range of 30,000 counts per minute, a
window width of one volt, and a time constant of two seconds.

With the spectrometer adjusted, the base level control
was set at maximum pulse height, correspending te 1 Meve A
lead absorber was then placed in the helder and the chart
and base level drive turned on.
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After the first few sample runs, it became apparent that
the spectrometer was extremely sensitive to small line
voltage fluetuations and small temperature changes. The
fluctuation in line voltage was corrected by the use of a
veltage regulateor. By allowing a warm up period of at least
an hour and a half, the temperature of the spectrometer was
stabilized. However, small changes in room temperature were
s5till enough to cause an appreeiadble change in the peak pulse
height. Therefore, it was necessary to calibrate the spec-
trometer befere and after every run, and discard the results
if it was found that the peak pulse height had shifted during
the run.

The data were cbtained in the form of radiation spec~
trograms at varying absorber thicknesses.
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IV. RPESBULIS AKD DISCUSSION
Ae General Characteristics of the Spectrograms

Some of the spectrograms cbtained in this investigation
are shown in Figures 2 through 1l1. The changes in the amount
and energy of the penetrating radiation with variations of
absorber thickuness are shown graphically in these {igures.

4 great amount of the scattered radistion appearing at the
lowsr energy regions in Figure 1, with no absorber, is due
to the lead shielding in the seintillation detector. GSince
about half of the source radlation incident on the scintile
lation erystal passes through undetected, it will not be
abgorbed in the erystal. The lead liner will seatter scme
of this undetected portion back inte the crystal causing
lower energy scintillstions. The effect of this internally
seattered radistion will be discussed along with the effects
of the absorber at different energy ranges of the spectro-
grams.

The predominant peak on all of the speetrograms, at 662
kevy, is a measure of the number of unabsorbed and unseattered
photons reaching the detecter. 7The decrease in this peak
with lead absorbers in plece is a measure of the number of
photons which are both seattered and absorbed.

Froceeding down the energy scale, the effect of Compton
scattering becomes apparent. In Figure 2, with no absorber,
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Flgure 10. Comma ray energy spectrum of the cesium source
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this scattering is due to the internal scattering in the
detector.

There are two contributions to the internal Coempton
scatterings The irst contribution is from the interaction
of the gamma rays with the seintillstion erystal. If a
photon is secattered in a ecollision with the fcdine in the
erystal, the scattered photen may be absorbed in the erystal
or it may penctrate on through the erystal. If the scattered
photon is absorbed, the detector will register the complete
interaction as & single pulse with a height equal to the
energy of the ineident photon. However, 1f the scattered
photon penetrates through the erystaly the detector will
register a single pulse with a helzht equal to the energy
lost by the incldent photon in the seattering collision.
dince the higher energy photons have a greater tendency to
penetrate the erystal without being absorbed, the effect will
be more proncunced for eollisions at small angles. These
low angle ecllisions cause little energy leoss to the photens
and the detector will reglster a greater ascunt of this type
of internal Compton seattering in the lower energy range.
With nc absorber, this eontributicn te the internal Compten
scattering will vary direetly with the peak height of the
w62 kev peak.

The second contribution to the internal Compton seatter-
ing 1s due to the liner of the detector. Part of the gamma
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rays ineident on the scintillation erystal will penetrate the
erystal with no interaction. GSome of these will be scattered
back inte the erystal by the liner. Since a photon would
have to be scattered at an angle of at least 90* to get back
inte the erystal, the effect ¢f the internal scattering should
appear at an energy corresponding to the energy of a 662 kev
photen scattered at 90° and be falrly constant at all lower
energies. Using Equation 4, this energy was calculated to
be 40O kev, which agrees quite well with the energy where

the internal scattering oecurs in Flgure 2. This internal
seattering should vary almost directly with the number of
unscattered photens ineident on the detector. Therefors the
econtribution of the internal dstector scattering to the
spectrographs will vary properticnately as the height of the
662 kev peak. However, with the lead absorbers in place,
there 1s added to the internal sesttering a contribution frem
the scattering oecurring in the absorber. This addition esn
be easily geen by comparing Figure 2 with Figure 11. In
Figure 2, the height of the Compton seattering is 28 per cent
of the height of the 662 kev peak compared with 43 per cent
for Figure 1l.

At lower energies, thers are other effects which are
added to the Compton seattering., These effects appear as
peaks on top of the scattering curve on the speetrograms.

Fhotons will be scattered from the aluminum backing on
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the source. In order to reach the detector they must be
scattered at approximately 180°. Their energy, calculated
from Eguation 4, sheuld be 189 kev which agrees closely with
the first peak in the scattering region of the spectrogranms.
In order to reach the detector these back-seattered photons
must pass through the absorber; since phetons of this energy
are more readily absorbed in lead, their contribution de-
creases rapidly with increasing absorber thickness.

The peak next lower in energy is due to the charaeter-
istie X x-ray from photeoelectric abserption in lead, The
energy of this xz-ray 1s equal to the difference in energy
betveen the K and L shell in lead, having s valus of 72 kev.
The lead shield in the detector and the lead absorber will
beth contribute to the photoeleetric peaks The internmal
contribution from the detecter will again be closely propore
tional to the unsecattered radistion reaching the deteector.
The only phetoeleetrie z-rays reaching the detector frem the
absorber will be due to the photoelectric processes oceurring
near the surface of the absorbsr on the detector side, since
the x-rays originating awvay from the surface of the absorbing
material will be abserbed by the materials This is confirmed
by the slight inerease in the photeslectric peak when 2 thin
absorber was used, as shown in Figure 3. Thersfore, the
absorber contribution te the photoelectric peak is propore
tional to the amount of radiation penetrating the absorbing



material.

The lowest energy peak on the speetrograms only cccurred
when there was no absorber, as shoun in Pigure 2, This is
due to the faet that this x-ray originated in the scurce. It
is the charscteristie barium K z-ray, caused by the photo-
e¢lectric process cecurring in the barium, which was formed
during the disintegration of the cesiusm scurce, Due to its
low energy of 31 kev, this x-ray is absorbed in small thick-
nesses of lead and 4id not eppear wheén any of the absorbers
were in place.

fvo methods were used in deteramining the variation ef
iunnn ray flux with absorber thickness. The first sethed
dealt with number flux and the sceond with energy flux or
intensity.

If W(E) is the number of photons of a particular energy
which enter the detector erystal, then the variation in R(E)
with inereasing absorber thickness oan be determined Ly meas-
uring the count rate at a particular energy peint en each of
the speetrograms. Table 1 shows values of the count rate

versus absorber thickness for several energy points.

Figure 12 is a semi-logarithuic plot of the walues shown
in Table 1. 7The fact that the resulting curves tend to be
straight lines indicates an exponential variation of count
rate with absorber thickness, or that

H(E) = H (B)e~ 4% , (11)
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Table 1. Varlatlions of cocunt rate, in counts per minute,
with absorber thickness and energy

Absorber 70 130 195 662
:&zs;;mn kev kev kev kev
0 105 6000 9800
0.92 5250 7350
1.82 4950 6300
2.7 %500 5500 14500
Ja 64 4350 5100 12900
b.56 3750 4950 11850
Falié 3750 L350 10800
638 7500 3450 4200 9600
7.28 6900 3380 3900 9200
9.10 6000 2850 3400 7650
 1h,70 3600 1650 1950 4125

The changes in the slope at the different energy peints shows
that the value of ( is & function of energy.

It I(E) 4s the intensity of the photons of a particular
energy range which enter the detector erystal, defined such
that

I() = B N(E) , (12)
then the variastien in I(¥) with inereasing absorber thickness

can be determined by measuring the area under the spectrogram
curves for that particular energy range. Values of ares
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versus absorber thickness for the unscattered 062 kev peak
and the photoeleetric peak are shown in Table 2. The values
¢f the areas obtained in this graphical integration were
tabulated in square eentimeters since only relative values
were being considered.

Table 2, Variation of peak areas with absorber thickness

Absorber Area under Area under
thickness 662 key poak 72 kev_peak
_ {2 -

0 457 b5
o h23 L8
1.82 380 Lo
247 352 39
o6k 312 36
%56 289 32
Feld 267 3k
6,38 246 29
7.28 219 28
Fe10 185 25
1%.70 10k 17

Wher: these values were¢ plotted on the tunawlocurithiﬁa
plet shown in Pigure 13, the resulting curves were again
straight lines, indicating that

I(E) = I (B) " 4%, (13)
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Since the slope of the curves in Figure 13 is the same as the
slope of the curve in Figure 12 for the same value of energy,
it is apparent that the value of u (k) is the same for the
variation in both N(E) and I(E).

B, Hass Absorption Coefficlent

In deternining gamma ray mass absorption coefficients
it has been the practice te caleulate or measure the anount
of unscattered radiation penstrating a material and give the
results in the form of the slope of the unscattered absorp-
ticn eurve for a particular energy. 7Table 3 shows some values
of 4y for lead, which were determined by White (22) and are
cousidered to be accurate.

The value of u for a €62 kev gamma ray was calculated
to be 0,106 using Equation 1, 5 and 9. Oince these equations
were simplified, this ealeulated value was not expected to
be exact.

It has been shown that the peak height of the 662 kev
peak in the spectrograms is a measure of the unscattered
gamma radiation which penetrates the absorber. Therefore,
the slope of the 662 kev curve in Flgure 12 or Figure 13
should be a direct measure of the gamma ray mass absorption
coefficient in lead. The thickness of lead required to re-
duce the gamms ray intensity to cme half the initial value
was determined to be £.8 g/maa. This gave a value for
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Table 3. Gamme ray mass absorption ecefficlent, . , for
lead, in em/g (after G, R. White)

e i R ¢

04 Ol 9476
0,05 | 5,19
006 3.15
0,08 ' 1.1
0.08823 K edge 1.09
0,08823 K edge 712
0.10 Fe29
0,15 1,84
0,20 0.296
0.30 | 0s356
040 0.208
0450 0. 145
0.60 0.11%
0.80 0.0836
1,00 0. 068

of 0,102,

In order to compare the experimentally determined value
of 4 vith sccepted values of (/ for lead, a logarithmie
graph of the values from Table 3 was plotted in Figure 1b,
When the experimental valuve was planaﬁ on this graph it
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fell exactly on the curve of accepted values.
C. inergy Buildup Facter

in caleulations of the attenvation of gamma radiation,
the results are normally given as bulldup factors. This is
the factor which, when mmitipliled by the unscattered contribu-
tion, will give the total contribution of the gamma radiation.

In the experimental determination of bulldup factors,
it has beer the ususl practice to use two measurements.
First, the nsrrev beam attenuation is found using a highly
cellimated beanm of moncenergetic gamma rays and a collimated
detector. Then the broad beam attenuvation is found uaing
monoenergetic gamme rays without cellimation. The number
which must multiply the narrow beam attenuation in order to
cbtain the broad beam attenuation is the bulldup factor.

There are various buildup factors. The nusber bulldup
factor 5;& is given by

B, = T ' (1%)

where the superseript® refers to the photens which have not
suffered a ecllisions The corresponding energy buildup fsetor
is glven by

By = -%%é . (1%)

Gome values of the energy bulldup fector in lead which were
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caleulated by Uoldstein and Wilkins (%), are shown in Table
L,

In order to determine the snmergy buildup factor experi-
mentally 1t is necessary to determine the values of |I°4E
and [14B. It has been previcusly shown that [I°dE for the
cesium source ¢an be determined from the area under the 662
kev peak of the spectrograms, However, the value [IdE ean-
not be determined from the total ares under the speetrogranm
curve due to the contribution of the internal effects of the
detectors Therefore, in order to determine By, it was neces-
sary to make several assumptions.

It was previcusly shown that the variation in the cone
tribution of the effects occurring in the lead shield in the
detector is approximately the same as the variation of photons
of source energy. Therefore, i1f the total area under the

Table b4, Energy buildup factor, B., in lead [after Goldstein
* ot Hlakine By eters By :

X = e
1.2 1.37
2 1.39 1.69
L 1.61 2.12
7 1.84 2.7
10 2.04 3.28

15 L,17
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spectrogram in Figure 2 is consideresd as the unscattered
contribution of the scurce photons, then the aresa of the une
seattered contribution in the succeeding spectrograms should
vary as the 662 kev peak. This means that

A% = a3 o~ A% . (16)

There are twe major diserepancies in this assumption. The
bariws K xeray peak and the 180° back scattering peak deo not
vary as the unscattered radiation. Sinece both of these ef-
feets appear as peaks on the scattering portion of the speetro~
gram eurves, these discrepancies can be corrected by sube
tracting the areas of the peaks from the total area under the
eurve,

Taking the first assumption intc aceount, it can now be
assumed that the total area under the spectrogram curves is
a measure of the total contribution of the gemma radiation.
There is a discrepaney in this assumption due to the internal
detector scattering of the scattered gamma radiation from the
absorber. However, this is s second order effeet and can be
neglected for small secattering contributions.

Using these two assumptions, it is now possible to
determine the energy buildup factor from the equation,

B, = ~AdE. . A (7
(1% & |
The experimentally determined values of A, 4°% and B, ave
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shown in Table 5.

When the caleulated values of B, from Table b, and the
experimental values of By from Table 5 were plotted versus
absorber thickness in Figure 15, the experiment curve ap-

Table 5. Areas under spectrogram ocurves and experimentally
determined values of energy buildup factor in lead

[+
M, M LK 5 ™
) ) 150,4 1504 1,00
0.92 0.0938 141,5 137.5 1.03
1.82 0,185 130,6 124,.8 1.05
2.7 04279 122,95 113.5 1,08
36k 0.371 113.5 103.5 1.09
4,56 0,165 1060 9h,2 1.13
Feho 0.556 99.5 86,0 1.16
6438 0,650 92.9 78.3 1.19
7.28 0. 702 87.1 71.% l.22
9410 0.928 7647 592 1.30
14,70 1.50 45,6 33.b 1.37

peared in the proper location. This indicates that the
experimental values of By determined by this method are
fairly accurate for absorbers of the thicknesses considered.
It is suspected that the negleet of the second order scatter-
ing in the detector would cause this method of determina-
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ticn to become inaccurate with abserbers of greater thicke
NeSses.
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Ve CORCLUSICHS

1. 7The use of the scintillation detector and the
seintillation spectrometer provides s rather simplified method
of studying attenuation of gamma radistion.

2. 7The value of the mass absorption coefficlent, ob-
tained by this methed, was quite accurate.

3¢ Values of the energy buildup factor, obtained by
this method, appesred to be fairly acourate for the thicke
nesses of lead which were lnvestigated.
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