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I. INTRODUCTION

The problems of shielding for nuclear reactors may be resolved inte
two general categories, These categories pertain to the problems invelv
ing shielding against neutrons and the problems iavolving shielding
against gemma redistion, Particles other than neutrons and gasma rays
which are emitted during the nuclear processes may be ignored since the
penetrating power of any of these particles is much less than that of
either the neutvons or the gamma rays, Hence, a shield designed to
attenuate neutrons and gamms rays will be more than ample to stop other
forms of radiation as well,

lieutron shielding involves two processes, namely the slowing down or
moderation of the neutrons and the capture of these slow or thermal neu-
trons, While hydrogen and other elements of low atomic weight are effec.
tive neutron moderators, they are not used exclusively in neutron shield.
ing since they have rather low scattering cross sections for neutrons of
high energles, In order to slow the high energy neutrons which are emitted
in the fission process, materials of a moderate to high density, such as
iron or lesd, are sometimes used in conjunction with the lower density
moderators, This higher density material cen slow the neutrons from high
energies down to about 0,5 Mev through inelastic scattering collisions,
The material is placed sround & reactor as the innermost portion of the
shielding and it is referred to 2s the thermal shield because of the large
amounts of energy it must absorb, As it does have & moderate to high
density, it is also & rether effective gomma ray shield and hence must be



capable of absorbing some energy of the gamma rays as well as a consider-
able portion of the energy of the neutrons, The thermal shield is not
aslways used, and its ectual value has been the subject of some investige-
tion (1), After slowing down to about 0,5 NMev energy, the neutrons are
resdily susceptible to moderation to thermsl energles through elastic
collisions with the nuclei of the lighter modersting meterials, These
materisls form part of the biological shield of the reactor, which con-
stitutes the outer portion of the shielding if a thermsl shield is used,
For the capture of the thermsl neutrons, a material with a high capture
cross section mey be used, ne of the best of these is boron.10 which
has 2 thexmal neutron capture cross section of 23990 barns, This sub.
stance has the added advantage of emitting alpha particles rather than
ganma rays after the neutron capture, Thus, no new gamma reys are created
and the capture of the neutrons does not add to the overall problems of
shielding the reactor, '

In contrast to the genersl requirements of neutron shielding, i.e.,
the use of low density materials, gemma shielding requires the use of high
density materials, Currently accepted methods of shielding against gamma
radiation invelve the placement of high density material in the path of
the gamma rays, The gamma rays are sttenuated in the masterial by 2 com-
bination of the processes of photoelectric effect, Compton scattering and
pair production, depending upon the energles of the gamma rays and the
type of material used for the shield, The amount of the attenuation is 2
function of both the density and the thickness of the materiel, Thus,
lead makes an effective shield due to its high density, High-density



concrete is also used for this purpose, iHowever, ss the density of the
concrete 1s less than that of lead, the concrete shield must be thicker
than the equivalent lead shield, The total mass of the meterial in the
path of the geuma rays must be approximately the same, regerdless of the
type of material, in order to attain the same attenuation of the gamma
radiation,

The use of lead permits 2 more compact arrangement inasmuch as the
high density of the lead sllows an effective shield to be constructed
that is not excessively thick, However, the physical properties of lead
are such that 1t cannot carry any appreciable portion of the reactor load,
and its melting point is so low that it cannot be subjected to high temper-
atures, Concrete, on the other hand, has to be three or more times as
thick as an equivalent lead shield, depending upon its density, and hence
requires 8 considersbly larger area for construction, but it can carry 3
large portion of the reactor load and can be subjected to relatively high
temperatures without danger of structursl damage, For stationary reactors,
concrete is generslly preferred to lead for construction of the general
gamma rey shield because of its better physical properties, its generally
lower cost and its ease of placement, The lead shielding ie usually re-
served for special situations such as temporary shlelding around a par-
ticular portion of the reactor,

Although the space available for shielding, the relative costs of the
shielding materials and their physical properties have been the primery
considerations involved in the selection of resctor shielding to date,
present developments in the nuclear power reactor fleld have introduced



the additional problem of the weight of the shielding materials, The U,S,
Army, as well as other organizations, is interested in the development of
"Package” powsr reactors which can be trensported to remote aress and
utilized there to provide power, The U,5, Alr Fowee is working on & pro-
pulsion system for alrcraft which utilizes nuclesr power, The U,S5, Navy
is already using nuclear powered submerines and is working towsrd nuclesr
propulsion of other vessels, Railroads sre thinking in terms of nuclear
powered locomotives, In all cases where the reactor is to be used as @
propulsion unit for some mobile type of equipment, or where the resctor
unit should be capeble of being easily transported, both the weight and
the space of the shielding for the reactor become a major problem,

As neutron shielding can be sccomplished with rother low density
materisls and with small thicknesses of neutron absorbers, it appears
that if any appreciable savings are to be realized in slther welght or
space, or preferably both, then these savings must come from an improved
type of gamme ray shield, It ic the purpese of this study te investigete
the possibility of developing 2 reflective type shield for gamma radiation,
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II, REVIEW OF LITERATURE

shen Roentgen first published his anaguncement of the discovery of
X.rays, he stated that, among other properties, the X.rays could not be
reflected or refracted, lowever, subsequent research demonstrated that
both reflection and refraction could occur under certain special condi-
tions,

Stenstzdm (2) found that when X.rays whose wave lengths are grester
than about 3 % are reflected from crystals of sugar and gypsum, Bragg's
Low does not give accurately the angles of reflection, He interpreted
the difference as belng due to sn appreciable refraction of the X.rays
as they enter the crystal,

Compton (3) reasoned that the deviations in Stenstrian's experiments
indicated that the index of refraction of the crystals was less than
unity. He further reasoned that if this were also the case with other
substances, than X-rays striling the substances from the alr at suffi.
clently small glancing angles should be totally reflected, Follewing
this reasoning, he proved that total reflection could be effected by
using a polished plane surface with the ¥-rays incident thereon at small
glanclng angles,

Later, Doan (4), following the method of Compton, worked with Yerays
of various wave lengths to determine their eritical glancing angles from
some metallic mirrors., The mdrrors were sade by sputtering the metals
onto highly polished optical glass surfaces, Some of Dban's results are
shown in Table 1,
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Table 1. Critical angles for reflection obtained by Doan®

s i

wave lengths Type of Critical
of X.rays m angle
o RRIRURERIIS. ... . ‘ o

1,537 . Copper 20 e
1,887 & Silver 2 4@
1,587 A Hickel 24* 40"
1,587 A Gold a1t 24
1,369 A Copper 19* 36"
1,309 A Mickel 16* 9
0,707 & Steel 9* 3o
0,7078 4 iekel 10¢ 15
o.70m R Silver '

®bata extracted from Table 1, Toan (4, p, 107)

 Although it was thus demonstrated in the early 1920%s that reflee-
tion of Xerays is possible, the principle of reflection does not appear
to have been applied for shielding purposes, This has no doubt largely
been due to the very small critical angles involved, For example, the
highest critical angle indicated in Table 1 would result in a total de.
flection of only about 1 degree from & plane surface, This amount of
deflection is hardly enough to be useful for any prectical shielding
purpose, However, in 1947, Proell () used the property of reflection of
the %-rays to develop & theory for reflective type gesme pey shielding,



Proell's theory 1s based first of all upon the assumption that gamme
rays will behave similisrly to X.rsys, This is certainly s valid assump.
tion inasmuch as the twe types of radiatlon are essentlally the same,
differing only in thelr methods of produstion,

Froell reasoned that since gamma réys and X.rays are essentially
identical, the materials lnvestigated by Doan, and probably other msterials
as well, would also show a refractive Index of less than unity for gamma
radiation, However, as & single reflection of the gamma ray would not
produce @ deflectlon of 2 usable amount, he proposed that the plane sur-
face used for reflection be curved into & quarter circle, A gamma ray
striking the curved surface 2t or below the critical angle should be
reflected, just as from 2 plene surfece, However, after the first re.
flection, it should strike the swurface sgain and suffer 2 second reflec.
tion, This process should continue until the gamma ray has followed the
entire curve of the surface, l.e,, untll it has undergone 2 90 degree
deflection from its original path,

As the energles of gamswa rays would be generelly higher than the
Y%-zay energies used by Doan, the wave lengths of the ganma veys would be
smaller, and hence, judging from the results obtained by Dban, the
critical angles for reflection would also be smaller, Proell assumed
that curves of the values obtained by Dosn would extrapolate to shorter
wave lengths and still show critical angles for reflection,

Figure 1 is & schematic drewlng of & gaaome rey of energy ¥ incident
wamﬁmfmwfmams,mmfmamdnlh
It is assumed that the gamma ray originally strikes the curved surface at



Fig, 1., Path of gamma ray after being once reflected
from curved surface



A, making an angle © with the tangent to the surface st this point, where
€ 1s equal to or less than the critical angle for reflection, Since the
angle of incldence is within the limiting conditions for reflecticn, the
gamma ray will be reflected, and, as the angle of reflection must equal
the angle of incidence, the angle of reflection will also be 6, The
gemms ray will then follow & straight path AB which is & choxd of the
curved element, striking the surface again at B and making an angle of ©°
vith the tangent to the surface at this point, It is evident thet angle
OAB must equal 90° « 8, since the redius OA is perpendicular to the tan-
gent at A, Sisiliarly, the angle OBA must equal 90° = 6%, Trlangle AOB
is an isosceles triangle since OA and OB, the redii of the curved surface,
mist be equal, Hence, angle OAB must equal angle UBA and consequently &'
equals ©, The same procedure may be followed to show that all angles of
incidence and all angles of refleciion ere equal, and, by observing that
triangles AOB and BOC are identical, that the points of incidence on the
curved surface are connected by chords of equal length,

In accordance with the forsgoing, it is therefore postulated that
once 3 gamma rey has struck the curved surface at or below the eritical
angle, it will underge 2 series of reflections until it has been deflected
from its original path by 90 degress,

It is apparent, however, that one such curved element could mot
deflect move than & very small portion of the incident gssma rays, Proell
therefore proposed 8 double bank of curved clements stacked closely to-
gether as is indicated in Figure 2, which is a cross sectional view of the
elements,
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Bank B
Bank A
T P RA Q U
S S S
Source

Fig, 2, Proposed arrangement of foils in two banks
to form complete shield?

®Figure adapted from Proell (5, p. 23)
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In the figure, bank A would deflect 2ll gammas incident normal to the
bank, such as SR, snd all ganmas incident from the right, such 28 ST and
80, However, gemmas striking from the left, such as 5P and 5U, would in
8ll cases strike the elements of bank A at angles greater than the criti-
csl angle and would therefore pess through the bank without reflection,
Upon entering bank B, the gammas would penetrate until they were incident
upon a surface at less than the criticel angle, at which point they would
be reflected and would then follow the curve of the elements in B until
they were totally deflected, Thus, all gamuss would be deflected either
to the right or to the left and none would penetrate the shield, This,
of course, ignores the possibility that the geama reys might undergo
scattering collisions with the material of the curved clements and be
scattered in the forwerd direction such that they would penetrste the
shield, It is evident that only the components of direction of the gammas
which lie in the plane of the paper need be considered since other com.
ponents do not affect the angles of incidence on the curved elements,

In order to have an impermeable shield, all incident gauma reys must
be totally deflected, Proell established the condition for impermesbility
as that in which all nommally incident rays would be reflected, He deter-
mined that normal rays would strike the shield at the most unfavorable
angles for reflection to take place, The condition for impermeebility
would be established only when the curved elements were stacked closely
enough to deflect all normally incident gamma roys,

Figurs 3 shows 3 cross sectional view of two curved slements BC and
DE of the shicld, It is evident that the most unfavorsble ray, not
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Fig, 3. Incident gamma ray striking shield at
the most unfavorable point
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considering & ray striking from the left, would be normally incident upon
the plane OA, formed by the leading edges of the curved elements, and
would just clear element B, The rey would then strike element DE at a
point P, meking en angle © with the tangent to the element st P, If re-
£lection is to occur, then & must be equal to or less than the critical
angle, If x is the distance between the curved elements slong 0A and »
is the radius of curvature of the elements, then from the figure

£ BOP = cos™t 3..;-’:.‘&
'Mmltmmlnémmwm
Qnmd%&
Let us assune, for the pusposs of calculating the erder of magni~
tude of the distanee x, that 6, the critical angle, is, in this case, 12

minutes and that the radius of curveture of the curved surfaces is §
centinmetars, It therefore follows that

Waw"ﬁ-—;%

cos 12* = E.%.Q

Since the cosine of 12' is 0,9999939

0,9999939 = gt
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This value is 2 measure of the order of magnitude of the initial
spacings between curved clements, From the calculations, it is seen
that if either the eriticsl angle or the radius of curvature of the
elements 15 incressed then the maximum element spacing for impermeability
alse incresses,

It is evident that if the spacing between elements is to be of the
order of 3080 4, then the element thickness must be less than this smount,
preferably by & factor of at least two, Consequently, it is required that
the elements must be very thin folls of the material to be used as a
refloctor, Mowever, msking foils with & thickness of less than 3080 A
is an extremely difficult task with present engineering techniques,

Froell suggested as a possible alternative to the folls, the use of
crystals to deflect the gamme rays, In general terms, the spacing be-
twoen atombe planes in crystals is of the order of 3 5 A, Thus, if &
suitable crystal could be found which could be bent into an are of %0

degrees, with the crystal planes following the shape of the crystal, them
the crystal planes could be used as the curved reflecting surfsces, Such
&n arrangement should give an excellent shield since the spacing between
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111, PURPOSE OF INVESTIGATION

The theory of the reflective type shield, ss developed by Proell,
was not verified experimentally, iowever, the need for an improved type
of gamma ray shislding for nuclesr reactors appeared to justify an experi-
mental investigetion of the theory,

The purpose of this investigstion, then, was to test Proell's theory
under rather idealized conditions to determine if large angle deflections
of gamma yays could actually be obtalined, It was felt thet the results
obtained would indicate whether or not further effort should be deveted
toward the development of a practical, reflective type gamma rey shield,
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IV, HWATERIALS AND APPARATUS

A, Source of Radiation

The experimental work wes conducted using & cobalt-60 source with
& nominal strength of 100 microcuries, The source was contained in an
aluminum wafer whose dimensions were 1/8 inch in thickness and 1/2 inch
in dismeter. The source covered a circular srea approximetely 1/8 inch
in dismeter at the spproximete center of the wafer, The wafer had a
small ring attached to one face which allowed a string to be attached to
the wafer for safe handling, On the edge of the wafer, at the ends of a
diameter, were placed two small steel set screws which allowed the wafer
to be handled with magnets,

Cobalt-60 decays by emission of a beta particle of 0,31 Mev energy,
followed by two gasme rays with energies of 1,33 lev and 1,17 lev re-
spectively, Beta particles of 0,31 Mev energy can be stopped by 0,01
inch of aluminum, &@Q, the thickness of half of the aluminum wafer
surrounding the source was more than smple to stop all betss emitted, As
the source strength of Co% is measured by the number of disintegrations
per unit time, the number of gamma rays emitted is twice the value of the
source strength, Thus, the source was effectively 200 microcuries of gamme
radiation, As the ganma rays from Co®C have very nearly the same energies,
1,33 Mev and 1,17 lev, they may generally be considered as having an average
energy of 1,25 Mev, Hence, for the purpese of this experiment, the source
may be considered to have been & nominal 200 microcuries which emitted only
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gamma rays with 8n average energy of 1.25 Mev, The half life of Co®® 1s
5.2 years, Thus, any decrease in the source sctivity during the course
of an experimental run was negligible,

In order to use the source in the experimental aspparatus, a lead
cylinder 3 1/8 inches in diameter and 4 1/2 inches high was cast, At s
distance of 2 1/2 inches from the bottom of the cylinder, & 5/8-inch hole
was drilled along a diameter of the cylinder to & depth of 1 1/16 inches,
The aluminues wafer containing the source wes placed in this hole with the
longitudinal of axis of the wafer parsllel to the axis of the hole, Thus,
the source was essentially 1 inch from the circumference of the cylinder,
and, while the gamma ray emission wes unimpeded slong the hole, the gamms
rays were attenuated by the lead in all sther directions,

Dosage rates, based on the nominal source strength, were calculated
to be a maximum of 45,6 milliroentgens per hour at the surface of the
lead cylinder for that portion of the cylinder which was touched during
adjustments, and 3,76 millircentgens per hour at a distence of 2 feet
from the source in llne with the open hele in the cylinder., The lead
cylinder wes handled twice daily when experiments were being conducted,
for about 30 seconds during each operation, The cylinder was grasped from
the rear so that at least ] inch of lesd was shielding the hand from the
source, The maximum dally dose to the hand from this handling wes thus
less than 1 milliroentgen, While conducting the experiments, the source
was often approached to within & distance of 2 feet, and manipulations of
the reflective foils and the counter tube were made at aspproximately this
distance, Whole body dosage was reduced to 8 negligible amount during
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these times, however, due to the attenuation of the gamma rays by approxi-
mately 4 inches of lead which was vsed to collimate the gamma ray beanm
and to reduce stray gemma scettering, During the manipulation of the
foils and counter tube, the hands were often in the direct beam from the
source, but only for short periods of time, Total daily exposure of the
hands was less than 1 hour so that the maximum daily dose was of the
order of 3,5 milliroentgens, During periods between manipulations, the
observer was normally located at a distance of about fifteen feet from
the source and was protected from the source by the lead shielding of the
collimator arrangement. The dosage received during these periods was
less than 0,000l milliroentgens per hour and was thus negligible, The
maxioum weekly doses received during the course of the experimentation
were then on the order of about 25 millircentgens to the hands and not
more than about 3 millireentgens of whole body dosage,

It was not deemed necessary to wear film badges, dosimeters or other
types of radiation monitoring devices becsuse of the low radistion level
from the source, MNeasurements were mede periodically of the dosage level
of the surroundings with s model 2612 Portable Survey Heter manufactured
by the Nuclear Instrument and Chemical Corporstion. Readings obtained
with this mm't indicated a negligible dosage level in the laboratory,

B, Description of Apparatus

A photogreph of the experimental appsratus is shown in Figure 4, The
spparatus consisted essentially of three parts, Firet, there was a wooden
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platform 6 inches in width and 52 inches long, The top of the platforn
was 6 inches above ground level, Second, at the end of the platform and
affixed to the same hoard which acted as a base for the platform was 2
transit less the telescope, It was so situsted that the glass face of
the compass scale was spproximately 7 3/4 inches above ground level,
Third, there was 3 counter tube platform which was & inches wide, 15
inches long and stood € inches above ground level,

The long platform wes designed to accommodate the gamms ray source
in its lead container together with collimetors end lesd blocks which
were necessary to collimate the gamma ray beam and to stop any strey
rediation from the source from reaching the counter tube, Two boxes,
serving as auxilisry platforms, were placed near the transit end of the
long platform to #id in supporting the lead blocks used for shielding,

The transit, an early model produced by W, & L, B, Gurley, was used
as a convenient meens of measuring small angles, mm;«unmu
were effixed to the glass top of the compass scale by means of wex, The
glass top of the compass scale rotated with the vernier for the m.
Thus, the folls could be adjusted to any desired position within a plus
or minus ten degrees for the optimum angle of incidence of the gemma rays,
By using the vernier of the compass scale, angles of 5 minutes could be
easily read and changes in angle of 1 minute could be made, although with
mﬂ:fm;w&ﬁﬂmam;cmdﬂmnnmmm.

The counter tube plstform was designed to hold the counter tube and
any necessary supports or shielding in a position which could be readily
reproduced in the event the tube hed to be moved, The platform was at 2
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fixed distance from the swivel axis of the trensit and was held in
position by & length of 1/B-inch by 3/4-inch strap iren which was firaly
affixed to the platform on one end and joined to a brass collar encir-
cling the cylindrical brass support of the trensit on the other end, By
using this arréngement, the platform could be rotated to @ plus or minus
100 degrees, using the swivel axis of the tronsit as the axis of yota.
tion, A tube, mounted on the platform and initlally aimed at the swivel
axis of the transit, was thus always at the same distance from and aimed
at the swivel axis, A 3/8-inch by 6-inch cylindrical, Alnice bar magnet,
mounted et the transit end of the platform sttracted the compass needle
of the transit, The amount of rotation of the platform could thus be
moasured in degrees with an sccuracy of about plus of minus 1 degree,
The overall spparatus was designed so that & source and collimators
could be mounted at any desired position along the long platform, The
collimsted beam of gamma rays would thus be aimed down the platform to-
ward the trensit, On the glase compass face of the transit could be
mounted the bank or banks of reflective folls which could be adjusted
sccurately by means of the compass vernler to the optimum angle of
incidence of the gamma reys, Under the assumption that the gamma rays
would actually suffer a large angle deflection, the counter tube plat-
form was designed so that the tube could be adjusted to either side of
the foil bank in order to obtaln a measurement of the amount of deflected
radiation., The pletform was made to rotate about the transit so that the
tube would alweys be at the same distance from the transit swivel axis
and hence from the reflective foils, It would also be constantly aimed
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 at the swivel axis of the transit, Thus, repeated manual measurements
of distances and angles were climinated and good reproducibility was
insured,

€. Collimators

The collimators used consisted of two lead blocks which were cast
with the dimensions of 3 5/8 inches by 3 9/8 inches by 1 7/8 inches,
Holes 3/16 inch in diameter were drilled through the blacks in the
divection of the thickness, at a distance of 2 1/2 inches from the bottoms
of the blocks and midway between the sides, The blocks were then placed
so that the axes of thelr holes lined up with the axis of the hole drilled
in the cylindrical block which contained the source, Thus, a collimated

For gamma yoys with an snexgy of 1,33 Mev, the half thickness of
lead is approximstely 1 centimeter, Thus, the two collimstor blocks were
equivalent to about 5,5 half thicknesses and reduced the gamma ray ine
tensity by about 97X in directions other then along the line of the holes,

Lead shislding blocks were used in conjunction with the collimetor
blocks to insure that no gamme rays could by-pess the collimators and
still strike the counter tube, This, of course, does not include those
gammas which might be scattered from the walls or fixtures of the lab.
oretory and strike the tube, However, the counting rete produced by
these scattered gamma rays was considered to be essentislly constant
appreclably with respect to the laboratory during the conduction of an
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experimental run, Thus, the counting rate produced by these scattered
gemms vays weas consldered to be part of the background sctivity,

It should be noted that the cholce of 3/16¢ inch as the diameter of
the holes in the collimator blocks was largely dicteted by the source
strength of the €6, Ia order to sttaln fair collimation and still
obtain & usable counting rete from the counter tube, the holes hed to be
large enough to pass 2 reasonable muber of the eudtted goome yvoys, It
wuld be preferable to have smaller holes used in conjunction with &
laryer source,

be Folls

Alusinus foll was used in the experimental work, Altheugh slusinum
was not tested for reflective properties by Dosn in his esperiments, it
wag assumed that aluminum would exhibit the sane properties e other
materials tested by Dosa, It was further assumed that the criticsl engle
of the sluminum for reflection of the gamma rays is of the same order of
megnitude as the angles deternined by Dosn for other materials,

Alusinun folil wes used primerily becsuse it wes the only foll which
was readily available, other than plotimm and gold foils, in the thicke
inchet thick and was obtained from the Fisher Sclentific Company in 3.
inch rolls whlch held s 210-foot length of aluminusm, Although the foil
fatrication of an lepermesble shield, it was felt that there would still
be seme indication of reflectlon from the foll benk,
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The foll banks tested 31l consisted esszentislly of a quarter clrcle
section of foll which had been spirvally wrapped about a cylinder, Al-
though this was not strictly in conformance with the theoretical design,
where the folls have the same redii of curvature, it was felt that this
method of fabricating ths foll bank offered the best available means of
obtaining a reasonably accurate configuration with a sdndmus of crinkling
of the individual foils,

For preparation of foll mumber 1, 120 pleces of aluminum foil with
dimensions of 3/4 inch by 1 inch were atacked on top of one snother and
the stack was then molded around the circumference of 3 3/4-inch dlameter
cylinder. The folls were held together and in thelr cuzved position by
means of wax,

Foll numbexr 2 was prepaved in the same manner as foll nusber 1
except that the layers of foll were alternated with layers of bond paper,
The molding of the foll was done avound 2 1 1/4-inch diameter cylinder,

Foll set number 3 was prepared by spirally wrepping & 1 1/2~inch
by 50-foot plece of foll around & 1 3/16-inch dismeter cylinder,
Successive layers of aluminun fofl were sepsrated by 2 thickness of
manifold paper, The ends of the roll were glued into position and the
roll was then cut 2t the quarter points, Thus, four essentially ideatical
foll banks were obtalned, each with 2 total curveture of sppwoximately 90
degrees,

Foll set number 4 was prepared similisrly to foll musber 3 using the
same amount of sluminum foil, However, It wes wrapped about @ 3/8-inch
diameter cylinder and the layers of aluminum wers not separsted from one



another,

In the preparstion of foils 1 through 4, it was felt that excessive
erinkling of the foll had been produced through the handling snd srepping
procedures, Therefore, & fifth set of foils was prepured using a differ-
ent technique,

Foil set number 5 was prepared by utilizing the slusdmum foll s it
had been received from the manufecturer, At the time of foll preperation,
the roll of slumirum was in the form of & 3-lnch roll spproximetely 150
feet in length, wrapped around 8 cardboard cylinder with an outer diameter
of 1 1/2 inches, This 3-inch roll was first cut in half, producing twe
1 1/2 inch volls, One of these small rolls was then cut at the quarter
querter circle,

As explained in the test procedure, the four foil banks in each of
sets 3, 4 and B were combined and used as single reflecting banks,

mg/en” mica, end window counter, seriel nusber 27838, menufactured by

the Muclesr Instrument and Chemical Corporetion, It wes operated with

a metsl cap over the mica window, since the gasma rays could easily pene-
The tube was connected by &n appropriste lesd te & model 200, de-
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Laboratory, The sceler had 2 bullt-in timer, allowing counts of up to
1 hour duretion to be taken, The sccuracy of the timer was not checked,
but #s all counts were made utilizing the timer, and as only relative
counting retes were desired, the only requirement was that the timing be
consistent, The scaler wes opeveted with & galn setting of 1/16 and a
discriminator setting of 60, These settings were found to give the most
consistent results, It should be noted that with higher gain settings,
the scaler was quite sensitive to both vibrations and the flicker of the
fluorescent lights in the laboratory.

A mpdel 2012 Portable Supvey Meter manufactured by the tuclear
Instrusent end Chemical Coxporation was used to moniter the radistion
level within the laboratory,

F, Crystal Reflectors

As mentioned earlier, Proell suggested that perhaps erystals could
be used in the reflective type shielding, His theory was that by bend.
ing & crystal with appropriste dimensions through an are of 90 degrees,
the stomic planes of the crystal could be used as the reflecting surfaces,

This metter was the subject of some investigatlon during the early
stages of this experimental work, The investigetion did not result in
finding cyystals cepable of belng bent through én arc even approaching
90 degrees, The structure of those crystals which can be slightly dew
formed ususlly changes during the course of any large deformation so thet
even though 2 crystal hed atomdc planes parsllel to the surface of the
crystal before deformetion, these plenes would not necessarily form
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elements of concentric cylindrical surfaces after deformation,

For this reason, the possibility of using crystals was eliminated
at the outset of the experimental work, It does not necessarily follow,
however, that the idea of using crystals should be discarded, Theve
may be crystals which can be procured in the quantities desired which
would be sultable for fabwication of & shield,



V. PROCEDURE

A, Experimental Arrangement

A number of factors affected the experimental arrangement of the
source, collimators, foils and counter tube., Two of these factors, the
counting rate and the amount of collimetion, are inversely related, so
that, for a source of given strength, an increase in the counting rate
requires a decrease in the colllmation,

In the conduct of the experiment, a well collimeted beam of ganma
rays was essential so that the rays would follow essentislly parallel
paths, At the same time, & gamma ray beam of small cross section was
desired in order to be sble to use foll benks of reasonable thickness,
Further, it was desirasble thet & high counting rate be obtained so that
& small percentege variation in the counting rate would produce a rel-
atively large total variation., The larger the total variation, the
easier this variation would be to detect, and the higher the counting
rate, the less would be the time required to obtain statistically accurete
data,

With the source strength a fixed quantity, @ balance had to be reached
between the degree of collimation and the counting rate obtained, The
arrangement decided upon was 2 total collimeted length of 16 inches and
8 gamms ray beam 3/16 inch in diameter upon leaving the last collimetor
block, Using a value of 1% for the counter efficiency and assuning that
all gammas leaving the collimetors struck the counter tube, this arrange-
ment gave 8 calculated counting rate of 38 counts per minute, A counting
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time of 30 minutes was therefore required to produce & standard devis-
tion on the order of I 1 count per minute, A lazger opening in the
collimetors would have produced @ higher counting rate, but it would
@lso have decressed the amount of collimation obtained, Correspondingly,
mated length, but this would also have decredsed the collimation,
While it is felt that the arrangement used was the best possible
for the source used, it is considered thet the most desireble arvange-
in dismeter over 8 distance of about 3 feet and could produce & counting
rate on the opder of 100 counts per minute, Such sn syrangement should
give better ewperimentsl results, Mowever, it would require s source of
co®® on the order of 3-4 millicuries, or about 30-40 times ss lazge 88
the source sctually used, Vhile precautions would have to be taken in
handling such a source, it is felt that sn arrengement 88 described
would allow the collection of wore valld data over 2 shorter period of
tioe,
work, In the first position, the plane formed by the leading edges of
the foils in the foll bank was mede to coincide with & plane containing
the swivel axis of the transit and to be perpendiculer to the central axis
of the collimeted beam of gamma reys, It was further centered so that
the central axls of the collimeted beam struck the face of the fodl bank
approximately nidewdy between the sides of the bank, In this position,
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the face of the foll bank wes 20 inches from the source and 4 inches
from the last collimator block,

In the second position, the foll bank wes moved to the edge of the
glass compass face of the transit, so that it was 17 1/2 inches from the
source and 1 1/2 inches from the last collimator block, In this position
it was also placed so that the face of the foll bank wes perpendicular to
the central axis of the collimeted bean and the bean struck the face of
mmmmmm. This position wis used to determine
what effect was obtained when the collimated beam had not had much
opportunity to spread after lesving the collimators,

The counter tube was placed at a fixed distance of O inches from
the swivel axis of the transit, It was so arrénged that when the tube
was lined up with zewo deflection, an extension of the axis of the tube
passed through the swivel axis of the transit and coincided with the axis
of the gamms ray beam,

As the diameter of the outermost portion of the trensit body messured
7 3/4 inches, the minimus distances between the last collimator and the
face of the folls and betwsen the trensit swivel axis and the window of
the counter tube could not have been appreciably decreased below the dis-
tances given sbove, 1 1/2 inches and 5 inches respectively,

By Testing Procedure

Testing of the reflective properties of the folls wes sccomplished
in two steps, The counter tube was first placed with zere deflection, so
that it was in line with the source and collimator holes, With the tube
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in this position, the foll bank wes rotated through various angles in
both the clockwise and counterclockwise directions in an attempt to
deteymine the optisum position far deflection of the maximum number of
gamme rays, lMeasurements of the counting rate were taken at 5 minute
variations in angle, This procedure was followed with the idea that s
drop in the observed counting rete would indicate & deflection of & higher
percentage of the gamma rays, The small angular varistion between
successive measurements was required because of the very small critical
sngles inwolved,

After & foll setting wes determined which gave the maxisus decrease
in the counting rate, the foll was left at this position while the counter
tube was rotated through various sngles in both the clockwise and counter-
clockwise directions, Measurements were taken to determine the counting
rotes at these angles, An increase in the counting rete over the back-

- collimated beam in the direction of the counter tube,

All folls were placed to deflect the bean to the right as it
traveled from the source to the counter, nly a single bank of foils
was used rather than the proposed double benk, becsuse, with the colli-
mated beam of gamma rays, 1t was believed to be possible to set the
angle of incidence so that the majority of the gammas would be deflected
by the single bank,

Foll sets number 3, 4 and O esch consisted of four sssentially identi-
cal foll hanks formed by wrepping the foil around a cylinder and then
cutting the woll of foil at the quarter pofnts, As used, each set was
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Foil Banks

Collimated
Beam

Fig, 5. Arrangement of foil bank set
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arranged so that the foll benks were in echelon to the left rear, as is
shown schematically in Figure 5, The faces formed by the leading edges
of each bank were parallel to each other and, with the foils in the zere
position, parallel to a plane perpendicular to the collimeted bean, The
effective avea prosented by the face of the foll bank was thus incressed

by 8 factor of nearly four, The echeloning was necessary so that the
planes of the faces of the individual foll banks would be parallel,



It became readily appapent at the heginning of the experimental
work that folls number 1 and nusher 2 were inadequate for the collection
of valid data, Doth folls were too smell te be of any value, inasauch
a8 the widths of the aress presented by the feces of the foils to the
in the besm, Foll mumber 3, which had been prepared using alternste
layers of aluminum foil and manifold paper, was large enough to inter-
cept all of the gamme rays in the collimeted beam, llowewer, it was felt,
layers of paper, used 8s spacing, contributed nothing to the efficlency
of the foll bank,

Thus, all dets contsined hevein were collected with foll sets nuwmber
4 and nusber 5, at the settings specified under Procedure, An additional
sot of dats was taken for foll set number 5 st the 20-inch source to foll
distance after the position of the foil set had been changed,

Figure ¢ is a curve of the counting rate versus the counter tube
position, plotted from data obtained when no reflecting foll wes used in
In Figure &, as well as in all other figures and tebles in this
section, data are listed and plotted as being taken at positive or nege-
tive angles, For the purpose of this veport, @ negetive angle is defined
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as an angle taken in the clockwise direction when looking &t the apparse.
tus from the top, while & positive angle is defined as an angle taken
in the counterclockwise direction, The zero position is defined as
that position whewe the axis of the countexr tube 1s colncident with an
extension of the axes of the collisator holes, Angles of incidence on
the reflecting foils are meusured as defined above, relative to the zexo
position on the compase vernier,

Table 2 contains the dats obtained using foll set munber 4 st a
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