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I. ABSTRACT

~Approximately 80 configurations simulating the p&eliminary basic shield.
deéign for the reflector-moderated reactor have been tested in-the Lid Tank
sShieldiﬁg_Facility. From tﬁese_experiments it has been concluded that:

1. 'The beryllium reflector region should be sbout 12 in. thick to
minimizevthé'over-all reactor shield weight and still remain
consiStent with core reactivity requirements.

2. The thickness of the heat exchanger region has relatively liﬁtle

| effect bn neutron and gamma dose curves as & function of distance
from the source platé.

3. The substitution of lead for water over the range covered (0 to
T.5 in.) in the regién Just oﬁtside of the heat exchanger has
piaétically no effect on the neutron attenuation curve well out

. in the shield. The effect of'lead in this region on'the gamma
dose ié greatestrfor the first 4 in. and is appreciably smaller
for thicknesses greater than about 7 in.

b A 0.13 in. thick layer of B0 (density = 2.1) is as effective in
depressing the thermal-neutron flux and consequent capture gammas
as i.in. of B,C (density = 1.95).

5. Diﬁiding the lead region into layers separated by borated hydrog-
anous;ﬁmxerial gives some reduction in the gamma dose for a
given thickness of lead; however, the full-scale shield design is
simpiifiéd,structurally_by placing all of the lea@ together Jjust |
outside the pressure sheil. While lumping the leaA in this fashion
ihcréases the lead thickness required, kee?ing its radius to a

minimum largely compensates for this so that very nearly minimum

-1-
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over-all shield.ééights can be obpaingd in this manner for ;ead
thicknesses up to 6.0 in. |
6. Transformer oilvis as effective as water on a volumetric basis
for attenuating the neutron flux. Since its density 1s about
0787, an appreciable saving in shield weight can be cbtained
through its use provided it can ﬁe borated to a few pércent by
weight'by the addition of soﬁe compound such as borazolei(B3N3H6)
B.P. = 53°c) or trimethylborateIB(OCHB)B, B.P. 69°c€| ‘Some of
this weight saving is offset by the fact that the thickness of the
lead layer must be increased because the attenuation of the gamma
flux is not as great in the oil.
._7. Beryllium is mdré éffective‘than water on a thickness basis fpr
neufron attenuation. (This can be seen from Fig. IV-2 by com-
pating the pure water curve and the curve representing the data éith 
paft of the water replaced by beryllium.)
8. it_is im?ortant’thatua‘boron curtain be used between the heat ex-
chapger anq the pressure shell as well as between the reflector and
the heat exchanger. . |
9. ‘It doeé not appesr worth while to use rubidium in place of sodﬂxm
or NaK as a secdndary coolant. Potassium is épeferdble to sodium
with regard‘to activation, but it is inferior as a heat transfer
. medium. | | 3 |
As & consequence of these measurements, an effgctive preliminary shield

was designed. Dose rate curves were obtained for the designed shield by
correcting dbserved data from configuratibns which closely approﬁimated it. -

These in turn can be used for shield weight calculations.
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Air and structure‘scattering,'the heat exchanger region, ducts and voids,
and optimization of the shield size and welight pose problem areas that require

further investigation.






II. INTRODUCTION AND GENERAL OBJECTIVES

A. P. Fraas

The circulating-fuel reactor presents some particularly difficult and
complex shielding problems. The first design study that was attempted con-
sidered circulation of the fuel directly to the engine radiatérrl It was
immediately evident that the radiator installation was so large that éhielding
the fission product decay gammas emitted from the fuel circulated through it was
out of the question. While the crew compartment could be protected with an
unusually massive shield, the over-all shield weight was high even with an
exceptionally large reactor-crew separation distance., Further, the radiation
level in the vicinity of the airplane would no doubt make grouﬁd handling and
maintenance work difficult. In addition, the radlation damage to all organiec
material in the airplane including lubricants, tires, gaskets, etc., would be
so high as to require replacement of these materials after from 1 to 10 hr of
full-power operation. A series of design studies was then directed toward the
possibility of employing an intermediate heat transfer fluid to take heat from
the fuel through a heat exchanger inside the reactor shleld. With this
arrangement activation of the intermediate fluld by neutrons leaking from the
core and by delayed neutrons emitted from the fuel in the heat exchanger itself
constituted a msjor problem., It was also found that for most layouts the
volume of the intermediate heat exchanger resulted inia very large increase in

the over-all shield weight.

i R. W. Schroeder and B. Lubarsky, "A Design Study of a Nuclear-Powered Air-
plane in Which Circulating Fuel Is Piped Directly to the Engine Air Radiators,"”
ORNL-1287 (March 31, 1953).

-5-
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This report briefly summarizeé the preliminary design work both to ;how
the basis for the selection of the design proposed and to point out the Questions
that developed as the designs took form. The shielding tests run in the Lid
Tank to resolve these questions are covered in detail. Altogether some e¢lghty-
three different configurations involving different thicknesses and compositions
of the reflector, heat exchanger, pressure shell, gamms shielding and outer
hydrogenous shielding regions were tested and the results analyzed. A series
of tests on the activation of secondary fluids in the intermediate heat exchanger
was carried out in conjunction with this work and is also reported. The final
section of the report shows the application of the test data to typical designs
and compares the results to the corresponding preliminary design studies.

While it is appreciated that the main body of the.report -~ the section
covering the detalls of the configurations tested and thg test results -- will
prove confusing at first glance, it does not appear possible to present the
results of so complex and extensive a set of work in such a fashion that it can
be assimilated easily after a cursory examination.

Preliminary Studies of Shield Configurations
for Circulsting-Fuel Reactors

It is instructive to review the evolution of .the shield configurations on
which this report is centered. The work began in November 1951 with the analysis
of a tandem reactor--intermediate heat exchanger design in which the reactor
!ﬁnd intermediate heat exchanger were placed end-to-end as shown in Figs. II-1 and

/II-2. This design analysis disclosed that the salient problems in the design of
any circulating fuel reactor--heat exchangér--shield system are: (1) activation
of the fluid in the secondary coolant system, (2) secondary gamma production from
neutron captures in the pressure shell and lead regions and in the neutron shield

region, and (3) gamma heating of the pressure shell.
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When the most careful design work failed to reduce the o#er-ail welght
of the tandem reactor--heat exchanger arrangement to an acceptable value, a
completely different geometry was considered. It was found that by using the
annuler heat exchanger arrangement of Fig. II-3 a major savings in shield i
weight could be effected. The work carried out on this design indicated that
still more weight might be saved by going to the spherical shell heat exchanger
arrangement shown in Fig. II-4. The estimated shield weights and other pertinent
data for each of these configurations gre presented in Table II-l.2’5
If Figs. II-1, II-3, and II-4 are re—éxamined it will be evident that three
different types of reactor cores were employed. While these were considered
to be essentially interchangesble, they indicate some important steps in the
evolution of a reactor design. In the first design the fluoride flowed through
closely spaced tubes while water flowed between the tubes, presenting some
- formidable problems in preventing freezing of the fluoride at low-power outputs.
More important from the shielding standpoint was the fact that with the thin
reflector of Fig. II-1 the pressure shell appeared to be a much more éerious
sourée of gammas than the reactor core. Another important concept developed in
the course of the design was that approximately 30 cm of moderating material
followed by a boron curtain should be placed between the reactor core and the
heat exchanger to reduce the neutron flux from the core to the'heat exchanger to
the level of that from the delayed neutrons emitted from the fuel in the heat
exchanger. |
The reactor core designeemployed in Fig. II-3 capitalized on the above

concepts. Yet another feature was also interjected, i.e., the core matrix

2 A. P. Fraas, "ANP Quarterly Progress Report, March 10, 1952," ORNL-1227, p. 7.
3 A. P. Fraas, "ANP Quarterly Progress Report, June 10, 1952," ORNL-129%, p. 7.
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TABLE II-1

PARTIALLY DIVIDED SHIELDS FOR CIRCULATING-FUEL REACTORS WITH VARIOUS INTERMEDIATE HEAT EXCHANGERS

Tandem Heat Exchanger

Annular Heat Exchanger

Spherical Heat Exchanger

1 2 3 4 2 3 1 2 3

Reactor shield diameter (in.) 150 150 121 121 148 118 118 148 118 118
Crew shield weight (1b) 5,000 11,000 36,000 14,000 5,000 36,000 14,000 5,000 36,000 14, 000
Weight of reactor, intermedi-

ateheat exchanger, and re-

actor shield (1b) 151,000 130,000 75,000 75,000 123,000 62,000 62,000 115,000 54,000 54,000
Total weight of reactor, in-

termediate heat exchanger,

and all shielding (includ-

ing crew shield) (1b) 156, 000 141,000 111,000 89,000 128,000 98,000 76,000 120,000 90,000 68,000
Reactor power (kw) 4000, 000 400, 000 400,000 400, 000 400, 000 400, 000 400, 000 400, 000 400, 000 400, 000
Diameter of reactor core({in.) 32 32 32 32 32 32 32 32 32 32

Liquids in primary and sec-
ondary circuits

Temperature loss in inter-
mediate heat exchanger(OF)

Pressure loss in intermedi-
ate heat exchanger (psi)

Crew shield size (ft)

Reactor-crew separation
distance (ft)

Radiation inside crew com-
partment {r/hr)

Radiation 5 ft from center
of reactor (r/hr)

Radiation 50 ft from center
of reactor (r/hr)

Radiation 300 ft from center
of reactor (r/hr)

Fluoride-NaK
100

100

1 1 1
6Z x 72 x lZ2

50

300

Fluoride-NaK
100

100

1 1 1
62 x72 x lZZ

50

2,400

36

Fluoride-NaK

100

50

380,000

5,600

156

Fluoride-NaK

100

100

5x5x 12}

120

380,000

5,600

156

Fluoride-NaK

100

100

1 1 1
62 x7z x 122

50

300

Fluoride-NaK
100

100

1 1 1
62x72x122

50

380, 000
5,600

156

Fluoride-NaK
loo

100

1
5x5xlz2

120

380,000
5,600

156

Fluoride-NaK

100

50

300

Fluoride-NaK
100

100

1 1 1
62 x7Z x 122

50

380,000
5,500

156

Fluoride~NaK
100

100

5x5x12%

50

380,000
5,600

156

€1



=14~

.

geometry was_changed to reduce the propértién_of moderatbr, In principie, this
should permit a smaller reactor core because the power density in the liquid fuel
itself appears to control the reactor core diameter. A careful examination of
this second design disclosed that the thick reflector could meke a major con-
tribution to the neutron economy if the poison concentration in it‘could‘be kept
down.lL At thé same time it was evident that a more nearly spherical configuration
would reduce the over-all weight substantially. As a result the simple reactor
design of f&g. II-4 was evolved in March 1952. A detailed exposition of these
three designs‘and the,analysis on which they were based has been reportedo5

The layout of Fig. II-4 appeared so pfomising thatba series of multigroup
calculations wﬁs carried out for a wide range of reactor core sizes and materials
of construction. It soon developed that the exceptionally high atomic density of
beryllium coupled with its comparatively high scattering cross section for neutron
energies sbove 3-Mé§ make it a very nearly optimum material from the standpoint
of both shielding and reactor physics considerations;6

As the result of the above described process of evolution a more or less
definite arrangement of core, reflector, heat exchanger, pressure shell, and
shield was decided upon which seemed feasible for the production of useful power
and at the same time appeared to be very nearly optimum in shield welght economy.
In order to obtain a more definite evaluation of shield welghts and shield arrangé-
ments necessary to yield tolerable doses in the viéinity of the reactor, the Lid

Tank tests as described in the following sections were performed.

I C. B. Mills, "The Fireball, A Reflector-Moderated Circulating-Fuel Reactor,"
Y-F10-104 (June 20, 1952). ‘ o

5 A. P. Fraas, "Three Reactor--Heat Exchanger--Shield Arrangements for Use
with Fused Fluoride Circulating Fuel," Y-F15-10 (June 30, 1952).

6 C. lli' Mills, "ANP Quarterly Progress Report, March 10, 1953," ORNL-1515,
p. 49.




ITII. INTERPRETATION OF LID TANK TESTS

RMR Configurations

F. H. Avernathy and R. Spencer

Inasmuch as the RMR is unique in that no clear cut boundary eiists be-
tween the reactor and shield, in the Lid Tank experiments it was necessary to
simulate the reactor shield assembly from the core shell outward. Thus, the
mockups consisted of materials that simulated the reflector, heat exchanger,
pressure shell, heavy gamma shield, and final neutron shield in that order.

In addition, thin layers of neutron-sbsorbing materials were inserted between
the various components to ascertain the effectiveness of such curtains.

The composition and thickness of the reflector and the heat exchanger
regions will of course be partially dictated by other than shielding considera-
tions. For this reason these regions were mocked up with materials‘which
approximated as closely as possible the contemplated finished product. The
composition and thickness of the other regions could be varied to give a shield
of minimum weight consistent with desired dose levels and sound engineeriﬁg
practice. |

It must beypointed out that some of the mockups in the Lid Tank tests were
less than satisfactory approx1mations of what was desired. 1In éome instances
materials needeéed either were not avallable or differed from the form in which
they would ultimately be used. Because it was desirable to investigate the
shielding properties of a large number of materials and cbnfigﬁrationsffor the
RMR and because there was of course a time limitation involvéd,»the experiments
on some of the materials were by no meané complete. In this respect this series
of tests should be considered preliminary. It is felt, however,; that these
tests do provide a reasonably sound basis for early RMR shield designs and also
afford a basis for deciding on future experiments which should serve to refine

and expand the conclusions reached here.

-15-
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It should also be explained that at the time the Lid Tank tests were
stérted there was not enough beryllium availsble in slab form to simulate the
required reflector region. To compensate for this a tank 1105ﬁih, thick
filled.with beryllium pellets was used with a solid beryllium sl&g 3.6 in.
thick. The density of the beryllium in the tank was only 1.23 g/cc as compared
to 1.8h g/cc in the solid slab, making a density correction necessary in order
to arrive at an equivalent reflector thickness. Later in the experiment
beryilium'blocks were obtained from the Critical Assembly'Faéility and it was
then possible to'simulate a solid beryllium refleqﬁor,’

Neutron Measurements

An examination of the neutron data cbtained behind the various configura-
tions reveals that the fast-neutron dose (as measured.directly or as correlated
with the thermal-neutron flux well out in the water regiom) is.rather.in;
sensitive to changes made in the heat exchanger, pressure shell, and heavy
gamma shield regions. This is due to the fact that on & thickness basis the
materials that were placed in these regioné have about the same effectiveness
as water in attenuating fast neutrons (eug., as in the case of lead and the
materials used in the heat exchanger region) or thaf the thicknesses used were
so thin compared to the total neutron shield as to have oniy a small effect.

An e#ception to this was the substitution of uranium for Fead in the gamma
shield region. A comparison of the thermal-neutron data behind configurations
63 and T2, which are similar except for the fact that No. 63 contained 6 in.

of lead in the gamma shield.region while No. 72 contained 3 in. of uranium,
indicates that if uranium were to be used for the heavy gemma shield region a
saving in the neutron shield weight could be effected. The data-available is in-
sufficient to @etermine an exact saving, as is discussgd more fully under

"Gamma -Ray -Measurements" below.
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Because of this insensitivity of the fast-neutron dose to the changes in
the various sections of the shield, the bulk of the discussion onm the Lid

Tank resuits is centered on the gamma data.

Gamma -Ray Measuremenfs '

| The first mockups tested for the RMR in the Lid Tank included (1) a
reflector region consisting of 11.5 in. of beryllium pellets plus® 3.6 in.
solid beryllium (2)va 2.75-in. heat exchanger region made up of NaF-filled
iron tanks, (3) neutfon‘curtains consisting of 1 in. thick Bh(_l;fi‘lied tanks
"placed before and after the heat exchanger region, (h) a‘pressur¢=shell.cbm-
posed of 1.75 in. of.iron, (5) a gamma shield region of lead, and (6) the
water in the Lid Tank. The lead thickness was varied to determine the effect
on the gamms dose at the shield surface. |

Effect of Variations in Gamma Shield. In an effort toféxclude water from -

the reflector region in configuration 1% an aluminum wafer fille&‘with_preé-‘
surized air was inserted between the tank of beryllium pelrefs and the solid
beryllium slab. The wafer was removed in configuration 1A and the gamme dose
fell slightly below the data with the wafer; this difference can possibly be
attriﬁuted to the neutron attenuation in the water that filled the space between
the\two beryllium regions, thus giving a slightly reduced level of seéondary
gammas. Since the thickness of the wafer was difficult to control because of
variations in the air supply pressure and since it did not appear to maké much
difference in the measurements, it was removed. In subsequent configurations
an effort was made to keep the water gap as small as possible.

Traverse measurements were made in the water behind configurations 1, 2,
3, and 4 for lead gamma shield thicknesses of 0.0, 2.5, 4.5, and 7.5 in.,

respectively. Because of sensitivity limitations, lead thicknesses beyond

¥ Bee section VI for sketches of configurations and corresponding data.
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7.5 in. were not used. The difference in the slope of the gamms curve of
configuration 2 as compared to tﬁose of configuratibns 3 and 4 is attributed
to the air void in the latter configurations which piaces the source of the
soft capfure gammas from water closer to the detector. In configurations 3
and 4 the priméry photons from the source plate and the secondary photons
from the region inside the pressure shell have been greatly aftenuated by the
additional lead,while the capture gammas from the water remained undiminished
or perhaps even increased.

An examination of configurations 4 and 5 and their associated gamma data -
indicates that‘the addition of approximately 20 cm of water to the second dry
tank in configuration 5 decreased the gamma dose by a factor of 6. Since the
relaxation length of gammas in water is known to be at least 20 to 25 cm,
the addition of the water could account for no more than a factor of 3 in
direct attenuation. While it would appear that the additional water could
affect the gamma dose by direct attenuastion only, further examination indicates
that the water is responsible for two other pheno;ena that substantially
decreased the doses of configuration 5. First and perhaps foremost is thg
decrease in the number of capture gammas from the wall of the dry tank nearest
the receiver. Previously the only attenuation of the neutron flux from the
outer surface of the lead to the tank wall was a very small geometric decrease;
the addition of the water decreased the neutron flux at the tank wgll and
resulted in a decrease of capture gammas from the.tank wall By at JEast & factor
of 10. The 1mpoftance of these capture gammas from‘the iron wall is clearly
illustrated by the results of the tests behind configurations 39, 40, 41, and

2"‘20'
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The other phenomenon that decreased the gamma dose when the water was added
in configuration 5 was the replacement of the air gaps with water between the
lead slabs. Unfortunately, when fhis parficular test was run, there was a
shortage of 1.5-in. lead slabs and l-.in° slabs were used. The framework
supporting the slabs separated them by at least 0.5 in.; with the addition of
water to the tank the water gaps between the slabs were possibly larger than
0.5 in. since the slabs wére)warped. It was felt that thils probably resulted in
the thermalization and capture in the water of many of the eplthermsl neutrons
that would have otherwise been thermalized and captured in the leéd. The energy
of the photon fesulting from thermal-neutron capture by hydrogen is about 2.2
Mev, which is far lower than the approximately T7-Mev gamma from neutron capture
in lead, and hence is more easily attenuated by the material between the point
of capture and the recelver. The water between the lead slabs further helped
to reduce the gamma dose because of the fact that water, with a very much lower
atomic weight than lead, more readily thermalizes ﬁeutrons, thereby increasing
the probability of the neutron capture in either the lead region or the water
1tself. This process places more gammé shielding materiﬁi between the
secondary source of photons and the position of measurement than would be
present if there were no water in the lead region.

Because of the lack of preciéion in measuring the water thickness between
slabs and the engineering incentive to construct the heavy shielding material in
one piece, the water in the region at this point of the experiment was an
undesired“evil. The best that could be done at the time was to use lead slabs
as thick as the frames in which they were supported. Every effort possible was
made to keep the slabs of lead ciose together, thereby reducing the water

thickness and its associated uncertainty as much as possible.
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In configurations 6, 7, and 8 the lead slabs were spread out in the water
vregionJ' As has béen pointed out previously, moving the lead away from the
pressure shell increased‘its shielding effectiveness,. However, an aircraft
shield requires a minimum shield weight, and it is obvious that moving the lead
layers_of a spherical shield oﬁtward would incresse their weight. The data from
these tests and the lead optimizatlon experiment indicate, although not con-
clusively, that for lead thicknesses up to 6 inf for RMR shields under considera-
tion ‘the increased shielding effectiveness of separating the lead layers was
not great enough to comrensate for the increased #eight due to the increase in
lead radius. |

Configurations 9 through 14 were tested to determine the effect of borating
the water in the neutrpn shield on the gamma dosee Boron competes with hydrogen

10 in the majorify of cases results

for neutron capture, and neutron capture in B
in the emission of.an easlily dbsofbed_alpha particle and a 0.43-Mev gemms ray
from the compound nucleus, rather than the 2.2-Mev capture gamma from water.
The,macroscopié tﬁermal-neutron absorption cross section of natural boron in a
1% borated water\solution is roughly 20 times the cross section for capture in
£he hydrogen atoms of the same solution. If all of fhe garma dose measured
yell out ih the shield came from hydrogen capture gammas, the addition of 1%
by weight of boron to the water would decrease the measured gamms dose by a
factor of 20. The data taken with configurations 5 and 10 show that the addition
of 1% boron to the water decreased the gamms dose by a factor of 4.5, indicating
that iron and lgad secondary gammas and source gemmas were also important.

Thé reasons for testing configuratiéns 9 through 14 are seif-evident

except for configuration 11. The data cbtained behind this mockup should be

used with caution. Comfiguration 1l was the first test in which an attempt
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was made to increase the boron concentration in the water above 1%. In order
to increase the solﬁbility'of Bo03 iﬁ the éolution, KOH was added. Because
this reaction is exothermic in nature the initial temperature of the mixture
was'considerably above room temperatﬁre, though it rapidly decreased to that
of the rest of the Lid Tank. Tﬁis decrease in temperature was accompanied by
the precipitation of what appeared to be 3203 crystals on the tank walls, lead
slabs, etc. Thus the attempt was a failure, for a chemical analysis of the
water solution actually showed a decrease in the boron concentration. In
_order to prevent this precipitation in later tests in which boron was used in
concentrations higher than 1%, all the water in thé Lid Tank was held at an
elevated temperature (~v110°F).

After the first 14 configurations were run the entire»set of tanks and
slabs simulating the reactor and shield were removed from the Lideank, and
traverses with all in;truments were made in pure water to check fheir‘calibra-
tion. In the interim enough 1.5-in. lead'slaﬁs were obtained so that thej
could be used exclusively throughout the resf_of the experiment, thus reducing
. the number of unnecessary air and water gaps in the gamma shield section.

Four of the most uéeful mockups for designing present RMB shields were
configurations 15, 16, 17, and 18 which represent the logical buildup of a
typical gamma shield from which the thickness of lead required at the reactor
shield can be determined. In these tests four NaF-filled tanks simulated a heat
exchanger thickness of 7 in. (The average density of this region was approxi-
mately 2.5 g/cc. This is lower than the 3.15-g/cc density contemplated in the
present RMR designs, but ﬁ correctibn can be made by applying a simple density
ratioo) These tests were nof run at this time with the borated water extending

to the shield surface since it was feared that the aluminum in the instrument
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carriage and in the inétrument itself. wouldibe strohgly attacked by the caustic
borated water solution. Thus, 1t wes necessary to take measurements in plain
water behind the borated water tank.

The data for configurations 17 and 18 indicate a decrease in the effective-
ness per unit thickness of lead as the total thickness of the lead region:is:
increased. The last 3 in. of lead in configuration 17 have a ;ater replacement
relaxation length of 2.9 cm, while the additional 1.5 in. of lead added in the
next configuration has a water replacement relaxation length of k4.1 cm. This
clearly shows the increased lmportance of secondary gamma productidn as the lead
region becomes thicker.

Attempts to Minimize Effect of Iron in Reflector and to Increase Reflector

| Thickness. In the first 18 RMR configurations there'was more iron (in tank
walls) in the siﬁulated:feryllium reflector region than is contemplated in the
actual reactor. This iron constituted an excessive source of secondary gammas
in the mockups, and in an effort to minimize its importance, a water layer was
inserted in the reflector region (configurations 19 through 30). It was felt
that the water layer would also serve to increase the reflector thickness since
no additionalnberyllium was avallable at that time. ILater in the experiment?
however, beryllium blocks were cobtained from the Critical Experiments Facllity
and tests were made with the desired beryllium reflector thickness. The
correlation between these tests and those with the water layer was poor, and it
is recommended that the absolute values of both the neutron and the gamma data
taken behind mockups 19 through 30 be used with extreme caution unless a water
layer in the beryllium reflgctor region of an actual reactor is anticipated.
While the meaning of the absolute values of the data of configurations

19 through 30 is in question, the measurements relative to dther measurements



-23-
in the same group are very useful. Configuration 21 represents the first RMR
test with "unfamiliar shilelding materials,” that is, materials other than lead,

iron, and plain or borated water.

Effect of Substituting Oil in Liquid Neutron Shield. In configuration

21 a 15-in. tank of oil substituted for water in the liquid neutron shield
decreased the fast-neutron dose and increased the gamma dose. This can be ex-
plained by the fact that a greater density of hydrogen atoms makes oil more
effective than water in attenuating fast neutronms, although water is more
effective for gamme rays because of its greater electron density.

Effect of Variations in Pressure Shell and Moderator Region. Data taken

behind configurations 22 through 26, 29, and 30 show the effect on the gamma dose
of varying the material used in the pressure shell. Iron, copper, nickel and
inconel were used and since some of the slabs were too large to fit into the dry
tank all the measurements were made with the pressure shell material placed
in the water.

The results of these tests indicate that copper possesses the best prop-
erties of attenuation at this particular position in the shield. Nickel,
iron and inconel followed in that order. The gamma doses measured well out in
the water region behind the materials with no lead shielding showed that the
dose with copper in the configurations was only 35% lower than that using
inconel and that iron was only slightly better than inconel. The structural
properties of inconel, however, overrifie: the small shielding disadvantage and
it will probably be used in the pressure shell for the RMR. If a more precise
comparison of these data becomes desirable it should be kept in mind that the
iron and nickel thicknesses were made up of two slabs with an annown amount

of water between them, whereas the copper and inconel slabs were in one piece.
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Configurations 31 and 32.were run to deteymine the effect on ﬁhé external
gemma dose of placing 1-1/2 in. of lead between'£he sourcg-and'the beryllium.
It is possible that at some future date the.prdbleﬁé’associated with containing
lead at high tempergtu:esfwill be solved and it would bé desifable to use
lead as a moderator coolant provided a weight saving could be realized. The
data indicates that 1.5 in. of lead whenh placed néXt fo the soﬁrce reduced the
external gamma dose by only 18% because of the high secondary production in
this region of high neutron flux. |

- Effect of Substituting Tungsten Carbide in Gamma Shield. Since the gamma

shield material of an aircraft reactor contributes a major fraction of the total
installation weighf, any means of reducing the weight of thi§ particular‘region
is worth serious investigatign‘_ The substitution of tungsten or tungsten
carbide; both very dense materials, for lead has been conéidered and sinee
some WC,was_gvgilable, a group 6f experiments was devised to detefmine its
effect.

The WC was in granular-form (average density = 8.05 g/cc) and filled a
2 in. thick tank. In configurations 33 ’ 34k, and 35 £he WC tank was placed Just
outside the pressure shell. Because it was felt that there might be considerable
capture of thermal neutrons in the iron tank walls, giﬁing a gamma source that
should not be charged against the WC, tests were made with a boral slab pre-
ceding and following the WC. Theré was no appreciable difference in the gamms
dose with 6f without the boral and it appearéd that the capture gamma source in
the tank walls was small. |

Lead was then added outside of the WC tank (configurations 36 and 37) to
ggin some insight into the gama, spectrum from neutron cépfure in WC. After a

total of 3 in. of lead had been added, the order of the materials wes reversed
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(configuration 38). . If the secondary gamma production rate times the ‘self-
dbsorbtion per gram were the same for WC and lead this reversal would make
1little difference in the dése° ESrlier data clearly indicates that production
bf*secondary gammas in the first few inches of leﬁd outside the pressure
gshell has little effect on the total gamma dose. That is, there would be
little difference in the external dose if the first of three sldbs next to
the pressure shell were tqngsten instead of.léad, provided the grams of
material per square centimeter of the slabs were the same. Following this
line of argument, it can be seen from the data for configurations 37 and 38
that placing the WC &kosér to the source than the lead gave & gamma dose
rgughly ho% lower than when the order of the slabs was reversed. Thus, the
gamma shielding properties of lead appear to be clearlyssupertor i to WCiin-a
region of'important‘secqndary gamms, production. '

. The 6-in. sldb of lead next to the bressuregshell showed a relaxation
length of 2?8 cm, whereas the WC tank plus 3 in. of lead showed 5.2 cm. It is
Just possible-that by using metallic tungsten in place of WC the thermalization
of neutrons and hence the production of capture gammss might be inyibited
sufficiently to make the tungsten-lead combination as good as the lead alone.
While the Lid Tank fests indicate that using tungsten in place of all of the
lead would result in a heavier shield, a composite gamma shield employing -
tungsten for the inner layer and lead for the outer layer might be as light as
an:all-lead_shield for the ideal case, and would have the advantage of'being
much stronger than the lead alone. Further experiments would be néeded to
prove this point.

Méckup Modifications:to: ‘Improve RMR-Shield Simulation. After the first 38

:cohfigurations were tested, the removal of the entire mockup from the Lid Tank
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and an extended shutdown were required to permit installation of a new shutter
behindrthe 1id Tank source plate. During this period. the previous tests were
reviewed to determine what modifications in the reactor and shield simulation
would more nearly approximate the RMR configuration.

As was mentioned previously, not enough solid beryllium was available to/
simulate the entire reflector region during the earlier tests and a tank (iron
welis) of beryllium pebbles was su‘bstituteda Inasmuch as there was considerable
uncertainty involved in correcting the data for the iow-density pebbles, a change
to a completely solid reflector was desired. Fortunately it was possible to
borrow enough beryllium from the Critical Experiments Facllity. Since the
beryllium was in the form of small blocks, aluminum and stainless steel could
be inserted between the rows of blocks to simulate the reflector ceolant and
coolant tubes, respectively. (Aluminum was substituted for sodium which will
most likely be used as the reflector coolant in the RMR. The two materials have
approximately the same thermal—neutron}macroscopic cross section, although the
hard, nearly monoenergetic capture gamma from aluminum is somewhat more diffi-
cult to shield against than the capture gemmas from sodium. )

Design stﬁdies for_the RMRg{k indicated that the percentage of the total
reflector volﬁme taken up by the coolant tube walls for a small high power
den;ity reactor might be as much as 0.4% on the average, with 0.78% in the
first 6 in. For the same conditions the sodium percentages would be 2.4% and
4.7% respectively. While neither these percentages nor the distribution of N
these poisons could be matched exactly because the simulating material could

be placed only between rows of the beryllium blocks in thicknesses of the sheet

_1 "Aircraft Nuclear Propulsion Project Quarterly Progress.Report-for Period
Ending March 10, 1953," p. 41, ORNL-1515 (Apr. 16, 1953);”
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material available,\the amount and position of the material did closely approxi-
mate the polsons for a 200-megawatt reactor having an 18-in. core diameter.

Between the fuel region and the reflector of the 200-ﬁegawatt RMR designs
. there is 0.125 in. inconel, 0.100 in. sodium, and 0.025 in. inconel, which
compose the core shell, a sodium passage, and the inconel can around the beryl-
1ium. These layers were simulated by the 5/16—in.'iron wall of a new dry tank
and the l/h—in. aluminum wall'of the beryllium tank. The other wall of the
'beryliium tank was thicker than desired, but the absorption rate per unit.volume
in the aluminum following the beryllium was calculated to be approximately 1%
of the absorption rate in the inconel core shell, hence the error was considered
‘inconsequential. A table of the tank dimensions is presented on page 89.

It waé felt that the elimination of water gaps between the Iéad slabs was
neéessary; consequently it was decided to construct a large “tank thﬁt would
hold all the dry components of the mockups. This arrangement had a disadvantage
in ﬁhatlit was relatively inflexible; i.e., if it was desired to use a material
which would not fit into the new tank exactly, elther an air gap would be
present or it would be necessary to place some of the material in: the water
region outside the tank. It was decided that the advantages of the new
arrangement were more than worth the 1ack of versatility.

- Advantage was also taken of an opportunity to test the effect of sub-
stituting B1O for the Buc previously employed as & neutron curtaiﬁ on one or
both sides of the heat exchanger region. Ir Blo could be substituted for a
similar number of thermal-neutron relaxation lengths, a considgrable saving
'in the over-all reactor shield installation weight could be achieved by re-
ducing the radius and hence.the weight of the pressure shell and lead regiono'

.There was little doubt that this substitution could be made; however, since
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the material wes availsble' it was thought best to conduct a test. The intro-
duction of Blo into the configuration was not easily arranged. First the —
material was in powder form and could not be alléwed to cormtaminate the
surrounding area. Seconqu, the thicknesé of the material desired for the
test, approximately 0.7 g/cm?, was much thinner than the required supporting
structure. Since the Blo'had to be returned in the same form as it had been
recei%ed, it could not be hot preésed.° It was finally declded best to prepare
it in the form of a water "slip" that could be puddled into a 3/16 in. deep
recess:dished out of a piece of aluminum 3/h in. thick. After drying, the
boron was covered with a thin sheet of stainless steel pulled down over the
boron much like a drum head tightened over a drum. A description of this con-
tainer and a list of the thicknesses is contained in another section of this
report.

With the modifications described above it was expected that €he gaﬁma dose
bekind configuration 39 would be sbout a factor of 6 higher than the dose
measured behind configuration 17. A‘factor of 3 was expected becsuse con-
figuration 39 did not have borated water behind the lead region, and a factor
dr 2 was expected from the elimination of the water gaps in the lead region.
Tt was found, however, that the dose behind configuration 39 was & factor of 25
higher'than that behind configuration 17. Since only a factor of 6 could be
definitely accounted for, an intensive search was undertaken to umcover the
remaining factor of 4. The first investigation was centered around the iron
tank wall following the lead region.

As was described previously, the iron tank wall separated the dry lead
region from the liquid neutron shield, ahd it was felt that thére.miéht be &

significant amount of neutron capture in the iron. In configurations 40, 41,

+
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and 42 boral was placed before, after, and on both sides of fhe wall, and the
respective gamma doses indicated that there was an appreciable amount of
capture in the iron, both from neutrons emerging from the lead and from neu-
trons that were fhermalized in the water and reflected back into the iron.
Although use of the boral resulted in a consider&ble reduction in the dose,
the experimental arrangement with a boral slab following the iron was never
completely satifaqtory. Even under the best conditions there was enough water
pressure to bow the tank wall inward, leaving a water gap between the iron and
the boral. In later configurations the water region itself was borated and
the captures in the iron were sufficlently suppressed by neutrons thermalized
~in the water. The boral slab on the other side of the iron partition removed
the thermal neutrons from the outward bound current at the surface of the lead.
Thus, the effect on the external gammas dose of the iron in the partition of .
the ‘dry tank that followed the lead region was small when boron was present on
both sides of the partition. In actual RMR designs there will probably be no
iron outside of the lead region because the addition of a small amount of
“calcium or tellurium to the lead should increase its strength to the point
that it will be self-supporting.

. Since the dish of BlO was only 34 in. in diameter it waS'thoughtﬁpossible

B10 could affect the gamma

that the streaming of thermal neutrons around the
dose. In configuration 43 the B1O tank was spliced out on each side with
1/4 in. thick boral slebs, but the difference in the gamma dose with and

- without the boral was so small as to be negligible.

© " In configuration 4k a 3/k-in. water gap was inserted between the second
and third lead slabs to test the effect of the water gaps in the lead region.

Since there was no change in the dose, configuration 45 was installed to
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determine the effect of boroﬁ in the leéd. It cah be seen that the gamma dosé
behind configuration 45 is a factor of 2.3 lowef than that behind configuration
39; however, all but about a factor of 1.5 of the reduction can be attributed to
the tybor between the anﬁx.lead slab and the dry tank wall. This would seem to
indicate that there was no great amount of neutron capture in the 6 in. thick
lead region. These results for configurations 44 and 45 coupled with the results
of Iater-tests indicate that the effect of the water gaps between the lead slabs
in all mockups prior to configuration 39 was small and that the production of
secondary gammas in the lead, even when it was in a soiid slab next to the
pressure shell, was not excessive. : ' o )

Effect of Boron in Shield. The Blo placed in front of the heat exchanger

region was loaned to the Isborstory for only a short time and it became necessary
to remove it from the configuration. In configuration 46 it was replaced with a
1-in. BLC slab &nd there was a slight réduction in the gamma dose. Most of this
difference can be attributed to the»removal of the stainless steeI'which formed

10

the druihead. over the B~ dish. This stainless steel -- or more correctly

inéo?el -- will be necessary in the actual reactor designs, however.

In configuration 47 the addition of & 15-in. tank of 1% borated water
behipd the lead region reduced the gamma dose aﬁ a distance of 160 cm by a
factor of 3.0. Although-this ﬁnckup was similar to configuration 17; its gamma
dose was higher by a factor of 2.2. An effort was thén made to eliminate the
gap of unborated water between the two iron tank walls. In an effort to remove
this region an air wafer was inserted between the tanks in configuration 48, but
the dose remained unchanged. It waénthen decided té weld a 60-cm extension
on the dry tank to hold the borated water, thus completely éiiminating the

water gap. This mpdificatibn wmas intrdaueed in configuration 55,
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 Elimination of Plain Water Gap between Dry Tank and Borated Water Tank. In

addition to eliminating the water layer between the iron tank walls, the exten-
sion of the mockup tank had sevéral other advantages. The approximately 23 in.
of borated water was more realistic than 15 in. as a typical thickness which

. might be used in the RMRq In addition, it provided enough éﬁaée for a few
measurements to be taken inside the borated water tank. It must be remenbered
that the_fést—neutron flux in the Lid Tank Facility is too smsll to be

medsured accurately behind a full-scale shield, hence the thermal-neutron flux
in equilibrium with the fast flux is taken‘as the measure of the fast flux
aftér a suitable correlation is made between them. This correlation in borated
watér is dependent upon the not very well-known boron concentration, hence it
was "advisable to obtain sbme thermal-neutron data in pure water behind the full
shield. | } B

-~ * While the above modification was being made, eonfigurationsh§9ﬁthﬁbugh553
were run with some yariations in lead, boral, tybor, and water thicknesseé in
tﬁé<lead gamma shield region. The‘data from configurations 51 and 52 revealed
that there is some advantage in placing a strohg neutron absorber such-as

th or Blo

between the heat exchanger and the pressure shell to reduce secon-
dary gamms production in the pressure shell.

Effect of Beryllium Density. A comparison of the data taken behind con-

figuration 55 (this was the first time the two-section mockup tenk was used )
with the data of configuration 17 showed that their gemma doses were approxi-
mately the sanme.

- In order to make a precise comparison it is necessary to know how to
correct for the iow—density'beryllium present in configuration 17. Inasmuch

as the origin of the gammas measured in the water behind the shield mockup is
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not known; this correction cannot accurately be made. If the dominant source
of gamma rays is on the far side (aS‘viewed frep the deteetor) of the loﬁ-
density region, then to the simple thickness correction mst be added another
correction to takejlaccount of<the difference in distance between source and
detector. A total correction for configuration 17 would then amount to gbout
a'16% increase. ﬁowever, if the secondary gammas originate in regions outside
of the reflector, oﬁly & small geometric correction is-needed.

It is probable that a combination of these factors was present, with the
former assuming the greater importance for thin lead regions and the latter
asSuming greater importance as the lead thickness ie increased. Certainly
with 7.5 in. of lead in the.configuratidh the majority of the.measured gamﬁa
dose is coming either from the lead regien or from the water immediately outside
the lead region as evidenced by the. marked increase in the water replacement
relaxation length for the fifth lead slab. . | -

A case in which the refleetorvregionﬁmay be eh @mportant contributor to
the secondary gamma-ray inteneity 8s measured outside the shieid,>even with as
much as 6 in. of lead, is shown in configuration 55 for which this production
was probably increased owing to the addition of stainless steel to the reflector
region to simulate_structﬁre.

Tests are underway at the time of writing to determine whether the beryilium
reflector will have to be canned in incoeel (as assumed in the subject tests)

or whether it may be operated without cladding in sodium at 1200°F.

Effect of Plexibor Inserted at Various Points in the Shield. In configurations
56 through 59 slabs of plexibor of density 1.6 were placed at different points
in the configuration to determine their effectiveness in geducing the gamms dose.

Configuration 56 was run with 3/16‘in, of plexibor ‘in place of the l-in. slab
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of B)C behind the heat exchanger. The gamma dose was increased by a factor
of only 1.2. This would seem to indicate that the amount.of boron in the
plexibor is very nearly adequate for thermal flux depression in this region.

The use of plexibor between the lead slabs is of more doubtful utility.
Configuration 58, which had plexibor on both sides of all four of the lead
slabé, shows a decrease in the garma dose by a factor of 1.1 over the dose
of configuration 57, which had plexibor on both sides of the fourth lead
slab only. When all the plexibor in the lead reglon was removed as in con-
figuration 59, there was an extrapolated increase in‘the dose over configura-
tion 58 by é factor of 1.35. However, a computation of the shield weight for
a 6-in. lead region for contemplated‘RMR designé shows that insertion of the
plexibor has very little effect on the over-all lead region weight.

It is evident from the configurations together with the lead optimiiation
experiments that for RMR shields requiring up to 6 in. of lead the lead region
can be constructed in an integral plece and placed next to the pressure shell
with only a trivial welght penélty involved, However, an examination of the
gamma, daﬁé behind configufatiom§59 and 60 reveals that the water replacement
relexation length for an additional 1.5 in. of lead is 5.7 cm. This indicates
a marked decreasse in the effectiveness of this lead slab. An optimization
exper iment is.clearly required to determine how much weight could be saved
by inserting a borated hydrogenous region between the first 6 in. of lead and
" any additional lead required. It 1s possible that the weight involved would
ﬁgﬁsufficiént to offset the éngineering incentive to construct the entire lead

‘région in sn integral piece.

- Effect of Beat Exchanger Thickness. By comparing configuration 59 with 62
and configuration 58 with 63 and 6k, it is possible to estimate the effect of
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the heat exchanger thickness on the gamma dose well out in the shield. After

ad justing the dats of configurations 62, 63, and 64 to account for the air gaps
lef%‘by removing part of the heat exchanger; it is found that the water well
behind the 60-cm borated water tank has roughly the same effectiveness on a
thicknessvbasis in reducingAthe-gamma dose as the material in the heat exchanger
region. This can bé attributed to the factuthat the gammas are induced by
neutrons passing through the heat exchanger region.

Effect of Increasing Beryllium Reflector Thickness. In configurationm 66

the reflector thickness was increased t0.15 in. by adding a layer of solid
beryllium blocks behind the beryllium tank; " There was no major reduction in
the gamms dose over previous configurations (see for instance configuration 63).
From the standpoint of shielding the RMR it would certainly not be advisable

to use a reflector thicknesd.. of 15 in. because of the heavy weight penalt&
‘incurred by increasing the radius of the lead_and pressure shell regions.

~- " Effect of Substituting Uranium in Gemme Shield. Configurations 70, 71, and

T2were run to determine the desirsbility of replacing lead with uranium.
Trissmuch as the density and the mass absorption coefficient for gammms is -
greater in uranium than in lead, uranium should be a better gamma shie€ld £han
Iead provided the production of gammas from neutron capture and inelastic
scattering is not excessive. In configuration 70 there were 3/16-in° plexfbbr
slsbs on both sides of a 3-in. uranium slsb to inhibit neutron capture in the
uranium. The gamma traverse obtained behind this configuration was considerably
higher than expected. Inasmuch as the ura;ium slab was only 3 ft wide the
possibility of streaming existed. In configuration 72 a lead collar-was placed
around the slab and the gaﬁma measurements were significantly lower than those

for configuration 70. A comparison of the gamma traverses of configurations 68
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and 72 indicates that the slope of the curve in the water behind fhe k.5 in. of
lead is steepef than that with uranium, aiﬁhough at 170 cm the doses'are |
practically'the same. By using a water replacement length for gamma'rays of
2.65 cm for the lead thickness between 4.5 and 6 in. dbtaiﬁed from cénfigurations
66 and 68, it was found that 3 in. of uranium would give the same gamma dose at
a distance of 150 cm from the source as 4.7 in. of lead.

It is rather difficult to appl& these data to an RMR shield inasmuch as
the experimental setup was not as clean as desired and because of the fact
that there was no direct comparison between the effectiveneés of lead and
urahium for total shield thicknesses under consideration. It is obvious that
mére experiments are needed in which lead and uranium are compared di:ectly'
for varying thicknesses of both materials énd for total shield thicknesses
that are under consideration for RMR shielﬂ designs.

Effect of Varying Boron Concentration in water. Measurements behind

cmnfignratignsﬁ?5,7h, and 75 indicate that a l%_borated water solution de-
creases the gamma dose_ovef that for plain water by a factor of 2.4, wheresas

g solution borated to 0,5¢ decreases the dose by a factor of 2.25 over the —
plain water. It is evident from these and previous éomparisons of borated

ahd plain water that the factor by which the gamma dose is reduced is de-
pendent on the lead'thickness in the_configuration. These results become

clear if the percentage of the total gamma dose that fesults from capture

ganmas from the water is taken into consideration. It is evident that this per-
Gentage is la:ger for the thicker lead regions, which will yleld a larger
féctof of comparison between borated and plain water than if the comparison

were made using a thinner lead region.
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Effect of Substituting Lithium ig_Heat Exchanger Region. Configuration 77

was the’last configuration tested. It was run to determine the desirability,
from the standpoint of shielding, of using natural lithium in place of* sodium
as the secondary coolant. In.view of the better heat transfer characteristics
and the shorter half-life of the.neutron activated emitter, lithium might well
prove to be better than sodium as the secondary coolant provided materials

can be found that will contéin it at the temperatures envisioned. The con-
figuration tested had two lithium-filled tanks in place of two of the four
NaF tanks used previously. The data for this configuration can be compared
directly with the data of the repeat run for configuration 64. There was no
observable difference in the gamma traverses obtained. From the data at hand
lithium appears to offer no shielding advantage over sodium other than the

inevitably lower activation.
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lead Optimization Experihents

F. N. Watson

In experimentally examining the proposed shield for the RMR at the Lid
Tank, optimization waé attempted for several configurations. .;Since:at:that
time and to the date of writing no method better than s trial and error method
of optimizing a shield has been found, a perfect optimization was not mrrived
at owing to time limitations. Enough data were taken, however, to indicate
that with 6 in. of lead shield no spéctacular weight saving will result from
lead-water spacing. A precise optimization will be attempted yhen the over-all
reactor‘design 1s more complete.

The theory for weight optimiéation of a two-component sphericélly symmetric
reactor shield has been developed by Blizardl and generalized by.Goldstein and
Blizard.? The condition for weight optimization is that the product of R2 and
Q(R) be constant for all R covered by the two;component region, where R is
the radial distance from the core center and &(R) is the "effective attenuation

length" or "replacement length"” defined by the relation - i

where
F; = gamma-ray dose (more exactly it should be the total dose) for a

configuration which is presumedito be optimized,

1 "ANP Quarterly for Period Ending Aug. 31, 1950," ORNL 858, p. 17; see also
E. P. Blizard, "Introduction to.Shield Design - II," CF-51-10-70, Part II
Revised (Mar. 7, 1952); E. P. Blizard, "Shield Optimization," ORNL-1471,
p. 10 (Feb. 18, 1953). '
2 H. Goldstein and E. P. Blizard, "A Criterion for the Experimental Optimization
of Two-component Unit Shields," Reactor Sci. Tech. 1, No. 2, TID-72, p. 88 (1951).
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rl(R) = gamma-ray dose for the same configuration with a lead layer
removed at position R,
t = thickness of the slab removed.

In the data given below R is the distance from the source to the center
of the sleb plus an assumed radius of the core (22.86 cm) minus a correction
for the low density of the beryllium pellets (9.45 cm) minus any air in the
dry tank preceding the'lead—borated water tank.

In configuration 8 the effect of each of the four lead slabs (spaced
4 cm apart) was determined by comparison of gamma-ray measurements behind the
total shield with measurements behind the shield with one slab removed. The'
data and the resulting R%I values are given in Table III-1; for convenience a
sketch of the lead-water section of the mockup is given with the table. The
total configuration is shown in Fig. VI-L.

In another group of measurements an attempt was made to determine the
optimum position of each glab added to the mockup. In this case the water con-
tained 2.8% boron by weight, and the water temperature was held at 42°¢C to
maintain the boron content. The data for these_measurements and the calculated
R?Q values are given in Table III-2; again sketches of the lead-water sections
are included. The elements preceding this section are thé same as shown in
configuration 16, Fig. VI-T. . |

It is seen from Table IiI—2 that the minimum R%Q for each slab occurred at
G = 0. This was not the expected result, and therefore this method was not so
good a first step toward optimization as had been hoped. It i; of course true
that the high boron content tends to decrease the value of G at which a minimum
Reﬂ will occur. It should be noted that IG=10016’ Jé:h and Jé=oxare very nearly
constant for any of slabs 1, 2 and 3. This indicates that nearly maximum

i

'
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Table III-1

R%K Values for Four Lead Slsbs in Plain Water

: h-cm Gaps
o S
5| see Configuration 8, Fig. * Plain
3| VI-4 (Air void in this tank = 1% p*| | 3*%4 |Lwd Water
1.28 cm) , .
z = 69.7'cm‘/4“ z = 107.8 am”
- Gamme, Dose (mr/hr) Calculated Values of Ref
at z = 151.35 cm for Removed Slab
Removed Actual Average R 8
Slab No. Measurement | Measurement | (cm) R— Rgﬁ.
None 1.86 x 102 | 1.85 x 10~2
1.83 x 10-2
1 2.72 x 1072 | 2.76 x 102 | 87.452] 6.37 | .94 x 10%
2,55 x 1073 :
2.87 x 10
2,88 x 1072
2 2,76 x 1072 | 2.58 x 1072 93.96] 6.98 | 6.16 x 10LF
2.52 x 1072 |
2,16 x 1072
3 %.05 x 102 | n.on x 02| 101.14| ».88 | .99 x 10*
4.03 x 1072 :
4 5.59 x 1072 | 5.55 x 102 | 108.95] 3.47| k.12 x 10%
5.10 x 1072
5.97 x 1072
¥ 1-in. Pb slabs.
*% 1-1/2-in.”Pb;slebs. o
& In another configuration (No. 9) borated water (1% boron by weight)

was substituted for plain water; otherwise the configurations were
the same. The gamma dose behind configuration 9 was lower by a
Pactor of 2.58 which accounts for the i's listed above being large.
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Table III-2

.Cgiculated Values of
' ReA for lLast Slab in
Lead--2.8% Borated Water Gap |'Gaxmea: Dose | Configuration
Section of Mockup Thickness,| (mr/hr) at R
(1-1/2-in. Pb Slabs) G{cm) z =140 cm | (cm) X Raf.
E@o.lead in tank I 1.39 x 10
z=68.7 em 106.8 cm
10.16 |2.66 x 10° |9h.50 |2.31 |2.063 x 10%
3 2.65 x 109 |88.34 |2.30 |1.995 x 1oﬁ
0 2.69 x 100 |84.34 |[2.32 |1.650 x 10
M—W—J . , N \ .
N 10.16 |5.18 x 1071 |98.31 |2.31 |2.233 x 1ot
| I A _ h 5.19 x 10--1a 92.15 | 2.316|1.967 x 10
Ly 1o 0 5.22 x 10-1%|88.15 | 21325|1.807 x 10"
Pb | Fb Po 10.16 |1.20 x 10"1|102.12| 2.59 |2.700 x 1ot
&G 4 1.16 x 10°1 | 95.96}2.53 |2.330 x 10
1]2 3 0 1.17 x 10°1 | 91.96]2.55 |2.157 x 104
Repeat run 10.16 1.60 x 10'1: 102.12|2.76 {2.878 x 103
L 1.67 x.10‘lb 95.96]2.85 |2.624 x 10}
0 1.75 x110°1°| 91.96|2.95 |2.495 x 10
iove e floae aviacved .
No. 3 slab removed 6.37 x 10-L
15.24  |3.45 x 1072 |111.01|2.35 |2.806 x 10*
"Fo| F5| Fb Tb 10.16 |3.40 x 102 {105.93|2.32 {2.603 x 103
&G 4 k.1} x 10~ 99.7712.64 |2.628 x 1oh
1i2]3] |4 0 L.62 x 10~ 95. 77 2.86 |2.623 x 10
e e e e ey s et e e ‘
Fd [Pl o
<G G- 5 o L
1]2 3 n 4 each | 3.7L x 107° |103.77}2.53 {2.72% x 10
2 These measurements- should agree.
above.

b These repeat measurements should agree with original measurements
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effectiveness is being obtained from the lead at any of these positions, G = O
being the most desirable position. The variation between Ilstfb’ ﬂEnde and
Q}rd?b may be attributed to the fact that the remeinipg components of the gamma
spectrum during the process of attenuatien have'longer and 1ongef relaxation
lengths. The variation of thhfb with G indicates that an optimum positioning
of this slab ie required. A calculation of the R%f}s for this slab shows

that a minimum value occurs at G = 0.,5 The indication is that for a fifth slab
the minimum Rzg_would not occur at G = 0.,

The summary of R%R's indicates that the theoretical condition for optimum
placement of lead, viz. RQR = constant, has not been achieved. As mentioned
previously, time considerations prevented any further investigation of the
possibilities of weight saving through optimization. However, if the structural
problems involved in arranging water and lead in spaced spherical shells is
considered, such a spacing is not desirable unless a significant weight saving
is to be obtained.

A few R?f!s were calculated for configurations containing 7-1/2 in. of
lead and are given with the gamma dose measurements in Table III-3. As in
the»cases above a single configuration of the many possible configurations was

considefed, and not enough datas were taken to indicate an optimum lead-water

spacing.

3 The low value of £b=10.16 appears to be the result of faulty data.

|
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R Values for Five Lead Slebs in Borated Water

& See Configwration 16, ——3 P

§ Fig, ¥I-7 — :;;;.
A
z = 68.7 cm/ z = 106.8 cm}ﬂ
“| Calculated Values of R2X for
gggvggo G&(un?; hzgse v ------ Removed - Slab
at z = 140 cm | R(cm) { r2)
None 1.125 x 1072
1 3.30 x 1072 B84 | 3.54% | 2.52 x 10*
2 3,12 x 1072 88.15 | 3.73 | 2.90 x 10%
3 3.22 x 1072 91.96 | 3.65°| 3.67 x 10t
4 3.44 x 1072 105.95 | 3.b1 | 3.85 x 0%
5 3.50 x 1072 117.36 | 3.45 [ %74 x 10"

# 1-1/2-in. Pb slsebs.
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Activation of the Secondary Coolant

M. E. laVerne

The cdntribﬁtion»to the total gamma dose of fhe secondary . coolant ﬁassing
through the interﬁediate heaf'exchanger becomes a limiting factor in the
overéall shield design if the shiélding at the réactof ié increased to
approach & unit shield. The activity of the sécondary coolant in the heat
exchangeerf'a circulating'fuel reéctor deﬁends on many fﬁctors. The com-
.pOsifion and thickness-of ﬁhe reflecpor and the boron-bearing curtéin deter-
mine the rate.of leakage.of neutrons from the core to the heat exéhanger_fegion.
The»number of delayed neutféns released within the heat egghangér depends
-upon the fuel fraction in that region, while the percentage of these neutrons
escaping from the heat exchanger will depend on its thicknesé; i;e., the
thinnér the heat exchanger thé greater the escape prdbability. A boron curtain
between the heat exchanger and the pressure shell will reduce the albedo of
neutrons froﬁ the‘pressure shell and gamma shielding regions. Finelly, the
neutron absofption cross section in the intermediate energy range varies with
the various secondary coolant materials.

Iﬁ the RMR LidvTaﬁk experiments the sodium‘activation;within the Nal'-

‘ fiIledvheat exchanger tanks was measured for verious thicknesses of the NaF
fegion and for Vﬁrioué.matefials around the region. In order to explore the
possibility of reducing the secondary coolant activation by using potassium
or’rubidium’in place of sodium, anOthef series of tests was‘made in which
NaF, K¥, and RbF were irradiated at.fhé Bulk Shielding Faéility and their

activations were compared. Both series of tests are described below.

ke
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Sodium Activation Measurements ig_the Lid Tank

Experimental Procedure. The heat exchsnger in the RMR configurations was

simulated by using thin sleb-shaped steel ténks that were 3.5 cm thick and
£i1led with NaF. The steel tank walls represented the matrix of tubing that
would be present in a full-scale heat exchanger. Even though the heat exchanger
tenks were loaded with NaF in as dry a condition as possible and were closed
off, it was feﬁred that the moisture content might change during the course

of the test and have an effect on the amount of neutron moderation in the
simulated heat exchanger. Therefore the central position of each heat exchanger
tank was filled with cans of sodium rather than with NaF powder.

For activation measurements of the sodium, one NaF cepsule encased in
0.250-1in.-0D aluminum tubing attached to the lower end of & 0.250-in.-die
aluminum rod was lowered into each NaF tank. The aétivity of each capsule
was plotted directly (decays/min/g) in Fig. III-1 ﬁith no attempt to correct
to & common geometry. The disposition of the materigls in the immediate
vicinity of the simulated heat exchanger in the vafious tests is also indicated
in Fig. III-1. -

" Anglysis of Data. Tests 1 and 2 show the dual effect of increasing the

‘heat exchanger thickness: (1) the total activity increases simply because

more material is present, and (2) because of the reduced neutron escape prob-
ability in the thicker heat exchanger the activation does not fall off so
rapidly with distance from the source, thereby raising the average level.

" The effect of increasing the ByC thickness on.the source side of the
heat exchanger is shown by a comparison of test 3 with test 2. The géneral
level of activation is reduced by a factor of rqughly 2, with little effect

on the slope of'the curve.
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A
Removal of the th on the pressure shell side produces the effect shown

in test 4. 'The sharp rise at the right is, presumably, the result of scattering
of néutrons back into the heat exchanger mockup from the heavy iron slabs
immediately outside. In test 5 this presumption has.been tested by inter-
posing a 2-cm water layer between the iron slabs and the heat exchanger. The
marked reduction in activation is traceable to slowing down in the water layer
lresulting in absorption in the iron rather than reflection.

Tests 6 and 7 wxee unexplained as yet. There are only two dbvidus dif-
ferences between these two tests and those preceding them. First, solid
beryllium was used throughout the reflector instead of principally pellet

beryllium with a small amount of solid beryllium. Second, the reflector and

heat exchanger regions were placed in the same dry tank whereas previously the

beryllium pelley tank and the tank containing the remaining beryllium and the

heat exchanger were separately immersed in the water of the Lid Tank.

Reﬂ..ﬁt‘iﬁte&fﬁﬁzﬁi%@icnte‘Mea.Sureméﬁfsa-‘\Ae::_ﬂ’deium‘,{;.‘Pdﬁaésiﬁmig"imld _Rubidium ‘gt the BSF

Experimental Procedure. Samples of anhydrous fluorides of sodium,

potassium, and rubidium were\held in individual aluminum capsules. In an

effort to approximate the spectrum seen by the secondary coolant in the full-

‘scale heat exchanger, the capsules were surrounded by a 1 in. thick natural

boron powder layer (density = 1 g/cm5) encased in an aluminum can. This

layer simulated the boron curtains ad jacent to the heét exchanger in the
full-scale design. The entire assembly.was then placed on top of thé reflector
of the Bulk Shielding Reactor and irradiated for 9 to 12 hr in a thermal flux
of “approximately 1012 neutrons/cm®/sec (at-50 aﬁd 100-kw reactor power). After
irradiation,the samples were transferred to unirfadiated containers. The RbF

was placed as quickly as possible in a high-pressure ion chﬁmber_and counted

" for. 30 to 40 min, after which the NaF and KF samples were counted.
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A Brown Recorder wasﬂused-to obtain a continuous record of activity on a
strip chart. Eippged times from withdrawﬁl of the samples to the beginning of
the count ranged from 1-1/2 to 2-1/2 min, the length of time necessary to reach
the nearest ion chamber. Further brief counts were made over a period of
about two weeks to check the long-lived activities. All samples were then
weighedd in order to convert activitles to a per gram basis.

Three sets of samples were irradiated and counted as described above.

Analysis of Data. The largest obstacle to analysis of the data was the
1-b was

absence of clear-cut decay schemes for rubidium. Enough information
found, however, to enable reasonable conjectures to be made with respect to
rubidium, and the decay schemes shown in Fig. III-2 were finally settled on.
Decay schemes used for sodium and potassium are given in Ref. (1); pages 19
and 36, respectively.

The observed activity'(uncorrected data) of the NeF and KF samples are
presented in Fig. III-3 iﬁ terms of ion chamber millivolts as a function of»
decay time. These curves have been drawn with the accepted slopes for sodium
and potassium. In Fig. IIIQﬁ\the data for these elements hgs been corrected
for-reactor power (to 100-kw), sample weight, and irradiation time. The
corrections for power ana weight were assumed to be simple proportionalities.
The irradiétion time ﬁas considered infinite.

The observed activity of the RbF sample is shown in Fig. III-5. The

corrected Rb activity (minus the 19.5-day activity) is given in Fig. III-6 as

1 Buclear Data, NBS Circular 499, p. 86 (Sept. 1, 1950). :

5 A Flammersfeld, "Rb86, A New Isomer of 1.06-Minute Half- Life," Z.
Naturforsch. 6a, p. 559 (1951).
M. E. Bunker, L. M. Langer, and R. J. D. Moffat, "The Disintegration of
Rb88," Phys. Rev. 81, p. 30 (195138
K. Geiger, "Complex B-Decay of Rb Ann. Physik 9, p. 293 (1951).

F= NV
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a function of decay time. The data are corrected for reactor power and sample
welght. No correction was needed for_irradiation time, both short-lived

activities being essentially saturated in much less than the shortest irradiation
time. ' | - li
‘ Tﬁe activity for the long-lived Rb86 isomef 1s giten in Fig. III-7 for .
three irradiation times. These curves have been drawn with a slope corres-
ponding to a 19.5-day half-life.

For irradiation times that are small compared to isotope half-1ife, the
exponential buildup of activity is ordinarily well approximated by a linear
term. However, in the ifrédiation of the RbF this did not prove to be so;
an increase in irrsdiation time of 33% resulted in an activity increase of
ohly 15%. The indication then is that a considerable portion of the long-lived
Rbeé is being formed from the quickly saturated 1.06-min isomer. This cir-
cumstance together with the absence of a known 0.87-Mev excited state of
sr86 1ed to the selection of the RbG decay scheme in Fig. 112,

Tbe;activityhdf”the.1ong-1ived Rb86 for zero decay time is cross-plotted
in Fig. I1I-8 as a function ;f irradiation time. The data are well fitted in
the vicinity of 12 hr by the straight line shown. The coefficients of the
exponential terms were determined by linearizing in the neighborhocd of 12 hr
and comparing the terms with those of the straight line. The fit is un-
doubtedly better than the data really justify.

For each of the three séits testéd the corrected data were combined to
give a single mesn curve. These méan éurveé were then analyzed for their com-
ponent activities. Finally, anaglytic expressions were determined for the gamma
dose from each - activity in terms of irradiation and decay times and shielding.
These expressions were then used to compute the families of curves in Figs.

III-9 through III-12.
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Discussion of Results. Figure III-9 presents the gamma dose ratio for-

rubidium relative to sodium as a function of decay time for several irradiation
times. For moderate irradiation times (less than about 13 hr) and short decay
times (less than 1 hr) the rubidium dose is from 1 to 10 times N"that from
sodium. For moderate decay times (3 to 10 hr) the dose from rubidium is

only 2 to 10% of the dose from sodium. For long decay times (of the order of
60 to 90 hr, depending on irradiation time) the dose ratio again.becomes: and
now remains_greater than 1, increasing with time. These results are all with
no shlelding.

The rubldium-to-sodium dose ratio is presented in Fig., ITI-10.as a function
of irradiation time for several thicknesses of lead shielding and two decay
times. the thﬁt for zero decay time (corresponding to in-flight conditions)
the dose ratio falls preeipitately for about 20 hr, then decreases more gently
to a minimum at about 80 hr irradiation, increasing slowly thereafter. For &
B;hr decayrtiﬁe, the minimum is reached much sooner (about 20 hr irradiation)
and the initial rate of increase is much greater. However, the dose ratios in
the second case are lower thﬁg in the first by as much as a factor of 100.

Hardening of the complex rubidium gamms spectrum is apparent from the
upper family in Fig. III-10. The first inch of lead is roughly as effective as
the next 3 in., while the second inch is about as effective as the next 2 in.
This effect, of course, is absent from the lower éet.of curves wheré the decay
time has been suffiecient that the short-lived activities are virtually non-
existent. Here each inch of lead is about as effectiveias the next.

Figuré III-11 shows the effect of lead shield thickhéss on the rubidium-to-
SOditm'dose ratio for various decay times with.a 25.hr irradiation time. The

™~ spectral changes referred to sbove are even more apparent here. Note that after a

\ | )
\ . | | e

]



-61-
3;hr decay time the changes are nearly cbmplete as evidenced by the small
change in ewrve shape from then on. Thg slight concavity downward in the
curves for decay times Qf 3 hr or more results from the sodium emission of two
gammas of appreciably different energies in cascade.

The complete results for potassium are shown in Fig. III-12. This
conciseness results from theuuncomplicated gamms output of potassium and
extends to this statement of the results: For irradiation and décay times up
to lOQ hr and lead thicknesses up to 4 in. the dose from potassiuﬁ is roughly
1 to 5% that from sodium. |

The dose ratio as a function of decay time is a simple exponential with
a 75.9-hr half-1life. The effect of irradiation time on dose ratio is ex-
ceedingly small, amounting to a decrease of only one-sixth in dose ratio in
- the raﬁge of zero to infinite irradiation time. The dose ratio as a function
' of lead thickness shows & slight concavity downward as & result of the sodium
cascade gammas. These curves are nearly exponential with a half-thickness of
about‘3.3 in. |
Conclusions : !

Irrespective of the secondsry coolant, its activation will be minimized
if a boron curtain is placed between the heat exchanger and the pressure shell
as well as betweeﬁ the reflector and the heat exchanger.

Rubidium does not appear to be a worth-while prospect in the search for
a secondary coolant less subject to activation than sodium or a sodium-potassium
alloy. First, its advantages under some operating conditions of interest are
balanced, if not overbalanced, by its decided disadvan?ages under other opera-
ting conditions, élso of intergst° Second, the meager physical property data

on rubidium indicate that it is poor (compared to sodium) as a heat transfer
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medium. Finglly, there is the ﬁatter of eccnomics; rubidium would be much
' more expensive than sedium.

In general, the results indicate thafipotassium is far superior to sodium,
the relative gammas dose from potaséium being from 1 to 5% that from sodium
for almost any combination of conditions. Furthermore, expense is not a
determining factor, since the cost of potassium is comparsble to that of
sodium. BHowever, as a heat transfer medium potassium 1s inferior to sodium
(although bétter than rubidium) so that the use of potassium as a secondary -
coolant may uéllldepend more on its effects on the hesat exchanger.and fluid

system design than on nuclear considerations.



Iv. APPLICATION OF DATA TO DESIGNED RMR-SHIELD

F. R. Westfall

The data obtained_iﬁ this series of tests not only will serve as a
guide to possible future experiments but can be immediately applied in a
calculation of a shield weight for a specific situation. As mentioned pre-
viously, an effective prel;minary shield has been designed for the.RMR on
. the basis of these Lid Tank experiments. Unfortunately, experimental diffi-
culties prevented the testing of an exact mockup of this "designed RMR-shield,”
but configuration 62 closely approximates it as is shown in Table IV-1. Inv |
this section both gamma and fast-neutron measurements are corrected to the de-
signed RMR-shield and then applied to a sample calculation of the shield weight.

FagtoNeutron Data Corrected to Designed RMR-Shield

The'atteﬁuation of fast neutrons behind several'ﬁMR—shield configurations
is shOwnAin Fig. IV-1. A corrected fast-neutrgn curve is given in Fig. IV-2
and can be used for preliminary shield calculations regardless of the experi-
mental configuration chosen. It essentially represents a corrected mean and
and is presented to facilitate calculations. The manner in which this curve
evolved is briefly described.

Of the configurations tested, those including full-density beryllium are
of prime interest since they require less correction and ad justment; therefore,
configurations 39 and 75 were selected and their fast-neutron data are plotted
in Fig. IV-1. This data 1s not available for z % 110 cm because of fast-neutron
dosimeter sensitivity limitations. However, on the basis of Lid Tank experience
with neutron data in water, the fast-neutron dose can be estimated from the

1
thermal flux. In order to determine s trend for the extrapolation of the

I Notes from lectures by E. P. Blizard.
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Table IV-1

Comparison of Designed RMR-Shield Assembly

with Configuration 62

Designed RMR-Shield Configuration 62
Component® ‘Thickness (in.) Component® Thickness (in.)
_ H,0 1.06
Inconel 0.125 Fe 0.19
Be (Na cooled) 12.0 Be Tank 2P 12.20
Inconel 0.0625
30 0.13 B)C Tank’ 1.19
Heat Exchanger x° NaF Tank 1P 1.38
Region NeF Tank 2P 1.38
- NeF Tank 4P 2.12
Inconel 0.125
BlO 0.13 B,C Tank 1.19
Inconel 1.50 Fe L1.75
Insulation 0.5
Pb yd Pb 6.00
Plexibor 0.19
Air 1.2
TN 3 Fe 0.19
H,0 (1% B) bA Hx0 (1% B) 24,22
Fe 0.19
Rubber 2.00
Total 16.69T5+X+Y+2 54,60

& Components listed in'sequence from surface of source.

b See description of tanks in section ¥I,_p. 89.
C The heat exchanger region varies in thickness according to the power of

the reactor under design.

based on an assumed value of 5 in.
d The gamma, and neutron shield layers are dependent upon the design con-

ditions.

The curves in Figs. IV-1 through IV-k are



-66-

of the fast-neutron curve, the .therma.l-neutron data for configurations 39, 46,
47 and 51 were chosen since these data were well suited for the purpose. It is
of interest to note that the thermal-neutron flux measured between z = 130 em
and z = 140 cm varied less than + 10% from the averé.ge for all these mockups.

The curve which was taken as representative of the fast-neutron attenuation
is, then, a mean between configurations 39 and 75 out to 110 cm. It was ex-
tended to 140 cm by the points obtained from thermal-neutron data. Some
correction to the curve was necessary in order to resolve the more apparent -
diff_'erences between the mockups and the RMR-designed shield., Those considered
follow:

(1) Difference in Heat Exchanger Densities

Density (g/cc) Thickness (cm)
Designed ' 3.15 b 4
Configurations 39,
46, 47, and 51 2.42 17.8

Adjustment to z = 17.8 - 17.8 (2.42/3.15)

= 4.1-cm shift toward source

Adjusted 2 gcmz Cecmetry Factor#*

76 1.10
86 1.10
96 1.09
.. 106 1.08
116 1.07
126 1.06
136 . 1.06

(2) Correction for Air Gaps. The air gaps for configurations 39, 46,
47, and 51 varied approximately from 0.3 to 2.1 em. For this
reason a shift of the median curve 1 em to the left seemed appro-

priate.

* This 1s an inverse distance squared correction to take account of the extra
distance from source to detector. ‘ ’
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The result of these corrections is the fast-neutron éttenuation curve
representative of the designed RMR-shield that appears in Fig. IV-2. It is
of interest to note where neutron data of various configurations fall with
respect to the mean curve. This is shown in Table IV-2 which gives the dose

after corrections have been made for the air gaps and the low-density beryllium.

Table IV-2

Fast-Neutron Dose for Several Configurations Corrected
for Air Gaps and Low-Density Beryllium

Measured Corrected
z, Distance|Thermal- z, Distance|last
' from Source]Neutron Flux Divided|from Source|Fast Neutron
Configuration (cm) Flux (nvth)| by 400 (cm) |Dose* (mrep/hr)
15, 16 140 2.8 x 10-! |7.0 x 107% 130 8.04 x 10-}4
19" § 140 3.32 x 1071{8.32 x 10-} 129 9.55 x 10°%
22, 27, 28 140 3.46 x 1071|8.65 x 10~} 130 9.95 x 10~k
53 140 . |1.49 x 1071{3.75 x 10°% 140 3.7% x 1074

* Product of Flux/400 and geometry factors.

| By'comﬁaring the data of Table IV-2 with that in Fig. IV-2, it is seen
that the fast-neutron attenuation varied little with the changes made in the
configurations throughout the experiment; Thus, the use of the representative
curve appears valid and is worth while since it will simplify calculation

procedures of preliminary shield weights gonsiderably,
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‘Eﬂﬁﬁﬁf”f Gamma-Ray Data Corrected to Designed RMR-Shield

The gamma dose curves used in the sample‘calculation below are presented
in Figs. IV-3 and IV-h. Figure IV-3 gives the gamms attenuation that should be
expected with a designed RMR-shield incorporating 4.5, 6, and 7.5 in. of lead,
respectively. Figure IV-L restates Fig. IV-3 in a form that facilitates pre-
liminary shield calculations. These curves were obtained from experimental
data corrected as explained below.

Shields with 6 and 7.5 in. of Lead

For the cases of 6 and 7.5 in. of lead, the data of configurations 61 and 62
required little correction. The comparison of configuration 62 with the desiéned
‘RMR-shield appears in Teble IV-1. The only differences between configurations
61 and 62 were that the air gap in configuration 61 was 3.2 cm instead of 3.6
cm and, of course, configuration 61 had 7.5 in. of lead. The corrections to
the gamma curves for';onfigurations 6l and 62 are outlined briefly:

(1) Difference in Heat Exchanger Densities

Density (g/cc) Thickness (cm)

Designed 3.15 12.7
Configurations 61 and 62 2.53 12.h

Factor = 0.T711 (where A 25/density when the value
' is not available)

(2) Difference in Boron Curtains

Density (g/cé) Thickness (cm)

Designed (B10) 2.5h4 0.66.
Configurations 61 and 62 (B)C) 1.9 6.0k

Factor = 1.48
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(3) Difference in Pressure Shell Thicknesses

Material Thickness (cm)
Designed - Fe 3.81
Configurations 61 and 62 Fe L. hh
v Factor = 1,19
(4) Corrections for Air Gaps
Cenfiguration 61 A shifted toward source 3.2 cm
Configuration 62 |  z shifted toward source 3.6 cm

- Bactor ¥ 1.05
(5) Total Correction Factor for.Configuration 61 or 62 b
(0.711)(1.48)(1.19)(1.05) = 1.32
The results of these corrections are given in Tebles IV-3 and IV-h.

Shields with'k.5.in. .of Lead: -

The curve that expresses the gamma doée for the designed shield with
k.5 in. of lead required correctiéns of greater uncertainty than those used
for 6.0 and 7.5 in. of lead. Therefore, three different approaches were taken.
The fact that the results from each of these methods agree closely provides
gome assurance that the curve presented in Fig. IV-3 1s realistic.

Method A. Consideration of configuraﬁion 65 shows that it had the same
differences from the.designed RMR-shield as configuration 62 with the exceptions
of a larger air gap (8.9 cm as compared to 5.6 cm), less lead (4.5 in. as com-
pared to 6.0 in.) and the deletion of heat exchenger tank 2. (Study of con-
figurations 63 and 64 showed thét any corrections other than the air gap
correétion to account for the absence of heat exchanger tank 2 was for all
intents and purposes unnecessary.) It further Qiffered from the designed shield
in that the three lead slabs, each 1.5 in. thick, were separated by 3/16-1n.

plexibor layers. A summary of the corrections for configuration 65 follows:
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Table IV-3

Gamma Dose for Configuration 61 Corrected
to Designed RMR-Shield -- 7.5 in. of Lead

Measured Corrected to Designed RMR-Shield
%z, Distance from Gamma Dose z, Distance from Gamms Dose®
Source (cm) (mr/hr ) Source (cm)’ {(mr/hr)
146.6 2.10 x 1072 1434 2.77 x 1072
150 1.95 x 1072 146.8 2.57 x 1072
160 | 1.52 x 102 |~ 156.8 2,00 x 1072
170 1.17x 102 | - 166.8 1.54 x 1072

& Product of configuration 61 gamma dose and correction factor 1.32.

Table IV-4

Gamma, Dose for Configuration 62 Corrected
to Designed RMR-Shield -- 6 in. of Lead

Measured Corrected to Designed RMR-Shield
z, Distance from Gamma, Dose z, Distance from Gamms, Dosea
Source (cm) (mr/hr) Source (cm) (mr /nr)
146.5 4,73 x 102 142.9 6.24 x 10-2
150 %.00 x 1072 . 146.4 5.28 x 1072
160 3.07 x 1072 156.4 4.0k x 1072
170 2,20 x 1072 166.4 2,90 x 1072

Product of configuration 62 gemma dose and correction factor 1.32.
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-Th- |

Corrections for Heat Exchanger Deﬁsities, Boron Curtains, and

Pressure Shell Thicknesses

Same as listed in items (1), (2), and (3) for configurations

61 and 62
@aétor:= 1.25
Correction for Air Gaps
z shifted toward source 8.9 cm
. ‘Factor = 1.13
Correction for Plexibor Layers

Factor between configurations 76 and 64

Factor between configurations 62 and 63

Mean value factor = 1.25
Total Correction Factor for Configuration 65

(1.25)(1.13)(1.25) = 1.76

1.3
1.2

The points of the curve based on data corrected by this approach appear in

Table IV-5.

Teble IV-5

Garma Dose for Configuration 65 Corrected to Designed

RMR-Shield by Method A -- L.5 in. of Lead

Measured Cormctedi/;o Des:l.gged "RMR-Shield
z, Distance from | Gemma Dose | z, Distance from| Gemma Dosed
Source (cm) (mr/nr) Source (cm) (mir /hr )
147.7 1.27 x 1071 138.8 2.23 x 1071
150 1.17 x 107t 141.1 2.06 x 1071
160 8.17 x 1072 151.1 1.h4 x 1071
170 5.41 x 1072 161.1 9.53 x 1072

[

8 Product of configuration 65 gamma dose and correction factor 1.76.
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Method B. Configuration 73 was also used as a basis to obtain a gamma
dose curve for the designed shield with a L.5-in. lead layer. (In this case
heat exchanger tank 3 had been added to theghockup, but once again its effect
was considered negligible as is shown by comparing configurations 60 and 61.)
The following corrections were necessary: |

(1) Ccorrections for Heat Exchanger Densities,Boron Curtains, and
Pressure Shell Thicknesses

Seme as listed in items (1), (2), and (3) for configurations 61
and 62 |
“Factor = 1.25
(2) correction for Air Gap
z adjusted toward source 2.3 cm
Geometry factor = 1.03
(3) Correction for Plexibor Layers
Factor = 1.10
(4) Total Correction Factor for Configuration 73
7 (1.25)(1.03)(1.10) = 1.h2
The results of thesé corrections are given in Tgble IV-6.
Method C. A third method involved finding a ratio between curves for two
configurations which differed only in gamma shield_thickness and then applying
this to the 6-in. lead curve already obtained for the designed shield.
Two configurations that met this requirement were configurations 55R (6 in.
of lead) and 73 (4.5 in. of lead) which were run consecutively. Since the outside
1.5-;n..layer of lead was in borated water in configuration 55R, it was necessary to
estimate, aicorredtion factor.for the effect-af. this borated water. | A comparison of

configurations 55R and 59 indicated that the factor was approximately 1.35.
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Teble IV-6

Gamms Dose for Configuration 73 C‘orre‘cte‘d'to Designed
RMR-Shield by Method B -- 4.5 in. of Lead

- Measured

Corrected to Designed RMR-Shield

Hé, Distance from | Gamms Dosew  ':z, Distance From | Gamma Dosed
Source (cm) {mr/hx) " Source {em) {mr/hr )
146.3 1.13 x 107% Wik 1.60 x 1071
150 1.03 x 10-1 7.7 1.46 x. 107
160 7.;5,6'x 1071 157.7 1.05 x 107t
170 5.08 x 1072 167.7 7.23 x 1072

a Product of configuration 65 gamma dose and correction factor.l;h2.

-Table IV-T7

Gamma Dose for Designed RMR-Shield Obtained
by Method C -- 4.5 in. of Lead

~Gamma Dose, Tor Designed

Z;. .
Distance | Configuration 55R Configuration|Ratio: RMR-Shield 'mr/hr)
from Gamma. Dose (mr/hr) 73 Megsured : | TWth | With
Source ‘ Camma Dose Cs7%.Dose| 6-in. 4.5 in,
(cm) | Measured |corrected® | (mr/hr) C-55R Dose| Leadb LeadC
150 [2.96 x 10723.99 x 1072| 1,03 x 1071 2.58 |4.93 x 1072|1.27 x 107!
60 |2.20 x 10-2|2.97 x 102| 7.36 x 102 | 2.48 [3.57 x 1072|8.85 x 1072
170 |1.75 x 1072|2.36 x 1072 5.08 x 1072 2.15 |2.62 x 1072|5.6% x 1072

& product of configuration 55R.gamma dose

borated water effect.
b Resd from Fig. IV-3.
¢ Product of value for 6 in. of ].ea.d and ratio of C-T73 Dose/C 55R Dose. .

and corréction factor of 1.35 for



=17~

A ratio of this corrected data for configuration 55R and the measured data for
configuration 73 applied to the curve for 6 in. of lead (Fig. IV-3) gave
the gamma dose for the designed RMR-shield with 4.5 in. of lead as shown in
Table IV-T.
Results

As mentioned previously, the curves in Fig. IV-4 are restatements of those
in Fig. IV-3 and they are drawn to facilitate the calculation of specifie
shield weights. A curve based on observed data for configurations 16, 17, and
18 and the optimization experiments is included for purposes of comparison.
This tends to substantiate the rather large extrapolations for the designéd
RMR-shield curves. The steeper slope can be explained by the fact that the

lead gamma shields of these configurations are lmmersed in borated water.

Equation for Calculation of Shield Weights
The data shown in Figs. IV-2 and IV-4 wereused to determine a specific

shield weight by applying it to the fdllowing equation:2
/ ' .
/ 2 s . .
RR\Rg | \Smm/ \Bc J\n

Dip = Lid Tank dose,

DRMR = dose desired at distance x from shielded reflector-moderated
= reactor,
x = distance from reactor center to crew position,
Sip = Lid Tank surface source strength

9.0k x 10‘“ watts/cm? (a constant, since the data were always

normalized to a power of 6 watts; the self-absorption factor is

0.6, and the source area is’3970 cm?),

2 '"Report of the 1953 Summer Shielding Session,” ORNL-1575 (June 11, 1954).
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S = equivalent RMR surface source strength (given in Table IV-8 for -
a range of core diameters and a power of 1 watt),
RS = shield outer radius,
Rg = core radius,

h = Hurwitz correction

= 0.5 + é(k/a)2 [Kz/h) + i],
A = relaxation length for use with Hurwitz correction
= 7.5 cm for both-neutrons and gamme rays,

a = radius of Lid Tank source = 35.6 cm,

z=RS’Rco

Table IV-8

Equiwvalent BMR Surface5Source Strengths for Various
Core Diameters end a Power of 1 Watt®

Core Diameter (in.) Spyp (watts/cn?)
4.3 | 2.29 x 106
18 o 1.32 x 10°6
22,7 7.8 x 1072
28.5 4.6 x 105
36 2.66 x 1077
15.3 ' 1.52 x 1075

a "Report of the 1953 Summer Shielding Session," ORNL-
1575 (June 11, 195%).

A trial and error method of solution must be applied to the equation in
conjunction with the fast-neutron and gamma-ray dose}qurves already presented.
Fortunately, convergence is rapid. The shield outer radius, Rg, is the factor

whose velue is assumed in order to start this process.
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Sample Calculation of a Specific Shield Weight

A sample calculation of the designed RMR-shield weight can now be made

using the above equation and the following assumptions:

Beryllium reflector thickness 12 in.
Reactor powel 50 megawatts
X 50 ft
D 10 rem/hr
RMR /
Gammas : 3/4 of total dose
Neutrons ' 1/4 of total dose
Re . | 9 in. (23 em)
, o
S.... (see Table IV-8) 1.32 x 10-6 watts/cm®
RMR » watt
T
x (5 x 10 watts)

For the first trial assume

z = 110 em.
Therefore
RS=RC+z=l33cm,
= 1.89.
and

2
D 10 QSEO / 9.0k x 10'4 133\ [ 1
LT 133 @3.2 x 1079)(5 x 107) J\ 23 ) |1.89

5.5 x 10~% rem/hr

N

(Gexma dose)pp = 0.75 D = 4.13 x 1071 mr /hr
(Newtron:dose gy = 0.25 Dy = 1.37 x 10 mrep/hr
. RBE = 10

The Iid Tank neutron dose at z = 110 according to Fig. IV-2 is 1 x 10-2. Since

137 x 10'2'> 1x 10-2, another trial is necessary. If z = 105 is assumed, then
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]
]

5.50 x 1071 mr/br
2

(Garma dose)pqp 0.75(5.87 x 10"“)rem/hr

mrep/hr

(Neutron dose) s = 0.25(5.87 x 10™*)rem/hr = 1.47 x 10°
The dose for z = 105 from Fig. IV-2 1s 2 x 10-2 mrep/br. In this case the
measured dose is greater than the calculated dose, 2 X 10’2 =>1.47 x 10'2,
and the approximate value of z is determined by interpolation to be 107 cm.

'Thus, R, = 130 cm gives the desired neutron attenuation. From Fig. IV-4 the

S
gamms, shield necessary 1s reed directly as 5.3 in. of lead.

The weight of the neutron and gamma shields can be computed once their
distance from thé center of the reactor is determined. The necessary dimen-
sions are presented in Teble IV-1. For a 50-megawatt reactor of 18-in. core
diameter, a 1.6-in. heat exchanger seems reasona.'ble.2 Thus, the inner radius
of the lead layer is ~25.3 in. and its weight is approximately 21,600 1b. The
inner radius of the neutron shield is 30.6 in. and its outer radius is 51.3 in.,
so the neutron shield. weighs 15,900 1b. Thus, the totai b#sic shield weight |
is 37,500 1b.

Approximate weights of the reactor--heat exchanger--pressure vessel com-
ponents may be determined by a volume-density caleulation. Tab'les.zeonveﬁientj,&
presenting such data.appear in Refs. (2) and (3). If this weight is added to
the shield, the designed reactor and its shield assembly is found to weigh
44,500 1b.

The shield above is essentially & basic shield. There are problems such

as the emission of fission product decay gammas in the intermedimte heat

exchanger and the leakage of radiation through passages in the shield that '~

3 A. P. Fraas and C. B. Mills, "A Reflector-Moderated Circulating Fuel Reactor
for an Aircraft Power Plant," CF-53-3-210 (Mar. 27, 1953).
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require further addition to the shield weight. Such refinements are not treated
in fhe foregoing calculation because these experiments do not contribute to
their resolution. However, these areas are treated in Ref. (2).

In conclusion, then, the data from these experiments have been reduced
to the neutron and gamma attenuastion curves shown in Figs. IV-1 through IV-k.
It is felt that shields based on these data represent the closest approximation
to the envisionéd shield for the designed RMR-shield assembly that has been

determined to date.



V. PROBLEMS FOR FUTURE INVESTIGATION

F, R. Westfall and R. M. Spencer

There are problem areas throughout the RMR;shield that have not been
investigated to satisfaction. The resolution of these problems might be de-
scribed as refingments to the basic shield design, although the nature or
magnitude of the part they play is not definitely known. The elimination of
such areas of uncertainty will contribute ta the goal of a complete, accurate,
and optimized shield. An effort is made here to present those areas of prim-
cipal concern as recognized at this time.

Air and Structure Scattering

Air and structure scattering play important roles in determining the
division between the shield at the reactor and crew compartment and the total
shield weight. A better grasp of the over-all effect of the scattering phe-
nomena should be possible as soon as measurements are available froﬁ the TSF.
The pertinence of these data to the RMR design is highly dependent upon
achieviﬁg,a close approximation to the RMR of the angular distribution and
spectrum of the radiation escaping from the mocked-up shield assenbly. Whether
this can be done by enclosing the TSF reactor with beryllium is as yet not
known with any certaint§,

Heat Exchanger Region

In the heat exchanger region sevefal events take place that are of interest
from the shielding point of view. Delayed neutrons and fission product decay
gammas are released from the fuel which is gyéled through the region. Since
the energy of delayed neutrons is of the order of 0.5 Mev they are not ex-

pected to be important contfibutors to the neutron dose; however, their effect
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on gamms dose may be of some significance. This can be attributed to coolant
activation and to some extent to secondary gamma production. Fission product
decay gammas inject an uncertainty in the gamma dose bécause of the scarcity
of information on the spectra of short half-life fission products. At present,
efforts are being made at ORNL to obtain data'on.the spectra and intensities
of these gamma rays. The importance to shielding of the events already
pointed out is affected by three principal factors: (1) the thickness of the
beryllium reflector, boron curtain, and the heat exchanger} (2) the cycling
time of the fuel, and (3) the choice of secondary coolant. An experiment is
being considered that will simulate the passage of fuel through the heat
exchanger region in which the effects of'theseAfactors will be measured.

Optimizations

The application of the RMR to the propulsion of aircraft increases the
importancg of efforts to optimize the shield assembly with respect to size
and weight. Both of these factors play vital roles in the determination of
airplane performance. Since the reactor--heat exchanger--pressure shell |
assembly is an integral part of the shield, any alteration of these components
will affect fhe optimization of the outer shield region. So the heavy gamma
shield and hydrogenous layer for the final design cannot be accurately opti-
mized until the component thicknesses and materials of the inner region are
'completely specified. However, preliminary attempts are necessary to expose
the significant parameters of the inner region from a shielding point of view.
If areas that contribute significantly to the dose are revealed and a selection
of thickness and/or composition of such areas is:possible, the choice should

be influenced by shielding considerations. Some examples are cited here;
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The effect of the inconel core shell and reflector coolant liners may be
significant, particularly for a thin gamma shield. If such_is the case, there
would be an incenfive, in addition to that of reactivity requirements, to make
the core shell as thin as is structurally possible and to eliminate the lining
of the coolant passages. Also, if sodium is used as the refdector coolant, it
will constitute a source of hard gammas. Thus, it is desirable to investigate
various possible codlants to determine which have the least effect on gamma
dose. |

The thickness of the beryllium region is primarily dictated by the neutron
moderation and refleetion required. For these purposes, it must be at least
10 in. thick and perhaps will have to be as thick as 16 in. Multigroup cal-
culations and critical experiments are proceeding, however, which will enable a
closer determination. Since this thickness affects the shield weight, the
radius of the outer heavy regions being dependent upon it, a more thorough
study than has been undertaken to date could:better define the optimum re-
fiector thickness within existing limits from s shielding standpoint.

The heat exchanger region obviously is of concern to any effort toward
reducing the size and weight of the reactor-shield assembly. Hence, it is
important to attempt to simmlate it in any future optimization experiment as
pointéd out in the preceding section.

Insulation will separate the pressure shell from the gamma shield region.
This layer has not been included in these experiments, but it will have a small
effect on optimization because of its thickness. The delayed neutron flux
escaping; from the heat exchanger region is‘not likely to be significantly re-
duced by the boron curtain following the heat exchanger because the energy is

too high. Since these neutrons may give rise to secondary gammas in the gamma
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and hydrogenous shield region, a further effort to reduce their number 1s
warranted. This might be done by incorporating boron in the insulation to
make this layer advantageous to the shield.

. A complete optimization_of the shield involves a determination of the
optimum arrangsﬁent of the heavy gamms shieLq within the assembly. The pre-
liminary experiments that have been described indicate that for lead thick-
nesses up to 6 in., the layer can be constructed in an integral piece and
placed next to the pressure shell. This conclusion needs to be checked with
the optiﬁizstion parameters described previously taken into consideration. An
extension for thicknesses beyond 6 in. is slso in order.

In addition, the possibility exists that some advantage can be gained
by the substitution of other materials for psrf or all of the lead in the
heavy gamma shield. These advantages could take the form of a weight reduc-.
tion, a decrease in the over-all shield diameter, an increase in structural
Strangth without an excessive weight penalty, or a combination of these. Some
investigation of these possibilities was attempted in the preliminary tests,
but the results were inconclusive, and further work is necessary.

Ducts and Voids

The final design must allow for the presence of ducts and voids within
the shield assembly. These can be placed in three categories: (1) the fuel
passage through the beryllium at the top and bottom of the reactor, (2) the
pump housing within the shield at the top of the reaétor, and (3) the secondary
coolant ducts that pass through the shield. Since these irregularities have
not been simalated in any experiment to dste, the streaming of radiation and
the enhanced psssibility for secondary gamms production in these vicinities

‘are unknown. Because these regions are concentrated at the top and bottom of
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the reactor, there is not such a stringent feqnirement on the magnitude of the
allowed dose. However, it is necessary to determine the amount and kind of
radiation escaping through these regions,in—order,to shield themf
cgm@ents

As experiments are undertaken to resolve the problem areas already
pointed out, continual efforts to minimize inconsistencieg in the siﬁglated
configurations introduced by experimental setups are important. The presence
of a;r voids, water gaps, and other materials foreign to the contemplated
design introduce uncertainties in theiapplication of the data that should be

avoided wherever possible.



VI. LID TANK CONFIGURATIONS AND MEASUREMENTS

F. N. Watson

In the preceding sections of this report the interpretation and application
of the data from the tests on the RMR shield assembly have been discussed. In
this-section'all_the.coﬁfigurations and corresponding gamms, aﬁd.neutroﬁ megsure-
‘ments are presented together with a brief description of the“Iﬂd Tank Facility

and the special techniques, materials, and instruments used.

Lid Tank Facility |

The Lid Tank Facility consists of a large water tank adjacent to an opening
in the concrete shield of the Oak Ridge Graphite Reactor (X-10 Pile). A shield
mockup is inserted in the tank and the transmitted radiation is measured behind
it. Sections of the shield ﬁhich should be kept dry sre usually held in one or
more of the stéhdarﬁ 15-in. tanks which are.open at the top and are 64 in. wide
by‘60 in. high. The 1/8 in. thick steel walls of these tanks are heid under
drum head temsion but are subject to deformation when inside pressure is not
equal to outside pressure. Obviously when one of these tanks is placed in a
mockup there are water gaps between the tank walls and ad jacent materiéls;
these gaps generally cannot be measured directly and their thicknesses are
calculated on the basis of measursble gquantities.

The lead slabs used in the tests were either 1 or 1-1/2 in. thick as noted.
A1l the slabs wére mounted in 1 1-1/2 in. thick iron frames which caused a
‘1fh-in. gap between a l-in. slab and any non-liquid adjacent matgriai.’

Techniques Pertinent to.the RMR Tests

As the RMR tests progressed some changes in the basic exper;pentalzérrange—

ment of the shield mockups were made. These changes are listed below:
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Configuration 1. In configuration 1 an air-filled aluminum wafer was

“inserted between the beryllium pellet tank and the 15-in. dry tank. Since its
thickness was unsteble and immeasurable it was not used in the mockups which
followed.

Configurations 1 through 38. The beryllium used in the first 38 mockups

was in two forms: (1) veryllium pellets held in a waterproof iron container
and (2) a slab of solid beryllium held (with other materials) in a dry iron tank.

Configurstions 39 through 77. The beryllium used in these mockups was of

solid form held in an aluminum tank with the exception of configuration 54 which
was a repeat of configuration 17. '

Configurations 39 through 53. A special 30-in. dry tank which held all

the dry components of the mockups was used in these configurations.

Configuration 52. mhepB;@atank used in this experiment had an effective
diameter of 34-1/2 in. As it'ﬁas felt that neutrons perhaps were passing
around this tank, 1/4-in. boral slsbs 2 ft wide were inserted to the left and
right of the B0 tank for this configuration. |

Configurations 55 through 17- A 2h-in. extension was welded tO'thé 30-in.

tank mentioned sbove. It was filled with borated water, and the plain water gsp
between the dry tank and the borated water tank was eliminated.

Configurations 70 through 72. ‘The 3-in. thick natural uranium used in

configurations 70 and 7L was 3 by 3 ft. Since there was some streaming around
the uranium slab, a 4-in. thick lead brick yoke was built around it to reduce

the streaming in configuration T72.
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Description of Tanks Used in Mockups

Throughout the tests tanks containing various materials simulated sections
of the RMR and shield. These tanks with their thicknesses and densities are

listed as follows:

Tank , Material and Density | Thickness {cm)
Be Pellet Tank 1 Fe wall 0.3
Be Pellets (p = 1.233 g/cc) 28.5
Fe Wall , 0.3
29.1 -
ByC Tanks Al Wall 0.16
B),C* (o = 1.9 g/cc) 2.70
_ A Wall 0.16
5.02
NaF Tanks 1 and 2 Fe Wall 0.48
NaF (¢ = 0.96 g/cc) 2.54
Fe Wall 0.48
S 350
NaF Tanks 3 and 4 Fe Wall 0348
HaF (p = 0.96 g/cc) L. 4k
Fe Wall . 0.48
R
WC Tank Fe Wall 0.635
. W (o = 8.05 g/ce) 5.08
Fe Wall 0.6

Be Tank 2 _ Al Wall
Be (p = 1.84 g/ce)
Al

L]

o

0~ QOO
HOYG H AW O H\ 0
G P8 aES 0B E IS

Stainless Steel
Be (p = 1.84 g/ec)
Al

)

Stainless Steel 0.
Be (p = 1.84 g/ce) 1k,
Blotter Paper 0.
Al Wall . 0.6h
’ 31.01
B0 Tank " Stainless Steel | 0.05
BLO Powder 1:53
Aluminum : 1.52
3.1

* 15.9% boron, 36.9% carbon, plus silicon oxide and organic compounds.
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Tank Material and Density Thickness (cm)

"Li Tank 1 Fe Wall 0.64
' Lithium (p = 0.53% g/cc) 2.54
Fe Wall’ 0.64
Li Tank 2 Fe Wall : C0.48
Lithium (o = 0.534 g/cc) 3.65
Fe Wall 0.48
"I, 61
AiT Wafer Al Wall 0.16

Air Varigble
Al Wall 0.16

Variable

Instrumentaticnn

All radiation measurements were taken in plain water behind each con-
'figuration except for those measurements méde inside the borated water section
of the shield. Since, as is usually.the case in shield testing, wide ranges of
intensities were encountered; a number of instruments were used as follows:

Gamma-RAy Dose Measurements - -

(1) cop-filled ion chamber, 1010 ohms to ground, with electrometer
circuit; |
(2) 1/2-in. anthracene crystal with photomultiplier tube and
electrometer circuit;l ,
(3) 1»1/§iin, anthracene crystal with photomultiplier tube and
electrometer cricuit;1 |

(4) 1-1/4-in. anthracene crystal with photomultiplier tube;,

. . preamplifier, A-1 amplifier, pulse sorter, and binary scalerjl-

1 F. K. McGowan and C. E. Clifford, "Applicationaof a Scintillation Detector
to Gamma-ray Dosimetry,"” CF-51- 10-212 (Oct. 16, 1951).
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Thermal-Neutron Flux Measurements
(1) 3-in. U235 Pission plate with preamplifier, A-1 amplifier, pulse
- height selector, and scaler;
(2) 12;1/2-in. BF3 "single barrel” counter with preamplifier, A-1
amplifier, pulse helight selector, and scaler;
(3) 12-1/2-in. BF3 "double barrel"” counter with preamplifier, A-l
amplifier, pulse height selector, and scaler.
Fast-Neutron Dose Measurements
(1) Hurst-type fast-neutron dosimeter with preamplifier, A-1
amplifier, pulse sorter; and binary scaler.2 |
The gamma data for this experiment ranged from 103 to 10'3 mr/hr and neutrom
data ranged from 108 to 1072 neutrons/(cm2ssec) and the errors encountered
varied somewhat with the intensity of the radiation to be measured. The probable
sources of error and approximste contributions of each major type of error are
listed as follows:
Counting Errors 8% (for normal data)
 +12% - (for low-intensity data¥*)
(1) Varying backgrounds 4
. (2) with lafge amountsiof lead shielding the background outside the
Lid Tank is‘at a higher level than garma dose inside the tank;
(3) Extraneous pulses may be thrown into counting circuits from
other electrical apparatus;
(&) Counter position may be incorrectl& recorded ;
(5) Operator's techniques vary slightly;
(6) Temperature fluctuations in Lid Tenk water and in instrument

room air may alter response of instrument.

3 G. S. Hurst, "Fast Neutron CountéRéfe Dosimetry,"” ORNL-589 (Feb. 17, 1950).
* Gamma data less than 5 x 1072 mr/hr. - L ~



" . CaIibration Errors ’ +2% (for normal data)
| +12% (for low-infens-ity data*)

(1) Varying backgrounds;

(2) wall s;:a.ttering effects on indoor calibrations;

(3) Va.ri‘afions in source spectra.
The repeatability of the data may be observed and is quite valuable in
shield éompa.fisons. In considering curves only and not individual»po.tnts, gemmsa
dose values appear to be repeatable with variaticns of less than +15% for gmma
doses less than 107" mr/hr and with veristions less than +10% for gamma doses
greater than 101 mr/hr. Neutron curves are repeatable to +10%.

5 an example, configuration 54 was & repetition of configuration 17 except
that the borated water in 5§ contained 1% boren by ueight vhereas borated water
in 17 contained 2.8% boron. In eoﬂi@ﬁa@im 5k i.t'Lhe‘ gaxmg: doses were 5% lower

then in configurtion 17 and should have been less than 1% higher. A period | .

of 10 weeks elapsed between these messurements and different cperators ran |

the instvuments. The same calibration techniques and the same shielding materials

were used. | S |
In another case configuration 6 was repeated after a period. of two weeks.

In configuration 6l|-R.. the gamma dose was 18% highers'v | '

' Some error is introduced in the mensurement of the thicknesses of the

. various components of the sh:l.el‘d» ino_dhxp_js:o - This error is the greater of i-_é mm

or +2% but not exceeding +2 am and i gttridbuted tos - o
{1) Warpage of slabs; L
(2) Bulging of tank walls;

¥ Gamna date 1ess than 5 % 1072 mr/br.
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(3) Inability to measure air and water gaps as a result of items (1)
and (2) which tends to make a cumulative error in gap measurements.,

RMR Mockups (Configurations 1 through 77)

A summary of the Lid Tank mockups of the RMR and shield is given in
.Table VI-1. The configurations are given in more detail in Figs. VI-1 through
VI-28 in which schematic diagrams of all the mockups are shown. Tabulated
thickneésses of all the shield components are presented on pages opposite the
sketches.

The reporting of certain shield component thicknesses to the nearest
hundredth of a centimeter and others to the nearest tenth of a centimeter is
an apparent inconsistency. This was permitted in view of the fact that even
the smallest thicknesses of'such components as steel, water, and boron may be
extrémely important while the specification of the thicknesses of other
materials to this accuracy is unnecessary.

Radiation Measurements behind RMR Mockwyps

- Since the gamma dose behind the RMR mockups was of primary concern in
these tests, gamma-ray measurements were made behind each configuration. These
measurements are presented in Figs. VI-29 through VI-47 and Tables VI-2 through
VI-20. "Reférence should be made to sections IIT and IV of this report for
interprétation of the data.

| As was mentioned in section III, the neutron dose was relatively in-
sensitive to most changes in the shield. Because of this, neutron measurements
were not made behind each mockup. In régions ﬁhere the fast-neutron dosimeter
could not be used, thermal-neutron flux measurements were msde. .The the:mal-

neutron data are given.in Figs. VI-48 through VI-61 and Tables VI-21 through
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VI-34. TFast-neutron meassurements are presented in Figs. VI-62 through'VI-667
and Tebles VI-35 through VI-37.

‘ It should be noted that for configuration 15 (Fig. VI-63 and Table VI-36)
the fast;neutron data is presented in such a manner as to enable one to
approximate fast-neutron dose from thgrmal-neutron flux where the relaxation

length of the thermal-neutron flux curve is greater than 8 em.
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TABLE VI-1 SUMMARY OF LID TANK MOCKUPS OF ‘REFLECTOR-MODERATED REACTOR AND SHIELD
i
CONFIGU- NEUTRON HEAT NEUTRON (a) - LIQUID NEUTRON OTHER INFORMATION
RATION REFLECTOR CURTAIN EXCHANGER CURTAIN PRESSURE SHELL GAMMA SHIELD ' SHIELD . :
] Be pellet tank, (¢} 9.2 ¢m of solid B,C tank(?) | NaF tanks®) | B,C tank 1 3/4 in. of Fe | None Plain H,0 Air wafer'f) inserted between
Be 1, 2 Be reflector elements
la " " " " n " : " No air wafer used
9 " " " 1 " 2 1/2 in. of Pb (D) ) "
3 " " " " " 4 1/2 in. of Pb (D) o Last 2 in. of Pb in 15-in. dry
! ’ tank, leaving large (~11 in.)
air void after Pb
A " " " " " 7 1/2 in. of Pb (D) " Large air void after Pb
. ; " n " n 2 1/2 in. of Pb (D), 5 in. of Pb (W) " Air void replaced with H,0
6 " n " [} [ n U Outer 3 in. of Pb moved out,
leaving 12-cm H,0 gap
7 " . " " " 2 1/2 in., of Pb (D), 2 in. of Pb (W) " Same as configuration 3 except
air void replaced with H,0
8 " L " " " 2 1/2 in. of Pb (D), 5 in. of Pb (VW) " 4-cm H,0 gap preceded each of
- last four Pb slabs
9. " " " " n " 10 in. of borated H,0 | Borated H,0 replaced plain H,0
(1% B) in 15-in. tank; 4-c¢m bo-
rated H,0 gap preceded each
of last four Pb slabs “
10 " " " " " n l " Last four Pb slabs moved toward
source '
. )
11 n " " " " " 10 in. of borated H20 Last four Pb slabs moved toward
(0.9% B) source
12 " " " " " " 10 in. of borated H20 4-in, bogated H,0 gap pre-
(2.8% B) ceded last 3 in. of Pb
13 " " " " " " " Last 3 iﬂ. of Pb @6ved toward
‘source '
14 " " " " " 2 1/2 in. of Pb (D), 2 in. .of Pb (W) 13 in. of borated H,0
(2.8% B)
15 " " NaF tanks 1 " None "Plain H20
1, 2, 3, 4
16 " " " " " 3 in. of Pb (W) ) 12 in. of borated H20
(2.8% B)
17 " " " " " 6 in. of Pb (W) 9 in. of borated H20
(2.8% B)
18 " " " " " 7 1/2 in. of Pb (W) 7 1/2 in. of borated
: H,0 (2.8% B)
19 Be pellet tank, 1/4 in. of boral, " " None " n 7 1/2 in. of borated
31/4 in. of H,0 , 1/4 in. of boral, H20 (2.3% B)
9.2 cm of solid Be
20q " " " N " 3 in. of Pb (W) 12 in. of borated H20
(2.3% B)
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TABLE VI-1 (continued)

CONFIGU- NEUTRON HEAT NEUTRON ' : : LIQUID NEUTRON TION.
:Gaégg REFLECTOR -~ CURTAIN EXCHANGER CURTAIN PRESSURE SHELL GAMMA SHIELD SHIELD - OTHER INFORMA_T]ON.
" 20b Be pellet tank, 1/4 in. of boral, B4C tank NaF tanks None 1 3/4 in. of Fe 4 1/2 in. of Pb (W) 10 1/2 in. of borated
3 1/4 in. of H,0, 1/4 in. of boral, 1, 2, 3, 4 H,0 (2.3% B)
_ 9.2 cm of solid Be :
20¢ ’ " " n " " 6 in. of Pb (W) 9 in. of borated H,0
(2.3% B)
- 20d " " " " " 7 1/2 ip. of Pb (W) 7 1/2 in. of borated
, ' H,0 (2.3% B)
.202 " " " " " 7 1/2 in. of Pb (W), 1/8 in. of 7 3/8 in. of borated
boral (W) H20 (2.3% B)
21 " " " " " 6 in. of Pb (W) 9 in. of borated H,0 | 0il (o = 0.88 g/cm’) placed in
(2.3% B),. 15 in. of 15-in. tank behind borated
o1l H20 tank
29 " » " n n None Plain H20
23 " " " " " " " Fe pressure shell in plain H,0
just outside dry tank,leaving
S-cm air void in tank
94 " " " " 2 in. of Ni " Y .Ni pressure shell in plain H,0
. ' just - outside dry tank
25 " " " " 2 in. of Gu " " Cu pressure shell in plain H,0
just outside dry tank
26 " " U " 2 in. of Cu, i " Cu and Ni pressure shell in
2 in. of Ni plain H,0 just outside dry
tank
27 Be pellet tank, 3 in. of H,0, 9.2 cm " Ll " 1 3/4 in. of Fe " "
of solid Be V
28 Be pellet tank, 1/4 in. of boral, n " " v " !
9/10 in. of H,0, 1/4 in. of boral,
9.2 cm of solid Be
29 Be pellet tank, 1/4 in. of boral, . " " " Noné " f
3 1/4 in. of H20, 1/4 in. of boral,
9.2 cm of solid Be
30 " " " " 2 in. of Inconel " " Inconel pressure shell in
plain H,0 just outside dry
tank
31 1 1/2 in. of Pb, Be pellet tank, 9.2 " " " 1 3/4 in. of Fe " n
cm of solid Be K :
32 Be pellet tank, 9.2 cm of solid Be n n " ] " v
13 " " " " " 1/4 in. of boral (W), wcC tank(8) (W) "
34 " " " n " WC tank (W), 1/4 in. of boral (W) "
35 " " " " " WC tank (W) ‘ . "
36 " n " " " WC tank. (W), 1 1/2 in. of Pb (W) "
37 " " " " " WC tank (W), 3 in. of Pb (W) "

K
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TABLE VI-1 (continued)

CONFIGU~

RATION REFLECTOR AL L EvRTaoN PRESSURE SHELL GAMMA SHIELD l LIQUID NELTRON OTHER INFORMATION
NUMBER !
38 Be pellet tank, 9.2 cm of solid Be B,C tank NaF ‘tanks None 1 3/4 in. of Fe 3 in. of Pb (W), WC tank (W) Plain H,0

1, 2, 3, 4 :

39 Be tank(®’ B!® tank(®) " " " 6 in. of Pb (D) " Began using new tank which
held al! dry components of
shield

40 " " " " " " " 1/4 in. of boral in plainwater
Just outside large dry tank

11 " " " " " " : " 1/4 in. of boral just inside

' and 1/4 in. of boral just
outside large tank

42 " " " " " " ‘ " 1/4 in. of boral just inside
large tank

43 " " " " " " ’ " B!% tank spliced out 2 ft on
each side with 1/4 in.-thick
boral slabs o

44 " " " " " 3 in. of Pb (D), 3/4 in. of H20,(j) ‘ " Boral splicing removed

3 in. of Pb (D) '
45 " " " " n 11/2 in. of Pb (D), 1/4 in. of "
boral (D), 3 in. of Pb (D), 1/4 in.
of boral (D), 1 1/2 in. of Pb (D), |
1/4 in. of Tybor(®) ;
46 " B4C~tank ] n L] L] ¥ "
47 " " " " " " 15 in. of borated H,0
(1% B)

48 " " " " " " " Air wafer inserted between
borated H,0 tank and pre-
ceding tank

49 n " " " " 1 1/2 in. of Pb (D), 1/4 in. of 13 1/2 in. of borated

boral (D), 3 in. of Pb (D), 1/4 H,0 (1% B)
in. of boral (D), 1 1/2 in. of
Pb (D), 1/4 in. of Tyber (D),
1 1/2 in. of Pb (W)
50 " " " " " 11/2 in. of Pb (D), 1/4 in. of 15 in. of borated H,0
boral (D), 3 in. of Pb (D), 1/4 (1% B)
in. of boral (D)
51 " " . B,C tank " 6 in. of Pb (D) "
52 L " " None " 3 in. of Pb (D), 3/4 in. of "
borated H,0,{/7 3 in. of Pb (D)

53 "1 1/4 in. of Al, Be tank " " n " 6 in. of Pb (D) "

54 Same as configuration 17 except borated H,0 was 1% B instead of 2.8% B

55 Be tank " " B4C tank " 3 in. of Pb (D), 3/16 in. of plexi- .22 1/2 in. of borated Section welded on tank con-

’ bor (1) (D), 11/2 in. of Pb (D), H,0 (1% B) taining dry components to

3/16

in. of plexibor (D), 1 1/2 in.

of Pb (W)

hold liquid neutron shield
and thus eliminate undesired

water layers between tanks
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TABLE VI-1 (continued)

CONFIGU-

LIQUID NEUTRON

NEUTRON HEAT NEUTRON
:G;ég: REFLECTOR ‘CURTAIN  EXCHANGER CURTAIN PRESSURE SHELL GAMMA SHIELD SHIELD OTHER INFORMATION
' 3
56 Be tank B4C tank NaF tanks 3/16 in. of 1 3/4 in. of Fe 3 in. of Pb (D), 3/16 in. of plexi- 22 1/2 in. of borated
1, 2, 3, 4 plexibor bor (D), 1 1/2 in. of Pb (D), 3/16 . HéOr(l% B)
. in. of plexibor (D), 1 1/2 in. of
Pb (W)
57 " " 4 " " 4 1/2 in..of Pb (D), 3/16 in. of 24 in. of borated H,0
plexibor (D), 1 1/2 in. of Pb (D), (1% B)
3/16 in. of plexibor (D)
58 " n Ul " " Four 1 1/2-in. Pb slabs (D), each "
preceded by 3/16 in. of plexibor;
3/16 in. of plexibor behind fourth
slab
59 n " " B4C tank " 6 in. of Pb (D), 3/16 in. of plexi- - "
bor (D)
60 " " " " " 6 in. of Pb (D), 3/16 in. of plexi- 22 1/2 in. of borated
bor (D), 1 1/2 in. of Pb (W) H,0 (1% B)
61 " " NaF tauks " " " "
1, 2,. 4
62 " " " " " 6 in. of Pb (D), 3/16 in. of plexi- 24 in. of borated H,0
bor (D) ’ (1% B)
63 " n " " " Four 1 1/2-in. Pb slabs (D), each ' "
preceded by 3/16 in. of plexibor;
3/16 in. of plexibor behind fourth
slab
64 " " NaF tanks " " Fohr 11/2-in. pb slabs (D), each L
1, 4 preceded by 3/16 in. of plexibor;
3/16 in. of plexibor behind fourth
slab
65 " " " " " Three 1 1/2-in.le slabs (D), each "
preceded by 3/16 in. of plexibor;
3/16 in. of plexibor behind third
slab
66 Be tank, 9.2 cm of solid Be " " " " Three 1 1/2-in. Pb slabs (D), 3/16 22 1/2 in. of borated
in. of plexibor behind each slab; H,0 (1% B)
11/2 in. of Pb (W)
67 " " " " " Three 1 1/2-in. Pb slabs (D), 3/16 21 in. of borated H20
in. of plexibor behind each slab; (1% B)
3 in. of Pb (W) '
68 " " n " J Three 1 1/2-in. Pb slabs (D), 3/16 24 in. of borated H20
in. of plexibor behind each slab (1% B)
69 " " NaF tanks " " 11/2 in. of Pb (D), 3/16 in. of 19 1/2 in. of borated"
1, 2, 3, 4 plexibor (D), 4 1/2 in. of Pb (W) H,0 (1% B)
70 " " NaF tanks " " 3/16 in. of plexibor (D), 3 in. of 24 in. of borated H,0
1, 2, 4 U (D), 3/16 in. of plexibor (D) (1% B)
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TABLE VI-1 (continued)

CONFIGU- NEUTRON HEAT NEUTRON LIQUID NEGTHON
:G;ég: REFLECTOR CURTAIN EXCHANGER CURTAIN PRESSURE SHELL GAMMA SHIELD SHIELD OTHER INFORMATION
71 Be tank, 9.2 cm of solid Be B4C tank NaF tanks B4C tank 1 3/4 in. of Fe 3/16 in. of plexibor (D), 3 in. of U 22 1/2 in. of borated
1, 2, 4 ’ (D), 3/16 in. of plexibor (D), H,0 (1% B)
1 1/2 in. of Pb (W)
72 " " " " " 3/16 in. of plexibor (D), 3 in. of U |24 in. of borated H,0
(D) plus Pb brick yoke, () 3/16 in. | (1% B)
of plexibor (D)
73 Be tank i NaF tanks " n 3 in. of Pb (D), 3/16 in. of plexi- "
: 1, 2, 3, 4 bor (D), 1 1/2 in. of Pb (D), 3/16
in. of plexibor (D)
74 " " " " " " 24 .in. of borated H20
(0.5% B)
75 " " " " " " 24 in. of plain H,0
76 f " NaF tanks " U 6 in. of Pb (D), 3/16 in. of plexi- 24 in. of borated H20 3-cm air void in gamma shield
1, 4 bor (D) (1% B)
77 " ) " Li tanks(™ " " Four 1 1/2-in. Pb slabs (D), each ' " This data should be compared with
1, 2 preceded by 3/16 in. of plexibor; that taken behind configuration
3/16 in. of plexibor behind fourth 64R rather than 64.
slab
(a)

Lead thicknesses in the gamma shield were made up of 1- and 1 1/2-in. slabs. Where possible,
these slabs were grouped with the dry components of the shield, but in many cases it was necessary to
place some of the slabs in the liquid neutron shield container., (D) indicates dry slabs; (W) indi-
cates wet slabs, both for the plain and for the borated water.

(b)The borated water used in configurations 1 to 54 was contained in a separate tank. In configu-
rations 55 to 77, the solution was contained in the wet sectiom of a single large tank.

(C)Beryllium pellets (p = 1.233 g/cms) encased in iron; dimensions were 0.3 cm of Fe, 28.5 cm of
Be, 0.3 c¢m of Fe, totaling 29.1 cm.

(d)Boron carbide (p = 1.9 g/cms) encased in aluminum; dimensions were 0.16 c¢m of Al, 2.70 cm of B,C,
0.16 cm of Al, totaling 3.02 cm.

(C)Sodium fluoride (p = 0,96 g/cms) encased in iron; dimensions for tanks 1 and 2 were 0.48 cm of
Fe, 2.54 cm of NaF, 0.48 ¢cm of Fe, totaling 3.50 c¢m; dimensions for tanks 3 and 4 were 0.48 cm of Fe,
4.44 cm of NaF, 0.48 cm of Fe, totaling 5.40 cm.

(I)Air in wafer with 0.16-cm aluminum walls.

. 3 L
(S)Tungsten carbide pebbles (o = 8.05 g/cm”) encased in iron; dimensions were 0.635 cm of Fe, 5.08
cm of WC, 0.635 cm of Fe, totaling 6.35 cm.

(h)Solid beryllium (p = 1.84 g/cms) blocks in aluminum tank. Additional aluminum and stainless
steel within tank simulated reflector coolant tubes. Dimensions for the tank were 0,64 cm of Al, 7.30
cm of Be, 0.16 c¢cm of Al, 0.03 cm of stainless steel, 7.30 cm of Be, 0.16 ¢m of Al, 0,02 cm of stain-
less steel, 14.61 cm of Be, 0.15 cm of blotter paper, 0.64 cm of Al, totaling 31.03 cm.

(i)Boron isotope 10; dimensions were 0.05 cm of stainless steel, 1.53 of !0 powder, 1.52 ¢m of Al,
totaling 3.1 cm.

(j)The 3/4 in. of water was contained in a thin-walled aluminum tank.
(k)Tygon impregnated with boron,
(l)Plexiglas impregnated with boron.

(M)Uranium slab was 3 in. thick by 3 ft by 3 ft. Since the radiation cone from the source at the
uranium slab position kad a greater diameter than 3 ft, a 4-in,-thick yoke of lead bricks was built
around the top and sides of the slab to reduce streaming.

(")Lichium (p = 0.534 g/cm3) encased in iron; dimensions for tank 1 were 0,64 c¢m of Fe, 2.54 cm of
Li, 0.64 cm of Fe, totaling 3.82 cm; dimensions for tank 2 were 0.48 c¢m of Fe, 3,65 cm of Li, 0,48 cm
of Fe, totaling 4.61 cm.
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Configurations 1, la, and 2

Component Thickness of Component (ci)
. Canfiguration 1 Configurgtion la | Configuration 2

B0 | 0.9 0.9 0.9
Be Tank 1 29.1 29.1 29.1
a1 0.16 - -
Air 3.0 - -

Al 6.16 - -
Bo - 1.6 3.0
Fé' o;3é 0.32 0.32
Be (f - 1.84 g/ec) < 92 9.2 92
g);c Tank 5.&} 3.0 30 '
Na.F Tank 1 3.5 55 35
NeF Tank 2 3.5 3.5 ‘3}5::
Bl;c Tank 3.0_ 3.0 3.0
7é hbs kb5 b.b5
m . 3.81
Air 7.4 7.4 0.6k
P ; ; 2.5
Fe 0.32 0.32 0.32

Total 68.0 © 66.3 67.3
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Configurations 3, 4, and 5

Thickness of Component (cm)

- H0

Component
Configuration 3| Configuration b | Configuration 5
H20 0.9 0.9 0.9
Be Taenk 1 29.1 29.1 29.1
H,0 1.6 1.6 1.6
Fe 0.32 0.3%2 0.32
Be (£ = 1.84 g/ec) 9.2 9.2 9.2
B} C Tank 3.0 3.0 3.0
NaF Tank 1 3.5 3.5 3.5
NeF Tank 2 3.5 3.5 3.5
B),C Tank 3.0 3.0 3.0
Fe. “Lib5 k.45 DRI
Air 0.64 0.64 0.64
Fo 2.54 2.54 2.54
Air 0.64 0.64 0.64
Pb 3.81 3.81 3.81
Fe- 0.32 . 0.32 0.32
Hy0 3.k k.5 2.2
Fe 0.32 0.32 .0.32
Po 2.54 2.54 --
Hy0 - - 0.6h
Air 1.27 1.27 -
- Pb 2.54 2.5h4 2.5k
- - 1.27
Air 28.1 0.64 -
Po I - 205"“
HoO - - 0.6k
Po - 7.62 7.62
Air - 18.5 -
Hy0 - - 22.2 .
Fe - 0.32 0.32 0.32
Total 105.0 104.8

106.8-
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Configurations. 6. and 7

Thickness of Component (cm)
Component ‘
Configuration 6 Configuration 7
E,0 0.9 0.9
Be Tank 1 29.1 29.1
0 1.6 1.6
e 0.32 0.32
Be (F= 1.8k g/ce) 9.2 9.2
BLC Tank 3.0 3.0
NaPF Tank 1 3.5 3.5
NaF Tank 2 3.5 3.5
B),C Tank 3.0 3.0
Fe 4. 45 4.45
Air 0.64 0.64
Pb 2.54 x 2.5k
Air 0.64 0.64
Pb 3.81 3.81
Fe 0.32 0.32
Hp0 2.2 2.2
Fe 0.32 0.32
Hs0 0.6k 0.64
Pb 2.54 2.54
Hy0 1.27 1.27
Pb 2,54 2.5L
HpO 12.64 30.5
Pb 7.62 -
Ho0 10.2 -
Fe 0.32 0.%32
Total 106.8 106.8
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Configurations 8 and 9

Thickness of Component (cm)
Component
Configuration 8 | Configuration 9
H,0 0.9 0.9
Be Tank 1 29.1 29.1
HpO 1.6 1.6
Fe . 0.32 0.3%2
Be (f = 1.84 g/ecc) 9.2 9.2
ByC Tank 3.0 3.0
NaF Tank 1 3.5 3.5
NaF Tank 2 3.5 3.5
BC Tank 3.0 3.0
Fe 4. 45 4. 45
Alr 0.6k 0.64
Po 2.54 2.54
Air 0.6k 0.64
Pb 3.81 3.81
rFela) 0.6k 0.6l
H>0 4.0 . -
1% Borated HoO - 4.0
Pb 2.54 . 2.54
0 4.0 -

1% Borated HpO - 4.0
Pb 2.54 2.54
0 4.0 -

1% Borated HpO - 4.0
Pb 3.81 3.81

HoO 4.0 -
1% Borated HpO - 4.0
Po 3.81 3.81
0 6.44 -
?% Borated HxO - 6.44
Fe 0.3%2 0.32
Total 102.3 102.3

(a) Two adjacent 0.32-cm tank walls. |
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Configurations 10 and 11

Component Thickness (cm)
Component ,
Configuration 10 | Configuration 11
Hp0 - 0.9 0.9
Be Tank 1 29.1 29.1
B0 1.6 1.6
Fe 0.32 0.32
Be (JD= 1.84% g/cc) 9.2 9.2
B,C Tank 3.0 3.0
NaF Tank 1 3.5 3.5
NaF Tank 2 3.5 3.5
B),C Tank 3.0 3.0
Fe k.45 4. k45
Air 0.64 0.64
Pb 2.54 2.54
Air 0.6h4 0.64
Pb 3.81 3.81
Fe(a) 0.6k 0.6k
1% Borated HpO 0.64 -
0.9% Borated HQO(b) - 0.6k4
Po 2.54 2.5k
1% Borated HoO 1.27 -
0.9% Borated Hpo(P) - 1.27
Pb 2.54 2.54
1% Borated Hy0 0.6k -
0.9% Borated Hy0(P) - 0.64
Pb 7.62 7.62
1% Borated HpO 19.9 -
0.9% Borated HQO(b) - 19.9
Fe 0.32 0.32
Total 102.3 102.3

(a) ‘Two sdjacent 0.32-cm tank walls.

(b) In configuratlon 11 enough By0s was added to give a 2. 8%
borated HQO solution; however, changes in temperature
caused crystallization of the B 03 on the Pb slabs and the
resulting solution was 0.9% B by weight. The application
of steam heat eliminated crystalllzation in the succeeding
configurations.
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Configurations 12,

13, and 14

Component Thickness (cm)
Component -
Configuration 12 | Configuration 13 | Configuration 1k

Hy0 0.9 0.9 0.9
Be Tank 1 29.1 2071 29.1
Hp0 1.6 1.6 1.6
Fe' 0.32 0.32 0.32
Be (f = 1.84 g/ec) 9.2 9.2 9.2’
ByC Tank 3.0 3.0 3.0
NaF Tank 1 3.5 3.5 3.5
NaeF Tank 2 3.5 3.5 3.5
ByC Tank 3.0 3.0 3.0
Fe. L.k45 L. .45 h.h4s
Air 0.64 0.64 0.6k
Po - 2.54 2.54 2.54
Air 0.64 0.64 0.64
Pb 3.81 3.81 3.81
Fe 0.32 0.32 . 0.32
Hx0 3.1 3.1 3.1
Fe 0.32 0.32 0,32
2.8% Borated Hp0 0.64 0.6k e
2.9% Borated Hy0 - - 0.64
Po - 2.54 2.54 2.54
2.8% Borated HpO 1.27 1.27 -
2.9% Borated Hx0 - - 1.27
Pb 2.54 2,54 2.54
2.8% Borated H,0 10.2 0.64 -
2.9% Borated ggo - - 30.56
Po 7.62 7.62 -
2.8% Borated Hy0 12,7 22.3 -
Fe 0.32 0.32 0.32

Total 107.8 107.8 107.8-
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Configurations 15, 16, and 17

Component Thickness (cm)

Component
bonfiguration 15 | Configuration 16:|Configuration 17

HxO 0.9 0.9 0.9
Be Tank 1 29.1 29.1 29.1
HaO 0.k 0.4 0.4
Fe' 0.32 0.32 0.%2
Be (f = 1.84 g/ec) 9.2 9.2 9.2"%
ByC Tenk 3.02 3.02 3.02
NaF Tenk 1 3.5 3.5 3.5
NaPF Tank 2 3.5 3.5 355
NaF Tank 3 5.4 5.4 Sk
NaF  Tank L 5.4 5.4 5.4
BiC Tank 3,02 3,02 3,02
Fe - boks bohs b.h5
Fe 0.32 0.32 0.32
H,0 - 0.2 0.2
Fe. - 0.32 0.32
Fo : - 7.62 15024
2.8% Borated H,0 - 28.98 22.16
Fe . - 0.32 0.32

Total 68.5 106.0 106.8
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Configurations 18 and 19 ‘

Component Thickness (cm)

Component

Configuration 18 | Configuration 19

2o

Be Tank 1

Boral -
%0
Boral

Fe
Be (/= 1.84 gfece)

B),C Tank
NagF Tank
NaF Tank
NaF Tank
NaF Tank
B)C Tank
Fe
Air
Fe.
Hx0
Fe
Pb

W+

2.8% Borated Hy0
2.3% Borated HoO

Fe

Total
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Configurations 20 &, b, ¢, d, and e
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Configurations 21, 22, and 23

Component Thickness (cm)

Total

o=}
A%
F
=

75.6

Component Configuration 21 | Configuration 22 | Configuration 23
0 0.9 0.9 0.9
,Be Tank 1 - 29,]_ 29ol 29=l
Boral 0.6} 8’62 8-616*

0 8.2 -2 -2
%ml_ 0.6k 0.6k 0.6k
Fe . . 0032 0.32 0;32

Be (L= 1.84 g/ee) 9.21 9.21 9.21
ByC Tank 3,02 3,02 . 3,02
NeF Tank 1 3.5 3.5 5-2
NaF Tank 2 3.5 5.5 2.2
NeF Tenk 3 5.4 5.1 5.k
NeF, Tank 5.1 5. >
i: 4,45 L. 45 h‘s'

r 0.9 1.0 .63
Fe 0.32 0.32 0.352
H20 0.1 - 2.05
Fe 0.52 - b.45
Pb 15.24 - =
2.3% Borated HyO 22.12 - -
Fe = 0.3%2 - -

- Hy0 2.9- - -
Fe . 0.32 - -
Transil 0il - | }
(P =0.88 g/cc) 37.5 - ol
Fe . 0032 -

81.3
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Configurations 24, 25, and 26

Component Thickness (cm)

Component , . ’ :
Configuration 24 | Configuration 25 | Configuration 26
Hx0 0.9 0.9 - 0.9
Be Tank 1 29.1 . 29.1 ' : 29.1
Boral : 0.6k 1 0.64 ' 0.64
H0 8.26 8.26 8.26
Boral 0.64 0.64 0.64
Fe ' 0.32 0.32 0.32
Be (f= 1.8k g/cec) 9.21 9.21 9.21
By,C Tank 3.02 3.02 3,02
NaF Tank 1 3.5 3.5 3.5
NaF Tank 2 3.5 3.5 3.5
NaF Tank 3 5.4 5.4 5.4
. NaF Tank 4 5.4 5.4 5.4
Air L.63 5.03 5.03
Fe . 0.32 0.32 0.32
Hx0 3.07 1.7 1.7
Ni . 5.08 - -
Cu _ : - 5.08 5.08
H,0 - - 0.94
Ni - - 5.08
Total 83.0 82.0 88.0
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Configurations 27, 28, and 29

. Be

Component Thickness (cm)
Component Configuration 27 | Configuration 28 | Configuration 29
Héo : 0.9 0.9 0.9
Tank 1 29.1 29.1 29.1

" Boral " - 0.64 0.64
H30 i T7.62 2.24 .. 8.26 ..
Boral' '~ - 0.64 0.64
Fe | 0.32 0.32 0:32
Be (= 1.8 g/ce) 9.21 9.21 9.21
ByC Tank 3.02 3.02 3,02
NaF Tank 1 3.5 3.5 3.5

- NaF Tank 2 3.5 3.5 '3.5.
NeF Tank 3 5.4 5.4 5.

_ NaF. Tank L 5.4 5.4 5,k
Fe . a5 .5
Air - - 4.5,
Fe 0.32 0.32 0.32

Total 72.7 68.6 4.7
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Configurations 30, 31, and 32

Thickness of Component {cm)

Component Configuration 30. . Configuration 31 Configuration 32
H,0 0.9 0.9 0.9
Po - 3.81 -
HpO - 0.75 -
Be Tank 1 29.1 29.1 29.1
Boral 0.64 - -
g0 8.26 0.76 1.3
Boral 0.64 - -
Fe' 0.32 0.32 0.32
Be (f=1.84 g/ce) 9.21 9.21 9.21
BLC Tank 3,02 3.02 3.02

- 'N&F Tank 1 3.5 3.5 3.5
NaF- Tank 2 3.5 3.5 3.5
NaF Tank 3 5.h. 5.4 5k
NaF.Tank b 5.4, 5.4 5.4
Air 4.5 - .
Fe 0.32 0.32 0.32
HoO 2,45 - -
Incogel 5.08 - -

Total 82.2 70.4 66.4
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Configurations 3%, 34, and 35

Component Thickness (cm)

Component Configuration 33 | Configuration 34 | Configuration 35

o - 0.9 0.9 0.9
Be Tank 1 29.1 29.1 29.1
Fe 0.32 0.32 0.32
Bé‘(.F= 1.84 g/ec) 9.21 9.21 9.21
By Tank 3.02 o 3.02 -2-02
NaF: Tank 1 3.5 3-3 52
NeF Tank 2 3.5 5.5 2+
NF Tank > 5. - 2
NaF " Tank 5.4 5.4 Dk,
Fe ks b.45 kb5
Fe 0.32 0.32 0.32
By0 - . 1.7 0.9 L1500
Boral Lo 0»6)4' - P
VUK 6.35 6.35 6-35
HO = 0.9 o
BQrB.l o T - Oo6)+ o

) Total 75.0 15-1 .2
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Configurations 36, 37, and 38

, Component Thickness (cm)
Component Configuration 36 | Configuration 37 | Configuration 38 -
HyO - 0.9 0.9 0.9
BEé Tank 1 29.1 29.1 29.1
B0 ¢ 1.2 1.2 1.2
Fe 0.32 0.32 0.%2
Be (P =1.84 g/ce) 9.21 9.21 9.21
B4C Tank 3.02 3.02 3.02
NsF Tank 1 3.5 3.5 3.5
NaF Tank 2 3.5 3.5 3.5
NaF Tank 3 5.4 5.4 5.4
NaF Tank 4 5.4 5.4 5.4
Fe 4. 45 k.45 k.45
Fe 0.32 0.32 0.32
HO 1.2 1.2 0.8
Fo- - - - 3:81
Hp0 . - - 0.4
Por ., - - 5.81
RO - - 0.k
. WO Tank: 6.35 6.35 6.35
Hp0 0.4 0.4 -
Po ; 3.81 3.81 -
Hy0 - 0.45 -
Pb. - 3.81 -
Total 78.0 82.3 8.9




DWG. 21185

Fe WALLS

* AIR DISTRIBUTED

THROUGHOUT SHIELD.

U

7
oy

I \\
¢ MNvVL dJDN
I,

\A““\ \wcvooossmx\yywvx
2 MNVL 4DN
LI ]

/
777777777777777777;
\\ P ANVL n_cz\\
(LU

D
NN
N

Be TANK 2

|

334N0S

77.0 cm——-l

CONFIGURATION 39

BORAL

Fe WALLS

—-132—

» IV

Pb

SN\

L, /
7

7/[77777777777,
\\N ANVL 40N
LLLLLLLLLLL L

/717777777
\ } MINVL 40N
LLLLLLLLLLLLLL,

NNANANRNRANEANN

,/ /
NN INVL .8 NN\

NN NN

Be TANK 2

N AN -3

TN

77.0 cm—-l |<—77.64 cm

324N0S

CONFIGURATION 40

BORAL

Fe WALLS

f » IV “*

Pb

N

[V

(i,

b= 77.64 cm

BORAL
77.0 cm

\

I,

Wi
\\\\\\\\\\\\\\

\\\\\\\\\\\\\\
} MNVL 4DN
\Q\\\\\\«\xxm\

N ////V_W_«”_./ /m/ NN
NN NN
N /// N1 Ay /// ///

Be TANK 2

CONFIGURATION 41

HIR

oH ! |

324N0S

i

Fig. VI-46. Lid Tank Mockups of Reflector — Moderated Reactor and Shield.



-133-

Configurations 39, 40, and 41

Component Thickness (cm)

Component Configuration 39 | Configuration 40 | Configuration 41
H0 2.3 2.3 2.3
Fe 0.48 0.48 0.48

~ Be Tank 2 31.01 - 31.01 31.01
- B10-mank 3.1 3.1 3.1
NaF Tank 1 3.5 3.5 3.5
NaF Tank 2 3.5 3.5 3.5
NaF -Tank 3 5.k 5.1 5.k
NaF Tank 4 5.4 5.4 5.4
Fe k.45 4. 45 L. ks
P . 15.24 15.24 15.24
Bor?1; - - 0.64
air(a). 2.14 2,14 1.50
Fe _ 0.48 0.48 0.48
Boral: - 0.6k 0.64
77.0 77.6k 77.64

(a) Air distributed throughout shield.
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Fig. VI-17. Lid Tank Mockups of Reflector — Moderated Reactor and Shield .
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" Configuration 42, 43, and 44

Component

Thickness of Component (cm)

Configuration 42 | Configuration 43 | Configuration Lk
E,0 2.3 2.3 2.3
Fe 0.48 0.48 0.48
Be Tank 2 31.01 31.01 31.01
B%O Tank (a) 3,1 - 3,1
O mank (Spliced out) - 3.1 e
Na.F 'I'ank 1 %.5 3.5 . 3.5
NaF Tank 2 3.5 3.5 3.5
NaF Tank 3 5.4 5.4 5.4
NaF Tank b GRS 5.4 5.4
Fe . 18-’-!-5 L. b5 "","‘5
) 15.24 15.24 7.62
HQG - - 1.91
NP - - - 7.62
Bor l) 00611- - - -‘
Air'®/. 1.50 2.19 1.83
Fe 0.48 0.48 0.48
LTl Total 770 7.5

-
(@]
(0,

(2) B10 tank spliced out 2 £t on each

sheets (48 in. high).

(®) asr atstributed throughout shield.

side with two 1/4 in. thick boral .
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Fig. VI-18. Lid Tank Mockups of Reflector — Moderated Reactor and Shield.
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Configurations 45, 46, and 47
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Component

Thickness. of Component (cm)

Configuration 45 |_Configuration 46 | Configuration 47

H0 - 2.3 2.3 2.3
Fe 0.48 0.48 - 0.48
Be Tank 2 31.01 - 31.01 31.01
B0 Tank 3.1 - 5.
BiC Tank - 3.02 3.02
NaF Tenk 1 3.5 3.5 3.5
NaFTank 2 3.5 3.5 3.5"
NaF Tank 3 5.4 5.4 5.0
NaF Tank 4 5.4 5.4 5.4
Fe - .. b, 45 BNCE dos
Po o 3,81 3.81 3.81
Boral-. .. 0.64 0.64 0.64
P. 7.62 7.62 7.62
Boral.... " 0.64 0.64 0.64
Po. .- 3.81 3.81 3.81
Tybgr - 0.64 0.64 0.64
air(a) 1.42 1.h 1.k
Fe' 0.48 0.48 0.48
Hp0... - - 1,96
Fe - - 0.32
1%, Borated Hx0 - - 38.1.

Total 78.2 78.1 118.8

(a) Air aistributed throughout dry section of shield.
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* AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD

Fig. VI-19. Lid Tank Mockups of Reflector — Moderated Reactor and Shield .
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Configurations 48, 49, and 50

Thickness of Component (cm)

Configuration 50

Component Configuration 48 | Configuration 49
Hp0 2.3 2.3 3.4
Fe 0.48 0.48 0.48
Be Tank 2 31.01 31.01 31.01
BYC Tank 3,02 3,02 3.02
NeF Tank 1 3.5 3.5 3.5
NeF Tank 2 3.5 3.5 3.5
NaF Tank 3 5.4 5.k 5.k
NaF Tank L 5.4 5.4 5.4
Fe : k.45 b 45 L. 45
Po - - 3.81 3.81 3,81
Boral 0.64 0.64 0.64
Pb 7.62 7.62 7.62
Boral: 0.6k 0.64 0.64
P 3.81 3.81 -
Tybor., 0.64 0.6k -
Air a) 1.4 1.k 1.52
Air - - 2.22
Fe. 0.48 0.48 0.48
Al 0.16 - -
Air 1.64 - -
Al 0.16 - -
HyO - 1.96 2.97 .
Fe. 0.32 0.32 0.32
Po = 3.81 -
1% Borated H,0 38.1 33.99 37.8
Fe 0.32 0.32 0.32
Total 118.8 118.5 118.5

(8) Atr aistributed throughout dry section of shield.
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Mockups of Reflector — Moderated Reactor and Shield .
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Configurations 51, 52, and 53

Thickness of Component {cm)

Fe

Component Configuration 51 | Configuration 52 | Configuration 53
EEO 2.3 2.3 0.9
N - 3.18
;0] - - 2.3
Fe 0.48 0.48 0.48
Be Tank 2 31.0L. 31.01 31.01
ByC Tank 3.02 3.02 3.02
NaF Tank 1 3.5 3.5 3.5
NeF Tank 2 3.5 3.5 3.5
NaF Tank 3 5.4 5.4 5.4
NeF Tank L 5.4 5.4 5.4
ByC Tank 3.02 - -
Fe L.}4s5 L. 45 L. k5
Po 15.24 7.62 15.24
1% Borated HpO - 1.91 -
Po - 7.62 -
air(a) 0.30 0.92 1.4
Fe 0.48 0.48 0.48
H20 2.96 2.05 b b
0.3%32 0.32 0.32
1% Borated HpO. 38.1 38.1 38.1
 Fe, 0.32 0.32 0.32
Total 119.8 118.4 123.4

(3),Air distributed throughout dry section of shield.
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CONFIGURATION 54 SAME AS CONFIGURATION 17 EXCEPT H,0 IN Fe TANK WAS BORATED TO 1.0% BY WEIGHT.

* AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD.

Fig.

CONFIGURATION 56

VI-2{. Lid Tank Mockups of Reflector — Moderated Reactor and Shield.
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Configurations 5k,

55, and 56

Thickness of Component (cm)

Camponent Configuration 54 | Configuration 55 | Configuration 56
B0 0.9 2.3 2.3
e - 0.48 0.48
Be Tank 1 29.1 - Sl
Be Tank 2 - 31.01 31.01
HO 0.4 - -
Fe 0.32 - -
Be (F = 1.84 g/ce) 9.21 - -
B),C Tank 3.02 3.02 3,02
NaF Tank 1 3.5 3.5 3.5
NaF Tank 2 3.5 3.5 3.5
NaF Tank 3 5.4 5.4 5.4
NaF Tenk 4 5.4 5.4 5.4
B)C Tank 3.02 3.02 -
Plexibor - - 0.48
Fe : k.45 445 4.u4s
Fe . . 0.32 - -
Hy© S 1.36 - -
Fe 0.32 - -
Po = - 7.62 7.62
Plexibor - 0.48 0.48
Po : - 3.81 3,81
Ple?i or - 0.48 0.48
Airia - 2.25 k.79
Fe . - 0.48 0.48
- 1% Borated HpO - 2.29 2.29
Po = 15.24 3.81 3.81
1% Borated HpO 22.22 54.82 54.82
Fe 0.32 0.48 0.48
i Total 108.0 138.6 138.6

(2) Air distributed throughout dry section of shield.
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¥ AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD.
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Fig. VI-22. Lid Tank Mockups of Reflector — Moderated Reactor and Shield .
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Configurations 57, 58, and 59

Thickness of Component {cm)

" Pb

Total

Component Configuration 57 | Configuration 58 | Configurstion 57
0 2.3 2.3 1.82
Fe 0.48 0.48 0.48
Be Tank 2 31.01 31.01 31.01
By,C Tank 3.02 3.02 3.02
NaF Tank 1 3.5 3,5 3.5
NaF Tank 2 3.5 3.5 3.5
NaF Tank 3 5.4 5.4 5.k
NaF Tank 4 5.4 5.4 5.4
Plexibor 0.48 0.48 -
B),C Tank - - 3,02
Fe h.hs 4. 45 L. 45
Plexibor - .0.48 -
Po 11.43 3.81 15.24
Plexibor 0.48 0.48 0.48

o 3,81 3.81 -
Plexibor 0.48 0.48 -
Po . - 3.81 -
Plexibor - 0.48 -
Po ‘ - 3.81 -
Plexihor - 0.48 -
air(a 1.78 0.94 0.3
Fe B 0.48 0.48 0.48
1% Borated HoO 61.72 60.92 - 60.32
Fe 0.48 0.48 0.48

140.2 140.0

]
W
(@+]
0

(2) Atr aistributed throughout dry section of shield.
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* AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD.
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Fig. VI-23. Lid Tank Mockups of Reflector — Moderated Reactor and Shield .
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Configurations 60, 61, and 62

Thickness of Component (cm)

Component Configuration 60 | Configuration 61| Configuration 62
Ho0 1.82 2.7 2.7
Fe 0.48 0.48 0.48
Be Tank 2 31.01 31.01 31.01
B),C Tank 3,02 3.02 3.02
NaF Tank 1 3.5 3.5 3.5
NaF Tank 2 3.5 3.5 3.5
NaF Tank 3 - 5.4 - S
NaF Tank 4 5.4 5.4 5.4
ByC Tank 3,02 3.02 3.02
F - 4. 45 4. 45 L. 45
Po - , 15.24" 15.24 15.24
Plexihor - 0.48 0.48 0.48
Air\8 0.3 3.22 3.62
Fe .. . 0.48 0.48 - 0.48
1% Borated HpO 2.0 2.6 -
Pb o 3.81 3,81 .-
1% Borated B0 54,51 55.51 61.52
Fe 0.48 0.48 0.48
138.9 138.9 138.9

Total

.(a)_Aif{distributed throughout dry section of shield.
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* AIR DISTRIBUTED THROUGHOUT

DRY SECTION OF SHIELD.
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Fig. VI-24. Lid Tank Mockups of Reflector — Moderated Reactor and Shield .
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Configurations 63, 64, and 65

Thickness of Component (cm)

Component Configuration 63 | Configuration 64| Configuration 65
Hy0 2.3 2.9 2.9
Fe , 0.48 - 0.48 0.48
Be Tank 2 31.01 31.01 '31.01
B)C Tenk 3.02 3.02 3.02
NaF Tank 1 3.5 3.5 3.5
NaF Tark 2 3.5 - -
NaF Tank b4 5.4 5.4 5.k
ByC Tank 3.02 3.02 3,02
TFe - h.45 4.45 445
Plexibor 0.48 0.48 0.48
Pb 3.81 3,81 3.81
Plexibor 0.48 0.48 0.48
Pb : - 3.81 3.81 3.81
Plexibor’ 0.48 - 0.48 0.48
P 3,81 3.81 3,81
Plexibor 0.48 0.48 0.48
P 3.81 3.81 -
Plexihor 0.48 0.48 -
Air\& 2.9 4.8 8.89
‘Fe - . 0.48 . 0.48 0.48
1% Borated Hy 62.32 63.12 63.52
Fe 0.48 0.48 0.48

. Total 140.5 140.5 140.5

(a) Air distributed throughout dry section of shield.
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* AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD.
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Fig.VI-25, Lid Tank Mockups of Reflector — Moderated Reactor and Shield.
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Configurations 66, 67, and 68

Thickness of Component (cm)
Component Configuration 66 | Configuration 67 | Configuration 68
Ho0 2.1 2.1 2.3
Fe 0.48 0.48 0.48
Be Tank 2 31.01 31.01 31.01
Be (f=1.84 g/cc) 9.21 9.21 9.21
B4yC Tank 3.02 3.02 3.02
NaF Tank 1 3,5 3.5 3.5
NaF Tank 4 5.4 5.4 5.4
B),C Tank 3.02 3.02 3.02
Fe h. 45 4. 45 4. 45
Po - 3.81 3.81 3.81
Plexibor 0.48 0.48 0.48
P 3.81 3.81 3.81
Plexibor 0.48 " .0.48 0.48
Pb 3.81 3.81 3.81
P1e¥i or 0.48 0.48 0.48
Air\a 1.76 1.76 1.56
Fe 0.48 0.48 0.18
1% Borated HpO 2.39 1.88 -
Pb , 3.81 7.62 -
1% Borated ‘HpO 56,322 53.02 62.52
Fe 0.48 0.48 0.48
Total 140.3 140.3 140.3

() Air distributed throughout dry section of shield.
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* AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD. ‘
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Fig. V1-26. Lid Tank Mockups of Reflector — Moderated Reactor and Shield.
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Configurations 69,

70, and T1

Thickness of Component (cm)

Component Configuration 69 | Configuration 70 | Configuration 71
H0 2.1 2.3 2.3
Fe 0.48 0.48 " 0.48
Be Tank 2 31.01 31.01 31.01
Be (L= 1.8k g/cc) 9.21 9.21 9.21
BC Tank . 3,02 3,02 3,02
NaF Tank 1 3.5 3.5 3.5
NaF Tank 2 3.5 - -
NaF Tank 3 5.4 5.4 5.4
NaF Tank L 5.4 5.4 5.4
ByC Tank 3,02 3,02 3,02
Fe 4. .45 4. 45 .45
Po 3,81 - -
Plexibor 0.48 0.48 0.48
U . - 7.62 7.62
Ple{iSOr - 0.48 0.48
Air\8 1.24 1.25 1.25
Fe . 0.48 0.48 0.48
1% Borated HpO 3.37 - 0.99
Pb 3,81 - 3,81
1% Borated HpO 0.4 - -
Po . , 3,81 - -
1% Borated HoO 0.k - -
Pb - 3,81 - -
1% Borated HpO 45,72 59.52 54,72
Fe 0.48 0.48 0.48

Total 1%8.9 138.1 138.1

(a) Air distributed throughout dry section of shield.
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CONFIGURATION 72 SAME AS CONFIGURATION 70 EXCEPT A YOKE OF 4-in. THICK LEAD BRICKS

EFFORT TO REDUCE STREAMING AROUND THE SLAB.

L
DWG. 21196
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CONFIGURATION 74 SAME AS CONFIGURATION 73 EXCEPT H,0 IN WET SECTION OF TANK WAS BORATED TO 0.5% BORON BY WEIGHT.

CONFIGURATION 75 SAME AS CONFIGURATION 73 EXCEPT H,0 IN WET SECTION OF TANK CONTAINED NO BORON .

Fig. VI—-27. Lid Tank Mockups of Reflector — Moderated Reactor and Shield.
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Thickness of Component (cm)

Component Configuration | Configuration } Configuration| Configuration
72 3 4 [V
HoO 2.5 2.2 2.2 2.2
Fe : ) 0.48 0.48 0.48 0.48
Be Tank 2 31.01 31.01 31.01 31.01
Be (Sf=1.84 g/ecc) 9.21 - - -
ByC Tank ' 3.02 3.02 3.02 3.02
NaF Tank 1 3.5 3.5 3.5 3.5
NeF Tank 2 - 3.5 3.5 3.5
NaF Tank 3 5.4 5.4 5.4 5.4
NaF Tank L 5.4 5.4 5.4 5.4
ByC Tank 3.02 3.02 3.02 3.02
Fe L. 45 L. 45 4. 45 4. L5
Po .- - 7.62 7.62 7.62
Plexibor 0.48 0.48 0.48 0.48
U 7.62 - - -
Pb : - 3.81 3.81 3.81
Ple?igor 0.48 0.48 0.48 0.48
Air\8) 1.45 2.25 2.25 2.25
Fe 0.48 0.48 0.48 0.48
1% Borated HpO 61.52 61.82 - -
0.5% Borated HpyO - - 61.82 -
Ho0 e - - - 61.82
Fe 0.48 0.48 0.48 0.48
Total 140.5 139.4 139.4 139.4

(8) air aistributed throughout dry section of shield.
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¥ AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD.
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Fig. VI-28 Lid Tank Mockups of Reflector — Moderated Reactor and Shield.
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Configurations 76 and T7

Component Thickness (cm)

Component Configuration 76 | Configuration 77
0 3.9 L.1

gg 0.48 0.48
'Be Tank 2 31.01 31.01
ByC Tank 3.02 3.02
NaF Tank 1 3.5 -

NaF Tank 4 5.4 -

Ii Tank 1 - 3.82
Li Tank 2 - 4.61
BL4C Tank 3.02 3.02
Fe .45 L. 45
Plexibor - 0.48
Po 15.24 3.81
Plexibor - 0.48
Pb - - 3,81
Plexibo - 0.48
Pb - 3.81
Plexibor - 0.48
Po - 3.81
Plexibor - 0.48
Airl\e 2.42 k.27
Air 3.2 -

Plexibor 0.48 -

Fe 0.48 0.48
1% Borated Hp0 63.32 63.72
Fe 0.48 0.48

Total 140.4 1.1

(?)Air distributed throughout dry section of shield.
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Fig. VI-33. Gamma-Ray Dose Measurements behind Lid Tank Mockups of
Reflector ~Moderated Reactor and Shield.
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Fig. VI-35. Gamma-Ray Dose Measurements behind Lid Tank Mockups of Reflector—
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Fig. VI-36. Gamma-Ray Dose Measurements behind Lid Tank Mockups of
Reflector —Moderated Reactor and Shield.
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Fig. VI- 38. Gamma-Ray Dose Measurements behind Lid Tank Mockups of
Reflector - Moderated Reactor and Shield.
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Fig. VI-40. Gomma-Ray Dose Measurements behind Lid Tank Mockups of
Reflector - Moderated Reactor and Shield.
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Fig. VI-41. Gamma-Ray Dose Measurements behind Lid Tank Mockups of

Reflector - Moderated Reactor and Shield.
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Fig. VI—-42. Gamma-Ray Dose Measurements behind Lid Tank Mockups of Reflector-Moderated

Reactor and Shield.
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Fig. VI-43. Gamma-Ray Dose Measurements behind Lid Tank Mockups of
Reflector - Moderated Reactor and Shield.
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Fig. VI- 44, Gamma-Ray Dose Measurements behind Lid Tank Mockups of
Reflector -Moderated Reactor and Shield.
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Fig. V1-45. Gamma—-Rav Dose Measurements behind Lid Tank Mockups of Reflector-Moderated
Reactor and Shield.
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Fig. V1- 46. Gamma-Ray Dose Measurements behind Lid Tank Mockups of
Reflector - Moderated Reactor and Shield.
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Fig. VI-47. Gamma-Ray Dose Measurements behind Lid Tank Mockups of Reflector — Moderated

Reactor and Shield.
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Fig. VI-48. Thermal-Neutron Flux Measurements behind Lid Tank Mockups
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Fig. VI-49. Thermal-Neutron Flux Measurements behind Lid Tank Mockups of Reflector-Moderated
Reactor and Shield.
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Fig. VI-50. Thermal-Neutron Flux Measurements behind Lid Tank Mockups of
Reflector - Moderated Reactor and Shield.
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Fig. VI-51. Thermal-Neutron Flux Measurements behind Lid Tank Mockups of Reflector—
Moderated Reactor and Shield.
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Fig. VI- 52. Thermal- Neutron Flux Measurements behind Lid Tank
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Reflector - Moderated Reactor and Shield. o
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Fig.VI-54. Thermal—Neutron Flux Measurements behind Lid Tank Mockups of
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Fig. VI-58. Thermal-Neutron Flux Measurements behind Lid Tank Mockups of Reflector-Moderated
Reactor and Shield.
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Fig. VI-59. Thermal-Neutron Flux Measurements behind Lid Tank Mockups
of Reflector - Moderated Reactor and Shield.
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Fig. VI-61. Thermal-Neutron Flux Measurements behind Lid Tank Mockups
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Table VI-2

'

Gamma-Ray Dose Measurements in Water behind
Configurations 1 through 5

z, Distance

Gamma-Ray Dose (mr/hr)

from Source| Pure
(cm) ;E?oa Conf. 1 |Conf. la|Conf. 2 [Conf. 3 [Conf. 4 |Conf. 5
60 2. 4hx107
70 1.44x103| .
T3.2 ' k. 77x10
739 5.62x102
76 5. o3x101
80 8.80x102| 4.28x102 3.97xi02 3.80x10L.
- 3. 38x101
90 5.6L4x102| 2. 71x102| 2.52x102| 2. 16x101
_ 1.95x101
100 3. 46x10°| 1.76x102| 1.63x102|1. 27x101
o : 1.18x10L
110 2.18x102[ 1.14x102| 1.08x102|8.23x109
8.00x10°
112.6 - L. 82x10°
112.8 8.33x10°
113.2 h. 97x10°
| 4.97x10° |
11k4.5 | N R A I5.97x10°1
120 1.39%102| 7. 70x10% | 7.20x10 | 5. 17%10° h.97x10° a.62xlog 3,80x10-1
| | | 2.72x10 |
130 8.97x101 | 5:12510% | 4. 83x101 | 3. 31x200 |2.568x100 |1.33x100 [1.95x1071
' 1.38x10°
135 1.00x10°
| 1 A B o 9.84x10"1
140 6.03x10%| 3.60x101 | 3. 39x10% |2. 152100 |1.53x10° |7.65x10"1[1.16x107L
. o 8.41x10-1{1.17x10-1
150 3.96x10% | 2. kox10t 1.47x10° |9.55%x10-1|4.61x10-1]7.01x10"+
' ' ‘ . . Ak, 65x10'1 6.63x10-2
160 2.67x101[1.72x10t 9.83x10-1|5.9ux10"1 | 2.86x101 |4, 67:;10-2
\' a 2.59x10"

- a Measurements in pure water were made at various times throughout the tests
and are reported accordingly.
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Table VI-35

.. « Gamma-Ray Dose Measurements in Wéter
behind Configurations 6 through 10

.
TN

ey,

z, Distance

Gamma-Rey Dose (mr/Hr)

from source

(cm) -Conf. 6 Conf. T Conf. 8 Conf. 9 Conf. 10
114.3 3.10 x 107 2 -
114.9 1 3.50 x 10_,f 6.93 x 10_,
120 2.0k x 10 See 2.78 x 10 o 4,91 x 10

a1 Optimi- 2,84 x 1075 2
130 1.08 x 10 _1| zation 1.52 x 10 ;| 3.46 x 10 2
140 6.48 x 1075 k.72 x 107 1.09 x 10 27| 2.16 x 10_7
150 4.20 x 10'2 2.7% x 10 | Discussion{ 7.72 x 1073} 1.51 x 10
: 4.05 x 10~ Section. III -
151.3 7.10 x 1073
6.87 x 1073
7.75 % 1073
o I 6.95 x 103, 2
160 2,21 x 10 5 1.63 x 10 5.31 x 10 1.03 x 10
2,61 x 1
RN
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Table VI-L

.« Gamma-Ray Dose Measurements in-Water
behind Configurations 11 through 1k

;;03122222: Gamma-Ray Dose (mr/hr)

(cm) Conf. 11 Conf, 12 . Conf. 13 Conf. 1h
113 , 2 5.33 X 10°%
1k 4.30 x 10 3 : .

115 4,30 x 107 : |
115.4 - 3.29 x 10 7
11505 20&6 X 10_2
’ 2. 5 x 10
120 1331 x 202 |2.09 x 102 2.96 x 1075| k.40 x 207
3.22 x 10 2.0 x lO_2 2.73 x 10
2 2|11 X0, o of -1
30 2,29 x 10 5 |1.24 x 10_7| 2.33.x 1077 | 2.72 x 10
2,18 x 1075 |1.15 x 1072} 1.97 x 1075| | 1
140 1.53 x 10, [8.94 x 10 3 1.48 x 10_,f 2.01 x 10 7
1.67 x 10_, (8.19 x 10 3 1.33-x 10 5 1.66 x 10_3
150 1.04 x 1075 16,60 x 1073} 1.20 x 10 ;| 1.30 x 10
1,06 x 1075 f5.43 x 1073] 9.45 x 10 1
160 7.60 x.10 b4 x 10 8.0 x 10 1.09 x 10__2
8.7k x 1073 |3.82 x 1073 7.30 x 1073 9.38 x 10°% -
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Table VI-5

. Gomma-Ray Dose Measurements in Water
behind Configurations 15 through 18

. T g f T
z, Distance oo Gamme-Rey Dose (mr/hr) )
from source ?Pu:»i.'e ..
{cm) Ho0 Conf. 15 Conf. 16 Confd 17 Conf. 18
60 2.96 x 193
70 1.66 x 10 o
T7.1 o 2.80 x 10,
80 9.84 x 10, 2.45 x 105
90 5.55 x 105 |1:53 x ;oi
100 3.63 x 10, 9.83‘x"1o1
110 2.26 x 10° |6.26 x 10 0 :
114 - 1.86 x 10 a1l o
115.9 - 5 1 o |1+37x 107 6.49 x 10:2
120 1.k2 x 107 [4.29 x 107 145 x 10_,11.10 x 10 5 5.14 x 1075
130 8.97 x 107 [2.91 x 107 9.66 x 10 1 7-36 x 10 5 {3+25 x 10
140 6.03 x 107 |1.95 x 107 | 6.35 x 101 {467 x 105 11.93 x 107,
150 3.96 x 10] [1.32 x 10; | +.35 x 1077 13.12 x 10_; |1.31 x 10 3
160 2.73 x 10~ |9.51 x 107 2.81 x 10 “|2.11 x 10 8.43 x 10
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Table ¥I-6

Gamma-Ray Dose Measurements in Water
behind Configurations 19 through 20e

z, Distance Garma-Ray Dose (mr/hr)
from Source
(cm) _Conf. 19 | Conf. 20a| Conf. 20b| .Conf. 20c| Conf. 20d| Conf. 20e
122.9 8.8hx10"*
- 8.49x10-1
24,5 - 2.22x1072
124.8 1.80x10-2| 2.08x1072| -
. B K B 2.19x10-2
‘ ' N E A 2.23x10-2
130 1.25x1072| 6.11x10"1{ 2.10x10-1| 3.51x10"2| 1.60x10-2| 1.66x1072
- 1.31x10~2| 6.09x10-1{ 2.05x10"1] 3.43x10-2| 1.8kx10-2 '
Lo 1.89x10-1 > 1.79x10-2
10 | 9.20x1073| 4.27x10-1| 1.28x10-1] 2.43x107°| 9.21x10-3| 9.95%10-3
: 1.01x10-2| 3.98z1071| 1.3%x10-1] 2.40x10-2| 1.0kx10-2
‘ 1.30x10-1| 2.74x1072| 9.75x10"2
- 150 5.46x10-3| 2.85x10-1| 8.10x10-2| 1.66x10-2| 6.11x10-3| 6.17x10"3
’ 2.98x10-1| -7.65x10~2| 1.55x10-2| 7.72x10-3 .
9.43x10-2] 2.08x10-2| 7.56x10D
. 1.74x1072| 7.k9x10"3
6.89x1072
: , | 7.24x10-3) .
160 3.56x10-3| 2.13x10°1| 5.22x1072| 1.37x10-2} 5.52x10-3| 5.54x10"3
o : 5.10x10~2| 1.24x10-2| 5.20x10~3| 5.07x10~>
5.39x1072| 1.46x10-2] 5.94x10-3| " :
. : | 5.%2x10-3
5.58%10~>
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Table VI-T

Gamma-Rey Dose Measurements in Water behind
Configuration 21 -- with and without Transformer
011 Placed behind Borated Water Tank

z, Distance Gamma-Ray Dose (mr/hr)
from source < '
(cm) Without 01l With 011 :
w
1oh.1 5.4 x 1075
5.18 x 10
130 4,08 x 1077
3.55 x 1072
3.80 x 10 o
140 - 2.77 x 105
2.93 x 10_2
150 1,5h x 107
1.73 x 10:2 {
160 1.15 x 10 -
163.1 1.24 x 10_,
165 1.02 x 10_
170 9.16 x 1073
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Table VI-8

. Gemma-Ray Dose Measurements in Water
behind Configurations 22 through 26

.
I

, T . o
z, Distance o Gammaa%ay Dose- (mz/hr)
from source ; i
(cm) Conf. 22 Conf. 23 Conf. 24 Conf. 25 Conf. 26
: ’ 2
8h.h 1.33 x 10, _
90 1.05 x 10 o
90.1 1,17 x 10 . 1
90.6 , 1 7.61 x 10
91.6 ' 7.75 x 10 1
96.4 . 1 g 1 1 ]2-99 x 107
100 6.72 x 1‘0l 7.65 x 103 5,34 x-10] | 5.02 x 107 1,70 x 103
110 b3k x.107 | 5.11 x 10} 3,54 % 107 | 3+29 x 107 f 1,10 x 10
120 2.98 x '10l 3.46 x 10y 2.3% x 107 2,16 x 107 T7.36 % 104
130 2.04 x 107 |2.32 x 107 1.58 x 103 1.48 x 107 h.91 xfloo.
140 1.h2 x 104 1.61 x 107 | 1.11 x 10, | 1,03 x 104 | 3.53 x 10,
150 9.82 x 105 | 1.10 x 104 7.63 x 10, 6.91 x 10, 2.24 x 10,
160 - 6.58 x 10" | 7.70 x 10° | 5.00 x 10~ | 4.28 x 10, 1.62 x 10
‘ . 4,82 x 10
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Table VI-9

. » Gemma-Ray Dose Measurements in Water
behind Configurations 27 and 28

z, Distance Gamma-Ray Dose (mr/hr)

from Source i
“(em) Conf. 27 ﬁ Conf. 28

-

7T 1.92 x 105
-80 . o 1.69 x 10
82.3 2.03 x 10, >
90. 1.h4 x 107 1.0k x 107
100 9.27 x 107 6.87 x 107
110 5.97 X lOl 4,50 x lOl
120 h.02 x 107 3.02 x 107,
130 . 2.69 x 10] 2.02 x 107 |
140 1.81 x 107 1.39 x 105
150 1.26 x 10, 9.64 x 104
160 8.57 x 10 6.53 x 10
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Table VI-10

Gamma-Ray Dose Measurements in Water
behind Configurations 29 through 32

%z, Distance
from source

Gamma-Rey Dose (mr/hr)

(cm) Conf. 29 Conf. 30 Conf. 31 - Conf. 32
78.2 , 2.61x10°
80 : 2.,45x10° 2.78x102
1 83.7 4 ,20x10° : : "
50 3.26x102 . 1.52x10° 1.73x102
=91 | 9.67xiok
100 2.11x10° | .6.58x10L 9.58x10% 1,10x102
110 1.41x10° 4. 34x101 5.99x101 7.26x101
120 - 9.21x101 2.89x101 k.13x101 4.70x10L
- 130 6.24x10L 1.93x101 2.78x10L1 3.21x101
1ko 4.37x10L 1.37x101 1.89x10L 2,21x101
150 2.95x101* | 8.84x100 1.301x101 1.54x10%
2.11x10L 8,98x100 1,06x10L

160

6.56x100
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Table VI-1l

Gamma-Ray Dose Measurements in Water

behind Configurations 33 through 38

z, Distance
from Source

Scm! Conf.;53

81.2°

82.9
83

85.7
90
100
110
120 ’
130
140
150
160

Gemma-Ray Dose (mr/hr)

Conf. 34| conf. 35| conf. 36 | conf. 37 | conf. 38
7.59x10%
6.49x101| ,
6.21x101
1 2,06x10>
k.hox10L| 4. k3x10l| 4.89x10%| 1.54x10% 1.152101 .
' 1.18¢101 | - -
12.82x10| 2.77210| 2.99x10%| 8.19x10° | 5.01x100 | 7.88x100 -
177 1 8.07%100 | 5.00x100
1.76x101 1.79x10%| 1.91x10%| 5.00x100 | 2.372100 | 4.0kx10°
. k. 7ux109 | 2.40x100 |
1.16x101] 1.1kx10l] 1.22x10% 3.03x108 1.32x100 | 2.26x10°
i | 2.08x10” | 1.26x200 |
7.68x100| 7.74x109| 8.26x10°| 1.95%100 | 8.k3x10-1| 1.39x10°
1 T | 1.85x109 | 8.06x1071] 1.k2x100
5.23x100] 5.32%100] 5.47x10%] 1.20x10° | 5.83x101| 9.08x10-1
: A . 1.26x10° | 6.09x10-1 P
3.,77%10°] 3.64x10°| 3.77x10°] 7.33x10°1| 3.88x10-1} 6.21x10-1
~ | 7.86x10°1 3.92x10-1] 6.77x1071
2.54x10°] 2.58x10°| 2.52x10°] 5.2ux10-1} 2.30x1071| k.21x10-1
‘ e 5.33x10"1| 2.32x10-1
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Table VI-12

Gamma-Ray Dose Measurements in Water
behind Configurations 39 through Ik

. 2, Distance

Gamma-Ray Dose (mr/hr)

from Source Pure :
(cm) B20 Conf. 39 |Conf. 40 [Conf. 41 [Conf. 42 |Conf. 43 |Conf. L4
60 2.80x107
70 1.65x100
80 9.46x102
84. T » 1.89x10% |
84.9 2.50x101 .
2.35x10t
85.6 | o 2.27x101
88.1 , 1.11hx181 9.94x10 |
90 5.74x102{1.67x10L {9787%200 [8.145x100 [1.24x101 |1.57x101
1.63x101
9% A ol o o 8.28x10°
100 3., 46x10°2 7.51x108 4.45%10° |3.58210° |5.49x10° | 7.10x10° |5.78x100
{7.37x10 A |
110 2.08x102|4,05x10° 2.2Zx108 1.79210° [2.93%10° [3.73%x10° |{3.16x10°
2.26x107 '
120 . 1.33x102[2.31x10° |1.32x100 |1.01x10° |1.85x100 |2.14x10° |1.90x10°
1.62x10°I
130 8.62x101]1.34x10°_| 7.87%107L|5.66x101] 9.40x10" 1| 1.26x10°_ |1.24x10°
140 5.79x10%|8. 7310~ 1| 4.81x1071| 3.55x10-1| 5.87x10-1] 7. 72x107L s.zixlo'i
8.44x10"
150 3.86x101|5.18210-1] 3.18x10"1|2.11x10"] 3.69x10"L| 4. 96x10"1] 5. 35101
160 2.56x101|3.43x10-1]|1.95x10" 2.22x10"1| 3.16x101| 3.47x107L
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Table VI-13

Gamma-Ray Dose Measurements in Water
behind Configurations 45 through 50

z, Distance Gamma-Ray Dose (mr/hr)
fr°m(§;3r°e Conf. 45 | Conf. 46 | Conf. 47 | Conf. 48 | Conf. 49 | Conf. 50
85.7 |L.33x101
86.3 1.28x10"
90  |o.68x10° | 9.66x109
100 i.07%10° | 3.95x10°
0110 - - |2.05x10° | 1.93x%10°
120 [1.11x10° | 1.05x10° |
126.3 . 7.37%10-2
v 186.6 | 6.17x10-1
126.9 | 18207t
127.1 |- 1.99%10" |
130 J6.60x10‘1 5. 741071} 1.67x10-1] 1.64x10-1| 6.12x1072 5.23x10'1
Do e . ' 5.63x10"
140 5.66x10-L| 3.50x1071| 9.76x1072] 1.01x107%| 4.10x1072| 3.58x10-1
S 3.34x10"1 3.62x101
150 . fe.57x10-1| 2.13x10-1] 6.63x1072| 6.63x1072 - 3.02x102| 2.25x10°1
S 2.07x10-1| 3,04x10-2| 2.33x10°1
160 1.51x10"t 4. 48x10-2| 4.68x10-2| 2.15x10-2| 1.kox107t
. - | 2.06x10-2] 1.36x10-1
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Table VI-1h

Gamma-Ray Dose Measurements in Water
behind Configurations 51 through 5k;
Also Configuration 17

~boron content in water section of .gshield:

:

84—~ 1.0 B

17 -- 2.89 B

C Gemm-Ray Dose (mr/hr)
z, Distance Ratio: )y
from Sourci . — | T Conf.
| -o?cm)urce Conf. 51 |Conf. 52 |Conf. 53 | Conf. 54| Conf. 17° 5%%;7‘%7
ii;"; i 1,:1+6x10"1 1.37 10__1.
Do P oD (XL :
120 | 1.15x10"1| 1.10x10-1 |1.009
o - 1.07x10-1 ]
1264 | Ly |Mobox10"
127.8 3.56::10_l 1 2 >
130; 13.28x1071 |3.67x10 6.38x10"2| 7.36x10 0.893
s ‘ 1 6.77%x10-2 T
131.3 .. | , .33%10” :
140 1.99x107% |2.23x1071 |2.76x10"1 ﬁ.h6x10'§ 4.67x1072  10.935
Sy ) O gl e R
150 ‘11.26x107F |1.40x10mE: |1077%107| 2.99x1072 3.12x1072 0.958
160 . |8.12x10-2 |9.38x1072 |1.12x1071| 1.99x1072| 2.11x10-2 ]0.983
b - ]9.hox1072 2.16x10"2 .
0.956 avg.
a ;aonfigﬁéation 54 is a repeat of Cdnfiguration 17, differing only in



-209-

Table VI-15

. . Gamma-Ray Dose Measurements in Water

behind Configurations 55 through 59

z, Distance

Garms-Ray Dose (mr/hr)

from Source |Pure . , '
(em) = |HoO Conf. 55%| Conf. 56 { Conf. 57 | Conf. 58 | Conf. 59
100 3.65x10°
110 2.28x10§ , b
120 1.41x10
130. 9.51x101
1%0 6.33x10%
146.2 3.0%x1072
3.37%1072 =
1%6.6 %.92x%10
147.7 | o k.56x1072| 4.06x1073]| . .
148 | 3072 3.81x1072 - .
150 y.%51x10% | 2.87%1072) 3.15x1072| 14.26x1072{ 3.50x10"2| 4.34x1072
' : 3.40x10-2| 4.40x10-2| 3.72x10°2
160 2.90x101 | 1.98x1072| 2.71x1072| 3.02x10-2| 2.84x10-2 3,22x1072
- 3.23x10-2| 2.77x1072
170 1.27x1072| 2.12x1072| 2.55x107%| 2.00x1072| 2.18x10-2
. 2.03x10-2 2.46x10-2

a . -
See also Configuration 55R.
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Table VI-16

- +j Gamma-Ray Dose Measurements in Water
" behind Configurations 60 and 61

2z, Distance

from Source

(em)

146.6
150
160
170

Gamma.-Ray Dose (mr/hr)

Conf. 60 Conf. 61
2,24 x 1075 2,10 x 1075
2.15 x 107 1.95 x 1075
1.65 x 10 1.52 x 10 5
1.30 x 10 1.17 x 10

[
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Table VI-17

Gamma.-Ray Dose Measurements in Water
behind Configurstions 62 through 65

z, Distance

Gamma-Rey Dose (mr/hr)

from Source - <
(cm) Conf. 62 _ Conf. 63 conf. 642 conf. 65
146.5 .67 x 10‘2
' 4,78 x 10~ E 1
147.7 _ o [1-27 x 10
147.9 o o |3-80 x 10 5 1
150 4,00 x 10™ 3.19'x'107 5 [3.53 x 10 1.17 x 10
155 o |22 x 105 - 5
160 3.07 x 10 2.4% x 10 2.89 x 10_, 8.17 x 10
A - |2-70 x 10
165 - |202x 10 - 2
170 2,20 x 10" 1.91'x 105 [1.90 x 10 5.41 x 10
2,13 x 10_5 '
1.83 x 10

& See also configuration 64R.
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Table VI-18

behind Configurations 66 through T2

2, DistancJ Gamma-Rey Dose (mr/hr)
fr°m£f;3r°dﬁconf. 66 | conf. 67 |Conf. 68 |Conf. 69 |Conf. 70 |Conf. 71 |Conf. 72
) 1.08x10°
' 1.12x10°
95 7.63x1071
100 5.80x10-1
S 6.11x10-1
105 - 4.27x10-1
110 3.45x10-1
o 3.54x10-1
115 . 2,63x10-1
116.3 ' i1 2.85x10-1
145.1 11,39x10" 1
145.9 1.48x10 ol
146.5 3, 7010 | -
146.7 5 2.47x1072
147.8 [2.85x107°" : '
147.9 1.15x1072 9.32x1072
G 1.16x10°° - L o
150 - |e.70x1072 1.25x10~2 1:11x10° 1| 2.2521072] 1.32x107 | 3. 54x1072| 9.06x1072
L 1.33x10” ’ 2.31x10°2 9.36x102
_ 1.16x1072 ,
155 \ , 2,14x1072
a ' 5 , |1.87x1072 1 "
160  |1.96x1072 |8.56x1072|7.69x1072| 1.92x1072] 1.20%10™ T |3.16x1072| 6. 42x10
9.90x10™- | o |1.21x1071 '
165 1.81x1072 | 1.66x1072 |
170 1.55x10-2 |7.55x1072|5.33%1072| 1.42x1072| 1.06x10"1 |2.72x1072| 5.17x1072
| - 9.0kx1072 1.32x10-2| 1.03x10"L . 77x1072
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Table VI-19

" « Gemma-Ray Dose Measurements in Water
behind Configurations T3 through 75;
Also Configurstion 55R

z, Distance

Gamms,-Ray Dose (mr/hr)

"from Source ' .
(cm) Conf. 55R Conf. T3 Conf. Th Conf. Th
- 5
84.8 4,27 x 10 1
85.3 1.01 x 107
o |1.03 x 107
90 2,61 x 10 6.91 x 10,
0 6.68 x 10
95 1.69 x.10, 0
100 1.17 x 10, 2.86 x 10,
1.25 x 107, 12.93 x 10",
105 8.76 x 10_7 o
110 6.75 x 10_] |1.51 x 10
6.90 x 10 7 {1.57 x 10
115 5.12 x 10 o
115.3 1 1.22 x 10
146.3 1.13 x 10 1
146.6 1.34 x 10° 1
146.7 : o 3.32 x 10
147.2 3.h4 x 1075 2 1 1
150 2.96 x 10 9.30 x 10_711.13 x 10 2.78 x 10
o |1.08 x 10 - 1
160 2.57 x 10_, 7.36 x 10 “18.88 x 10 5 |1.73 x 10
2.19 x 10 _, T.67 x 10
2,15 x 10 2 2 1
170 1.75 x 10 5.08 x 10 “|5.45 x 10 1.17 x 10
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Table VI-20

i3 7. (Gamna-Ray Dose Measurements in Water
behind Configurations 76 and T7;
Also Configuration 64R

z, Distance | Gamms,-Ray Dose {mr/hr)
from Source . '
(cm) Conf. 16, Conf., 6L4R conf. 77
8 0
307 2.57 x 10
90 1.33 x 10o
1.36 x 10_,
100 6.07 x 10_7
110 3.25 x 107
117.4% . - 2.00 x 10
1%7.9 5.89 x 10 o
we > b2k x 1075 "
150 5.41 x 10 13.79 x 105 4.09 x 10
. 4,18 % 10_2 8 -2
55 N 3.44 x 10 5 3.28 x 10 5
160 3.97 x 10" 2.86 x 10_, 3,09 x 10
165 B x 0 2.54 x 1072
- x
170 2.82 x 1072 2.18 x 1072 2.18 x 10-2
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Table VI-21

behind Configurstions 1 through 5

2, Distance]
from Source

Thermal -Neutron Flux (nvth)

Pure

(cm) Ho02 Conf. 1 |conf. la|Conf. 2 |Conf. 3 |Conf. 4 |Conf. 5
50 2.06x10%
60 5.66x10° )y
68.3. 1. 75x10
68.8  |2.h1x10k
70 1.22x107 |3.30x10% 2.30x10%
72 3.68x10% 2. thlOﬁ
Th 3.27x10 2.00x10+ |
80 3.17x102 |9.17x103 5.53%107
85 1.65x103{1.60x107
, 1.12%103°
90 9.25x101 |7.21x102 |5.87x102|3.59x10°
| . |7-53x102 1
100 2.82x101 |1.11x10° |8.10x10"|k.62x101
106 ‘ 5.13x107
106.1 6.98x102
108 1 ' | 7.02%x102| 4.89x103 {2. 50x10
110 8.71x10° |2.90x10" |1.67x10% l.OOxlOé 5.61x107|3.94x103 |1.71x10t
| 9.19x10
115 o _ 2.27x107]1.50x103
120 2.81x10° |5.97x10° {4.39x10%|2.45x100 |L. 7hx102 3. 55x102 3.10x10°
_ 2.51x100 |6.82x102{k. 30x10 :
125 9.34x10L
1.1kx102
130 9.16x1071 1. 74x10°_{1.22%100| 7.01x10-1] 4. 68x101 2.73x10% |7.38x10°1
140 {3.14x10-1] 5.55x10" 1 2. 19:;10'l To 68x10 3. 63x10° 2.02x10-1
150 1.83x10°1 7.36x10-2} 1.76x10°} 7. 69x10- 6.03x10~2
160 %, 79%100}2.01x10~1

a

Measurements in pure water were taken at various times throughout the tests

and are reported accordingly.



-216-
Table VI-22

Thermal-Neutron Flux Measurements in Water
behind Configurstions 6, 7, 9, and 10

2, Distance »Thermal Neutron Flux (nYth)
from Source | gone, 6 Conf. 7 Conf. 9 Conf. 10
(em) 7
108 - 2.52x10% 1.19x10t
108.4 L o 9.31x10° r
110 1.73%10° | 9.40x10 9,63x10g 8.85x10°,
110.6 1.59x161
112 SR 8.23x10° | o
120 3.80x10° 2, hlx10° 3.02x10° 2,78x10°
3.11x109 ; \
130 7.88x10-1 | é.76x1071 | 6.96x10°1 | 6.88x1071
7927’!10':1 . o v
140 2,06x10-1 1.94x10"1 | 1.80x1071
150 6.01%10-2 5.54x1072 | 5.60x10-2

— £



Thermal-Reutron Flux Measurements in Water

-217-

Table VI-23

behind Configurations 11 through 1k

2z, Distance:
from Source

 Thermal-Neutron Flux (nvth)

(cm) Conf. 11 Conf., 12 Conf. 13 Conf. 1k
107.2 6.55x10°
108.1 7.83x10°
109 7.33%100
109.1 | 6. 4hx10°
110 8.32x100 | 7.67x10° | 6.95x10° | 6.53x10°

8.21x100 4. 40x100

112 7.57%10° 6.61x100

113 4. 41x10°
114 6.07x10° | 5.568x100 | %.61x100
120 2.67x100 | 2.77x100 | 2.67x100 | 2.26x100
' 2.23x100
130 6.54x10-1 | 7.17x10-1 | 6.81x10-1 | 6.32x10-1
1 6.17x10-1

140 1.91x107° | 1.89x107t | 1.98x10-1 | 1.97x10"
150 5.93x10-2 6.02x10-2

5.79x10-2
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Table VI-2L

Thermal-Neutron Flux Measurements in Water

behind Configurations 15 through 18

%z, Distance '
from Source

‘Thermal-Neutron Flux (nvyy)

Pure

(cm) H20 Conf. 15 | Conf. 16 | Conf. 17 | Conf. 18
30 5.56%107
ko 1.01x10
- 50 - |2.13x10 _
60 4.99%100
10 [1.21x103 | 1.70x10%
72 | " 2,57x10%
h ~ 2.37x10%
“78 11.2'2::10h
-80. 3,15x10° | 7.71x100 .|
90 1 4.6h4x102
9.26x101 | 4.10x102
100 L 6.26x101
_ 2.76x10 7.33x10L o [
107.8 8.79x10 ! 4
109.6 o . 1.16x101 | 1.79x20%
110. 8.62x10 1.31x10 | 8.92x10°9 | 1.15x101 | 1.80x10% .
112 7.83x10° | 1.08z101 | 1.68x10%
120 2.75x10° | 3.33x10° | 3.09x10° | %.07x10° | 5.40x10°
130 9.16x10-1| 9.61x10-1| 8.48z10-1 | 9.38x10-1 | 1.09x10°
140 3,14x10°1| 3.00x10"1| 2.58x10-1 | 2.65x10-1 | 2.6kx1071
1.15x10°1] 1.02x10"1| 8.06x10-2 | 8.53x10°2

150

7,71x1072
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Table VI-25

o Therma.l-Neutron Flux Measurements in
Water behind Configuration 19

z, Distance R
foom Sourcs Thermal-Neutron Flux (nvth)
-~ (cm) Pure -
| Ho0 | Conf. 19 - .
9 .. |9.26x101
100 = |2.76x10%
110 8.62x10°
118.5 5.,99x10°
120 2.75x10%, |- 5.51x10°
130 9.16x10-1 1.41x10°
140 3,1hx10°1 3.%2x10"L
150 1.15x10-L1

o
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Table VI-26

Thermal-Neutron Flux Measurements in Water
behind Configurations 22 through 26;
" Also Configuration 30

z, Distance|.

from Source
cm
90
100
105
3 57
110

120
130
140
159

18.72x10

Thermal-Neutron Flux (nvyy )

Conf. 22

8.20x10

1.59x10%

3.90xlog
1.19x10
3,37x10"1
1.10x10°1

| Conf. 23 | Conf. 24 | Conf. 25 | Conf. 26 | Conf. 30
1.40x107 | 1.23x107 | 1.66x102 | | 1.30x103
1.76x102 | 1.70x102 | 1.6L4x102 | 2.36x10% | 1.65x%102

1.65x102 | 1.69x102 .
5.94x101 '
L. 3hx10l
R k.16x10% i
2.76x10% | 2.55x10% | 2.kox10l | 2.50x10% | 2.hoxlol
o 2.48x101 e
6.31x100 | 5.82x100 | 5.40x100 | 4.27x100 | 5.62x100
1.77x10°% | 1.57x10° | 1.50x10° | 1.02x10°, | 1.51x10°
5.20x10-1| k.62x10-1| h.62x1071{ 2.95x1071| 4.62x10-1
1.68x10"%| 1.46x1071| 1.kox10"1| 8.56x1072| 1.46x10-1
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Table VI-27

Thermal -Neutron Flux Measurements in Water
behind Configurations 27 and 28;

Also Configuration 22

%z, Distance
from Source

Thermal Neutron Flux (nvy )

_.Conf, - 27

(cm) Conf. 22 . Conf. 28
69.4 1.93x10%
0 2.15x10%
72 - | 3.12x10%
T3.3 6.98x107 y
Th 2.85x10
5 1.06x10%
7 1.20x10%
80 9.00x10° | 8.60x107
o 8.71x107
90 8.20x10° 6.31x102 | 5.h40x102
17 | s.6ux102 | 6.51x10°
.100 8.72x101 7.50x101 | 7.11x10t
AT 8.78x101 | 7.09x101
110. 1.50x10% | 1.ksxlor | 1.hhx10l
120 3,90x10° 3.76x10° | 3.73x10°
130 1.192100. | 1.06x100 | 1.12x10°
140 3,37%105L | 3.39x10-1 | 3.63z10-1
150 1.10x10°L | 1.10x10°1 | 1.12x10-1

—
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Table VI-28

. . Thermal-Neutron Flux Measurements in Water
behind Configurations 29, 31, and 32

z, Distance |.  Thermal-Neutron Flux (nvy, )
from Source | Pure ' :
(cm) HoO Conf. . 29 Conf. 31. | Conf. 32
‘ - 10l 2 2 Lo 02
90 9.26x10.. |. 9.83x10 7.38x10 4. 40x10™
100 2,76x10% 1.46x102 8.27x101 6.4bx10L
110 . 18.62x100 2.97x101 1.hox10l 1.36x10%
120 2.75%100 7.61x200 3, 72x109 %, 55%200
130 9.16x10"L | 2.10x10° 1.05x10° 1.05x10°
1o - |3.x10-1 | 6.67x10°1 | 3.2bx1071 | 3.36x20°1
150 1.15x10°% | 2.30x1071 | -1.08x10"1 | 1.11x10-1
L nf - W e e
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Table VI-29
Thermal-Neutron Flux Measurements in Water
behind Configurations 35 through 38

2. Distance ' Thermal -Neutron Flux. (avyy)
b i
from Source | _
(cm) [ Gonf. 35 Conf. 36 . Conf. 37 | <Conf. 38
90 1.13x10) ’._I.°91+x103 '
92 8.05x10% . |
% . 1282100 |
1100 ,1.-06:&102‘ i.67x10° 3.41x102 5,85x10°
— 1.05x102 Lo
105 '3.98x101 1 1
110 1.66x10L 1.96x10 2.9hx10 2.85x101
120 13.85%100 | 14.08z10° | h.6hx100 | k.68x100
1%8 1.032:10?1 1».09x10°1 1.165:1@0-1 1.1hxlo°1
1 3.38x10 3,11x10" 3,1%x10" 3.23x10"
150 1.24x10"1 | 9.66x10-2 | 9.93x102 | 9.66x107%
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Table VI-30

Thermal-Neutron Flux Measurements in Water

onfigurations 39, 46, and 47

z, Distance

Thermal-Neutron Flux (nvyy )

from Source Pure
-~ (cm) HoO Conf. 39 Conf. 46 Conf. 47
40 9,7hx10i:
50 1.97x10
60 4. hox107
70 1,11x103 L
784 1.58x10
79 " 6.09x10°
80 3,12%10° 1.96x10* 6.62x10°
3.06x10° ’ oy
81 : Ly 1,01x10
82 1,77x10 Ly
83 , , 1,08x10
86 8.68x107 7.42x%103
90 8.84x10t 3,10x107 2,98x107
9.18x10t |
95 B 7.65x10° 7.65x10°
- 5,31x10° 5.45x102
100 2,70x10% 1.37x102 1.41x10°
1.75x10 1.74x102
105 5.51x10L 1
.. 110 8.15x100 1.28x10t 1.25x10
120 2.61x100 2,08x10° 2.0bx100
120.4 A 9.07x10-1
130 8.80x1071 | u4.96x10°1 | Y4.99x10°1 | k.28x10-1
140 2.98x10"L | 1.h6x10-1 | 1.hox10-l | 1.24x10-1
150 *, b.75x1072 | L4.64x10-2 | 4.03x10°2
160 1.13x10~2
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PR A Thermal-Neutron Flux Measurements in Water
- behingd Configurations 51, .53, and 5k

Z, Diétance
.from Source
em

- 109.1
110
112

© 120.8

N 12,‘"09
125
130
140
150
160

Thermal -Neutron Flux (nv;)

|4.22x10°1

7.1gc107% |

»6:7§x1021

1.25x10~L
3,95x10-2

6.02x10"

4.60x10~L
1.49x10°L

4.77%1072

Conf. 54

1.25x101
1.27x10*
1.13x10%.
}.01x10°

- 8.94x10"1

2,52x10™ L
7.43%10-2
2.44x10"2
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Table VI-32

"« Thermal-Neutron Flux Measurements in Water

behind Configurations 55 and 56

Thermal-Neutron Flux (nvyy)

z, Distance |
from Source
. (em).
30 5,5&:1§_
1o 9.81x1
. 50 2.01x10*
60 4.60x107
70 1.15x107
1.17x102.
80 3, 08x10°"
| 3.06x107
90 - | 8.4x10L
T, | 9.0xx10t
1000 2.72x10+
110 8.50x10°
120 2,77x10°
130 8.71x10%
"139.7 PR
140 2.97x1071
140.2 .
146 o
150 1.075107%
160 ...u .o R

6.93x10-2

6.04x10~2

3.93x1072
3.95x102
1.46x1072
1.h0x1072

| Pure -
HO Conf . . Conf. 56

8.79x1072
5,28x10"2

1.50x1072
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Teble VI-33

T Thenxial-Neutron Flux Measurements in Water
behind Configurations 63, 70, and 72

z, Distance |:
from Source .|:

Thermal-Neutron Flux (nvyy)

{cn) \‘Conf. 63 Conf. 70 Conf. T2

80.5 2.52x102

8h 1.11x1

) 1.40x101

100 1.12%100

110 2,03x10-1

112.1 1.57x10-1

139.1 4. 4hx1072

141.2 2,43x10-2

142.8 L.okx1072 | .

150 5,27x10-2 2,16x10” 1.80x10-2
. 1.73x10~2

160 1.39x1072 9.40x10~2

© 9.63x1077
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Table VI-3k4

" » Thermal-Neutron Flux Measurements in Water
behind Configurations T4 and 75

z, Distance

Thermal-Neutron Flux (nvyy, )

from Source .

(cm) Conf. T4 Conf. 75,
85 }.28x102 .
90 8.07x101 1.0%x107

. 95 1.91x10 3,00x102

100 5.69¢100 8,10x10%

105 _2.17x100 2,56x101

110 9.40x10"L 9. 46x10°
139.4 7.58x10°2

140.3 . A 1.16x10-1
150 4.02%10°2 4.86x10-2
155 2.30x10™° | 2.96x1072
160 . 1.63x10°2
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Table VI-35

. Fast-Neutron Dose Measurements in Water
‘ behind Configurations 1 through_h

z, Distance
from Source
(cm)

Fast-Neutron Dose (mrep/hr)

Pure
Ho0

pywe

“Conf. 1°

30
ko
50
60' -
68.1-
70
75
80
90
100
105.&
- 105.7.
110
115
120
15
130

| 3.48x10°

1.15x10°
3.73x10%
8.70x100
2.73%x100

9.03x10"L

3,26x10"
8.60x100
3 46x10°
6.97x1071
1.9%x10-1

. 2.90::10%

1.54%10
4,05x10°
1.54x10°
2.83x10"1

. 01x10°

1.51x10°
5,18x10"L
2.25x10°L

2.,71x1072

Conf, 2 #CoanBJj'Conf. !

2.77x10°

8.26x10°1
2.61x10-1
2.64x10-1
1.13x10-1
5.,09x10~2
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Table VI-36

Fast-Neutron Dose Measurements in Water
behind Configuration 15

: Fast-Neutron Dose (mrep/hr)
%z, Distance
from Source, Pure
(cm) | H20 __Corf. 15
30 '305£x102 | '
ity 1.08x10
50 3.80x103
60 19.31x10
68.7 . 2, 46x10*
70 2. 75%x100 2.13x10t
80 B.hsxlo-i 2°2hx10°1
-] o 1 - ® =
100 S neee | 1o
110 | 2.16x1072, |
120 6.88x1072 a
130 2.29x10-38 2,40x107)
1o 7.85x107 2 7.51x10-h:
150 2.88x1074 2.56x107 %

& Thermal-neutron flux divided by 400.
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Table VI-37

Fast-Neutrbn-Dcse.MEasurements.in Water
behind  Configurations 31, 39, and T5 U

z, Diéiancé;.

FasthEutron Dose (mrep/hr)

from Source | Pure

(cm) HoO Conf. 3L .| Conf. 39 Conf. 75
30 3. 72x102

40 1.2%x102

50 h.e‘eﬂoi

60 - 1.00x10"

T0 2.93x100 |

70.9 | 4.13x10! D
7.7 | 1.00x10L1
7.8 : l.20xlOé

80 8.82x107L | 3.53x100 | 5.17x10

81.2 ' o 3.88x100
90 2.78x10™" | 5.67x10-1 | 5.20x10"1 | 5.h4kx10-1
100 - 7.86x1072 | 9.73x10-2
110

2. 10::10“2
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