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I. ABSTRACT

Approximately 80 configurations simulating the preliminary basic shield

design for the reflector-moderated reactor have been tested in -the Lid Tank

Shielding Facility. From these experiments it has been concluded that:

1. The beryllium reflector region should be about 12 in. thick to

minimize the over-all reactor shield weight and still remain

consistent with core reactivity requirements.

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

effect on neutron and gamma dose curves as a function of distance

from the source plate.

3- The substitution of lead for water over the range covered (0 to

7«5 in.) in the region just outside of the heat exchanger has

practically no effect on the neutron attenuation curve well out

in the shield. The effect of lead in this region on'the gamma

dose is greatest for the first 4 in. and is appreciably smaller

for thicknesses greater than about 7 in.

4. A 0.13 in. thick layer of B10 (density = 2.1) is as effective in

depressing the thermal-neutron flux and consequent capture gammas

as 1 in. of B^C (density = 1.95).

5. Dividing the lead region into layers separated by borated hydrog

enous; material gives some reduction in the gamma dose for a

given thickness of lead; however, the full-scale shield design is

simplified structurally by placing all of the lead together just

outside the pressure shell. While lumping the lead in this fashion

increases the lead thickness required, keeping its radius to a

minimum largely compensates for this so that very nearly minimum

-1-
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over-all shield weights can be obtained in this manner for lead

thicknesses up to 6.0 in.

6. Transformer oil is as effective as water on a volumetric basis

for attenuating the neutron flux. Since its density is about

O.87, an appreciable saving in shield weight can be obtained

through its use provided it can be borated to a few percent by

weight by the addition of some compound such as borazole (B5N5H5,

B.P. =53°C) or trimethylboratejB(OCH5)5, B.P. =69°C*j. Some oT
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 more effective than water on a thickness basis for

neutron attenuation. (This can be seen from Fig.. IV-2 by com

paring the pure water curve and the curve representing the data with

part of the water replaced by beryllium.)

8. It is important that a boron curtain be used between the heat ex

changer and the pressure shell as well as between the reflector and

the heat exchanger.

9. It does not appear worth while to use rubidium in place of sodium:

or NaK as a secondary coolant. Potassium is preferable to sodium:

with regard to activation, but it is inferior as a heat transfer

medium.

As a consequence of these measurements, an effective preliminary shield

was designed. Dose rate curves were obtained for the designed shield by

correcting observed data from configurations which closely approximated it.

These in turn can be used for shield weight calculations.



-3-

Air and structure scattering, the heat exchanger region, ducts and voids,

and optimization of the shield size and weight 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 radiatdr;- It was

Immediately evident that the radiator installation was so large that shielding

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 ground handling and

maintenance work difficult. In addition, the radiation damage to all organic

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 shield. With this

arrangement activation of the intermediate fluid by neutrons leaking from the

core and by delayed neutrons emitted from the fuel in the heat exchanger itself

iconstituted a major problem. It was also found that for most layouts the

volume of the intermediate heat exchanger resulted in a very large increase in

the over-all shield weight.

t 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,"
0RNL-1287 (March 31, 1953).

-5-
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This report briefly summarizes the preliminary design work both to show

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 eighty-

three different configurations involving different thicknesses and compositions

of the reflector, heat exchanger, pressure shell, gamma 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 details of the configurations tested and the 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 Circulating-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

and intermediate heat exchanger were placed end-to-end as shown in Figs. II-l and

II-2. This design analysis disclosed that the salient problems in the design of

any circulating fuel reactor—heat exchanger—shield system are: (l) 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 over-all weight

of the tandem reactor—heat exchanger arrangement to an acceptable value, a

completely different geometry was considered. It was found that by using the

annular heat exchanger arrangement of Fig. II-3 a major savings in shield }

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-l*. The estimated shield weights and other pertinent

2 3
data for each of these configurations aire presented in Table II-l. *-*

I£ Figs. II-l, II-3, and II-U are re-examined it will be evident that three

different types of reactor cores were employed. While these were considered

to be essentially interchangeable, 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.

Jtore important from the shielding standpoint was the fact that with the thin

reflector of Fig. II-l the pressure shell appeared to be a much more serious

source 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 tn© 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-1294, p. 7.
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Fig. II-4. Spherical Heat Exchanger Arrangement for a Circulating-Fuel Reactor.



Reactor shield diameter (in.)

Crew shield weight (lb)

Weight of reactor, intermedi
ate heat exchanger, and re
actor shield (lb)

Total weight of reactor, in
termediate heat exchanger,
and all shielding (includ
ing crew shield) (lb)

Reactor power (kw)

Diameter of reactor core (in. )

Liquids in primary and sec
ondary circuits

Temperature loss in inter
mediate heat exchanger(°F)

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)

TABLE II-l

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

Tandem Heat Exchanger Annular Heat Exchanger Spherical Heat Exchanger

1

150

5,000

156,000

4000,000

32

Fluoride-NaK

6lx7ixl2|
2" 2

150

11,000

141,000

400,000

32

Fluoride-NaK

6* x7i x 12±

36

121

36,000

111,000

400,000

32

Fluoride-NaK

5,600

121

14,000

89,000

400,000

32

Fluoride-NaK

1

380,000

5,600

156

1

148

5,000

128,000

400.000

32

Fluoride-NaK

6 x7 i 12±

118

36,000

98,000

400,000

32

Fluoride-NaK

6 x7 , 12±

118

14,000

62,000

76,000

400,000

32

Fluoride-NaK

1

148

5,000

115,000

120,000

400,000

32

Fluoride-NaK

6lx7lxl2l

118

36,000

90,000

400,000

32

Fluoride-NaK

61 x 7l x 12l

380,000

118

14,000

68,000

400,000

32

Fluoride-NaK

5x5x12*

5,600
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geometry was changed to reduce the proportion of moderator. In principle, 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 make a major con

tribution to the neutron economy if the poison concentration in it could be kept

down.*1" At the 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 Fig. II-*r was evolved in March 1952. A detailed exposition of these

three designs and the analysis on which they were based has been reported.

The layout of Fig. TL-k appeared so promising that a series of multigroup

calculations was 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 above 3 Mev make it a very nearly optimum material from the standpoint

of both shielding and reactor physics considerations.

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 weight economy.

In order to obtain a more definite evaluation of shield weights and shield arrange

ments necessary to yield tolerable doses in the vicinity of the reactor, the Lid

Tank tests as described in the following sections were performed.

Ij. C. B. Mills, "The Fireball, A Reflector-Moderated Circulating-Fuel Reactor,"
Y-FIO-ICA (June 20, 1952).

5 A. P. Fraas, "Three Reactor—Heat Exchanger—Shield Arrangements for Use
with Fused Fluoride Circulating Fuel," Y-F15-1Q (June 30, 1952).

6 C. B. Mills, "AEP Quarterly Progress Report, March 10, 1953/' ORNL-1515,
P. ^9-



III. INTERPRETATION OF LTD TANK TESTS

RMR Configurations

F. H. Abernathy and R. Spencer

Inasmuch as the RMR is unique in that no clear cut boundary exists 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-absorbing 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 engineering

practice.

It must be pointed out that some of the mockups in the Lid Tank tests were

less than satisfactory approximations of what was desired. In some instances

materials needed either were not available 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 configurations for the

RMR and because there was of course a time limitation involved, the experiments

on some of the materials were by no means 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

started there was not enough beryllium available in slab form to simulate the

required reflector region. To compensate for this a tank 11.5' in. thick

filled with beryllium pellets was used with a solid beryllium slab 3.6 in.

thick. The density of the beryllium in the tank was only 1.23 g/cc as compared

to l.Qh g/cc in the solid slab, making a density correction necessary in order

to arrive at an equivalent reflector thickness. Later in the experiment

beryllium blocks were obtained from the Critical Assembly Facility and it was

then possible to simulate a solid beryllium reflector.

Neutron Measurements

An examination of the neutron data obtained 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 region) 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 a thickness basis the

materials that were placed in these regions have about the same effectiveness

as water in attenuating fast neutrons (e.g., as in the case of lead and the

materials used in the heat exchanger region) or that the thicknesses used were

so thin compared to the total neutron shield as to have only a small effect.

An exception to this was the substitution of uranium for lead in the gamma

shield region. A comparison of the thermal-neutron data behind configurations

63 and 72, 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 gamma shield region a

saving in the neutron shield weight could be effected. The data available is in

sufficient to determine an exact saving, as is discussed 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 on the Lid

Tank results is centered on the gamma data.

Gamma-Ray Measurements

The first mockups tested for the RMR in the Lid Tank included (l) a

reflector region consisting of 11.5 in. of beryllium pellets plus 3.6 in.

solid beryllium (2) a 2.75-in. heat exchanger region made up of NaF-filled

iron tanks, (3) neutron curtains consisting of 1 in. tl^ick B^C-filled tanks

placed before and after the heat exchanger region, (k) a pressure- shell com

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 gamma dose at the shield surface.

Effect of Variations in Gamma Shield. In an effort to exclude water from

the reflector region in configuration 1* an aluminum wafer filled'with pres

surized air was inserted between the tank of beryllium pellets and the solid

beryllium slab. The wafer was removed in configuration 1A tmd the gamma dose

fell slightly below the data with the wafer; this difference can possibly be

attributed to the neutron attenuation in the water that filled the space between

the two beryllium regions, thus giving a slightly reduced level of secondary

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 make 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 k for lead gamma shield thicknesses of 0.0, 2.5, k.5,' and 7.5 in.,

respectively. Because of sensitivity limitations, lead thicknesses beyond

* See 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 gamma curve of

configuration 2 as compared to those of configurations 3 and k is attributed

to the air void in the latter configurations which places the source of the

soft capture gammas from water closer to the detector. In configurations 3

and k the primary photons from the source plate and the secondary photons

from the region inside the pressure shell have been greatly attenuated by the

additional lead;, while the capture gammas from the water remained undiminished

or perhaps even increased.

An examination of configurations k 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

r direct attenuation. While it would appear that the additional water could

affect the gamma dose by direct attenuation only, further examination indicates

that the water is responsible for two other phenomena that substantially

decreased the doses of configuration 5- .First and perhaps foremost is the

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 wall and

resulted in a decrease of capture gammas from the-tank wall by at ,Ieast a factor

of 10. The importance of these capture gammas from the iron wall is clearly

illustrated by the results of the tests behind configurations 39* *&> ^-> and

k2„
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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 this particular test was run, there was a

shortage of 1.5-in. lead slabs and 1-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 were warped. It was felt that this probably resulted in

the thermalization and capture in the water of many of the epithermal neutrons

that would have otherwise been thermalized and captured in the lead. The energy

of the photon resulting from thermal-neutron capture by hydrogen is about 2.2

Mev, which is far lower than the approximately 7-Mev gamma from neutron capture

in lead, and hence is more easily attenuated by the material between the point

of capture and the receiver. 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 neutrons, thereby increasing

the probability of the neutron capture in either the lead region or the water

itself. This process places more gamma shielding material 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 precision 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 close 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

region." As has been 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 outward would increase their weight. The data from

these tests and the lead optimization experiment indicate, although notr con

clusively, that for lead thicknesses up to 6 in„ for RMR shields under considera

tion^the increased shielding effectiveness of separating the lead layers was

not great enough to compensate for the increased weight due to the increase in

lead radius.

Configurations 9 through Ik were tested to determine the effect of borating

the water in the neutron shield on the gamma dose. Boron competes with hydrogen

for neutron capture, and neutron capture in B in the majority of cases results

in the emission of an easily absorbed alpha particle and a O.lO-Mev gamma ray

from the compound nucleus, rather than the 2.2-Mev capture gamma from water.

The macroscopic thermal-neutron absorption cross section of natural boron in a

1$ borated water solution is roughly 20 times the cross section for capture in

the hydrogen atoms of the same solution. If all of the gamma dose measured

well out in the shield came from hydrogen capture gammas, the addition of Vfa

by weight of boron to the water would decrease the measured gamma dose by a

factor of 20. The data taken with configurations 5 and 10 show that the addition

of Vjo boron to the water decreased the gamma dose by a factor of k.5, indicating

that iron and lead secondary gammas and source gammas were also important.

The reasons for testing configurations 9 through Ik are self-evident

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

used with caution. Configuration 11 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 solubility of B2O3 in the solution, KOH was added. Because

this reaction is exothermic in nature the initial temperature of the mixture

was considerably above room temperature, though it rapidly decreased to that

of the rest of the Lid Tank. This decrease in temperature was accompanied by

the precipitation of .what appeared to be BgO, 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 the Lid Tank was held at an

elevated temperature (rvL10°F).

After the first Ik configurations were run the entire set of tanks and

slabs simulating the reactor and shield were removed from the Lid Tank, and

traverses with all instruments were made in pure water to check their calibra

tion. In the interim enough 1.5-in. lead slabs were obtained so that they

could be used exclusively throughout the rest of the experiment, thus reducing

the number of unnecessary air and water gaps in the gamma shield section.

Four of the most useful mockups for designing present RMR 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 a correction can be made by applying a simple density

ratio.) These tests were not 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 instrument itself., wbuidlbeistrpjigly attacked by the caustic

borated water solution. Thus, it was 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 regionsis ;

increased. The last 3 in. of lead in configuration 17 have a water 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 4.1 cm. This

clearly shows the increased importance of secondary gamma production 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 simulated beryllium 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 additional beryllium was available at that time. Later in the experiment,

however, beryllium blocks were obtained from the Critical Experiments Facility

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 reflector 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 bther measurements
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in the same group are very useful. Configuration 21 represents the first RMR

test with "unfamiliar shielding 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 neutrons, although water is more

effective for gamma 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

ineonel 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 ineonel 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

ineonel and that iron was only slightly better than ineonel. The structural

properties of ineonel, however, <overa5id.ee 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 unknown amount

of water between them, whereas the copper and ineonel slabs were in one piece.

\
\
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Configurations 31 and 32 were run to determine the effect on the external

gamma dose of placing 1-1/2 in. of lead between the source and the beryllium.

It Is possible that at some future date the problems associated with containing

lead at high temperatures will be solved and it would be desirable to use

lead as a moderator coolant provided a weight saving could be realized. The

data indicates that 1.5 in. of lead when placed next to the source 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 weight, any means of reducing the weight of this particular region

is worth serious investigation. The substitution of tungsten or tungsten

earbidey both very dense materials, for lead has been considered and sinee

some WC was available, a group of experiments was devised to determine its

effect.

The WC was in granular form (average density = 8.05 g/cc) and filled a

2 in. thick tank. In configurations 33* 3k, and 35 the 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, giving a gamma source that

should not be charged against the WC, tests were made with a boral slab pre-

ceding and following the WC. There was no appreciable difference in the gamma

dose with or without the boral and it appeared 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

gain some insight into the gamma spectrum from neutron capture in WC* After a

total of 3 in. of lead had been added, the order of the materials was reversed
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(configuration 38). If the secondary gamma production rate times the self-

absorption per gram were the same for WC and lead this reversal would make

little difference in the dose. Earlier data clearly indicates that production

of secondary gammas in the first few inches of lead outside the pressure

shell has little effect on the total gamma dose. That is, there would be

little difference in the external dose if the first of three slabs next to

the pressure shell were tungsten instead of lead, 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 closer to the source than the lead gave a gamma dose

roughly kQ% lower than when the order of the slabs was reversed. Thus, the

gamma shielding properties of lead appear to be clearly;superior;-to WCAinp.a

region of important secondary, gamma production.

The 6-in. slab of lead next to the pressure shell showed a relaxation

length of 2.8 cm, whereas the WC tank plus 3 in. of lead showed 3.2 cm. It is

just possible that by using metallic tungsten in place of WC the thermalization

of neutrons and hence the production of capture gammas might be inhibited

sufficiently to make the tungsten-lead combination as good as the lead alone.

While the Lid Tank tests 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 needed to

prove this point.

Mockup MbaVifications'"go; Bttprove' RMR-Shield' Simulation. After the first 38

configurations 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

behind the Lid 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

walls) of beryllium pebbles was substituted. Inasmuch as there was considerable

uncertainty involved in correcting the data for the low-density pebbles, a change

to a completely solid reflector was desired. Fortunately it was possible to

borrow enough beryllium from the Critical Experiments Facility. 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 coolant 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 gammas from sodium.)

Design studies for the RMR- 'indicated that the percentage of the total

reflector volume taken up by the coolant tube walls for a small high power

density 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

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. 4l, ORNL-I515 (Apr. 16, 1953).
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material available, the amount and position of the material did closely approxi

mate the poisons for a 200-megawatt reactor having an 18-in. eore diameter.

Between the fuel region and the reflector of the 200-megawatt RMR designs

there is 0.125 in. ineonel, 0.100 in. sodium, and 0.025 in. ineonel, which

compose the core shell, a sodium passage, and the ineonel can around the beryl

lium. These layers were simulated by the 3/l6-in. iron wall of a new dry tank

and the l/4-in. aluminum wall of the beryllium tank. The other wall of the

beryllium 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 ineonel core shell, hence the error was considered

inconsequential. A table of the tank dimensions is presented on page 8f.

It was felt that the elimination of water gaps between the lead slabs was

necessary; consequently it was decided to construct a large tank that would

hoia all the dry components of the mockups. This arrangement had" a disadvantage

in that it was relatively inflexible; i.e., if it was desired to use a material

which would not fit into the new tank exactly, either 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 lack of versatility.

Advantage was also taken of an opportunity to test the effect of sub

stituting B10 for the B^C previously employed as a neutron curtain on one or

both sides of the heat exchanger region. If B ° could be substituted for a

similar number of thermal-neutron relaxation lengths, a considerable 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 region.

There was little doubt that this substitution could be made; however, since
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the material wes available' it was thought best to conduct a test. The intro

duction of B into the configuration was not easily arranged. First the

material was in powder form and could not be allowed to contaminate the

surrounding area. Secondly, the thickness of the material desired for the

test, approximately ffi.7 g/em2, was much thinner than the required supporting

structure. Since the B10 had to be returned in the same form as it had been

received, it could not be hot pressed. It was finally decided 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 3/4 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 fhe gamma dose

behind configuration 39 would be about a factor of 6 higher- than the dose

measured behind configuration 17. A factor of 3 was expected because con

figuration 39 did not have borated water behind the lead region, and a factor

or 2 was expected from the elimination of the water gaps in the lead region.

It was found, however, that the dose behind configuration 39 was a; 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 uncover 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, and it was felt that there might be a

significant amount of neutron capture in the iron. In configurations 40^ 4l,
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and 42 boral was placed before, after, and on both sides of the 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 thermalized in the water and reflected back into the iron.

Although use of the boral resulted in a considerable reduction in the dose,

the experimental arrangement with a boral slab following the iron was never

completely satifactory. 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 sufficiently 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 gamma 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 B was only 34 in. in diameter it was thought: possible

that the streaming of thermal neutrons around the B ^ could affect the gamma

dose. In configuration 43 the B1^ tank was spliced out on each side with

l/4 in. thick boral slabs, but the difference in the gamma dose with and

without the boral was so small as to be negligible.

" "In configuration 44 a 3/4-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 boron in the lead. It can be seen that the gamma dose

behind configuration 45 is a factor of 2.3 lower 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 'jtasfc 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 later 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 solid slab next to the

pressure shell, was not excessive.

Effect of Boron in Shield. The B1G placed In front of the heat exchanger

region was loaned to the Laboratory 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. B^e slab arid there was a slight reduction in the gamma dose. Most of this

difference can be attributed to the removal of the stainless steel which formed

the tdrumheadi over the B dish. This stainless steel — or more correctly

ineonel — will be necessary in the actual reactor designs, however.

In configuration 47 the addition of a 15-in. tank of 1$ borated water

behind the lead region reduced the gamma dose at a distance of 160 cm by a

factor of 3.0. Although this mockup was similar to configuration 17, its gamma

dose was higher by a factor of 2.2. An effort was then 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 was then decided to weld a. 60-cm extension

on the dry tank to hold the borated water, thus completely eliminating the

water gap. This modification was introduced 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 several 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 RMR. In addition, it provided enough space for a- few

measurements to be taken inside the borated water tank. It must be remembered

that the fast-neutron flux in the Lid Tank Facility is too small to be

measured 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

after a suitable correlation is made between them. This correlation in borated

water is dependent upon the not very well-known boron concentration, hence it

wasradvisable to obtain some thermal-neutron data in pure water behind the full

shield.

- - While the above modification was being made, configurations';^ "th#bBghf;55

were run with some variations in lead, boral, tybor, and water thicknesses in

the lead gamma shield region. The data from configurations 51 and 52 revealed

that there is some advantage in placing a strong neutron absorber such~as

BhC or B between the heat exchanger and the pressure shell to reduce secon

dary gamma 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 tank was used)

with the data of configuration 17 showed that their gamma doses were approxi

mately the same.

In order to make a precise comparison it is necessary to know how to

correct for the low-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 from the detector) of the low-

density region, then to the simple thickness correction must be added another

correction to take^account of the difference in distance between source and

detector. A total correction for configuration 17 would then amount to about

a 16$ increase. However, if the secondary gammas originate in regions outside

of the reflector, only a 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 is increased. Certainly

with 7.5 in. of lead in the configuration the majority of the measured gamma

dose is coming either from the lead region 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 reflector region may be an important contributor to

the secondary gamma-ray intensity as measured outside the shield, 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 structure.

Tests are underway at the time of writing to determine whether the beryllium

reflector will have to be canned in ineonel (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 reducing the gamma dose.

Configuration 56 was run with 3/16 in. of plexibor in place of the 1-in. slab
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of BjjC 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

slabs, shows a decrease in the gamma 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 plexihor in the lead region was removed as in con

figuration 59, there was an extrapolated increase in the dose over configura

tion 58 by a factor of 1.35. However, a computation of the shield weight for

a 6-in. lead region for contemplated RMR designs 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 optimization

experiments that for RMR shields requiring up to 6 in. of lead the lead region

can be constructed in an Integral piece and placed next to the pressure shell

with only a trivial weight penalty involved. However, an examination of the

gamma data behind configuration*^ and 60 reveals that the water replacement

relaxation length for an additional 1.5 in. of lead is 5.7 cm. This indicates

a marked decrease in the effectiveness of this lead slab. An optimization

experiment 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 is possible that the weight involved would

be sufficient to offset the engineering Incentive to construct the entire lead

region in an integral piece.

Effect of Heat Exchanger Thickness. By comparing configuration 59 with 62

and configuration 5.8 with 63 and 64, 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

adjusting the data of configurations 62, 63, and 64 to account for the air gaps

left 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

thickness basis in reducing the -gama© dose as the material in the heat exchanger

region. This can be attributed to the fact that the gammas are induced by

neutrons passing through the heat exchanger region.

Effect of Increasing Beryllium Reflector Thickness. In configuration- 66

the reflector thickness was increased to 15 in. by adding a layer of solid

beryllium blocks behind the beryllium tank. There was no major reduction in

the gamma 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 vthicknesi.. of 15 in. because of the heavy weight penalty

incurred by increasing the radius of the lead and pressure shell regions. -

- Effect of Substituting Uranium in Gamma Shield. Configurations 70, 71, and

72"were run to determine the desirability of replacing lead with uranium.

Inasmuch as the density and the mass absorption coefficient for gammas is

greater in uranium than in lead, uranium should be a better gamma shield than

lead provided the production of gammas from neutron capture and inelastic

scattering is not excessive. In configuration 70 there were 3/16-in. plexibor

slabs on both sides of a 3-in. uranium slab to inhibit neutron capture" in the

uranium. The gamma traverse obtained behind this configuration was considerably

higher than expected. Inasmuch as the uranium slab was only 3 ft wide the

possibility of streaming existed. In configuration 72 a lead collar-was placed

around the slab and the gamma 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 the 4.5 in. of

lead is steeper than that with uranium, although 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. obtained from configurations

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 apply 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 effectiveness of lead and

uranium for total shield thicknesses under consideration. It is obvious that

more experiments are needed in which lead and uranium are compared directly

for varying thicknesses of both materials and for total shield thicknesses

that are under consideration for RMR shield designs. . . -

Effect of Varying Boron Concentration in Water. Measurements behind

configurations'^, 74, and 75 indicate that a 1$ borated water solution de

creases the gamma dose over that for plain water by a factor of 2.4, whereas ''

a-solution borated to 0t5$ decreases the dose by a factor of 2.25 over the "

plain water. It is evident from these and previous comparisons of borated

and 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 results from capture

gammas from the water is taken into consideration. It is evident that this per

centage is larger for the thicker lead regions, which will yield a larger

factor 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 in 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 contain 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 Experiments

F. N. Watson

In experimentally examining the proposed shield for the RMR at the Lid

Tank, optimization was attempted for several configurations. ••Sinceriatrthat

time and to the date of writing no method better than a trial and error method

of optimizing a shield has been found, a perfect optimization was not arrived

at owing to time limitations. Enough data were taken, however, to indicate

that with 6 in. of lead shield no spectacular weight saving will result from

lead-water spacing. A precise optimization will be attempted when the over-all

reactor design is more complete.

The theory for weight optimization of a two-component spherically symmetric

reactor shield has been developed by Blizard and generalized by Goldstein and

Blizard.2 The condition for weight optimization is that the product of R2 and

Ji(R) be constant for all R covered by the two-component region, where R is

the radial distance from the core center and X(R) is the "effective attenuation

length" or "replacement length" defined by the relation

loo =-

j. *fc)
r2

where

I2 = gamma-ray dose (more exactly it should be the total dose) for a

configuration which is presumed to 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," 0RNL-1471,
p. 10 (Feb. 18, 1953).
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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^(R) =gamma-ray dose for the same configuration with alead 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 slab 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 R2^ values are given in Table III-l; for convenience a

sketch of the lead-water section of the mockup is given with the table. The

total configuration is shown in Fig.' VT-4.

In another group of measurements an attempt was made to determine the

optimum position of each slab 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

R2! values are given in Table III-2; again sketches of the lead-water sections

are included. The elements preceding this section are the same as shown in

configuration 16, Fig. VI-7-

It is seen from Table III-2 that the minimum R2*. 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 is of course true

that the high boron content tends to decrease the value of G at which a minimum

R2i will occur. It should be noted that iG=1o„i6> 4=4 and 4=0 are very nearlY
constant for any of slabs 1, 2 and 3- This indicates that nearly maximum
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Table III-l

R2^ Values for Four Lead Slabs in Plain Water

See Configuration 8, Fig.
VI-4 (Air void in this tank
1.28 cm)

J^^cmGaps

Plain

Water

z = 69.7 cmS z = 107.8 am

Gamma Dose

at z = 1'

s (mr/hr)
51.3 cm

Calculated Values of R^j£
for Removed Slab

Removed

Slab No.

Actual

Measurement

Average
Measurement

R

(cm) I* R2i

None 1.86 x 10"2
1.83 x lO"2

I.85 x 10-2

1 2.72 x 10"2
2.55 x 10-^
2.87 x 10
2.88 x 10"2

2.76 x 10'2 87.42 6.37 4.94 x lO1*

2 2.76 x 10"2
2.52 x 10"2
2.46 x 10-2

2.58 x 10"2 93.96 6.98 6.16 x 10^

3 4.05 x 10"2
4.03 x 10-2

4.04 x 10"2 101.14 4.88 4.99 x 101*

4 5.59 x 10"2
5.10 x 10"^
5.97 x 10"2

5.55 x 10"2 IO8.95 3.47 4.12 x 101*

* 1-in. Pb slabs.

** 1-1/2.^in. Tb./slabs.
a In another configuration (No. 9) borated water (l$ boron by weight)

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

R2|_ Values for Four Lead Slabs in Borated Water

Lead—2.8$ Borated Water
Section of Mockup
(l-l/2-in. Fb Slabs)

Wo lead in tank

z=68.7 cm 106.8 cm

f.Pb

1

<-m

1Pb

1

Pb

2

Pb

2

Pb

1

«-G*»

Repeat run

Pb

3

No. 3 slab removed

?Fb Pb Pb

«-G-»

Pb

1 2 3 *

Pb Pb Pb

«-G->

Pb

1 2 3 4

Gap
Thickness,
G(cm)

10.16
4

0

10.16
4
0

10.16
4

0

10.16
4
0

15.24
10.16
. 4
0

4 each

GammaDose

(mr/hr) at
z = l40 cm

1.39 x 10J

2.66 x 10y
2.65 x 10<J
2.69 x 10°

5.18 x 10"1
5.19 x 10-1
5.22 x 10"la

1.20 x 10

1.16 x 10"1
1.17 x 10"1

1.60 x 10 \
I.67 xlO"1
1.75 xMO"

lb

6.37 X 10"1*

3.45 x 10
3.40 x 10"2
4.14 x I©"2-
4.62 x 10"2

-2

-2
3o71 x 10

Calculated Values of

R2X for Last Slab in
Configuration
R

(cm)

94.5©
88.34
84.34

98.31
92.15
88.15

102.12

95.96
91.96

102.12

95.96
91.96

111.01

105.93
99.77
95.77

103.77

H

2.31
2.3©
2.32

2.31
2.316
21325

2.59
2.53

2.55

2.76
2.85
2.95

2.35
2.32
2.64
2.86

2.53

*lR'

2.063 x 107
1.995 x 10;*
I.65O x HT

2.233 x 10,
I.967 x 10^
1.807 x 10^

2.700 x 10,
2.330 x IO7
2.157 x lO*

2.878 x
2.624 x

10

10

2.495 x 10*

2.896 x
2.603 x
2.628 x 10^
2.623 x 10*

10
10:

2.724 x 10

These measurements should agree,
b These repeat measurements should agree with original measurements above.
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effectiveness is being obtained from the lead at any of these positions, G = 0

being the most desirable position. The variation between X^.^, ^2ndpb ansi

*3rdfb ma^ ^e attributed to the fact that the remaining components of the gamma

spectrum during the process of attenuation have longer and longer relaxation

lengths. The variation of XirthFb witn G indicates that an optimum positioning

of this slab is required. A calculation of the R2A.'s for this slab shows

that a minimum value occurs at G ^ 0. The indication is that for a fifth slab

the minimum R2Jd. would not occur at G = 0.

The summary of R2X's indicates that the theoretical condition for optimum

placement of lead, viz. R2J( = 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 XpXJs were calculated for configurations containing 7-l/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

considered, and not enough data were taken to indicate an optimum lead-water

spacing.

3 The low value of ^g=10.16 appears to be the result of faulty data.
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Table III-3

R2^ Values for Five Lead Slabs In Borated Water

g-*g$ja3gated; jjateg:-

«—See Configuration 16,-
Fig,. -HX-7

•4 'PiVLPb

1* ,2* *
:* 4

in.

'4* ^ •
in.

X
z = 68.7 cm

z1
z = 106.8 cm

Removed

-

Gamma Dose '•

(mr/hr)
at z = 140 cm

Calculated Values of R^X for
Removed Slab

Slab No.

R(cm) t E2i

None 1.125 x 10~2

1 3.30 x 1G*2 ;84>34 3.54 2.52 x lO^

2 3.12 x 10"2 88.15 3.73 2.90 x 10^

3 3.22 x 10'2 91.96 3.63 3.67 x lO*

4 3.44 x 10~2 105.93 3.41 3.83 x \&>

5 3.4© x 10*2 117.36 3.45 4.74 x ID1*

* l-l/2-in. Pb slabs.
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- Activation of the Secondary Coolant

M. E. LaVerne

The contribution to the total gamma dose of the secondary.coolant passing

through the intermediate heat exchanger becomes a limiting factor in the

over-all shield design if the shielding at the reactor is increased to

approach a unit shield. The activity of the secondary coolant in the heat

exchanger.of a circulating fuel reactor depends on many factors. The com

position and thickness of the reflector and the boron-bearing curtain deter

mine the rate of leakage of neutrons from the core to the. heat exchanger region.

The number of delayed neutrons released within the heat exchanger depends

-upon the fuel fraction in that region, while the percentage of these neutrons

escaping from the heat exchanger will depend on its thickness; i.e., the

thinner the heat exchanger the greater the escape probability. A boron curtain

between the heat exchanger and the pressure shell will reduce the albedo of

neutrons from the pressure shell and gamma shielding regions. Finally, the

neutron absorption cross section in the intermediate energy range varies with

the various secondary coolant materials.

In the RMR Lid Tank experiments the sodium activation within the NaF-

filled heat exchanger tanks was measured for various thicknesses of the NaF

region and for various materials around the region. In order to explore the

possibility of reducing the secondary coolant activation by using potassium

or rubidium in place of sodium, another series of tests was made in which

NaF, KF, and RbF were irradiated at the Bulk Shielding Facility and their

activations were compared. Both series of tests are described below.
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Sodium Activation Measurements in the Lid Tank

Experimental Procedure. The heat exchanger in the RMR configurations was

simulated by using thin slab-shaped steel tanks that were 3.5 cm thick and

filled 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

tanks were loaded with NaF in as dry a condition as possible and were closed

off, it was feared 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 capsule encased in

0.250-in.-0D aluminum tubing attached to the lower end of a 0.250-in.-dia

aluminum rod was lowered Into each NaF tank. The activity of each capsule

was plotted directly (decays/min/g) In Fig. III-l with no attempt to correct

to a common geometry. The disposition of the materials in the immediate

vicinity of the simulated heat exchanger in the various tests is also indicated

in Fig. III-l.

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

heat exchanger thicknesss (l) 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 B^C thickness on the source side of the

heat exchanger is shown by a comparison of test 3 with test 2. The general

level of activation is reduced by a factor of roughly 2, with little effect

% on the slope of the curve.
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Removal of the B.C 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 neutrons 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

resulting in absorption in the iron rather than reflection.

Tests 6 and 7 isrea .unexplained as yet. There are only two obvious 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 pelle£ tank and the tank containing the remaining beryllium and the

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

Relifeiye^ACil^ffifelon-:Measurentehts; >ofPSodiumj, *PotassIuifl>Aand Rubidiumi ;St 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/cvc?) encased in an aluminum can. This

layer simulated the boron curtains adjacent to the heat exchanger in the

full-scale design. The entire assembly was then placed on top of the reflector

of the Bulk Shielding Reactor and irradiated for 9 to 12 hr in a thermal flux

of approximately 1012 neutrons/cm2/sec (at-5© and 100-kw reactor power). After

irradiation the samples were transferred to unirradiated containers. The RbF

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

for 30 to 40 min, after which the NaF and KF samples were counted.
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A Brown Recorder was used to obtain a continuous record of activity on a

strip chart. E|pmtd times from withdrawal 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 cheek the long-lived activities. All samples were then

weighedd in order to convert activities 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

1-4
absence of clear-cut decay schemes for rubidium. Enough information was

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. (l), pages 19

and 36, respectively.

The observed activity (uncorrected data) of the NaF and KF samples are

presented in Fig. III-3 in 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. III-4 the data for these elements has been corrected

for-reactor power (to 100-kw), sample weight, and irradiation time. The

corrections for power and weight were assumed to be simple proportionalities.

The irradiation time was 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 Nuclear Data, NBS Circular 499, p. 86 (Sept. 1, 1950).
2 A. Flammersfeld, "Rb86, a New Isomer of 1.06-Minute Half-Life," Z.

Naturforsch. 6a, p. 559 (1951).
3 M. E. Bunker, L. M. Langer, and R. J. D. Moffat, "The Disintegration of

Rb88," Phys. Rev. 8l, p. 30 (1951L
4 K. Geiger, "Complex B-Decay of Rb88," Ann. Physik 9, p. 293 (1951).
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17.8m Rb88

STABLE Sr88

1.06m Rb86

STABLE Sr86

Fig. III-2. Rubidium Decay Schemes.
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a function of decay time. The data are corrected for reactor power and sample

weight. No correction was needed for irradiation time, both short-lived

activities being essentially saturated in much less than the shortest irradiation

time.

The activity for the long-lived Rb86 isomer is given 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-life, the

exponential buildup of activity is ordinarily well approximated by a linear

term. However, in the irradiation of the RbF this did not prove to be so;

an increase in irradiation time of 33$ resulted in an activity increase of

only 15$. The indication then is that a considerable portion of the long-lived

Hb8^ 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 led to the selection of t£e Rb86 decay scheme in Fig. III-2.

The activity.of .the long-lived Rb86 for zero decay time is cross-plotted

in Fig. III-8 as a function of 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 neighborhood 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 salts tested the corrected data were combined to

give a single mean curve. These mean curves were then analyzed for their com

ponent activities. Finally, analytic 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 111-12.
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Blseussion 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 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

6© to 90 hr, depending on irradiation time) the dose ratio again,./beeomes and

now remains greater than 1, increasing with time. These results are all with

no shielding.

The rubidium-to-sodium dose ratio is presented in Fig. Ill-10 as a function

of irradiation time for several thicknesses of lead shielding and two decay

times. Note that for zero decay time (corresponding to in-flight conditions)

the dose ratio falls precipitately for about 20 hr, then decreases more gently

to a minimum at about 80 hr irradiation, increasing slowly thereafter. For a

3-hr decay time, 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 than in the first by as much as a factor of 100.

Hardening of the complex rubidium gamma spectrum is apparent from the

upper family in Fig. 111-10. 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 set of curves where the decay

time has been sufficient that the short-lived activities are virtually non

existent. Here each inch of lead is about as effective as the next.

Figure III-ll shows the effect of lead shield thickness on the rubidium-to-

sodium dose ratio for various decay times with a 25-hr irradiation time. The

spectral changes referred to above are even more apparent here. Bote that after a
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3-hr decay time the changes are nearly complete as evidenced by the small

change in earve shape from then on. The slight concavity downward in the

curves for decay times of 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. IIX-12. This

conciseness results from the uncomplicated gamma output of potassium and

extends to this statement of the results: For irradiation and decay times up

to 100 hr and lead thicknesses up to k in. the dose from potassium is roughly

1 to 5$ that from sodium.

The dose ratio as a function of decay time is a simple exponential with

a 73.9-hr half-life. The effect of irradiation time on dose ratio is ex-

l

ceedingly small, amounting to a decrease of only one-sixth in dose ratio in

the range of zero to infinite irradiation time. The dose ratio as a function

of lead thickness shows a slight concavity downward as a result of the sodium

cascade gammas. These curves are nearly exponential with a half-thickness of

about 3»3 in-

Conclusions !

Irrespective of the secondary coolant, its activation will be minimized

if a boron curtain is placed between the heat exchanger and the pressure shell

as well as between 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 disadvantages under other opera

ting conditions, also of interest. 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. Finally, there is the matter of economics; rubidium would be much

more expensive than sodium.

In general, the results indicate th&ftpotassium is far superior to sodium,

the relative gamma dose from potassium 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 comparable to that of

sodium. However, as a heat transfer medium potassium is inferior to sodium

(although better than rubidium) so that the use of potassium as a secondary c

coolant may well depend more on its effects on the heat exchanger and fluid

system design than on nuclear considerations.

\



IV. APPLICATION OF DATA TO DEIGNED RMR-SHIELD

F. R. Westfall

The data obtained in 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 preliminary 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. In

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.

FastQNeutron Data Corrected to Designed RMR-Shield

The attenuation of fast neutrons behind several RMR-shield configurations

is shown in Fig. IV-1. A corrected fast-neutron 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 adjustment; therefore,

configurations 39 and 75 were selected and their fast-neutron data are plotted

in Fig. IV-1. This data is 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

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

1 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

aComponent

Ineonel

Be (Na cooled)
Ineonel

B10 •

Heat Exchanger
Region

Ineonel
B10

Ineonel

Insulation

Pb

HgO (l# B)

Rubber

Total

Thickness (in.)

0.125
12.0

0.0625

0.13

Xc

0.125
O.I3

1.50

0.5

yd

2.00

16.69T5+X+Y+Z

Component8,

HgO
Fe

Be Tank 2b

B^C TankD

NaF Tank lb
NaF Tank 213
NaF Tank kh

B^C Tank

Fe

Pb

Plexibor

Air

H2O (1$ B)
Fe

Thickness (in.)

1.06

0.19
12.20

1.19

1.38
1.38
2.12

1.19

1.75

6.00
O.19
1.1+2

0.19
24.22

0.19

54.60

a Components listed in sequence from surface of source.
^ See description of tanks in section Vl,_p. 89*
c The heat exchanger region varies in thickness according to the power of
the reactor under design. The curves in Figs. IV-1 through IV-4 are
based on an assumed value of 5 in.

^ The gamma and neutron shield layers are dependent upon the design con
ditions.
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of the fast-neutron curve, the thermal-neutron data for configurations 19, k6,

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 cm

and z = 140 cm varied less than + 10$ from the average for all these mockups.

The curve which was taken as representative of the fast-neutron attenuation

Is, then, a mean between configurations 39 s^ 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

differences between the mockups and the BMR-designed shield. Those considered

follow:

(l) Difference in Heat Exchanger Densities

Density (g/ec) Thickness (cm)

Designed 3-15 x

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

Geometry 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, *&,

47, and 51 varied approximately from 0.3 to 2.1 cm. For this

reason a shift of the median curve 1 cm to the left seemed appro

priate.

* This Is 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 attenuation 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

Configuration

z, Distance
from Source

(cm)

Thermal-

Neutron

Flux (nvth)
Flux Divided

by 400

z, Distance
from Source

(cm)

Fact

Fast Neutron

Dose* (mrep/hr)

15, 16 140 2.8 x 10-1 7.0 x 10"^ 130 8.04 x 10-1*-

19 140 3.32 x 10_1 8.32 x 10-^ 129 9.55 x 10"^

22, 27, 28 140 3.46 x 10"1 8.65 x lO"1* 130 9.95 x 10-^

53 140 1.49 x 10"1 3.73 x 10"^ 140 3.73 x 10_1*

* Product of Flux/400 and geometry faetors.

By comparing 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 considerably.
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HitP^'* ' 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-4. Figure IV-3 gives the gamma attenuation that should be

expected with a designed RMR-shield incorporating 4.5, 6, and 7.5 in. of lead,

respectively. Figure IV-4 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 6l and 62

required little correction. The comparison of configuration 62 with the designed

RMR-shield appears in Table IV-1. The only differences between configurations

61 and 62 were that the air gap in configuration 6l was 3.2 em instead of 3.6

cm and, of course, configuration 6l had 7.5 in. of lead. The corrections to

the gamma curves for configurations 6l and 62 are outlined briefly:

(1) Difference in Heat Exchanger Densities

Density (g/cc) Thickness (cm)

Designed 3-15 12-7

Configurations 6l and 62 2.53 12.4

_-. Factor = O.Jll (where a, = 25/density when the value
is not available)

(2) Difference in Boron Curtains

Density (g/cc) Thickness (cm)

Designed (B10) 2.54 0.66

Configurations 6l and 62 (B^C) 1.9 6.-04

Factor = 1.48
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(3) Difference in Pressure Shell Thicknesses

Material Thickness (cm)

Designed Fe 3.81

Configurations 6l and 62 Fe 4.44

•.•^v,,>.„-: Factor- = 1.19

00 Corrections for Air Gaps

Configuration 6l z shifted toward source 3*2 cm

Configuration 62 z shifted toward source 3*6 cm

. factor5- * 1.05

(5) Total Correction Factor for Configuration 6i or 62 ft

(0.7H)(1.48)(1.19)(1.05) = 1.32

The results of these corrections are given in Tables IV-3 and IV-4.

Shields with. 4.5. in. ofv. Lead;. •

The curve that expresses the gamma dose for the designed shield with

4.5 in. of lead required corrections 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

some assurance that the curve presented in Fig. IV-3 is realistic.

Method A. Consideration of configuration 65 shows that it had the same

differences from the designed BMR-shield as configuration 62 with the exceptions

of a larger air gap (8.9 cm as compared to 3.6 cm), less lead (4.5 in. as com

pared to 6.0 in.) and the deletion of heat exchanger tank 2. (Study of con

figurations 63 and 64 showed that any corrections other than the air gap

correction to account for the absence of heat exchanger tank 2 was for all

intents and purposes unnecessary.) It further differed from the designed shield

in that the three lead slabs, each 1.5 in. thick, were separated by 3/16-in.

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

Gamma Dose for Configuration 6l Corrected
to Designed RMR-Shield — 7.5 in. of Lead

Measured Corrected to Designed RMR-Shield

z, Distance from
Source (cm)

Gamma Dose

(mr/hr)
z, Distance from
Source (cm)

Gamma Dosea

(mr/hr)

146.6 2.10 x 10"2 143.4 2.77 x 10"2

150 1.95 x 10"2 146.8 2.57 x 10"2

160 1.52 x 10"2 156.8 2.00 x 10"2

170 1.17 x 10"2 166.8 1.54 x 10"2

a Product of configuration 6l 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
Source (cm)

Gamma Dose

(mr/hr)
z, Distance from
Source (cm)

Gamma Dosea

(mr/hr)

146.5 4.73 x 10-2 142.9 6.24 x lO"2

150 4.00 x 10"2 . 146.4 5.28 x 10"2

160 3.07 x 10"2 156.4 4.04 x 10"2

170 2.20 x 10"2 166.4 2.90 x 10"2

a
Product of configuration 62 gamma dose and correction factor 1.32.
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(1) Corrections for Heat Exchanger Densities, Boron Curtains, and
Pressure Shell Thicknesses

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

6l and 62

•. • .• factor = 1.25

(2) Correction for Air Gaps

z shifted toward source 8.9. cm

, Factor = 1.13

(3) Correction for Plexibor Layers

Factor between configurations 76 and 64 1*3

Factor between configurations 62 and 63 1*2

Mean value factor =1.25

(4) Total Correction Factor for Configuration 65

(1.25)(1.13)(1.25) = 1.76

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

Table IV-5.

Table IV-5

Gamma Dose for Configuration 65 Corrected to Designed
EMR-Shield by Method A — 4.5 in. of Lead

Measured Coaateeted to Designed :BMR-.Shield

z, Distance from
Source (cm)

Gamma Dose

(mr/hr)
z, Distance from
Source (cm)

Gamma Dosea

(mr/hr)

147.7 1.27 x 10"1 138.8 2.23 x 10"1

150 1.17 x 10"1 141.1 2.06 x 10"1

160 8.17 x 10"2 151.1 1.44 x 10"1

170 5.41 x 10"2 161.1 9.53 x 10"2

^Product of configuration 65 gamma dose and correction factor I.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 4.5-in. lead layer, (in this case

heat exchanger tank 3 had been added to the mockup, but once again its effect

was considered negligible as is shown by comparing configurations 60 and 6l.)

The following corrections were necessary:

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

Same as listed in items (l), (2), and (3) for configurations 6l

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

(l.25)(l.03)(1.10) = 1.42

The results of these corrections are given in Table 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-in. layer of lead was in borated water in configuration 55R, it was necessary to

estimate, â correction factor., for .the effectTOf^this borated water. A: comparison of

configurations 55R and 59 indicated that the factor was approximately 1.35°
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Table IV-6

Gamma Dose for Configuration 73 Corrected to Designed
RMR-ShieM by Method B — 4.5 in. of Lead

:Measured Corrected to De'signecL RMS-Shield

z, Distance from
Source ..(cm)

Gamma Dos«";-

(mr/hr)
z, Distance from
Source (cm)

Gamma Dose3

(mr/hr)

146.3 1.13 x 10"1 144 1.60 X 10"1

150 1.03 x lO"1 147-7 1.46 x 10"1

l6© 7.36 x W1 157.7 1.05 x 10"X

170 5.08 x 10"2 I67.T 7.23 x 10'2

Product of configuration 65 gamma dose and correction factor 1.42.

Table IV-7

Gamma Dose for Designed RMR-Shield Obtained
by Method C — 4*5 in. of Lead

z>,

Distance ConfigurateLon I'm Configuration
73 Measured
Gamma Dose

(mr/hr)

Ratio:

Co73.Dose

Gamma Dose. J

RMR-Shield

for Designed

'mr/hr)

from Gamma Dose (mr/hr) With

6-in.
Leadb

With

4.5 in.Source

Measured Correcteda(cm) C-55R Dose Leadc

150

160

170

2.96 x 10"2

2.20 x 10"2

1.75 x 10"2

3.99 x 10"2

2.97 x 10"2

2.36 x 10"2

1.03 Xi-lX>~1

7.36 x 10"2

5.G8 x 10"2

2.58

2.48

2.15

4.93 x 10-2

3.57 x 10"2

2.62 x 10-2

1.27 x 10"1

8.85 x 10"2

5.64 x 10"2

a Product of configuration 55R gamma dose and correction factor of 1.35 for
borated water effect.

13 Read from Fig. IV-3.
c Product of value for 6 in. of lead and ratio of C-73 Dose/C-55R Dose. .
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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-7.

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 specific

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 designed

RMR-shield curves. The steeper slope can be explained by the fact that the

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

Equation for Calculation of Shield Weights

The data shown in Figs. IV-2 and IV-4 were used to determine a specific

2
shield weight by applying it to the fallowing equation:

/

2

3LT " DRMR
fx\f SLT\ fRS
l\JsJ \srmrJ\bcJ\j1

where

DLT = Lid Tank dose,

Dj^ = dose desired at distance x from shielded reflector-moderated

reactor,

x = distance from reactor center to crew position,

SLT = Lid Tank surface source strength

= 9.04 x 10 watts/cm2 (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," ORHL-1575 (June 11, 1954).
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Sm_ = equivalent RMR surface source strength (given in Table IV-8 for

a range of core diameters and a power of 1 watt),

Rg = shield outer radius,

Re = core radius,

h - Hurwitz correction

=0.5 +2(\/a)2 Uz/V) +l]»
X = relaxation length for use with Hurwitz correction

= 7.5 cm for both neutrons and gamma rays,

a = radius of Lid Tank source = 35*6 cm,

z = RS - Rc.

Table IV-8

Equivalent RMR Surface Source Strengths for Various
Core Diameters and a Power of 1 Watta

Core Diameter (in.) SRMR(watts/cm2)

14.3 2.29 x 10"6

18 1.32 x 10~6

22.7 7.8 x 10"5

28.5 4.6 x 10-5

36 2.66 x 10"5

45.3 1.52 x 10"5

"Report of the 1953 Summer Shielding Session," ORKL-
1575 (June 11, 1954).

A trial and error method of solution must be applied to the equation in

conjunction with the fast-neutron and gamma-ray dose curves already presented.

Fortunately, convergence is rapid. The shield outer radius, Rs> is the factor

whose value 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

Reactor poweir

x

RMR

Rr

Gammas

Neutrons

Smro (see Table IV-8)
RMR x

12 in.

50 megawatts

50 ft

10 rem/hr

3/4 of total dose

l/4 of total dose

9 in. (23 cm)

1.32 x 10"6 **ttB/cm
watt

x (5 x 10T watts)

For the first trial assume

Therefore

and

z = 110 cm.

Rs = Rc + z = 133 cm,

h = I.89.

Yi520\

= 5.5 x 10"* rem/hr

n =io\±^U 9.04 x 10-*
LT V15V((13.2 x 10-5)(5 x 107)J\ 23

(Gamma dose)LT = 0.75 D = ^•13 x 10" mr/hr
LT

(Neutron.idosej^ = 0.25 I>LT = 1.37 x 10" mrep/hr

RBE = 10

_2
The Lid Tank neutron dose at z = 110 according to Fig. IV-2 is 1 x 10 . Since

1.37 x 10"2 > 1x 10"2, another trial is necessary. If z =105 is assumed, then

133

1.89
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(Gamma dose)LT =0.75(5-87 x10~*)rem/hr =4.40 x10-1 mr/hr
(Neutron dose)LT =0.25(5.87 x10-*)rem/hr =1.47 x10"2 mrep/hr

The dose for z = 105 from Fig. IV-2 is 2 x 10-2 mrep/hr. In this case the
P 2

measured dose is greater than the calculated dose, 2 x 10" > 1.47 x 10" ,

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

gamma shield necessary is read directly as 5*3 in. of lead.

The weight of the neutron and gamma shields can be computed once their

distance from the center of the reactor is determined. The necessary dimen

sions are presented in Table IV-1. For a 50-megawatt reactor of l8-in. core

diameter, a 1.6-in. heat exchanger seems reasonable. Thus, the inner radius

of the lead layer is ~25.3 in. and its weight is approximately 21,600 lb. 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 lb. Thus, the total basic shield weight

is 37,500 lb.

Approximate weights of the reactor—heat exchanger—pressure vessel com

ponents may,be determined by a volume-density calculation. Tables.,conveniently

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 lb.

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

as the emission of fission product decay gammas in the intermediate 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 the 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 attenuation curves shown in Figs. IV-1 through IV-4.

It is felt that shields based on these data represent the closest approximation

to the envisioned 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 refinements 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 to the goal of a complete, accurate,

and optimized shield. An effort is made here to present those areas of prin

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 from the TSF.

The pertinence of these data to the RMR design is highly dependent upon

achieving a close approximation to the RMR of the angular distribution and

spectrum of the radiation escaping from the mocked-up shield assembly. Whether

this can be done by enclosing the TSF reactor with beryllium is as yet not

known with any certainty.

Heat Exchanger Region

In the heat exchanger region several 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 whieh is gyeled 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 contributors to the neutron dose; however, their effect
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on gamma 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 because 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: (l) 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 these factors will be measured.

Optimizations

The application of the RMR to the propulsion of aircraft increases the

importance 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 the 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 choic« should

be influenced by shielding considerations. Some examples are cited here.
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The effect of the ineonel core shell and reflector coolant liners may be

significant, particularly for a thin gamma shield. If such is the case, there

would be an incentive, 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 reflector coolant, it

will constitute a source of hard gammas. Thus, it is desirable to investigate

various possible coolants to determine which have the least effect on gamma

dose.

The thickness of the beryllium region is primarily dictated by the neutron

moderation and reflection required. For these purposes, it must be at least

10 in. thick and perhaps will have to be as thick as l6 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

flector thickness within existing limits from a 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 simulate it in any future optimization experiment as

pointed 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 is

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 arrangement of the heavy gamma shield 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 cheeked with

the optiiilaation parameters described previously taken into consideration. An

extension for thicknesses beyond 6 in. is also in order.

In addition, the possibility exists that some advantage can be gained

by the substitution of other materials for part 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

.stBingth 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: (l) 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 reactor, and (3) the secondary

coolant ducts that pass through the shield. Since these irregularities have

not been simulated in any experiment to date, the streaming of radiation and

the enhanced possibility for secondary gamma 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 requirement 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 them.

Comments

As experiments are undertaken to resolve the problem areas already

pointed out, continual efforts to minimize inconsistencies in the simulated

configurations introduced by experimental setups are Important. The presence

of air voids, water gaps, and other materials foreign to the contemplated

design introduce uncertainties in the application 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 configurations and corresponding gamma and neutron measure

ments are presented together with a brief description of the Xid 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 which should be kept dry are usually held in one or

more of the standard 15-in. tanks which are open at the top and are 64 in. wide

by 60 in. high. The l/8 in. thick steel walls of these tanks are held under

drum head tension 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 adjacent materials;

these gaps generally cannot be measured directly and their thicknesses are

calculated on the basis of measurable quantities.

The lead slabs used in the tests were either 1 or 1-1/2 in. thick as noted.

All the slabs were mounted in 1 l-l/2 in. thick iron frames which caused a

l/4-in. gap between a 1-in. slab and any non-liquid adjacent material.

Techniques Pertinent to.the RMR Tests

As the RMR tests progressed some changes in the basic experimental arrange

ment of the shield mockups were made. These changes are listed below:
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Gonfiguration 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 unstable and immeasurable it was not used in the mockups whieh

followed.

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

was in two forms: (l) beryllium pellets held in a waterproof iron container

and (2) a slab of solid beryllium held (with other materials) in a dry iron tank.

Configurations 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 lield all

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

Configuration |3. ShejtbJ??itank used in this experiment had an effective

diameter of 34-1/2 in. As it was felt that neutrons perhaps were passing

around this tank, l/4-in. boral slabs 2 ft wide were inserted to the left and

right of the B10 tank for this configuration.

Configurations 55 through 77. A 24-in. extension was weiaed to the 30-in.

tank mentioned above. It was filled with borated water, and the plain water gap

between the dry tank and the borated water tank was eliminated.

Configurations J_0 through 72. The 3-in. thiek natural uranium used in

configurations 70 and 71 was 3 hy 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 72.
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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

Be Pellet Tank 1

B^C Tanks

NaF Tanks 1 and 2

NaF Tanks 3 and 4

WC Tank

Be Tank 2

Bl@ tpaxfc

Material and Density

Fe wall

Be Pellets (p = 1.233 g/cc)
Fe Wall

Al Wall

BlC* (£ = 1.9 g/cc)
Al Wall

Fe Wall

NaF (g = O.96 g/ec)
Fe Wall

Fe tfell

NaF (9 = O.96 g/cc)
Fe Wall

Fe Wall

WC (9 = 8.05 g/cc)
Fe Wall

Al Wall

Be (o = 1.84 g/cc)
Al

Stainless Steel

Be (o = 1.84 g/cc)
Al

Stainless Steel

Be (g = 1.84 g/cc)
Blotter Paper
Al Wall

Stainless Steel

B10 Powder
Aluminum

Thickness (cm)

0.3
28.5
0.3

29.1

0.16
2.70
0.16
3.02

0^,48
2.54
0.48

3.50

Ol 48
4.44
0.48
5.40

0.635
5.08
0.635
6.3?

0.64
7-50
0.16
0.03
7'. 50
O-.16
0.02

14.61

0.15
0.64

31.01

0.05
133
1.52
3.1

* 45.9$ boron, 36.9$ carbon, plus silicon oxide and organic compounds.
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Tfrnk Material and Density Thickness (cm)

Li Tank 1 Fe Wall 0.64
Lithium (p = 0.534 g/cc) 2.54
Fe Wall P.®*

~37B"2

Li Tank 2 Fe Wall CO.48
Lithium (o = 0.534 g/cc) 3.65
Fe Wall 0°48

^k~ET

Air Wafer Al Wall 0.16
Air Variable

Al Wall 0M6
Variable

Instrmaentatlona

All radiation measurements were taken in plain water behind each con

figuration except for those measurements made 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) C02-filled ion chamber, 1010 ohms to ground, with electrometer

circuit;

(2) l/2-in. anthracene crystal with photomultiplier tube and

electrometer circuit;

(3) 1^1/4-in. anthracene crystal with photomultiplier tube and
1

electrometer cricuit;

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

preamplifier, A-l amplifier, pulse sorter, and binary scaler..

1 F. K. McGowan and C. E. Clifford, "Applieatioiiuof a Scintillation Detector
to Gamma-ray Dosimetry," CF-51-10-212 (Oct. 16, 1951).



-91-

Thermal-Neutron Flux Measurements

(1) 3-in. 1^35 fission plate with preamplifier, A-l amplifier, pulse

height selector, and scaler;

(2) 12-l/2-in. BF5 "single barrel" counter with preamplifier, A-l

amplifier, pulse height selector, and scaler;

(3) 12-l/2-in. BF* "double barrel" counter with preamplifier, A-l

amplifier, pulse height selector, and scaler.

Fast-Neutron Dose Measurements

(l) Hurst-type fast-neutron dosimeter with preamplifier, A-l

o

amplifier, pulse sorter, and binary scaler.

The gamma data for this experiment ranged from 10* to 10"* mr/hr and neutron

data ranged from 10° to 10"2 neutrons/(cm2i>sec) and the errors encountered

varied somewhat with the intensity of the radiation to be measured. The probable

sources of error and approximate 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;

(2) With large amounts of lead shielding the background outside the

Lid Tank is at a higher level than gamma dose inside the tank;

(3) Extraneous pulses may be thrown into counting circuits from

other electrical apparatus;

(4) Counter position may be incorrectly recorded;

(5) Operator's techniques vary slightly;

(6) Temperature fluctuations in Lid Tank water and in instrument

room air may alter response of instrument.

2 G. S. Hurst, "Fast Neutron Count-Rate Dosimetry," ORML-589 (Feb. 17, 1950).
* Gamma data less than 5 x 10"2 mr/hr.
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CaXibration Errors +2$ (for normal data)

+12$ (for low-intensity data*)

(1) Varying backgrounds;

(2) Wall scattering effects on indoor calibrations;

(3) Variations in source spectra.

The repeatability of the data may be observed and Is quite valuable in

shield comparisons. In considering curves only and not individual points, gamma

dose values appear to be repeatable with variations of Jjsss than +15$ *or gamma

doses less than 10~ mr/hr and with variations less than +jL©# for gamma doses

greater than 10"1 mr/hr. Neutron curves are repeatable to +10$.

As an example* configuration 54 was « repetition of eonfigurationr 17 except

that the borated water in 54 contained %$ feoran by weight whereas borated water

in 17 contained 2.8$ boron. In configuration $k the gamma doses were 5$ lower

than in configuration 17 and should have been less than 1$ higher. A period

of 10 weeks elapsed between these BESsscrements and different operators ran

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

were used.

2n another case configuration 64 was repeated after a period of two weeks.

In configuration 64R the gamma dose was 1®$ higher;.

Some error is introduced in the measin?emBht of the thicknesses of the

various components of the shield mockup?* This error is the greater of +2 mm

or +2$ but not exceeding +2 am and is attributed tot

fl) flarpage of slabs;

(2) Bulging of tank walls;

* Gamma data less than 5 x 10"2 mr.
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(3) Inability to measure air and water gaps as a result of items* (l)

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

thicknesses 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

extremely important while the specification of the thicknesses of other

materials to this accuracy is unnecessary.

Radiation Measurements behind RMR MOjekqtps

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. Reference should be made to sections III and IV of this report for

interpretation 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 regions where the fast-neutron dosimeter

could not be used, thermal-neutron flux measurements were made. The thermal-

neutron data are given in Figs. VI-48 through VI-6l and Tables VI-21 through
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VI-34. Fast-neutron measurements are presented in Figs. VI-62 through VI-66

and Tables 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 thermal-neutron flux where the relaxation

length of the thermal-neutron flux curve is greater than 8 cm.
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TABLE VI-1 SUMMARY OF LID TANK MOCKUPS OF REFLECTOR-MODERATED REACTOR AND SHIELD

CONFIGU
RATION

NUMBER

REFLECTOR
NEUTRON
CURTAIN

HEAT

EXCHANGER
NEUTRON
CURTAIN

PRESSURE SHELL GAMMA SHIELD(a)

i

. LIQUID NEUTRON

SHIELD(6) OTHER INFORMATION

] Be pellet

Be

tank,(c) 9.2 cm of solid B,C tankU)
4

NaF tanks(c)
1, 2

B C tank ] 3/4 in. of Fe None :iPlain H20 Air wafer ' inserted between

Be reflector elements

la
n ii it it it ii ' If No air wafer used

2
n ii it ii ii 2 ]/2 in. of Pb (D) II

3
it it ii ti ii 4 1/2 in. of Pb (D) fi Last 2 in. of Pb in 15-in. dry

tank, leaving large (~ 11 in.)

air void after Pb

4
ii ii ti it •i 7 1/2 in. of Pb (D) n Large air void after Pb

5
ii ti it ii it 2 1/2 in. of Pb (D), 5 in. of Pb (W) ii Air void replaced with rl,0

6 ii rt ti it it n ii Outer 3 in. of Pb moved out,

leaving 12-cm H.O gap

7 N R ti it n 2 1/2 in. of Pb (D), 2 in. of Pb (W) ii Same as configuration 3 except
air void replaced with FLO

8 II It n it ti 2 ]/2 in. of Pb (D), 5 in. of Pb (W) n 4-cm H20 gap preceded each of
last four Pb slabs

9 II II n ii n II ]0 in. of borated H20
(]% B)

Borated H20 replaced plain H20
in 15-in. tank; 4-cm bo

rated H20 gap preceded each
of last four Pb slabs

10 II II it ti ti tl ti Last four Pb slabs moved toward

source

11 H II ii ii it tl

i

10 in. of borated H20
(0.9% B)

Last four Pb slabs moved toward

s ource

12 II 11 ii it ii N 10 in. of borated HjO
(2.8% B)

4-in. borated HO gap pre
ceded last 3 in. of Pb

13 II II it n it II ti Last 3 in. of Pb moved toward

source

14 If 11 it it it 2 1/2 in. of Pb (D), 2 in. of Pb (W) 13 in. of borated HjO
(2.8% B)

15 II II NaF tanks

1, 2, 3, 4

it ti None Plain H20

16 II If ti • ti ii 3 in. of Pb (W) 12 in. of borated H20
(2.8% B)

17 II II it it it 6 in. of Pb (W) 9 in. of borated H20
(2.8% B)

18 II II ii ti it 7 1/2 in. of Pb (W) 7 1/2 in. of borated

H20 (2.8% B)

19 Be pel let

3 1/4 in

9 .2 cm

tank, 1/4 in. of bora],

. of H20 , 1/4 in. of bora],
of solid Be

II ti None n tl 7 1/2 in. of borated

H20 (2.3% B)

20a ii It ii n ii 3 in. of Pb (W) 12 in. of borated H,0
(2.3% B)



-96-

TABLE VI-1 (continued)

CONFIGU

RATION
NUMBER

REFLECTOR
NEUTRON
CURTAIN

HEAT

EXCHANGER
NEUTRON

CURTAIN
PRESSURE SHELL GAMMA SHIELD

LIQUID NEUTRON
SHIELD

OTHER INFORMATION

206 Be pellet tank, 1/4 in. of bora],

3 1/4 in. of H20, 1/4 in. of bora],
9.2 cm of solid Be

B4C tank NaF tanks

1, 2, 3, 4

None 1 3/4 in. of Fe 4 1/2 in. of Pb (W) 1.0 1/2 in. of borated

H20 (2.3% B)

20c ii ii It ti H 6 in. of Pb (W) 9 in. of borated H20
(2.3% B)

20d n it tl it it 7 1/2 i?. of Pb (W) 7 1/2 in. of borated

H20 (2.3% B)

20e n ii It it it 7 1/2 in. of Pb (W), 1/8 in. of

bora] (W)

7 3/8 in. of borated

H20 (2.3% B)

21 n ii n it ii 6 in. of Pb (W) 9 in. of borated H20
(2.3% B), 15 in. of

oil

Oil {p = 0.88 g/cm3) placed in
15-in. tank behind borated

H20 tank

22 ii • it ti it None Plain H20

23 ii • it ti tt ii « Fe pressure she]] in plain HjO
just outside dry tank, leaving
5-cm air void in tank

24 it n ti it 2 in. of Ni ii n Ni pressure she]] in plain HjO
just outside dry tank

25 n ii n tt 2 in. of Cu n it Cu pressure shell in plain H20
just outside dry tank

26 . n it tt ii 2 in. of Cu,

2 in. of Ni

n n Cu and Ni pressure she]] in

plain H20 just outside dry
tank

27 Be pellet tank, 3 in. of H20, 9.2 cm
of solid Be

ii ti it 1 3/4 in. of Fe tt it

28 Be pellet tank, 1/4 in. of bora],
9/10 in. of H20, 1/4 in. of bora1,
9.2 cm of solid Be

n ii ti ii ti ti

29 Be pellet tank, 1/4 in. of bora],
3 1/4 in. of H20, 1/4 in. of bora],
9.2 cm of solid Be

• ii n 1!

None
ii ti

30 ti it ti tl 2 in. of Inconel tt tt Inconel pressure shell in

plain HjO just outside dry
tank

31 1 1/2 in. of Pb, Be pellet tank, 9.2

en of solid Be

it ti 11 1 3/4 in. of Fe it n

32 Be pellet tank, 9.2 cm of solid Be it n It ti ti tt

33 n it n II tt 1/4 in. of bora! (W), WC tank(g) (W) it

34 n ti tt It it WC tank (W), 1/4 in. of bora] (W) it

35 ii n tt It it WC tank (W) tt

36 tt ii ti II ii WC tank (W), 1 1/2 in. of Pb (W) n

37 ii ii it II tt WC tank (W), 3 in. of Pb (W) n



CONFIGU

RATION

NUMBER

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

REFLECTOR

Be pellet tank, 9.2 cm of solid Be

Be tank(,,)

1 1/4 in. of A], Be tank

Be tank

NEUTRON

CURTAIN

B.C tank

B10 tank*4'

B4C tank

HEAT

EXCHANGER

NaF tanks

1, 2, 3, 4

NEUTRON

CURTAIN

B.C tank
4

B.C tank
4
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TABLE VI-1 (continued)

PRESSURE SHELL

1 3/4 in. of Fe

GAMMA SHIELD

3 in. of Pb (W), WC tank (W)

6 in. of Pb (D)

3 in. of Pb (D), 3/4 in. of H20,(j)
3 in. of Pb (D)

1 1/2 in. of Pb (D.), 1/4 in. of

bora! (D), 3 in. of Pb (D), 1/4 in.

of bora! (D), 1 1/2 in. of Pb (D),

1/4 in. of Tybor(fe)

1 1/2 in. of Pb (D), 1/4 in. of

bora] (D), 3 in. of Pb (D), 1/4

in. of bora] (D), 1 1/2 in. of

Pb (D), 1/4 in. of Tybor (D),

1 1/2 in. of Pb (W)

1 1/2 in. of Pb (D), 1/4 in. of

bora] (D), 3 in. of Pb (D), 1/4

in. of bora] (D)

6 in. of Pb (D)

3 in. of Pb (D), 3/4 in. of

borated H20,(j) 3 in. of Pb (D)
6 in. of Pb (D)

Same as configuration 17 except borated H20 was 1% B instead of 2.8% B

3 in. of Pb (D), 3/16 in. of plexi-
bor(° (D) , 1 1/2 in. of Pb (D) ,
3/16 in. of plexibor (D), 1 1/2 in.

of Pb (W)

LIQUID NEUTRON
SHIELD

Plain H20

15 in.

(1% B)

of borated rLO

13 1/2 in. of borated

H20 (1% B)

15 in. of borated H.O

(1% B)

22 1/2 in. of borated

H20 (1% B)

OTHER INFORMATION

Began using new tank which

held all dry components of

shield

1/4 in. of bora] in plain water

just outside large dry tank

1/4 in. of bora] just inside

and 1/4 in. of bora] just

outside large tank

1/4 in. of bora] just inside

large tank

B tank spliced out 2 ft on

each side with 1/4 in.-thick

bora! slabs

Bora] splicing removed

Air wafer inserted between

borated H,0 tank and pre
ceding tank

Section welded on tank con

taining dry components to

hold liquid neutron shield

and thus eliminate undesired

water layers between tanks



CONFIGU

RATION

NUMBER

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

REFLECTOR

Be tank

Be tank, 9.2 cm of solid Be

NEUTRON

CURTAIN

B.C tank
4

HEAT

EXCHANGER

NaF tanks

1. 2, 3, 4

NaF tanks

1, 2,. 4

NaF tanks

1, 4

NaF tanks

1, 2, 3, 4

NaF tanks

1, 2, 4
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TABLE VI-1 (continued)

NEUTRON

CURTAIN

3/16 in. of

plexibor

B.C tank

PRESSURE SHELL

1 3/4 in. of Fe

GAMMA SHIELD

3 in. of Pb (D), 3/16 in. of plexi-

bor (D), 1 1/2 in. of Pb (D), 3/16

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

Pb (W)1

4 1/2 in. of Pb (D), 3/16 in. of

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

3/16 in. of plexibor (D)

Four 1 '1/2-in. Pb slabs (D), each

preceded by 3/16 in. of plexibor;

3/16 in. of plexibor behind fourth

slab

6 in. of Pb (D), 3/16 in. of plexi

bor (D)

6 in. of Pb (D), 3/16 in. of plexi

bor (D), 1 1/2 in. of Pb (W)

6 in. of Pb (D), 3/16 in. of plexi

bor (D)

Four 1 1/2-in. Pb slabs (D), each

preceded by 3/16 in. of plexibor;

3/16 in. of plexibor behind fourth

s lab

Four 1 1/2-in. Pb slabs (D), each

preceded by 3/16 in. of plexibor;

3/16 in. of plexibor behind fourth

slab

Three 1 1/2-in. Pb slabs (D), each

preceded by 3/16 in. of plexibor;

3/16 in. of plexibor behind third

slab

Three 1 1/2-in. Pb slabs (D), 3/16

in. of plexibor behind each slab;

1 1/2 in. of Pb (W)

Three 1 1/2-in. Pb slabs (D), 3/16

in. of plexibor behind each slab;

3 in. of Pb (W)

Three 1 1/2-in. Pb slabs (D), 3/16

in. of plexibor behind each slab

1 1/2 in. of Pb (D), 3/16 in. of

plexibor (D), 4 1/2 in. of Pb (W)

3/16 in. of plexibor (D), 3 in. of

U (D), 3/16 in. of plexibor (D)

LIQUID NEUTRON
SHIELD

22 1/2 in. of borated

H20(1% B)

24 in. of borated HjO
( 1% B)

22 1/2 in. of borated

H20 (1% B)

24 in. of borated H20
(1% B)

22 1/2 in. of borated

H20 (1% B)

21 in. of borated HjO
(1% B)

24 in. of borated H20
(1% B)

19 1/2 in. of borated

H20 (1% B)

24 in. of borated H20
( 1% B)

OTHER INFORMATION
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TABLE VI-1 (continued)

CONFIGU
RATION
NUMBER

REFLECTOR
NEUTRON
CURTAIN

HEAT
EXCHANGER

NEUTRON
CURTAIN

PRESSURE SHELL GAMMA SHIELD
LIQUID NEUTRON

SHIELD
OTHER INFORMATION

71 Be tank, 9.2 cm of solid Be B.C tank NaF tanks

1, 2, 4

B.C tank 1 3/4 in. of Fe 3/16 in. of plexibor (D), 3 in. of U

(D), 3/16 in. of plexibor (D),
1 1/2 in. of Pb (W)

22 1/2 in. of borated

H20 (1% B)

72 ti it ti ii ii 3/16 in. of plexibor (D), 3 in. of U

(D) plus Pb brick yoke,("° 3/16 in.
of plexibor (D)

24 in. of borated HjO
(1% B)

73 Be tank ti NaF tanks

1, 2, 3, 4

ii n 3 in. of Pb (D), 3/16 in. of plexi
bor (D), 1 1/2 in. of Pb (D), 3/16

in. of plexibor (D)

it

74 tt ti ii it it it 24 in. of borated HjO
(0.5% B)

75 tt tt it ti it ti 24 in. of plain H20

76 tt it NaF tanks

1, 4

ii it 6 in. of Pb (D), 3/16 in. of plexi
bor (D)

24 in. of borated HjO
(1% B)

3-cn air void in gamma shield

77 n ti Li tanks(n)
1, 2

it ti Four 1 1/2-in. Pb slabs (D), each

preceded by 3/16 in. of plexibor;
3/16 in. of plexibor behind fourth
si ab

ii This data should be compared with

that taken behind configuration

64R rather than 64.

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.

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 section of a single large tank.

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

Boron carbide (p - 1.9 g/cm ) encased in aluminum; dimensions were 0.16 cm of Al, 2.70 cm ofB4C,
0.16 cm of Al, totaling 3.0? cm.

' Sodium fluoride (p = 0.96 g/cm ) 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 cm; 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.

' Air in wafer with 0.16-cm aluminum walls.

g Tungsten carbide pebbles (p - 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 ) 3
Solid beryllium (p = 1.84 g/cm ) 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 cm of Al, 0.03 cm of stainless steel, 7.30 cm of Be, 0.16 cm 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.

Boron isotope 10; dimensions were 0.05 cm of stainless steel, 1.53 of B powder, 1.52 cm of Al,
tot aling 3. 1 cm.

-'The 3/4 in. of water was contained in a thin-walled aluminum tank.

U),Tygon impregnated with boron.

Plexiglas impregnated with boron.(!)

(«),Uranium slab was 3 in. thick by 3 ft by 3 ft. Since the radiation cone from the source at the
uranium slab position had 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.

Lithium (p = 0.534 g/cm ) encased in iron; dimensions for tank 1 were 0.64 cm of Fe, 2.54 cm of
Li, 0.64 cm of Fe, totaling 3.82 cm; dimensions for tank 2 were 0.48 cm 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 (cm)

, Configuration 1 Configuration la Configuration 2

HgO 0.9 0-9 0.9

Be Tank 1 29.1 29.1 29.1

Al 0.16 - -

Air 5.0 - -

Al 0.16 - -

B^O 1.6 3.0

Fe 0.32 0.32 0.32

Be(f =1.84 g/cc) 9-2 9.2 9.2

Bi,C Tank 3.0 3.0 3o0

NaF Tank 1 3-5 3-5 5*5.

NaF Tank 2 5-5 3-5 3,5

B4C Tank 3.0 3.0 5-0

Fe 4.45 4.45 4.45

Fb - - 3.- 81

Air 7.* • 7-4 0.64

Pb - - 2.54

Fe O.32 0.32 6.32'

Total 68.0 66..3 67.5-'
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Fig. VI-2. Lid Tank Mockups of Reflector-Moderated Reactor and Shield
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Configurations 3> 4, and 5

1
Thickness of Component (cm)

Component
Configuration 5 Configuration 4 Configuration 5

HgO 0.9 0.9 0.9

Be Tank 1 29.1 29.1 29.1

HpO
Fe

1.6 1.6 1.6

0.32 0.32 O.52

Be (jr°= 1.84 g/cc) 9.2 9-2 9-2

Bl^C Tank 3.0 3.0 3«0

NaF Tank 1 3.5 3.5 3.5

NaF Tank 2 3o5 5.5 3.5

B^C Tank
Fe.

5=0 5.0 3.0

4;45 4.45 4.45

Air 0.64 0.64 0.64

Fb 2.54 2.54 2.54

Air 0.64 0.64 0.64

Fb 5»8l 5o8l 3.81

Fe' 0.52 . 0.32 0.32

BgO 5.4 4-5 2.2

Fe 0.52 0.32 ,0.32

Fb 2.54 2.54 ---

BgO -
-

0,64

Air 1.27 1.27 -

Fb 2.54 2.54 2.54

HgO - - 1.27

Air 28.1 0.64 .- •

Fb _ .• - •2.54
H20
Fb

-

7.62
0.64
7.62

Air - 18.5 -

B2O - -
22.2

Fe 0.32 0.52 Q.32

Total 105.© 104.8 106.8
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CONFIGURATION 7 AIR^ 71.0 cm^H ^HgO

Fig. VI-3. Lid Tank Mockups of Reflector-Moderated Reactor and Shield.
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Configurations. 6. and 7 I

Thickness of Component (cm)
Component

Configuration 6 Configuration 7

HgO 0.9 0-9
Be Tank 1 29-1 29.1

ILO 1.6 1.6

Fe O.32 O.52
Be (/= 1.84 g/cc) 9.2 9.2

B^C Tank 3.0 5.0

NaF Tank 1 3-5 5.5
NaF Tank 2 3-5 3-5
B^C Tank 3.0 3-0

Fe 4.45 4.45
Air 0.64 0.64
Fb 2.54 2.54
Air 0.64 0.64
Fb 3.81 5.81
Fe O.32 0.52

H20 2.2 2.2

Fe 0.32 0.52

H20 0.64 0.64

Fb 2.54 2.54
B^O 1.27 1/27
Fb 2.54 2.-54
H20 12.64 30.5
Fb 7.62 -

H20 10.2 -

Fe 0.32 0.32

Total 106.8 106.8



-Fe WALLS Fe TANK WALLS - Fe TANK WALLS

CONFIGURATION 9 SAME AS CONFIGURATION 8 EXCEPT H20 IN Fe TANK WAS BORATED TO 1.0% B BY WEIGHT.

Fig. VI-4. Lid Tank Mockups of Reflector - Moderated Reactor and Shield.
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Configurations 8 and 9
I

Thickness of Component (cm)
Component

Configuration 8 Configuration 9

HoO 0.9 0.9
Be Tank 1 29.1 29.1

H20 1.6 1.6

Fe 0.52 0.32

Be (/= 1.84 g/cc) 9.2 9.2

Bi|.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 4.45 4.45
Air 0.64 0.64

Fb 2.54 2.54

Air 0.64 0.64

Fb 3.81 3.81
Feva,) 0.64 0.64

HoO 4.0 -

If, Borated H20 - 4.0

Fb 2.54 2.54
HgO 4.0 -

if Borated H20 - 4.0

Fb 2.54 2.54

HoO 4.0 -

if Borated H20 - 4.0

Fb 3.81 5.81

B2O 4.0 -

1$ Borated H^O - 4.0

Fb 3.81 3.81

HoO 6.44 -

If Borated HoO - 6.44

Fe O.32 0.32

Total 102.3 102.3

(a) Two adjacent 0.32-cm tank walls.
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-Fe WALLS Fe TANK WALLS- •Fe TANK WALLS -

VH20
66.5 cm-

CONFIGURATION 11 SAME AS CONFIGURATION 10 EXCEPT HP0 WAS BORATED TO 0.9% B BY WEIGHT.

Fig.VI-5. Lid Tank Mockups of Reflector - Moderated Reactor and Shield
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Configurations 10 and 11

Component

H20
Be Tank 1

HoO

Fe

Be (J = 1.84 g/cc)
BjjC Tank
NaF Tank 1

NaF Tank 2

Bi,C Tank
Fe

Air

Fb

Air

Fe(a)
1$ Borated H20 . .
0.9$ Borated H20lbJ
Fb

1$ Borated HfiO
0.9$ Borated H2oibJ
Fb

l<f> Borated HgO
0.9$ Borated H20^/
Fb

1$ Borated H20 . .
0.9$ Borated HoO^'
Fe

Total

(a) Two adjacent 0.32-em tank walls.

(h) In configuration 11 enough BoO^ was added to give a2.8$
borated HoO solution; however, changes in temperature
caused crystallization of the BgO^ on the Fb slabs and the
resulting solution was 0.9$ B "by weight. The application
of steam heat eliminated crystallization in the succeeding
configurations.

$
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-Fe WALLS

CONFIGURATION 12

66.5 cnv -72.0 cm

^BORATED Hg0 107.8 cm-

-Fe WALLS • Fe TANK WALLS- Fe TANK WALLS-

Fig. VI-6. Lid Tank Mockups of Reflector-Moderated Reactor and Shield.
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Configurations 12, 13, and 14

Component
Component Thickness (cm)

Configuration 12 Configuration 13 Configuration 14

HoO 0.9 0.9 0.9
Be Tank 1 29.1 29T1 29.I

B^O 1.6 1.6 1.6

Fe 0.52 0.32 0.32

Be (f = 1.84 g/cc) 9.2 9.2 9.2

Blj.C Tank 3.0 3.0 3-0
NaF Tank 1 5-5 3.5 3.5
NaF Tank 2 3*5 3.5 3-5
B^C Tank 3.0 5.0 3.0

Fe 4.45 4.45 4.45
Air 0.64 0.64 0.64

Fb 2-54 2.54 2.54
Air 0.64 0.64 0.64

Fb 3°8l 5.81 3.81
Fe O.32 O.52 O.32
HoO 3.1 3-1 3.1
Fe 0.52 O.32 0^32

2.8$ Borated HoO 0.64 0.64
v„ •

2.9$ Borated HoO '- - 0.64

Fb 2.54 2.54 2.54
2.8$ Borated HoO 1.27 1.27 -

2.9$ Borated H20 - - 1.27
Fb 2.54 2.54 2.54
2.8$ Borated HpO 10.2 0.64 V- ':

2.9$ Borated BgO - - 30.56 .
Fb 7.62 7.62 ..-.'

2.8$ Borated HoO 12.7 22.3 — ..

Fe 0.32 0.32 0.32

Total IO7.8 107.8 107-8':

I



Fe WALLS Fe TANK WALLS-
DWG. 21176

-Fe WALLS- -Fe TANK WALLS Fe TANK WALLS

I

H20' CONFIGURATION 16 68.5 cm—P^H20 -76.7 cm 106.0 cm-

-Fe WALLS Fe TANK WALLS Fe TANK WALLS

-H20

Fig. VI-7. Lid Tank Mockups of Reflector —Moderated Reactor and Shield
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Configurations 15, 16, and 17 I

Component
Component Thickness (cm)

Configuration 15 Configuration 16: Configuration 17

BqQ 0.9 0.9 0.9
Be Tank 1 29.1 29.1 29.1
H^O 0.4 0.4 0.4
Fe- 0„32 0.52 6.32
Be'. (f - 1.84 g/cc) 9.2 9.2 9.2s
B^C Tank 3.02 5-02 5»Q2
NaF Tank 1 3.5 3»5 3.5
NaF Tank 2 3.5 3<>5 5*5- • ••
NaF Tank 5 5^ 5.4 5.4
NaF Tank 4 5.4 5^ 5.V
B|jC Tank 3.02 3.02 5.02
Fe 4.45 4.45 4.45
Fe 0.52 0.32 0.52
HgO - 0.2 0.2

Fe_ - 0.32 0:32
Fb - 7.62 15*24
208$ Borated HpO - 28.98 22.16
Fe' - 0.32

106.0

0.32

Total 68.5 106.8



-Fe WALLS-

XH20

-Fe WALLS-

^H20

-Fe TANK WALLS-

H20^ CONFIGURATION 18

BORAL

CONFIGURATION 19

68.5 cm——I \76.7 cm—

Fe TANK WALLS

-Fe TANK WALLS-

DWG. 21177

84.3 cm— —-88.1 cm 106.8 cm—

H20

Fe TANK WALLS-

' th^~75.9 cm 95.0 cm—-|̂ -BORAL 113.7 cm—

H20

Fig. VI-8. Lid Tank Mockups of Reflector —Moderated Reactor and Shield.
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Configurations 18 and 19 I

Component Thickness (cm)

Component Configuration 18 Configuration 19

HpO
Be Tank 1

0.9 0.9
29.1 29.1

Boral :"'" -" 0.64

HoO 0.4 8.26

Boral - 0.64

Fe o 0.32 0.32

Be (/= 1.84 g/cc) 9-21 9.21

B^C Tank 3.02 3.02

NaF Tank 1 3.5 3-5
NaF Tank 2 3.5 3.5
NaF Tank 3 5.^ 5.*-,
NaF Tank 4 5.4 5.4.
B^C Tank 5.02 -•

Fe 4.45 4.45
Air - 0-9
Fe 0.52 O.32

H20 0.2 '0.1

Fe 0.52 10.52

Fb 19.05 19.05
2.8$ Borated HoO 18.35 -

2.3$ Borated H20 - 18.21

Fe 0.32 0.52

Total 106.8 113 J7'



-Fe WALLS

SH20

^BORAb Fe TANK WALLS-

CONFIGURATIONS 20 a, b,c,d,e

Fig.VI-9. Lid Tank Mockups of Reflector —Moderated Reactor and Shield.

Fe TANK WALLS-

,/BORAL
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-Fe WALLS" -B0RAL-

CONFIGURATION 21

H,0

-Fe TANK WALLS-

75.6 cm

^81.3cm

Fig.VI-10. Lid Tank Mockups of Reflector —Moderated Reactor ond Shield.

154.7 cm——j

ro
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Configurations 21, 22, and 25

Component Thickness (cm)

Component Configuration 21 Configuration 22 Configuration 25

B^O 0.9 0.9 0.9
Be Tank 1 •-29.1 29-1 29.1

Boral 0.64 0.64 0.64

B^O 8.26 8.26 8.26

Boral 0.64 0.64 0.64

Fe 0.52 0.52 0.52

Be (J*= 1.84 g/cc) 9.21 9.21 9.21

B^C Tank 5.02 5.02 5.02

NaF Tank 1 5-5 5.5 3.5
NaF Tank 2 5.5 5-5 5.5

NaF Tank 5 5A 5-* 5A.
NaF Tank 4 5.4^ 5.4 5.4
Fe 4.45 4.45 - -, •

Air . 0.9 1.0 4.65
Fe 0.52 0.52 0.52

B^O 0.1 - 2.05

Fe ©.52 - 4.45
Fb 15.24 - .-

2.5$ Borated H20 22.12 - -••

Fe 0.52 - •• - •

B^O 2.9- - •-

Fe .. 0.52 - .. .......

Transil Oil

(j> = 0.88 g/cc) 57.5 - .,-: •

Fe 0.52

154.7

- -

Total 75.6 81.5

I



.BORAL/DUnHL\ ^-— -Fe TANK WALLS-

^H20 CONFIGURATION 26

Fig. VI—11. Lid Tank Mockups of Reflector—Moderated Reactor and Shield,

• i' * >

DWG. 21180

82.9 cm

82.0 cm

-88.0 cm

> .

ro

ro

I
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Configurations 24, 25, and 26

Component Thickness (cm,)
Component '

Configuration 24 Configuration 25 Configuration 26

E20 0.9 0.9 0.9

Be Tank 1 29.1 29.I 29.1

"Boral 0.64 0.64 0.64

%0 8.26 8.26 8.26

Boral 0.64 0.64 0.64

Fe 0.52 0.52 0.52

S«r (/= 1.84 g/cc) 9.21 9.21 9.21

BjjC Tank 5.02 5.02 5.02

NaF Tank 1 5-5 5.5 5-5

NaF Tank 2 5.5 5-5 5-5

NaF Tank 5 5.4 5-4 5.4
NaF Tank 4 5^ 5.4 5-4
Air 4.65 5.05 5.05

Fe . 0.52 0.52 0.52

BgO . 5-07 1.7 1.7

fi 5.O8 - -

Cu _ 5.08 5.O8
B^O
Ni

-
- 0.9^

5.08

Total 85.0 82.0 88.0

I



DWG. 21181

Fe WALLS Fe TANK WALLS

-72.7 cm

ro

68.6 cm

•Fe WALLS -BORAL Fe TANK WALLS

-74.7 cm

Fig.VI-12. Lid Tank MocKups of Reflector— Moderated Reactor and Shield.
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Configurations 27, 28, and 29

Component Thickness (cm)

Component Configuration 27 Configuration 28 Configuration 29

HgO 0.9 0.9 0.9

Be Tank 1 29a 29.1 29.1

Boral :j,; _ 0.64 0.64

Boral"''

7.62 2.24 ... 8.26...

- 0.64 0.64

Fe 0.52 O.52 0.52

Be (/= 1.84 g/cc) . 9.21 9.21 9.21

Bl).C Tank 5.02 5.02 5*02

NaF Tank 1 5.5 5-5 5-5

NaF Tank 2 5.5 5.5 "5^
NaF Tank 5 5.4...._ 5.4 ... 5-4 .....
NaF Tank 4 5-4 5.4 5.4>
Fe 4.45 4.45 (,Tr'

Air - 4.5,
Fe 0.52 O.52 0.52

Total 72.7 . 68.6 74.7

I



-Fe WALLS -BORAL Fe TANK WALLS

"H20 CONFIGURATION 32

Fig.VI-13. Lid Tank Mockups of Reflector—Moderated Reactor and Shield.

• i

DWG, 21182

70.4 cm

66.4 cm

ro
CD
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Configurations 50, 51, and 52

Thickness of Component (cm)

Component

B^O
Fb

Be Tank 1

Boral

Boral

Fe' n
Be• {J= 1.84 g/ce)
B4C Tank
NaF Tank

NaF Tank

NaF Tank

NaFTank

Air

Ee„

Fe

H20
Inconel

Total

Configuration 50

0.9

29-1
0.64
8.26
0.64
O.52
9.21
5.02

5-5

3-5
5^
5A
^•5

0.52

2,45
5.08

82.2

Configuration 51

0.9
5.81
0.75
29.1

O.76

0.52
9.21
5.02

5.5
5-5
5-4
5-4

4.45
0.52

70.4

Configuration 52

0-9

29.1

1.5

0.52

9..21
5.02

3-5
5-5
5V4
<5-4

4.45
0.52

66:4

I



H90

VH20 CONFIGURATION 35

Fig. VI-14. Lid Tank Mockups of Reflector - Moderated Reactor and Shield.

DWG. 21183

75.1 cm

74.2 cm

ro
at
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Configur$tions _55> 54, and 55

Component Thickness (cm )'

Component
Configuration 55 " Configuration 54 Configuration 55

Hr,0 0.9 0.9 0.9
Be Tank 1 29-1 29.1 29-1

B^O 1.2 1.2 1,2

Fe 0.52 0.52 0.52

Be (j= 1.84 g/cc) 9.21 9.21 9.21

B^C Tank 5.02 5«02 .5.02

NaF Tank 1 "5.5 5.5 5-5
NaF Tank 2 5.5 5.5 5.5
NaF Tank 5 5.4 5-4 54
NaF'Tank 4 5-4 5* 5.4
Fe 4.45 4.45 4.45
Fe 0.52 0.52 0.52

B^Q .,,..:. 1..7 0.9 .1.5.
Boral 0.64 - "- >

WCHTink" 6.55 6.55 6.55
H20 .. - 0.9 -.•,

Boral. -
0.64 ;- :,.

Total

•i- •'' •——

75.0 75.1 74.2

1

I



/Ho0
Fe TANK WALLS

Fig.VI-15. Lid Tank Mockups of Reflector — Moderated Reactor and Shield.

DWG. 21184

78.0 cm

82.3cm

82.3 cm

OJ
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Configurations 56, 57 > aacL 58

'"' Component Thickness 'cm)

Component Configuration 56 Configuration 57 Configuration 58

HgO
Be Tank 1

0.9 0.9 0.9

29.1 29.I 29.1

BgO 1.2 1.2 1.2

Fe 0.52 0.52 0.52

Be (f= 1.84 g/ce) 9.21 9.21 9.21

BI^C Tank 5.02 5.02 5.02

NaF Tank 1 5-5 3.5 3.5

NaF Tank 2 5.5 3-5 3.5

NaF Tank 5 5^ 5.4 54
NaF Tank 4 $A 5.4 5^
Fe 4.45 4.45 4.45
Fe 0.52 0.32 0.32

H20
Fb

1.2 1.2 0.8

5;81

H20
Fb

-
- 0.4

5.81

WTlTank: 6.35 6.35
©4
.£,35

H20 o.4 0.4 .'~

Pb , 5.81 5.81 -

H20 - 0.45 -

Fb -
5°8l

82.5

-.

{. Total 78.0 8l?9

I



-Fe WALLS

CONFIGURATION 39

Fe WALLS

CONFIGURATION 40

Fe WALLS

CONFIGURATION 41

77.0 cm-

77.0 crrr

BORAL•

77.0 cnv

Fig.VI-16. Lid Tank Mockups of Reflector —Moderated Reactor and Shield.

DWG. 21185

*AIR DISTRIBUTED
THROUGHOUT SHIELD.

, BORAL

77.64 cm

,B0RAL

I—- 77.64 cm

ro
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Configurations 59, 40, and 4l

Component Thickness (cm)

Component Configuration 59 Configuration 40 I Configuration 4l

%© 2.5 2.5 2.5
Fe 0.48 0.48 0.48
Be Tank 2

1 /r\ 51.01 51.01 51.01
B10 Tank 5.1 5.1 5.1
NaF Tank 1 5.5 5-5 5.5
NaF Tank 2 3.5 5.5 5.5
NaT Tank 5 5-4 54 5.4
NaF Tank 4 §.* 5.4 5-4
Fe 4.45 4.45 4.45
Fb 15.24 15.24 15.24
Boral

Air(a)
- 0.64

2.14 2.14 1.50
Fe 0.48 0.48 0.48
Boral- -

- 0.64 0.64

Total 77.0 77.64 77.64

(a) Air distributed throughout shield.

I



-Fe WALLS-

CONFIGURATION 42

DWG. 21186

* AIR DISTRIBUTED
THROUGHOUT SHIELD.

BORAL' -77.0 cm

CONFIGURATION 43 SAME AS CONFIGURATION 39 EXCEPT 34V2-in. DIAMETER B10 TANK WAS SPLICED OUT 2ft ON EACH
SIDE WITH TWO 1/4-in. THICK BORAL SHEETS (48in. HIGH).

-Fe WALLS-

CONFIGURATION 44

Fig. VI-17. Lid Tank Mockups of Reflector - Moderated Reactor and Shield

* AIR DISTRIBUTED
THROUGHOUT SHIELD.

78.6 cm-

OJ

-&.

I
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Configuration 42, 45, and 44

Thickness of Component (cm)
Component

Configuration 42 Configuration 45 Configuration 44

HgO 2.5 2.5 2.3
Fe 0.48 0.48 0.48

Be Tank 2 51.01 51-01 51.01
filO Tank /a)
B1Q Tank (Spliced out)v

5-1 - 5.1
- 5-1 -

NaF Tank 1 3.5 5.5 5.5
NaF Tank 2 3.5 5.5 5-5
NaF Tank 5 5.4 5.4 .54.
NaF Tank 4 5.4:'' 54 54
Fe .4.45 4.45 4.45
Fb 1*5.24 15.24 7.62
Hg0 - - I.91

Fb ..;..,».;, .- . .. - - 7.62
Boral..,

Air^-.;
©.64 _ ".-

1.50 2.19 1.85
Fe -. 0.48 0.48 0.48

'• ••" '- Total 77*0 77.5 78.6

(a) B10 -fcajik Spiieed out 2 ft on each side with two l/4 in. thick "boral
sheets (48 in. high).

v5) Air distributed throughoiat shield.



Fe WALLS

CONFIGURATION 45

Fe WALLS

CONFIGURATION 46

Fe WALLS

CONFIGURATION 47

BORAL'

BORALT

TYBOR/
-78.2 cm

TYBORx
-78.1cm

BORAL-TYB0R/ -78.1cm

Fig. VI-18. Lid Tank Mockups of Reflector - Moderated Reactor and Shield.

DWG. 21187

* AIR DISTRIBUTED
THROUGHOUT SHIELD

-Fe WALLS -

118.8 cm-

oj
en

I
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Configurations 45, 46, and 47

Component Thickness of Component (cm)

Configuration 45 Configuration 46 Configuration 47

H20 2.5 2.5 2.5
Fe 0.48 0.48 0.48

Be Tank 2 51.01 51.01 51.01
Bi0 Tank 5-1 -

_'*.'

B^C Tank -'• 5.02 5-02

NaF Tank 1 5-5 5-5 5-5
NaPr Tank 2 3-5 5.5 3-5
NaF Tank 5 54 5A 54
NaF Tank 4 54 5.4 54
Fe 4.45 4.45 4.45
Fb 5.81 5.81 5.81

Boral ... 0.64 0.64 0,64

Fb; 7.62 7.62 7.62
Boral-... 0.64 0.64 0.64

Fb, • 5.81 5-81 5.81

Tybor
Air(a)

0.64 0.64 6.64

1.42 1.4 1.4

Fe 0.48 0.48 6:48
HgO - - 1,9,6

F^ - - 0.52

1$,Borated B^O - - 58.1.
Fe' -. 0.32

Total 78.2 78.1 118.8

(a) Air distributed throughout dry section of shield.



-Fe WALLS

• Fe WALLS -
'BORAL- :\ r

Fig.VI-19. Lid Tank Mockups of Reflector - Moderated Reactor and Shield.

DWG. 21188

» AIR DISTRIBUTED THROUGHOUT

DRY SECTION OF SHIELD

Fe WALLS-

-Fe WALLS

oj
CO

I
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Configurations 48, 49, and 50

Thickness of Component (cm)

Component Configuration 48 Configuration 49 Configuration 50

H^O 2.5 2.5 54
Fe 0.48 0.48 0.48

Be Tank 2 51.01 51.01 51.01

Bl^C Tank 5.02 5.02 5-02

NaF Tank 1 5-5 5.5 3.5
NaF Tank 2 5-5 5.5 3.5
NaF Tank 5 5.4 54 54
NaF Tank 4 54 54 5-4
Fe 4.45 4.45 4.45
Fb 5.81 5.81 5.81
Boral 0.64 0.64 Q.64
Fb 7.62 7.62 7.62
Boral 0.64 0.64 0.64

Fb 5.81 5.81 - .

Tybor.
Mr(a)

0.64 0.64 •'.- :

1.4 1.4 1.52

Air - - 2.22

Fe 0.48 0.48 0.48

Al 0.16 -

Air 1.64 - -

Al 0.16 - -

HgO - I.96 2-97
Fe 0.52 0.52 0.52

Fb 5.81 -

1$ Borated BgO 38.1 55.99 57-8
Fe 0.52 0.52 0.52

Total 118.8 118.5 118.5

(a) Air distributed throughout dry section of shield.



•Fe WALLS-

CONFIGURATION 51

-Fe WALLS-

CONFIGURATION 52
BORATED H20^

Fe WALLS

; H20

CONFIGURATION 53
AIR*'

Fig. VI-20. Lid Tank Mockups of Reflector — Moderated Reactor and Shield

DWG. 2H89

* AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD

Fe WALLS -

- Fe WALLS •

Fe WALLS-

o o o

o o 1% BORATED H„0 o

, o o

o o

Z\

o- \\
o o

123.4 cm-

O

I
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Configurations 51, 52, and 55

Thickness of Component (cm)

Component
Configuration 51 Configuration 52 Configuration 55

HpO 2.5 2.5 0.9
Al _ - 5.18

H20 - - 2.5

Fe 0.48 0.48 0.48

Be Tank 2 51.01 51.01 51.01

Bi,.C Tank 5-02 5.02 5.02

NaF Tank 1 5-5 5.5 5.5

NaF Tank 2 3.5 5-5 5.5
NaF Tank 5 5.4 5.4 54
NaF Tank 4 5.4 5.4 5.4

B2|.C Tank 5.02 - -

Fe 4.45 4.45 4.45
Fb 15.24 7.62 15.24

1$ Borated H20 - 1.91 -

Pb . . - 7.62 -

Airtaj 0.50 O.92 1.4

Fe 0.48 0.48 0.48

H20 2.96 2.05 4.4

Fe 0.52 • 0.52 Q.52

1$ Borated B2O 58.I 58.1 58.1

Ee, 0.52 0.52 •0.52

Total 119.8 118.4 125.4

(a) j^j. distributed throughout dry section of shield.



CONFIGURATION 54 SAME AS CONFIGURATION 17 EXCEPT H20 IN Fe TANK WAS BORATED TO 1.0% BY WEIGHT.

Fe WALLS

Fe PARTITION. /BORATED H20

CONFIGURATION 55 PLEXIBOR

Fe WALLS-

CONFIGURATION 56 PLEXIBOR'1

Fig.VI—21. Lid Tank Mockups of Reflector — Moderated Reactor and Shield.

DWG. 21190

* AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD.

138.6 cm-

ro
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Configurations 54, 55, and 56

Thickness of Component (cm)

Component Configuration 5h Configuration 55 Configuration 56

Ho0 0.9 2.5 2.5

F§ 0.48 0.48

Be Tank 1 29.1 -

.. ;._ .

Be Tank 2 - 51.01 51.01

H2O 0.4 - -

Fe 0.52 - -

Be (/= 1.84 g/cc) 9.21 - -'- '

B4C Tank 5.02 5.02 5.02

NaF Tank 1 5-5 5.5 5.5
NaF Tank 2 5-5 5-5 5.5
NaF Tank 5 5.* 54 54
NaF Tank 4 54 54 5.4
B4C Tank 5.02 5.02 T

Plexibor - - 0.48

Fe 4.45 4.45 4.45
Fe 0.52 - - :

H20 1.56 • •-. '•.-

Fe . 0.52 -

Fb _ 7.62 7.62
Plexibor _ 0.48 0.48

Pb - 5.81 5.81
Plexibor -. 0.48 0.48

Air(a) -'.•' 2.25 4-79
Fe - 0.48 0.48

V$> Borated H20 - 2.29 2.29

Fb 15.24 5.81 5.81
1$ Borated H20 22.22 54.82 54.82
Fe 0.52 0.48 0.48

Total 108.0 158.6 158.6

(a) Air distributed throughout dry section of shield.

I



CONFIGURATION 57 PLEXIBOR"

Fe WALLS

AIR * /Fe PARTITION

CONFIGURATION 58 PLEXIBOR k PLEXIBOR

-Fe WALLS

CONFIGURATION 59
PLEXIBOR'

Fig.VI-22. Lid Tank Mockups of Reflector - Moderated Reactor and Shield.

DWG. 21191

* AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD.

-fc.

I



Component

Fe

Be Tank 2

B2.C Tank
NaF Tank 1

NaF Tank 2

NaF Tank 5

NaF Tank 4
Plexibor

B^C Tank
Fe

Plexibor

Fb

Plexibor

Fb

Plexibor

Fb

Plexibor

Fb

Plexibor

Air(a)
Fe

1$ Borated H20
Fe

Total

-145-

Configurations 57, 58, and 59

Thickness of Component (cm)

Configuration 57

2.5
0.48

51.01
,02

•5
•5
,4
,4
,48

4.45

11.45
0.48

5.81
0.48

1.78
0.48

6l«72
0.48

140.2

Configuration 58

2.5
0.48

51.01
,02

5
5

,4
5.4
0.48

445
0.48

,81
,48
,81
,48
,81
,48
,81

0.48
0.94
0.48

60.92
0.48

140.0

(a) Air distributed throughout dry section of shield.

Configuration 57

1.82
0.48

51.01
5.02

5.5
5.5
5A
5.4

5.02
4.45

15.24
0.48

0.5
0.48

60.52
0.48

158.9

I



CONFIGURATION 60

CONFIGURATION 61

CONFIGURATION 62

-Fe WALLS-

DWG. 21192

* AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD.

Fe PARTITION \ /BORATED HgO

—
o ° :

=>o '

o " ;

o o :
O '

^=• o
o

o ;
o '.

o O ;

138.9 cm-»

• Fe WALLS

PLEXIBOR-

-Fe WALLS-

PLEXIBOR'

78.1 cm

Fe PARTITION

-76.5 cm

Fe PARTITION
I

u o

1%

o o

BORATED H20o o

o

o

o
o

o

0

o

o
a °

o o o o

AIR*: "1% BORATED H20

o° 4

-76.9 cm

u —

q
o o

o ° °~

o

138.9 cm-

I Q

o n o
o

o oo

138.9 cm-

Fig. VI-23. Lid Tank Mockups of Reflector - Moderated Reactor and Shield .
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Configurations 60, 6l, and 62

Thickness of Component (cm)

Component

H20
Fe

Be Tank 2

B^C Tank
NaF Tank 1

NaF Tank 2

NaF Tank 5
NaF Tank 4
BJ+C Tank
Fe

Fb

Plexibor

AirW

Fe

1$ Borated B^O
Pb

lj> Borated B^O
Fe

Total

Configuration 60

1.82
0.48

51.01
5.02

3.5
3«5

,4
,4
,02

45
15.24';
0.48

0.5
0.48
2.0

5.81
54»51
0.48

158.9

Configuration 6l

2.7
0.48

51.01
5.02

5.5
5.5

5A
5.02
4.45

15.24
0.48
5.22
0.48
2.6
5.81

55.51
0.48

158.9

(a) Air distributed throughout dry section of shield.

Configuration 62

2.7
0.48

51.01
5.02

5.5
3.5

5*4
5.02

445
15.24
0.48
5.62
6.48

61.52
0.48

138.9

I



Fe WALLS

CONFIGURATION 63

-Fe WALLS

CONFIGURATION 64

-Fe WALLS-

PLEXIBOR

Fe PARTITION

£

AIR*

o o-

PLEXIBOR
-76.9 cm

PLEXIBOR ,Fe PARTITION

4L,

Fig.VI-24. Lid Tank Mockups of Reflector - Moderated Reactor and Shield.

DWG. 21193

* AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD.

1% BORATED HP0

140.5 cm

1

o

O '

o

0

0 °

0 '•
o :

o° :

O ;

140.5 cm—»•
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Gonfigurations 65, 64, and 65

Thickness of Component (cm)

Component

B^O
Fe

Be Tank 2

Bij.C Tank
NaF Tank 1

NaF Tank 2

NaF Tank 4
Bl^C Tank
Fe

Plexibor

Pb

Plexibor

Pb

Plexibor-

Pb

Plexibor

Pb

Plexibor

Air(a)
-Fe

1$ Borated B^O
Fe

Total

Configuration 65

2.5
0.48

51.01
5.02

5.5
5.5
54
5.02
4.45
0.48
5.81
0.48
5.81
0.48
5.81
0.48
5.81
0.48
2.9
0.48

62.52
0.48

140.5

Configuration 64

2.9
0.48

51.01
5.02

5.5

54
5.02

4.45
0.48
5.81
0.48
5.81
0.48
5.81
0.48
5.81
0.48
4.8
0.48

65.12
0.48

140.5

va' Air distributed throughout dry section of shield.

Configuration 65

2.9
0.48

51.01
5.02

3.'f
5~4
5.02

4.45
,0.48
5.81
0.48

5.81
0.48
5.81
0.48

8.89
0.48

63.52
0.48

140.5

I
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•Fe WALLS-

/Fe PARTITION

CONFIGURATION 67
PLEXIBOR^

Fe WALLS

Fe PARTITION

PLEXIBOR'

Fig. VI-25. Lid Tank Mockups of Reflector - Moderated Reactor and Shield.

DWG. 21194

* AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD.
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Configurations 66, 67, and 68

Thickness of Component (cm)

Component Configuration 66 Configuration 67 Configuration 68

H20 2.1 2.1 2.5
Fe 0.48 0.48 0.48

Be Tank 2 51.01 51.01 51.01
Be (J°= 1.84 g/cc) 9.21 9.21 9.21

Bl^C Tank 5.02 5.02 5.02
NaF Tank 1 5.5 5.5 5-5
NaF Tank 4 5.4 5-4 5.4
B4C Tank 5»02 5.02 5.02

Fe 445 4.45 4.45
Pb 5.81 5.81 5.81
Plexibor 0.48 0.48 0.48

Pb 5.81 5.81 5.81
Plexibor 0.48 0.48 0.48

Fb 5.81 5.81 5.81
Plexibor 0.48 0.48 0.48
Air(a) 1.76 I.76 1.56
Fe 0.48 0.48 0.48

1$ Borated B2O 2.59 1.88 -

Pb 5.81 7.62 -

1$ Borated H20 56.32:' 53,02 62.52
Fe 0.48 0.48 0.48

Total 140.5 140.5 140.5

(a) Air distributed throughout dry section of shield.

I



-Fe WALLS-

AIR*. /Fe PARTITION

-Fe WALLS-

AIR*X /Fe PARTITION

Fe WALLS -

DWG. 21195

* AIR DISTRIBUTED THROUGHOUT

DRY SECTION OF SHIELD.

^~"-F f

o-ij f

138.9cm"

BORATED H20

/PLEXIBOR,

L L
.BORATED H20

AIR*

Fe PARTITION'

Fig.VI-26. Lid Tank Mockups of Reflector - Moderated Reactor and Shield.
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Configurations 69, 70, and 71

i

Thickness of Component (cm)

Component Configuration 69 Configuration 70 Configuration 71

HoO

Fe

2.1 2.5 2.5
0.48 0.48 0.48

Be Tank 2 51.01 51.01 51.01

Be (/= 1.84 g/cc) 9.21 9-21 9.21

Bi,C Tank 5.02 5.02 5.02

NaF Tank 1 5.5 5-5 5-5

NaF Tank 2 5.5 - -

NaF Tank 5 54 5-* 5.4
NaF Tank 4 5.4 5.4 5.4
B^C Tank 5.02 5.02 5-02

Fe 4.45 4.45 4.45
Pb 5.81 - -

Plexibor 0.48 0.48 0.48

U _ 7.62 7.62
Plexibor

Air(a)
- 0.48 0.48

1.24 1.25 1.25

Fe 0.48 0.48 0.48

1$ Borated H20 3.57 - 0.99
Pb 5.81 - 5.81
1$ Borated H20 0.4 - -

Fb 5.81 _ -.

l$;Borated B^O 0.4 - -•

Pb 5.81 - -

Vf, Borated H20 45.72 59.52 54.72
Fe 0.48 0.48 0.48

Total 158.9 158.1 158.1

'a' Air distributed throughout dry section of shield.



DWG. 21196

CONFIGURATION 72 SAME AS CONFIGURATION 70 EXCEPT A YOKE OF 4-in. THICK LEAD 8RICKS WAS BUILT AROUND SIDES AND TOP OF 3-ft X 3-ft X 3-in. URANIUM SLAB IN

AN EFFORT TO REDUCE STREAMING AROUND THE SLAB .

•Fe WALLS

Fe PARTITION

PLEXIBOR'

CONFIGURATION 74 SAME AS CONFIGURATION 73 EXCEPT H20 IN WET SECTION OF TANK WAS BORATED TO 0.5% BORON BY WEIGHT.

CONFIGURATION 75 SAME AS CONFIGURATION 73 EXCEPT H20 IN WET SECTION OF TANK CONTAINED NO BORON

Fig.VI-27. Lid Tank Mockups of Reflector — Moderated Reactor and Shield.

* AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD.
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Configurations 72, 73, 74, and 75
I

Thickness of Component (cm)

Component Configuration Configuration Configuration Configuration

72 75 74 75

H20 2-5 2.2 2.2 2.2

Fe 0.48 0.48 0.48 0.48

Be Tank 2 51.01 51.01 51.01 51.01

Be (J>= 1.84 g/cc) 9.21 - - •-

B^C Tank 5.02 5.02 5.02 5.02

NaF Tank 1 5-5 5-5 5-5 5-5

NaF Tank 2 - 5.5 5-5 3.5

NaF Tank 5 54 54 54 5.4

NaF Tank 4 5.4 54 54 5.4

Bi^C Tank 5.02 5.02 5.02 5.02

Fe 4.45 4.45 4.45 4.45
Pb _ 7.62 7.62 7.62

Plexibor 0.48 0.48 0.48 0.48

U -. 7.62 - - -•

Fb _ 5.81 5.81 5.81

Plexibor 0.48 0.48 0.48 0.48

Air(a) 1.45 2,25 2.25 2.25

Fe 0.48 0.48 0.48 0.48

1$> Borated _H20 61.52 61.82 - • -

0.5$ Borated H20 -

_ 61.82 -.

H20 _ - - 61.82
4->

Fe 0.48 0.48 0.48 0.48

Total 140.5 159.4 1594 159.4

(a) Air distributed throughout dry section of shield.



-Fe WALLS-

,Fe PARTITION

CONFIGURATION 76

-Fe WALLS

Fe PARTITION

PLEXIBOR

Fig. VI-28 Lid Tank Mockups of Reflector - Moderated Reactor and Shield.

DWG. 2H97

* AIR DISTRIBUTED THROUGHOUT
DRY SECTION OF SHIELD.
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Configurations 76 and 77

Component

%(>
Fe

Be Tank 2

B4C Tank
NaF Tank 1

NaF Tank 4
Li Tank 1

Li Tank 2

Bij.C Tank
Fe

Plexibor

Fb

Plexibor

Fb

Plexibor

Fb

Plexibor

Pb

Plexibor

Air(a)
Air

Plexibor

Fe

1$ Borated Hg,0
Fe

Total

Component Thickness (cm)
Configuration 77

*a'Air distributed throughout dry section of shield.
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Fig. VI-29. Gamma-Ray Dose Measurements behind Lid Tank Mockups of
Reflector-Moderated Reactor and Shield.
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Fig.VI-30. Gamma-Ray Dose Measurements behind Lid Tank Mockups of Reflector-Moderated

Reactor and Shield.
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Fig. VI-31. Gamma-Ray Dose Measurements behind Lid Tank Mockups of
Reflector-Moderated Reactor and 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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CONFIGURATION 21 WITH 15 in. Oil
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Fig. VI-34. 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-
Moderated Reactor and Shield.
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Fig. VI-36. Gamma-Ray Dose Measurements behind Lid Tank Mockups of
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Fig. VI-37. Gamma-Ray Dose Measurements behind Lid Tank Mockups of

Reflector-Moderated Reactor and Shield.
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.SEE TABLE VI-11 FOR CONFIGURATIONS 33 AND 34.

(BORAL EFFECT WAS SLIGHT)
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z, DISTANCE FROM SOURCE (cm)

I36 148 160

Fig. VI-38. Gamma-Ray Dose Measurements behind Lid Tank Mockups of

Reflector-Moderated Reactor and Shield.
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Fig. VI-39. Gamma Ray Dose Measurements behind Lid Tank Mockups
of Reflector-Moderated Reactor and Shield.
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CONFIGURATION 53, 1 B4C TANK, l^in. Al PRECEDING REFLECTOR,
6 in. DRY Pb PLUS 15 in. BORATED H20

CONFIGURATION 52, 1 B4C TANK, 3/4in. H20 IN
-Al TANK INSERTED IN Pb REGION,

6 in. DRY Pb PLUS 15 in. BORATED H20

CONFIGURATION 51, 2 B4C TANKS,

6in. DRY Pb PLUS 15in. BORATED H20

CONFIGURATION 48, V2in. BORAL PLUS
V4in. TYBOR DISTRIBUTED IN Pb REGION,
6in. DRY Pb PLUS 15in. BORATED H20

CONFIGURATION 54, (CONFIGURATION 17, REPEAT),
6 in. Pb IN BORATED H20

DWG. 23392

90 100 110 120 130

z, DISTANCE FROM SOURCE (cm)

140 150 160

Fig. VI-41. Gamma-Ray Dose Measurements behind Lid Tank Mockups of
Reflector-Moderated Reactor and Shield.
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'CONF. 57, ALL LEAD DRY, 3 PLEXIBOR SLABS, 1 B4C TANK
.CONF. 59, ALL LEAD DRY, NO PLEXIBOR, 2 B4C TANKS

CONF. 58, ALL LEAD DRY, 6 PLEXIBOR SLABS, 1 B4C TANK
CONF. 56, CONF. 55R WITH 1 B4C TANK REPLACED BY 1 PLEXIBOR SLAB
CONF. 60, CONF. 59 PLUS 11/2in. Pb
CONF. 61, CONF. 60 MINUS NaF TANK 3

140 150 160

z, DISTANCE FROM SOURCE (cm)

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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15in. REFLECTOR-, PLEXIBOR SLABS OR BORATED H20 USED IN
GAMMA SHIELD WITH Pb

CONFIGUR

NaF TANK

ATION 68, 4'/2
S 1, 4

in. Pb,

CONFIGURATION 66, 6in. Pb,
NaF TANKS 1, 4 —______
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CONFIGUR/VTION 67. 7% in. Pb.
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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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CONF. 72, 3 in. U WITH Pb COLLAR CONF. 70, 3 in. U

CONF. 71 , 3in. U PLUS"

1%in. Pb

NOTE: A TRAVERSE PERPENDICULAR TO THE SOURCE AXIS SHOWED THAT GAMMA
STREAMING WAS ELIMINATED BY THE LEAD COLLAR OF CONF. 72
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z, DISTANCE FROM SOURCE (cm)
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Fig.VI-45. Gamma-Rav Dose Measurements behind Lid Tank Mockups of Reflector-Moderated
Reactor and Shield.
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Fig. VI-46. Gamma-Ray Dose Measurements behind Lid Tank Mockups of
Reflector-Moderated Reactor and Shield.
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50 70 90 110

z, DISTANCE FROM SOURCE (cm)

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

of Reflector-Moderated Reactor and Shield.
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Fig.VI-49. Thermal-Neutron Flux Measurements behind Lid Tank Mockups of Reflector-Moderated
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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-
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Fig. VI-52. Thermal-Neutron Flux Measurements behind Lid Tank
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• CONFIGURATION 22, Fe

• CONFIGURATION 23, Fe

X CONFIGURATION 24, Ni
A CONFIGURATION 25, Cu

O CONFIGURATION 26, Ni

FOR CONFIGURATION 30

AND Cu

(INCONEL) SEE CURVE FOR
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Fig. VI-53. Thermal-Neutron Flux Measurements behind Lid Tank Mockups of
Reflector-Moderated Reactor and Shield.
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Fig. VI-55. Thermal-Neutron Flux Measurements behind Lid Tank Mockups of
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10'

10;

_ 10'

>

x

3

O
tr
r-

3
UJ
z

I

_l
<

oc
UJ
I

10

10"

10"

-185-

DWG. 23411

i i —mi

vHHvfe*-

fix <t
\
\
\
\

V \
X \
\\ ]

D

11
/ . /

s

D

1

CONF.

CONF.

CONF.

CONF.

35

36 u
y

— —, y
• 37 ~.s

n
o 38

• -"/
1

o

*- —-" /

/
o

90 100
I,

110 120 130

/, DISTANCE FROM SOURCE (cm)

Fig.VI-56: Thermal-Neutron Flux Measurements behind Lid Tank Mockups of
Reflector-Moderated Reactor and Shield.

140 150



-186-

105( DWG. 23412

5

2

104 \ CONFIGURATION
\ 1 46 .w

X^—CONFIGURATION 39

P"V—I
rA5 \

\
K

2 \
103 \

V-
5

2

-*—

1 102

rui\L n2w

X

3 5
Ll

§ 2
r-

3
Ld

2 10
1

_l

<
^ 5

Ld

2

1

5

CONF GURATION 47- ^ VV \.

2 \

in"'
"^ \

5
VS. ^>

YK VIN N

2

10"2

40 60 80 100 120

z, DISTANCE FROM SOURCE (cm)
140

Fig. VI-57. Thermal-Neutron Flux Measurements behind Lid Tank

Mockups of Reflector-Moderated Reactor and Shield.

160



X
3

o
rr

r-

Ld

10'

10

25 lo"1

10

10"

-187-

DWG. 23413

CONF. 54-*"\

CC)NF. 51-
rv^.

CONF. 53-^

90 100 110 120 130

Zt DISTANCE FROM SOURCE (cm)

Fig.VI-58. Thermal-Neutron Flux Measurements behind Lid Tank Mockups of Reflector-Moderated
Reactor and Shield.

140 150 160



-188-

105 ( DWG. 23414

5 .

2

104

5

2

103

5

""j= 2
>

t <°2
_i

^ 5 \

z
o
a:

kL-NEU
o

2

F. 5UJ J
X
h-

2 \ pure hH-0

1

5

2

ID"' CONFIGURATIO

CONFIGURATIO

M 56~^__
N *^ —^>r

^ T*—^^
5 H>H

\\
*\\

2 \
10~2' 1

40 60 80 100 120

z, DISTANCE FROM SOURCE (cm)
140 160

Fig. VI-59. Thermal-Neutron Flux Measurements behind Lid Tank Mockups
of Reflector-Moderated Reactor and Shield.



10"

10'

x
3

O
cc
r-

3
UJ

z
I

_l
<

ce
Ld
X
t-

10

-110

10

10"

-189-

DWG. 23415

^-CONF. 72

v-
CONF. 70x /CONF. 63

V V f"V
v N\ 1

\,_Z -A
"X DJ\^\

\ \ \ \
X X \

-^

0\V\\

40 60 80 100 120

/, DISTANCE FROM SOURCE (cm)

Fig. VI-60. Thermal-Neutron Flux Measurements behind Lid Tank Mockups of

Reflector-Moderated Reactor and Shield.

140 160



X
3

O
or

<

a:
UJ

x

10

10'

10

-190-

DWG. 23416

10

=&\ —*

\ ^
9. -V£

f° \^A ^ \ o

\ -n \ —1

\ o \
\ -z- \

V -i \
A -^ —<

o

s &
it -°
\ °

\ ° \ ro
\ '%
\ "%

\ -0 k r^ "'"

V°o V

—:—\
i (
\
\
\
\

\ \

^OUIMrlbUK 4IIUINJ f^~~~~~m ^
Xy
-x&OUiMr IbUK ATI0N 74 —

XV
V

\
-2

10

40 60 80 100 120

z, DISTANCE FROM SOURCE (cm)
140 160

Fig. VI-61. Thermal-Neutron Flux Measurements behind Lid Tank Mockups
of Reflector-Moderated Reactor and Shield.



10

10<

CO

O
Q

O
a:

3
Ld

CO

<

10

-i
10

10"

-191-

DWG. 23417

V

-0 \ o \ \

)" * \ ri
\ *" \ \
\ * \ \ l«
\ \\^

1? ^
\ ^

H

Vv.\ ^
^ \' j
\ \ -*

° \ \ %
^\\

• \ \ ^1> \ \

1° \ \

3 \ 'J ^. \
70 \

20 40 60 80

z, DISTANCE FROM SOURCE (cm)

100 120 140

Fig.VI-62. Fast-Neutron Dose Measurements behind Lid Tank Mockups of Reflector-Moderated

Reactor and Shield.



Q.

a>

UJ
CO

O
Q

O
or

en

10

10

10

2

-2

-3
10

-4
10

•192-

DWG. 19351A

cx
\ UAbMtU LINtb MM

\ ^ DIVIDED BY 400
UlUAIt IMtKIV IAL M_UX

^_

f\ V
\ \\

\—V^
-C^S—V^
V\\^
^\ X i>

<• \ r
**°\• V̂\

XX
—XV-—^—

X\\\
\\

X̂

\
—\—^

\v
X
\

k

\
Nr

\
\

\

X
X

V

30 50 70 90 110

z, DISTANCE FROM SOURCE (cm)

130 150

Fig. VI-63. Fast-Neutron Dose Measurements behind Lid Tank Mockups
of Reflector-Moderated Reactor and Shield.



1CT

io-

> 102

Ld
CO

o
Q

O
or

Ld

CO

10

10

•193-

DWG. 23419

s

\

<r \
\

\
\

\
\

\

BACK OF MOC;kup-.

^^ /
<S: /
-^:j/

^ if

^
\ r\ 5$:

|

PURE H20— 1 -CONF. 31

i

30 40 50 60 70 80

>, DISTANCE FROM SOURCE (cm)

90 100

Fig.VI-64. Fast-Neutron Dose Measurements behind Lid Tank Mockups of Reflector-Moderated

Reactor and Shield,



10'

Ld
CO

o
Q

O
a:

Ld

CO

.<

10

10"

10

•194-

DWG. 234 20

BACK OF M0CKUPx

^
^
^
^
^

\\
\
\
\

L '

PURE H20 — -CONF. 39

40 50 60 70 80

z, DISTANCE FROM SOURCE (cm)

Fig.VI-65. Fast-Neutron Dose Measurements behind Lid Tank Mockups of Reflector-Moderated

90 100 110



Q.

UJ
CO
o
Q

O

C/5

•195-

10'
DWG. 23421

10

.-2
10

o
v \
\
\
\

\ •«.
b9>
\^
\%

k

\l -i

-3
10

10

40 60 80 100 120

z, DISTANCE FROM SOURCE (cm)

140 160

Fig. VI-66. Fast-Neutron Dose Measurements behind Lid Tank Mockups

of Reflector-Moderated Reactor and Shield.



-196-

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) H20a Conf. 1 Conf. la Conf. 2 Conf. 3 Confo 4 Conf. 5

60 2.4J+X105
70 1.44X103 /

4.77X10173.2

73.9 5.62xl02
1

_

76 5.03X101
80 8.80x10s 4.28X102 3.97x10s 3.89xl0j-.

3.38xlQl
90 5.61+xlO2 2.71x10s 2.52x10s 2.16X101

lo95xl0j-
100 3.4&clOs 1.76x10s 1.63x10s I.27XIO1

1.18X101
110 2.l8xl02 1,14x10s 1.08x10s 8.23x10°

8.00x10°
112.6 4.82x10°
112.8 8,33x10°
113.2 4.97x10°

1^.97x10°
T

1U.5
120 1.39x10s 7.70X101 7.20X101 5.17x10° 4.97x10° 2.62X10°

2.72x10°

5o97xlO",
3.80x10-1

•1

130 8.97X101 5:ii2xioi 4.83X101 3.31x10° 2.58x10° 1.33x10°
1.38x10°
1.00x10°

1.95XKT1

135
f\

9.84X10-1
140 6.03X101 3.60X101 3.39X101 2.15x10° 1.53xlOu 7.65xl0_1

8Alxl0"l
1.16x10"!
1.17x10-1

150 3.96XIO1 2.42X101 1.47x10° 9.55x10"! 4.61x10"!
4.65X10"1

7.01x10"
6.63xl0-s

l60 2.67X101 l072xl01 9.83X10-1 5.94X10"1 2.86x10-1
2.59X10"1

lt.67xlO-s

\
a Measurements in pure water were made at various times throughout the tests
and are reported accordingly.
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Table ¥1-3

Gamma-Ray Dose Measurements in Water
behind Configurations 6 through 10

z, Distance
from source

(cm)

' Gamma-Ray Dose (mr/'hr)
.

Conf. 6 Conf. 7 Conf0 8 Conf. 9 Conf. 10

114.3

114.9
120

3.10 x 10"1

2.04 x 10"-1 See

3.50 x 10"p
2.78 x 10 p
2.84 x 10 p
lo52 x 10p
1.09 x 10"^
7.72 x \QT5

6o93 x 10'p
4.91 x 10

130 1.08 x10"\
6.48 x 10 p
4.20 x 10 p
4.05 x 10_ci

4.72 x10"|
2.74 x 10

Optimi
zation 3.46 x 10"p

2.16 x lO'p
1,51 x 10

140

150 Discussion.

Section III

7.10 x10"^
6.87 x 10"^
7.75 x 10^
6«95 x 10"^
5.31 x 10 *

151.3

160 2.61 x 10"p
2.6l x 10"^

I.63 x 10"1 1.03 x 10"2

.'.

•"A.,
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Table VI-4

Gamma-Ray Dose Measurements in Water
behind Configurations 11 through 14

z, Distance GJamma-Ray Dose (mr/hr) ;.
from source

(cm) Conf. 11 Conf. 12 Conf. 13 Conf. 14

113
4.30 x 10"p
4.30 x 10~ •

5.33 x 10"1
114.4

115 -2
115.4 3.29 x 10^

3.56 x 10_ii-

2.46 x10~%
2.45 x 10 p
2.09 x 10"p
2.04 x 10 p
1.57 x 10 p

115.5

120 3.31 x 10"?
3.22 x K)"tf

2.96 x 10'?
2.73 x lO"^

4.40 x 10"1

125 _p -2 ,~-l
130

140

150

2.29 X 10 p
2.18 x 10 p
1.53 x 10 p
I.67 x 10"J
1.04 x lO'p
1.06 x 10"^
7.60 x 10"^
8.74 x lO"-*

1.24 x 10 p
1.15 x io"r
8.94 x 10"^
8.19 x 10"^
6.60 x 10'^
5.43 x 10"|
4.74 x 10"^
3.82 x 10-:5

2.33 x 10 ;
1.97 x 10';
1.48. x 10"p
1.33 x 10";
1.20 x 10"l
9.45 x 10"^
8.04 x 10"^
7.3O x 10~5

2.72 x 10

2.01 x 10~*
1.66 x 10~:f
1.30 x 10

1.09 x io"i
9.38 x 10

160
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Table ¥1-5

Gamma-Ray Dose Measurements in Water
behind Configurations 15 through 18

z, Distance
from source

T - 1 " "

'' ''••'- Gamma-Ray Dose (mr/hr)
RUre
H20(cm) Conf. 15 Conf. 16 Confi 17 Conf. 18

60 2.96 x1Q3
1.66 x ioJ70

2.80 x 10p
2.45 x H£

77.1
9.84 x lOp
5.55 x 10;
3.63 x 10;
2.26 x 10

80
90 1.53 x 10*

9.83 xio^
6.26 x 10

100

110

1.86 x 10°114 •

1„37 x 10-?" 1 p
6.49 X 10 p115.9

1.42 x 102
8.97 x lof"
6.O3 x KL
3.96 x 10..
2.73 x KT

4.29 x 10*
2.91 x 10^
1.95 x 10^"
1.32 x lor
9.51 x 10

0
120 1,45 x 10

9.66 x 10"::
6.35 x 10"
4.35 x 10"^
2081 x 10

1.10 x 10"7
7.36 x 10 g
4.67 x 10p
3.12 x 10"p
2.11 X 10

5.14 x lOp
130 3,25 x 10"p

1*93 x 10p140

150 I.31 x 10,
8.43 x 10_:5160
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Table ¥1-6

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

z, Distance Gamma-Ray Dose (-mr/hr
from Source

(cm) Conf. 19 Conf. 20a Conf. 20b .Conf. 20c Conf. 20d Conf. 20e

122.9 8.84X10'1
8.49x10-1

t

124.5 2.22x10"^
124.8 1.80xl0-2

•— •

2.08xlO-S
2.19X10"2
2.23X10"2

130 1.25xl0"2 6.11x10"! 2.10x10-1 3.5IXIO-2 1.60xl0"2 1.66xlO'2
1.31xl0-2 6.09x10"! 2.05x10"!

1.89x10"!
3.43xlO"2

2.43xl0"2

1.84xl0"2
1.79xl0-2

140 9.29xl0"5 4.27x10-1 1.28x10"! 9.21x10-3 9.95x10-3
l.OlxlO"2 3.98x10"! 1.33x10-1

1.30x10-1
2.40xl0"2
2.74xl0"s

1.04xl0~2
9.75x10-3

., 150 5.46x10-3 2.85x10"! 8.10X10"2 1.66xlO"s 6.11x10-3 6.17x10-3

. . -'

2.98x10-1

<• _

7«65xlO"s
9.43xl0"s

1.55xlO~s
2.08xl0-2
1.74X10-2

7.72x10-3
7.56x10-3
7.49x10-3
6.89x10*3
7.24x10-3

160 3.56x10-3 2.13X10"1 5.22xl0_s 1.37X10"2 5.52x10-3 5.54x10-3
5.10xl0-s 1.24xlO~S 5.20x10-3 5.07x10-3
5.39xlO-2 1.46xl0-s 5.94x10-3

5.42x10-3
5.58x10-3
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Table VI-7

Gamma-Ray Dose Measurements in Water behind
Configuration 21 — with and without Transformer
Oil Placed behind Borated Water Tank

z, Distance
from source

Gamma-Ray Dose (mr/hr)

(cm)
Without Oil With Oil

124.1

130

140

150

160
163.1
165
170

5.44 x 10"p
5.18 x 10p
4.08 x 10"p
3.55 x 10-%
3.80 x 10"p
2.77 x 10"p
2.93 x 10";
1.54 x 10"f
1.73 x 10";
1.15 X 10"*

1.24 x 10"p
1.02 x 10,
9.16 x 10_:J
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Table ¥1-8

Gamma-Ray Dose Measurements in Water
behind Configurations 22 through 26

z, Distance
from source

(cm)

; Gamma-Ray Dose (mr/hr)

Conf. 22 Conf. 23 Conf.. 24 Conf. 25 Conf.. 26

84.4 1-33 x
1090 1.05 x 2

90.1 1.17 x 10 1

90.6 1
7.6l x 10

91.6 7.75 x 10 1

96.4

*£
101
101
101
100

1 1 1
1.99 x 10,

100 6.72 X 7.65 x 10^
5.11 xioj
3.46 x lot
2.32 x 101"
1.6l x lot
1.10 x lot
7.7O x 10

5.34 xio:
3.54 X 10^
2.34 X 10,
1.58 x iof;

5.02 x 10 1.70 X 10-j.
110 4.34 X 3.29 x io:r 1,10 x 100
120 2.98 X 2.16 x lOt 7.36 x 10"
130 2.04 x 1.48 x lot 4.91 x 1X)q.
140 1.42 x 1.11 x lot

7.63 x idi
5.00 X 10

1.03 x 100 3.53 x 10

150 9.82 X 6.91 x 10« 2.24 x 10Q
l60 6.58 X 4.28 x lO-J

4.82 x 10u
1.62 x 10
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Table ¥1-9

Gamma-Ray Dose Measurements in Water
behind Configurations 27 and 28

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

(cm) Conf. 27 Conf. 28

77.7 1.92 x lof
I.69 x 10•8o

2.03 x 10?
1.44 x 10^
9.27 x KC
5.97 x io:r
4.02 x lot

, 2.^9 x 10^
1.81 x I©::
1.26 x 1£C
8.57 x id

82.3
1.04 x 102
6.87 x lot
4.50 x loi"
3.02 x 10:r,
2.02 x lor-v

1.39 x 10^
9.64 x 10q

90,
100

110

120

130
140

150
160 6.53 x 10
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Table ¥1-10

Gamma-Ray Dose Measurements in Water
behind Configurations 29 through 52

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

from source

(cm) Conf. 29 Conf. 50 Conf. 51

2.61x10s
2.45x10s

1.52x10s

9.58x10!
5.99x101
4.15x101
2.78x10!
1.89x101
1.51x101
8.98x10°

- Conf. 52

78.2
80

83-7

.100.
no

120

130
140

150
160

4.20x10s
5.26x10s

2.11x10s
lUlxlO2
9.21x101
6.24xlQl
4.57xlol
2.95x101'
2.11x101

9.67XI0I
...6.58x10!

4.54xlQl
2.89x101
1.95x101
1.57x101
8.84x10°
6.56x10°

2.78x10s

1.75x10s

1.10x10s
7.26xl0l
4.70xlQl
5.2Lxl0l
2.21x101
1.54x10^
i.o6xioi



-205-

Table ¥1-11

Gamma-Ray Dose Measurements in Water
behind Configurations 55 through 58

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

from Source

(cm) Conf..'35 Conf. 54 Conf. 55 Conf. 56 Conf. 37 Conf. 38

81.2 7.59x10!
82.9 6.49xlOx
85 6.21X101

2.06X101
,

85.7
90 4.49x1©! 4,45x1q1 4.89X1Q1 1.54xlQl 1.17X101

1.18x101
100 2.82x101 2.77X1Q1 2.99X101 8.19x10°

8.07x10°
5.oixio°
5.00X10°

7.88x10°

lio 1.76x10! 1.79xlOl 1.91x10* 5.00x10°
4.74xl6v

2.37x10°
2.40x10°

4.04x10°

126 1.16X101 1.14x10* 1.22x10* 5.05x10°
2.98xl0u

1.52x10°
1.26x10°

2.26x10°

150 7.68x10° 7.74x10° 8.28x10° 1.95x10°
1.85x10°

8.45x10-1
8.06x10-1

1.39x10"
1.42x10°

140 5.25x10° 5.52x10° 5.47x10° 1.20x10°
1.26x10°

5.85x10"!
6.09x10-1

9.08x10-1

150 5-77x10° 5.64x10° 5.77x10° 7.55x10"!
7.86x10-1

5.88x10-1
5.92x10-1

6.21x10-1
6.77x10"!

160 2.54x10° 2.58x10° 2.52x10° 5.24x10-1
5.53x10-1

2.30x10-1
2.32x10-1

4.21x10"!
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Table ¥1-12

Gamma-Ray Dose Measurements in Water
behind Configurations 59 through 44

z, Distance Gamma-Ray Dose (mr/hr)
from Source Pure .

(cm) H20 Conf. 59 ffionf. 40 Conf. 41 Conf. 42 Conf. 45 Conf. 44

60 2.80xl05
70 1.65x103
80 9.46xl02 T

84.T 1.89X10-1-
84.9 2.50x101

2.55xlol !

2.27xl0l85.6 0
88.1 i.n4xioi

9:87x10°
9.94x10

90 5.74xl02 1.67xl0l 8.45x10° 1.24xl0l 1.57x101
1.63x10!

8.28x10°95 f\ f\ f\

100 5.46xl02 7-51x10°
7.57x10"
4.05x10°

4.45x10 5.58x10° 5.49xlOu 7.10x10° 5.78x10°

110 2.08xl02 2.27x10° 1.79x10° 2.95x10° 5.75x10° 5.16x10°
s\ 2.26x10°

1.90x10°120 1.55X102 2.51x10 1.52x10° 1.01x10° 1.85x10° 2.14x10°
1.62x10° /%

150 8.62x10?" 1.54x10° 7.87XIO"! 5.66x10"! 9.40x10"! 1.26x10° 1.24xlOu
140 5.79x1q1 8.73x10"! 4.81X10"1 5.55x10"! 5.87x10-1 7.72x10"! 8.52x10"!

8.44x10-!
150 5.86xlol 5.18x10"! 5.18x10"! 2.11x10"! 5.69x10-1 4.96x10"! 5.55x10-1
160 2.56x10! 3.45x10"! 1.95X10'1 2.22x10-1 5.16x10"! 5.47xl0_1



z, Distance
from Source

(cm)

85.7
86.5
90
100

110

120

126.5
126.6
126.9
127.1
150

i4o

150

160

Conf. 45

1.55x101

9.68x10°
4.07x10°
2.05x10°
1.11x10°

6.60x10-1

5.66x10-1

2.57x10"!

1.51x10"!

I
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Table ¥1-15

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

Gamma-Ray Dose (mr/hr)

Conf. 46

1.28X101
9.66x10°
5-95x10°
1.95x10°
1.05x10°

5.74X10"1

5.52x10"!
5.54x10"!
2.15x10"!
2.07x10"!

Conf. 47

1.99x10"!
1.67x10-1

9.76XIO"2

6.65xl0-2

4.48xl0_s

Conf. 48

1.84x10"!

1.64x10"!

l.OlxlO"1

6.65X10"2

4.68xlO"s

Conf. 49

7.57x10"

6.12X10-2

4.10xl0"2

,02xl0"2
,04xl0"2
15xl0"s

5.
5
2.H.J-5XJ.U -

2.06xl0"s

Conf, 50

6.17x10"!

5.65x10"!
5.65x10-1
5.58x10-1
5.62x10"!
2.25x10"!
2.55x10"!
1.42X10"1
1.56x10-1
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Table ¥I-l4

Gamma-Ray Dose Measurements in Water
behind Configurations 51 through 54;

Also Configuration 17

Gamm-Ray Dose 1mr/hr)
z, Distance Ratio:

from Source
—'

a Conf. 54
(cm) Conf. 51 Conf. 52 Conf. 55 Conf. 54 Conf. 17 Conf. 17

115-5 1.46x10"!
1.57x10"!II5.9 -

1.15x10"!120' —' 1.10x10-1 1.009
1.07x10"!

I26.4 4.40xldvx
127.8 5.56x10"!

7.56XIO"2150, 5.28x10"! 5.67x10-1 6.38xl0"2 0.895
6.77xl0-2

151.5 . 4.53x10'1
4.67xl0"2140 1.99x10" 2.25x10'-- 2.76x10"! 4.46x10'^ Q.935

1.26X10"1 I.'77xi0']-
4.27X10"2

5.12x10"^15° 1.40xi©r|" 2.99X10"2 0.958
160 8.12xl0"s 9.58xl0"2 1.12x10"! 1.99x10"; 2.11xl0"2 0.983

-..-•, 9.40x10"^ 2.l6xl0"c: •"

0.956 avg.

a Configuration 54 is a repeat of Configuration 17, differing only in
rrboron content in water section of .shields

54
17

1.6% B
2.8# B
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Table ¥1-15

Gamma-Ray Dose Measurements in Water
behind Configurations 55 through 59

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

from Source Pure

(cm) H2° Conf. 55a Conf. 56 Conf. 57 Conf. 58 Conf. 59

100 3.65xl02
110 2.28x10s 1

120 1.4lxKr

130 9.51x101
140 6.35X101
146.2 5.05xl0"2

5.57xlO"2 -2
146.6 -. 4.92x10

147.7
5.8lxlO"S

4.56x10"^ k.06xl0~d - '-: • •' -

148 5.14x10"^
150 4.51X101 2.87xl0"2 5.15xlO"s

5.40xl0"2
4.26xl0-2
4.40xl0"2

5.50xlO"s
3.72xl0"s

4.34xlO-s

160 2.90X101 1.98xl0"2 2.71xlQ"2 5.02xl0~2 2.84xl0"s
2.77xl0"2

5.22x10*^
5.25xl0"2

170 1.27x10"s 2.12xl0"2 2.45xl0"2 2.00xl0"s 2.l8xl0"s

-.
2.05xl0"2 2.46xl0"s

See also Configuration 55^*
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Table ¥I-l6

G>amma-Ray Dose Measurements in Water
behind Configurations 60 and 6l

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

(cm) Conf. 60 Conf. 6l

146.6
150
l6o

170

2.24 x 10"p
2.15 x 10"p
1.65 x 10"p
1.30 x 10"^

2.10 x 10"p
1.95 x 10";
1.52 x 10"p
1.17 x 10
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Table ¥1-17

Gamma-Ray Dose Measurements in Water
behind Configurations 62 through 65

z. Distance Gamma-Ray Dose (mr/hr)
from Source

(cm) Conf. 62 Conf. 63 Conf. 64a Conf. 65

146.5 4.67 x 10'p
4.78 x 10"^

-1

147.7
3.8O x 10"p
3.53 x 10"^

1.27 x 10

147.9
150 4.00 x 10"2 3.19 x 10"?

2.72 x 10"p
2.44 x 10

1.17 x 10"1
155
160 3.07 x 10"2 2.89 x 10"p

2.70 x 10
8.17 x 10"2

2.02 x 10'5
1.91 x 10"p
2.13 x 10 p
I.83 x 10

165
170 2.20 x 10"2 1.90 x 10"2 5.41 x 10"2

a See also configuration 64R.
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Table ¥1-18

Gamma-Ray Dose Measurements in Water
behind Configurations 66 through 72

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

(cm) CConf. 66 Conf. 67 Conf. 68 Conf. 69 Conf. 70 Conf. 71
"r"

Conf. 72

90 1.08x10°
1.12x10°

95 7.65x10"!
100 5.89x10"!

6.11x10-1

105 4.27x10"!
110 5.45x10"!

5-54x10-1
115 2.65x10-1
116.5

1.59x1°^"
2.85x10"!

145.1 -i

145.9 1.48x10 x
-2

146.5 5.70x10 *
146.7 f\

2.47xl0"2
147.8 2.85xl0"":

1.15xl0'2
_p

147.9 9.52x10 A
I.l6xl0"2

150 2.70xl0"2 1.25xl0"|
1.55x10";

1.11x10"! 2»2§xlO"S 1.53x10"! 5.54xlO"2 9.06xl0'2
2.51xl0"s 9.56x10"^

l.loxlO"*1
155 2.l4xl0"2

1.87xlO"2 ^

6.42X10"2160 1.96xl0"2 8.56xlO"3
9.90X10"5

7.69xl0"2 1.92xl0"2 1.20x10"^
1.21X10"1

5.l6xlO~2
rt

165 l.SlxlO"^ 1.66xlO-2
rt Q

170 1.55xlO"2 7.55x10"3 5.55xlO"2 1.42xl0"s 1.06x10"! 2.72x10"^ 5.17xl0"'::
9.04xl0"5 1.52xl0"2 1.03x10-1 I4.77x10"*
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Table ¥1-19

Gamma-Ray Dose Measurements in Water
behind Configurations 73 through 75;

Also Configuration 55R

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

from Source

(cm) Conf. 55R Conf. 73 Conf. 74 Conf. 74

84.8 4.27 x 10° 1

85.3
0

1.01 x 10^
1.03 x 10q

90 2.6l x 10 6.91 x 10J:
6.68 x 10

I.69 x.10°95 0
100 1.17 x 10q

1.25 x 10 ,
8.76 x 10"t

2.86 x 10^
2.93 x 10 .

105 0
110 6.75 x 10"

6.90 x 10":"
1.51 x 10J:
1.57 x 10

115 5.12 x 10
0

115.3 -l
1.22 x 10

146.3 1.13 x 10
1.34 x 10"1146.6 _1

146.7
3.44 x 10"?
2.96 x 10

3.32 x 10

147.2
150 9.30 x 10"?

1.08 x 10":
7.36 X 10

1.13 x 10~1 2.78 x 10"1

160 2.57 x 10"?
2.19 x 10 p
2.15 x 10p
1.75 x 10

8.88 x 10~2
7.67 x 10

1.73 x 10"1

170 5.08 x 10"2 5.45 x 10"2 1.17 x 10"1
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Table ¥1-20

Gamma-Ray Dose Measurements in Water
behind Configurations 76 and 77;

Also Configuration 64R

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

(cm) Conf. l6o Conf. 64R Conf. 77

83.7 2.57 x 10°
90 1.33 x 10"

I.36 x 10 ,
100 6.O7 x 10 ,
110 3.25 xio:
117.4

5.89 x 10"2
2.00 x 10

147.9 -P
148

5.41 x 10"2
4.24 x 10 p
3.79 x 10";
4.18 x 10"p
3.44 x 10"p
2.86 x 10"p

4.09 x 10"2150

155
160 3.97 x 10"2

3,28 x 10~2
3,09 x 10

2.79 x 10 _p

165 2.54 X 10 *
170 2.82 x 10"2 2.18 x 10"2 2.18 X 10"S
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Table ¥1-21

Thermal-Neutron Flux Measurements in Water

behind Configurations 1 through 5

z, Distance Thermal-Neutron Flux (nvth)
from Source Pure

(cm) H20a Conf. 1 Conf. la Conf. 2 Conf. 5 Conf. 4 Conf. 5

50 2.06x10^
•

60 5.66xl©3
1.75x10^68.3

68.8 2.4lxl04
70 1.22X105 5-50X1011- 2.59x10^
72 5.68xlOf

5.27x10^
2.47X10*
2.00x10;74

80 5.17xlOS 9.17x103 5-55xl©3
85 1.65x103 1.60x10^

1.12xlo3
90 9.25xl0l 7.21x102

7-53x102
5.87X102 5.59x10s

100 2.82xl©l l.llxlO2 8.10X101 4.62xlQl
106 5.15xl03
106.1 6.98xlo3

,

108 T
7.02xlo3 4.89xl03 2.50XKT

110 8.71x10° 2.90x10 I.67XI0I l.OOxlo!
9.19x10°

5.61x103 5.94x103 1.71x101

115 2.27x103 1.50xlo3
f\

120 2.81x10° 5.97x10° 4.59x10° 2.45x10°
2.51x10°

4.74x10s
6.82x10s

5.53x10s
4.50x10s

5.10xlOu

125 9.54xlol
1.14x10s

150 9.16x10-1 1.74x10° 1.22x10° 7.01x10-1 4.68xlol 2.73x10! 7.58x10"!
140 5.14x10-1 5-55x10"! * 2.19x10"! 7.68x10° 5.65x10° 2.02x10-1
150 1.85x10"! 7.56xlO"s 1.76x10° 7.69x10-1 6.05xlO_S
160 4.79x10° 2.01x10-1

a Measurements in pure water were taken at various times throughout the tests
and are reported accordingly.
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Table ¥1-22

Thermal-Neutron Flux Measurements in water

behind Configurations 6, 7> 9> and 10

Thermal-Neutron Flux (nv+*,)
z, Distance

from Source Conf. 6 Conf. 7 Conf. 9 Conf. 10
(cm)

108 • 2.52X101 l.igacio1
9.51*10°108.4

1.75X101 9.40x10° 8.85x10°110 9.65x10°
9.45x10°

110.6 1.59x1©! f\

112 8.25x10°
120 5.80x10°

5.11x10°
2.44x10° 5.02x10° 2.78x16°

150 7.88x10"!
7.27x10-1

6.76x10"! 6.96x10"! 6.88x10"!

140 2.06xi0"l 1.94x10"! 1.89X10"1
150 6.01x10-2 5«44xl0"2 5.60x10-2
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Table ¥1-25

Thermal-Neutron Flux Measurements in Water

behind Configurations 11 through 14

z, Distance Thermal-Neutron Flux (nvth)
from Source

(cm) Conf. 11 Conf. 12 Conf. 15 Conf. 14

107-2 6.55x10°
108.1 7.83x10°
109 7.55x10°
109.1 6.44x10°
110 8.52x10°

8.21x10°
7.67x10° 6.95x10° 6.55x10°

4.40x10°
112 7.57x10° 6.61x10°

115 4.41x10°
114 6.07x10° 5.58x10° 4.61x10°
120 2.67x10° 2.77x10° 2.67x10° 2.26x10°

2.25x10°
150 6.54x10-1 7.17x10"! 6.81x10"! 6.52x10-1

6.17x10-1
140 1.91xl0_;> 1.89x10"-"- 1.98x10-1 1.97x10"!
150 5.93xl0"2 5.79X1G"2 6.02x10-2
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Table ¥1-24

Thermal-Neutron Flux Measurements in Water

behind Configurations 15 through 18

z, Distance
Thermal-Neutron Flux (nvth)

from Source Pure

(cm) H2O Conf. 15 Conf. 16 Conf. 17 Conf. 18

50 5.56x105
40 l.OlxlO?

2.15xl0450
60 4.99x103

1

70 1.21xl03 1.70xl0f
2.57xl0f:72

74 2.37x10*

*78 1.22x10^
80 3.15xl02 7.71X105
90

9.26xlo!
4.64xl02
4.10x10s

100 ^ 6.26xl0l ,

2.76xlOx 7.33xl0l
8.79x10°

I

107.8
1.16X101 i.^io1-169.6 ^\

no. 8.62x10° 1.31X101 8.92x10° 1.15xl0l 1.80xl0l...
112 7.83x10° 1.08x101 1.68xl0l

120 2.75x10° 5.53x10° 3.09x10° 4.07x10° 5.40x10°
150 9.16x10"! 9.61x10-1 8.48x10-1 9.58x10-1 1.09x10°
140 3.14x10"! 5.00x10-1 2.58x10-1 2.65x10-1 2.64x10"!
150 1.15x10-1 1.02x10"! 8.06x10-2 8.55xlO-2 7.71xlO-s
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Table ¥1-25

Thermal-Neutron Flux Measurements in
Water behind Configuration 19

z, Distance Thermal-Neutron Flux (nv+h)
from Source

(cm) Pure

H2© Conf. 19 ;

9© 9.26x101
100 2.76x1q1
110 8.62x10°
118.5 5.99x10°

5.51x10°120 2.75x10°,
150 9.16x10-1 1.41x10°
140 5.14x10"! 5.52x10-1
150 1.15x10-1
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Table ¥1-26

Thermal-Neutron Flux Measurements in Water

behind Configurations 22 through 26;
Also Configuration 50

z, Distance
Thermal-Neutron Flux (nv.^)

from Source

(cm) Conf. 22 Conf. 25 Conf. 24 Conf. 25 Conf. 26 Conf. 50

9© 8.20X102 1.40xlo3 1.25X105 1.66xl02 1.50x103
100 8.72x101 1.76xl02 1.7QX102

1.65X102
1.64x10s
1.69X102

2.56xl02 1.65X102

165 5.94x101 '

m • 4.54xl0l
4.l6xl0i

110 1.59xl©l 2.76x161 2.55X101 2o40xl0l 2.50x101 2.49x1©!
.-•"! 2.48xl0l

120 5.90x10°
1.19x10°

6.51x10° 5.82x10° 5.40x10° 4.27X10° 5.62x10°
150 1.77x10° 1.57x10° 1.50x10° 1.02x10° 1.51x10°
140 5.57x10"! 5.29x10-1 4.62x10-1 4.62x10"! 2.95x10"! 4.65x10"!
159 1.10x10-1 1.68x10"! 1.46x10"! 1.40x10"! 8.56x10"^ 1.46x10"!
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Table ¥1-27

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

Also Configuration 22

Thermal Neutron Flux (nvth>z. Distance

from Source
i

(cm) Conf. 22 , Conf. 27 Conf. 28

69.4 1.95x10^
2.15x107
3,12x10^

70
72 •jj

75.5 6.98x10^
2.85x10^74

1.06X10J*-75
77

A- 1.20X10^
1 1

80 9.00xlo3 8.60xlo3
8.71X105

9© 8.20x10s 6.31XL02 5.4©xl0|
6.51x10*8.64x10s

.100 8.72xlol 7.50xlOl 7.11xloi
8.78x10! 7.09x10!

110. 1.59x101 1.45x10! 1.44xl0i
120 5.90x10° 5.76x10° 5.75x10°
150 1.19x10° 1.06x10° 1.12x10°
14© 3.37x10^1 5.59x10"! 5.65x10-1
150 1.10x10"! l.lOxlO"1 1.12x10"!
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Table ¥1-28

Thermal-Neutron Flux Measurements in Water

behind Configurations 29, 51, and 52

z, Distance Thermal-Neutron Flux (nv^)
from Source Pure

(cm) H2O Confo,29 Conf. 51 Conf. 52

90 9.26x1©!

—i —————

. 9.85x10s 7.58x10s 4.49xl02
100 2.76x10! 1.46x10s 8.27X101 6.46X101
no 8.62x10° 2.97x101 1.49x101 1.56xl0l
120 2.75x10° 7.61x10° 5.72x10° 5.55x10°
150 9.16x10"! 2.10x10° 1.05x10° 1.05x10°
140 5.14x10-1 6.67x10-1 5.24x10"! 5.56x10"!
150 1.15x10"! 2.50x10"! 1.08x10"! 1.11x10-1



z, Distance
from Source

(cm)

90
92
95

100

105
110

120

130
140
150
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Table ¥1-29

Thermal-Neutron Flux Measurements in Water

behind Configurations 55 through 58

t

igonf. 55

Thermal-Neutron Flux (nvtb)

1.15xl©3
8.05x10s

l.<

1.05x10s
3.98x1Q1
1.66xlol
5.85x10°
1.06x10°
5.58x10"!
1.24x10"!

Conf. 56

1.94x103

1.67x10s

1.96x1q!
4.08x10°
1.09x10°
5.11x10-1
9.66x10-2

Conf. 57

1.2&E105
5.41X102

2.94x10
4.64x10°
1.16x10°
5.15x10-1
9.95X10"2

Conf. 58

2.85xlol
4.68x10°
1.14x10°
5.25x10"!
9.66xlO"2



u-PsS
t—

I
S

-
*

5
i

w•P
•*

d
v

o

<
i)

•>

K
N

r
a

.

-224-.
le¥1-

uxMeaations

•S
rH

h
1?

pti
a

fl
f-l

8
S

•P
o

ss
o

S
rg

rH
5•9rQ

(D

t—
rH

H
H

C
U

C
U

1
I

1
1

I
J

*
3

S
S

S
S

a

r&
B

J&
A

A
©

C
U

C
U

©
rH

8
C

A
j*

rH
^

t
rH

«
•*

=
•*

5
v

o
K

N
K

N
j*

j*
K

N
K

N
C

U
C

U
C

U
C

U
H

©
I
I
I

£
-=

j-
q

q
q

q
q

o
o

o
o

©
©

o
o

o
o

P
I

d
T

!
d

«
i

d
"^

rH
rH

rH
H

rH
rH

rl
rl

H
•
w

otel
3

cgolco5
ututSJ?

u
tJ

&
|J

si
O

V
O

O
O

-s
fO

N
V

O
J
*

-=
t-t—

O
J
©

0
\
5

v
o

o
o

o
o

o
o

o
e
o

o
o

o
o

o
0

o

r
H

fe
o

V
O

V
O

rH
rH

t-C
V

l
t—

U
N

rH
rH

rH
C

U
-=J-

H
-
*

o•p
&

-=
*

-
*

J
*

K
N

K
N

O
J
C

U
O

J
C

U
r
H

r
H

©
I
I
I

0
K

N
q

q
q

q
q

q
q

o
o

o
o

o
o

o
o

.2
H

H
rH

rH
rH

rH
rH

rH
rH

rH
r-l

rH
H

H
rH

i

fc
<B

j
•
M

3
utrH

^utSdclcg
vgvgut

U
N

O
V

C—
V

©
rH

V
O

K
N

K
N

C
—

U
N

C
U

©
O

N
-*

C—
HC

q
O

o
ft

.
o

o
s

o
o

f
t
o

o
o

o
o

o
a

P
o

H
rH

rH
C

O
K

N
t—

U
N

rH
H

U
N

rH
C

U
4

H
'J

*

1
-*-*

h0L.KA
^

L
^

iH
rH

rH
©

©
H

1*
q

q
q

q
q

q
q

o
-

o
o

©
©

o
d

d
d

•"•
J

rH
rH

rH
rH

rH
rH

rH
H

rH
<

u
t-

O
N

-
*

H
r
H

©
C

O
rH

f-
H

V
O

C
O

O
N

.
.
.
.
.

.
.
.

.
.

o
o

.
.
o

.

IS
O

N
rH

J
l-H

K
N

K
N

C
O

O
N

O
J

C
O

CVl
C

O
CVlr

©
<

u

-
-•

o
o

g
&

~
-
*

J
*

+
>

o
e

m
m

3
«

•

Q
O

©
©

C
O

O
N

©
H

O
J

K
N

V
O

Q
U

N
O

U
N

O
©

0
©

0
0

©
-3-

U
N

Vfi
C—

t-f-C
O

CO
CO

CO
CO

O
N

O
N

O
O

H
CU

53
K

N
.-*

U
NVO

rH
H

H
H

r
l
r
l
H

r
l
r
l

o
gc

•
}



-,. "225- .•'.'

Table ¥1-51

Thermal-Neutron Flux Measurements in Water

behind; Configurations 51, 53* sad 54

z, Distance
Thermal-Neutron Flux (nvth)

from Source

.(cm) Conf. 51. Conf. 55 Conf. 54

109.1
110

112

12©

120.8

- 124.9
125
150
140

15©
16©

7..19xI0.:L„

6.75x10"!
4.22x10-1
1.25x10"!
5.95X10"2

6.02X10"!

4.60x10"!
1.49x10"!
4.77xl0"2

1.25X1©!
1.27x1©!
1.15x1©!
4.01x10°

8.94x10-1
2.52x10"!
7.45X10"2
2.44xl0"2
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Table ¥1-32

Thermal-Neutron Flux Measurements in Water
behind Configurations 55 and 56

z, Distance
Thermal-Neutron Flux (nvth)

from Source Pure

— (cm) H20 Conf. 55 Conf. 56

3© 5.58x1q5
9.8IXIO740

. 50 2.01x103
6© 4.60xlo3
7© 1.15xl©3

1.17X1G3
80 5.68xl*32:-

5.06x10s
90 8.44xl0!

. •• . •. • 9.05xl0l
1000 2.72x10!
110 8.50x10°
120 2.77x10°
15© 8.71x10*

- O

159.7 1
6.95X10-2

140 2.97x10"!
O'

140.2 8.79x10-2
146 •- 6.04xl©"2

O

15© 1.07X10"! 5.95X10"2
5.95x10-2

5.28x10"^
O

160 , « ..
1.46xl0-2 1.50x10"^

* i,'~..

1.40xl0"2
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,Table ¥1-55

Thermal-Neutron Flux Measurements in Water
behind Configurations 65, 7©, and 72

z, Distance
Thermal-Neutron Flux (nvtn)

from Source .

(cm) TConf. 65 Conf. 7© Conf. 72

8O.5
84

9©
100

110

112.1

159-1
141.2
142.8

150

16©

4.94xl©"2
5.27X10"2

1.59xl©"2

4.44xl©"2

2.l6xl©'2

9.65xlO"3

2.52x10?
1.11x10?
1.40x101
1.12x10°
2.05x10"!
1.57x10"!

2.45xl0"2

1.80xl0"2
1.75x10"?
9„40xl0"5
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Table ¥1-54

Thermal-Neutron Flux Measurements in Water

behind Configurations 74 and 75

z, Distance Thermal-Neutron Flux (nv^)
from Source

(cm) Conf. Jk Conf. 75 \

85 4.28xl02
90 8.07x1©!

1.91xl0l
1.03X105

95 3.00x10s
100 5.69x10° 8.10X101
105 2.17x10° 2o56xl0l
110 9.40xl0"l 9.46x10°
159.4 7.58xlO"s
140.5 ,_ 1.16x10-1
150 4.02x10"?

2.50x10
4.86xlO"s

155 2.96xlO"s
160

;" :
1.63xl0"2



z, Distance
from Source

(cm)

50
40

5©
66 •
68.1

-70

75
80
9©

100

105.4
105.7.
110

115

120

125
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Table ¥1-55

Fast-Neutron Dose Measurements in Water
behind Configurations 1 through 4

Pure

HpO

5.48xl02
1.15x10s
5.75x101
8.70x10°

2.73x10°

-19.03x10

Fast-Neutron Dose (mrep/hr)

Oonf. 1

5.26X101
8.60x10°
5.46x10°
6.97x10"!
1.93x10"!

Conf. 2

2.90x10!
1.54xl0i
4.05x10°
1.54x10°
2.85xl0"]

Conf. 5

4.01x10

1.51x10°
5.18x10"!

2.25x10

2.71x10

-1

-2

Conf. 4

2.77x10°

8.26x10"!
2.61x10"!
2.64x10-1
1.15x10"!
5.09xlO"s



-250-

Table ¥1-56

Fast-Neutron Dose Measurements in Water

behind Configuration 15

z, Distance
Fast-Neutron Dose (mrep/hr)

from Source,

(cm)
Pure

Hg© Conf. 15

50
40

50
6©

68.7
7©
80

9©
100

110

120

15©
14©

150

5o54xl02
1.08x10^
5.80xlol
9.51x10°

2.75x10°
8.45x10"!
2.75x10"!
7.4lxl0"2a
2.l6xl0"2a
6.88x10-3
2.29xl0"3a
7.85xlO-J^
2.88x10-*

2.46x1©!
2.15x101
2.24x10°
4.19x10"!
1.16x10-1

2.40xl0-3a
7.51x10-^
2.56x10-^

Thermal-neutron flux divided by 400.
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Table ¥1-37

Fast-Neutron Dose Measurements in Water

behind Configurations31> 39,and 75 ;.

z, Distance
Fast-Neutron Dose (mrep/hr)

from Source Pure

(cm) H2° Conf. 31 Conf. 39 Conf. 75

3© 3.72X102
40 1.23x10s
50 4.22X1Q1

1.00x101

1"".

6©

70 2.93X10°
7®.9 4.15x101 ..•'

- 77-7
1.20xlo!
5.17X10°

l.OOxlol
77.8
80 8.82x10"! 5.55x10°
81.2 3.88x10°
9© 2.78x10"! 5.67x10"! 5.20x10"! 5.44x10"!

100 7.86xl0-2 9.73X10"2
2.10xl0"'i110
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