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ORNL=435

ABSTRACT

Gamms and neutron asttenuation was measured through WG, BAQ, and
hydrogenous material, in various geometries (figure 1), The gamma attenua-
tion curves are summarized in figure 2 and the neutron attenuation curves
in figure 3., For samples, the composition of which is given in tables 1
and 2, we found the gamma and neutron relaxation lengths and related data

summarized in tables 3 and 4.




NEUTRON AND GAMMA ATTENUATION THROUGH

TUNGSTEN CARBIDE AND BORON CARBIDE

W. K. Ergen and C. E. Clifford

A. General

Exploratory experiments were carried out as a joint CRNL-NEPA program on
neutron and gamma attenuation in various combinations of tungsten carbide, boron
carbide, and hydrogenous material. Because of the rush character of the experi-
ments and the limitations of the facility (which has since been improved) the
results have to be viewed with some reservation,

The facility used was the "core hole" in the ORNL pile, a rectangular opening
in the pile shield, into which the sample was inserted in the form of rectangular
slabs, Disturbing boundary effects at the boundary between the pile shield and
the sample were aggravated by streaming of radiation through the unavoidable
clearances around the sample, in spite of the fact that this streaming was mini-
mized by varying the core hole cross section in steps, thus interrupting line
of sight propagation of radiation.

Figure 1 gives a summary of the geometries investigated and tables 1 and 2
give a summary of the compositions of some of the shield samples,

B, Gamma Data

The results of the gamma measurements are plotted in Figure 2, The three

geometries investigated for gamma attenuation weres
(1) Run 36: 152 g/em® of B,C, followed by 230 g/cm? of WC, and a thin
outer layer of BACQ This run gave the gamma ray attenuation through BC (assuming

that the secondary gammas due to the neutron flux are negligible)., It also



gave the gamma attenuation through WG, without the influence of secondaries, as
the neutrons had been attenuated in the BAC layer, No significant deviations
from a straight exponential is noticed in the WC layer through the attenuation
measured .

(2) Runs 37 and 40:4 175 g/em® layer of WC was close to the inside*)
of the shield and produced secondary gammas. The apparent relaxation weight is
now not much less than for B;C, but this depends on the neutron conditions. The
WC layer was followed by 130 g/cm? of B,C, which attenuated the neutrons. The
outside layer of 150 g/cm2 of WC essentially attenuated only the secondary gammas
created in the inside layer, since the primary gammas were practically eliminated
in this inside layer, and no neutrons were left to create secondaries in the
outside layer. The relaxation weight for the secondaries was found to be larger
than the relaxation weight found for the primaries in run 36,

(3) Run 44: Alternating layers of WC and B/C were used, The inside part
of the sample had a greater WC:B/C ratio than the outside part. The relaxation
weight for the outside part came out almost equal t§ the relaxation weight of
pure ByC. The results of the run are particularly doubtful.

The relaxation weights for gammas, determined in these four runs, are
tabulated in table 3, together with the attenuations over which the measurements
have been carried out. '

Co Neutron Data

The results of representative neutron attenuation measurements are plotted in

figure 3 ., The geometries investigated were:

*)
®"Inside" or "front" is the side closer to the pile.
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(1) Run 363 (See above), The neutron attenuation curve measured with
gold foils goes into a straight exponential, after an initial drop corresponding
to the elimination of thermsl neutrons. (These results were checked in run 39.)

(2) Run A;Z Indium threshold detector measurements in B,C chow a fast
neutron relaxation length which is only slightly longer than the relaxation length
measured with gold foils.

(3) Runs 37 ané 40: (See sbove), Neasurement of the neutrons with
Au and W foils shows very little decrease of the foil activation through the in=-
side layer of WC. This indicates a very slight decrease of the capture gamma
generation as one proceeds through this layer.

Measurement with 3 MV aluminum threshold detectors shows a neutron
relaxation length of 4.1 to 5.1 cm through WG of theoretical density. The un-
certainty in the relaxation length is mainly due to the uncertainty on how much
the aluminum present contributed to the attenuation. The attenuation weight is
much better determined., See table 4.

The attenuation through the B,C following the WC is, at first,
much more rapid than the attenuation measured in run 36, and referring to the
"virgin® neutrons which have not passed through W, However, eventually
the attenuation curve goes into an exponential with s relaxation length of the
virgin neutrons. Describing the initial, fast attenuation as an effect of the WG,
H. P. Sleeper 1) obtained a WC neutron relaxation length in good agreement with
the relaxation length obtained with threshold detectors,

(4) Run 423 Alternating layers of BAG and WO, with higher WG ccncentration

on the inner part of the sample, The relaxation length of material compressed to

*)

Hot shown in figure 3.
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theoretical density is plotted against the BAC concentration in figure 4. If the
relaxation length of a mixture could be computed as the average of the relaxation
lengths of the components, one would get a straight line. The minimum seems to
indicate that the computation of the relaxation length is not as simple, but the
simple averaging computation has been used in shield weight calculations so far.
The experiments in themselves are not significant enough to establish the non=-
validity of the averaging rule, but one can think of theoretical reasons why

the averaging rule should break down,

(5) Run 43: Hydrogenous material. All runs with hydrogenous material
are of doubtful value due to holes in the paraffin which were discovered too late,
The attenuation curve seems to flatten out as one proceeds to large sample thick=
nesses.

(6) Run 38 and 41: Alternating layers of B,C and Paraffin. The attenua-
tion curve flattens out as one proceeds to large sample thicknesses, Foils
inserted into the paraffin layer got 102 - 103 times more active than those in-
serted in B,C at a corresponding sample thickness. This emphasizes the large
number of capture gammas in heavy material surrounded by moderator, as compared
to the number of capture gammas in heavy material protected by boron. This has
possibly some bearing on hydrides as shielding material.

The relaxation lengths and relaxation weights for neutrons and the
attenuation factor through which they have been measured are tabulated in table 4.
D. Neutron Traverses

The neutron flux was also measured at points off the axis. These ®traverses"
indicate that the influx of neutrons from the sides of the sample falsified the

results at large sample thicknesses and the parts of the sample for which



the data are believed to be unreligble and for this reason are shown as ** """~
lines on the top of figure 3. Typical traverses are shown in figure 5. It is
interesting to note that the neutron influx frﬁm the top is much larger than
from the bottom which is due to the larger gap at the top, This gap was only
about 1" and not line-of-sight all the way through, and still it had such in
large effect., Quantitative data would have been very valuable because of the

implication for gas=filled ducts and voids,
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APPENDIX I

General Remarks

The reactor shielding experiments described in this report were carried
out as a joint project of Oak Ridge National Laboratory and the NEPA Division
of the Fairchild Engine & Airplane Corporation. The tests were performed with
NEPA material at the ORNL core hole shield testing facility, with both organize=
tions furnishing personnel,

The experiments were exploratory in nature and the results should be viewed
with some reservation, partly hecause of the rush character of the project
and partly because of the limitations of the testing facility itself., Change
of samples, some background measurements and standardization procedures required
pile shutdowns, and these shutdowns were not always available., A4lso, measurements
with small sample thicknesses were connected with high radiation levels and hence
the measuring time had to be reduced at the expense of statistical reliability,
in order to prevent over-exposure of personnel, The new 1id tank facili*y will
be essentially free from these limitations.

During the experiments, interim reports were issuedz). Not all necessary
corrections had been included in these interim reports and where they differ from
the present summary, the summary data are more reliable,

Preparatory to writing the present report, the data were assembled in a
gseries of memos from the present authors to R. L. Echols, 4 list of these memos
is found in the list of references 3). It may be noted that the WNEPA® run
number used in these memos is equal to the run number used in this reporh, minus 35,

The description of the core hole facility is contained in ORNL=32 4).
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Detailed items preculiar to the "NEPA" test are contained in the memos listed
as reference 5), the last of these memos being a summary of the earlier memos,
The present summary report omits some of the details contained in the above

references, Copies of the NEPA memos are available from Don Cowen, NEPA Divi-

sion, Fairchild Engine and Airplace Corporation, F. O. Box 415, OakRidge, Tennessee,

- 12 -
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APPENDIX II

Experimental Facilities and Equipment

As mentioned, the tests were carried out in the "core hole" at the ORNL
pile. Only the three largest steps of this hole were used. A steel transport
box was constructed for each of these 3 steps (see fig.6 ). Frames fitted into
these transport boxes. The frames were covered with aluminum foil and filled
with either boron carbide or tungsten carbide. The transport boxes ride on
small wheels, which roll on tracks. This facilitated the insertion of the
heavy loaded transport boxes into the core hole.

For the purpose of this project the steps of the core hole are numbered,

1 through 4, inclusive, from the inside'9 face out, The step #1 was not used.
The transport boxes were numbered 2, 3 and 4, according to the step into which
they fitted.

The three transport boxes were made of cold rolled steel, Top, bottom
and sides are of 5/8" thick material. Front and back are 1/4" thick. (See
fige 6 ). The wheels were countersunk in the bottom of the sample. It was
believed that the‘i;;ermost face of the #2 transport box would become very
radiocactive if exposed to the slow neutron flux emerging from the pile. Hence,
a 1/16" layer of "boron paint" was applied to this face. The “boron paint" was
made up of equal parts of BAC powder, glyptal cement, and glyptal thinner.

During the experiments, the #2 transport box still got rather radiocactive,
particularly on the sides, Hence; a second transport box was constructed to
fit the #2 step, with the idea of using the two #2 transport boxes alter=
natingly, and to avoid the necessity of loading frames into a transport box,

which just came out of the test hole and had been made strongly radioactive,

") "Tnside" or "in front" means on the side closer to the pile,
- 13 =
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It may be mentioned that the main part of the activity seemed to decay with the
24,59 hr Mn half life, rather than the long iron half life, though no exact
measurements have been made regarding the decay time, In any case, afte£ a
short cooling down period, the transport box could easily be loaded again,

The second #2 transport box did have boron coatings on the sides, and
the top and bottom as it was hoped to eliminate in this way the influx of slow
neutrons from the sides of the shielding test sample. No boron coating was
applied at the inner face and the outer face of the box.

The frames were made of steel plates for the sides, bottom and top, with
aluminum cover plates in front and back. The steel plates were about 3/8% thick,

The frames were marked with a W or B, depending on whether they were filled
with WC or BAC. They further carried a two digit number. The first digit indi-
cates the core hole step for which the frame was designed and the second digit
distinguishes from each other the frames containing the same material and de=
signed for the same step,

The outline of the frames is shown in fig. 7, which also gives a list of
the dimensions of' the frames, The height and width is the same for all frames
fitting into the same step. The thicknesses given do not include the aluminum
covers. Bach of these covers-~and there are two for each frame-=were 1/8%
thick for WC filled frames and 1/16" for the BAC filled ones. For the WG frames,
bulging of the aluminum covers was avoided by the use of spacers which connected
two covers. These spacers were arranged in such a way that there was little
alignment of the spacers of adjacent frames. No such spacers were used in the
BAC frames. The spacers are indicated in fig. 7, by ®

The tungsten carbide and boron carbide used had a density of less than the

theoretical density. For the BAC’ the density amounted to 1.9 A 0.05 ( theo-
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retical density 2.54) and for WC to 7.9 z 0.1 (theoretical 15.7) except for

the frames W=4l and W-=42 which had a density of 8,35, These densities are
computed from the total weight of BAC or WO, and the inside volume of the frames,
They are thus average densities,

The low densities were chosen because it was hoped to minimize the streame
ing of radiation from the X-shield into the test sample., It was expected that
both tungsten carbide and boron carbide of theoretical densities would have
better attenuation properties than the cement of the X-shield, and a material
of less than theoretical density than would match the cement, Of course, per=
fect matching would require the simultaneous matching of the relaxation lengths
for neutrons of all energies, andy=-rays of all energies, and that obviously
could not be obtained by adjusting the one variable == dénsity ~= glone,

Fig. 7 also gives the g/cm? for each of the carbide filled frames or "slabé",
using the average density as computed sbove, These g/cm? values gagain do not
include the Al covers,

Great care was taken during the loading of the slabs in order to obtain
the low densities of materiai wniformly over each slab, However, the slabs
were used for a considerable number of experiments, and concern was felt for
possible settling or shifting. Hence, after conclusioﬁ of theexperiment the
density distribution in the slabs was checked by visual inspection, and also by
means of ¥ -~ray transmission,

The visual inspection was done after taking off the top of the frames,

The WC had settled by 1/4" - 1", depending on *he frame,

For the Y-ray transmission measurement,a radium source was moved over one
surface of the slab and a "cutie-pie" ionization chamber over the other, The
source and the chamber always were in a line perpendicular to the slab and as

Ny
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close to the surface as possible., Over any given slab, the "cutie-pie® reading
varied by 20% and more, not counting the large variation occurring when the ®cutie-
pie" approached the top of the slab.

The boron carbide used was commercial grade abrasive "Norbide®, The frames
were very uniform in density when scanned with the Ra source. These frames were
opened for visual inspection and no appreciable sgettling or packing was noted,

The foils were mounted in g geometry shown in fig. 8 on masonite slabs,
at least in the earlier experiments. These masonite slabs were 1/4" thick and
were milled out at the positions of the foils in order to facilitate the in-
sertion of cadmium covers for the foils, In later experiments, the masonite
foil holders were sometimes replaced by aluminum strips which supported the foils
and which were fastened on the slabs with scotch tape. These strips were made
of ,005" aluminum and were used between non-hydrogenous slabs in order to avoid
perturbations by the hydrogenous material. The distances between the foils on
the aluminum strips are the same as on the masonite holders unless noted other-
wise,

The arrangement of a foil in the sample is defined by its "location" and
"position", The “location¥ refers to the distance of the foil from the inner
face of the sample and can be seen from the geometry drawings of the detailed
reports. The %“position" gives the vertical and sidewise displacement of the
foil, and is indicated by a code number, 1 through 15, as shown in fig. 8.

The foils used were of gold, tungsten, indium and aluminum., Gold was mostly
used but tungsten was used in a few runs to give an idea of the capture ¥ 's to

be expected in tungsten at various locations, Indium and aluminum acted as

treshold detectors.
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In general, the results of the foil measurements were quoted in saturated

counts/min KW, which means the counts/min, which would have been cbtained immedi-
ately after an infinite exposure at 1 KW pile power,

T measurements were taken by introducing the y=-sensitive instrument behind
the shielding test plug, and by varying the number of slabs in the plug between
measurements. This is in contrast to the neutron foil measurements where the
whole plug was exposed at one time and remained unchanged during the measurement,
and where the foils were distributed inside the plug. Generally, the test plugs
were built up by inserting the innermost slabs first, and by then adding the
other slabs in the order from the inside to the outside,

Measuring instruments were a GM tube, the standard health physics cutie-pie
and a crystal scintillation counter. The latter was used only in runs 5 and 9.

The GM tube and the crystal counter were collimated with the idea that
they could “see" only the test sample, and not the walls of the core hole,

The various geometries used are shown schematically in fig. 1. Details,

like masonite foil holders, have been omitted, but they can be seen from the

tables giving the neutron attenuations,

- 17 -



APPENDIX ITI
Gomma Data

The gammas attenuation through boron carbide and tungsten carbide has been
investigated in various geometries., In run 36, a thick layer of Btp was follow=
ed by a layer of W, and finally some more B;C was added. No appreciable
production of secondary gammas could take place in the WC, as the neutrons had
been strongly attenuated in the first thick layer of ByC.

In runs 37 and 40, the WG was placed in fromt of the B,C, in order to
determine the relative importance of the production of secondary gammas in
tungsten carbide. Only a thin (2%) layer of B,C was placed in front of the WG
to prevent the WC from getting so radioactive that it could not be handled, How=-
ever, this thin B,C was omitted in one experiment of run 40, and then the pile was
operated a low power, This permitted a study of the importance of the thin B,C
layer on secondary gamms production.

In run 44, alternating layers of WG and BC were used to allow a comparison
with the neutron attenuation of run 42, having a similar geometry.

Details of the geometries are described in NEPA Memos STRM~20, STRM-28,
STRM=26 and STRM=31, and the main features of these geometries can be seen from
fig. 1 and tables 5-=7, in particular column 1., For each run, this column gives
the materisl added between two successive measurements, the first line in this
column being the thinnest sample measured., The total thickness of the sample,
expressed in cm and g/cm? is found in columns 3 and 4 for each run, This total
thickness is obtained by adding up the cm*)or g/cm2 of the material listed in
column 1, up to the location in question., It may be noticed that the extraneous

material, such as the iron of the transport boxes, the masonite of the foil

*)
Actual dimension, not the dimension obtainable by compression to theoretical

density.

qnlS-:.




V.
.

holders, and the aluminum of the covers of the slabs has been included. This
extraneous material amounted to quite a bit in some cases, f.i. 1/4" of 4l plus
1/4® of masonite for 2% of WG, Hence the densities, as computed by dividing
the g/cm? by the cm, differ from the densities quoted in Appendix II, No allcow=
ance was made, however, for such local perturbations as the foils, the cadmium
covers over the foils, or the milled out parts of the foil holders.,

Column 4 in tables 5-7,and the graph figure 2 , contain, unless otherwise
specified, the counts/min on the GM tube, divided by the pile power at the time
of measurement.,

The GM tube was the main measuring instrument, but it could not be used at
points very close to the inner face of the shield because the fluxes got too
high there, At these points, the crystal counter or the cutie-pie were used, and
these measurements were normalized to the GM data by taking measurements at points
within the range of both the GM tube and the other instrument. Then the cutie-
pie or crystal data were multiplied by such a factor as to coincide with the GM
data at these points. The GM data of runs 36,37 and 40 have been normalized so
that the same counting rate corresponds to the same y=flux (for details and un-
certainties see STRM=31). However, no such normalization was possible for run 4.
Hence, only the slope of the run 44 curve should be compared with the slope of
the other rumns, but the ratio of run 44 readings and readings of the other runs
is not significant, except as to order of magnitude.

It may be seen, that the data for run 36 fall essentially on 3 straight lines,
on semilog paper. The first and last of these lines apply to the B,C; and
correspond to 48,5 g/cm2 for a factor of e or 111 g/ cm? for a factor of 10

(measured between 58 g/cm® and 152 g/cm). The first point at 23 g/cm? has nob
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been considered in this computation, as it seems to deviate from the straight
line, either because of a measuring error, or because the “equilibrium® has not
been reached that close to the inner shield surface. If this first point were
included, the attenuation would amount to a factor of e for 45 g/cm?, The
medium straight line applies to the WC and gives 27 g/cm? for a factor of e

or 62 g/cm? for a factor of 10, (Measured between the points 152 g/cm® and

382 g/em?,)

In runs 37 and 40, the attenuation through the first layer of WC is less
than in the WC of run 1., For runs 37 and 40, the average attenuation through
the first WG layer amounts to 41 g/cm® for a factor of e or 94 g/cm? for a
factor of 10 ( measured between 101 and 196 g/cm?), This isnctmechbetter atten=-
uation than obtained with B;C in run 36, and the reason is the production of
secondary gammas by the neutrons. The attenuation through the BAQ layer is not
well-determined because of the uncertainty of the normalization between the
run 37 and the run 40 data. However, within this uncertainty the B,C attenua~
tion checks with the value obtained in run 36,

The slope of the attenuation curve through the WC in the outer part of the
run 37 sample (between 329 g/cm? and 442 g/cm?) corresponds to 30,7 g/cm? for a
factor of e, which is less attenuation than obtained in WC in run36é This may
not be significant because of the uncertainty in calibration of the GM tube, but
it would indicate a difference in hardness of the capture gammas prevailing in
run37 as compared with the pile gammas prevailing in run36, Here the last
point, at 479 g/cmz, had not been included in the computation, because it seemed
high compared to the straight line extrapolation of the values obtained from

the other points, and because readings at the low countings rates are unreliable.
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Had this point been included, the attenuation by a factor of e would require
32,8 g/emP.

It may be noted that between points A and B (329 and 382 g/cm?) the samples
of runs 36 and 37 contain sbout the same materials in about the same amounts, but
the distribution of the ByC and WC is different in the two runs. (For run 36,
these points fall into the #4 transport box, and include about 10 g/cm? more
iron than the corresponding points for run 37. This is the largest difference
in the materials contained in runs 36 and 37, but it is still rather unimportant).
Between A and B the intensity in run 37 is about 5 times the valus it obtained in
run 36, indicating the importance of the capture gammas.

In run 44, a distinction can be made between the data referring to the #2
transport box and the data of the #3 box, because of the varying thickness of the
WC and the BAQ slabs, The points of the #2 box were fitted by a straight line,
which shows a relaxation weight of 36 g/cm? (83 g/cm? for a factor of 10). The
points of the #3 box were also fitted by a straight line, which gives a relaxation
weight of 46 g/em? (106 g/cm? for a factor of 10), about as much as pure B;C. It
should be remembered, that the measurements in the #2 box were primarily carried
out with the crystal counter, and those in the #3 box with the GM tube. Hence,
there might have been a difference between the two boxes in the spectrum measured.
Furthermore, the background measurements, which affect the relaxation length in
the #3 box, are not too certain. The above figures should hence be regarded with
some reservation,

Teble 3 summarizes the data on the gamma attenuation. Some arbitrariness was
unavoidable in the table, The first column gives the main component of the shield.
Details of the composition are recorded in table 1. The densities listed in
the third column are the actual, not the theoretical, densities of the main

components, not including the extraneous materials like masonite foil

»
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holders, etc, The range of attenuation is obtained as the ratio of two numbers.
The denominator is in any case the lowest reading used in the computation of the
relaxation weight (column 5), If the component in question extends essentially
to the inside of the shielding sample (as the B,C in run 36) than the attenuation
curve is extrapolated, as a straight exponential to zero sample thickness. The
extrapolated value for zero sample thickness is used as the numerator, on the
theory that the sample in front of the first actual reading contributes to the
establishment of the spectrum, If the component in question does not extend
anywhere near to the innerface of the sample, as *he WG in runs 36 and 37, then
the numerator is the highest reading used in the computation of the relaxation
weight, This procedure is adopted because it was used by Sleeper in ORNL=436,
In run 44, the extrapolated value for zero sample thickness is used in the com-
putation of the attenuation range for the #2 transoort box and also for the #3
transport box., This seems justified because the material in front of the

43 box was very similar to the material in the #3 box, itself, and probably
established about the same spectrum as the #3 box material would have done in
the same location.

Table 1, shows the composition in milligram atom/ce, of the samples for
which we quoted the relaxation weights in table 3, The iron of the transport
boxes has not been included because it was concentrated in one or two spots and
not distributed throughout the sample, However, masonite foil holders and
aluminum covers were considered. In run 44, the first and the last BAQ slab
in the #2 transport box was not included because this makes the #2 comparable

in geometry to the #3 box, each having alternating layers of BAG and WC, starting
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with & W layer ent ending with a B;C layer. The densities assumed for B,GC and

WG in the computation are the actual densities (1.9; 7.9 83)and not the theoreti~
cal opes., The other densities ares; wood, 0.7; masonite, 1.,2; paraffin, 0.9,
The composition of masonile and wood are assumed to be described by ths empirical
formula CgHypOs, and the composition of paraffin by CHz.

In runf0, a comparison was made between the gamms rays obtained with the

inrersest B;C elab in the test semple and with this sieb omitled. In either case,

the measurements wers taken behind the £2 transport box, containing the geometry

4 9

snown in table 6 behind the innermost B,;C slab, The #2 and #/ transport boxes
wers aot in the ftes. heole in either case, The gamma intensity proved to be

e B,C gleh than with it. It has to e renembered tnat
i

even withiout the B,C slab, there were 1/4% of iron and 1/8% of gluminunm between

th

V]

WG end the pile,



PENDIX IV

Neutron Attenuation Data

The neutron attenuation data are summarized in tables 8=16 , and in
figures 9-14, . The tables are quite analogous to the tables 5«7 o
The C means cadmium covered foils, The attenuation curvesbecame less relisble
at large attenuations because of streaming, which is shown by =----=~ lines.

Wihereas the t;bles are grranged in the order of the run numbers, the figures
are used to combine similar data for egsiercomparison,

Table léand figure 9 refer to run 45. The sample was essentizlly BAC,
and indium folls were used. These foils are activated by neutron capture to
a 54 min and a 48 day activity, and fast neutrons above about 0.5 MEV induce
8 4o5 hr activity. The decay of the foil activity was followed for several
days and the decay curves were analyzed Into the above 3 half lives and the
counts/min at the end of the exposure were recorded in table 16 and figure 9 .
The 54 min half life points fall quite well on a straight exponential with s
7.3 cm relaxation length and tie 48 day curve vroceeds practically parallsl to
this exponential, but the fast neutron attenuation length, as indicatsd by the
line for the 4.5 hour activity shows a relaxation length of 7.8 cm., This
difference in relaxation length for the different neutron energies is just on
the border of the experimental error, .

Figure 10 shows the data on the 54 min activity of run 45 combined with
the data of runs 26 (table 8 ) end 39 (table 11},

The common feature of these 3 runs is the B, wkich constitubed 4he wajor

component of the material in the portion of the sample for which deta are zvail=



B
able for all three runs.

Run 36 differs from the other twc runs by the use of masonite foil holders,
whereas the foils of run 39 and 45 were mounted on aluminum strips. Run 45
used indium foils, whereas run 36 and 39 used gold foils. Run 39 used 1 el
foils, whereas the two other runs used 25 cm? foils,

The data of run 39 had been multiplied by a factor of 40, which had previously
been found to be the conversion factor between 1 cm? and 25 em? gold foils. This
conversion factor takes care of the difference in size of the foils, and also of
the fact that the smaller foils were somewhat further away from the GM tube
during counting than the large foils, It indicates that, under the counting
procedure used, a large foil gives 40 times the counting rate of a small foil,
if both foils were exposed to the same flux for the same time,

No similar conversion factor is available between the indium and gold foils
of the same size. In fact, this conversion factor can be expected to depend
on the neutron spectrum, as the indium and gold cross=sections will vary differently
with neutron energy. Division of the indium saturated counts/min by the pile
power would, however, give almost the same value as obtained with gold at the
seme location. This is more or less accidental. In order to prevent super=
position of the data of runs 45 and 36, the indium data were arbitrarily divided
by 1000, rather than by the pile power.

It may be seen that the attenuation through the first slab of BAG is very
great, corresponding to the elimination of slow neutrons, Even through the second
slab, the attenuatior in run 3€ and 45 is somewhat larger than through the rest
of the shield. Though there is some scattering of the points on the plot, the

data for all three runs can be fitted very well by exponentials having a
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relaxation length of 7.3 em. This relaxation length has been measured through

an attenuation factor of aboutl50. If compressed to theoretical density, the
sample would have a relaxation length of 5.5 cm, depending slightly on what
assumptions are made on the contribution of the extraneous material (Al, masonite).
The main uncertainty results from the small attenuation which had been measured,

It may be noted that the curve for run 36 proceeds by a factor of about 2.5
above the curve for run 39, This factor may be explained by the hydrogenous
foil holders, used in the run 36, but its absolute value should not be regarded
as well established because of the uncertainty in the conversion factor 40 between
small and large gold foils,

The measurements for run 36 have also been taken through a Jayer of WC, which
followed the thick layer of BAC° The measurement in the WC layer show an irregu-
lar behavior, inasmuch as they first increase with increesing shield thickness,
and, only after they pass through a flat maximum, can a decrease be noted, This
increase in neutron flux is comnected with a strong curvature of the traverses,
but this alone hardly explains the behavior of the neutron flux. Reflexion of
neutrons and softening of the spectrum due to the absence of boron are other
possible explanations,

Figure 1lshows the results of runs 37 and 40. Here, one slab of B,C was
followed by WC, and then some more B4C was added, In run 37, this B4C was
followed by more WG, but in run 39 only a little hydrogenous material was added
at the outside in order to fill up the transport box., The main difference
between the two runs consists in the use of masonite foil holders in run 27 and

aluminum foil holders in run 40,

.
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We find agein the steep decrease at the beginning due to the absorption of
thermal neutrons, Then there is the more flat course through WC followed by &
steep decline in the BAG° The increase at the tail end of the curve for run
40 is due to the hydrogenous material and run 37 shows the seme increase of the
readings in the WC as did run 36,

Figure 1] also contains the data on readings with tungsten foils, taken
during run 40, The counts/min have not been reduced to "infinite exposure, at
1 KW pile power®", The tungsten foil curve has the same shape as the gold foil
curve though the two curves do not run exactly parallel.

The purpose of the tungsten foils was the determination of capture gammas
in tungsten through the WC layer, The catch in this determination is the fact
that only two tungsten isotopes (W184 and W186) lead to activities which were
measured in our experiments. The other isotopes == noticeably W183 which cer-
tainly contributes a great deal to the capture gammas == do not contribute to
the measured activation of the foils., As to order of magnitude, it is fair to
assume that the measured activity is always proportional to the total capture
gammas, for all locations. With this assumption, it may be seen that the capture
gammas decrease only by a factor of 5 through the WC layer of 175 g/cm?, The
primary gammas would be attenuated in this layer by a factor of 660 assuming
a relaxation weight of 27 g/cm?,

4n attempt was also made to determine the attenuation cf fast neutrons
through the W layer, The 10 min, activity induced in Al foils was used for
this purpose. The attenuation measured in this way through the WC layer amounts

to a factor of 13, or a relaxation length of 9,2 cm for the actual density used.,
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If the WC were compressed to theoretical density leaving the Al the way it is,
the relaxation length would be 5.1 cm, and if it were assumed that the Al does
not contribute appreciably to the neutron attenuation, the relaxation length
through pure WO of theoretical density would be 4.1 cm,

Ho Ps Sleeperl) has determined the neutron relaxation length in WC from
the data of run 40 by regarding this run as a Borst type experiment., Good agree=-
ment was found with the above quoted value.

The neutron data of run 42 (alternating B,C and WC slabs) fall into two
groups, Group 1 refers to the foils on the outerface of a B,C slab and the inner-
face of a WG slab,and group 2 refers to the foils on the outerface of a WC slaﬁ
and the innerface of a BAC slab, Group 1 gives lower readings than group 2, but
if the group 1 measurements are multiplied by 1.2, an almost smooth curve can be
drawn through the data of both groups. This curve is shown in figure 12,

The curve shows a definite break which coincides with the boundary between
the #2 and #3 transport boxes., Due to the different thicknesses of the B,C and
WC slabs, the ratio of boron to tungsten atoms was different in the two trans-
port boxes, It amounted to 3.3 in the #2 box,and to 5.6 in the #3 box. Regarding
details in the computation of this ratio, see page 32. The relaxation length
for the #2 box was computed between locations 3 and 9, and the relaxation length
for the #3 box between locations 11 and 17. Then we obtain for the #2 and #3
transport boxes, respectively! 8.6 cm and 7.0 cm for the relaxation lengths of
materisl of actual density; 5.6 cm and 4.7 cm for the relaxation length of the
material of theoretical density, including the Al, 4.9 c¢m and 4.2 cm for the

relaxation length of material of theoretical density, assuming that the alumi-

nun did not help in the attenuation; and 42 g/cm2 and 29 g/cm? for the relaxation
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weight, including the aluminum.

Figure 4 , shows a plot using as abscissa the number of W atoms divided by
the sum of the number of W‘atomsg plus the number of boron atoms. The ordinate
is the relaxation length of theoretical density material. The point for "pure®
WC is not quite comparable to the three other points, as it was measured by
different methods., However, even the three comparable points indicate that the
relaxation length of a mixture is not given as the average of the relaxation
lengths of the components., If the latter were the case, as assumed in present
methods of shield design, a straight line would be obtained in figure 4.

The experiments plotted in figure 4 are, by themselves, not conclusive
enough to prove the fact that the relaxation length of a mixture of WC and B49
is less than the average of the relaxation lengths of the components, and even
less than the relaxation lengths of the pure components., However, this is not
unreasonable on theoretical grounds.

If substantiated by further experiments, the short relaxation length for
the mixture would have considerable influence on an optimum shield, both on the
hethod of design and the final weight.

For comparison, figure 12 shows also the gamma date of run 440* It may be
seen that the gamma relaxation length in the #2 box is shorter than the neutron
relaxation length, but the difference is hardly significant due to the uncertainty
of the gamma data., In the #3 box, the relaxation length is shorter for the
neutrons than for the gammas; hence, there seems to be too little heavy material
in the #3 box composition, at least as far as the equalization of neutron and

gamma relaxation length is concerned., From the neutron viewpoint alone; as

* The readings behind WC slabs have been multiplied by a suitable normalization
factor, in order to make the line through these readings coincide with the
line through the readings behind the BjC slabs.
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pointed cut above, the #3 box composition seems to be close to an optimum, Hence,
there might be a conflict between the various criteria for optimization,

Figure 13 , shows the neutron attenuation of run 43, This run used hydro-
genous material, mostly paraffin, Unfortunately, the paraffin had some holes
which were not noticed during the experiment ,but the presence of which can be
inferred from the traverses. These holes caused considerable scattering of the
points around a smooth curve and decreased the value of the results., After an
initial portion ascribable to the transition of the incident spectrum to the
spectrum appropriate to the shielding sample, the attenuation curve seems to take
a slightly concave shape, flattening out at higher attenuations. The average
relaxation length, measured between 24.8 and 75.6é cm, amounts to 7.0 em.

Figure 14 shows the data of runs 38 and 41. These ruas used alternating
layers of BAC and paraffin, each layer being about 4" to 6" thick, The measuring
foils were embedded in the center of each layer. Various troubles were encountered
in run 38 and the data of run 41 seem more reliable, though both runs suffer under
the uncertainty caused by the holes in the paraffin.

A difference between run 38 and 41 consisted in the fact that the front
layer was paraffin in run 38, and B,C in run 41, Furthermore, the hydrogenous
layers in run 38, transport box 3, were about 6" thick, that is, as thick as
the B4C layers in this box, whereas in run 41 the paraffin slabs in box 3 were only
4" thick,

In run 38, gold foils and tungsten foils were used, some cadmium covered and
some uncovered, This gives four kinds of foils, Obviously, only one kind could

be employed as the center foil, and the data for the other foils were computed,
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as described in the detailed report, from foils in the vicinity of the center
foils.

No great importance should be attachsd to the ratio between the counts of
the tungsten foils to the gold foils., This ratic depends on the counter used,
due to the different hardness of the tungsten and gold radiation,

The cadmium covers were only used in the paraffin, as there were no large
fluxes of thermal neutrons in the B, part of the sample, In the paraffin, a
cadmium ratioc of 13 was obtained,

In figure 14 smooth curves were drawn throughesh group of ®corresponding
foils®, the groups veing: wuncovered gold foils in paraffin, Cd covered gold
foils in paraffin, wicovered tungsten foils in paraffin, cadmium covered tungsten
feils in paraffic, uncovered gold foils in B,C and wscovered tungsten foils in
B,C. (The last group contains only one measured point; the other foils in this
group gave unmeasurably low counting rates) .

It may be poticed that these surves run approximstely, but not exactly,
parallel, Remarkasble is the large ratio between the points for ®uncovered foils
in paraffin®, and Yuncovered foils in B‘&GW° This ratio lies between 400 and 1000.
This indicates that heavy materials, 1f inserted into hydrogenous material, give
a very much higher yield cof secondary gammas than 1f embedded inm boreon, This
may have some bearing on the question cf heavy metal hvirides and their use in
shields,

Furthermore, 1t may be noted that the eurves all have a tendency of flatten=
ing out, This 1s 1n accordance with results obtained with other shields containing

hydrogenous laminations alternating with laminations of some other material. In



our tests and in some of the cthers, thiz could be due to streaming of neutrons
through holes in the sample., Regarding our tests, an inspection of the traverses
shows streaming from the Xeshizld into the sample., This streaming is worse in
run 38 than in run 4. In accordance with this, the curves of run 41 proceed
steeper than those of run 38, In view of the strong tendency of the attenuation
curves to flatten cut at higher attenuations, no relaxation length can be quoted
for this combination of materials,
Table 4 summarizes ths peutron relaxation lengths and relaxation weight.,
The table is quite analogous to table 3 . The density quoted is the density
of the main component, without consideration of the extransous material. Since
the relaxation length and relaxation weight includes the extraneous material, the
ratio between these two guantities is nob exactly equal to the density quoted,
The details on the sample compositiom is given in table 2 , which is analogous
to table 1 . The portion over which the attenuation curve exhibits its initial
bend is included in the compeositicn calcuwlation in &ll cases in which the straight
exponential and the initial bend occcur in the same matsrial (rums 36, 39, 43 and 45).
In run 42, the first B C slab in the #2 transport box was not included because
this makes the #2 box comparable in geomstry with the #3 box, each having alter-

nating layers of B£G and Wo, starting with a WC layer and ending with a B4G layer,
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APPENDIX ¥V

Neutron Traverses

The neutron measuring foils were arranged in crosses, as discussed
earlier, in order to obtain information regarding the neutron flux at points
off the center line of the test sample. In particular, they served as a check
on how much the center line measurements might have been influenced by the stream-
ing of neutrons from the X-shield into the sample or vice versa.

Tables 17-24 give the average saturated counts/min Kﬁ*%or the foils at
the various locations and positions. Cadmiumcovered foils are marked with a C;
W indicates a tungsten foil. Regarding the location, refer to the neutron
attenuation tebles, Regarding the position, see figure 8,

Since the #1 step of the core hole was not used in the tests, the sample
started about 20" behind the inner face of the X-shield. At that depth, the
neutrons in the X-shield seem to be attenuated already by a factor of 1000 6),
whereas the neutrons impinging on the test sample are essentially the un-
attenuated pile neutrons. Hence, close to the inner face of the test sample,
there should be a higher neutron flux inside the sample than in the X-shield.
This would result in convex traverses (high spot in middle) and in an outflux
of neutrons from the sample into the shield, resulting in measured attenuations
which are greater than the actuasl ones.

The samples tested were far more efficient shields than the X-shield, and

the attenuation in the sample soon fcaught up" with the attenuation in the

*}
For run 39, the multiplication by the factor 40 {See p. 25) has not been
carried out for the traverse data.
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X-ghield, Hence, at greater depth, the neutron flux in the test samples is

less than the flux in the X=shield, the tréverses can be expected to loock concave
(minimum in the middle), there would be an influx of neutrons in the test sample,
and the measured relaxation length would be longer than the ones actually
representative for the material.

The situation is somewhat complicated by various facts. In the first place,
the transport boxes had to be designed somewhat smaller than the core hole.

This left an air gap around the transport boxes, through which radiation could
stream. Furthermore, the slabs had to be somewhat smaller than the transport
boxes leaving additional airspace. Even if there had been no clearance,the iron
of the core hole 1in:ing‘ of the transport boxes and of the frames of the slabs
constituted material of different neutron transmission properties than either
the X~shield or the shielding sample.,

Further complications arise from the settling of the material in the slabs,
in particulaf the WC slabs., This intr?duces another airgap op top of the sample,
varying in size between 1/4" and 1", The density of the slabs also was not quite
uniform, and this might have somewhat influenced the distribution of the neutron
flux over the traverses,

No attempt has been made to analyze the above complicated situation in a
quantitative manner, The following examples, however, may illustrate the above
points qualitatively, Further details on the traverses are contained in the

detailed reports, While the detailed reports show the traverses one by one,

and plotted on an expanded linear scale, this report plots all vertical traverses
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A
for one run on one graph, and the present report further uses log paper in
order to make all traverses readable on the same graph.

The first example is shown in fig., 5, representing the vertical traverses
of run 43. This run used hydrogenous material (paraffin}. only (see fig. 1),

One can clearly see the maxima in the middle of the innermost traverse, and the
minima in the middle of the traverses in the outer layer. (In addition, there

are a few irregularities in the traverses due to inhomogeneities in the paraffin).
Up to and including location 8, the traverses proceed fairly horizontal in the
middle, and the data at the center do not seem to be influenced too much by the
streaming, Starting with the next traverse (location 13) the streaming is
obwiously rather pronounced, and the data can no longer be regarded as reliable.
It is also noticeable, that the readings on the up side of the traverse are higher
than on the lower side, This is due to the larger airspace at the top.

Another interesting fact is illustrated by the vertical traverses of run 40
(figo 15 ). Here it is evident, that the traverse shows a maxima in the middle
and high spots on the sides; with minima between the middle and the sides, This
shape was noticed in very many traverses. It is also remarkable that this shape
becomes more pronounced as one proceeds from the inside to the outgside of the WC-
layer of the run 4O test sample., (Compare fig.1l )o The effect is of the
order of magnitude one would expect from the density variations in the slabs
but attempts to correlate the individual traverses with the density variations

in the individual slabs have been unsuccessful.
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IABIE 1

Composition of Gamma Shielding Samples

Run # Elemental Components (milligram atoms/cc)

H B 0 Al C w Total
36, B,C 6.2 1212 3.1 47 340 0O 169.2
36, WC 7.3 0 3.6 11.8 36.5 32,0 91.2
37, WC 8.3 0 bo? 11.3 36.3 31.3 91.4
44, Box 2 0 62.0 0 8.4 342 18.7 123.3
44, Box 3 0 78.6 O 7.7 33.8  Lh.2 134.3

IABIE 2

Composition of Neutron Shielding Samples

Run # Elemental Components (milligram atoms/cc)
H B 0 al C W Total

36 7.2  117.5 3.6 4.9 33.7 0 166.9
39 0 129.6 O 5.9 32.4 0 167.9
45 0 130.3 O 5.2 32,6 0 168.1
37 5.6 0 2.8 10.0 36,7 33.3 88.4
40 0 0 0 10.7 36,0 36,0 82,7
42 Box 2 0 62,0 O 8.4 34.2 18,7 123.3
42 Box 3 0 78,6 0] 7.7 33.8 .2 134.3
43 116.9 0 5.5 0 59.5 0 181.9
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Density * Range of Relaxation Weight Remarks &

Shield Run # glce Attenuation g/cm? References
B,C 36 1.9 20 48 STRM-31
.4 36 749 5 x 103 27 STRM-31
WG 37 7.9 40 31 Secondary gamaa,
STRM=31
B,C,HC 44 5.0 103 36 3,3 atoma B per
atom W,STRM=31
BG4 he2 105 46 5,6 atoms B per

atom W,STRM=31

Density™ Range of  Relaxation ILength Remarks &
Shield BRungf _ g/ce Attenuation em __ _gf/em® References
B4C 36 1.9 1500 743 15 STRM=20
B,C 39 1.9 100 7.3 15 STRM=23
B,C 45 1.9 3000 7.3 15 STRE-19
W 4 7.9 13 9,2 68 STRM=26
B4C,WC 42 5.0 1000 8,6 42 3.3 atoms B per
B,C,MC 42 b2 105 7.0 29 5.6 atoms B per

atom W,STRM-18

Paraffin 43 .9 4 x 104 7.0 STRM=22
* Sea page 32



RUN 36

Sample Added

3" Fe; 3" Mas. B-21, 1/8" Al
B-22, B-23, B=24, 3/38" Al, 3/4"Mas.
B-25, B-26,B-31,3"Mas,+"Fe, 3/2"Al,
B-32, " Mas, 1/8" Al,

B-33, 1/8" Al,

B=34, 1/8" Al, 4" Mas.

W-31, 4" Mas. 4" Al.

W=32, 4" Mas., 3" Al.

W"“34s ‘i'" Al°
W-41, +" Fe. 3" Mas. 2" Al.
W=42, 4" Mas, 4" Al.

B-41, B=42, 3" Al,

* Cutie pie normalized

TABIE 5

GAMMA ATTENUATION

Location Cms. Gms/cm®
1 7.9 23,
2 26.0 58,
3 4L6.8 107.
4 54.9 122,
5 62,3 137.
6 70,4 152,
7 76,0 190,
8 81,7 228,
9 87.3 265,

10 92,3 302,
11 98.7 347,
12 103.9 382,
13 117.1 409,

=40 =

(RNL-435

Counts
Min.,Kw

7725, *

3040, *

1095.
847.
585,
441,

121,
108,

29,
22,

7.8
6.6
1.8

024,
. 086

051



RUN 40

Sample Added

0 Pe, ,B=22,W=21,W=22,5/8" Al,
W-R3, 1/4" Al

W=24, 1/4% AL,

B-26, B=25, 1/4" Al.

B-24, B=23, B=21, 3/8" A1,

RUN 37
1/2% Fe; 2" Nas, B=26, W-21,
szz 9 V{‘=‘23 9 W-=2[;., B"'2 5 9 E"°249
B=23, B=22, B=21; 1=3/4" Al,

1/2!! Da']aSo 1/2“ Feog B“Bl,
1/8% a1,

B=32, B=33, 1//® Mas.,
1/4% Al.

B-34, 1/8" Al., 1/4% Nas.
W=31, 1/4% Al., 1/4" Mas.
W-32, 1/4" Al., 1/4" Mas.
W=33, 1/4" Al., 1/4" Mas.,

W“’Blbp l/ " Alo

TABLE 6

Location

wmo~ W e

o0 ~1 o owm B W

w41 =

GAMMA ATTENUATION

Cms.

17.9
23.9
30.2
41.0
57.2

62 92

723

87.7
95.8
101.4
107.1
112,7

117.7

Gms/cm?

101,
149.
196.
218,

251.

258,

284,

ORNL =435

Counts

¥in.Kw
731
201

33
15

8,2

3.9
27

.80

.068

.028



RUN 44

Sample Added

3t Fe. B-25, W-23, 3/3" Al,
B-2/4, 1/3" Al.

W=-22, 3" Al.

B-23, 1/8" Al.

W-24, B-22, 3/8" Al

W-21, B-21, B=26, 3" Al

4" Mas. Pelt, 3" Fe. W=31, ¢" Al,
B-32, 1/8" Al

W-32, 4" Al,

B-31, 1/8" Al

W-33, 1" Al.

B-33, 1/8" al.

W-34, =" Al.

*%  Crystal Counter normalized

TABIE 7

GAMJIA ATTENUATION

Location

e ——————

1

N

O 8 9 o0 wm W

10
11

K

-42-

Cms,

13.0
13.3
23.9
29.2
40.9
57.1
6440
71.6
76.5
8.1
88.9
96,5
101.3

Gms/cm2

63,

79.
119.
131,
189.
251.
299.
314.
351.
365.
402,
416,
453,

RNL-435

Counts
Min, Kw

105 **
1032 %

240 **
200 **
60 **

Te5 **

2.3
1.7
.85

.58

.26

.15



TABIE 8
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RUN 36
NEUTRON ATTENUATION
SAMPLE ADDED LOCATION NO. TOTAL THICKNESS, | SAT. CT.
cnm. _gms/cm MIN KW
E/l&" Fe N
/4" Masonite 1 1.2 5.8 3.87x10
B-26, 1/8" Al
/h" Masonite 2 7.3 17.7 736.8 (C)
B-25, 1/8" Al
/4" Masonite 3 13.3 29.6 266.9
B-2k, 1/8" Al
/h" Masonite 1 19.h4 h1.h 106.1 (C)
{1 23, 1/8" A1
/4" Magonite 5 25.4 53.3 W7
{1 22, 1/8" Al
/My Maqonite 6 314 65.2 20.7 (C)
{B 21, 1/8" A1
1/4" Masonite 7 37.5 77.0 4.0
E 31, B-32, 1/4" A1
/4" Masonite
/2" Fe 8 54,2 116.9 0.99 (C)
B-33, B-34, 1/4" A1
1/4" Masonite 9 69.7 146.8 0.35
W-31, 1/4" A1
1/4" Masonite 10 75.4 18%.7 0.51 (C)
%{ 32, 1/4" A1 .
K Masonite 11 81.0 222.6 0.51
g: 33, 1/4" a1
L" Masonite 12 86.7 259.9 0.3% (c)
/2" Fe, W-3k4
Ju" Al, 1/4" Masonite 13 93.6 307.6 0.26
hl, w-k2, 1/2" Al
1/4" Mascnite 1% 103.3 377.3 0.041 (C)
| TABIE 9 RON 37 | | !
| | mmuTRON ATTENUATION ' :
{B C Paint, 1/4" Fe )
7&" Masonite 1 1.3 5.8 2.00x107(C)
B-26, 1/8" Al
W- 21, 1/4" Al
/4" Magonite 2 12.8 57.9 2.80x103
W-22, 1/4" Al
/b Ma7ﬁn1te' 3 18.9 98.9 1.56x103 (C
23, "
h" Masonite 4 25,8 146.9 1.28x103 (c)
J 1 h" Al
B- 25, 1 8"
/4 Masonite 5 38.1 206.2 hg.2
eh 1/8" A1
/h" Masonite 6 4.1 218.0 13.3




RUN 37 (cont'd)

SAMPLE ADDED LOCATION NO. TOTAL THICKNESS SAT. CT.
_ cm. goms / cme MIN KW
B-23, 1/8" Al '
/4" Masonite 7 50.2 229.9 3.92
B-22, 1/8" A1 '
1/4" Masonite 8 56.2 241.8 1.ko
B-21, 1/2" Fe
3/8" Al, 3/4" Masonite
Felt, B-31, B-32 9 79.6 2ok .4 .054
{B 33, B-31
1/4" A1, 1/h" Masonite 10 95.1 324.33 .018
{vlv-31, 1/4" AL
L Masonlte 11 100.8 362.2 .029
{w-32, /4" Al
1/4" Masonite 12 106.4 400.0 o2k (C)
W-33, 1/4" A1
/4" Masonite 13 112.1 437.3 .022
¢y Cd covered foils. T~ T TS TS T T TSI E T T T
Table 10 RUN 38
NEUTRON ATTENUATION
SAMPLE ADDED LOCATION TOTAL THICENESS SAT. CT, /MIN.KW
NO. cms ams /cn? __Au Foils W Foilg
No Cd cd No Cd cd
/AL Fe,e“"?araffin} I 3 o
1/4" Masonite 1 6.4 10.4 1.8x10° |1.hx10" | 7.12%10°| 6.68x10
2" Paraffin
B-25, 1/8" Al 2 |16.2 26.0 20.2 - 0.65 -
2" Paraffin,B-25;% Al} ! 3
1/4" Masonite 3 1 27.9 Lo.3 01x10~} 232.3 98.8 10.%
2" Paraffin g
B-24, 1/8" Al L 8.4 57.9 61 - ——— -
on Pu«nffinB-ZB /s'Al}
1/4" Magonite 5 ho.5 4.3 75.6 7.99 3.3 A2
B-22, 1/8" Al; 2"Par}
1/2" Masonite T 6 61.3 91.5 J1 35 .019 .016
l/h" Masonite
1/2" Fe
B-31, 1/8" Al 7 |70.6 | 116.8 028 -—- - ---
B-32, 1/8" A1
i Wood
2" Paraffin
1/4" Masouite 8 86.3 138.5 2.9 .18 .08 -
___________________ I SR S S




TABIE 11 RUN 39
NEUTRON ATTENUATION

SAMPLE ADDED LOCATION NO. TOTAL THICKNESS SAT. CTS.
cms. gms/cmd MIN. KW
1/57 Fe 1 .6 5.0 52000
B-26, 1/8" a1 2 6.0 16.0 370
B- 25, 1/8" Al 3 11.% 27.1 137
B-2k, 1/8" Al I 16.8 38.1 66
B-23, 1/8" Al 5 22.2 k9.2 32.6
B-22, 1/8" Al 6 27.6 £0.2 15.0
B-21, 1/8" A1 T 33.0 T1.3 7.0
___________________ b e e e am mw ww Em ww ww e wme lome e e e ove o o oun)
TABIE 12 . RUN 40
NEUTRON ATTENUATION
SAMPLE ADDED LOCATION| TQ S TUNGSTEN GOLD
NO. cms. gms/cm FOILS FOILS
, (RED CTs/Mm) (SAT.CTS/MIN.KW)
/L7 Fe 1 6 5.0 )y 1.11x10°
B-22, 1/8" A1 2 6.0 16.0 b, O5x10, 817.
w-21, 1/4" A1 3 11.5 56.2 3.03x10* 771,
W-22, 1/h" A1 4 16.9 96.4 2. 52xloi 6ho.
w-23, 1/4" A1 5 23.2 143.6 1.66x10 433.
w-2h, 1/4" A1 6 29.5 191.0 8.49x103 188.
B-26 1/8" Al 7 34.9 202.1 - - k1.0
B-25, 1/8" A1 8 40.3 213.1 - - 11.°2
B-2k4, /8" Al 9 45.7 224 .2 ) _ h.1
3-23, 1/8" A1 10 51.1 235.2 N _ 1.4
B-21, 1/8" Al 11 55.5 2h6.3 L 3.10
" cement
3/4" Masonite
1/ " Fe 12 61.60 258.8 - - 10.04
o o mm e e ve mn e e s e e e o e e e e G we e S ED G M G GD ED cm e A e e M o e e e e -

- 45 -



Table 13 RUN 41
NEUTRON ATTENUATION
SAMPLE ADDED LOCATION NO. TOTAL THICENESS | SAT.CTS.
. CMs. GMs/CM MIN.EW
1/k" Fe 1 .6 5.0 9.4x105
B-22, 1/8" A1 2 6.0 16. 528.9
{2-26, 1/8" A1 L
" Paraffin 3 16.5 31.7 2.57x10
{}23" Paraffin
-25, 1/8" A1 L 27.0 47.3 5.2
{gmzh, 1/8" A1
" Paraffin 5 37.5 €2.9 532.
{2" Paraffin
B-23, 1/8" Al 6 47.9 78.5 .191
-21, 1/8" Al
2" Paraffin 7 58.4% 9k.1 19.3
2" Paraffin
1/2" Fe
B-31, 1/3" Al
B-32, 1/8" Al
"Paraffin 8 8h.7 2.4 679
2" Paraffin
B-33, 1/8" A1
B-34, 1/8" Al
2" Paraffin 9 109.7 180.6 .040
: | T | N
. Table 14 . RON 42 |
! | NEUTRON ATTENUATION ,
1 )
1/4" Fe 1 yan 5.0 9.4x10°
B-22, 1/8" A1 2 6. 16.0 297.
W-21, 1/4" Al 3 11.5 56.2 359.
B-21, 1/8" Al L 16.9 57.3 179.
w-ok, 1/h" Al 5 23.2 11k.7 109.
B-2k, 1/8" a1 6 28.6 125.8 43.1
W-22, 1/4" Al 7 3%.0 | 165.9 27.0
B-25, 1/8" Al 8 39.4 | 177.0 11.7
wW-23, 1/4" A1 9 5.7 22h .2 5.7
B-25, 1/8" A1, 1/2" Fe 10 52.4 | 2us.2 2.6
W-31, 1/4" A1 11 5Tk | 282.2 1.5
B-31, 1/8" Al 12 64.8 293.8 .38
W-32, 1/4" A1 13 69.8 333.8 .23
b 32, 1/8" Al 1k 7.3 3184 .065
W-33, 1/4" Al 15 82.3 384.9 Ol
B-33, 1/8" A1 16 89.7 399 .4 .012
W-34, 1/4" AL 17 9% .7 436.3 .007
B-34, 1/8" A1 18 102.2 | 450.9 »010




" .

Table 15 RN 3 page 5
NEUTRON \ITEZIUATION
LOCATION | TOTAL THICKNEGS | ' SAT. CTS-.
SAMPLE ADDED ' NO. ,  CMS. |aMs/cM MIN, KW.
1/L" Fe, " Masonite 1 1.3 5.8 1.33x102
1/4" Woou l/+" Masonite
o" Paraffin . 2 7.6 11.6 1,19x107
1/4" Masonite, 2" Paraffin 3 13.3 17.0 3 70:{101:
1/5" Masonite, 2" Paraffin 4 19.0 22.% 8.97=x102
1/4" Masonite, 2 Paraffin 5 2%.8 27.0 1.004102
1/%" Mascuite, 2 Paraffin 6 30.5 33.2 10700
1/%" Masconite, 2" Taraffin 7 36.2 30.7 ko
1/4" Masonite, 2" Pareifiu 8 k1.9 2! 117.
1/%" Masonite, 2" Paraffin 9 7.6 Lok 55.1
1/4" Mesonite, 2" Paraffin 10 53.3 4.8 23.2
{1/2" Wood, 1/4" Masouite
2" Paiaffin 11 50.3 61.0 5,92
1/4" Masonite, 1/2" Fe 12 £2.2 71.8 2.91
{.' B WOOu» /‘?#‘ Ilduo.d,-ste
" porolfia 13 75.6 25.5 1.3%
1" Wood, 2" laraifi 1k 85.2 89.9 0.75
3/@ Wood, 1/2" Pavaifin 15 G 02.3 .50
1.18" Paraffin 16 89.% $5.C .39
lolgt Paraffin 17 gz, ﬁ 970? .27
1.18" rfaraffin 1 9.4 100.% .20
1.18" Paraffin 19 50.% 103.1 A1
1.18" Paraffin 20 101.% 10308 .00k
1.18" Payarfin 2l 104.4 100, 053
1.18" Paralfiu 22 107.4 111.2 115
__________________ DD S AP R I
Ty b
Table 16 RUN 45
NEUTRON ATTENUATION
LOCATION | TOIAL THICKNESS | % Miw Yoo Lows | G0 ey s
SAMPLE ADDED KO. CMS . GMS/C“ | Hali L:{e| Half Life | Half Life
1/%" Fe, B-25, 1/8" A 1 5.0 15.0 cgang 00 JG,:lJ 809
B-26, 1/8" Al 2 11.% 27.1 859,6c0] 18,331 326
B- 24 1/8" AL 3 16.8 32.1 %o3,9%0] 10,029 68
B-219 1’”" Al 4 22.2 %5.2 22&y16 3,754 52
B-22, 1/8" Al 5 27.6 60.2 107,%450] 2,374 50
B-23, 1 ’8" Al 5 33.0 71.3 54,7858 1,18% 22
fe" Fg . Z ghn3 81.3 39,572 g7k 17
B 32, 1/3" Al u 1.7 $55.8 13,38k 377 7
B-31, 1/8" Al 5 9.1 110.% 4,836 153 2
B-33, 1/8" a1 10 56.6 124 .2 1,f:: 72 1
————————————— oo omc GEG GER @Pe e CEp GEN I TP OND A TR WP GG OR0 OER OND WS oMo TOD OO oo GRS aEsVose ses Ggp Omn e of

N




Table 17 RUN 36 RNL-435

TRAVERSE DATA

SAT. CTS./ MIN. KW

Location 1 2 3 4 5 6 7 8 9 10 11 1z 13 14

Pogition
1 3.76x10%  860e 341 163 68.3 34,2 25,6 2,35 L948  1.29 0,73 .733 .957  .12iC
2 3.85510%  700¢ 243 100 41.8 20,0 135 1,05 .430  L70 0,554 483 .357  .06Ac
3 3,18x100  618C 242 10,  43.8  2L,1 13,5 0,97  .362 59 0,493 L4120 273 L046C
i 3.28510% 703 274 126 61.2  27.8C 20,9 2,57 823 -85C 0,639,542 418 .083
g LB0xI0E 615 201 83 36,5 16,3C 1l.6 0,9 410 .58C  0.521 2423 - 306 056
€ 4.55%iCh €97 233 92 40,0 17.5¢ 1.8 G.S1 349 50C  0.497 383 262 LOA7
7 L.03x10% T4l 255 106 44.0 19.7C 12,7 0.96 352 -50C  G.504 .38l .255 (042
8 3.87%10k  TI7C 267 106C 447 20.7C 1ae  0.99C 347 .5IC 0,505 L3410 256 LO4LC
9 4,010 727 251 104 4h.3  20.2C 12,9 G698 341 50€C 0,507 367 253 041
10 L.23x10F 665 226 g4 39,6 18.0C 12,3 0.88 335 49¢€  0.506 376 248 043
11 4.10x106 568 202 85 37.6 16.4C 12,2 0.9 369 .53C  0.574 380 260 (045
12 2,66x10% 815 336 160 717 29.7C 23.2 2,30 646 .69C 0.763 458 .327 059
13 3.69x106  73TC 260 104 45.4 214 13.7 0.96 362 .56 0.535  .369 249 L0L0C
1 3 4Ex10F 6TLC 233 94, 40,7 20.4 13,3 0.98 .391 .62 0,647 396 263 043¢
15 3,26x10%  743C 290 130 62.2 33.6  24.9 2.26 711 296 1.004  .518 .35,  .058¢C




RUN 37 ORNL=435
Table 1& TRAVERSE _DATA

SAT. CTS./ MIN. KW

Location i 2 3 A 5 6 7 8 9 10 11 iz 13
Position
1 16,8x107C 3690 1515 1390 66,1 23.46  T.63 3,73 213 085 098 072 049
z 17.8x107C 2530 1390 1170 37.5  10.9 348 1,28 061 (026 G039 036 (027
3 15.2x10°C 2740 1625 1350 45,7 12,6 3.8 1.30 055 021 030 028 026
A - 2700 - 994G 56,3 214 9.69 316 L0766 097 073 048
5 - 2300 - 979 36,7 11,7 3.8 084 .033C 056 046 W03
6 - 2490 - 1115C  41.8 1.9 3.52 053 022 036 036 024
7 - 2750 - 1270 46,7 13,1 3.87 052 019 030 028 022
8 20031030 2800 15570 1280C 49,2 13,3 3,92  l.40 084 018 029 U240 022
& - 2700 - 12600 46,2 13.1 0 3.%0 052 L019 030 030 o2
10 - 2390 11006 1.2 i1.8 3,59 053 021 037 034 o028
11 - 2150 - 9TC  36.6 11,6 3,75 069  .032C .054  .048 037
12 - 2490 — 915 85,7 23.5  9.59 220 L066C 097 073 053
13 19.7x103¢ 2700 1559 1340 459 13.5  3.80  1.36 051 021 032  ,029  ,022
14 20.85105¢ 2370 - 150 40,6 12,1 75 lesd 062 029 044 041 029
15 19.6x103C 2500 2048 1090 52,9  19.0 TS0 3,36 Li88 077 003 068 047
= 29 =



Table 19

Location
Position

1
2
3
4
5
6

™

8w

oW
10
11
12
i3

14
15

* -A11 these foils were gold and 4" apart.

1.30x10°
1.82x10°
1.96x105
0.12x10°C
0.13x105C
0.14x105C
668,00
7123
669 .06
0.14x109C
0.12x10°C
0,16x105¢
1.63%107
1.49x10°
1,05%10°

151.9
2542
21.8
69.9
21.0
20.1

.62

.65

64
18.9
214

10404
18,5
17.7
464

- 50 -

RUN 38
TRAVERSE DATA
SAT. CTS./ MIN. KW
3 4"

406,60
254,,2C
253,46  1.74
1737. 0.71
1902, 0,71
1968, 0.68
9.0  0.66
10,40 0.61
98,6  0.64
1852, 0.72
1902, 1.45
1980 .55
211,20 .66
195.4C
249.36

320.6
1502
81.4
14.8C
9.4C
8.0C
o440
3.3
.39C
8.0C
9.86
20.8C
69.8
77.5
91.8

10.1C

2,0C
<460
1.29
¢Sl
«36
019
-01€C
019
o4d
91
3.9
0240
«33C
1.0C

1.35

0.15

.04
014
.036
«101

2025
<042
+205
016
-020
.068

ORNL=435

29.7

15.3
bod
0.60C
0,316
0.18C

.098

0176

<330

.66C
1.3
1.8
204,




Table 20

Location
Position
1

2

L C IR e SR B s AN R T

10
1l

13

15
16
- 17
18
19
20
21

22

23

1202
1261
1270
1257
1295
1302
1222
1050

749
1035
1292

664,
1084
1546
1539
1524
1481
1429
1403
1365
1343
1320
1327

RON 39

TRAVERSE DATA *

SAT, CTS./MIN, KW

2

23.12
11.19
9.81
9.51
9.60
8,96
8.40
7.93
7.62
8.13
9.03
12.40
6,63
6,68
7.20
7.54
7.80
8.16
8.27
8,46
8.73
8.83
9.15

- 51 =

3

12,25
5.03
4.04
3.81
3.64
3ob4
3.39
3,29
3.27
3,25
3034
461
2.49
2.49

2.87
.00
.10
.18

3
3
3
3.18
3.28
3

1.77

0.639
0.492
0.381
0,349
0,341
0.329
0,327
0,325
0.318
0.315
0.703
0.342
0.315
0,322
0,323
0.335
0,352
0,363
0.374
0.356
0,366
0,397

(RNL-435

54
.808
.398
.321
.251
.252
0 R43
.200
.252
.228
.213
554
209
0153
147

-153
154
.158
.166
166
.166
174



Run 39 - (continued) (RNL-435

24 1306 9,30 3.32 0.374 0.168
25 1303 9.26 3,42 0,375 0.176
26 1311 9.31 3.39 0.387 0.177
27 1320 8.82 3.42 0.429 0.182
28 1298 9.35 3.39 0.390 0.184
29 1297 9.27 3.34 0.424 0.181
30 1285 8.92 3.33 0.407 0.172
31 1277 9.02 3.35 0.430 0.181
32 1287 8.51 3.22 0,396 0.165
33 1279 8.89 3.16 0.319 0.164
34 1260 8.29 3.06 0.352 0.165
35 1241 8.21 2.91 0.357 0.163
36 1194 7.73 2.78 0.403 0.180
37 7.29 2,93 0.437 0.253
38 665 10,33 4,65 0.844 0,601
39 1297 9.27 3043 0,312 0.204
40 1290 9.24 3.32 0,322 0.208
41 1231 8,72 3024 0,312 0.223
42 1195 8.16 3,20 0.314 0.282
43 1146 8.03 3.10 0306 0.214
4 1115 7.59 3.00 0.298 0.213
45 1103 7.64 2.89 0.298 0.214
46 1077 7042 2,88 0,299 0.215
47 1080 7.53 2.71 0.317 0.253
48 1081 7,71 2,94 0,406 0.364
49 1035 11,03 4.81 0.735 0,798

* center: position 25; foils 1 cm apart; vertical traverse (up-down):positions
1-11, 25, 39-49; horizontal traverse: positions 12-38.

- 52 =



Table 21

I, Gold Foils

Location
Position

1
2
3
A
5
6
7
8
9

10
11
12
13
14
15

1036.6

/

807.6

736,6/

1617,.9
6924
738,0
792.9
817.0
79545
739.3
712.5

1376.8
766,1
683.0

822.3

751,0

7477.9
7'70.9
752.9

735.0

RUN__40
TRAVERSE DATA

SAT, CTS./MIN, KW

639.0
564.8
609.7  405.0
528,7
5077
541.9
608.0 4023
639,6 4329
606.7  411l.4
5613
536,8
639.4
595,6 \39800
530.9
5407

- 53 -

168,0
160.1
181.5
142.8
141.3

157.7,

179.5
187,.7
20402
162.9
148.8
258.7
180,8
152.0

14608

3ok
31.3
37,9
35.2
29,0
33.6
38.9
41,0
39.1
34,2
29.2
33,8
38,2
30.8
29,7

ORNL=435

493
3,52
3,92
5,87
3047
3.60
3,99
4419
405
3061
3,36
5.84
4,07
3041
4o51

433
3.09
3.04
4082
3,16
2.89
3,00
3.10
3.05
2,81
2.85
3.95
2,93
2.80

3.55



Tabls 21

RUN_ 40

(CONT*D)

TRAVERSE DATA

REDUCED GTS./MIN.

II. Tungsten Foils

Location
Position

1

AR - TS e NS I T Y N

- R R S R W
mﬁ‘u&i\)i—“o

6,36 x 104
3.93 x 104
4o24 x 104
10,73 x 104
3.49 x 104
3.59 x 104
3,97 x 104
4.05 x 104
3,86 x 10%
3.64 x 104
3.52 x 104
9.85 x 10%
3.74 x 104
3.38 x 104
4o16 x 104

20,29 x 104
2,13 x 104
2,40 x 104
2,34 x 104
1.93 x 104
2,18 x 10%
2,38 x 104
2,52 x 104
2034 x 104
2,11 x 104
1.98 x 10%
2,78 x 104
2,27 x 10%
1.97 x 104
2.14 x 104

- 54

ORNL =435

774
6,96
7,93
6,79
6,13
6,92
7,98
8,49
7,98
6,79
6,30
8.05
775
6,37
6,07

x 10°
x 103
x 103
b4 103
x 1@3
x 10°
x 10°
x 10°
x 107
x 103
X 103
X ZI.O3
X 103
x 10°
X ZI.O-3



Table 22
Location 2
Position

1 582.8
2 4829
3 531.2
4 1159.4
5 452,55
6 4886
7 521.6
8 528,9
9 519.3
10 493.2
11 453.0
12 878,.2
13 503.5
14 449.5
15 638.6

17,279
22,048
25,382
15,721
19,966
21,690
24,433
25,675
25,186
22,690
20,208

15,250

23,675

19,786
15,768

RUN_ 41

TRAVERSE DATA

SAT, CTS./MIN, KW

15.25
6,02
5.36

19.77
5,62
4.83
5.11
5,20
5017
5,03
5037

15,25
475
hodB
7,33

6840
589.8
546.8
538,9
581.0
492,1
516.2
532.5
52406
513.2
567.9
4717
4842
462 .4
411 o4

0,970
0,296
00204
0,969
0.R74
0.191
0.184
0,191
0,190
0,205
0,275
1,406
0,176
0.180

0,375

41,71
35.86
22,07
39,76
35.64
22.35
19,35
19.34
19.50
20,79
25,83
23,78
18.32
19.48
21.13

ORNL=435

3065
1.72
0.82
3,50
2.91
1.10
0,70
0,68
0.73
0.93
1,57
1.89
0,68
0.96
1.53

0,58
0.16
0.06
0.47
0.25
0,070
0,044
0.040
0,043
0.058
0.13
0.20
0.041
0.07

0.15



RUN_ 42
Table 23 TRAVERSE DATA R4z
SAT, CTS./MIN.KW
Location 3 & 9 12 15 18
Position
1 580042 33.69 9,55 1623 0,411 0,061
2 341,21 24,087 6,21 040 0.064 0,022
3 351,40 26,49 6,40 .38 0.045 0,011
4 429,20 29.14 7.21 1,49 0.265 0.023
5 302027 21.57 5 odidy ohl 0.074 0.013
) 310.44 23,82 5.62 035 0.045 0,010
7 340 &7 26,23 6,33 037 0,044 0.010
g 358,94 26,99 6,66 038 0.044 0,010
9 .349.88 25,82 6050 <38 0,045 0.012
10 326,36 23.57 5,97 36 0.042 0.012
11 320,78 23,24, 6,01 .38 0,060 0,013
12 450 .49 36,59 9,75 091 0.190 0.017
13 334,16 25,19 6,35 037 0.043 0.011
14 301.39 22,10 5,68 o35 0,047 0,010
15 365,81 25,30 6.39 .86 0,161 0,013



Locaticon
Position

a
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»

o 3 o~ W P W

10
11
12
13

* Foils 4% apart,

Table 24

87,022,
119,464
119,026,

84,173,
125,163,
128,670,
120,560,
119,245,
120,560,
117,272,
109,142,

79,350,
114,422,
102,366,

79,789,

2591,
2312,
1985,
2406,
2240,
1913,
1897,
1922,
1937,
2095,
2562,
2869,
1794,
1838,
2264,

RUN _ 43
TRAVERSE DATA

SAT, CTS./MIN, KW

8

35408
216.9
126,3
220,0
20504
Lédiot
121.9
1171
117 .4
141.0
232,8
311.8
112,7
150.0
206.9

5%

13

*
15

40858
1.319
0.604
0,781
R.049

ORNL=435

16" 2% 2
1,199 0.245 0,922
0.453  0.0918 0.179
0.389  0.0932 0.116
0.447  0.108  0.0734
1,367  0.296  0.241
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5 GAMMA ATTENUATION
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TRANSPORT BOXES

\
dc
y !
- - - - ey
p———— @ -———————e>J e
——— b > f
Box No. 2 3 L
Dimension
a 2L 7/8" 21 3/um 9 g/16"
b 25 3/8" 22 1/ 10 1/16"
c 23 3/u¥ 25 1/ 27
4 25 26 1/2" 28 1/L4*¥
e 27 11/16" 29 1/8" 30 13/16"
f 28 15/16" 30 3/8&" 32 1/16"

FIG. 6 PAGE 63
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(REVISED)
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