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ABSTRACT

The age for fission neutrons was determined for
six mixtures of D20 and H>0 by measuring the
neutron slowing-down distributions at 1.4 ev.
Similar measurements were made in a lattice of
aluminum rods in Dz20. 1In this case, the slowing-
down distributions in the directions parallel

and perpendicular to the rods were different, so
that the age-was anisotropic.

External Distribution according to
TID-4%500 (11lth Ed4.)}
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NEUTRON AGE IN MIXTURES OF
LIGHT AND HEAVY WATER

INTRODUCTON

Measurements of the neutron agetl) in mixtures of light and
heavy water were undertaken as part of a program to study the effects
of contamination by light water 1n reactors moderated with heavy
water., The only previous work in this fileld 1s a single measurement
of the neutron slowing-down distribution in 99.8 per cent DEO(Z). No
measurements were available for mixtures of light and heavy water,
although some theoretical estimates have been made(3),

It has been predicted that streaming of fast neutrons along
aluminum rods will result in an anisotropy of the slowlng-down
distances(*)., The testing of this prediction required that measure-
ments be made in a nonmultiplylng lattice of aluminum rods in Ds0.

SUMMARY

The neutron age from fission energies to 1.4 ev was
determined experimentally for slx mixtures of light and heavy water
ranging from 99.8 to 91.8 per cent DzC.* The age was evaluated from
the distribution of the slowing-down density of neutrons in the
moderating medla. The slowing-down density was determined by acti-
vating cadmlum-covered indium foills with neutrons from a “"point"
fission source.

Over the range of water mixtures studied, the age decreased
as a linear functlion of the Hz0 concentration, within experimental
error. The values of the age ranged from 109 + 3 em? in 99.8 per cent
D20 to 78 + % em® in 91.8 per cent D20.

A large anisotropy in age was found in a lattice of aluminum
rods in 99.3 per cent Dz20. The age, as calculated from the neutron
slowing-down density in the direction parallel to the rods, was 140
em®, while it was 108 cm® in the direction perpendicular to the rods.
The latter value 1s equal, within experimental error, to the age for
pure moderator.

* Concentrations of D20, listed in this report, are in terms
of mol per cent D20.
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DISCUSSION

THEORY

The neutron age between two energiles is deflned as one-sixth
of the mean square distance traveled by the neutrons as they are
slowed down from the higher energy to the lower energy. It can be
evaluated from the following relation:

2 [
“(5,5) - r? (E,,E) _ v 2 a(r,E)dv -

° 6§, alr,B)av

where

q = slowing-down density of neutrons at energy E,
neutrons - em~2-sec?

E_ = initial energy of the neutrons

E = lower energy of the neutrons

r = distance from the source, cm

v = volume, cm®

The neutron age between the energy of fission neutrons and

1.4 ev can be determined by activating a large number of cadmium-
covered indium folls placed at various distances from a fission
source. The foll activities are proportional to the slowling-down
densities at 1.4 ev, as shown below.

The activity of a foll exposed at the distance r from the
source of fission neutrons, A(r), can be wrltten as

Efission
Ar) ~£ ZIn(E)CI)(E,r)dE (2)
ca
where
Sy, (E) 1s the macroscopic absorption cross section of indium,
and

®(E) is the isotropic!S’ component of the neutron flux at the
energy E and at the distance r.

The integration is performed from the energy of the cadmium

cutoff to the energy of fission neutrons. The activity of the foil 1s
obtained by averaging the activities of both sides, since this average

-6 -




1s proportional to the isotropic neutron fiuxf(S/t,

For nonabsorbing or weakly absorbing media, su?h as those
investigated in thls report, Equation 2 can be written!?

E

fission b

A(r) muf qQ An dE
B EZs E
cd

where

q 1ls the slowing-down density
and
EZS is the slowing-down power of the mederator.

Sigce the cross section of indium 18 nearly zero except at 1.4 ev, the
foil activity is proportional to the slowing-down density at 1.4 ev.

In terms of the foil activities, Equation 1 becomes now, in
spherical coordinates

=]
z bqr f r*A(r)dr
7(fisslon to 1.4 ev) = -I— = = (3)

6 2hq I r2A(r)dr
o)

DESCRIPTION OF EXPERIMENTS

Experimental Facllity

The experiments were performed In the aluminum tank of an
exponential facility‘s « The tank is five feet in diameter and seven
feet high. As shown in Flgure 1, it is situated directly over the
"Standard Pile" or SP(7?, a small pille of enriched uranium and
graphlte that serves as a source of neutrons for the eXpon?ntial
experiment and that is similar to the Thermal Test Reactor!®},

Slowing-Down Media

Six different mixtures of light and heavy water were used in
these experiments. The concentrations of heavy water in each mixture
are given 1In Table VIII. Each value 1s an average from eight samples
that were analyzed by a mass spectrograph.

Tc study a possible anlisotropy of the age, a lattice of
aluminum rods was placed in the moderator containing 99.3 per cent
D20. The experimental lattice congisted of 23 aluminum rods one inch
in diameter and five feet long that were hung, in clusters of four, -
from grid beams at the top of the exponential tank. The hexagonal




lattice of the clusters within the tank is shown in Figure 2. Quatre-
foil housing tubes made of 633 aluminum were used to accommodate the
four rods of each cluster. The cross=-sectional areas of a quatrefoll
and of a set of four rods were 0.73%2 in® and 3.14 in® respectively.
The total area of each lattice cell was 42.4 in®, Thus, the volume
ratioc of aluminum to water was orie to ten.

Fission Source and Detectors

The flsslon sdurce for the experiments was a stack of ten
folls of highly enriched uranium that was 1lrradiated by the thermal
neutrons from the SP to produce fission neutrons. The folls were one
inch in diameter and 0.0C5 inch thick., A thin coating of lacquer was
applied toc each foll to prevent corrosion. The source 1is shown in
Figure 3. Also shown in Flgure 3 are the indium folls and cadmium
covers that were used to measure the slowlng-down distribution. The
indium folls were 3/4 inch in dlameter, 0.0055 inch thick, and welghed
100 mg/em®. They were selected from a calibrated set such that, for a
given exposure, the activation was the same within £ 1/2 per cent.

The cadmium covers were 0.030 inch thick.

Pogitioning of Source and Detectors

Figure 4 shows the aluminum framework and the foll holders
that were used in the mixtures of D20 and Hz0. The apparatus con-
sisted of an aluminum frame five feet by five feet, and two thin-
walled aluminum tubes that formed a crossbar. These tubes had a wall
thickness of 0.018 inch and an outside dlameter of 1/2 inch. Holes
were drilled 1n the tubes to allow entry of the moderator. The
fission source and the foils were attached to the crossbar by means of
small aluminum clamps as shown in Figure 4. The frame was placed in
the tank so that the figsion source was 35 cm above the bottom of the
tank.

Figure 5 shows the apparatus that was usgsed to positlion the
fission source and the foils for the measurements in the Al-D20
lattice. The fission scurce was placed inside a one-inch aluminum
tube with the plane of the source horizontal. The aluminum tube was
placed in one of the channels of the central quatrefoil so that the
fission source was approximately 25 cm from the bottom of the tank.

To make a vertical traverse in the Al-D:0 lattice, most of
the cadmium-covered indium folls were placed 1inside the aluminum tube
at various dilstances from the source and were separated from one
another by aluminum spacers. One such aluminum spacer is shown 1n
Figure 3. 8Si1x folls were positioned ocutside the aluminum tube in the
moderator, approximately an inch away from the tube.

Radilal traverses in the Al-Dz0 lattice were taken along the
diameter of the tank 1n the horizontal plane of the source. Figure 2
shows the path of the radial traverses through the lattice. The
indium folls were placed on the aluminum arm, shown in Figure 5, wilth
the plane of the foils perpendicular to the line jolining the source
and the foils.




Experimental Procedure

The slowing-down density of the neutrons at 1.4 ev was pro-
portional tc the activity of the cadmium-covered indium folls measured
with the U-235 fisgsion source in place, minus the activity observed in
a similar run with the fisslon source removed. The traverse without
the fission source measured the activity induced by neutrons from the
Standard Pile, while the traverse with the fission source measured the
activity induced by neutrons originating in the source as well as in
the SP. Therefore, the net activity was induced by neutrons born in
the fisgsion source that had been slowed down to 1.4 ev.

The actlvity of the indium folls was determined with two
intercalibrated GM tubes. The tubes were Tracerlab TCG-1 counters
with a mica end-window. A total of at least 20,000 counts were
obtained for each foil. The activity of a foll was taken to be the
average of the actilvities of both sides.

The cadmium-covered foils were spaced at least 8 cm apart to
avold shadowing of one foil by another. They were placed at a minimum
distance of 25 cm above the graphite pedestal at the bottom of the
tank to eliminate the effect of neutrons moderated In the graphlte.

Since the folls that were placed along the radius of the
tank were closer to the 3P than the foills that were placed vertically,
the background activity caused by neutrons from the SP, relative to
the total activity, was hlgher for the radial traverses than for the
vertical traverses.

To avolid poor counting statlstics, the foils were placed in
the Al1-D-0 mixture at distances less than 45 cm from the source in the
radial direction, and less than 70 c¢m in the vertical direction. For
the game reason, in the Dz0-Hz0 mixtures, the folls were placed at
distances less than B0 c¢m from the source.

Evaluation of the Data

The integrals in Egquation 3 were evaluated from the slowing-
down density. The age T, as defined in Equation 3, is the age
measured by means of point detectors and a point fission source. In
fitting the experimental results to these formulae, geometric cor-
rections were made to the foil activities to account for the finite
size of source and detectors. The formulae for the geometric cor-
rections have been calculated previously(®) and are listed in the
Appendix. The geometric corrections to the foil actlvities never
exceeded C.5 per cent and were less than 0.3 per cent for distances
greater than 20 cm from the source.

Correctlons were also made for the activatlon of the indium
by neutrons of energies greater than 1.4 ev. The correction for the
high energy activation was determined by a technique also described in
the Appendix. The corrections for high energy activation were always
legs than 15 per cent, and were less than 0.5 per cent for distances
greater than 25 cm from the source.




To evaluate T from the corrected data, the product Ar® was
plotted against r, where A 1is the corrected foil activity and r 1s the
distance from the source teo the detector. A smooth curve was drawn
through the experimental polints. This curve was used to construct the
curve of Ar#* versus r.

In order to evaluate the integrals of Ar® and Ar* from zero
to infinity, the experimental curves of Ar® were extrapolated to
Inf'inity by assuming(9) that the slowing-down density was proportional
—r /A

e

to at dlistances greater than 30 ¢m from the source. The

1..2
parameter A was determined from the slope of the curve of 1n ArZ
versus r, at distances greater than 30 cm from the source. The
portion of the area under the curve of Ar* versus r beyond the last
experimental polint varled from eight to fifteen per cent of the total
area, whereas the area under the extrapolated portion of the curve of
Ar? versus r was less than one per cent of the total area.

After the curves were extrapolated, the integrals in
Egquation 2 were evaluated by measuring the area under the curves wilth
a planimeter.

Figures 6, 7, and 8 show the development of a typlcal set of
curves, in the case of 94.0 per cent D20. Simllar sets of curves were
drawn for each of the other measurements. Figure 6 1s a plot of 1n Ar®
versus r from which the parameter A was determined, and Figures 7
and 8 are plots of Ar® and Ar* versus r. The ratio of the areas under
the curves of Ar* and Ar® from r = O_to r = » was 518 e¢m®. This
result 1s the experimental value of r2. The neutron age is, b
definition, one-sixth of r2 and therefore eguals 86 cm2, for 94.0 per
cent Dz0.

RESULTS

Tables I through VII glve the results of the foll measure-
ments for the different slowlng-down medla. These results are also
shown graphically in Figures 9 and 10, whilch are plots of 1n Ar®
versus r. The curves in PFlgure 9 were normalized so that the foil
actlvity at r = O was approximately the same for each mixture.

The wvalues of T calculated from these data are glven in
Table VIII. The errors 1In 1 listed in the table were estimated from
the uncertainty with which the curves of Ar? and Ar® versus r were
extrapoiated beyond the last experimental point. The parameter A,
determined from curves of 1n Ar2 versus r, is listed in Column 4 of
Table VIII. The fraction of the area under the Ar?* curves that were
evaluated by extrapolation 1s listed in Column 5.

A previous measurement {2} of the neutron age in D0 gave a
result of 106 em® for 99.8 per cent Dz0. This result agrees with the
present result within the experimental error. The variation in age as
a functlion of light water contamination 18 shown in Flgure 11. Over

~10-




.this small range of moderator purities, the decrease in 7 as a

function of purity is very nearly linear. The slope of this line
shows that one per cent of Ha0 decreases.t by 4 cm2.

Experiments in the lattice of aluminum and heavy water
showed that the age measured parallel to the aluminum rods was 140 cm®
and that the age measured perpendicular %o the rods was 108 cmZ.
Figure 10 compares the curves of 1ln Ar® versus r that were obtalned in
the vertlcal and radial directions. The difference 1n the foil
actlvlties caused by the anlsotropy in the age 1s notlceable at
digstances greater than 20 ecm from the source and becomes more apparent
as the dlstance increases. Thils anisotropy results from the streaming
of fast neutrons along the aluminum rods. The value of 108 cm? for
the age measured in the dilrectlon perpendicular to the aluminum rods
equals the value of the age for pure moderator within the precision
of the measurements.

Since the radius of the tank was 76 cm while its height was
185 cm, 1t was necessary to make sure that the differences in the
slowlng~down dilstributicons in the radial and vertical directions were
not influenced by leakage of neutrons 1n the radial direction. An
auxlillary experiment in 99.0 per cent D20 showed that, with all
aluminum removed, the slowlng-down distributions were the same in both
the radial and vertical directions. Therefore, the radial boundary,
76 em from the source, did not affect the radlal measurements in the
mixture of D20 and aluminum.

W. [ade

W, wade
perimental Physilics Division




APPENDIX
CORRECTION OF FOIL ACTIVITIES FOR FINITE SIZE OF SOURCE AND DETECTORS

To account for the finite size of the folls and the source,
geometric corrections must be applied to the activity of the indium
foils. Such correctlions have been published previously(S’ for various
shapes of folls and sources. For a plane source of radius a; and a
plane detector of radius az, the correctlon for the activity of the
foll 1is :

Alr ) = A (r.) = -
© m* o Ur dr
o
where
A(ro) = activity induced by a point source in a point detector
at ry
Am(ro) = measured activity in the finite foll at rj
Po = distance between the center of the fission source and the
foll )
Since thils correction was small, the derivative (%%) , was taken %o
r

o
be the slope of the experimental curve of AR versus r.

The correction factor for a source with a radius of 1.0 1lnch
and folls with radii of 0.750 inch i3 shown in Figure 12. 1In the
range of the measurements that were used to calculate 1, the cor-
rection was less than 0.5 per cent.

CORRECTIONS FOR ACTIVITY INDUCED IN THE FOILS BY HIGH ENERGY NEUTRONS

The correctlion for the activatlion of the cadmium-covered
indium folls by high energy neutrons was determined by experiment, by
means of a technique that has been described previously‘®). The
technique conslsts of comparing the activity of indium folls covered
by cadmium wlth the activity of foils covered by both cadmium and
indium. Since the resonances of In-115 above 1.4 ev are weak compared
to the resonance at 1.4 ev, the self-shielding of the high energy
resonances 1s small compared to that of the 1l.4-ev resonance. Conse-
quently, covering the folls with indlum wlll have little effect on the
activation by neutrons of higher energy, but will decrease the acti-
vation at 1.4 ev by a large factor.

At distances less than ¥T from the fission source, the total
activation of cadmium-covered indium foills is

-12-




Atotay = A(L.H ev) + A(high energy) (1)

At distances of two or three times vt from the source, the activation
by high energy neutrons is neglligible so that the activation 1is

Rtopal = A(1.4 ev) (2)

With the foills covered with both indium and cadmium, Egquations 1 and 2
can be written

A = gOA(l.4 ev) + A(high energy) (1a)

éotal

Al =g

total A(l.Y ev) (2a)

O

where gy 1s the self-shlelding factor for the foil at the l.4-ev
indium resonance. It i1s independent of r. Equations 2 and 2a may be
used to obtain g and then Eguations 1 and la may be solved simul-
taneously to obtain A(high energy).

The table below lists the results of experiments with
cadmium plus Indium covers and with cadmium covers alone.

. Aca + In
or Aca Acd + In Acg
4.4 513, 300 228,470 0. 445
14.0 %05,020 128,180 0.420
31.5 57 , 200 22,390 0.392
42.0 13,650 5,194 0.381

Fipgure 13 1s a plot of the ratio of the indium foll
activities when covered with indium plus cadmium to the activities
when covered with cadmium. A%t distances greater than 25 cm from the
figsion source this ratio equals go- From Figure 13, go equals 0.38.
The resulting correction to the foil actlvity is plotted also in
Figure 13 and 1is less than 0.5 per cent for distances greater than
25 ¢m from the source.

-13-
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TABLE I
MEASUREMENTS IN AL-D=0 LATTICE

D20 Purity = 99.3%
Placement of Foll

Angle from Foll Distance
Vertical Line Placed from Source A
e on RETRESSe ots/nin  Ar® x 1076
0 Al 2.4 T267,461 1.50
0 Al 4.4 251,440 4,96
0 Al 9.4 219,807 19.58
0 Al 11.9 182,519 26.07
0 Al 14.0 160,250 31,31
10 D50 15.8 14k, 217 - 36.11
0 Al 21.4 84,509 239,02
0 Al 21.5 84,759 39.23
0 Al 24 4 62,405 37.27
0 Al 26.0 56,222 37.93
8 D0 31.1 27,531 26.70
0 a1 31.5 28,313 28.12
0 Al 34,0 20,811 24,02
0 Al A4l 20,341 23.59
0 41 37.0 13,042 17.84%
0 Al 37.0 13,442 18.39
o Al 42,1 6,809 12.04%
5 D0 43,1 5,474 10.15
5 D0 k7.0 2,634 5.82
3 D0 50.7 1,644 4. .22
0 Al 59.5 600 2.1%
2 D0 63.8 243 0.99
0 Al 64.5 294 1.22
0 Al 72.1 804 0.42
o) Al 76.1 80 0.46
45 D0 19.9 96,694 _ 38.15
31.1 24,940 24,17
90 D0 6.1 273,632 10.15
g0 D20 7.9 253,109 15.86
270 D0 14,0 169,153 =z, 05
90 D0 7.7 117,324 36.67
20 D0 23%.9 62,883 35.80
270 D0 31.8 21,766 22.03
g0 D50 35.5 14,286 18.04
270 D0 35.5 15,567 19.66
270 Dz0 42,2 3,530 6.29
90 D20 43.0 2,684 .97

-15~




Distance from

TABLE TI

MEASUREMENTS IN 99.8 PER CENT Dg0

A

RSSEee St ot
6.7 270,540
10.7 216,830
1%.6 154,140
18.6 101,420
20.6 88,660
25.6 47,500
29.1 27,890
35.0 11,370
39.6 5,417
45.1 3,224
50.0 868
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TABLE IIT
MEASUREMENTS IN 939.0 PER CENT Dg0

Distance: From

source r, Acorrected,
cm Relative cts/min Ar® x 107S
6.2 382,300 14.66
10.2 301,200 31.07
13.4 217,600 39.23
19.6 125,400 48,18
20.5 110,100 46.26
24.9 59,600 37.01
29.7 31,110 27.38
30.5 28, 300 26.29
z4 .1 16,010 18.67
38.8 6,910 10.38
40.0 4,072 7.54
49.9 928 2.31
50.0 1,056 2.64

-17-



TABLE IV

MEASUREMENTS IN 98.4 PER CENT D,O

Distance from
Source 1,

Acorrected,

Relative cts/min

ATE x

=
o

-6

cm
6.5 329, 030
10.8 238,190
i%.5 165,630
18.7 106,810
20.6 82,320
k.9 45,940
29.1 24,960
35.0 11,050
39.7 5,270
45.1 2, 4h7
50.1 1,372

-18-
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TABLE V

MEASUREMENTS IN 95.3 PER CENT Da0

giigigcre’, From Acorrected,
e Relatlve cts/min
6.7 1,029,500
10.8 739,350
14 .4 515,580
18.8 282,940
20.6 230,640
24 .9 118,950
29.1 65, 740
25.0 21,900
39.4 11,240
5.2 4,010
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TABLE VI

MEASUREMENTS IN 94.0.PER CENT D30

Distance from

Source r, Acorr‘eoted, _
cm Relative cts/min Ar2 x 10 °
6.7 1,375,700 62.5
10.9 998,300 118.0
14%.3 666,000 136.0
18.8 279,590 134.3
20.7 289,110 124.0
25.0 153,600 96.0
29.0 78,200 65.8
35.1 29,230 %6.0
39.7 13,540 21.3
45.2 4,859 9.9
50.0 1,844 4.6
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TABLE VITI

- MEASUREMENTS IN 91.8 PER CENT Ds0

géigigci,from Acorrected,
cm Relative cts/min
6.7 1,055,020
10.8 732,240
14,4 873,570
18.8 261,760
20.6 201,640
25.0 98,800
29.1 419,110
25.0 17,700
39.6 7,616
45.2 2,030
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TABLE VIII

SUMMARY OF AGE MEASUREMENTS

Estimated Extrapolated
bor Cemt Da0 0 omd - ond on  per cenmt .
A. In Water
99.8 109 + 3 8.7 1%
99.0 107 + 5 8.7 14
98. 4 106 + 3 9.3 15
95.3 93 t 3 9.0 13
94.0 86 + 3 7.5 8
91.8 78 £ 3 6.7 9

B. In Al-Dz20 with 99.3% Per Cent D50

Parallel to

aluminum rods 140 + 3 10.2 4
Perpendicular to
aluminum rods 108 + 5 7.8 20
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FIGURE 3
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GEOMETRIC CORRECTION FACTOR
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FIGURE 12
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