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ABSTRACT

Thermal-neutron flux measurements at the Lid Tank Shielding Facility in
water, oil, and a sugar-water solution have been used to calculate effective
neutron removal cross-section values of carbon and oxygen distributed in con-
tinuous mediums. The values are 0.72 + 0.05 barn for carbon and 0.92 + 0.05
barn for oxygen. These values are somewhat lower than previously reported
values determined by another method, but the differences may be attributable

to experimental errors.
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INTRODUCTION

Effective neutron removal cross sections for carbon and oxygen have
been obtained at the Lid Tank Shielding Facility (LTSF) from measurements
of thermal-neutron fluxes in water, oil, and a solution of sugar dissolved
in water. The -measurements differ from the usual LTSF removal cross section
measurements in that the medium or material is distributed rather than being
concentrated adjaéent to the source plate. The removal cross section for
carbon'was determined from a comparison of the measurements in the sugar
solution with the measurements in plain water. Since the sugar (012H22011)"
solution contained almost as much hydrogen and oxygen as plain water and
contained them in the same ratio, the effect of the water could be removed.
-Then by comparing the measurements in oil and water and using thé "distributed”
carbon cross section, the oxygen cross section could be determined. The re-

sulting cross-section values obtained with this distributed-medium method are

somewhat lower than those obtained with the usual method; hbwever, the difference
may be attributable to experimental uncertainties. Also, it is to be pointed out

that the earlier value for oxygen has a large uncertainty partly due to the fact

that the sample was an oxygen compound.




I. EXPERIMENTAL PROCEDURE AND RESULTS

The sugar solution used in the experiment contained 64.2 wt% sugar

Sy

(C12H22011)’ which gave 0.55h>g of carbon and a hydrogen and oxygen density
that was 96% of that of plain water. The density of the solution was
1.312 + 0.001 g/cm5. The oil medium consisted of G-E 10-C insulating oil
and was assumed to be CH2. Its density was 0.876 g/cm5.

Because the experimental tank at the LTSF (that is, the tank covering
a hole in the shield of the ORNL Graphite Reactor) is always filled with
water, it was necessary to contain the sugar and oil solutions in a separate
tank which could be positioned in the experimental tank. The tank availablef
for this purpose was a steel tank that had been constructed for another ex-
periment and contained a 1/8-in.-thick Inconel window in thé-side ad jacent
to the LTSF source plate. In order to determine the effect of this window
on the measurements made within the tank, a series of measurements were made
in a plain water medium contained in the tank. The resulting gamma-ray curve
is higher than the normal LTSF water curve, but there were no indications of
any effect on the neutron measurements except at large distances from the
source* where the change in slope of the thermal-neutron flux indicates the
presence of photoneutrons.l '

The gamma-ray dose rates, fast-neutron dose rates, and thermal-neutron
fluxes in water and in the sugar solution are shown in Figs. 1, 2, and 3,
respectively (see also Tables 1, 2, and 3 in Appendix A). In order to ob-
serve the behaviour of the thermal-neutron flux in a medium removed from
the soﬁrce, the sugar solution was also placed in a 36-in.-long aluminum
tank (1/8-in.-thick walls) in the LTSF with two different thicknesses of
water between the source plate and the interface of the water and sugar
solution. Figures 4 and 5 show the thermal-neutron data with the nearest
side of the tank 17.9 cm and 48.2 cm from the source plate, respectively.
(These data are also given in Tables 4 and 5 in Appendix A.)

'l. That photoneutrons are present in significant numbers in the tank has
been reported; see D. K. Trubey, "An Estimation of Photoneutrons from
Carbon-13%," ORNL-2200 (1958).

¥ The source used for this experiment was the old LTSF source plate,
identified as SP-1 and described in ORNL-2081, p.. 163.
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The thermal-neutron fluxes in the oil medium are shown in Fig. 6. It
can be seen that photoneutréns from the high-energy Inconel gamma rays and
the naturally occurring deuterium and 013 in the o0il markedly affected these
measurements for distances gfeater than 120 cm from the source.. A 3.8l-cm-
thick bismuth slab placed in the oil approximately 45 cm from the source
suppressed theée gamma rays and the resulting photoneutrons without any ob-
serveble: effect on any other component of the thermal-neutron flux. The

measurements in oil are also given in Tebles 6 and 7 in Appendix A.2

L

2. These oll measurements were taken from ORNL-CF-54-11-3%, "Measurements
of the Effective Neutron Removal Cross Section of Lithium at the Lid -
Tenk Shielding Facility," by G. T. Chapman, J. B. Dee, J. M. Miller,
and W. J. McCool (195k).
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(1)

II. CAICUIATIONS OF REMOVAL CROSS SECTIONS

The standard method for correcting the data for geometry was not applied
because of the radical departure from the usual configuration. A suitable
correction may be derived, however, with the use of an attenuation kernel.
The point source attenuation kernel for a homogeneous shield may be expressed

as follows:

l -
G(p,R) = - T—i{gi(FiR)

where

G(f:R)

response of a dose detector to unit source at
distance R away,

.f: = sghield density,

Pi = density in the shield of the ith component,

T]_= product of. the functions of all the components,
g; = attenuation function for the ith component.

For a hydrogenous shield, it i1s assumed that to sufficiently good accuracy
the attenuation functions for all elements but hydrogen are exponential.
Then,

i o0
-~/ J
\i‘si(PiR) = ey(pgR) e

where H denotes hydrogen, Jj runs over all elements but hydrogen, and k

J

is the macroscopic removal cross section divided by/oj.

The dose rate at a distance z due to an infinite plane source of unit

source strength per unit area is
7
» R
3 -L.B R
J
sH(PHR) e . 4R

D®(z) = 2

=l o
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(2)

(3)

()

(5)

where"flg is the removal cross section of the jth component. Also the dose rate

from a disc of radius a is

2 2
Z + a
-Z’L;;R

1 1
3 % eglpsR) e ’

Z

D(z,a) = dR

Two approaches were made. In the first approach, given in Appendix B,
Eq. 1 was used and also the Hurwitz correction, which is the ratio of the
doses due to a finite plane source and an infinite plane source. The fol-

lowing equation results for each medium:

-IZi:Z% z
D(z,a) = Mg'z_l € . gH(FHZ) [_l. +la(z)J

2
where
D(z) = neutron dose rate at distance z,
»(z) = relaxation length of neutron flux at z,
% +a(z) = Hurwitz correction”
~.];+gf /54.]_
! 2 (x ’
a
a = radius of source plate.

Picking a z in each of the three mediums, water, oil, and sugar solution, so

that/olel =/°H222 =/pH325 and combining equations like Eg. 3 for the three

mediums, the following is obtained:

1 q Dl(zl)LB(ZB)zl [% + a(zl)
% = No (25 - 2 cm) " D, (z. )\ (2. )z [l + afz ﬂ
3 p\25 /M 21025 | 5 3
s - - 2 (n D, (2) 2y (25 )2y '21'+ a(zl)] (
c 0 NHl(zl - 2 cm) D2(22)>~l(‘zl)z2 -]é'- + a(zeﬂ

3. S. Glasstone, "Principles of Nuclear Reactor Engineering," p. 600,
Van Nostrand, New York, 1955.

-11-

o



where the subscripts 1, 2, and 3 denote the water, oil, and suger mediums,

respectively, and

q;, db = microscopic removal cross sections for carbon
and oxygen, respectively,

N. = number of carbon atoms per cubic centimeter in
05 the sugar solution,

g

number of hydrogen atoms per cubic centimer in
1 the water. )

In the second approach, given in Appendix C, Eq. 2 was used and several

approximations were made. The following equation results for each medium:

, -2E z

(6) Do) - 25 e T eylpge)

Combining equations for the three mediums as before, the following is obta;ped:

2
D. (z,)z
_ 1 1121/%)
(7) % = N, (z5 - 2 cm) Q_n D_(z.)z 2 7
3 37377
2 —
D, (z.)z ;
8 -0 = 2 111 !
( ) CYC OO NH (Zl -2 Cm) n ( ) 2 -
1 Dy{zp )2,

The 2 cm is subtracted in all the equations because the edge of the carbon
medium was at z = 2 em. The two sets of equations give results which are

within about l% of each other, the value for oa being 0. 72 + 0.05 barn (Ref. 3)

and the value for 05 being 0.92 + 0.05 barn.

3. A value of 0.750 barn was reported in a progress report, ORNL-1771,
P. 165 (1954), but that value was computed with no geometric correction.

=12~
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IIT. DISCUSSION

These values are to be compared with previously reported neutron removal
cross-section values of 0.81 + 0.05 barn for carbon ahd 0.99 + 0.10 barn ﬁer
oxygen,j+ which were determined from measurements in water beyond thick samples
ad jacent to the LTSF source plate. While it appears that the "distributed”
cross sections reported here are lower than the cross sections determined from
the earlier measurements, this cannot be stated unequivocally becaﬁse of ex-
perimental uncertainties. This is especially true in the case of oxygen for
which a large uncertainty was associated with the earlier value. If there is
a difference between the distributed cross sections and the cross sections

determined by the usual method the difference is probably small.

13. G. T. Chapman and C. L. Storrs, "Effective Neutron Removal Cross
‘ Sections for Shielding," ORNL-1843 (1955).
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Table 1.

Aggendix é

TABLES OF DATA

Gamma-Ray Dose Rates in Plain Water and Sugar
Solutions Contained in 6-ft-Long Tank

%z, Distance

Gemma-Ray Dose Rate (mr/hr)

SiigZe In Plain water, In Sugar Solutions
(cm) 1010 1cx 1077-1c* Ac*

60 2.99 x 10° 2.05 x 10°
1.79 x 10°
70 1.85 x 10° 1.16 x 10°
1,07 x 10°
80 1.18 x 10° 6.77 x 10°
_ 6.25 x 10°

90 7.32 x 10° 3,94 x 10° 3,62 x 10°

‘ 3,73 x 10° 3,61 x 10°

100 4.68 x 10° 2.36 x 102 2.18 x 10°

2.20 x lO2 2.16 x lO2

110 3,21 x 10° 1.47 x 10° 1,36 x 10°

3.09 x 10° 1,39 x 10° 1.33 x 10°

120 2.04 x 10° 9.30 x :1.0l 8.4 x lOl
8.68 x 10%

130 1.37 x 10° 5.94 x 10 5,28 x 10°
5.42 x 10t

140 9.31 x 10% 5,86 x 10° 3,57 x 10~
3,58 x 107

150 6.25 x 10t 2.6 x 10t 2,22 x 10t
2.36 x lOl
158 1.61 x 1ot

160 k.55 x 10t 1.70 x 10t 1.49 x 10°

* Instrument code:

10

10

~IC = lOlO ion chamber; AC = anthracene crystal.

-1h4-
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Table 2, Fast-Neutron Dose Rates in Plain Water
and Sugar Solutions Contained in 6-ft-Long Tank

z, Distance

from Fast-Neutron Dose Rate (mrep/hr)
Source Plate
(em) In Plain Water, ND* In Sugar Solution, ND¥
70 3.15 x 10° 2.1k x 10°
80 9.3 x 10+ 4.50 x 107t
90 2.95 x 107t 1.65 x 10-1
1,16 x 107t
100 3,42 x 107
3,78 x 107¢
110 9.96 x 1070
1,18 x 1072
120 3,92 x 1077

¥ ND = neutron dosimeter.
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Table 3. Thermal-Neutron Fluxes in Plain Water,
and Sugar Solutions Contained in 6-ft-Long Tank

Thermel-Neutron Flux (nvth)

;;ogigzzgg: in Plain water ___In Sugar Solution
(cm) 1/2-Fc* 3.FC BF; 1/2-Fc* 3-Fc* BF;
2 7.08 x 107 7.24 x 107
L 6.48 x 107
10 2.94 x 107 2.hk x 107
1 1.06 x 107
20 3,64 x 10° 2,92 x 10°
2,9% x 106
30 5.9% x 10° 4.07 x 10° 4.07 x 10°
10 1.11 x 10° 9.4 x 10" 6.75 x 10" 6.78 x 10"
7.0h x 104
50 2.00 x 0% 1.31 x 0%
1.52 x 10%
60 b .66 x 10° 2.78 x 10°
3,11 x 103
70 1.25 x 10° .
1.21 x 107 6.47 x 10 5
6.9% x 102 6.25 x 10
80 3,27 x 10° 1.67 x 102 1.58 x 10°
1.55 x 102
90 9.57 x 10 8.75 x 10~ k.17 x 10F L.ob x 10%
4,00 x 10%
3,8Lh x 10l
100 2.4k x 101 N
2.k9 x 101 1.08 x 10
1.02 x 10%
1.06 x 10
110 T.76 x 100 o
7.18 x 100 3 08 x 10
3,07 x 10°
120 2,50 x 10° 9,18 x 1071
9.24 x 10'i
8.51 x 10~
130 8.27 x 10'l 2,68 x 10'1
2.53 x 10~

* Instrument code: 1/2-FC = 1/2-in. fission chamber; 3-FC = 3-in, fission chamber;

BF5 = 12-1/2-1n, BF5 counter.
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Table 3. (Con'd)

z, Distance
from Source

Thermal=-Neutron Flux (nvt

W)

In Plain Water

In Sugar Solution

*
3=FC

%

(cm) 1/2-FC" 3.FC BF 1/2-rC" B,

140 2.87 x 107t 8.35 x 1072
8.7 x 10,
8.935 x 10

150 1.00 x 107 3,06 x 1o:§
2.57 x losé
3,77 x 10

160 3.62 x 1072 1.43 x 1o:§
1.25 x 1077
1.14% x 10
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Table 4. Thermal-Neutron Fluxes in Plain Water and Sugar Solutions
Contained in 3-ft-Long Tenk (Tank walls at z = 17.9 and 116.1 cm)

Thermal-Neutron Flux (nvth)
z, Distance In Plain Water ‘ In Sugar Solution
from Source In Behind Tank
(cm) Tank* BF ¥ 1/2-FC** Z_FCH* BF g *x
20 3.65 x 1o6 L.ok x 1o6
25 1.46 x 1o6
30 5.60 x 10° 5.29 x 10°  5.57 x 10°
35 2.11 x 10°  1.93 x 102
2.18 x 10
40 1.00 x 10° 7.9% x 1ot
8.81 x 10
45 3.68 x 103
3.45 x 10
50 2.05 x 1oh 1.56 x 1oLL
56 8.40 x 10° 6.10 x 10°
77.5 2.63 x 107
78 3.90 x lO2 2.41 x 10°
82.5 1.30 x 10°
83 1.21 x 10°
88 1.11 x 102 6.15 x 10l
92.5 3.38 x 10t
102.5 8.96 x 10°
112.5 2.%1 x 10°
122 2.00 x 10° 7.07 x 107t
130 8.3 x 10°% 2.80 x 10°%
140 2.65 x 1of1 9.05 x 1072
150 8.8 x 10_'2 2.88 x 1072
160 3.00 x 107 1.08 x 1072

* Composite of measurements taken by several instruments.

** TInstrument code: 3-FC = 3-in. fission chamber; 1/2-FC = 1/2-in. fission

chamber; BF3 = 12-1/2-in. BF3 counter.
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Table 5.

Thermal-Neutron Fluxes in Plain Water and Sugar Solutions
Contained in 3-ft-Long Tank (Tank walls at z = 48.2 and 146.3 cm)

z, Distance

Thermal-Neutron Flux (nvth)

In Plain Water

In Sugar Solution

from Source In Behind Tank
(cm) Tank* BFB** 3-FC** BFB**
50 2.05 x 10* 2.52 x 10%
52 1.81 x 1oh
5k 1.31 x 10"
56 9.71 x 107
60 4.75 x 10° 5.45 x 10°
65 2.70 x 102
2.56 x 107
70 1.15 x 107 1.28 x 10°
5 6.15 x 10°
80 3,10 x 10° 2.99 x 10°
82.5 2.06 x 10°
90 8.9 x 10t 7.73 x 10t
92.5 5.21 x 10%
100 2.60 x 10% 1.99 x 10t
102.5 ' 1.41 x 10t
110 8.1 x 10° 5.49 x 10°
112.5 3,73 x 10°
119 2.80 x lOO 1.77 X lOO
122.5 1.07 x 10°.
132.5 5.9 x 10 3,20 x 107t
142.5 9.77 x 1072
153 6.40 x 10°° 2.20 x 107°
158 3,70 x 10” 1.71 x 1072
169 5.65 x 107>
* Composite of measurements taken by several instruments.
** Instrument code; 3-FC = 3-in. fission chamber; BF, = 12-1/2-in.

BF

3

counter.

3

-19-



Table 6,

Thermal-Neutron Flux in 0il Without
Bismuth Slab to Suppress Photoneutron Production

z , Distance

Thermal-Neutron Flux (nvth)

from Source * * * *
(cm) 1/2-FC 3-FC SB-BF 5 DB-EF5
Run 1 Run 2
2 7.4l x lO7
i T.11 x lO7
10 .64 x 107
20 3,00 x 106
30 L. 24 x 105 3,63 x 1o5
Lo 5.32 x 10h 6.14 x 1oh 6.07 x 10h
50 1.23 x 10l+ 1,23 x 1oh
60 2.85 x 103 2.8% x 1o5
70 7.21 x 10° 7.%2 x 10°
80 2,13 x 1o2 1.67 x 1o2
90 5,06 x 101 1
4.99 x 10 5,07 x 10
100 1,51 x 101 1
1.49 x 10 1.54 x 10
110 4.8% x 1oO 4,92 x 10o
120 1.49 x 1oo 1,69 x lOo
130 5.35 x 107> 6.27 x 1077
5,00 x 10 5.9% x 10
140 2,11 x 1073 2.62 x 107
2,15 x 10 2,57 x 10
150 8.95 x 1072 1.11 x 107y
8,54 x 10 1,15 x 10
159 4.97 x 1075
5.35 x 10

a. Reprinted from ORNL-CF-5l4-11-3,

Section of Lithium at the Lid Tank Shielding Facility,

%  Tnstrument code: 1/2-FC = 1/2-in. fission chamber; 3
= single-barrel 12-1/2-in. BF5 counter; DB-BFy

SB-BF

BF céunter°

3

-20-
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Table 7. Thermal-Neutron Flux in Oil with Bigmuth
Slab to Suppress Photoneutron Production

z, Distance

Thermal-Neutron Flux (nvth)

from Source % ¥ 3

(em) 3-FC SB-BF 5 DB-BF3

10 7.76 x 10°

80 2.12 x 10°

90 5.65 x 10% 5.39 x 10T 5.32 x 10%
100 1.54% x 10T 1.57 x 10
110 4,86 x 10° 4.97 x 10°
120 1,46 x 10 o

' 1.49 x 10 1.64 x 10

130 k.99 x 107t 5,19 x 107t
140 1.69 x 107t 1.85 x 107t
150 6.39 x 1072 7.08 x 1072
159 2.73 x 1072

Reprinted from ORNL-CF-54-11-3, "Measurement of an Effective Neutron Removal Cross
Section of Lithium at the Lid Tank Shielding Facility," by G, T. Chapman, et al,

Instrument code:

3-FC = 3-in, fission chamber; SB-BF, = single-barrel 12-1/2-in,

BF3 counter; DB-BFE = double-barrel l2-l/2-in. BF3 cotinter.
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(3-1)

(B-2)

(B-3)

(B-}4)

Appendix B

REMOVAL CROSS-SECTION CALCULATION USING EQ. 1

Equation 1 from page 10 is written as

‘Thus

R
< -2~ &R ar
pP(z) = L ? L (p.R) e J dr
2 | R ‘PR
U
z
R
_Zz:] z
0 (o] j
(@%@ %G le T )
dz zMz) 2 z Py
Equation B-1 for the various mediums is the following:
Ny
1
A (zy) -0 —=2
00 1'71 0 2 1
Dy (z1) = 55— eglpy 21
1 1
NH
0 r(z) =g - 7
Dy (zp) = 57— exlpy 2o)
2 1
oz o
.0 C
r(z2) - <——-+ ——) Ny .2
o AN 2 Db H3"3
Dy (z5) = 2, e sH(pH3z5)

where

D‘f (z,)

Dy (z,)
D;o (25)

1’ X2’ >

f

1}

i

5:

neutron flux in the water medium a distance
2y from the source,

neutron flux in the oll medium a distance
Zy from the source,

neutron flux in the sugar solution a
distance z_, from the source,

3

relaxation lengths of neutron fluxes at z

22, and zj,respectively,

l}

P2 -

re
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06,06 = microscopic removal cross sections of oxygen and
carbon, respectively,

N. ,N .,NH = number of hydrogen nuclel per cubic centimeter of
1 H2 3 the water, oil, and sugar solution, respectively,

b = NHB/NC ’

3
NC = number of carbon nucleil per cubic centimeter
3 of the sugar solution,
N. /2= N.,
Hl o1
No = number of oxygen nuclel per cubic centimeter of
1 the water,
N. /2= N,,
H2 02
NC = number of carbon nuclei per cubic centimeter

2 of the oil.

If
Z., = L Za = Z
P *1 = Pu % /’H55

then
N.2z2. =N,.2. =N_, 2
Hl 1 H2 2 H5 3

and

gH(Fﬁlzl) = gﬂ(ﬁéze) = gH(PHsz5)

Dividing Eq. B-2 by Eq. B-4 and noting that N_ z. = N, z_, gives
Hl 1 H5 3
NH z5
o 3 oN
® ) C b Z
D) (zl)x5(23)zl . . c C5 3

D3 (250 (2, )25
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(5)

where

= + alz)

Therefore,

Dividing Eq.

Therefore,

0¥ (2) = n<z,a>[%+a<z>5

= radius of source plate,

i

Hurwitz correction,

2
1 27n" 2z
= §+—?(x+l).

0%

%

B-2 by

T N,z

1 (n Dl(zl)XB(ZB)zl[% + a(zl):)

Cj 3 DB(ZB)XI(ZI)ZB [—é— + a(zj)]

Eq. B-3 and noting that N_ 2z Nlel gives

2 1

N
Hy

@ - (o7 -0) = =z
D] (zl)xe(ze)zl 0 c’/ 2 1

D ('zé M (z,)z,

Dl(zl ))»2(z2 )zl J: % + a(zl)_]

A
e
o
<>

5

mz
'_l
=

-2l

z D2(22 )xl(zl)zzr% + a(zz)]}

N
V
)
{

c

re
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(2)

Appendix C

2

REMOVAL CROSS-SECTION CAICULATION® USING EQ. 2

Equation 2 from page 1l is written as

d a 4 22 | _”j::z?k

.
1
D(z,8) = 3 feglp)e 7
Z
Letting
R
zR - sz
J
then

R

Rl o
_ d.Dé:,a) - g(;,a) _ é_{% gH(PHZ)e-‘Zz - - z".ae gH((o |22 R 32)6-71 z~ +a }

For thick shields, z277 a2, so that

2
R 1 a
-ﬂR \lz2 + a® ~ -3z "§ZR'2—
e = e e
R
R
- 2
Y e = z(1 - % pa a )
zZ

similarly

L_R.2
Bl 2 + o) eg(pg?) l_%ZH Ez"J

5. E. P. Blizard personal communication.
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A _Z ’ z2 [ 1 a2
D(z,a) = 5 gH(PHz) e l--5 5 |L-5 & §X
z" + a
R 7
v -z 2,1 2a(Z R+ )
= =~ g Z e
2z 8x'\Py 2. 2
2 -'fZFz 1+ % (2:; +E§B
= g.(p.z) e
2z %u‘Pu 2 2
Z R  <—»R
s (Z g +Z7)»1
z277a2
(Bg +2M =1
Therefore
<_’R
5 - 4s Z
~ a
(6) D(z,a) = -—é'e SH(EHZ)
Lz

Equation 6 for the various mediums is the following:

Ny 7y
-0~ 1
(c-1) n(z)?-—a—z—eo - g (P2
: 121 hg 2 E\PEY1
1
Ny 2,
—o' 2
(c-2) D()?iff—eC2 & (oy Z,)
, 2\% 7'\Cy_ %2
hzz 2

re
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(7)

(8)

H3 3
eg(Py 25)
3
where the various symbols are defined in Appendix B. If
= Pu,%3
3
en(Pr 21) = eglpy 22) = eglpy 2s)
1 2 3
Dividing Eq. C-1 by C-3 and noting that N, 2z, = N_ 2z, gives
H1 1 H3 3
N, 2z
H, 3
o o, N, 2z
2 C C Cy 3
Dl(zl)zl b 3
—_————= e = e
D.(z_)z_ 2
3( 3) 5
Therefore,
- 2
1 D, (z) )z,
OE T N,z n 2
D
Cs 2 5(23)25
Dividing Eq. C-1 by C-2 gives
Nﬁlzl
2 -(oz - o)
—-———-—-—-—.——é- - e
De(z2)z2

Therefore,
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