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ABSTRACT

"Effective removal cross sections"” are calculated for Pb, Fe
and O from measurements of fast neutron dose in the water surround-
ing the BSF reasctor. The values for Pb and Fe agree quite well with
those previously determined from Lid Tank data, whereas that for O

is somewhat lower.




ANALYSIS OF BULK SHIELDING FACILITY NEUTRON DOSIMETER DATA

S. Podgor

I, Introduction

The new Bulk Shielding Facility has now measured the fast neutron
attenuation of water as well as two metal-water combinations., In this
report the fast neutron dosimeter dats was used to determine the effective

removal cross sections for oxygen as well as for the metsls Fe and Pb,

II. Reactor and Experimental Arrangements

The active core of the Bulk Shielding Reactor occuples s rectangu-
lar parallelepiped, 15 in. by 15 in. by 24 in. The sluminum-encased
water-cooled fuel elements are set into an aluminum matrix which is sus-
pended in a pocol of water. A compléte description of the Bulk Shielding
Facility is given in a separate reportl).,

The attenustion measurements used in this analysis were performed
with the fast neutron dosimeter developed by G. S. Eursta) of the ORNL
Health Physics Division. This instrument measures the total ionization
due to proton recoil of fast neutrons of energies greater than about 1/2
Mev.

Megsurements were taken at various distances from the face of the

reasctor.

1) Breazeale, W. M. - ORNL-991, "The New Bulk Shielding Facility at
Oak Ridge National Laboratory" - May 8, 1951.

2) Hurst, G. S. - ORNL C.F. 51-4-122 - "A Proportional Counter Method
of Measuring Fast Neutron Dose" - April 27, 1951.
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III. Analytical Procedure

A. Source
In order to analyze these dosimeter measurements, it is
necessary to know:
(1) the fast neutron dosage emerging from the reactor, and
(2) how the materials between the reactor and detector
attenuate this dosage.
The first is based on measurements by Meem and Jolmscm5 ) and pre-
liminary calculations by H, E. Hungerford.h)
In order to transform the reactor to an analytically more tract-
able form, an "equivalent thin source,"” in wa.tts/cm", is calculated.
For this purpose the power distribution in each row of elements is ex-

pressed in the form of a double cosine function,

P. (x =P, + P, cos 2% cos L
n(:y) A B e by

where the origin is tsken at the center of the reactor.
P, (x, y) is the power density in the nt® row at any point (x,y)

in the rectangular arrsy of sides g and b, and P, and P]3 are constants

3) Meem, J. L. and Johnson, E. B. "Determination of Power of the Bulk
Shielding Reactor,” ORNL-1027.

L) Hungerford, H. E., personal communication.



The distribution functions for the various rows differ only by

for the row.

the difference in the values of Py and P,. The equivalent thin source
distribution for the face of the reactor is then obtained in the present
analysis by integrating BA and Pb over the Z direction taking the atten-
ugtion of the reactor itself into account.

From reference (4) we find the following values for the power
distribution in the two rows of elements closest to the face of the re-

actor in which we are interested:

By = 3-92% 1076 watts/cnd

at Z; = 3.8 cm.
PBl = 4,73 x 10'6 "
P, =L4.34 x 10'6 "
bo L 6 at Z, = 11.4 cm.
P, =5.24 x 107 "
Bo 5

where Z is zero at the reactor face and increases inward and power densities
sre listed for total power of one watt.

We assume a linear varistion of PA and Ph with Z and obtain:

B(Z) = (3.70 + .0553 2) x 107

PB(Z) = (4.48 + 0671 Z) x 1076
The assumption is also made that the neutrons and therefore the

power are attenuated exponentially. Then, for instance, P, expressed as

A
PAo + mAZ integrates to:
00
-2/ M -Z/A.r
Ly = | By(z) e az = ( Ppo * mAZ) e az
e} e}
= 2
LA =k, Pyo +m, M



Using infinity ss the upper limit of integration introduces no

serious error since the reactor is many relaxation lengths wide. The
quantity A, is the relaxation length of the reactor for (~ 8 Mev)
neutrons end it is found in the above report that: A\, = 9.7 cm. Per-

forming the substitutions we find that:

Ip = 4.12 x 1070 watts/cm®

Ip = 4.98 x 1072 "

where IB bears the same relstion to Pp that LA does to PAa The dis-~

tribution of power on the face of the reactor is then:

L(x,y) = Ly + Ly cos %—eca gﬂ s (1)

where a = 42 em, b = 61 em.

B. Attenuation by Shield Materials

To calculate the attenuation of this sour;:e of power or
dosage, we shall use the "one collision” theory of shielding as developed
by Albert and Welton,5 ) According to that theory a neutron is considered
as essentially lost from the shlelding picture if it has made one celll-
silon with a nucleus. This is especially true for hydrogen where one
collision usually degrades the neutron in energy significantly and
after that it is more rapldly degraded and absorbed. On the other hand,

those collisions with hydrogen which result in only slight degradation

5) Albert, R. D. and Welton, T. A. - WAPD-15, "A Simplified Theory of
of Neutron Attenuation and Its Application to Reactor Shield Design,™
November 30, 19%0.
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in energy and therefore small angle change are accounted for by
means of the so called "buildup" factor. This is the ratio of
dosage due to the total flux to that due to the uncollided flux.

For heavy materials, inelastic scattering and significant
angle elastic scattering are effective in eliminating neutrons. For
these materials it has been found possible to postulate an "effective
removal cross section"” for neutronsv which is independent of the energy
over & fairly wide range. With this theory it has been possible to
analyze5)’ 6) the Lid Tenk thermal data of Blizard and Clifford and

obtain removal cross sections for oxygen, Fb and Fe.

T. A. Welton has used *Bh@ theory to ana.].yze7) the
Lid Tank dosimeter water dats and his method is here applied to the
Bulk Shielding Facility data.

The hydrogen cross section is represented approximately as

-1
o (&) = L cn

vhere E is the neutron energy in Mev and y and € are constants.

6) Podgor, S. - ORNL-895, "Analysis of Lid Ta.nk Neutron Data for Lead
' and Iron" Jemesry «2%;. 195L. -

7) ANP-53, "Report of the Shielding Board" - page 120, October 16, 1950.



The fission spectrum 1s represented as:

N(E) = Nye F(vev)™L

where N(E) is the number of neutrons per fission neutron per Mev energy
range, and & 1s a constant. The values of the constants were taken from

a paper 8) by Blizard and Welton, who give a = .75(Mev)'l y = .735 Mev/cm
€ = 1.66 Mev. These approximations are valid for the energy range 3 to 10
Mev, which is the important region for the attenuastions of interest to this
project. According to reference (7), then, the dosage from a point source
will be attenuated in water as follows:

D(s) = A _gl/h o PS- 2ars (2)
hng*
where D(8) is the dosage at a distance S from the source, B is the
oxygen cross section, and A 1is a constant which will be evaluated
later.

It was thought thet it would be too cumbersome to integrate
analytically this point source function over the rectangular area of

Equation (1). The source was therefore taken to be circular and of

8) Blizard, E. P. and Welton, T. A. - "Shielding of Mobile Reactors — I"
Reactor Science and Technology.



radius, R = J[%g: . It is believed that this is a good approximation,
since the dosage is greatest in the center of the source in any case;
and by making it circular, we are merely shifting elements of the source
around the outside circumference and keeping them at approximately the
same distance from the center.
The source is then taken to be:
R

L(r) = Ly + Ly cos o (3)

where L, and LB are the same as in equation (1), R = 25.3 cm, and r is
the distance of any point from the center.

The source is considered to be isotropic.

We integrate the point source of equation (2) over the circular
source of equation (3), to obtain the dosage TF(Z) at any centerline

point Z out in the water.

F(z) = B(S,E) 2mrdr S

A
kxs?

1/h e-BS -2YayS (LA + 1y cos£>' (%)

2R
o}

where the only new quantity, B(S,E), is the buildup factor due to neutrons
which have collided but continue with the primsry beam. This is actually
a function of both E and S. However, it is so slowly varying that it is
accurate enough to consider it a function of Z only and to take it out-

side of the integral sign.

- 10 -



The following transformation is made: | T,
' R

r
2 =82 -22, rar = Sas. 1‘

Then:

2R

| \/§5+Z‘z
F(z) = _A_I%(g) f ot E-z\/ETS <LA ¢ 1 cos _,_@) |
yA

We expand.:
x'Vs® - 22 . a*(Sd - %) s*. g%
cos =1 - ( 7 ) -
oR 8R R

2
where the factor —’é_ was omitted to make the expression vanish at

r=R or S=VR%® + 2% .

Then: R*+ 2%
. - -8 -2Yays 2 2
F(Z)=A§¥-‘l d.SS%eb e [LA+I.B(-—S-R;-Z>]

Z
This can be integrated by the method used in reference (1.

let S =2 +t, where t 1s small compared to 2.

Then: ZE4RE - 2 B(z+t) -2Vay(z+t -
- + -
F(z) = _A%(Z_)_ j;t (z4t) " e e EI-D(ZH:)j
(o]




2
where C =1L, +Lg[1 + %), D=§§—

Using the binomial expansion,

-

-2

.
F(z) = A_SK_Z_) dte'BZ e-Bt -2'\/ ( Ez—) oz 3/1»(1 -3/ ‘%’)

(s}

-0 (14 )
hz/ |

z’~+R

F(z) = A:B(Z) 3/11- -z "2 YCr fte-t(ﬁ-!- ,‘(C-DZ> 30+5DZ ]

} A
F(z) ='%2 ),,Z-B/he-ﬁz e-2\/a7_Z G. - e‘- T)(C-DZ 2)- %Z-E'- (1+-%—) e_ %
<3c * SDZ’L)

where A =\/ 2R - Z, A = 1

B +
VZ

using equations (4)

C =Ly + DR%+ D2%,

then

- Vo A ; _4
F(Z)=m')xz§/’he-aze2 a‘IZG-e AXLA+D32)-%Z[}-@+%)9 {}

2
[B(LA + DR*) + 8Dz.fJg

Equation (5)



Equation (5) then gives the dosage for the assumed source of Equation (3)
at any Z along the centerline axis in the water.

Everything has been fixed in eqﬁa,tion (5) except A and B. The
buildup factor B(Z) has been given in preliminary form in reference
(9). Tt is given in revised form in Appendix I and Figure III. A is
the normalization constant which is derived analytically in Appendix II.
The quantity B is the oxygen removal cross section in em™! which it is
proposed to determine by fitting to the exper;lmental data. However the
da.ta.lo) for H20 only goes up to ~ 70 cm from the source, which is the
region whezfe this analysis is expected to give the poorest agreement with
experiment. It was decided instead to fit to the Pb and HoO data of the
same experimentlo) which uses only three inches of lead and extends from

= 46 em to 166 com.

2. Metal and Water

In order to take the metal into account, it is necessary to
modify equation (5) somewhat. A point source of neutrons will be attenu-

ated by a slab of metal followed by weter in the following mannér:

9) ANP-60, ANP Quarterly Progress Report for Period Ending March 10 s 1951,
‘page 169.

10) Cochran, R. G. and H. E. Bungerford, ORNL-C.F. 51-5-61 - "Fast Neutron
Dosimeter Measurements for Experiment No. 1 in Bulk Shielding
Facility - May 7, 1951.



b
N (z-m) —?
<€ 7, >
/
Z-m\™ Z-m  Om -m
== s|s +—-} 2V Ys&=2
P(s)—(———%—— e [ Z 2 e Z (6)

Where P(S) is the dosage at the detector, D,at a distance S from the
neutron source N, the perpendicular distance of D from the farther
edge of the metal slsb is Z, the metal thickness is m, and its neutron
removal cross section is o‘cm-l

When the new point source of equation (6) is integrated over the above
circular source of equation (3), we obtain the dosage at any point Z as at-
tenuated by the metal slab and water.

This comes out to be:

F(z) = -2BEIA ;T E’(Z-m) +om -2 oy (z-m)
27
(1 —e A)G‘A,,DB%-T‘%- h -(1+ %‘e _%J
3(LA + DR") + 8pz? (7)
——— -



where A = Z
B(z-m) + dm + Yay(z-m)
A= YR*+ 2% - 2

and everything else has been defined.

IV. Application to Experimental Data

A. Pb and H)O

Equation (7) wes fitted to the Pb-E,0 aatal®) of Cochran
and Hungerford. Everything is determined in that equation except A,
B, o . For B(Z) it is considered a good approximation to use the buildup
factor for water. For o (Pb), the value (0.112 cm™t or 3.6 barns) ob-
tained in the analysis6) of Clifford's Lid Tank data is used. It is some-
what lower then that obtained by Albert and Weltons) (0.118 cm~1), but the
small amount of lead involved makes the difference unimportant. The ox-
ygen cross section B is then determined to make the analytical curve
agree in shape with the experimental data. It is then normalized Dby
means of the quantity A. The value of B comes out to be 0.027h em™t
or 0.82 barn, and A = 4.094 x 10°. The graphical comparison of analyti-

cal fit with experimental results is shown in Figure I.



B. Fe and HXO
11)
The same procedure is spplied to the Fe-HZO data
of Cochran and Hungerford. However in this case we use the p and A
found from the Pb-Ho0 data. The thickness of iron is 18 slabs of 7/8"
each or 40 cm. The o (Fe) that is needed to fit the data is .167 cnt
or 1.98 barns. This agrees with the value of 2‘.'0 barns found in the

6
5), 6) of the ILid Tank data. The comparison between analytical

analyses
fit and experimental values 1s shown in Figure I.
In this case a.lso; the same buildup fa.ctor‘ is used as for water.

This seems to be satisfactory far enough out in the water. However,
close to the metal, there is a buildup of ~1 Mev neutrons caused by
‘the iron. Thibs is the energy region where the absorption cross section
of the Fe has become low and the inelastic cross section has not yet be-
come significant. The same effect has appeared in the Lid Tank data.

The present analysis does not include this effect.

c. B0
When equation (5) is now applied to the water data of

reference (9), using the values of A and B found above, the comparison

between analysis end experiment is shown in Figure II. As indicated above,

11) Cochran, R. G. and Hungerford, H. E. - ORNL C.F. 51-5-73, "Fast Neutron
Dosimeter Measurements for Experiment 2," - May 11, 1951.

- 16 -



C
the comparison was not expecfed to be as good in this case as in the
metal and water cases. The approximations used for the hydrogen cross
section and the fission speetrum, and method of integration are all
less valid for the lower energies and lower Z values at which the

data was taken.

V. Discussion

The only result that is significantly different from those ob-
tained in previous analyses is the value of the oxygen renova.l CYrOoss
section. The value found here is 0.82 barn. The only other comparable
figure is that obtained by Albert and Welton?) and that is 0.91 barn.
Their analysis 1s based on thermal data, whereas the present one is made
on dosimeter data. The value obtained in the present report depends on
the neutron buildup factor used. If a more rapidly increasing buildup
factor is assumed, then a larger oxygen cross section is needed to cbmpen-
sate for it.

The results for Pb and Fe are in good agreement with those ob-
tained from the Lid Tank data. However- the relatively small amount of
lead involved in this experiment does not permit a complete comparison
for that metal. |

If we consider the question of agreement in absolute values, we

find in Appendix II, that the experimental results are greater than the



calculated values by a factor of ~ 2.9. The following considerations
would tend to make the analytical values too low:
(1) Toe circular source was perhaps made somewhat small. To

make this area agree with the area of the actual source, we need

}r=|/-:’—b— instead of r=|/—§‘h-

(2) The use of only two terms of the cosine expansion is an
underestimation of the value.

(3) A redetermination of the neutron leakage by the experi-
mental group indicates an increase of about 10% over the values used
in the present analysis. |

A very crude calculation indicates that these ltems might account
for as mach as a factor of 2.3. The calculated values would then be

only 20% lower than the experimental results.
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Appendix I -

Neutron Buildu@iin Water

The buildup in neutron dose at any point is defined as the
ratio of the total neutron dose at that point to the uncollided dose
there, or in symbols:

B = ~;E?‘ =1 + EE?
where B is the buildup, Dy - the total dose, Dc ~ the collided dose,
Do - the uncollided dose.

Calculations of the buildup in water were reported in prelim-
inary form in an ANP Division Quarterly Report9). The present results
given in Figure III are a revised and corrected version. They give
the buildup for two values of the oxygen cross section:

6 =0.Tbarn and ¢ = 1.0 barn.

The first value was the one used in the calculations of the present re-

Port .



Appendix IT s

Calculation of Normalizaetion Constant

This calculations is based on the one made in reference (7)

o -.T5E
N(E) =1.8 e s &= 75

3 x 1020

= no., of fissions per joule

eutrons
67 x 105 TR ) IR
cm” - gec hour

N{(E) is the number of neutrons emitted per fission neutron per Mev

energy range.

V = 2.5 , number of neutrons per fission

_ 3x1009x1.8x2.5 %€ 3/ 1y,
Acale. = 67 x 105 e ')/;g—a y

where € = 1.66, @ = .75, 7 = T35

Agro, = 1425 x 10% millirep/br/watt - calculated value

Aexp.

it

4,094 x 107 millirep/hr/watt - velue needed to fit experimental date

Beyp, o 400k x 100 _ 5 gos
Acgrle, l.b425 x 105

In other words the experimental results are greater, in absolute value,

than the calculated values by a factor of ~ 2.9 .

- 20 -
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