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FOREWORD

This portion, Part 6. Aircraft Shielding, of the Aircraft Nuclear Propulsion Project
Quarterly Progress Report falls in AEC category C-85, Reactors — Aircroft Nucleor
Propulsion Systems, and is therefore being issued separately in order not to further
limit distribution of the material that falls in AEC category C-84, Reactors — Special
Features of Aircraft Reactors, which has been issued as ORNL-2387, Parts 1-5.
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6.1. TOWER SHIELDING FACILITY
C. E. Clifford

SUMMARY

Measurements of the penetration of broad-beam
air-scattered fast neutrons through the sides of a
cylindrical crew-compartment mockup were com-
pleted. The mockup consisted of a 36-in.~dia
cylindrical cavity surrounded by 0, 2, 4, 6, or 8 in.
of water or oil side shielding. It was suspended
in air at a height of 190 ft and a horizontal
distance of 64 ft from the TSF reactor. Shielding
at the rear (nearest to reactor) of the mockup
reduced the contribution of the direct-beam
radiation at the center of the cavity to less than
1% of the lowest measured dose rate. As a result
of these measurements more reliable air-scattering
probabilities are now available for predictions of
the neutron dose which will penetrate the sides
of a crew compartment. Since the probabilities
previously determined were largely based on
measurements in the TSF detector tank, earlier
calculations required an integration involving the
factors 12P5(0) (the probability of neutrons leaving
the reactor at a horizontal beam angle 6 and
scattering in air to the surface of a crew com-
partment),

T
- Sdt/AS
0 S
e

(the attenuation term for the given side shield
thickness), and f{ (a factor accounting for the
focusing of the neutrons in the center of the
cylindrical cavity). The air-scattering proba-
bilities, 27712P*;'C(0, T,), determined on the basis
of these latest measurements are equal to the
products of the three factors and are defined as
2712 times the measured dose rates at the center
of the crew compartment divided by the total
direct-beam dose rate from the reactor. Therefore
the definition of the focusing factor /$ is the ratio

2
2mI2PS (6, T,)

T
~f Tdi/AS
12Ps(9)e ©

Values of this ratio were determined and, contrary

to the previous indications, {3 was found to be
dependent on 6.

Instantaneous relaxation lengths for consecutive
2-in. increments of the side shielding water
thickness were obtained for p = 20 and 40 cm.
By using the assumption that AS varies with p
as A, varies with p (A, = the direct-beam relaxation
length in the reactor tank), relaxation lengths for
p = 45 cm were calculated and compared with
similar data obtained from detector tank measure-
ments. The results agreed to within 15%.

No formal analysis of the data obtained with oil
side shielding was attempted, since the shapes
of the dose rate vs 6 curves for oil and water
were similar to within experimental error. The
dose rates with oil side shielding were slightly
lower than those with water side shielding.

An attempt was also made to determine the
relative effectiveness of the position of the side
shielding thickness from the rear to the front of
the crew-compartment mockup. The data obtained
were converted to percentage dose rates for each
individual tank, and the dose rates were divided
by the total solid angle subtended by the tank at
the detector in order to determine the average
percentage dose rate per unit solid angle., The
results are presented in terms of the average angle
of the entering radiation at the detector.

PENETRATION OF AIR-SCATTERED FAST
NEUTRONS FROM THE TSF REACTOR
THROUGH THE SIDES OF A CYLINDRICAL
CREW COMPARTMENT

F. N. Greene'
C. R. Fink! W. E. Price?

Fast neutrons that scatter in air and then
penetrate the sides of a crew shield will consti-
tute a significant fraction of the total dose in the
crew compartment of an aircraft having a divided
shield. In an attempt to determine the variation of
this contribution with the amount of shielding on
the side of the crew compartment, an experiment
was performed in which fast-neutron dose rates
were measured at the center of a cylindrical crew

V. R. Cain

10n assignment from The Glenn L. Martin Co.
26, assignment from Pratt & Whitney Aircraft.
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compartment for side shielding thicknesses that
were varied from O to 8 in. in 2-in. increments.
Both water and a light transformer oil were used as
the shielding materials. A shadow shield on the
rear of the crew compartment limited the contri-
bution of the direct beam to the measurement at
the center of the crew compartment to less than 1%
of the lowest measured dose rate. The measure-
ments were token both as a function of thickness
of the water shield at the reactor, which was
separated from the crew compartment by a constant
horizontal distance, and as a function of the
horizontal angle at which the neutron beam was
emitted from the reactor tank.

The results of the experiment were used to
determine the probabilities of scattering into the
crew compartment, and the probabilities were
compared with those previously obtained® on the
basis of measurements made in the TSF detector
tank. The probabilities determined from the crew-
compartment measurements are considered to be
because the geometry
of the experiment more nearly mocked up an actual
reactor—crew shield configuration.

the more reliable ones,

Determination of the DirectsBeam integral

An accurate determination of the direct-beam
integral, that is, the total direct-beam dose rate
leaving the surface of the TSF reactor tank, was

3M. F. Valerino, ANP Quar. Prog. Rep. June 10,
1955, ORNL.- 1896, p 206.

SHIELDING ARQUND DETECTOR BUILT UP
WITH 16~in —THICK CONCRETE BLOCKS ON
ALL SIDES EXCEPT TOWARD REACTOR

COLLIMATOR ( WATER BETWEEN CYLINDRICAL TANKS) ~
!

necessary in order to obtain reliable air-scattering
probabilities. [n the past, direct-beam dose rates
were obtained by subtracting the estimated air-
scattered dose rotes from measured total dose
rates. These estimated air-scattered dose rates
were obtained by extrapolating the total dose rates
measured at large values of the angle 6 back to
low values of 6 and assuming that this extrapolation
represented the air-scattered dose rate. (The
angle @ is the horizontal angle between the center
line of the beam and an axis through the centers
of the reactor tank and the dosimeter.) These
estimated dose rates were then subtracted from
the total measured dose rates at low values of 6
to obtain the direct-beam integral. Since even a
small inaccuracy in the magnitude of the direct-
beam dose rate at small angles of 6 could cause
an appreciable error in the calculation of the
direct-beam integral, it was felt that o more
accurate and more direct determination of the
direct-beam integral should be made. Therefore,
an experiment was performed to measure this
quantity directly,

The direct beam leaving the reactor tank was
mapped as a function of 8 for reactor water shield
thicknesses (p) of 20 and 40 cm. The configuration
used for this mapping is shown in Fig. 6.1.1.
A triple-barreled Hurst-type fast-neutron dosimeter,
which was shielded on all sides except on the
side toward the reactor, was placed 61.5 ft from
the center of the reactor tank. A 3-ft-dia collimator
{two cylinders separated by a 15-in.-thick water~
filled annulus) was positioned between the reactor

UNCLASSIFIED
2-01—056—20-D-577

SOLID ANGLE OF DETECTOR

3ftDIA (5.57-deg HALF-ANGLE CONE)
b=

REACTOR
TANK

- - +

12t DIA

GROUND LEVEL

R

CENTER OF DETECTION

61.5 ft

.

Fig. 6.1.1. Geometry Used in Experiment To Measure the Fast-Neutron Direct-Beam Dose Rate from the TSF Reactor.



tank and the dosimeter so that the solid angle
seen through the collimator from the dosimeter
center of detection just included the reactor tank,
which was suspended in air slightly above the
pool. Fast-neutron dose-rate measurements as a
function of the horizontal reactor angle 6 were

PERIOD ENDING SEPTEMBER 30, 1957

made both with the collimator open and with it
plugged with sufficient amounts of water and
concrete to bring the dose rate coming through the
collimator to well below background. The results
of all the measurements are given in Table 6.1.1,
and the differences between these foreground and

Table 6.1.1. Separation of the Total Fast-Neutron Dose Rate in Air into

the Direct-Beam and Air-Scattered Components

Fast-Neutron Dose Rate

(ergs/gehrew)
6
eam in Air Scattered
(A) (B) (C=A - B) (D) D - ) Scattered Beam
(E) (D - E)
p=20cm
0 232x10"2 374x10"% 228x10"2 248x10"2  2.0x10"% 537x10"° 1.94 x 1072
15 1.91x1072 3.26x10"% 1.88x1072 215%x1072  2.7x10"%  4.86 x10~3  1.66 x 10~2
30 1.32x1072  2.69x10™% 1.29x1072 1.55x1072  2.6x107°  3.44x10"° 1,20 x 10~2
45 779 x107%  1.92x10"*  7.60 x 1073 0.947 x10~2  1.87 x10~%  2.37 x10~%  0.710 x 10~2
66 279 x107%  114x107%  2.68x1073  0.404 %1072 1.36x 1073 1.36 x1073  0.268 x 10~2
75 7.86 x107%  7.02x107% 7.16x10"4 0.160 x10~2 0.88 x 10~  0.88 x10~3  0.072 x 10~2
90  118x10"%  4.64 x107%  7.20x107%  0.062x10~2 0.55x10~3  0.55x10~3  0.007 x 102
120 0.037 x 102 0.37 x10~3  0.37 x10~3
150 0.031 x10"2  0.31x10"3  0.31 x10~3
180 0.027 x10~2  0.27x10~3  0.27 x 103
= 40 cm
0 1.67x107% 2.82x107° 1.64x107% 1.75x10"%  1ix107?  3.25x107* 1.43x1073
15 1.42x1073  2.48x107% 1.40x10"3 1.53x107%  13x107%  2.86x107% 1.24x1073
30 9.29x1074  1.86 x107°  9.10x 10”4 1.03x10=%  1.2x107%  1.99x10"% 0.83x10"3
45 534 x107%  1.34x107% 521 x107%  0.625x107%  1.04x10"% 1.44x10"* 0.48x 1073
60  2.08x10"% 7.81x107% 2.00x10"% 0.280 x10~3 0.80 x10™4 0.80 x10~* 0.20 x 10~3
75  6.63x10%  4.72x107% 616 x10%  0.108 x10=3  0.46 x10™*  0.46 x10~*  0.062 x 10~3
90  1.32x10"%  2.95x107% 1.02x107% 0.041x10"% 0.31x10°% 0.31x10°4 0.010 x1073
120 0.022 x10~%  0.22x10"% 0.22x10~*
150 0.019 1073  0.19x10™% 0.19 x 1074
180 0.016 103 0.16 x10~% 0.16 x 10™4

* Measurements taken with geometry shown in Fig. 6.1.1.
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background measurements, also given in Table
6.1.1, represent the measured direct-beam dose
rates, which are plotted in Fig. 6.1.2.

When the measured direct-beam dose rate was
subtracted from the total dose rate measured at a
height of 190 ft, the shape of the resulting air-
scattered dose-rate curve (see Fig. 6.1.2) appeared
to be unrealistic for 6 = 0 to 60 deg and, in
particular, for 8 = 0 to 30 deg. The unexpected
shape is probably due to low-angle air scattering
into the collimator and possibly some collimator
scattering. Since the dose rates later measured
in the crew compartment at a height of 190 ft
(discussed below) can be assumed to result only
from airescattered neutrons, the slopes of the
crew-compartment dose-rate curves should be
good approximations of the slopes of the curves
representing the air-scattered dose rates in air for

6 < 90 deg. The curve representing the measure-
ko
10_1 2—01-056~20-578
% ! —
TOTAL DOSE: —]
5 O—-MEASURED AT A =190 ft ]

DIRECT~BEAM DOSE —
0~MEASURED WITH COLLIMATOR —
®-ESTIMATED (O — a)

2 AIR-SCATTERED DOSE:

A-TOTAL DOSE MINUS COLLIMATOR
MEASUREMENTS ( 0 — O)

10_2 A-MEASUREMENTS IN CREW COMPART- ——
MENT (/s =0) NORMALIZED TO & —
X CURVE AT 90deg —
5l \\
S W

3
i
[

FAST-NEUTRON DOSE RATE {ergs /g *hr- watt)

T N\ — 1
- -3
AN
AAN:]
5 [N \Y
\\ AN
\ —
2 e
N A
0% \

ool \
¢]

30 60 20 120 150 180
8, HORIZONTAL REACTOR ANGLE {deg)

Fig. 6.1.2,
Dose Rate in Air into the Direct-Beam and Air-Scattered

Separation of the Total Fast-Neutron

Components.

6

ments in the crew compartment with no side
shielding was therefore normalized to the aqir-
scattering curve between 6 = 60 deg and 6 = 90
deg, and the normalized curve was assumed to give
the correct air-scattered dose rates from 8 = 0 to
60 deg. The corrected dose rates were then
subtracted from the total measured dose rates to
obtain the corrected direct-beam dose rates,
D,(8). These results are also plotted in Fig.
6.1.2 and listed in Table 6.1.1. An integration of
D,(60) was performed over all angles to obtain
the total dose rate leaving the surface of the
reactor tank:

m

Dy = 22 [ D4(6) sin6 a0 .

The values of D, . are 3.04 x 102 erg/g-hrew
for p =20 cm and 2.18 x 103 erg/g-hrw for
p =40 cm.

Experimental Configurations

The geometry for the measurements in air and
in the crew compartment is shown in Fig. 6.1.3.

2-01-056-20-D57%R1

REACTOR
TANK DETECTORIN CREWCOMPARTMENT7
3| REACTOR~DETECTOR AXIS }
| DETECTOR IN AIR\ h
— }- 2%, ft
‘{_.7, = d=64ft — ey
;
h=190 f1
‘ CREW COMPARTMENT
—L‘ 36 in. 2Qin.
’——Zin.TYP
3-in, LEAD
SHADOW b
SHIELD—\ %
/\‘i\ 6=04deg /
N 7
| 8
\ %
, 7

NOTE : AVERAGE TANK THICKNESS, 7,
DETERMINED BY MEASUREMENT

15,20,25=2.0tin.

14,19, 24=1.99in.

e Lome]

NOTE: VALUES GIVEN FOR AVERAGE

12,147, 22=1.94in.
OF 1.57cm

V7777 FILLED WITH WATER AT ALL TIMES
7 VARIABLE SIDE THICKNESS (EITHER WATER OR OIL}

[ TANKSEMPTY AT ALL TIMES

Fig. 6.1.3. Crew-Compartment Configuration.



For all the measurements the reactor was located
in the TSF reactor tank and the detector was
located on an axis which passed through the center
of the reactor tank, At 6 = 0 deg, the beam from
the reactor was directed at the detector.

The crew compartment used in the experiment
consists of a total of 33 compartments which can
be filled with a liquid and drained by remote
control. It has 12 eylindrical side tanks, arranged
in four 2-in.thick layers, which were used to
vary the shielding thickness around a 3é-in.-dia
cylindrical cavity from 0 to 8 in. in 2-in. incre-
ments. Both oil and water were used as the
shielding materials. A rear (nearest to reactor)
shadow shield (36 in. of water and 3 in. of lead)
and a front shadow shield (20 in. of water) re-
mained constant throughout the experiment. This
configuration was used because it limited the
direct-beam dose rate in the crew compartment to
less than 1% of the lowest measured dose rate.
In addition to the 12 side compartments used
throughout the experiment, there were five 12-in.-
thick outermost tanks which were filled with water
for one measurement in order to determine whether
the background from the radiation entering the
front and rear was significant.

All the measurements were made at a height (b)
of 190 ft. The distance (d)between the center of
the reactor tank and the rear of the crew com-
partment was 64 ft. For the in-air measurements
the distonce between the center of the reactor
tank and the detector was 61.5 ft.

A determination of the actual thickness of the
individual side tanks in the Boeing crew com-
partment was required because the manufacturing
tolerances allowed a 7% error in the nominal
2-in. thickness. The method used consisted of
weighing the water content of each side tank.
Since manufacturing tolerances for the length and
mean circumference of the side tanks could each
give maximum errors of 0.5%, the nominal lengths
and mean circumferences were used and the
thicknesses were solved for. Although there was
some variation in the actual thicknesses of the
tanks, an average thickness was used for each
layer of three tanks. This average thickness was
determined on the basis of the actual thicknesses
of the rear and middle tanks only, since it was
thought, and later confirmed by the experiment,
that the dose rate arriving through the front tanks
was relatively unimportant.

PERIOD ENDING SEPTEMBER 30, 1957

Measurements in Air and inthe Crew Compartment

The fast-neutron dose rates measured at the
center of the crew compartment as a function of
6 for various thicknesses (T_) of a water side
shield are shown in Figs. 6.1.4 and 6.1.5 for
p = 20 and 40 cm, respectively, and also in
Table 6.1.2. Measurements made in air are also
presented in the figures. Only the air-scattered
curve has been modified; all other plots represent
actual measurements. In line with the current
effort to obtain reproducible data,4 the effect
of each variable in the experiment was monitored
with a single-barreled Hurst-type dosimeter mounted

4F. N. Greene and V. R. Cain, ANP Quar. Prog. Rep.
June 30, 1957, ORNL-2340 (Part 6), p 19.
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on the outside rear of the crew compartment
coincident with the reactor tank-detector axis.
Check points were taken at least twice, before
and after each 0 traverse, and these points were
maintained to within a maximum of +6.0% error.
With the precautions taken, the statistical error
would add +1% to the error value.

The difference between the curves of air-
scattered dose rate measured in air and in the
crew compartment with no water side shielding,
as shown in Figs. 6.1.4 and 6.1.5, can be
attributed largely to the blocking of low-angie
air-scattered neutrons by the rear shadow shield,
although the attenuation of the aluminum and the
different d distances for the two measurements
also contribute.

The dose rates measured in the crew com-
partment with oil used as the side shielding are
shown in Figs, 6.1.6 and 6.1.7 and in Table 6.1.3.
The curves plotted from the data have approxi-
mately the same shapes as the curves in Figs,
6.1.4 and 6.1.5 (for water side shield), but on the
average they are slightly lower,

An analysis of the oil used in the experiment
showed that it contained nearly the same hydrogen
density as water (the measured hydrogen density
was 12.7 wt % and the specific gravity was 0.872).
Because the hydrogen density was the same in
both cases and because the macroscopic removal
cross sections for oxygen and carbon are nearly
the same, it would not be expected that the
attenuations for the two cases would be markedly
different.  This analysis was confirmed by the
measurements, since experimental errors could
account for the differences.

Dose-rate measurements were also taken at the
center of the crew compartment as the individual
2-in.-thick side tanks were drained from the rear
of the crew compartment to the front in successive
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L

Table 6,1.2. FasteNeutron Dose Rates in the Center of the Crew
Compartment for Yarious Water Side Shield Thicknesses

Fast-Neutron Dose Rate

(deeg) (ergs/g-hrew)

T =0 T =8 in. T =6in. T, =4 in. T =2in.
p=20cm
0 2.78 x 10~3 7.25 x 1075 1.66 x 10=4 4.08 x 104 1.18 x 10~3
15 2.52 x 1073 6.20 x 1073 1.47 x 10~4 3.36 x 1074 1.01 x 10~3
3.47 x 10~4
30 1.78 x 1073 4.67 x 10~3 1.14 x 10~4 2.65 x 10™4 7.66 x 1074
45 1.23 x 103 3.22 x 10~° 7.67 x 10~ 1.83 x 1074 5.29 x 1074
60 7.03 x10~4 1.76 x 10~ 4.32 x 1073 1.07 x 10~4 2.89 x 104
75 4.24 x10~4 9.56 x 1078 2.47 x 1073 5.61 x10~3 1.59 x 10~4
90 2.85 x 104 6.29 x 10~% 1.54 x 10~ 3.73%x10°° 1.06 x 10~4
120 1.58 x 10~4 2.85 x 1076 7.42 x 10~¢ 1.86 x 10~3 5.53 x 1073
150 111 x10-4 1.73 x 1078 4.62 x107¢ 1.20 x 10~ 3.60 x 10~
180 9.53 x 1073 1.45 x 1076 3.65 x 10~6 9.55 % 10~% 3.09 x 10™3
p =40 em
0 1.60 x 10~4 6.14 x 10~¢ 1.38 x 1073 2.94 x 1073 7.47 x 1073
15 1.41 x 1074 5.42 x10~% 1.23 x 1073 2.57 x10~3 6.39 x 1075
30 1.01 x10™4 3.88 x 10~¢ 8.52 x 10~¢ 1.84 x 1073 4.53 x 1073
1.75 x 10™3

45 7.1 x 1073 2.59 x 10~° 5.95x 10~° 1.23 x 107> 3.12 x1075
60 3.94 x 10~3 1.42 x 10~6 3.30 x 10~¢ 6.99 x 1076 1.76 x 1073
75 2.36 x 10> 8.11 x 10~/ 1.84 x 108 4.05 x107° 1.00 x 10~5
90 1.54 x 1073 4.93 x 1077 1.17 x 1076 2.61 x 107° 6.37 x 1078
120 9.02 x 10~% 2.26 x 1077 551 x 10~7 1.36 x 10~¢ 3.44 x 1076
150 6.36 x 1076 1.36 x 1077 3.35 x 107 8.22 x 107 2.5 x 1076
180 5.48 x 10~¢ 1.03 x 1077 2.54 x 10~7 6.19 x 10~7 1.95 x 10~6
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layers. First a measurement was taken with all
the tanks filled with water. Then tank No. 15
(see Fig. 6.1.8) was drained and another measure-
ment was made, after which tank No. 20 was
drained, etc. This procedure was continued until
all the tanks in all four layers had been drained.
The results are presented in Fig. 6.1.9 and
Table 6.1.4. Since the draining of the layers
occurred on different days, there are noticeable
differences in some measurements which represent
the same shield configurations. These differences
are considered to be experimental errors.

From the .measurements described above, the
relative effectiveness of each individual tank in
each layer was determined. In order to do this the
dose rate measured immediately preceding the
draining of a tank was subtracted from the dose
rate measured immediately following the draining
of the tank. Similarly, the dose rate measured
with all the tanks filled was subtracted from the
dose rate measured with all the tanks in the layer
drained, The ratio of these two differences
represented the percentage dose rate which had
arrived through the single tank. Average slant
thicknesses were then computed for each tank,
based on the average angle 75 (the angle that the
entering radiation was assumed to have made with
the reactor tank—detector axis). Weighting factors
obtained from o direct-beam attenuation curve,
previously reported, 3 were applied to the percentage
dose rate for each tank to adjust the value for the
difference in attenuation resulting from the slant
thickness.  The resulting corrected percentage

St
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Table 6.1.3. Fast-Neutron Dose Rates in the Center of the Crew Compartment
for Various Oil Side Shield Thicknesses

Fast<-Neutron Dose Rate

(dfg) (ergs/gehrew)
T =8 in. T, =6 in. =4 in. T =2in. T =0
p =2 cm
0 5.72 x 1075 1.34 x 104 3.58 x 1074 9.47 x 10~4 2.78 x 103
15 5.15 x 1079 1.21 x10~4 3.09 x10™4 8.49 x 104 2.52 x 1073
30 3.58 x 10~3 8.95 % 10~> 2.26 x 1074 6.23 x10~4 1.78 x 10~3
45 2.47 x 1073 6.43 x 1075 1.58 x 10™% 4.42 1074 1.23 x 10~3
60 1.34 x 10~ 3.53 x 10~5 8.85 x 10~ 2.50 x 104 7.04 x 104
75 7.27 x 1078 1.94 x 1073 4.96 x 1073 1.44 x 1074 4.24 104
90 4.72 x 10~ 1.25 x 10~ 3.45 x 10™3 9.47 x 10~> 2.85 x 1074
120 2.22 x 108 5.74 x 107 1.77 x 1073 4.82 x 1073 1.58 x 10~4
150 1.27 x 107 3.39 x 10~° 1.06 x 10~3 2.99 x 1073 1.11 x 10~4
180 1.03 x 10~6 2.77 x107¢ 8.45 x 10~¢ 2.54 x 102 9.53 x 107>
p =40 cm
0 5.42 x 106 1.23 x 1072 2.68 x 1075 6.25 x 10~ 1.60 x 10~4
15 4.73 x10~6 1.01 x 1073 2.38 x 10~7 5.74 x 10~3 141 x 1074
30 3.28 x 10~° 6.92 x 1076 1.62 x 10~3 4.00 x 10~5 1.01 x 10~4
45 2.33 x 108 4.70 x 1078 1.15 %107 2.77 x 10~3 7.11 x 1673
60 1.27 x 10~¢ 2.58 x 1076 6.48 x 10~° 1.60 x 103 3.94 1073
75 6.78 x 107 1.38 x 10~¢ 3.63 x 1074 8.94 x 10 2.36 x 1073
90 4.28 x 10~7 9.11 x10~7 2.27 x 1076 5.84 x 1076 1.54 x 1073
120 1.93 x 10~7 3.98 x 10~7 1.11 x 106 3.25 x 107° 9.02 x 10~¢
150 1.08 x 1077 2.49 x 1077 7.08 x 107 2.06 x 10~ 6.36 x 10~¢
180 7.96 x 10~8 1.94 x 107 5.50 x 16~/ .71 x 108 5.48 x 106
dose rate for each individual tank was divided by compartment is defined as the measured air-

the total solid angle subtended by the tank at the
detector in order to determine the dverage per-
centage dose rate per unit solid aongle. The
results are shown in Fig. 6.1.10, in which the
points are plotted as a function of the average
angle 7 at the detector.

Determination of the Air-Scattering Probabilities

The probability of air-scattered fast neutrons
penetrating to the center of a cylindrical crew

scattered dose rate reaching the center of the
crew shield divided by the total direct-beam dose
rate leaving the reactor, as given below:

Di,c (B' Ts)

P‘:";(el Ts) =

”
2712 fo D, (8) sin 0 d6

11
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Table 6,1.4, Fast-Neutron Dose Rates ot the Center of the Crew Compartment
for Various Water Side Shield Configurations

O=0deg, d=64ft, b=190f, p=20cm
Average
Tank Fast-Neutron Dose Rate* /D D Percentage
Configuration (ergs/g-herw) Me:surﬁd Corzrecfed . Dose Rate
D D, D, Per Unit
Solid Angle
T, =8 in. 7.07 x 10~3
Drain 15 9.22 x10~3 2.15 x 10> 0.249 0.366 14.9
Drain 20 1.42 x 104 4.98 x 1073 0.579 0.378 6.9
Drain 25 1.57 x 10~4 1.50 x 10~3 8.6 x10~3 0.174 0.256 10.45
T =6 in. 1.57 x 10~4
Drain 14 2.19 x 10~4 6.2 x10-5 0.284 0.393 16.4
Drain 19 3.40 x 10~4 1.21 x 1073 0.555 0.384 6.54
Drain 24 3.75 x 10~4 3.5 x107° 2,18 x 10~4 0.161 0.223 9.37
T =4in 4.08 x 10=4™"
Drain 13 6.19 x 10~4 2.11 x 10™4 0.323 0.410 17.7
Drain 18 9.7 x10~4 3.51 x 104 0.538 0.415 6.56
Drain 23 1.06 x 10~3 9.0 x10~° .52 x10~% 0.138 0.175- 7.68
T =2 in. 1.15 x 10=3*~
Drain 12 1.89 x 10~3 7.4 x1074 0.389 0.442 20.7
Drain 17 2.78 x 10~3 8.9 x10~4 0.468 0.397 5.79
Drain 22 3.05 x 10~3 2.7 x10~4 1.90 x 10~3 0.142 0.161 7.39
*DT = total dose rate measured at center of crew compartment;
D =total dose rate which arrived through the last tank drained, i.e., the difference between two consecutive

values of Dop;

DL = total dose rate which arrived through the last three-tank layer drained.

**The difference between this value and the preceding entry inthis column is atiributed to the measurements having
been made on different days.

or, as is usually written,

DS, (0,T,)

2
! Pi,c (61 Ts) = '

where

12

m
27 fo D ,(6) sin 6 d6

Dz'c(e, T,) = air-scattered dose rate, measured

at the center of the crew com-
partment, which arrives through
the side of the crew compartment
T_ thick as a function of the

S
beam angle 6,

D ,(6)

Il

separation distance between the
center of the recctor tank and the
detector, 5

direct-beam dose rate measured
at the distance [ as a function of
the beam angle 6,

51t should be pointed out that | for the in-air meas-
urements is equivalent to d for the in-air measurements
(that is, [ = d = 61.5 1), whereas [ for the crew-com-

partment

measurements

is equivalent to 4 plus the

4.2 ft from the rear of the crew compartment to its

center (that is, | = 64 + 4.2 ft).
obtained in the calculation are for I =

probabilities

64 ft.

However, the final
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tions,

If it is desired to calculate the air-scattered
dose rate from an isotropic source with a shield
of irregular shape (Fig. 6.1.114) which penetrates
the sides of a cylindrical crew shield, the
expression used, in general, is

Ty
-f dt/)\d
DS =) Dyale °

2
s,C [l Pj,c(e’ Ts)] dA !
A
where

a = radius of a spherical shield at the
source,

6M. F. Valerino and F. L. Keller, ANP Quar. Prog.
Rep. Sept. 10, 1955, ORNL-1947, p 205.

cos O 4
n 2m

N N
L
s,c S,C,n

n=]

n=1 cos an’ =0
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Average Percentage Dose Rate Entering

T, = variable thickness of a shield of
irregular shape outside the spherical
shield at the source,

A; = relaxation length of the direct beam
in the shield at the source,

D ,(a, ) = direct-beam dose rate at a distance
I from dose rate leaving the spherical
shield.

The integration is performed over the surface (A)
of the reactor shield.

For a conical-shell reactor shield, such as that
shown in Fig. 6.1.115, which is the configuration
that was previously used for the optimization of a
neutron reactor shield,® the expression for the
total air-scattered dose rate at the center of the
crew compartment becomes

T

~f ndt/)\
Dyge ° 4 [12PS (0, T )1 d0 d(cos 6)

13
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Fig. 6.1.11. Geometry Used To Determine Air-Scattering

where
D% ., = air-scattered dose rate at the
center of the crew compartment
resulting from the dose rate
leaving the nth conical shell at
the reactor,
6,",0," = boundary angles of the nth

conical shell,

14

PS
S,

c (en' Ts)

f

Probabilities.
total number of conical shells,
azimuthal angle,

shield thickness for the mnth

conical shell,

average value of the air-scatter-
ing probability for the nth shell.



Upon integrating, the expression becomes
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T,

N - [ duA,
Di'c - E (COS Gn” — cos enl) Dd(d, l) e 0 [27712P§'c(6n1 Ts) ]

n=1

or
N T, T
- [ at/, YN

ps _ - 2 (cos O,v ~ cos 6,1) D (a,1) e | 2n12PS (6,7, = 0) ] e O '

n=1

where A is the relaxation length of the dose rate
in the side of the crew compartment.

Since in all previous experiments at the TSF
the thickness of the shield on the side of the crew
compartment could not be varied, no measurements
could be made at the center of the cavity as a
function of the side shield thickness. Therefore
the probabilities previously calculated were based
on measurements made at various distances inside
the detector tank and represented the probability,
12Ps(9), of air-scattered neutrons reaching the
surface of a cylindrical crew compartment. To
calculate the dose rate which would result at the
center of the cavity it was necessary not only to
multiply this probability by an attenuation term,

TS .

‘{, dt/A;
€ !

but also by a focusing factor, {3, to account for
the focusing of the radiation at the center of the
crew compartment. Since in the present experiment
it was possible to make measurements at the
center of the cavity as a function of T, the new
probability term, 27712P‘;'C(6, Tg), is equivalent
to the product of the terms

TS
- [ dt/Al
12P(0), f5, and e ° ;

therefore, the necessity of using the focusing
factor, for which reliable values are as yet
unobtainable (see below), is eliminated. (The 27
in the new probability term is required because the
definition of the old probability term included the
integral of d¢ over 27 radians.)

The probabilities of the air-scattered neutrons
reaching the center of the crew compartment as

determined from the new measurements are plotted
as a function of 6 in Figs. 6.1.12 and 6.1.13 for
p =20 and 40 cm, respectively. The same values
are plotted as a function of the water side shield
thickness at the crew compartment in Figs. 6.1.14

and 6.1.15.
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Probability of Fast Neutrons from a

Beam Scattering to the Center of the

The focusing factor used with the previous
method was calculated on the basis of measure-
ments made in a cylindrical crew compartment with
a constant side shield thickness of 37 cm.”7 The
value for this thickness did not appear to be
dependent on 8, so an average value of 5.12 was
Since measurements could be made in the
present experiment not only as a function of 8 but
also as a function of T_ and since

used.

2
) 2m12P3 (6, T,)
fs (9/ TS) = '

Tsa’t/kS
-fo s

12Ps(6) e
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Probability of Fast Neutrons from a
Beam Scattering to the Center of the

values of f3 could be computed for other side
shield thicknesses. The results are presented in
Fig. 6.1.16 and Table 6.1.5. (The plotted values
for the various thicknesses represent average
values for p = 20 and 40 cm, since, within the
experimental error, the scattering probabilities are
independent of p for the two values token.) With
the exception of the 8 = 180-deg points, the values
of f3 for the four thicknesses at any value of 6
tall within the limits of experimental error. There-
fore, the curve of average value of the plotted
points is shown. This average curve, as drawn,

7). E. Van Hoomissen, ANP Quar. Prog. Rep. June 10,
1955, ORNL-1896, p 217, esp Table 14.1.
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shows that 7 is dependent on 6 in the region
between 6 = 0 and 6 = 90 deg.

Relaxation Lengths in the Water in the
CrewsCompartment Side Shield

Incremental relaxation lengths for the fast
neutrons penetrating the sides of a cylindrical
crew compartment and reaching the center, as a
function of the horizontal reactor angle 6 and the
side shielding thickness T_, are parameters
needed in the method presently used for optimum
neutron shield design.

P
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Fig. 6.1.16. Focusing Factor, /i, for Fast Neutrons
from a Conical-Shell Beam Entering the Sides of the

Crew Compartment.

Table 6.1.5. Average Values of /: for Various Values of 6 and T,

/S
T (cm) al
o 6 =0 deg 6 =30 deg 6 =60 deg 6 =90 deg 6 =180 deg

5.2 6.12 5.19 3.75 3.09 2.43
11.2 6.02 5.04 3.89 3.4 2.77
17.2 5.81 5,03 4.01 3.20 2.94
23.2 5.72 5.09 4.30 3.33 3.29
Av 5.91 5.09 3.99 3.18 2.85

17
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The instantaneous relaxation lengths, A, for
each 2-in. increment, At, of side shielding in the
crew compartment were calculated from the basic
attenuation equation

~t/A;
Dy, = D,e v,

where D, and D, are the experimentally measured
dose rates before and after the addition of each
2-in. increment of side shield. Because of the
size of the increments, the differences in the
measured dose rates were relatively small, and
thus the values of fhe exponential and conse-
quently the values of the incremental relaxation
lengths are subject to appreciable error. In order
to minimize the error, the data used in the calcu-
lations were appropriately smoothed. The method
of calculation entailed normalizing the fost-neutron
dose rate vs @ curves to one point (§ = 0 deg)
and adjusting the curves, based on experience,
to present a consistent pattern.

The adjusted curves were then cross plotted as a
function of the actual crew-compartment side
shield thickness to obtain the attenuation curves.
The best smooth curves were drawn through the
plotted points, and dose-rate values taken from
the curves were used to calculate the instane
taneous relaxation lengths. The results are shown
in Figs. 6.1.17 and 6.1.18 as a function of the
horizontal reactor angle 0 for p = 20 and 40 em,
respectively.
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Fig. 6.1.17.
Fast Neutrons Scattered from a Conical-Shell Beom
Through the Crew-Compartment Water Side Shield as a
Function of @ for p = 20 cm.
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Relaxation lengths for p = 40 c¢m were also
calculated from the values found at p =20 em by
making use of the relation?

XS (20, T)

AS(40,T) = ————————
(40, T,) 3 20+ T

A ;40 + T) .

The results, shown in Table 6.1.6, agree with
the measured values to within a 7% error.

This relation was also used to calculate
relaxation lengths for the p = 45 cm case by using
both p = 20 and 40 cm data. Averages of the
results were taken for comparison with relaxation
lengths measured with the detector tank,5 and the
comparison is presented in graphical form in
Fig. 6.1.19. The values obtained from this experi-
ment are approximately 15% higher than those
calculated from the detector tank data, but they
are considered to be more accurate, since they
were obtained directly from two measured dose-rate
values which included the effect of the focusing
in the cavity of the crew compartment. The earlier
calculations from detector tank data involved an
integration with respect to the ozimuthal angle for
each point on the attenuation curve, and therefore
they were susceptible to greater error.
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Fig. 6.1.18.
Fast Neutrons Scattered from o Conical-Shell Beam
Through the Crew-Compartment Water Side Shield as a
Function of § for p = 40 em.
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Table 6,1.6. Comparison of Measured and Calculated* Valyes of )\: for p=40 cm

/\‘:(40, TS) (cm)

(dfg) T, =5.08 em T, =10.16 cm T, =15.24 cm T, =20.32 cm
Measured  Calculated  Measured  Calculated  Measured  Calculated  Meosured  Calculated
0 5.82 5.80 6.0 5.90 6.14 6.22 6.38 6.55
15 5.82 5.80 6.0 5.90 6.14 6.22 6.38 6.55
30 5.82 5.80 6.0 5.90 6.14 6.22 6.38 6.55
45 5.82 5.80 6.0 5.90 6.14 6.22 6.38 6.55
60 5.81 5.80 5.98 5.90 6.14 6.22 6.38 6.55
75 5.66 5.73 5.84 5.88 6.06 6.20 6.38 6.55
90 5.43 5.55 5.61 5.71 5.86 6.07 6.38 6.53
120 5.03 5.20 5.24 5.45 5.55 5.79 6.21 6.32
150 4.73 5.00 4.96 5.24 5.33 5.64 6.08 6.15
180 4.5) 4.84 4.77 5.07 5.16 5.51 6.00 6.04

/\d(40 + Ts)(Measured)

*From the equation: )\“;(40,Ts)(Ca|cu|afed)=A§(20,TS)(Meusured) , where )\d is the fast-
)\d(20 + TS)(Meqsured)

neutron relaxation length in the reactor wall shield.
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Fig. 6.1.19. Instantoneous Relaxation Lengths for
Fast Neutrons Scattered from a Conical<Shell Beam
Through the Crew-Compartment Water Side Shield as a
Function of the Thickness of the Side Shield.
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