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FOREWORD 

This portion, Part 6. Aircraft Shielding, of the Aircraft Nuclear Propulsion Proiect 

Quarterly Progress Report fal ls in AEC category C-85, Reactors - Aircraft Nuclear 

Propulsion Systems, and i s  therefore being issued separately i n  order not to further l imit  

distribution o f  the material that fal ls i n  AEC category C-84, Reactors - Special Features 

of Aircraft Reactors, which has been issued as ORNL-2221, Parts 1-5. 
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SUMMARY 

6.1. Shielding Theory 

A Monte Carlo calculation has been performed to 

determine the energy f lux and angular distr ibution 

of air-scattered neutrons from a monodirectional 

beam a t  a source-detector separation distance o f  

64 ft. The source was assumed to be located on 

an absorbing sphere of diameter DO. The diameter 

was assigned two different values: 0, which re- 

sulted in a point source, and 12 ft. Isotropic 

scattering in the center-of-mass system was taken 

as the scattering law. The source energies in- 

cluded in the calculations were 0.55, 1.2, 2, 3, 

and 5 Mev, and the angle o f  radiation emission 

from the source was considered to be 2, 15, 30, 
60, 90, 135, and 180 deg. The problem was ide- 

a l ized in that the source-detector system was con- 

sidered as suspended in an inf in i te body o f  air. 

6.2. Tower Shielding Fac i l i t y  

The preliminary differential gamma-ray shielding 

tests which have been under way for some time 

have been concluded. The f inal tests included 

measurements of the total gamma-ray dose rate 

inside the G-E crew compartment mockup with the 

side lead and water shielding removed and meas- 

urements o f  the dose rate a t  one of the legs o f  the 

TSF structure with no shielding around the de- 

tector. In addition, thermal-neutron f lux measure- 

ments were made in  air a t  distances o f  25 and 50 f t  

f i l led  cyl indrical aluminum pipes (8- and 15-in. ID) 
adjacent to  the TSR in  the reactor tank. Fast- 

neutron dose rate measurements were made with an 

unshielded detector at  a distance o f  64 f t  from the 

reactor tank while both the direction o f  the beam 

and the height above the ground were varied. The 

measurements made as a function of alt i tude showed 

a maximum intensity a t  an alt i tude varying between 

20 and 40 ft. There was a decrease in intensity as 

higher alt i tudes were approached, which resulted 

from a decrease in ground scattering that was 

larger than the small increase in  air scattering. In 

addition to the in-air measuremen ts, measurements 

were made inside a compartmentalized crew-com- 

partment mockup with various rear and side shield 

thicknesses. The result ing data were used to  

determine the probabil i t ies o f  fast neutrons scat- 

tering into the sides of the crew-compartment 

mockup. A comparison o f  the results wi th values 

of probabilities determined in  earlier experiments 

with a much more diffuse beam showed good agree- 

ment for the region outside the horizontal beam 

angles of 0 and 30 deg, as was expected. 

In order to confirm a calculational procedure 

developed for the optimization o f  a divided neutron 

shield, an experiment was performed which u t i l i zed 

a reactor-shield moc kup and a crew-shield mockup 
whose thicknesses could be .wried. The re- 

actor shield, which i s  spherical i n  shape, con- . . 

from the reactor as a function of 0 (the angle be- toins many small compartments which can be 

tween the reactor beam and the reactor-detector f i l led  and drained remotely wi th l iquids of densi- 

axis) for various values o f  p (the thickness o f  the t ies as high as 2.5. By varying the posit ion 

reactor shielding). Thermal-neutron f lux measure- o f  the l iquid the shape of the shield, as wel l  as 

ments were also made along a l ine normal to the the thickness, could be varied. The crew-shield 

front face o f  the TSF reactor a t  several distances mockup consists o f  33 cyl indrical compartments 

varying from 5 to  1000 cm. For these measure- surrounding a central a i r - f i l led cylinder. The TSF 

ments, the reactor was ~ o s i t i o n e d  at  p = 16 cm. A reactor was placed inside the reactor shield 64 f t  

comparison o f  the response o f  the three thermal- 

neutron detectors used throughout the tests was 

also made. 

An experiment designed to  study the effects o f  
a i r  and ground scattering o f  fast neutrons i n  a 
typical shielding geometry has been performed. A 
highly collimated beam of  neutrons was obtained 

for the experiment by placing either o f  two air- 

from the outside rear o f  the crew-compartment 

mockup, and measurements o f  the neutron dose 

rate were made inside the crew-compartment mockup 

as a function of the thickness o f  water (neutron 

shield) a t  the reactor or crew-shield mockup. Re- 
laxation lengths result ing from the experimental 

data have been compared *ith those predicted in a 

calculation. 



Samples o f  concrete and so i l  from Marietta, 
Georgia were irradiated a t  the TSF in  order to de- 
termine the degree o f  activation to be expected a t  
the Lockheed Radiation Foci  l ity. The concrete 
samples consisted o f  p la in concrete, barytes 
concrete, and one sample o f  each containing an 
admixture o f  1% boron. A l l  the samples were ex- 
posed for 20 hr to the TSF reactor operating a t  a 
power o f  400 kw. The dose rate a t  the posit ions o f  
the concrete samples was 0.725 ergs/g.hr*w, whi le 
that a t  the posit ion o f  the so i l  sample was 0.896 
ergs/g*hr-w. Subsequent to  irradiation the intensity 

o f  the gamma-ray dose rate from the samples was 
determined as a function o f  time after irradiation. 
In addition to the dose rate measurements, pulse- 
height spectra of gamma rays from the samples 
were determined. For barytes and soi l  samples a 
large part o f  the dose rate 4 hr after irradiation was 
due to a thermal n-y reaction in ~ n ' ~ ;  between 24 
and 100 hr after irradiation the main contribution 
was from the same reaction i n  ~ 0 ~ ~ .  For the pla in 
concrete samples the gamma-ray dose rate through- 
out  the f i rst  100 hr after irradiation was essen- 
t ia l l y  due to the thermal n-y reaction i n  



Part 6 

AIRCRAFT SH IELDl NG 

E. P. Blizard 





A N P  P R O J E C T  P R O G R E S S  R E P O R T  

and ~ l a c z e k . ~  In one set of problems a ratio of 

the macroscopic scattering cross section to the 

total macroscopic cross section of 1.0 was used, 

while in the other set a ratio of 0.9 was used. In 

both cases only that portion of the flux which was 

contributed by particles that had made one or more 

collisions i s  presented. In almost every case the 

error between the statistically determined values 

and the numerically determined values i s  less than 

10% out to separation distances of 0.6 mean free 

paths. This is of particular interest, since this 

error indicates the error that may be expected 

when a problem is  calculated by using energy 

degradation and isotropic scattering in the center- 

of-mass system. 

A set of problems was then calculated for a 

source-detector separation distance of 64 ft. 

These calculations included energy degradation 

and isotropic scattering in the center-of-mass 

system. In every case the source was taken as a 

l ine beam of monoenergetic neutrons. For one set 

of problems the diameter of the absorbing sphere 

was considered to be zero; that is, the source was 

a point source. In the other set the diameter of 

the sphere on which the point source was located 

was considered to be 12 ft. The source energies 

included in the calculation were 0.55, 1.2, 2, 3, 
and 5 Mev. For the point source, O0 was con- 

sidered to be 2, 15, 30, 60, 90, 135, and 180 deg. 

For the point source on the 12-ft-dia sphere, O0 
was considered to be 15, 90, 135, and 180 deg. 

The results of these calculations included the 

energy and angular distribution of the neutrons at 

the detector. 

The energy flux at the detector for a source 
energy of 3 Mev is shown in Fig. 6.1.3. In this 

figure the flux values do not include the direct 
flux. The lower curve shows the marked depres- 

sion in the energy flux caused by the absorbing 

sphere shielding the detector. It i s  to be noted 

that at OO = 180 deg, the scattered energy flux 

for the point source was 0.2324 x 1 0 ' ~  when 

normalized to a unit energy source. The results of 
the calculation showed that the single scattering 
contribution for the point source was only 

0.1217 x 10'~. This i s  to be compared with the 

value of 0.915 x l om9  for the sources on the 

absorbing sphere. 

'K. M. Cose,  F. de Hoffrnann, and K. M. P l a c r e k ,  
Introduction to the Theory of Neutron Diffusion, vol. I, 
U.S. Government Printing Office, Washington 25, D.C., 
1953. 

4 

Figure 6.1.4 shows the fractional contribution to 

the scattered energy flux by neutrons which have 

scattered one, two, and three times. This set of 

data was obtained from the 3-Mev point source 

cases shown in Fig. 6.1.3. 

UNCLASSIFIED 
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DETECTOR AX IS  (deq l  

Fig. 6.1.3. Energy Flux of Air-Scattered Neu- 

trons from a Monodirectional Beam of 3-Mev 

Neutrons at a Source-Detector Separation Distance 

of 64 ft (Density of the Air = 0.001250 g/cm3). 
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Fig. 6.1.4. Fraction of Energy Flux of Air-  

Scattered Neutrons from a Point, Monodirectional 
Beam of 3-Mev Neutrons Contributed by Successive 

Coll isions at  a Source-Detector Separation Dis- 

tance of 64 f t  (Density of the Air = 0.001250 
g/cm3). 
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6.2. TOWER SHIELDING FACIL ITY  

C. E. Cl i f ford 

PRELIMINARY D IFFERENTIAL  GAMMA-RAY 
SHIELDING TESTS 

F. N. Watson R. M. Davis '  

W. R. Champion 

The preliminary differential gamma-ray shielding 

tests which have been under way for some time3 

have been concluded. The f inal tests reported 

here include measurements of the total gamma-ray 

dose rate inside the GE crew-compartment mockup 

wi th the side lead and water shielding removed and 

measurements of the dose rate a t  one o f  the legs o f  

' o n  assignment from The Glenn L .  Martin Co. 
20n assignment from Lockheed Aircraft Corp. 
3 ~ .  E. Clifford ei nl., A N P  Quar. Prog. Rep. March 10, 

1956, ORNL-2061, Part IV, p 6; F. N .  Watson, A N P  
Quar. Prog. Rep. June 10. 1956, ORNL-2106, Part VI, p 7. 

the TSF structure wi th no shielding around the 

detector. In addition, thermal-neutron f lux meas- 

urements were made in  air a t  distances o f  25 and 

50 f t  from the reactor as a function o f  0 (the angle 

between the reactor beam and the reactor-detector 

axis)  for various values o f  p (the thickness of the 

reactor shielding). Thermal-neutron f lux measure- 

ments were also made along a l ine  normal to  the 

front face o f  the TSF reactor a t  several distances 

varying from 5 to 1000 cm. For these measure- 

ments, the reactor was ~ o s i t i o n e d  so that p = 16 cm. 

Gamma-Ray Dose Rate Measurements 

Gamma-ray dose rates measured inside the GE 

crew-compartment mockup with the side lead and 

water shielding removed are presented i n  Fig. 
6.2.1 as a function of 0 for reactor water shield 

8 ,  H O R I Z O N T A L  REACTOR O R I E N T A T I O N  A N G L E  ( d e g )  

Fig. 6.2.1. Gamma-Ray Dose Rate at  Center of G-E Crew-Compartment Mockup (Lead and Water at 

Side Removed) as a Function of 8 for p = 16 and 45 em. 



A N P  P R O J E C T  P R O G R E S S  R E P O R T  

thicknesses (p) of 16 and 45 cm. (In this figure x, 

y, z = 0 at the center of the inside rear wall of the 

crew compartment.) The difference in the shapes of 

the two curves as they approach 8 = 180 deg demon- 

strates the effect of the thermal-neutron capture 

gamma rays and air-scattered gamma rays in a 

geometry where the emergent radiation i s  sharply 

peaked away from the detector. 

A number of gamma-ray dose rate measurements 

were made as a function of the distance between 

the reactor and a detector by f ixing an unshielded 

detector on a TSF leg (No. I) and varying the 

position of the reactor tank. The effect of  the 

tower leg on the measured dose rates is assumed 

to be negligible. Figure 6.2.2 presents these data 

as a function of separation distance for p = 45 cm 

UNCLASSIF IED 
4-01 -056 -91 -COMP-474  

s, DISTANCE FROM DETECTOR TO REACTOR TANK CENTER ( f t )  

Fig. 6.2.2. Gamma-Ray Dose Rate in  Air as a Function of Reactor-Detector Separation Distance for 

Various Values of 6. 



P E R I O D  ENDING D E C E M B E R  37, 7956 

and for 6' = 0, 92, and 270 deg. A t  0 = 92 deg the 

reactor i s  facing the detector. Figure 6.2.3 pre- 

sents the gamma-ray dose rate a t  the TSF leg as 

a function of p for a fixed separation distance o f  

100 ft. 
Examination o f  the data in Fig. 6.2.2 indicates 

that the direct-beam dose rate (0 = 92 deg) fol lows 

the inverse distance-squared law to  a close approx- 

imation. The dose rate with the beam of  radiation 

pointed directly away from the detector (0 = 270 
deg) decreases more rapidly than the inverse dis- 

tance law but much more s lowly than the inverse 

distance-squared law. As was expected, the dose 

rate as a function of distance wi th the beam o f  

radiation directed a t  90 deg from the detector 

(0  = 0 deg) fa l ls  somewhere between the other two 

curves. 

Thermal-Neutron Flux Measurements 

Measurements have been taken from which a 

prof i le of the thermal-neutron f lux i n  the TSF 

reactor tank water and in the air normal to the 

front face of the reactor could be established. 

Bare and cadmium-covered gold foi Is, previous1 y 

calibrated wi th the ORNL Standard Pile, were 
exposed a t  various distances from the reactor, and 

the thermal-neutron f lux as a function o f  distance 

from the reactor was determined. The results are 

shown in Fig. 6.2.4, where the relative posit ion o f  

the reactor tank wal l  i s  indicated. The flux i n  

water a t  various distances from the BSF reactor i s  

a lso plotted for comparison.4 From the reactor 

face to within 5 cm of  the tank wal l  the agreement 

between the TSF reactor and BSF reactor data i s  

wi th in 10%. Immediately outside the tank wal l  the 

thermal-neutron f lux i s  approximately 7% o f  that 

predicted from the BSF reactor curve. 

Thermal-neutron f lux measurements were also 

made at  distances o f  25 and 50 f t  as a function of 

4 ~ .  E. Hungerford, Bulk Shielding Facility Water Data 
Work Sheet, ORNL CF-52-2-37 (Feb. 1, 1952). 

UNCLASSIFIED 
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0 25 5 0 7 5 100 125 4 50 
THICKNESS OF WATER BETWEEN REACTOR FACE AND REACTOR TANK WALL (cm) 

Fig. 6.2.3. Gamma-Ray Dose Rate in Air at a Point 100 ft from the Center of the Reactor Tank as 

a Function of the Reactor Shield Thickness for 8 = 270 deg. 
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Fig. 6.2.4. Thermal-Neutron F lux  as a Function 
o f  Distances from the TSF Reactor (TSR) and the 

BSF Reactor (BSR). 

19 for several values o f  p i n  the range 16 to  90 cm. 

These measurements were also accompl i shed by 

mounting a detector (a bare BF3 chamber) on TSF 

leg No. I and posit ioning the reactor tank a t  the 

desired separation distance. No cadmium-covered 

detector measurements were made, so the f lux re- 
ported i s  governed by the boron l / v  cross section. 

The results o f  these measurements for the 2 5 f t  

separation distance are shown in  Figs. 6.2.5 and 

for the 50-ft seporation distance (Fig. 6.2.7) shows 

curves with the same shapes, although the slopes 

of the curves vary more s lowly than the slopes o f  

the curves for the 25-ft separation distance. It i s  

f e l t  that this i s  an indication that the rat io o f  

direct-to-scattered f lux i s  changing, wi th the 

scattered component becoming more predominant. 

Comparison of Thermal-Neutron Detectors 

The responses o f  three detectors used at  the TSF 

to  measure thermal-neutron f lux have been com- 

pared in a series o f  tests. The measurements were 

made with the reactor-detector center l ine 6 f t  

above ground level. The results are plotted as a 

function o f  the reactor-detector separation distance, 

st  in  Fig. 6.2.8. I t  i s  to be noted that these data 

fol low an inverse distance-squared relationship i f  

the effective posit ion o f  the source i s  considered 

to  be a t  a point inside the reactor 3 cm from the 

front face. Some of  the discrepancy in the results 

for the different detectors can be attributed to the 

lack of cadmium-difference data for the f ission 

chamber and the BF3 counter. The f ission chamber 

may indicate a high flux because i t  was designed 

for use in water and i s  bocked up by a thick plast ic 

block that returns, to the sensit ive portion o f  the 

counter, both the thermal and the fast neutrons 

slowed down in the block. 

E F F E C T  O F  A IR  A N D  GROUND S C A T T E R I N G  O F  

F A S T  N E U T R O N S  ON T H E  DOSE R A T E S  
MEASURED IN A I R  AND IN A CRE'W- 

C O M P A R T M E N T  M O C K U P  

M. J. Welch W. J. McCoo16 
R. M. DavisS C. R. F ink5 

An experiment designed for obtaining information, 

on the effects of air and ground scattering of fast  

neutrons i n  a typical shielding geometry was 

performed at  the Tower Shielding Facil i ty. A 

highly collimated beam of  neutrons was obtained 

for the experiment by placing either of two air- 

f i l led  cyl indrical aluminum pipes (8- and 15-in.-ID) 

adjacent to the reactor in the reactor tank. Fast- 
neutron dose rate measurements were made wi th 

an unshielded detector a t  a distance o f  64 f t  from 
the reactor tank while both the direction of the 

beam and the height above the ground were voried. 

6.2.6. It is interesting to note that these curves 

are almost identical in shape. The reason for 5 ~ n  assignment from The Glenn L. Martin Co. 

th is i s  not immediately obvious. A plot o f  the data 6 ~ n  assignment from Prott & Whitney Aircraft. 
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Fig. 6.2.5. Thermal-Neutron Flux in Air at a Point 25 ft from the Center of the Reactor Tank as a 

Function of 8 for p = 92.4 cm. 
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Fig. 6.2.6. Thermal-Neutron Flux in Air at a Point 25 ft from the Center of the Reactor Tank for 

p = 18.4, 32.4, 47.4, and 62.4 cm. 
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Fig. 6.2.7. Thermal-Neutron Flux in Air at a Point 50 ft from the Center of the Reactor Tank as  a 

Function of 0 for p = 18.4, 32.4, and 62.4 ern. 
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Fig. 6.2.8. Comparison o f  Response o f  Various 
Thermal-Neutron Detectors i n  Air  t o  Radiation from 
the TSF Reactor. 

In addition, measurements were made inside a 
compartments lized crew-shield mockup. The re- 
sul t ing experimental data were used to determine 
the probability o f  the fast neutrons scattering into 
the sides of the crew-compartment mockup. An 
analysis o f  this experiment i s  being performed by 
Convair personnel. Since this analysis i s  now in  
progress, only the procedures, experimental results, 
and a comparison wi th previous experiments are 
presented here. 

Measurements i n  A i r  

The geometry for the measurements in air i s  
shown in  Fig. 6.2.9~. The angle 4 i s  the orienta- 
t ion angle of the collimator axis in the vert ical 
plane and 0 i s  the corresponding angle i n  the 
horizontal plane. A t  4 = 0 deg and 0 = 0 deg the 
collimator i s  directed a t  the detector. The co l l i -  
mator assemblies are shown in  Figs. 6.2.9b and 
6.2.9~. 

The asymmetries i n  the reactor and the tank wal l  
cause the source strength to vary wi th 4 and 0. 
Th is  variation was determined by placing the 
detector in the direct beam 64 f t  from the reactor 
center for different values o f  0 and 4. The results 
(Figs. 6.2.10, 6.2.11, and 6.2.12) must be used to  
normalize a l l  data taken from the variplot. I n  
addition, the background (2 x l o 7  mrep/hr*watt) 
must be subtracted from a l l  the variplot data. Th is  
i s  especial ly important for the 8-in.-dia cot limator 
measurements, since the intensity i s  approximately 
a factor o f  10 lower than the intensity for the 
15-in.-dia col limator measurements. 

Fast-neutron dose rate measurements a t  # = 0 deg 
as a function of the horizontal angle 8 of the co l l i -  
mator are shown in Figs. 6.2.13 through 6.2.15. 
The measurements shown in  Figs. 6.2.13 and 
6.2.14 consist of the direct-beam and the air- 
scattered contributions, since they were taken a t  
an alt i tude of 195 f t  where the ground-scattered 
component was assumed to  be negligible. (This i s  
probably true only for # = 0 deg.) The data shown 

i n  Fig. 6.2.15 were taken wi th a detector encased 
i n  a shield which was penetrated by a collimator i n  
the direct-beam direction. In th is case some con- 
tr ibution from the scattered component was removed. 

The direct-beam portion o f  each of the above 8 
traverses (that is, the portion i n  the v ic in i ty  o f  
0 = 0 deg) can be f i t ted by an equation o f  the form: 

where D k O  i s  the peak intensity o f  the beam and 
D 0  is  the intensity a t  a given angle 0. The cosine 
power n was found to be approximately 181, 185, 
and 186 for the 8-in.-dia collimator a t  angles o f  

8 equivalent to  50, 25, and 10% of the peak in- 
tensity, respectively. The f i t  of the 15-in.-dia 
collimator to this cosine function was not so good, 
since the power n was found to vary from 56 to  63 
a t  50 and 25% of the peak beam intensity. 

A plot  o f  the 15-in.dia collimator data corrected 
for the change in source strength mentioned above 
i s  shown in  Fig. 6.2.16, along wi th the measured 
data. In order to  determine the total neutron dose 
leaving the collimator, the corrected curve was 
resolved into the direct-beam and air-scattered 
components between 8 = 0 and 30 deg by extrapo- 
lat ing the curve from the 0 = 30-deg point back to  
0 = 0 deg and assuming that the extrapolated curve 
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Fig. 6.2.9. Collimator Geometry in the TSF Reactor Tank. 
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Fig. 6.2.10. Peak Fast-Neutron lntensity as a 

Function of + for 8-in.-dia Collimator ( 8  = 0 deg). 

2 

represents the air-scattered component. The direct- 
beam contribution was then determined by sub- 
traction. By integrating the area under the direct- 
beam curve, the total neutron dose rate leaving the 
collimator was determined as follows: 

! L 
I 

where I is  the separation distance. The values of 

D T  determined for the 15-in. collimator for I = 15, 
30, and 64 f t  were 1.32 x lo3, 1.16 x lo3, and 
1.26 x lo3  mrep~cm2/hr*w, respectively. 

t o-' 
I I 
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Fast-neutron dose rate measurements as a func- 
tion of altitude were made for various values of 
q5 and 8 (Figs. 6.2.17 through 6.2.24). These 
traverses show a maximum intensity of dose rate 
at an altitude of between 20 and 40 ft. There i s  
a decrease in  intensity as higher altitudes are 
approached. This results from decreasing ground 
scattering, which overrides the small increase in  
air scattering. The ground-scattering effects are 
seen at higher altitudes for greater negative values 
of 4. 
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Fig. 6.2.11. Peak Fast-Neutron Intensity as a 
Function of + for 15-in.-dia Collimator ( 8  = 0 and 
60 deg). 
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Fig. 6.2.12. Peak Fast-Neutron Intensity as a 
Function of r~5 for 15-in.-dia Collimator ( 6  = 30 and 
90 deg). 
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Fig. 6.2.13. Fast-Neutron Dose Rate in Air as a Function of 0 for 8-in.-dia Collimator ( h  = 195 4). 
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Fig. 6.2.14. Fast-Neutron Dose Rate in Air as a Function of 8 for 15-in.-dia Collimator ( h  = 195 ft). 
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Fig. 6.2.15. Fast-Neutron Dose Rate in Partially Shielded Detector as a Function of 0 for 15-in.-dia 
Collimator ( h  = 6 ft). 
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Fig. 6.2.16. Fast-Neutron Dose Rate in  Air  as 

a Function of 8 for 15-in.-dia Collimator ( h  = 195 ft). 

Measurements as a function of 4 were taken at 

altitudes of 12.5, 25, and 195 f t  (Figs. 6.2.25 

through 6.2.28). The background (that is, the dose 
rate with the collimator removed from the tank) has 

been subtracted from the results plotted in Figs. 

6.2.29 and 6.2.30, and corrections have been made 
for the variations in source strength caused by the 
asymmetry in the reactor tank. The traverses with 

the &in.-dia collimator were taken with the reactor 

tank centered over the concrete pad to one side of 

the pool. With the exception of the data shown in  

Fig. 6.2.24, the large collimator traverses were 
taken with the reactor tank centered over the pool. 

Measurements in o Crew-Comportment Mockup 

A compartmental ized cylindrical tank, constructed 

by Boeing Airplane Co. according to an ORNL de- 

sign, was used for the fast-neutron measurements 
in a crew-shield mockup. The water shielding i n  
the mockup (Fig. 6.2.31) could be varied by suc- 

cessively f i l l ing or draining the compartments. 

The detector was placed inside the rnockup, the 
rear face of which was positioned a horizontal 

distance of 64 ft from the center of  the reactor 

tank. The 15-in.-dia collimator was used through- 

out the measurements. 
The attenuation of the dose rate through the rear 

face of the crew-shield mockup was determined by 
measurements made at  the center and near the rear 

inside surface of the mockup while compartments 1 
through 4 (each 3 in. thick) were successively f i l led 

and the sides were shielded by 20 in. of water. 

The results are plotted as a function of water 

thickness in Fig. 6.2.32. (y = 0 at  the center of 

the inside rear wall of  the crew compartment.) The 

difference in slope between the plots of measure- 

ments made at  the center of the crew shield (y = 38 
in.) and those made near the rear of the crew com- 

portment (y = 41/2 in.) i s  due to the variation with 
shield attenuation of the angular distribution of the 

dose rate at the inside surface of the crew com- 
partment. 

In order to determine the attenuation of neutrons 

by the crew side shield, measurements were made 

at the center of the mockup as a function of 0 for 

various side wall shielding thicknesses (Figs. 

6.2.33 through 6.2.37). For these measurements 

the direct beam was shielded by approximately 

36 in. of water and 1.6 in. of aluminum in  the rear 
of the mockup. This shielding was contained in 

tanks 1, 2, 3, 4, 10, and 11. Tanks 5 through 9 . . . .  . 

were considered part of the side shielding and 

were f i l led successively as adiacent tanks on the 
side of the mockup were filled. 

Data from the 0 traverses were used to plot thd 

fast-neutron dose rate at the center of the mockup 
as a function of the side wall shielding thickness 

for various values of 0 (Fig. 6.2.38). Since the 
background for these tests was unknown, the 

accuracy of the data for large water thicknesses or 
for large values of 0 i s  poor. A subtraction o f  the 

background would give the more customary shapes 

and would reduce the values of the relaxation 
lengths, A. 

Determination of Scattering Probabilities 

The total fast-neutron dose rate measured in air 

(see above) was used to determine the probability 
of  neutrons scattering into the side of the mockup 

as a function of the horizontal angle 0. This 
scattering probability, l2p:(0) ( I  = separation 
distance, PZ(0)  = probability of neutrons from l e a n  

at angle 0 scattering into the sides of the mockup), 
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Fig. 6.2.17. Fast-Neutron Dose Rate in Air as a Function of Altitude for 8-in.-dia Collimator (6 = 30, 
60, and 90 deg; + = 0). 
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Fig. 6.2.18. Fast-Neutron Dose Rate in Air as a Function of Altitude for 8-in.-dia Collimator (8  = 0, 
30, 60, and 90 deg; + = 30 deg). 
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Fig. 6.2.19. Fast-Neutron Dose Rate in Air as a Function of Altitude for 8-in.-dia Collimator (8 = 0; 
4 = 60 deg). 
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Fig. 6.2.20. Fast-Neutron Dose Rate in Air as a Function of Altitude for 8-in.-dio Collimator 

(6  = 0; 4 = +30 and -90 deg). 
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Fig. 6.2.21. Fast-Neutron Dose Rote in Air as a Function of Altitude for 15-in.-dia Collimator 
(4 = 0; 8 = 30, 60, 90, 150, and 180 deg). 
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Fig. 6.2.22. Fast-Neutron Dose Rate in Air as a Function of Altitude for 15-in.-dia Collimator 

(4 = -30 deg; 8 = 0, - 30, -60, and - 90 deg). 



A N P  P R O J E C T  P R O G R E S S  R E P O R T  

UNCLASSIF IED  
4-01-056-44-COMP-  4 4 2  

8 =  Odeg, p =  164.2 cm 

5 0  100 1 5 0  2 0 0  

h ,  REACTOR- DETECTOR ALTITUDE ( f t )  

Fig. 6.2.23. Fast-Neutron Dose Rate in Air as a Function of Altitude for 15-in.-dia Collimator 

(4 = -60 deg; 8 = 0,  30, and 90 deg). 
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Fig. 6.2.24. Fast-Neutron Dose Rate in Air as a Function of Altitude for 15-in.-dia Collimator 
(6 = -90 deg; 8 = 0 deg). 



A N P  P R O J E C T  P R O G R E S S  R E P O R T  

UNCLASSIFIED 
4-04-056-r3-60-(-4)-359 

DETECTOR (TRIPLE NEUTRON D 
ION DISTANCE = 64 f t  

- 6 0  -30 0 3 0 6 0 

+, COLLIMATOR VERTICAL ORIENTATION ANGLE ( deg) 

Fig. 6.2.25. Fast-Neutron Dose Rate in  Air as a Function of q5 for 8-in.-dia Collimator (8  = 0 deg). 
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Fig. 6.2.26. Fast-Neutron Dose Rate in Air as a Function of q5 for 15-in.-dia Collimator (8 = 0 deg). 
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Fig. 6.2.27. Fast-Neutron Dose Rate in Air as a Function of Q for 8-in.-dia Collimator (6 = 90 deg). 
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Fig.  6.2.28. Fast-Neutron Dose Rate in  Air as a Function of d for 15-in.-dia Collimator (8  = 90 deg). 
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Function of 6 for 8-in.-dia Collimator (8 = 90 deg; 
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as a function of the angle equals the scattered dose 

at the angle divided by the total dose rate. In 

Fig. 6.2.39 the values of l2~:(8) based on the data 

from this experiment are comiared with the values 

determined in earlier experiments7 for which a 

much more diffuse beam was used. The effect of 

collimation of the beam seems most predominant 

in  the region 0 < 8 < 30 deg. Since measurements 

as a function of 8 were taken for each side shield- 

ing water thickness, a plot of the scattering proba- 

b i l i ty  as a function of the side shielding could also 

be made for each angle (Fig. 6.2.40). The results 

are compared with those obtained in an earlier 

experiment for which the detector tank8 and a 

diffuse beam of neutrons was used. As in Fig. 

6.2.39, there is l i t t le  agreement between the angles 
of 0 and 30 deg for the highly cot l imated beam, but 
the agreement outside this region i s  very favorable, 

showing a maximum of about 25% error. 

7 ~ .  F. Valerino and F. L. Keller, ANP Quar. B o g .  
Rep .  Sept .  10, 1955, ORNL-1947, p 205. 

'M. F. Valerino, A N P  Quar, Prog. Rep.  June  10, 1955, 
ORNL-1896, p 206. 

Fig. 6.2.30. Fast-Neutron Dose Rate in Air  as a 

Function of #I for 15-in.-dia Collimator (8 = 90 deg; 

h = 12.5, 25, and 195 ft). 

The probability of neutrons scattering to  an un- 

shielded detector, 12ps ( B ) ,  was also determined by 

using the extrapolated values of the scattered dose 
rate shown in Fig. 6.2.16. The results as a func- 

tion of 8 for a separation distance of 64 f t  are 

shown in Fig. 6.2.41. Since measurements as a 

function of 8 were made for reactor-detector separa- 

tion distances of 15 (not shown), 30 (not shown), 
and 64 ft, the scattering probability as a function 

of separation distance could also be determined 

(Fig. 6.2.42). It should be remembered that the 
values of 1 ' ~ ~ ( 8 )  are dependent on the manner i n  

which the scattered component i s  separated from 

the direct beam, and, unti l  some method i s  devised 

for accurately separating the two components, 

there i s  no assurance that these probabilities are 

correct. This w i l l  also affect the scattering proba- 

bi l i t ies in the crew-compartment mockup, since the 

same direct beam is used to determine those values. 
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Fig.  6.2.31. Boeing Crew-Compartment Mockup. 

The agreement wi th previous crew shie ld data indi-  

cates that the approach used i s  good, but i t  w i l l  be 

necessary to extend th is experiment further i n  

order to verify the results. Plans for such an ex- 

tension are now being made. 
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A calculation procedure for the optimization of a 

divided neutron sh ie ld1 '  was developed a t  the TSF 
i n  which the reactor shield i s  divided into N coni- 

ca l  shells whose vertexes converge a t  the center of 

the reactor. The total weight of the combined re- C 2 
--,__ 1- --  - 

V) I 

2 
I 

y =  4'f2 In (AT REAR)  

0 y =  3 8 . 0 3 1 n  (AT  CENTER1 

actor and crew-compartment neutron shie ld is  then 

expressed as a function of Tn (the thickness of the 

shielding i n  the conical shell), Ts (the crew- 
compartment side wal l  thickness), and Tr (the crew- 

compartment rear wa l l  thickness). The method of 
Lagrange mult ipl iers is  used to  obtain equations 

which Tn ,  T s ,  and Tr must sat is fy in  order for the 
weight t o  be a minimum for the specif ied doss 

/__I_____!- 

+ 5 ( o - ~  I 1 I 
0  2 4 6 8 10 12 14 
WATER AND ALUMINUM THICKNESS, REAR FACE OF BOEING 

CREW COMPARTMENT (1n.l 
e rate. 

_ , .* Fig. 6.2.32. Fast-Neutron Dose R a t e  i n  the 
9 ~ n  assignment from Convair, Son Diego. . , 

f - 
' O ~ n a s s i g n m e n t f r o r n W A D C .  * +  ' 

Boeing Crew-Compartment Mockup as  a Function "M. F. Valerino and F. L. Keller, ANP Quar. Prog. 
of the Shielding Thickness on the Rear Wall. R e p .  S e p t .  10, 195.5, ORNL-1947, p 205. 
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Fig. 6.2.33. Fast-Neutron Dose Rate in the Boeing Crew-Compartment Mockup as a Function of 

8 for No Water Side Shielding. 
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Fig. 6.2.34. Fast-Neutron Dose Rate in the Boeing Crew-Compartment Mockup as a Function of 
0 for a 2-in. Water Side Shielding Thickness. 
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Fig. 6.2.35. Fast-Neutron Dose Rate in the Boeing Crew-Compartment Mockup as a Function 

0 for a 4.in. Water Side Shielding Thickness. 
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Fig. 6.2.36. Fast-Neutron Dose Rate in the Boeing Crew-Compartment Mockup as a Function of 

0 for a 6-in. Water Side Shielding Thickness. 
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Fig. 6.2.37. Fast-Neutron Dose Rate in the Boeing Crew-Compartment Mockup as a Function of 

8 for an 8-in. Water Side Shielding Thickness. 
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0 2 4 6 8 1 0  t 2 
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Fig. 6.2.38. Fast-Neutron Dose Rate at  the 

Center of the Boeing Crew-Comoartment Mockup 

as a Function of the Shielding Thickness on the 
Side Wall. 

An iteration procedure'2 i s  used for solution o f  the 

equations. 

In order to confirm the calculation procedure, a 

compartmentalized reactor shield tank and a com- 

partmentalized crew-compartment mockup were 

obtained for use in a series of experimental tests. 

The compartmentalized reactor shield tank was 

designed by ORNL and constructed by Convair 

(San Diego); the crew compartment was designed 

and constructed by Boeing Airplane Co. according 

to  ORNL specifications. 

" 5 .  K. Penny,  A N P  Quar. Prog. Rep .  March 10, 1956. 
ORNL-2061, Port  IV,  p 54. 

I - BASED ON CURRENT EXPERIMENTAL DATA 
I 

- 
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Fig. 6.2.39. Probability of Fast Neutrons Scat- 
tering into the Sides of the Boeing Crew-Compart- 

ment Mockup as a Function of 6. 

( o - ~  

Description of Reactor Shield and 

Crew-Compartment Moc kup 

I 
I 

I 

The reactor shield i s  a compartmentalized tank 

(Figs. 6.2.43 and 6.2.44), approximately spherical 

i n  shape, which was bui l t  to  enclose the core of the 

TSF reactor and serve as a neutron shield. The 

compartments in the tank are of welded aluminum 

construction and can be f i l led  and drained remotely 

wi th l iquids of density as high as 2.5. By varying 

the location o f  the l iquid the shape of the neutron 

shield can thus be changed. The tank actually 

consists o f  eight large conical shells containing a 

total o f  44 subshel Is, some of  which are intersected 

by the cyl indrical reactor standpipe. The outer 

1-ft compartments in each of the eight large cones 

are used to  block out the neutron radiation from 

complete sections of the shield for differential 

0 30 6 0  9 0  + 2 0  150 1 8 0  

@,COLLIMATOR HORIZONTAL ORIENTATION ANGLE ldeg)  

beam experiments. The 2-in. compartments are 

used to determine the optimum neutron shield shape 

by t r ia l  and error f i l  l ing  o f  various tank combina- 

tions. 
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Fig. 6.2.40. Probabil i ty of Fast  Neutrons Scat- 

tering into the Sides of the Boeing Crew-Compart- 

ment Mockup as a Function of the Thickness of 

the Side Wall Water Shielding. 

The compartmentalized crew-compartment mockup 

(Fig. 6.2.45) consists o f  33 cyl indrical shells 

surrounding the cyl indrical crew-compartment air 

space. When f i l led with water, tanks 1 through 4 
and 10 and 11 are used for rear shielding, tanks 12 
through 26 are used for side shielding, and tanks 

27 through 33 are used for front shielding. Tanks 

5 through 9 are used to investigate the ef fect  of 

shielding a t  the "corners" o f  the tank. 

Experimental Measurements 

The TSF reactor was placed inside the compart- 

mentalized reactor shield tank at  a distance ( I )  of  

64 f t  from the outside rear o f  tank 4 of the crew 
compartment. A Hurst fast-neutron dosimeter, 

calibrated against a Po-Be neutron source, was 

placed lengthwise inside the crew-compartment 

mockup along the reactor-detector axis so that the 

geometrical center of the crew compartment coin- 

cided with that of the dosimeter. An anthracene 

crystal sc int i l la t ion counter, mounted on the out- 

side rear o f  crew-compartment tank 11, was used 

to monitor the gamma-ray dose rate. A l l  experi- 

mental data were taken at  an alt i tude of 195 ft. 

Differential fast-neutron measurements were 

made inside the crew shield mockup with 4- and 

2-in. thicknesses of water on the sides and wi th 

no water on the sides. In the 4-in. case a l l  crew- 

compartment tanks were f i l led  except 7-9, 14-16, 

19-21, 24-26, and 29-31. The 2-in. case was 

obtained by draining tanks 13, 18, and 23, and, for 

the case with no water, tanks 12, 17, and 22 were 

drained. In general, the experiment consisted o f  

f i l l i ng  a l l  compartments in the reactor shield and 

then draining in sequence the compartments in one 

of the large cones. After a cone was drained, the 

reactor shield was ref i l led and another cone was 

drained in sequence. The results o f  th is  series o f  

measurements as a function of the radial distance 

o f  the outside edge o f  the shield in the conical 

shell  from the reactor center are shown in Figs. 

6.2.46 through 6.2.53. The same data are cross- 

plotted as a function o f  crew-compartment side 

wal l  water thickness in Figs. 6.2.54 through 6.2.61. 

Because of mechanical d i f f icul ty with the drain 
valve, the data from cone 2 (Figs. 6.2.47 and 

6.2.55) are considered to  be questionable. 

Integral fast-neutron dose rate measurements 

corresponding to several neutron shield configura- 

t ions were made after draining layers o f  compart- 
ments around the eight cones. (A layer consists 

of a group o f  comparable compartments such as 

compartments 6, 12, 18, 24, 30, 36, 41, and 44.) 

Dose rate measurements were obtained for eight 

different configurations. 

Comparison of Experimental Data wi th  Calculations 

The relaxation lengths o f  the fast  neutrons from 

each conical shell in the side shielding o f  the 

crew compartment can be determined as a function 

of reactor shield thickness i n  a conical shell (that 

is, as a function of the number of f i l led tanks) 
from the data presented i n  Figs. 6.2.54 through 
6.2.61. These relaxation lengths can be compared 

wi th calculated relaxation lengths based on data 

from earlier TSF differential shielding experiments 

and on an empirical relationi i  which was estab- 
l ished during the analysis o f  those experiments. 
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Fig. 6.2.41. Probabil i ty o f  Fast  Neutrons Scattering t o  an Unshielded Detector as a Function of 8. 
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Fig. 6.2.42. Probabil i ty of Fast  Neutrons Scat- 

tering to  an Unshielded Detector as a Function o f  

Reactor-Detector Separation Distance. 
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The relation states that 

-- A B A S E D  ON BACKGROUND AT 6 4  f t  x ,! - -- - *- - -- 
I i i I I 

where 

A: = relaxation length of air-scattered fast 

neutrons i n  the side of the crew com- 

partment, 

Ad = relaxation length in the reactor shield, 

Tn  = thickness o f  shield i n  the conical shell, 

T s  = crew-compartment side wal l  thickness, 

0, = reactor shield conical shell  angle. 

0 10 2 0  3 0  4 0  5 0  6 0  7 0  

1, SEPARATION DISTANCE l f t )  

Values of Ad for reactor shield thicknesses ex- 

tending to  approximately 150 cm were established 

from earlier TSF and BSF data (Fig. 6.2.62). 
Values o f  A: for a reactor shield thickness o f  

45 cm were also determined in earlier TSF ex- 

periments (Fig. 6.2.63). With the use of these re- 

sults and the above equation, i t  i s  possible to 

calculate values o f  A: for various reactor shield 

thicknesses which can be compared wi th those 

obtained from this experiment. The calculations 

were made for cones 1, 4, 7, and 8 and a crew- 
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Fig. 6.2.43. Compartmentalized Reactor Shield Tonk. 
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Fig. 6.2.45. Compartmentalized Crew-Compartment Tank. 



P E R I O D  ENDING DECEMBER 3 7 ,  1956 

C P E W  COMPARTMENT 

Fig. 6.2.46. Fast-Neutron Dose Rate i n  Boeing 

Crew-Compartment Mockup Result ing from Radia- 

t ion  from Conical Shell No. l as a Function of 

Shield Thickness i n  Shell No. 1. 

2 ~ 1 0 - 5  

compartment side shield thickness o f  12 cm (10 cm 

of water plus 2 cm of  aluminum). A comparison o f  

the measured and calculated values of A: i s  pre- 

sented in Table 6.2.1. With the exception of the 

values for cone 1, the data are considered to be i n  

good agreement. Values for A: cannot be calcu- 
lated for the completely drained condition by using 

the above equation, since T n  i s  not constant over 

the entire conical shell  owing to the intersection 

with the cyl indrical standpipe. A calculation 

procedure which includes the effect of the stand- 

pipe i s  presented in the fo l lowing section ("Analy- 

s i s  o f  Experimental Data"). 
In order to calculate relaxation lengths for com- 

par ison wi th those obtained from the experimen tal 

data shown in Figs. 6.2.46 through 6.2.53, an 
I 4  over-all" relaxation length XO(Tn + Ts,O) was 

I '-7Fk- 

T A B L E  6.2.1. COMPARISON O F  EXPERIMENTAL AND 
C A L C U L A T E D  RELAXATION LENGTHS O F  AIR- 

SCATTERED FAST NEUTRONS I N  T H E  SIDE-  
O F  BOElNG CREW COMPARTMENT 

15 2 0  2 5  3 0 3 5 4 0  

DISTANCE B E T W E E N  REACTOR C E N T E R  A N D  O U T E P  E D G E  
O F  S H I E L D  I N  C O N I C A L  S H E L L  N O  1 O n )  

Ts = 10 crn of H20 + 2 cm of At 

(deg) (ern) Experimental Calculated 

A t  Outer Edge of  2-in. Tanks 

0 74 8.3 7.1 

8 3* 56 6.0 6.1 

128** 38 5.0 4.7 

180 29 4.6 4.2 

A t  Outer Edge of  Standpipe 

0 7.4 

83* 4.9 

128** 4.5 

180 4.4 

*The value of for 0 = 90 deg in Fig. 6.263 was 
used in the calculation. 

**The value for @ =  135 deg in Fig. 6.2.63 was used 
in the calculation. 

defined by 

The part ial derivative o f  th is expression wi th 

respect to T n  yields 

Values o f  the over-all relaxation lengths were cal-  

culated for cones l ,  4, 7, and 8 i n  which the shield 

was assumed to extend to the outer edge of the 

2-in. tanks. The results are compared i n  Table 
6.2.2 with values taken from the experimen tal data. 

The fact  that the measured values are higher than 

those calculated i s  attributed to the geometrical 

ef fect  of the cyl indr ical  standpipe intersecting the 
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EDGE OF SHIELD IN CONICAL SHELL NO. 2 (in.) 

F ig.  6.2.47. Fast-Neutron Dose Rate i n  Boeing 

Crew-Compartment Moc kup Result ing from Radiation 

from Conical Shell No. 2 as a Function of Shield 

Thickness i n  Shell No. 2. 

conical she1 Is. When the experimental data are 

extrapolated t o  the outer edge o f  the I-ft com- 

partments, lower relaxation lengths are obtained 

which are in good agreement wi th the calculated 

values. 

A comparison of the integral dose rate in the 

crew compartment wi th the summation o f  the dif- 
ferential dose rates i s  shown in  Fig. 6.2.64 for a 

crew-compartment side shield consist ing of 10 
cm of water and 2 cm of aluminum. The consis- 

tently lower results obtained from the summation o f  
the differential data are attributed to the inter- 
ference of adiacent shells when a part ial ly f i l led  

conical shell i s  between two completely f i l led  

conical shells. The rat io of the integral dose 

rate to  the summation of the differential dose 

rates as a function o f  layers drained i s  tabulated 

i n  Fig. 6.2.64. Analysis o f  the data from the 
integral measurements has not been started. 

TABLE 6.2.2. COMPARISON O F  EXPERIMENTAL AND 
CALCULATED OVER-ALL RELAXATION LENGTHS 

Cone 
On Tn 

A, (em) 

NO. (deg) (cm) Experimental Calculated 

At Outer Edge of 2-in. Tanks 

1 0 74 10.0 10.2 

4 83 56 12.5 10.1 

7 128 38 11.1 9.2 

8 180 29 10.4 9.0 

At Outer Edge of 1-ft Tanks 

1 0 104 (-1 0) * 10.3 

4 83 86 ( Y O ) *  10.3 

7 128 68 (-1 0) * 10.4 

8 180 59 (-1 0)* 10.2 

*These values were obtained from extrapolated data 
and are shown only for comparison with calculated values; 
they should not be used as measured values. 

Analysis of the Experimental Data 

In order to  account for the long relaxation lengths 

apparent i n  Figs. 6.2.46 through 6.2.53, a calcula- 

t ion o f  dose rate inside the crew compartment as a 

function of distance through the reactor shield was 

attempted for cone 4 with the use o f  a calculation 

procedure similar t o  that used in the TSF neutron 

shield optimization study.13 To simplify the cal-  

culation, the fol lowing in i t ia l  assumptions were 

made: 

1. A vert ical section through the shield tank a t  

On = 90 deg i s  equivalent to  a section through 

cone 4 a t  0,, = 8P/4 deg. 

2. The probability o f  neutrons being scattered by 

a i r  into the sides of the crew compartment, 1 2 ~ ~ ( 0 ) ,  

i s  constant from On = 90 deg to 0 = 75$ deg. 
3. The dose rate outside the crew compartment 

(1 = 64 f t) can be expressed in  terms of a reactor 
surface source strength wi th cosine distribution. 

1 3 ~ .  F. Volerino and F. L. Keller, ANP Quat. Prog. 
Rep. S e p t .  10, 1954. ORNL-1947, p 205. 
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Fig.  6.2.48. Fast-Neutron Dose Rate i n  Boeing 

Crew-Compartment Mockup Result ing from Radiation 

from Conical Shell  No. 3 as a Function of Shield 

Thickness i n  Shell No. 3. 
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A vert ical section through cone 4 i s  presented i n  
Fig.  6.2.49. Fast-Neutron Dose Rate i n  Boeing 

Fig. 6.2.65 to i l lustrate the geometry used for the Crew-Compartment Mockup Result ing from Radiation 

calculations. For each compartment i n  cone 4, from Conical Shell No. 4 as a Function of Shield 

the procedure consists of attenuating through the Thickness i n  Shell No. 4. 

shield tank from the reactor surface to  a point i n  

space far outside the shield tank (so that a l l  l ines 

from the reactor are nearly parallel), mult iplying 

by the probability o f  scattering into the crew com- 

partment a t  a distance o f  64 ft, and f inal ly  attenu- 

ating through the side of the crew compartment. A 
numerical integration i s  carried out wi th respect 

t o  (1) the reactor surface source strength (cosine 

distr ibution) seen from a point in space, (2) the 

polar angle 4, and (3) the cor 8 1 1  angle On. 

In order to  simplify the calculation procedure, 

On was held constant, and the side face power 

distr ibution taken from Fig. 6.2.66 was averaged 

over the proiected conical shell  width (about 11/2 
fuel elements) of compartment 19. This value was 

taken as 0.925 of  the peak value. The expression 

for the relative fast-neutron dose rate i n  terms o f  

the surface source strength (cosine distribution) i s  

given by 

1 / 2  cos d .  sin On 
I - cv 

D m  = An cos 8 l2 PZ(8,) f,S - t PiX . . A A , A + . -  x 
l2 i.=o j=o  T 

= ' I  C 
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Fig. 6.2.50. Fast-Neutron Dose Rate in Boeing 

Crew-Compartment Mockup Resulting from Radiation 

from Conical Shell No. 5 as a Function of Shield 

Thickness in  Shell No. 5. 
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Fig. 6.2.51. Fast-Neutron Dose Rate in  Boeing 

Crew-Comportment Mockup Resulting from Radia- 

tion from Conical Shell No. 6 as a Function of 
Shield Thickness in Shell No. 6. 
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Fig. 6.2.52. Fast-Neutron Dose Rate in Boeing 

Crew-Compartment Mockup Resulting from Radia- 

tion from Conical Shell No. 7 as a Function of 

Shield Thickness in Shell No. 7. 

Fig. 6.2.53. Fast-Neutron Dose Rate in Boeing 

Crew-Compartment Mockup Resulting from Radia- 

tion from Conical Shell No. 8 as a Function of 

Shield Thickness in Shell No. 8. 
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t ion  from Conical Shell No. 2 as a Function of 

Crew-Compartment Side Wall Thickness. 
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F ig.  6.2.54. Fast-Neutron Dose Rate i n  Boeing 

Crew-Compartment Mockup Result ing from Radia- 

t ion  from Conical Shell  No. l as a Funct ion of 

Crew-Compartment Side Wall Thickness. 

where 

D~ = dose rate inside the crew compartment ar is ing from compartment m i n  

cone 4, 

An cos 8 l2 p;(dn) f: = fraction of the total radiation from a conical shell scattering into the 

center o f  the crew compartment, 

cos 4 .  sin en - 
I cv 

'i 'cii  C = cosine-distributed surface source strength per uni t  area per unit sol id 
n angle, 

A A  . = incremental area o f  sol id angle, 
- 
P i  = relat ive average power density over 8, based on power distr ibution data 

of Fig. 6.2.67 (w/cm3), 

Xc = core relaxation length (cm), 
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cv = (neutrons/w* sec), 

C = conversion from number f lux to dose rate, 

exp - LTii = attenuation through the mth compartment in the reactor shield, 

e x p - S , ' "  dt  = attenuation through the side of the crew compartment. 

A:(Tii' On) 

Elimination o f  a l l  the constants from the equation y ie lds 

6 n/2 
T i  exp - lTs dt 

D m  1 cos $i Pi hCii MiAqbi exp - 
i = o  j=o  A",Tii) 

Results of the calculation for cone 4 are shown 

i n  Fig. 6.2.68. The lack o f  agreement between the 
measured and calculated relaxation lengths for the (compartment 19 empty). The calculation i s  being 

inner compartments i s  attributed to neglecting the repeated by integrating over 8 i n  the horizontal 

effect of slant leakage into cone 4 from cones 3and  lane (Fig. 6.2.44) i n  the same manner as that 

5. Note that the calculated curve has a shape used for integrating over 4 i n  the vert ical plane 

which i s  similar to the upper curve o f  Fig. 6.2.49 (Fig. 6.2.65). 
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Fig. 6.2.58. Fast-Neutron Dose Rate i n  Boeing 

Crew-Compartment Mockup Result ing from Radia- 

t ion  from Conical  Shell No. 5 as a Function of 

Crew-Compartment Side Wall Thickness. 
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Fig.  6.2.59. Fast-Neutron Dose Rate i n  Boeing 
Crew-Compartment Mockup Result ing from Radia- 

t ion  from Conical Shell No. 6 as a Funct ion of 

Crew-Compartment Side Wall Thickness. 
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Fig. 6.2.60. Fast-Neutron Dose Rate i n  Boeing 

Crew-Compartment Mockup Result ing from Radia- 

t ion  from Conical Shell No. 7 as a Function of 

Crew-Compartment Side Wall Thickness. 
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Fig. 6.2.62. Direct-Beam Relaxation Lengths 

for Fast  Neutrons i n  the Water Surrounding the 

BSF and TSF Reactors. 
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Fig. 6.2.64. Comparison o f  Integral Dose Rate 

i n  the Boeing Crew-Compartment Mockup wi th the 

Summation of Differential Dose Rates from Conical 

Shells i n  the Compartmentalized Reactor Tank. 
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Fig. 6.2.63. Relaxation Length o f  Air-Scattered 

Fast  Neutrons i n  the Sides of the TSF Detector 

Tank (Tn = 45 cm, I = 64 ft). 

N o  attempt w i l l  be made to calculate absolute 

magnitudes unt i l  the measured and calculated re- 

laxation lengths agree. It i s  expected that the 

magnitudes w i l l  be i n  good agreement, since the 

power distr ibution o f  the reactor (400 kw) is  known. 

Future Experiments 

Future measurements made wi th the use of the 

compartmentalized reactor shield tank should in- 

clude (1) a repeat o f  the differential beam rneasure- 

rnents for the third crew-compartment configuration, 

(2)  additional integral dose rate measurements for 

various crew-compartment configurations, (3) a 

study of the effect of shield shaping on the gamma- 

ray dose with the reactor fil led, (4) fast-neutron 
f lux measurements at  the reactor face and the 

cyl indr ical  standpipe, and (5) neutron spectrum and 
surface angular distr ibution measurements a t  the 

reactor shield tank and inside the crew compart- 

men t. 
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Fig. 6.2.65. Vertical Section Through Conical 
Shell No. 4 (8  = 82% des) Showing Geometry Used 
fo; a Surface Source Reactor Tank Attenuation 
Calculation. 

D E T E R M I N A T I O N  O F  GAMMA-RAY DOSE R A T E S  
A N D  S P E C T R A  F R O M  S O I L  A N D  C O N C R E T E  

SAMPLES A F T E R  I R R A D I A T I O N  A T  T H E  T S F  

F. J. Muckenthaler W. R. 

J. L. Hu l l  V. R. Coin 

Samples of concrete and so i l  from Marietta, 

Georgia, were irradiated at  the Tower Shielding 

Fac i l i t y  i n  order to  determine the degree of activa- 

t ion to be expected at the Lockheed Radiation 

Damage Facil i ty. Specifically, it was hoped that 
suf f ic ient  information would be obtained to pre- 

140n assignment from Lockheed Aircraff Gorp. 

1 1 A FUEL ELEMENT SCAN WITH 

1 COBALT WIPE 

OF ELEMENT IN POSITION 4 3  

1 2 3 4 5  
FRONT FACE ROW NUMBER (SEE TSR LOADING DIAGRAM1 

FUEL ELEMENT SCAN WlTH 
9 0 0 - c c  ION CHAMBER 

1 DATA NORMALIZED TO ACTIVITY 1 
OF ELEMENT IN POSITION 43 

0 I I 1  
4 2 3 4 5 6 7  

SIDE FACE ROW NUMBER (SEE TSR LOADING DIAGRAM 1 

Fig. 6.2.66. Front- and Side-Face Power Distri- 
bution of the TSF Reactor. 

d i c t  the gamma-ray dose rates from such samples 

after they had been irradiated for as much as 100 hr. 

Each sample was a 3 by 3 by 1 f t  block, there 
being one so i l  sample and four concrete samples. 

The concrete samples consisted of p la in concrete, 

barytes concrete, and one of each type containing 

an admixture o f  1% boron. They were exposed for 

20 hr to the radiation from the TSF reactor operating 

a t  a power of 400 kw (Fig. 6.2.69). The reactor 
had only 13.7 cm of water and 1/2 in. of boral as a 

shield, and the fast-neutron dose rote measured on 

top of the soi l  sample was 0.986 ergs/g*hr*w. The 
dose rate measured on top o f  one o f  the concrete 
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Fig. 6.2.67. TSF Reactor Fuel Element Loading 

and Vertical Power Distribution. 

samples (No. 325) was 0.725 ergs/g-brew. A cos4 0 
angular distr ibution was used to  calculate the dose 

rates at  the other sample positions, and the resul t  

was also 0.725ergs/g*hr*w. The unborated samples 

(Nos. 237 and 321) were placed next to the reactor 
to  minimize any effect of the boron on the other 

samples (Nos. 296 and 325), and al l the samples 
were surrounded wi th concrete blocks to simulate 

the conditions of the faci l i ty. 

The arrangement shown in  Fig. 6.2.70 was used 

in  measuring the gamma-ray intensity from the 

irradiated samples. Figures 6.2.71 to  6.2.75 show 

the gamma-ray intensity from the various blocks as 
a function of the horizontal distance from the 
center of the block. A good estimate for the back- 

ground in these runs would be approximately 15 
counts/min, as indicated in Fig. 6.2.75. The dose 

rates for these curves can be calculated by mult i- 

p ly ing the count rate by the t issue dose rate factor, 

2.3 x 1 0 ' ~  ergs/g*count. 
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Fig. 6.2.68. Comparison of Measured Fast- 

Neutron Dose Rate i n  Boeing Crew-Compartment 

Mockup Result ing from Radiation from Conical 

Shell No. 4 wi th Calculated Dose Rate. 

Figure 6.2.76 shows the gamma-ray dose rate 

measurements at a point directly above the blocks 

as a function o f  time after shutdown. Because a l l  

the samples did not have the same rate o f  decay, 

i t  is  possible to make comparisons only a t  a spe- 
c i f i c  time after irradiation. For the barytes con- 

crete and soi l  samples a large part of the gamma- 

ray dose rate 4 hr after shutdown was due to a 
thermal n-y reaction in ~n 55.  Between 24 and 

100 hr after shutdown the main contribution i s  from 

the same reaction in ~ a ~ ~ .  For the pla in con- 

crete samples the gamma-ray dose rate throughout 

the f i rst  100 hr after irradiation was also due to  

the thermal n-y reaction in N,'~. The higher 

neutron dose rate at  the soi l  sample has not been 

considered in the above comparisons. 

Samples from these blocks were also irradiated 

i n  the ORNL Graphite Reactor for longer periods 

(approximately 80 hr) i n  order to study the rate o f  

gamma-ray decay over an extended period of time. 
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Fig. 6.2.70. Geometry for Measurement of Gamma- 

Ray Intensity from Irradiated Concrete and Soil 

Samples. 

I days, this analysis i s  not complete, I t  should be 
mentioned, however, that th is long hal f - l i fe appears 

-7 only in the barytes concrete and soi l  samples. 
I 

\\ 

I 
1 9 0  meters A 3 by 3-in. Nal  crystal and a 20-channel analyzer 

'/2-~n -THICK BORAL i were used to  measure a pulse-height spectrum of  

- the gamma rays from the irradiated samples of 
p la in concrete containing boron. A Zn65  gamma-ray 

G P O U ~ D  
source was used for cal ibration o f  the detector. 

( b  The geometry for th is  measurement i s  shown i n  

Fig. 6.2.77; the gamma-ray intensity from the 
Fig. 6.2.69. Geometry for Irradiation of Concrete sample determined the separation distance between 

and So i l  Samples. (a) Top view, ( 6 )  side view. the crystal and sample. The result ing pulse-height 

spectrum (Fig. 6.2.78) again indicated that, for 

I t  was hoped that from these results the contribution energies above 1 Mev, the thermal n-y reaction i n  

from each element could be calculated. Owing to  ~a~~ i s  the main contributor to  the gamma-ray dose 
a very long half-life, estimated a t  several hundred rate 24 hr after shutdown. 
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Fig. 6.2.71. Gamma-Ray Intensity as a Function of Distance from Barytes Concrete (Unborated) 

Sample No. 237. 
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Fig. 6.2.72. Gamma-Ray Intensity as a Function of Distance from Borated Barytes Concrete Sample 

No. 296. 
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Fig. 6.2.73. Gamma-Ray Intensity as a Function of Distance from Soil Sample No. 393. 
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Fig. 6.2.74. Gamma-Ray Intensity as a Function of Distance from Plain Concrete (Unborated) Sample 

No. 321. 
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Fig. 6.2.75. Gamma-Ray Intensity as a Function of Distance from Borated Plain Concrete Sample 

No. 375. 
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Fig. 6.2.76. Gamma-Ray Dose Rates Directly 
Above Irradiated Samples as a Function of Time 
After Shutdown. 
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Fig. 6.2.77. Geometry for Measurement of Gamma-Ray Spectra of Irradiated Concrete and Soil 

Samples. 
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Fig. 6.2.78. Typical Spectrum of Gamma Rays 

from an Irradiated Concrete Sample 28 hr After 
Shutdown (Borated Concrete Sample No. 375). 






	3445602510254001.tif
	3445602510254002.tif
	3445602510254003.tif
	3445602510254004.tif
	3445602510254005.tif
	3445602510254006.tif
	3445602510254007.tif
	3445602510254008.tif
	3445602510254009.tif
	3445602510254010.tif
	3445602510254011.tif
	3445602510254012.tif
	3445602510254013.tif
	3445602510254014.tif
	3445602510254015.tif
	3445602510254016.tif
	3445602510254017.tif
	3445602510254018.tif
	3445602510254019.tif
	3445602510254020.tif
	3445602510254021.tif
	3445602510254022.tif
	3445602510254023.tif
	3445602510254024.tif
	3445602510254025.tif
	3445602510254026.tif
	3445602510254027.tif
	3445602510254028.tif
	3445602510254029.tif
	3445602510254030.tif
	3445602510254031.tif
	3445602510254032.tif
	3445602510254033.tif
	3445602510254034.tif
	3445602510254035.tif
	3445602510254036.tif
	3445602510254037.tif
	3445602510254038.tif
	3445602510254039.tif
	3445602510254040.tif
	3445602510254041.tif
	3445602510254042.tif
	3445602510254043.tif
	3445602510254044.tif
	3445602510254045.tif
	3445602510254046.tif
	3445602510254047.tif
	3445602510254048.tif
	3445602510254049.tif
	3445602510254050.tif
	3445602510254051.tif
	3445602510254052.tif
	3445602510254053.tif
	3445602510254054.tif
	3445602510254055.tif
	3445602510254056.tif
	3445602510254057.tif
	3445602510254058.tif
	3445602510254059.tif
	3445602510254060.tif
	3445602510254061.tif
	3445602510254062.tif
	3445602510254063.tif
	3445602510254064.tif
	3445602510254065.tif
	3445602510254066.tif
	3445602510254067.tif
	3445602510254068.tif
	3445602510254069.tif



