


TR TR i I

'
i

s s

PPTEY

ORNL=~2013
ERRATA
UNCLASSIFIED®
Page No. Line Errata
29 Iast Equation ' Equation should read: -
n/2 o
. 2 o)
E(K, n/2) = vV 1 -K sin“y ay
) .




: ORNL-2013
UNCLASSIFIED

Copy No.

Contract No. W=T405-eng-26

HEALTH PHYSICS DIVISION

NEUTRON SCATTERING

John Wilder Cure, ITI

DATE ISSUED

PEC o 1955

- Oak Ridge National Laboratory
Operated by
Union Carbide Nuclear Company
A Division 6f Union Carbide and Carbon Corporation
Post Office Box P
Oak Ridge, Tennessee

UNCLASSIFIED



ORNL-2013
Health and Biology

INTERNAL DISTRIBUTION

. C. E. Center 38. T. A. Lincoln
Biology Library 39. A. S. Householder
. Health Physics Library , 40. ¢, S. Harrill
. Central Research Library 41. C. E. Winters
. Reactor Experimental k2. D. W. Cardwell
Engineering Library : 43. J. A. Lane
Laboratory Records Department 44, E. E. Anderson
Laboratory Records, ORNL R.C. 45. D. D. Cowen
20. A. M. Weinberg 46. R. A. Charpie
21. L. B. Emlet (K-25) k7. C. E. Clifford
22. J. P. Murray (Y-12) ~ 48. M. J. Skinner
23. J. A. Swartout 49. R. R. Dickison
24, E. H. Taylor 50. G. S. Hurst
25. E. D. Shipley 51. H. P. Yockey
26. K. Z. Morgan 52. R. H. Ritchie
27. F. C. Vonderlage : 53. R. D. Birkhoff
28. W. H. Jordan 54. M. Slater
29. S. J. Cromer 55. J. A. Auxier
30. C. P. Keim 56. J. Neufeld
31. J. H. Frye, Jr. 57. K. M. Henry -
32. R. S. Livingston . 58. F. M. Glass
33. S. C. Lind 59. E. P. Blizard
34, F. L. Culler 60. F. C. Maienschein
35. A. H. Snell 61. ORNL Document Reference
36. A. Hollaender Library, Y-12 Branch

37. M. T. Kelley

EXTERNAL DISTRIBUTION

62. R. F. Bacher, California Institute of Technology
63. G. E. Thoma, USAF
64. T. A. Barr, Physics Department, University of Georgia
65. M. S. Plesset, California Institute of Technology
66. R. G. Cochran, Pennsylvania State College, State College, Pa.
67. R. S. Burington, 1834 N. Hartford St., Arlington, Virginia
68-72. J. W. Cure, III, 37 Perimeter Drive, SE, Albuquerque, New Mexico
73. Division of Research and Medicine, AEC, ORO
Th-4O1l. Given distribution as shown in TID-4500 under Health and Biology category

DISTRIBUTION PAGE TO BE REMOVED IF REPORT IS GIVEN PUBLIC DISTRIBUTION

_—

MARTIN MARIETTA ENERGY SYST| '

R /

3 Y45k 0349905 1§
T ETs L



Introduction L 4 ° L] L L] L ] o ® o . Ov L] -9 ‘
Experimental Arrangement and Equipment
Check and Calibration .

Experimental Data .

Theory . . . . . .
Conclusion . . . .
Appendix I . .. . .

Bibliography . . .

TABLE OF CONTENTS

e

.

17
22
a3
3k

IIT



LIST OF FIGURES
l. Experimental arrangement for scattering of fast
NEULTONS & « o v & v o o o o + o o & s a o & o « o
2. Block diagram of electronic equipment . . . . . . .
3. Diagram of proportional counter tube .

4, Dose rate variation vs h forv20 cm from center of

11

11

12

12

13

source to center of detector . . . e o o a
5. Dose rate variation vs h for 4O cm from center of
: gource to center of detector . . . . . o e e e
6. Dose rate variation vs h for 80 cm from center of
source to center of detector . . e . .
7. Dose rate variation vs h for 160 cm from center of
source to center of detector . . . . . . . . ..
8. Dose rate variation vs h for 240 cm from center of
source to center of detector . . . . . . . . . ..
9. Dose rate variation vs h for 320 cm from center of
source to center of detector . . . . . . . . .

10. Dose rate variation vs h for 80 cm from center of
source to center of detector with a 44 cm paraffin
frustum between the source and detector o « ¢ o o »

11, Dose rate variation vs h for 160 cm from center of
source to center of detector with a L4 cm paraffin
frustum between the source and detector . . . . .

12, Comparison of the measured dose and the dose as
calculated by the inverse square law . . . . . .

13. Comparison between the thecretical curve and the
experimental data . . . . . . . 0. 0 0 0 e .

14, Geometry for scattering . . « . « « ¢« . o . . .

15, Function f(K) vs K = « v v v v ¢ v v ¢ o v o o «

15
16

20
ok

32



ABSTRACT

" SBcattered radiation reaching the point of measurement is one of the
major problems of neutron dqsimetl"'y° An experiment was designed to de-
termine the variation in neutron dose raté at & point in air with, (a) the
distance between the source and the detector, and (b) the height of the
source and detector sbove a concrete slab. | |

The experimental data are compared with_data obtained from the albedo:
theory, and the results agree within the experimental.error. When a conical
frustum of paraffin, which reduces the direct beam of neufrons by a factor
of a few thousand, was placed between the source and detector, only the
scattered neutrons contributed to'the dosé rate. This method glves data
which enables one to correct for scattered radiation. To reduce extraneous
scattering material to a minimum the detector and source were supported five
feet below a steel bar which was suspendéd from two painter's scaffolds forty
feet apart and fifty-five feet high. The neutron source vas Polonium-Boron
(which gave neutrons with an average energy of 2.5 Mev). The dosimeter was.
& proportional counter, ethylene-polyethylene type, with a pulse integrator
for measuring the tissue dose. | |

It was found that the inverse square law predicts the dose rate for
distances up to approximately 1.5 meters betweén the source and the detector;
and if the source, detector, ete. afe 1.5 meters from the walls, floor, etc;,
the dose rate contribution at the detector due to scattered neutrons is less
than six per qent; The results of this experiment apply directly té the

calibration of a neutron dosimeter in air.



I. INTRODUCTION

The pufpose of this:experiment was to test the theories of
neutron scattering and to impfove the téchniqué of neutron dosimetry.
Scattered radiation reaching the point of measurement is one of the
major problems in neutron dosimetry because.it increases the dose
rate above- that predicted by the inverse square law. An‘inst;ument

~ calibrated at a point where appreciabie scattefed neutrons were
‘_ presént would give an erroneously low réading in the field where the
instrument would be used. If the dose rate due to scattered neutrons ;
were known, the calibration could be corrected accordingly. |

One caﬁ experimentally observe the variation in neutron dose
rate at a point in air, as a function of the distance between-the
source and the detector. This variation in dose rate can be compared
with values of neutron dose rate calculated using the inverse square
laﬁo Also, one can experimentally observe the variation in neutrpn
dose rate as a function of the height of the source and detector above
&8 concrete slab. If a conical frustum of paraffin is interposed between
the source and the detector, one can measure the scattered neutron dose
rate as a function of the height of the source and detector'above the
concrete slab. -These measurements can be compared with values obtained
from theoretical considerations.

The detector used was an ethylene-polyethylene neutron dosimeter.



1
This Iinstrument is essentially non-directional, i.e., its response
' is independent of the éngle of incident of the neutrons.

The subject matter of this thesis has been reported.2

1 Barr, T. A., and Hurst, G. S., Nucleonics 12, No. 8, 33 (August 1954).

2 Cure, J. W., and Hurst, G. S., Nucleonics 12, No. 8, 36 (August 1954).



II. EXPERIEENTAL ARRANGEMENT AND EQUIPMENT

The experimental arrangement is shown in Fig. 1. The towers are
of the painter's scaffold type. The steel bar, suspended beéween the
two towers by steel cabies, can be raised and lowered by hoists. The
detector and source are held approximately 1.5 meters below the bar by
- aluminum rods. Two steel measuring tépes, one at each end of the bar,
assure that the source and detector are always at the same height above
tﬁeAconcrete. The thickness of the concrete slab varied from three to
fouﬁ inches.

| The electronic equipment is shown in the block diagram of Fig. 2.

3

The ;thylene-polyethylene detector, which operates as a propoftional
céunier, is shown in Fig. 3. It is filled with ethylene to approximately
onelétmosphere of pressure and is lined with polyethylene. The detector
.ié'r;gidly fixed to the preamplifier with an amphenol coaxial connector.
Tﬁe“preampiifier, detector, and a desiccant ("Drierite") ﬁere put into
.ékpoiyethylene bag one mil thick, and the bag was sealed. The polyethylehe
‘p;g had no detectéble effect on the dose rate. The sealed bag was
nece%sary because it ﬁrevented the noise level of the detector from rising
£0'a%prohibitive1y high level due to high humidity. The preamplifier was

é caéhode follower. A simty-foot cable connected the preamplifier to

‘the électronic equipment which was in the shed at the rear of one of the

towers.

3 Hurst, G. S., and Ritchie, R. H., Radiology, 60, No. 6, 864 (June 1953).
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] The device which automatically adds the pulse heights is known
-as- a "pulse integrator".h It consists of two scales of 64 binary
scaling units with a set of discriminators. - The set of discriminators
is arranged so that all pulses greater than five volts fire indicator
"1", ten volts fire indicator "2", twenty volts fire indicator "L",
ete, This gives a deviée wvhich automatically adds pulse heights. In
actual éperation a five-folt pulse would fire indicator "1". A
ten-volt pulse:ﬁould fire indicator "2". Indicetor "1" is fired by
this ten;volt pulse if it is in the "off" position, which gives a total
of three counts. . If indicator "1" is in the "on" position when.the
ten-volt pulse arrives, it ;s effectively erased because the second
stage is already busy. Thus the effect is to alternately add and sub-
tract a count which gives a net result of two counts per ten-volt pulse
on the averasge.  Similar reasoning, shows that a twenty;volt pulse gives
an average of four counts, a forty-vo;t pulse gives an average of eight
counts, etc. This type of arrangemeﬁt 1s extremely simple since there
is no need to use énticoincident circuits to prevent additions of pulses
from lower level discriminators. | |
The neutron source used was polonium-boron which gives neutrons

with an average energy of 2.5 M’ev.5

b Gless, F. M., and Hurst, G. S., Rev. Scient. Instr. 23, No. 2, 67
(February 1952).

> Cochran, R. G., and Henry, K. M., ORNL-1479 (April 2, 1953).



ITI., CHECK AND CALIBRATION

The foilowing checks were made, A calibrated sixty cycle
'variablg pulse height pulser ("Q" pulser), was used to ascerfain that
the'Al amp11fier was linear, and it was also used to set the discrimi;
nator voitages. The operating voltage of the detector vhich would
effectively cut off gamma pulses was determined. For thls purpose the
~ proportional counter tube was placed in a 2 r/hr gammaéfay field (from

60

a Co source),'then the discriminator on the linear Al amplifier was
'set to six volts which was well above the noise level of the equipment.
The high voltage was adJuéted to give a gamma response of approximately
-one pulse per second. The tube had a8 very sharp gamma cut off. If.
the Al amplifier discriminator was raised to about nine volts at the
same high voltage setting the gamms pulses would be completely cut off.
Thié gamma blas was cﬁecked about once a week, and if it had changed,

- the high voltage was adjusted to again give one pulse per secbnd.
Normally the high voltage had to be raised a few volts a week. This
changed the neutron dose rate sensitivity. Thus, & standard geometry
had to be arranged that could be reproduced from day to day to determine
the relative neutron dose rate sensitivity. WwWith this information the
dose rate can be ¢onverted to a normalizéd valué, #nd data can at any
time be reproduced within the experimgntal error. The half iife of

Po210

is 138 days; the dose rate was corrected accordingly.
- The experimental arrangement was checked to ascertain if there

was any detectable neutron scattering from any of the equipment (shed,



towers, bar, etc.). None could be measured.
The high voltage for the detector was monitored with a Leeds
and Northrup Potentiometer, so that it could be kept at a particular

setting within a tenth of one per cent.
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IV. EXPERIMENTAL DATA

Curves showing the dose‘rate as a function of the distance
(h) above the concrete for several different source-to-detector
distances (D) are shown in Figs. U through 9. This dose rate in-
.cludes neutrons which travel directly from the source to the detector
as well as neutrons that are scattered from the concrete. The dose
rate has been normalized to a value of one (one is the dose rate due
to direct neutrons) for the flat portion of each curve, and all of
the curves have been plotted to the same scale.

As the source and detector approach the concrete from above,
for any particuiar diétance (D) between the source and detector, there
is a point at which the neutrons scattered from the concrete begin to
-contribute noticeably to the dose rate. As h decreases further, the
number of scattered neutrons reaching the detector increasesg therefore
there is a rise in the curve. -As shown by Figs. 7, 8, 9 and 13, the
dose rate reaches a maximum at the point h/D2r 0.25. For smaller
values 6f h/D the neutrons that are scattered have to travel increasingly
greater distances through the concrete in order to reach the detector.
ThislreSuits in a net decreasé in the dose rate. When h/D == 0.05,
the concrete efféctively absofbs the neutrons which would be scattered
from the concrete as far as the detector can tell. The dose rate when
h/D fi 0.05 could ﬁossibly be less than the flat portion of the curve
because there is 2n air scattering instead of by air scattering. The

relative deviation (R.D. = 1/4N) of each count is shown on these curves.
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Figures 10 and 11 are-plots of the-dose rate against the height
of the detector and-the-source sbove-the surface of the concrete for
80 centimeters and 160 centimeters between the source and-detector
with a bk-centimeter conical paraffin"frustum“between'the'source and
detector.  The bk dentimeterS“of paraffin-reduced the dose rate of
the=direct“be&m“by“a factor'greater'than“five‘thousand. These curves
follow very closely the portions of the curves of Figs. T and 8 due
to scatter. Therefore, if a paraffin frustum of sufficient thickness
-is placed between the source and detector, the dose rate recorded is due
to the»séattered~neutrons only. The relative deviation of each point
on«these»curves:is*fiQEVper"cent“orwless:

Figure 12 is a'plotfoffthe”dose“ratefaswread“frcmﬁthe7f1&t portions
of the curves of Figs. 4 through 9, i.e.,_for'heights'above“tﬁe concrete
where neutron scattering from the concrete is negligible, against the ’
cprreéponding distance between the source and the detector. The
experimental error of ten per cent is shown on this curvé. The dose
rate follows the inverse square laﬁ up to a distance of about 1.5
' meters between the source and'detector. Then the dose rate increases
above that. predicted by the inverse square law. It is thought that this
increase above the inverse square law is due to scattering of neutrons
by air.

All statistical errors were kept below five per cent. However,
other errors (changes in geometry, instrument errors, etc.) may be
additive and could'make the,ove;-all error as large as ten pef cent in

some instances.
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V. THEORY

- -The- proportional counter tube is lined with a layer of
-polyethylene'whoee'thickness is just-g:eater"fhan the range of the
‘most -energetic proton that is-produced by PoB neutron collision with
hydrogen atoms. KTﬁe-energy”diesipated“by the recoil protons is
proportional to the energy dissipated by the neutrons. The total
ionizetion frodueed in the detector cavity 15 proportional to the
. energy -dissipated per graonf ethylene, provided "W" (electron
'volts/ion pair) is independent of proton energy. If one calculates
the first collisioﬁ dose fer neutrons as a function of energy for
~ both tissue and eth&lene, one finds that the ratio (ethylene doee/

3 This

tissge dose) is essentially independent of neutron energy.
. means that the neutron dese delivered to ethylene 1s proportional
to the dose delivered to tissue.

A direct”current (de)fmeasurement of the number of ions pro-
duced in the ethylene would be a satisfactory method for determining
the dose except for the faet that the measurement would be affected by
gamma radiation. To make the instrument insensitive to gamme rays, we use
a blas such that the smaller gamma-ray pulses are not counted. Then we |
determine the number-of lon pairs-produced by -adding the pulse heights.
The bias causes some lose of neutron dose, but this 1s of little signifi-

_ 3 ,
cance as long as the neutron energy is greater than 500 kev. The pulse
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height'iS‘proporﬁional to the number of ion pairs if there is no
appreciable electron recombination, and if the Al linéar amplifier
time constant 1is made much longer thén the time of collection of
the electrons, | |

An absolute ﬁeutron tissue dose calibration involves several
factors.. Either the source strength or the detector dose sensitivity
must be known. If tﬁensource strength is known, which is the usual
case, one can set the detector at some distance from the source, and
calculate the neutron flux aé'the detector by the inverse square law.
The equipment should be sﬁfficiently far awsy from the floors, walls,
. etc. éd that no scattered neutrons are detegted.' The average dose
in reps (1 rep = 93 ergs/gram of tissue) for PozloB neutrons is
3.5& b4 10-9 rep - cm2/neutron;6 - Assuming & neutron source strength
of 106 n/sec and & sourcefto-detector distance of 20 centjmeters, the

neutron flux at the detector is '

N, 108 n/sec

F_ =: = 1.99 x 10° n/em? sec.

n hﬂDe hﬂ(20)2 ém®
The neutron dose rate at the detector is

' o 2
Dose Rate = (1.99 x 102 n/cm® sec)(3.54 x 1079 rep cm /n)

T

Dose Rate = 7.01 x 10 ' rep/sec.

6 Hurst, G. S., Brit. J. Radiol. XXVII, No. 318, 353 (June 195L).
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If the pulse integrator records a dose rate of 200 counts/sec
at this distance, the dose sensitivity of the detector is
7.01 x 10”1 rep/sec

Dose Sensitivity = - : = 3.5 x 1077 rep/count.
: 200 counts/sec

To find the tissue dose the count.as recorded on the pulse
integrator is multiplied by'the dose sensitivity (in this casé,
3.5 x'lo'g'rep/count).
| 7

‘By means of the a;bedo theory a theoretical curve can be drawn
- that agrees-with the experimental curve to within the experimental
error. The tﬁeofetical curve is based on the assumption that the
neutrons are scattered from the concrete according to the cosine law.
Taking equation (7) from Appendix I we have,
a
Ratio of Dose Rate = 1 + — k2 £(k).
- 2n
If this equation is plotted against l/k for comparison with the experimental
data (see Fig. 13) then d, the dose albedo, is determined to be approxi-
mately 0.32. As can be noted from Fig. 13 the theoreticai curve does not
fall exactly on the experimental curve, but it is within the eiperimental
é;ror of ten per cent. The theoreticél curve lies within the experimental

error of the experimental points for the paraffin frustum between the

gource and detector, except in two cases. These two points are shown

T Pplesset, M. S., RAD-196 (August 1948).
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circled in red on Fig. 13. It should be noted that these two points
are due to scattered neutrons only and as a result ten per cent error
of their value is much smaller than it would be for the points that
have thé dose r;te due to direct peutrons included. The only two
points which did not fall on the theoretical curve are the two points
for h/D 22_0;20. Here the two points are above the albedo curve. A
itheoretical curve assuming isotropic scattering from the sﬁrface of
the concrete is Just like the cosine scattering curve of Fig. 13
except that it reaches its maximum for h/D = 0.00 instead of h/D =~ 0.35.
Because of this, if a correction due to isotropic scattering were
.added to the cosine sqattering curvé, the theoretical curve would more

nearly approach the experimental curve.



VI. CONCLUSION

The inverse -square law predicts the approximate dose rate
for source-to detector spacings of twenty to one hundred and
fifty centimeters. The-neutron dose rate varies with the height
of the'detecfor-and the soﬁrce’above a concrete slab, and witﬁ
the distance between the-source and detector. If a conical paraffin
frustum long enough to reduce the direct beam by a factor of a |
few thousand is placed between the source and the detector with
the small end against the source, the detector dose rate response
is essentially that due to scattered neutrons. The results of
this ?xperiment apply directly to the case in which one wishes to
calibrate a neutron dosimeter in air by weighting the neutron
spectrum reaching the instrument using the first collision dose

curve.



APPENDIX I °

By means of the albedo theory7 8 theoretical equation can be
formulated that predicts the neutron dose rate. Before the equation
can be formulated there are severai assumptions that mﬁst be made:

a), the amount and angular distribution of the concrete re-radiated
energy per unit of incident energy 1s assumed to be independent of

the angle of the incident energy of the concrete; b), the amouht of

| the re-radiated energy is assumed to be proportional to the cosine

of the angle of the re-radiated energy with respect to the normal to
the sﬁrfaée of the concrete; c), the concrete is assumed to re-radiate
an amount of energy which is proportional to theAamount of eﬁérgy
incident upon it (the proportionality constant is defined as the energy
albedo a, i.e;, the reflection coefficient); d), the extent of the
sourée is assumed to be muéh less than D so that the source is effectively
a point; and e), air attenuation of the neutrons is neglected.

Several symbols must be defined.

Ecos = the energy scattered from the concrete reaching
. the detector per square centimeter per second
assuming cosine scattering.
‘No = the number of particles emitted from the source,
isotropically, per second.
-Eo = the energy of each particle.

‘From Fig. 1k the energy flux on the element ds of the reflecting

surface 1is
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The scattered energy flux from this éiement of area 1is
. - Eo Ko b

Q e e — o ds .
by r2 p '

Now if wé suppose'that the back=-scattered flux is proportional to the
cosine law (Lambert's law), and if AN = :tr,e/r'2 (where r, is the
radius of the detector) is the element of solid angle subtended by the
receiver at the sgcattering point; the energy per second scattered to
the receiver from ds is |

Eo N, h AN h
o — L] — — ‘. ds

by r2 r P r'

Q -

The total energy scattered into the receiver per second per unit area

of the receiver is thus

2. .
o Eo No h . ds
=2 g o T/ o -
cos bt - r3 '3
S
Since
re ='{02+h2, and r'? =(02+2Dp cosO+»D2+h2:
and if
ECOS =" ES ® Fl)
where
aE N h? ds
s hﬂe r3 1"3 s



then.

' ~ papas |
Fp= (p2+ 12)3/2 ((0‘2 + 2Dp cos © + K2 + D?) 3/2
(o]

-0

From this follows

.00 pap
Fy = (€2+'h2)3/2
0

2n
490

[(€,+ D)2 + 1 - 2D (1 - cos e)] 3/2

Oc-—’_-ﬁ

| 00 o 25 ' S
J CaP : - de
F, = 52 .2,3/2 : 2 S 2D P(2)(1 - cos ©) |B/2
] (P +1°) A [(p+ D) +h:|l:l-([€+D]2+ w2)(2)
Let . p
4D
K° = - 5 where K2 £ 1 s
(e+ D) +ne :
then,
00 ’ n/2
o LPap | ae
e (e2+ 12)3/2 <(€‘+ D)2+ n2)3/2 | |:l - K2<l - o8 9)]3[2
o] v [o] . - 2 .
00 B | /2 .
. heaP a9
15 | (€2 + h2)3/2 QP_’_ D)2 + he 3/2 (1 - K2 sin2v 6/2)3/2
[e]
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d v - i}
) ' | -k sin? o/2)"3/2
& J (p2+ n2)3/2 ((e+ D)2 + h@ 3/2. g (1 | X= sin® 6/2) a8

° o

If (1 - K sine o /2)-3/2 1 expandsd,
bl | ‘;P e : n/2
. : d ‘ : v
_ . |
" =X (024 n2)3/2 @(’+ D)2 4 n2) 3/2 g de_[l - 3/2 (K~ s1n? §/2)
. * ’ o

(o)

3/2 (._S/é)(-KQ‘ sin2 8/2)° B 3/2 (..5_/2)(._.7/2)(_1(2 61n2 6/2)3 J

2! 3

Now rearranging and completing the steps,

. 00 voap oo
. d | .
" =j (p2+n2)3/2 Qe+ D)2 4 n2) 3/2 g ae [l + 3/2 K° sin® o/2
0 .

(o]

3°5 | 3+5-7
+ K% eanh /2 + — K651n6 8/2 + ------]
20’4 2.1‘.06 ) .



_ If we integrate from zero to i/2,

B _ mp 2
i J I (e T | e )

o

/3°5 3\ /30507 3-5‘ ‘ -
_ +(——> K"(--) (::/2)_ + -r———> K6 ( _ ) (x/2) + --'--'----:l
2.4 \ 2.4 o 2._.)4...6 2.4.6 | .

If this is rearranged into a more'cqnvénient form, o

00 : : ,
‘ ' h/OdID : : 35 L
Fo=| —— —— 2/2 |1+ 3/8%K + — K
(s}
3 357 ¢ 35 g
L + K + cremren-
24 2:4-6 2:-46

 Multiplying both numerator and denominator by (1 - Ke),



o0

. heae /(1 -x3)
17) (p24 n2)3/e Q€+ D)2 + n2) 3/2
¢} .

/35 3
- 3/4 K +<—> K 5 > ( )
2.4 S \2. L 2.4 2.4
_If the like terms ére collected,

.
- Loap /(1 -k2)

F, = -
' J (P24 133/2 ((p+ 0)2 4+ 2) 3/2

Now looking in the handbook,e‘

. :t/2
E(K, n/2) =g «/1 -K2sin®yp  dvy =

o

(M> -

)---] |

n

= l1-%% 4+ 3/4 g2
2.

357) (3'5
2 4.6 o'L6

n

- 11 -(1/2)

2.

- - - - -

8 Burington, R. S., Handbook of Mathematical Tables and Formulas (1949).
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where E(K, n/2) is a complete elliptic integral of the second kind.
So,

~0Q0O

/0 d /0 E(K, “/2)
(402 + h2)3/2 <(P+ D)2 + h2> 3/2 1.2

Fl=l+

and finally,

L _eE T, n? . pap ~ EX x/2)
cos =T F 2, ,2\3/2 2, 2\32 "] 2
" | (PR ((pe ") (2)
1).

Equation (2) is obtained from equation (1) by multiplying both
L

numerator and denominator by 2D%h*,

00
Beos = 5 (D_2>8hh ‘ 213/ £C 2)3/2
cos ~ g2 o n2 2, 133/2 ((o+ D)2 + 12
D (PR (P n?)
E(K, n/2)

. (2)
1 - K2



If X = D/h

.Wand ir
[~ (, x/2)
| e ' - pdpo E(K, =/2

(k) = _8hk — .
(p2+ n2)3/2 ((e+ n2+12) 32 1 g
9% o ‘
then,

Q Eo No k?
E = : f(k) .
cos  ge2 1P

A graph of f(k) vs k is shown in Fig. 15.9

Energy Energy + Energy
Ratio of Energy Rate = total - direct cattered
~ Energy Energy

direct ~ direct

2 )
N, Eo+an N, k2 £(k)
b D2 8x° D2 o ‘
-Ratio of Energy Rate = : =1+ — k2 (k)
: No Eo : 2n

by D2

2 This curve was briginally glven by M. S. Plesset, RAD-196, however,
‘R.. H. Ritchie of ORNL found that the curve was in error for large

values of K. . Fig. 15 is the curve as corrected by R. H. Ritchie.

(3)

()

(5)

(6)
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. The neutron source 1s fairly monoenergetic,5 and since dose

is -energy absorbed per unit volume, the dose rate would be pro-

1]

portional to the energy rate or

a
Ratio of Dose Rate = 1 + — _k2 (k). : (7
2n '

In equation (7) o is the dose albedo instead of the energy

albedo as originally defined.



s ]
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