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Yield ot PhotoneutroD8 trom U
236 

Fission 
Fro,;iucts in Heavy Wato!:, , 

S" Bernstein" fl.) M\, Preston, G., ''''01t6, R.~ Eo Slatt~y. 

ABSTRAE.! 

The ha.l.t""liv~a and yields of the pho'conoutrona created .. in ha~vy water 

by U
235 

fission product gammA ra;{8 have been meuared" Seven haH=U':ras have 

be.en found: 2,,6 seCOD 41(,2 sec"'l1 2",38 minus PI .. ? min",., 21,,3 nlin"1J LGS hI',,$' 

4 0 51 hro ~ s.nd. SS hI'" The short&et one ::tlld lone;est ons or tuoae 6.1'E'. leas'to rs= . . 

liabl~~ ~ightyQfiTe pal'cent of the photonoutrons appear in th~ two sho~t~$t 

half""Uves y the 2~5 SOO" oompOD.3ut being three ti!lles RIB iritense as thu 4l seo" 
, 

compcm.ont" Tho total saturated activ1ty ot the photoneutr()nB i'Ol" an lnfi"li te 

amount ot hea.vy wata!' was calculated from meaaurementtJ with a lOft rad5.ua ~pher(~ 

to be f.!.bout 16,,5% of ~be saturated del.ayed neutron aotivity., The dn';-;a. inc.icate 

that there must ba of ~a order or two gamma ra.YBIl Qt energy abO'H) 2,,17 ~1(.'Vy 

ami tted. per fission by fission products with halt-lives longel' 'm:'tu one sec" 

~ "',' :,"~ ,~,..... , 
1. 

.. ~ 
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Yield of Fhotoneutrone from u235 Fission 
Products in Hea2 water: 

So BernsteiD9 Wo Ma FrestoDu G~ Wolfe~ 
R" ~ .. 8latteryo 

I" Introduction 

In a pile consisting of uranium aDd ,heavy water IJ gamma rays ot 

energy greater than 2011 Mev given off'by the tission produots will 

create neutrons in the heavy water by photoo.:disintegratioll ot the deuterono 

These photoneutro118 will have the same periods as the gamma rays which 

create them" They will" theretoz:e.ll aot in all respects like the delayed 

neutrons themselvesg and may exert an appreoiable effect on the kinetic 

behavior ot the pUe" In O!'der to estimate tho effect ot the photo=> 

neutrons upon pile perio4a ll their D.UJDber as a function ot time must be 

knoWllJJ 8.8 in the case of the delayed neutrons 0 the purpose of this, ex= 

periJnent was to meuure the nwnber of photonetitrons created in heavy 

_235 ' 
wa.ter by {r tission products as' a .function ot ,the length ot time atter 

bombardment" Since the photoneutrons are" tor short times atter bombard= 

ment" accompanied by delayed neutrons" the yields were measured relative 

to those ot the delayed neutronsu For this purposeD the yields ot delayed 

neutrons as given by Hugbesi/ Dabbs and Cahn in CP...s094 were usedo The ret"'" 

sults ot CP~094 bave been collected in Table I tor convenienoeo . ' , 
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110 APRAratus 

A. schematic diagram o£ the apparatus 1s ehown in Fig,. 1" It con= 

ai.ted ot a ten 1Dch radius I) 1/8 lllOh _ll~ alUll1inWll sphere imaler8ed in 

&. large tank or 0110 A "rabbit" containing a aampla ot earlohed uranium 

oxide could be transferred trom the center ot the pile to" the" center of the 

sp~er8 in about 0 0 25 8800 by me&IUI ot a. pneumatic tube" The sphere could 

bo r111ed or em.ptle4 of heavy water in about one minute by means of a 

siphon &.rr~mantc 

rna neutron distribution in the oil was stuclied by means or fission 

chambers ~ each conta.irdJag about 64 JIg ot 90% enriched uraniumo F1ssi~~" 
----.....:::-~ - -~~-----~ ;~~ --- -- :-- --~ ~-

ohambers were chosen in preference to 8F~ counters because or their greater 

iDsenaitivlty to the large gflJllDll ray "background" beinG emitted by the 

sample 0 "!he ion chamber could be plaoed at chOGea reproducible radia,l 

posi tiona in the tank by meus ot a track and carriap arrangement" 

Since so_ or the periocla inwlved are traotions of a sec ... it was 

necessary to keep the initial oounting rates quite high in order to obtain 

good. st&t1atlc8 throughout the runo To keep correctioM for mbsed oounts 

low" the f'aetest moet readily available ampl1tier 118.8 usecb A modified 

Simpson proportional counter amplU"ier and scaling circuit were adapted 

and found to have a resol'dDg tillll' of about 20 micros.conde" 'lh1B re~ 

solving time was determined by exposing a 8&q)le o~ uranium f1rst at high 

pile p<JIJera then at low pOIrer" ancl plotting the ratio ot the activities 

a8 a t~tiOD ot time as described in CPc03094c "Allor the data were then 

correotecl tor missed founts using t¥_ over .... ll exper1mental~y determined 

"rosolving timo"o 
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iission pulses from the amplifier were ted into a scale ot 256 

The data waa r~oorded by photographing the scallng~ircult interpolation 

bulbs with an open shutter oscilloscope camera.. The film moved past the 

neon bulbi in s uob a manner that each bulb appeared a8 a dashed 1 ine on 

the .film tor the period the bulb wu· lit 0 A tiR8 sif;nal was a.leo impressed 

on the film every 0,,1 eeo by meana of a neon bulb and a revolving shutter 

driWD by a synchronous motor" The length oC the exposure. was recorded 

automatically on the film. by another neon bulb which lighted at the start 

and went out at the end o by connections with the elec'tropneumatic control 

awitches 0 A reproduction oC one of the tilma is ShOlm on r1go Z 0 

<:...\ 

Ill., Method . 

" 

The _thod employed to measure the 80urce activity is based on the 

follOWing th.~ryo Consider a point source 01 &.. neu~ron8/8eo&> hAving an 

arbitrary enorgy distribution (above thermal energy)., surrounded by an 

oil bath large enough to ab80rb all the neutrons" It is known that most 

oC the absorption is due to hydrogen nuclei in the oilD and that the 

H ... capture cross section i8 very small above thermal energyo Then the 

rate of production at Cast neutrons mUst equal the rate at which they 

are captured, or a.. S (nv)t cr; dYe where (nv)t is the flux of thermal 

neutrons at &Dy point in the oil" ~ is the macroscopic cross aection 

for oapture at thermal energy!) and the integral 1s extendec\ over the oil 

volume" Measurements with a fuaion chamber detector f;ive e.~ counting 

rate qy" at any point in the oil which is proportional to (nv)t 9 provided 

.,. 
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corraotion is made ~or the epioadmium counting raton In the caso of 

spherical symmetry~ 't()'; St .,l dlL In our case;; since there is negligiblo 

neutron absorption in the beavy water sphere,. the :,ntegt'al is taken from 

Ro to 00 /) where Ro is the sphere rtLdius;, 

Tho ion chamber WIU fixed in a. e;iven radial p08ition~ an exposure 

was mado 9' and the resulting neutron oounting rate recorded on the f!lQving 

fi.lm a:.a a function of tiJlJ8 Itt"~ aftor the end of the exposw'e" 1hhen t.h", 

activity had decreased to an acceptable value" the ion c:hamber was moved. 

to the next radial position and another exposure 'made with the 881ne dampla: 

·A single serios usually comprised exposures i.n four to eight posltions'J 

A complete exper1.mfJnt required three oomplete series: (8.) with heavy 

water in the sphere., in which case both delayed and photoneutrons are 

present; (b) with the sphere empty~ so that the activity is ,that dUtj to 

delayed neutrons alone (c) with the sphere empty and the fission chambe:,:-

surrounded by cadmiumg in order to measure the delayed neutrons with ~pl= 

cadmium Bnergiosc ~nth heavy water in the sphere tho number of epia 

cadmium neutrons was neglig1bleo 

The constancy of the pile power lev$l and the detecting instruments 

was checked by repeating the initial exposure at the end of each experi= 

mento Instrument sensitivity alone was chocked by mean. of a Ra",oG ".,Be 

souree., Variations reloained within one peruontJ) Which sillplitled the 

experiment by making it unnocessary to une an oxposure monitQro 
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For each expoaureo a plot was made trom the film data cf the 

counting reo.te at tlw particular radial position a8 a function of' Itt"", 

From the grou? of curves torm1ng a serie36 other curves wer~ constructed 

of (counting rate x a2 ) vs R¥ tor succesDive filted values ot "t"" Here .• 

R is the radial distance 01' the detector f'rom the source at th!, canter o.r 

the sp~ere~ The source activity at any time is then proportlon11 to the 

ELroD. under the Qorrespondinc curve • 

.b:xamples of' these (countinr, rate x R2) VB R curVes are .zhown in Fig., 

3; ~jith heavy .... ater in the sphereu the ourves on a semi .. log SCd.ls are 

linear with a relaxation length (inverse slope) which io constant and 

aqual to approximately lQ25 inches~ TIlis indicates that tbe na~tronG 

have been well thermalized before they escape into the surrounding aile 

.Vhen the sphere is empty~ tlte semi ... log plot of the neutrcn dutribution 

shows a deoided initial curvature due to olowing down in the oil" 

In g3r.erali the desired so~oe activity due to photoneutrone nlon~~ 

at a time I/ti, is tho difference between the areas under the correspond."" 

ing distribution ourve88 with and without heavy water~ after correction 

for eploadmium activ1 t1<> By computing a number of points tl a ourv~ r.w..y 

be drawn of soW"ce photoneutron a~t1vity as a function of timB. ~YI!I '-SSllXllel 

that. the data. can be reprosentad by a formula of the forn (l)~ where Ap 

is the phot.oneutron aotivity of the souroe as fA function of time "t" 

after t.he end of' theexpo&ure¥ 

Ap(t) e ~ai{l ... e""r!ri)o,,"t,,{fi 
L 

(I) 
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T the exposure timeD -r i the. mean 11fe.o aad a1 the yield of the 

i~th radioactive period tor infinite exposure tll18" If the experimen'" 

tal ourve is Unear en a e.Dd",log plot at sqffieiently large values of 

"tq
q the longest halt.life periodoan be determinedo The haltcllves 

of ahorter period. ar~ evaluated by the well-kn.own "peeling otf" process., 

A limiler fo~la for Ad{t)g the delayed neqtron activitys can be fitted 

to the volume integral curve trom the data taken with the sphere empty,. 

By evaluation at t • e~ T • 00 I we can then express the yields a1 of 

each photoneutron period as fractions of the total calculated delayed 

neutron yield Ad<t • ." t • 00)" 

At small values of "t" the photoneutron activity of the source ) 

1. as little a. one-tenth of the delayed neutron actlvityo That iS Q the I 
ditterence of the areae under two cur.es of the type shown in.Figo 3 v 

with and without hea"f)' water", 111 only lO;lC .f either areao Thus an errOB~ \ 

.r 1 percent 1n either area causes a 10% error 1n the result"and it is \ 

desirable to obtain the maxiJft\Ull number of eXperimental pOints in ordor to 

increaso accuraoyo A.t larger values of "tit ~ howeverB the dolayed neutx·on 

aCtivity becomes a small and tinally vanishing traction ot that due to 

tho photoneutrons~ which oontain several components ot comparatively long 

mean l1foc In this caeojl a sutftcJ:ontly accurate value ot the volumo 

integral ot the counting rate wi th heavy water can be obtained from tho 

counting rate at a single radial pOGition~ as i8 clear from Fig~ 3 v 

Since the slope is a.pproximately constant and known, a 8111$1e point de .. 

tormines the aroa uncier a curveo ~~hore Qt" must be extended to JIIIlny 
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hours.) this procedure results in 11 c01'lsiderable saving of timJ 
IV" BltJ!!r~ntal, ~~8.u.lt,a. 

(A) Periods anel Uncorrected Yields -
FigQ 4 is a plQt or· the photaneutron activitYa measured at a single 

radial position wi.th ~O in the spheref) as a function of time" ~ .J. 

sample was 207 gill of' rour)tly 60~~ 25 exposed in the pile tor 3,,75 hours" 
~ --~ .. ----~-.- .-- --~-'~"--- ~---"----- -_----.---""- ~ ._--- --- .--.,.-

ttithin "the interval 4. hours to 2& hoursl.l the gross activity~ Curve *l~ 

1& well represented by'three period. or half ... lire 53 hr Q IJ 4.,37 hr" t and 

1065 hrft The longest period may be considerably in error beoause it was 

followed over a range of only 2 in act1vity~ and the activity at the end 

was only a few times baokgroundo The other two periods were followed over 

a factor.ot lOO~ and should be aocurateo The relative yields were com= 

p~ted by extrapolation of' the individual terms to aero time and infinite 

exposure" 

Fig~ 5 illustrates a 30 min exposure of a 007 gm sampley also 
~---. - ,--" . 

measured at a fixed radial positlonQ Curve *1 18 ahe gr088 act1vity~ 
.. ------------

A formula representing the three previously dete~ined photoneutron 
.,~ 

perioda was fitted to Curve *1 at t • 6~6 hr. by the adjustment of a 

constant multiplier~ which allow8 tor the different sample size and pile 

power level" Cune!f2. 1s the result of subtracting from ill thes9 three 

longer perlodaa It indicates a fourth period of 270 3 minutes half~liref 

with algas of' a still shorter period. at t <:: 1 br" 

FigQ 6 illuatrates a 5 min exposure of a 01 gm sampleo Curve #1 -------
i. the crude data., curve.,2. i" the result of lubtraoting or.f the four 



!-;r--rl ..... , --'-1 ~
-

...... ; --..-...........-. ~----r-'"'lr--r---.-r-I,-.---.----r!-:':--:-: :'.: .-: ,:-.-r-,-'-.-. ....,-,-i-r~r1 ~tJ.'"7 -. =~ ~r.T~-: .. r::~"""". ~ r+~.-.-: :T.~-=-~ ;':'"""":T.-=-" -:-.. 
-
:
-
'
1

.
 

.
.
.
 

• 

! 
.
.
.
.
 -~: 

• "1' -.1---I-~I~-1--+---+++-+-+-+--+++-:-t·-:-:-'"r.-:-r.-::---:--::-++-H-iTt-T-ri:-: '~.t-':-:--:j'. r:-.:-:: ':-i~.:-~-:-:I~ 
, 

j
:
 

I 
j 
~
:
 

-
-

:
.
 

• 
.
"
:
 
.
;
:
.
 

.
.
 

• 
.
_

.
:
:
 : 

: 
_

:
 
•
•
 : 

• 
i 

, 
!
,
 

i 
.•

 
.
.
:
'
 
:
:
:
 

I.. .
:
 ~ 

.• 
f':" 

'. 
_

. 
• 

• 
~ .

•
.
 
·
t
·
.
,
 

.,. '-
'f

 _J-_-I--+-~r-~---J-Jf-+++--+:---:.rt-t-+--t..~.:-. -t-:.-:.--t-t-H
-trr-r..:t. -t--;r-:i. -:-:-,,-:-:--:-1,. 

! 
• 

i
!
 

1 
.
,
 . 

• 
• . 

• 
• 

"
.
.
 

•
•
•
•
 

\ ' 
1 
•
•
 ~ 

~ 
l' 

.. 
.. 

.. 
~*... 

,_ .... *.... 
~_ 

.. _ .. ~ 
i
'
 

, 
e 

.. 
• 

• 
.
.
.
 ' 

... 
.
.
.
.
 ~ 

_ 
~ 

. 
, 

.. 
... 

....... 
""' 

.... 

• 
,
.
:
.
 i ':~:. 

: 
.
':
 • 

~~:~I.-·.-.~:
~-·--~I 

-
... 

...•
 
1

-
-

.. .., 

-0
 

... , 
"
I,' 

t 
'ta 

'
~
i
 ~
 c'i1 ~

 9 " 
C

O
?!,.) S ·

~
~
·
F
"
'
S
 

1el."'C
O

I: 
-O

w
 

·J
."

N
 
~'O:J 

tilQ
S

l 
~
 

"
),U

;U
'"

 

8 



-
e 

e 
. 
g I,' 
g ':J 

(1.,' 

o Ii 
II ~ 

;) 
,;: .. 
Il: ~ .. 
~ ,. i J " (;. , 

\I t. " 
a •• 
:; /1 .: 
",I. 
til il .... 
J r, 
~~ 

a f: " ~,. 

e 

e 

1100 
'J 

iJ •• 

.., 
"_. ' 

5_ .... ~ 

4 •••• 

3 ••• 

2 ••• 

to ,..,.~ 

~ 

---_.- --_ .. -----"--- ~ 

" 
FIg.5' . . 

~~in. ~ WITH De 0 ' 
-- 'r- CURvE No.1 UNANAlYzED DATA 

II 
. ," 

No.2 7, •• 27.3 m. POI,NTS ARE 
... "" .. , .. -..... --- -- -- .""'---------- ... . - - ~- ---+-- ~.~~MIN~_ 

• ( .53 h + 4.~7 h + 1!'$5 h ,PERIODS ,,).1 
.' - ...... ~-,. ----+-'---_ ... _ .. - ~ ... ---- ._-- .. . -- --+------~-- -_ ............... , ~- -i , .. ........ ,_ .. - ... .. 

"'-~-.--"'--•• --.:----- I~ • . " 

I . -
• I • • • I 
I 
• , 
i 

. 
• .. " 
I 

.. ; , 

, 
, --t--

.. .\.. 
, 

.+0--. , J 
! , 

I -r---
• 

1 ; 

Ii! ---- ... '---1 I i . -~---1'-'" 

• I I " I , .! 

I 
L 

. , - ~ . 

. 
• f 

._L. __ . . ._--.L-.. ---+-..... .. 

: ! 

, : ! .... , liFt;' 
I 1 '101' , ii, . Or •• 

I :. i1 ...... I
. I 

I, . I I ' 

J_-~-l_· ... _L_·l~.~L --.J ., 

. . 

£),.p, 
~ ",,1...jV-'>". 

.. L. 

1 
I 

j 

I 
I . ! 

9"1 -. ".. ! '. : . • 4 ~ 1-
-L--- ._--~-+-- ... - --_ 

tj ~ ~ I ~ I ~ ~' 1-" '- . • 

I. 

9. 

7 •• 

, . I I, " • 

~~=mNo=~' t~i:. =l·-+--t -'+~J .. ~?-~:~)~·r~*-=-·t·~·E::·-l.':.: 
I 

-~~ - .. 

r 
1 

.. I l , . 
• t I -:---J'-~---l.- !-- +--

I I 

~·-t 

I I:J· .. J . __ - U I.:: '" ' .,-:. "r--I ' , , It .. ' I - • • ' '.'. I ;, " . ' ! ' j , ... -. - _ •.•. - " ' '" , ' . 1 ! r, I! .' ' .......... _- ---.. :- ._,.-.. ,., 'f 
.... _. . " f ~ , ' , I 

I 
,. j , : ' I- ' .. .: : 

" .' 
, • I 

. I . I .. . · , 1. . t ,,' I I ~ , : i I +- ---f' I ' . I I" ; ; . .. , , • ' . . • j ' • , ' 
. • j. I ' .' • . • I ,. . , , . ".. . , 

__ -< .. j •.•. -':'-'-'1- '--..-'--:.' -t -- ... --... ~ : : , ;.: .! . 1 ' : ' , . ; , . :: -: .1. 1 ! I l' 1 -...... - ---......... ' , , : " . "" I I' ! f. ~ .. "---1- -:-~ --_ .. --'-.' -~ .... .:..... .:.! ", I.,,' 

I • \ ~ : : I . . I ,. , I I I" '! ",
I . F 

" 

I .t ,: :; I I I. 

,i • I ' " ! I': .., I ~ . t 
r .2, 

3 nME'· t- IN HOURS 
4 

~ : :":! 
• ~ + -_ ............. 

I . t 



• 

e 

e 

-
:3 

~ 
g ". 
;:. 
P,; ~ ") 

(# .~ v , 
c: .. " '" . {."') : .. ~ 

" ~ 
~ ,-, ... 
"') ... 
" " 

e 

e 

100. 

r . ' ..... ~-

4 •••• 

... -.... 

.. .. .. 

h 

Jj"'~_ 
~'-' .. ' .. -I-
~ ~ ;~-~ --I' 
<.'--..1---0 -

.... 
U. -i 
4_.1.. .. §; 

3 ... 

t--

2.._ . ..-..;--. 

. . 

• 
• • 

.. 

--- ---------+----------

.. 

-, 

No.1 

-------- .. ~ 

.--+-----~~-- .' ---- --.--=--~ -----

~ I' .......- -
I 

Fig_ 6 

B MINUTE· EXPOSUAE, 

•• 
;. ... 2 

UNANAlVZ,£D DATA 
, . . . 

7 -t, 7.7·1Rln.. ,PClItqS. VALUES OF .. 
CURVES No.1 MINUS '4 UlNGER 
PERIODS. 

, 

-1 

{ 

- 1 

-~ . . 

-~".-+-- -
~ -t --• -.~-+ 

I : 
; ~ . I 

3!L i ' t 
"""... , "I ' ..:- ' ; 'No. ~;. 1'"t. 7.7'.ln. i--t-t--'l--- . ___ J --- '1 _.t----i 

• 1 

Ii! • 
... -~.-.-
j 
~ 

-1. -.. 

. 
"-1 -- - "T"--

I 

! 
! 

, , 
--4-----t-----... -. . , , 

I 
. i 

,i 

, j, 
.. : t .. .. I,'" 

Ill. ....... 

~------.---.---.---- ==-~~~~~, ~ __ L_I ~ t I I 
Hi + 1 i J ~ ", -,---t---1---+4-. 

• _ _ ____ ., _ •• _--i -_-I --,...'------ -~ :=-~-~- --TMoft -''::f12-t---·-
,~ . t .. --- '-. - ~-. -:.. --.. ~9 .~~-;--t 

-+ • _ --.v f 

: 1 : 

"j. 
_" _..,.. .. __ ____ t 

I 

,-

_~ __ ~ .. :_ _ __ • _ . . . - - '+-0 -.-q--
, , - -' : 'f' - - • - .' • -' - J .:.. , ,-~; 

---!- -- i ' :J, "-..: -:- I: __ ,t·~---·-~· :;: ~ ; 
A' • r '.': :::il 

"- .... ~".", .. ~~+' 



",,10= 

previously determined periods by ~ean8 of a formula adjusted to fit at 

t • 129 mino A fifth period of haltolife 7Q7 min is demonstrated. 

Thus far we have determined the yields ot 5 photoneutron periods 

relative to each other~ In the next experiment~ the yields are related 

to that of the delayed neutrons., Fig,. 1 shoW'B results of a 3 min ex, .. 

posure with a 0 0 1 gm aarnpleli from t .. 3 min to 1 houre In the first part 

of this interval the delayed neutron activity i8 not negligible~ It was 

measured in the following mannero ~ serios of 7 exposures was made, .. with·",· 

out DzO in the 8phere~ varying the radial distance R of the deteotor from 

the source and me .. urlng with a mechanical recorrler the number of counts 

in the interval t ~ 205 to t • 4.,0 mno Tbis ti:ne integral of the de= 

layea neutrons was plotted a.s a (co\Ulting rate x R2) V8 R curve" the 

area N under the curve being proportional to the time and volume C)integral 

of the delayed neutron activity of the souroe" A six term formula similar 

toSqo (1) wa, set up tor &d(t)j USing the constants for the delayed 

neutron periods as given. in Ta.ble IJ arid integratec! from t • 2,,5 to 4,,0 

min,. .Lettin~ N • C15Ad(t)dt» the constant C1 was determined for this 

experiment" C1A.d(t) then represents the volume integrated delayed 

neutron activity as a function of timec 

Curve #1 of Figa 7 shows the gross source activity with D20 in the 

sphere" This W~8 actually computed from the counting rate measured at 

a single radial positiong an apprOximation previously di8cU88ed~ It we 

subtraot from thb the delayed neutron activity CtAd( t)1l computed as above Ii 

the fesult i8 CurYe i2~ repra8entin~ photoneutrons alone~ Curve #.3 is the 

result of 8ubtractin~ off the 5 previously detena1ned photoneutron periods" 
.1,. , 

fitting tho formula at t • 53 min" A sixth period is indicated of half=

life 2.,38 min" 
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Since we hao:e a formul .. representing the volwne integrated activity 

of the delayed neutrons and one for 6 photoneutron periods 8 we can now 

extrapolate to t • 0 and infinite exposure time and determine the ph~to~ 

neutron yields ,relative to the delayed neutroftsc Table II lists these six 

periode with their yields A relative to the yield of the 22 ee'c delayed 

neutron period as 1 0 00 0 

In the next experiment" no short cut. were permissible because oi' the 

need for accuracy., }t'1g., 8" Cur\"e itl. shoW'S the gross integrated activity" 

with D20 in the sphereo resulting from a 30 8ec exposure of a 0 0 15 gm en~ 

rlohed sample., &ach point on the curve represents an integral of (counting 

rate) x R2 vs R, taken from ourvell of the type shO'Wl'l in Fig" 3.:. Curve 'it2 

showa9 for the s&._ exposureo the volume integrated aotivity without D20 .. 

due to delayed neutrons alone., Cur'\', li2 has been corrected for epi-cadmium 

act1VltYIi which 811\ounted to about 2%" Curve jj:3 .. It'lgo S,Ii shows the total 

photoneutron aotivit)". Curve if1 m:\.nus tl'20 It is 8een that the difforence 

is only 10~ of the total activity at t • 30 secc 

The delayed neutron formula was fitted to the experimental Curve ifZv 

and the saturated delayed neutron activity computed tor this experimente. 

From previous results, a formula c)xpress1.ng the photoneutron activity could 

be Bet up tor the 204 min and longer period8~ Subtracting these off from 

Curve 1f3;) the result was Curve ,411 which represents a new period of half'" 

life 41 sea and yield 1\ l!iI 0 .. 090 (see Table 11-.)0 There is evidence for a 

8t111 shorter period below t • 30 800 .. ., but in this experiment the counting . . 

rate became so high in this region t.~t the data are not raIiableo 

(\ 
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A. saries of 30 seo exposures was mado with a 105 gm sample of 'un': 

enriched uranium,. Curve i,lf) Flg" g., :i.B 'the total .integrated activity 

with D2u" Curve/t?'.) that withoutii Curve if3 their differenee3 The de",-, 

layad neutron formula" us ing the value~ in Table III was fitted. to CUT."6 

liZ at. t ... 10,sec<, It is of interest as a check on 'table 1 that the formula 

then agreed with the experimental results to 1% o~ better rro~ t ~ ¢5 .sec 

to t ti 12 sec and with the timo integrated activity from,t ~ 30 t~ t ~ 50 

sac" 

A formula for the photcneutron activity due to the 7 previoH3~y de'" 

tarmined periods was obtained by rlttin~ it to the obaerved ti~e lntegrat6~ 

acti vi ty in the interva.l t .. 30 to t .. 50 sec" This was subtra.c.ted fi"om 

Curve iI~!1 !<'igo 9 0 to yield the new period" Curve #4" of half=lifa 2",5 13.::1C 

and A • Oc2Z5 (See Tablerl)~ 

(B) ~ timatod AC~~~1 

The aocuracy to be expected in obtaining one of the arella Wllelr 

curves of the type in ,lo'ig" 3 is about one percent"" due to statistical 

probable errOTn alon80 Since the short period photoneutron yiold& were 

obtained as tho difference ot two arSaB v amounting to about 10 p6rc~nt 

of eithero those yields are uncertain by at least 10 parcent? ~~A yields 

of' the loneer periods9 except for the 53 hr period.u should be eOltlEnm.Ii.t 

more accurat;o,-> 

It the heavy water W8.a 99 c 87 percent purea as stated by the ~anu~ ~ 

facturer~, the absorption of neutrons in 'it would have bflen neelii;ibla", 
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Siacs contamination mignt have been introduced during the course ot the 

experiment~ the neutron absorption of the heavy water was tested in the 

following manner: AD. Sb-Se photoneutron. source was placed at the center 

of the sphere and ~~. neutron distribution ourves 1n the oil ware obtain~ 

eda) with and witho\.lt heavy water" ~lnce the y ... ra,18 from Sb are less 

than 2~11 mOVe they cannot create any photoneutrona in the heavy watarD . 

and the 'areas under the {counting rate} k a2V8 R curve. should be equal 
~. 

1q/two ca8es~ Actually the areas were found to be the SRme within about 

2 percent., 

(c) Cfrrectione to ~xp!rimental Yields 

In Table 119 Column A represents photoneutron yields (saturated 

activities) for our sphere of heavy water relative to the 22 8.0 delayed 

neutron period yield a8 1,,000 In order to oorrect these yields to the 

case ot an infinitely large sphere of ~O and complete y~ray absorption~ 

it is necessary to know the energy of the yerays" Conclusions about the 

initial energy of the photoneutrona could not be made from the data of 

this experimento The large amount of h.eavy water moderator s lowed the 

neutrons down to such an extent that the shapo or the distribution curve 

in the oil where the measurements were taken was no lon$er a measure of the 

initial, neutron energyo HeneeN we have tried to correlate our periods with 

those reported by Hughes~ Spaat~ and Cahn in CP<=3412 9 April 25 ,1 1946:. 

Table In ah.on this corre~ationo Although the a.gree_~t in the halt'"" 

lives i8 only tairv it 18 sufficient to set up a correspondence between 
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our periods and theirSQ Accordingly" we have used their va.1Ues tor 

the v-ray energieao In the oaee of the two longest periods, as shown 

in Table 11_ W8 have assumed entirely arbitrarily an energy Ey • S mav 

tor purposes of computationo 

In D20and for v-ray energiee be~een Z and 5 me. the phQtooloctri~ 

etfeet and pair production aro negligible ·in comparison w1 th thtt Compton 

etfect" It wo assume that overy Compton' 8cattaring of' a y-ray qu&ntum 

by an electron reduces the quantum anergy below the y.ft threshold in 

DZOJ) the traction ot the quanta absorbed In a sphere ot racUus It 1)lD.t 

, .<1'": + r: )& 
.trolD. a central polnt Bource" is , t • 1 ... e • Y where ,p-., 1. the 

. linear "absorption" coetfieient/cll tor. Compton acatterln& and ;U y 1s the 

coefficient tor the y.n reaction in D~O~ '01' this experiment the ef~ ... 
rocti" thiokness of heavy water is 23,,3 etllo r II • a-; x 3035 :It 

2$ 3 . 
10 /oa for DaOfl where <l"'e II the Compton .oattering crO.s section/electron 

25 2 ' ... 25 
varies trolD. 1021 x 10 em at 2~5 mey to 1006 z 10 .t 305 a~vo 

I' y • 601 x lcr2 
x 0;/0.3 8 where. 0-,., the Y .. 11 CI'088 •• ot.1on/dellterOD· 

, . -28 2 
var1ea troll zero at Z~17 mev to a.bout 14 s 10 C:1Il at 3.,5 IlliDYQ In 

Sable II are listed values or 1/1" t the oorreotton tl.Ctot' bJ whioh the 

yields A RUSt be multiplied to giT. the yields tor An 1nrinlt •• phe~e 

of ~O~ for the a.sUJJlBd energies ~o 

A. small oorroctlonD a;, • },,069 iD aated 1n tho next colwm:~. of 

T~b~e 11" Thb oompeneates for the y .... ray absorption l.n the 0,,050 i,DCh 

wall thiolmeau ot t~e pDeWllltt1c tube 41 ~e fbed 0 0 125 iach thick Al tube 
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through the center of' tho .phere, and in the :5/16 inch thiQIc wall of t..'le 

bakelite rabbit ... 

Column ,tJ in Table II elves all a.ddl tional oorrection necessary be~ 

cause not every Compton scattering process reduces the energy ot a y~ray 

quantum below the 'Yiln threshold/} so thfAt the flux of y=raya of' energy 

above the threshold is everywhere higher than ~ would calculate using 

the full Compton scattering eross sootiono )9/Ft 1s then the ratio 

Il';t' the nwrtber '?ty.,n neutrons produced. in an infinite DzO sphere to that 

prQduced in a sphere of radius'23 9 S amD taking into account multiple. 

scatteringo the theory ot this correction~ d.eveloped by Soodak and 

Greuling~ is given in Appendix 40 ' 

Coluran Ac in table II is A 11. oc;!llF t" the cor~ected yield ot photo

neutrons in an infinite sphere of Dz0" Colwnn Ad 10 100 Ac/4 ... f4 .. the 

per4ent lield relative to thetotBl number of delayed neutrons (See 

.. -'lable Is total of Col .. A) ~ Column Af 1s 2,4~ z 0000755 A /1000 the 

a.bsl31ute yield of photoneutrol14 per fission" taking. )/ fas) • 2.,43 and 

the delayed neutron yield fro. table 10 

(D) Gamma. R~x..~~eld. 

We 110W oompute the numbel" of v-ray. per t1seion neC6UIU".Y'. to produce 

the photoneut~ona of each per1od9 with yields At in Table 110 The trac~ 

tion ot the total y ... ray quanta fr01l1 a point aource. which are abso,t'bed' 

in the y~n reaction in'an infinite DZO sphere 1$ 

1\ S.., .~<I'. + /\ )81''( dII • 1,\ • ;Us r e y 

o 

~ 

" " 

''Ill 
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provided .a~h scattering process is asqumea to reduco the energy be-

low the thr.8hold.~ If wo take into account the fact that some scattered 

quanta still haVe energy above the thre8hold~ tho actual photoneutron 

'production will be higher by a factor ~~ which will be small near the 

threshold and inorease with the initial energy of the y-rayo In Table 

II are li8ted~ for IUch period~ the values of l/Fy and of E .. , The abe. 

aoluto yield of yoray quanta per tisaionQ Ayl will be· 

Ay "At/FyE ~ 

V D1ecussion of Results. r. 
(Il) ~UlQfIII1rl 

A sLlJIIIlIII.r)' of the results obtained 1a g:ben in Table IIo An explana<=

tion of the meaning ot each column :h given with the table,;, The ro= 

8ulta may bo summarized a8 follows: 

(1) Thephotoneutron perlods observed ahow hal.f ... l1vellJ from 2,,5 ,00 to 

53 hr." 

(2) ~lghty-fivo portent of the photoneutrona appear in the shortest 

halt.liv8a ot 2 0 5 800 and 30 800g tho 2Q5 '00 half~lito component be= 

ing three timea as intsn88 as the 30 Sec halt~lifoo 

(3) !'he total saturated a.ot1vity of the photoneutrons f'or an in.finite 

amount of heavy water is about 16~ of the saturated delayed neutron 

activityo 
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(8), The' &f'root of i'088iblo Parent-Daughter Contributiona . 
It should be pointed out that in the'analysis of the data as des~ 

cribod above it has been a8aumed that the hard gamma ray emitters are 

initial tission fragments,> The interpretation ot the data. 18 made SOJll(')= 

wha t unoertain beca~. ot tho p08s1bl11 ty that the hard photon giving 

the photoneutron may come f'rom a daughter of the initial tragmontu In 

such casos the data may y101d the true period» b~t the ~plitude deduoed 

by extra.polating the deoay CUI'" baok to r.ero time rill be in error,_ 

It tho daughter haa a very much longer lire than ita parento the error 

will Dot be large" It the two bay. oomparable 11fetimes the aaturated 

actiYities given may be a considerable overestimatoo If both the parent 

and daughter gift hard g8JlDll& rayall both amplitudes will be in error., but 

the aum or the two exponential term. will giYO a correct de8cription ot 

tho activity as a function ot ti .. ~ 

(e) lumber or fhotona fer Fission 
• I 

'ram the number or photoneutrona per ti881on~ the number ot photons 

~ per tiS8ioD was calculated trom oonai~eration8 or the relative proba~ 

~billtie8 of Compton &ud y~n collisiona~ The results tor each period are 1 given in tho col ..... "r of Tablo n. 'tho.1I1II of tho valu •• in thh column 

"" 18 2 0 3 )photoDS per tisslone - For the sixth. period listed" .1JUglles" Spaatr; 

and Cahn give two values tor the yeray energyg one tram photon.utron energy 

measurements (2025 mey) and one iro. direct y-~ay abso~ptlon measurements 

(2 0 4 mev)~ ~. y~n oroas section 1s o~anging very ~apidly in this region" 

80 that the calculated n~r or photons per tissiqn is Ye.,ry sensitive to 

~ 

~ 
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which of these two values is used", b'ven if the value giving ~he leflser 

·IIW:lI.JC:Il",· (11' photone per .trias ion is used;) the total numher of photons per 

fiss ion adds up to 1 ~" " . As a tota.l r; thia number may not be unl"Cle.s orl-

ab16" l:iowover;1 the 0 0 62 photons per fissj.on given .i.'or tile single 2,,5 

fle!) period is much too hir)l tu beo due to 9. aillf.1e isotopeo The SaIl16 

conclusion could be made &.lso for the 41 sec a.nd the 2.,4 min periods v 

since the hi~~.st fission yields ob6srved are about six percent~ These 

cons:~.derations l\'IU{m~8t that there may be If'lany 1'i6310n products havloJ.g 

peri(,ds oi' Bevel"al aeeonda to sl!Ive,ral lninutes'J with y""ra:yn above 2,,2 

Jllc!rll' " If f~lolElt!i tl)gether'<l such periods t;l;Il.\ld rwt be resolved .in thir. 

exper imen t", 

If' the augg(')stion that 25 may have many short period y<=<raya .is 

t.zUOl.:, and. sinco thlS.se short periods ha17e been shown to account for 90;~ 

(If' the photoneutl'Ol18" then tho re suI fa of th is repOl"t might b'3 us::!d to 

speculato about phobmeutron yield (,.f.' 23., for- whioh there are no Ob30:'VS;"" 

tions availab 10 at thCl prelHmt time/., by the following cons iderations = 

The 2",5 soc and. 41 e"'c periods", which account for 90': of the photo<-

neutr0n59 give about 1 photon per fi8sion~ Sinc~ maximum fission product 

yieldl3 are abou.t 67~ .. ' thero a~,'e about rl f'ission chf!!.ina contribut:i.nz thf~ 

hard 'Y""rays in the case of 25 if WI!f 6.aSUlll$ one photon por fission chair ... ;. 

The effoct of one .. If these is" th~no!l a.t most 51.0 lO~ and the shift i,r1 

the .rna;.:imWII of tho 'fission prodl1Ct yj.old curvo of' a few .fna:lS· nu.:r.bel~ 

Wlit.lh in going from 25 to ,.:3 0 is nat likel.y to have any Qondderablo 

$rrect.~ The number of ph!>tonoutrons from 23 m:i.ght~ therefore" b~ "X'"' 

pectoo to be roughly the srune; as for 25 0 The number- of' del&yed neutrons 

.' 
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tor 23 baa been reported to be about one~third that tor 25 (CP~3147)~ 

ConsequentlYh it seemB tha.t for 23 the number or photoneutrons may be 

compa.rable to the number ot delayed neutrons. 

(D) Comparison witL CP=3412 ," 

!his work was don. simultaneously With that of Uughesll Spaat~ and 

CahD at the Argonne Laboratory (CPa3472)¢ Our re~ult8 are compared with 

theirs in Table III., The agreement between the periods is rail' (I con"" 

aidering the large number. of dolayed and photoneutron periods involvedo 

The main disagreement in the periods 1s that our data showed a 4~4 hr 

period not reported. by them" It leeJ118 very probable that really accuratel 

determination ot the perlads D especially the shorter oneS9 would neces= 

8itate chemical separation of individual fission products Q or groups of 

products 0 The greatest disagreement on yield values 11e. in the region 

where the measurements are made difficult becau.e the photoneutrona 

represent only a small part of all the neutrons pre.ento The 30 sec: 

period of CP-3472 is thrt.e tircSiS as intell8e &8 our 41 sec period~ The 

sum of the values listed in Column A of table II gives the result that 

the total saturatod photoneutrotl aott,,! ty 18 16~ ot tho saturated delay"" 

ed neutron aotivlty? CPo3472 gives 28% for this ratloo 

~. 
~-. 
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80,,2 .55 .. 6 
31. .. 8 22,,0 

6 ... 50 4,,51 
2 .. 19 L52 
0,,62 0,,43 
0,,072 0,,05 

Totals 

<»20"" 

l' A B LSI 

l)olal!"d Neutrons from~ 

B A. 

.,25 0,,163 
,,56 1,,00 

. ,,43 1<128 
cO2 1,,45 
",42 0,,51 

0,,15 

4,,54 

B 

2,,5 x 10 
~ 

16,,6 ' 
21,,3 
24<,1 -

8",5 
2 .. 5 

• ,,4 
1506 x: 10 

11 e period~ ~! a half life» g. energy in mev~ 

A w saturated yield relative to the yield of the 22 aee period as l~OO 

. 
B • absolute yield relative to the total number of neutrons emitted 

per fission 

Oa.ta. from CP",3094 (JIugh.e8~ Dabbs & Calm 1c..30«>45) and 
CF",3403 (Halle Dec" 1945) ... 
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ll.~ 

1 
2 
3 
4: 
5 
6 ., 
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~ble II 

Pheteneutron Yield. and Periods -
'Ii '( A. S 1/rt 4 

% x 104 

l/Fy 0( A Ad At A., r c B 
53h 16h .,00038 {3} 1,,695 10 06 1,,085 ,,00074 QOl63 ,,0298 416 Ll" ,,00126 
4087h 603h 000119 (3) 10695 1.,06 10085 o()()282 c0615 00942 476 1 .. 14 .,OOS94 

·1065h: 2.,4h 00093 2062 1062 1006 1 ... 052 00168 0310 .. 676 670 1009 ,,0415 
27 0 3m 39.,3m 00082 2,,66 1.,63 1.:.06 10056 00149 ' .328 .,600 648 1009 1)·0354 

·1,,1m 110lm r.0124 3,,0 10695 1,,06 1,,085 ,,0242 o5a4 ,,975 476· lal'" ,,0407 
2~4m 3.,44m. .,0276 2c65 1063 1006 
41 • 59,,5s ,,090 iL25 1052 ,1.,06 
205 s 3,,6 • 0225 3~4 1 .. 11 1,,06 

'1').. • haU"Ufee 1 .. mean Ufe a 

1.,054 ,,0504 
1,,009 ,,147 
l~ll .,469 

Tetal 

loll 2,,03 
3,,24 5093 

10 .. 31 18,,9 

" • • 
~ 

15f>96% 29 .. 2xlO 

650 1009 ,,121 
2450 1,,016 1,,41 
389 1,,18 ~S23 

2"S 

A • uncorreoted photcneutrony1eld~ relative to a yield of 19 00 tor the delayed neutron 
22 see period 

~ • y-ray energie.,1ft mevo from CP=S472 t Values in parentheses are arbitrary 

a( • Correction tor y""ray absorption in the rabbit wall and in the 41 tube. at the ,center of the 
sphere 

,4 • eorrection tor multiple ac'attering (lee Appendix A) 
ACi - A ]1:« x~ 1ft • the corrected yield in an inf1nite 020 sphere 

~-
:.< 

• 
~ -, 

~- 100 Ao/4e54 - percent yield of photoneutrone relative to total delayed neutrone 
Ar • 20 43 x ... 00756 x A<ti1OO • absolute photoneutron yield per fiSsion 

,!.. .. NWllber of photons per photeneutron in cD ~O on the bASis that single Compton col11don knocks y",energy 
Y below thre.hold -
E • Correction factor to account tor y~8 not knocked below threshold on sintle collision 

A sAbBGlute number or photons per fission 
y 
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TABLE III .. 
Comparison of Resul to M This ,Paper & CP ... 34~2 

This Papel" nughe8~ Spaatz & Cahn 

, 

"(]a Ac 7't Ao &y 

. 53 h '000074 24 h .,00032 '" I 

4,,37 h ,,00232 ... ... 

1.:.65 h 00166 2~0 h ,,0091 2002 

27 c 3 m 00149 32 m ,,0118 2066 

707 m 00242 6,,5 m ,,0210 3.,0 

204 JIl ,,0504 90 • ,,0720 2,.,65 

41 8 ~l47 30 8 ()45~ 2.,25 

2.,5 II .,469 6,,7 8 ,,655 3,4 

I • 

1'i IS half=life 

A. e s cot'reeted yield.,' infinite 020 absorber'~ relative to the yield 
of the 22 see delayed neutron period as luOO 

Ey SI. y-ray energy in mev 
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APPSNDIX A 

Neutron Yield from Multiply Scattered COmpton Photons 

Eo Greuling 

The neutron yield re8ulting trom.the photod181ntegration 01' 

deuterium. in a spbere of heavy water can be calculated by making use 

of tho following simple assumptions: 

<a) ~~ery Compton soattered photon ot incident energy greater than 2 

mev sutters. neglig1ble ohange in direotiono Actua1l7 4 meT photons 

o are 80attered by le.s tba.u 30 U their resulting energy i8 above 

the 'rNa thresholdD 202 mev", 

(b) The dirferential oroa8-section tor scattering of photons ot energy 
o 

E into the enarIY range B to 8 + d& is 1nd.ependent of tile lower 

energy 8 D and is equal to 

2 ;t.r 2 
0° ()(s ~ S)dBz 2 

,811 

dI" 4 0 3 ~ s8!f: '1 (1) 

2/. 2. fl 
Bere r 0 • e ,- () U1Cl I awl,8 are the ine1d&l1t aDd. scattered. pho= 

ton eael"g)' 1n _2 \Ul1tao The DaXimuIl deviation of the oqrre@t 

ne1n ... Nish:lna toraula trom equatlOA (1) is 30.6" which oocun tor 
9 

B ~ '1 and B ~ 40$0 

{e} !he total Compton or088=eeotloD" as a fuDction or y=ray energy" 

E bet.een 403 and '1.c2
v dirters b.J 1e.8 than 2% trom the approxi~ 

mat. formula" 

()' (B). • 211" "'0 2. fj./(~ &) + 00089J 

where q Eli 6/4D 

/} 

(2) 
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Consider a point source of y~raye of energy 80 at the center of 

a. sphere ot DZ0., The nWDber ot pbotons per unit source strength C1"068= 

'" jU. i' 
ing t\ spherical surface at .,. that have sut.fered. no collisions 18 e I 0 

whore f'4o ie the reciprocal me8.ll l'ree path of photons of energy &00 

Acoording to Squc {Z} 

j'1 • 2. Tr r/' If [l/(q s) + OQoa~ + ~y (.Il:) (3) 

where II is the number of electrons per cm'5 II and /"' (I) is the Y,\lXl inveret) 
It{ 

absorption mean tree path tor photoDB of energy Eo Berea1'ter 1''y{E) is, 

dropped trom Equ" (3) beoause it at most amounto to only a O~3" correo." 

tion on;u.." 

Let F(r dlE)d.i.i: be tile number of photons of energy ~ to ~ + dE 

tha:L cr088 t,.'UI spherioal surface a.t r a.tter having suffered at least one 

collision~ The balance between 'scattered photons' entering and leaving 

the cell o.f extension dadr iSn upon inserting ~quo (l)~ given by8 

OF ' 2 ~o 
fI 

+ /l(g)F ., 2Tfr 0 N Bd.il 
F(r~g 0 ) 0 + Jr B ElI2 

0 

If one detines a. new variable~ 

2TTr 2.» 
a 119 !' ",,;u. ~. 0 _ (1/1 ." l/Eo)g 

o ~ 

and substitutes into equation (4) the form" 

, .. Zrrro2Jl 

E 2 
o 

e""';Uo'!f' f (rbz)G 

2TT'I:'02U "'I! i' e 0 
B 2 

0 

(5) 

(6) 

(4) 
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ODe obta1Da the following integro-differential equation for 1 : 

& 

If!. + z f · 1 +clS 4a" f (roa·) 
;)l" 0 

• (7) 

Clearly the &8sumptlcm of fol'Wal'd. scattering (a) requires Fe 

and therefore f II to vanish as, r approaches &.eroo By taking the Laplace 
, 

traual'orm of' equation (7) with respeot to the variable 1'" i~eo 

00 , 
( ) - ( Dr. 

L 000 • Jb dr e (ooo)& one obtaiD8: 

5& 11' v 
(. + z) t (le Z ) • 1/- + q 0 c1.l l' (soz ) ... (8) 

Whe,re t (8$10) • L fJ(rgr.)o 

Dltf'erentlating (8) with respect to s one obtaina Jlii & [In t(8Dr.U 

I
' . 4-1 

~ <cI-l) (8 + &),D .hioh baa the solution f(a.a) • A(a.,01 )(a + z) . 0 

the constant of lntegratiOll A(eo q)o 10 determined by 8ubatltut1nc this 

solution into £quo (8}e In thill manner one obtains: 

... {q + 1) 0. co 1 
1'(8D&) • s (. + z) (9) 

to obtain !f (rDa) the inverae laplace transform ot r(ssl) is required*' • 

.. S-."Collected. Paper, ot Geoo Ao Camp~ell", ~p 443 and 32~ 
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MoDP .. 112 ",,26= 

I 

tD -1 ~ (r~z) • L f(sp&J. r IFl (1 ~ q ; 2$ - ar) • (lO) 

'00 

Here 1'1 (alb;x).. L 
PO 

«e. + n) .. r(bl"'1'.~_ 
r(a}· {(b + n)Qn ~ 

18 the confluent hyper-

geometric aeries or the so-called modified Kummer tWIotion,. 

The yield of "ltll neutrone in a sphere ot radius :a 18 made up of two 

parteo The traction arising from the first collisions of the primary 

photone i8 

''1(1 ... 0 "'%)Q (11) 

Here 'y 1s the, traction ottho primar,r photons that would be absorbed 

in the "fpD reaotion upon first oollision in an infinite sphere ot 

DZO~ ry (Eo)/flo (,) ~4 x 1s the aphere rad1u.e in write ot the primar-y 

photoD mean tree path; x • fUoRo The yield or second and higher col-

, ~B lIt. 
lisioua is given by dE;: (i)d.r'(r/lB) which beoomes./l upOD intro= 

1 T () 
duoing the expr8l18ions (6) aw:l (10) 

'y Q D (12) 

. . 

Where D -fnSo-YB)!cr(loHS:° 118(/\(&)//'.,(8
0

») ~ nn-t)(-Btpn(x) 
81 . n-o_ f( "';)D g 

&ere » 1. an eDe~gy dependent fuuotioD whioh iah according to the appro~~ 

ima. t10fl {3} <1 

s • (I'(S) ... ro)/fUo ~(Bol & ,.. 1)/(1 + ,,0139 ~ Eo)" (13) 
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and Pn(x) is the integrated Poisson oollision distribution ot constant 

mean tr.e pcl.tb tonmrd. co11isions~ n • 0 oorresponds to seoond oollisioIlSv 

n • 1 to third.9 etc" 

, x ~l 

Pn{x) @OJ S' dxe""x -s!1 ... 1/(0. ... 1) & 1& 1 ... 0 <::>X L:i xiII ~ (14) 
o ' so 

1;he lower onargy lbdt 11 1D. (12) is tbe Yell throsho!dlj 4,,3 l'402.,, 

The 'YDn yield i'rom all colliGi,ons in all int'inite sphere of ;)20 16 thEl 

sum ot (11) and (12) tor x ill 00, namelll.l 'r"E where 

c-
Eo ~ ~ 

B IY 3. .. [<T(So~E)/(j;) J
El 

<l& (y(&)I/\(Soj] (1 ... a) (Hi) 

leglooting all except first coll1siollSQ the ratio between the f'J'i,nj.t,,'f 

and infinite sphere yield is 

=X 't m1 ", • ., (16) 

Taking into account s800nd and higher oollisional) one obtaiDS the ratio 

be~~en the 1ntinite and finite sphere yield by multiplying tUe tirst 

oollision yield k"atioo 1/' tC by a faotor ,4 where 

;:9 .. 1/(-1 * D/rt)- (17) 
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The quantities 1) and 8 detiD.eld by equationa (12) a.nd (lti) mre 

obtained by num6rieal integration over tho y-ray energies aboV& the 

y~n thresholdo Dropping terms beyond n'a 2 in the aeriea a.ppe~ring 

in &qu~ (12) introduced an error in D of less than Oo2%a 
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