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ABSTRACT 

An i n i t i a l e f f o r t has been made to measure absolutely the average 

number of prompt neutrons, v , emitted in spontaneous f i s s i o n of 2 5 ?Cf 

to an unprecedented accuracy of ± 0.25%. Fission neutrons were counted 

wi th a la rge, gadolinium poisoned, l i q u i d s c i n t i l l a t o r . A "white source" 

of neutrons from the ORELA was used to ca l ib ra te the detector e f f i c i ency 

as a funct ion of neutron energy. Source neutrons were scattered in to 

the large s c i n t i l l a t o r by a t h i n NE-213 proton-recoi l detector which 

employed pulse shape d iscr iminat ion to el iminate unwanted y-ray background. 

The resu l t i ng neutron-energy and scat te r ing angle-dependent e f f i c i enc ies 

were used to normalize a Monte Carlo ca lcu la t ion of the s c i n t i l l a t o r e f f i -

ciency fo r f i s s i o n neutrons. Under the assumptions tha t the e f fec ts of 

pa ras i t i c charged p a r t i c l e reactions and mul t ip le neutron scat ter ing in 

the proton-reco i l counter have neg l ig ib le inf luence on the e f f i c i ency 

c a l i b r a t i o n , the value of the average number of prompt neutrons emitted 

per 2 5 2 Cf f i s s i o n was found to be 3.783 ± 0.010. This repor t i s intended 

as a documentary and guide fo r fu ture measurements incorporat ing improve-

ments suggested by the analysis o f t h i s f i r s t determinat ion. 

0 



2 

I . INTRODUCTION 

Precise, absolute measurements of the average number of neutrons, 

v , emitted in the spontaneous f i s s i o n of 2 5 2Cf have been car r ied out in 

three d i f f e r e n t ways in the past: the l i q u i d s c i n t i l l a t o r method,1 - 3 

the boron p i l e method,4 and the manganese bath method.5 - 7 A l l three 

require moderation of the f i s s i o n spectrum neutrons f o r detect ion. 

However, the f i r s t two techniques make use of delayed coincidence count-

ing of the neutrons follov-'ing ind iv idua l f i s s i o n events, thus removing 

the necessity for absolute counting of the f i s s i o n source ra te , whereas 

the manganese bath requires absolute counting of both the 2.6 hr manganese 

a c t i v i t y of the so lu t ion and the source f i s s i on ra te . Another important 

d i f fe rence is tha t the coincidence counting is car r ied out on a s u f f i -

c i e n t l y short time in te rva l fo l low ing a f i s s i on that the e f f ec t of delayed 

neutrons is rendered n e g l i g i b l e , whereas the manganese bath method deter-

mines the t o ta l nubar (prompt plus delayed). In order to compare resu l ts 

of the d i f f e r e n t experiments use is made of the r e l a t i o n : 

v t o t a l = vp + "delayed 

where ^ d e l a y e c ] i s t a k e n to be 0.009 ± 0.004 fo r 2 5 2 C f . 8 Another important 

d i f f e rence i n the experiments occurs w i th regard to the emission of delayed 

gamma rays in f i s s i o n . Since the l i q u i d s c i n t i l l a t o r method detects 

neutrons by means of the capture gamma rays fo l lowing absorption i n the 

cadmium or gadolinium "poison" of the s c i n t i l l a t o r so lu t i on , a small 

0.3%) co r rec t i on must be made fo r s e n s i t i v i t y of the system to a few 

known, shor t - l i ved , gamma emi t t ing isomers formed in f i s s i o n . To date 
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t h i s cor rec t ion has net been d i r e c t l y measurable w i th the nubar de tec t ion 

system. Rather, i t i s ca lcu lated from previously measured y i e l d s , h a l f -

l i ves and gamma ray cascade energies of the isomers coupled to measurements 

o f the s c i n t i l l a t o r s e n s i t i v i t y to ca l ib ra ted sources. he boron p i l e 

makes use of propor t ional counter response to the 10B(n,ra) reac t ion f o r 

neutron detect ion and l i k e the ac t i va t i on method is not sens i t i ve to 

delayed gamma rays. This d i f fe rence cannot be taken l i g h t l y due to the 

r e l a t i v e l y good agreement in the reported boron p i l e and manganese bath 

resu l ts fo r v of 2 5 2 Cf . 

H i s t o r i c a l l y , the measurements havo cons is ten t l y shown a systematic 

discrepancy between the l i q u i d s c i n t i l l a t o r resu l t s on the one hand and 

the boron p i l e plus manganese bath resu l t s on the other . The boron p i l e 

value wi th a quoted uncer ta in ty of 0.4% was o r i g i n a l l y 2% lower than the 

two e a r l i e s t " l iquid s c i n t i l l a t o r va lues 1 ' 2 which quoted 1% uncer ta in ty 

each. The boron p i l e value was re inforced by two manganese bath measure-

ments w i th uncer ta in t ies of 0.5%5 and 0.4%.6 The recent add i t ion o f 

another manganese bath value7 and a more precise l i q u i d s c i n t i l l a t o r 

measurement3 (0.4% uncer ta in ty ) along wi th adjustment of a l l measurements 

to account f o r some smal l , previously unrecognized sources of e r ro r have 

reduced the discrepancy to 0.7-1.0%. Boldeman9 and Smith10 have presented 

the two most current re-evaluat ions of a l l the 2 5 2 Cf v measurements. 

These evaluat ions include the recent Monte Carlo re-analys is of manganese 

bath leakage and the boron p i l e and l i q u i d s c i n t i l l a t o r neutron de tec t ion 

e f f i c i e n c i e s of UI 1 o and Go ldsmi th . 1 1 - 1 3 At t h i s point ' i t seems c lea r 

tha t the discrepancy i n the previous measurements w i l l not be reduced 

s u f f i c i e n t l y to der ive an absolute v of 2 5 2Cf to the <0.25% accuracy 
P 

needed f o r reactor physics app l i ca t ions . 
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The importance o f such a precise value to both f as t breeder and 

thermal reactor systems stems from the use of ca l i fo rn ium spontaneous 

f i s s i o n sources as a standard in measurements of v (E n ) , the neutron 

energy dependence of nubar, fo r the f i s s i l e isotopes of uranium and 

plutonium. Experimentally i t i s convenient to measure the energy 

dependent nubar r a t i o 

v (E ) 
R(E ) - P n -

n v p ( 2 5 2 C f ) 

fo r each isotope, thereby avoiding a separate measurement o f neutron 

detector e f f i c i ency w i th each experiment. For a reactor the quan t i t i es 

of i n t e r e s t are the neutron-spectrum-averaged values of v f o r each of the 

heavy metals in the core. Uncertaint ies in the r a t i o measurements and 

in the value of Cf v" cont r ibute d i r e c t l y to uncer ta in t ies in the f l u x -

averaged quant i t ies and therefore a f f ec t reactor design and cost . For 

example, s e n s i t i v i t y ca lcu la t ions of a f u l l - s c a l e model LMFBR core11* 

ind ica te tha t the e f f e c t of v uncerta inty i s comparable to the more un i -

ve rsa l l y recognized s e n s i t i v i t i e s to of 239Pu and a o f 2 3 8U. I t can 

be seen from Table I of r e f . 14 that a 0.5% uncerta inty in 2 5 2 Cf v , since 

i t acts in concert on the v values of a l l f i ss ionab le isotopes through 

t h e i r measured R(E n ) ' s , resu l t s ( to f i r s t order) i n an uncer ta in ty of 0.5% 

i n m u l t i p l i c a t i o n f a c t o r , k , and a 1% uncertainty in the so-cal led k- reset 

breeding r a t i o . To meet design goals of 0.5% uncer ta in ty i n k and 2% i n 

breeding r a t i o (only ^ 1/2 of which can be taken up by the nuclear param-

e te rs ) requi res tha t the 2 5 2 Cf v uncertainty be 0.25% or less. S imi la r 

conclusions have been reached in the case of l i g h t water reactors (LWR). 
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Recent ca lcu la t ions by Ryskamp15 p red ic t tha t the la rges t e f f ec t s on LWR 

fue l - cyc le costs were due to 2 5 2 Cf v w i th a s e n s i t i v i t y of approximately 

4, compared to t yp i ca l spectrum averaged cross-sect ion s e n s i t i v i t i e s of 

about 0.5. However, the importance of v f o r thermal systems i s d i l u t e d 

through use of d i r ec t measurements w i th thermal neutrons of the re la ted 

q u a n t i t y , n , the number of neutrons emitted per neutron absorbed. 

Experiments to determine the average value of the number of neutrons 

emitted promptly fo l l ow ing spontaneous f i s s i o n of 2 5 2 Cf have been i n i t i a t e d 

in par t to complement r a t i o measurements of the energy dependence of v" 

f o r the f i s s i l e isotopes. Since a number o f small cor rect ions necessary 

in the r a t i o measurements depend on propert ies of the p a r t i c u l a r apparatus 

used ( f o r example correct ions f o r pulse p i le -up and delayed gamma rays ) , 

i t i s des i rab le to carry out both r a t i o and absolute measurements, and 

wi th the same experimental arrangement as nearly as poss ib le . The primary 

goal of the present measurement of 2 5 2 Cf v p i s to es tab l i sh a l as t i ng 

standard f o r t h i s important constant . To accomplish t h i s the measurement 

must: 

1. a t t a i n a higher accuracy than has prev iously been reported; 

the op t im i s t i c goal of ± 0.25% uncer ta in ty has been adopted; 

2. e i t he r have e l iminated or v e r i f i e d experimental ly the known 

errors and necessary cor rec t ions ; 

3. be s u f f i c i e n t l y documented tha t any necessary f u tu re adjustment 

can be performed exped i t ious ly . 

Although the ORNL measurement i s being car r ied out by a wel l estab-

l i shed technique, tha t i s , using a large s c i n t i l l a t o r tank neutron 

detector s im i l a r to tha t o f previous exper imenters , 1 - 3 there are a number 

of d i f fe rences in d e t a i l which are f e l t to be improvements: 
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1. The neutron e f f i c i ency c a l i b r a t i o n of the tank is car r ied out 

over a continuous range of energies wi th bet ter prec is ion by 

use of the "white" neutron source from the ORELA. 

2. The e f f i c i ency c a l i b r a t i o n , 2 5 2 Cf measurement and background 

determinations are obtained simultaneously. 

3. The measurement is car r ied out unde'riiextremely low background 

condi t ions. 
' ' {i 4. Both random and beam-weighted backgro mds are measured. 

) ^ ' " " 
5. Graphite plugs are used in the tank through-tube to reduce the 

e f f e c t of leakage out the hole. 

6. Excel lent tank neutron detect ion s t a b i l i t y - - f o r nine separate 

runs taken over a period o f 24 days the average dev ia t ion from 

the mean of the observed 2 5 2 Cf v was 0.028% and the maximum 

spread in values (highest to lowest value) was 0.079%. The 

s t a t i s t i c a l uncertainty o f each ind iv idual run was ^ 0;02%. 

In the f i r s t f u l l - b l own attempt to measure vp of 2 5 2Cf a t the ORELA f a c i l i t y 

an apparent uncerta inty of 0.26% was at ta ined. This experiment and some 

important conclusions are reported here. <, 

I I . A BRIEF DESCRIPTION OF THE EXPERIMENT " 

In the ORNL measurement an ^ 900 l i t e r gadolinium loaded l i q u i d 

s c i n t i l l a t o r tank was placed in the FP-5 neutron beam from OREtA approxi-o 
ma'tely 85 m from the neutron-producing ta rge t . The tank was ca re fu l l y 

(( 
al igned so tha t a 1/2" diameter col l imated beam traversed the s c i n t i l l a t o r « 

on the ax is of a hor izonta l through-tube b u i l t i n to the tank. An NE-213 
*' . ' , f> ' • ' 

proton r e c o i l detector and a f i s s i o n chamber containing 2 5 2Cf were both 
- *, *' O o /"'if ' 

posi t ioned on the v e r t i c a l center axis of the s c i n t i l l a t o r , trhe recoi l?|. 1 

P L ' 
- • u ~~ \ ' \ ~ ~ 



ie tector being in the bean and normal to i t whereas the f i s s i on chamber 

*as out of the beam and j u s t above the through-tube bottom, A schematic 

i f the evper-»nontal conf igurat ion is given in Fig, 1. Fission events 

A-ê e s ignal led by coincidence between fragment pulses in the f iss ibrs-^ 

detector and the prompt'tank pulses from f i s s i o n gamma ray* tn a lVn 
i, I • 1 

use of a low f i s s i o n chamber bias wi thout»interferenee fron i dtlph& 

When biased wel l above the alphas»"the lossf-,di|e.;to thg c d m i Jen ; 

nent was only ^ 0.7%. Neutrons scettaredrfiforo!̂ t'ffe;beani in .the .i? • 
signal led by the f r associated proton reco i l pulseVV^Sonie 5U0 

e i the r type of event a fas t scaler was gated/on for„'50„us"H 
< • m 

sequent tank pulses*'from neutroos slowed/down and r a o t u r f 
v ' . ji . i // 

l a t o r . .The nubar scaler data were stored1 6 in a 
" * . 1 & * * 

laborator ies (SEL) computet according to the nut.'j-r ci 

during t h i s 50 usee and according to the, type of i n i 

the observed neutron number d i s t r i bu t i ons wcrp obt, 
t u J n ' ' tt -s » 
nubar scaler was tr iggered, by appropriate'i-baiA^rr 

"t i' . Q ,e ' 5 
subsequent tank ,hackgi ound-pulses werp record, d .. 

' tr ' " 11 C? i "" ' 

enters the tank per proton-recoi1 even^Vtl ie 

which resulted in a s c i n t i l l a t o r tank- pulse 

in te rva l i s (a f te r correct ion for-backyrou 
i, _ * 

ciency. These reco i l data were used to 
i- ' 

t i on of the t o t a l tank e f f ic iency, f o r , 

representat ive of ,25z*Cf, f i s s i o n . 3 Thli 

background corrected fission event-d vp!for 2«cf. ' '"life 
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Fig. 1. Schematic cross-section view of the ORNL, gadolinium-loaded s c i n t i l l a t o r 
tank wi th the 2 5 2Cf f i ss ion chamber and the NE-213 proton-recoi l counter in place. 
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I I I . THE DETECTOR SYSTEMS 

The - " "Of Fiss ion Chamber 

F iss ion fragments from r r 2 C f were detected in a low mass (22.5 g) 

ion chamber which was constructed by the Instrument and Controls D iv i s ion 

a t ORNL.17 A schematic of the chamber i s shown i n F ig. 2. Approximately 

0.0004 ug of ca l i f o rn i um (VI90 f i s s i o n / s e c ) was deposited in a 0.5 cm 

diameter spot on 0.0127 cm th i ck n icke l f o i l and overcoated w i th a t h i n 

(24 pg/cm2) layer o f go ld . 1 8 This source was then spot welded to the 

ins ide bottom of the s ta in less steel outer s h e l l . The chamber was 

cleaned by high vacuum techniques and f i l l e d to 1 atm w i th pure methane 

gas. An operat ing po ten t ia l o f +300 v o l t s was appl ied to the cent ra l 

e lect rode w i th the outer she l l grounded. The p la te spacing of the chamber 

was approximately 0.32 cm. An August 29, 1975, mass spectrographic 

analys is of the ca l i f o rn ium bulk mater ia l from which the source o r ig ina ted 

i s given below: 

Isotope Atomic% 

249 11.43 

250 20.32 

251 7.59 

252 60.67 

At the time of the present v measurement (May and June, 1977), i t i s 

ca lcu la ted t h a t approximately 0.2% of the observed source f i s s i o n ra te 

would be due to the 2 5 0 Cf contaminant. Assuming v = 3.50 f o r t h i s 

i so tope , 1 9 spontaneous f i s s i o n of the 2 5 0 Cf r e s u l t s in a n e g l i g i b l e 

e f f e c t (<0.015%) on the present determinat ion of 2 5 2 Cf v . 
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ORNL- DWG 79-10334 

0 S T A I N L E S S S T E E L CAN 

( ? ) S T A I N L E S S S T E E L END PLATE 

( | ) S M A C O N N E C T O R ( C E R A M A S E A L ; I N G ) 

( 4 ) N ICKEL E L E C T R O D E 

Fig. 2. Schematic cross-sect ional view of the 
2 5 2 Cf f i s s i o n chamber no. 7. 
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Elec t ron ics used w i th t h i s chamber (see Fig. 13) consisted of an 

ORTEC 125 FET p reamp l i f i e r feeding an ORTEC 454 f a s t a m p l i f i e r which 

was coupled to an ORTEC 473 constant f r a c t i o n d i sc r im ina to r to develop 

the f as t t im ing s igna l . The fas t a m p l i f i e r was operated w i th ?0 nsec 

i n t eg ra t i on and d i f f e r e n t i a t i o n time constants. A p a r a l l e l p reamp l i f i e r 

output was used wi th an ORTEC 472 spectroscopy a m p l i f i e r to obta in 

s ignals f o r pulse height ana lys is . Figure 3 shows a t y p i c a l pulse height 

spectrum of the f i s s i o n chamber gated w i th the f a s t d i sc r im ina to r ou tpu t . 

Good separat ion between f i s s i o n pulses and no ise-p lus-a lpha pulses was 

obtained w i th r e l a t i v e l y few degraded f i s s i o n pulses in the v a l l e y . 

The F iss ion Neutron Detector 

Neutrons were detected w i th an % 900 l i t e r tank f i l l e d w i th a 

pseudo-cumene based l i q u i d s c i n t i l l a t o r (Nuclear Enterpr ises NE-224) 

to which was added gadol inium 2-ethy lhexoate to give a concentrat ion 

of 0.22% by weight na tu ra l gadol in ium. The tank was constructed from 

a c y l i n d r i c a l center sec t ion and two t runcated conical end sect ions a l l 

of 0.3175 cm th i ck aluminum. B u i l t i n t o t h i s she l l was a hor izonta l 

through-tube of 6061-T6 aluminum w i th 13.69 cm I .D. and 0.124 cm wal l 

th ickness. The s c i n t i l l a t o r was viewed by 12 symmetr ical ly arranged 

RCA 4522 5- inch pho tomu l t i p l i e r s operated a t -2100 v . A photograph o f 

the completed s c i n t i l l a t o r tank in the experimental pos i t i on i s shown in 

Fig. 4. Surrounding the detector on four sides and the top was a 25.4 

cm t h i c k wal l o f marble which served to reduce background rad ia t i on from 

i n the concrete wa l l s o f the bunker. Plan and e leva t i on views o f 

the tank and sh i e l d i ng are shown i n F ig. 5. 



CHANNEL NUMBER 

Fig. 3. Gated pulse height spectrum of f i s s i on events and alphas + noise 
from f chamber no. 7 at + 300 vo l ts and a typ ica l d iscr iminator se t t ing 
Channel zero corresponds to zero pulse height. The peak near channel 800 is 
caused by saturat ion of the l i near amp l i f i e r . 



Fig. 4. Picture o f the l i q u i d s c i n t i l l a t o r tank in experimental 
pos i t ion inside the marble sh ie ld ing. 
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Fig. 5. Plan and e levat ion views of the 
experimental f a c i l i t y . 
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Development of the photornu l t ip i ie r anode (fast.) s ignals fo l lowed 

conventional techniques. With the help of the 2 5 2 Cf source, the twelve 

anode s ignals were i n d i v i d u a l l y matcned in pulse height and al igned in 

time at the output of a summing u n i t . Pulse height adjustments were 

made v ia small changes in high vo l tage, whereas t iming adjustments 

required add i t ion of appropr iate lengths of 50 ohm cable at the input to 

the summing un i t . A constant f r a c t i o n d isc r im ina to r (ORTEC 473) was used 

at the summed output to provide f a s t l og i c pulses above a preset pulse 

height 930 keV equivalent gamma-ray energy) f o r presentat ion to an 

EG&G T-105 f as t t r i g g e r (see F ig . 13). The deadtime of the T-105 was set 

to 100 nsec (nonextending) by means o f an external delay cable. This 

i s somewhat longer than the observed natura l deadtime (^ 60 nsec) of the 

system. The log ic output of the T-105 was used to feed the 100 MHz nubar 

scaler to record neutrons. Prompt coincidence between the tank fas t 

pulses from f i s s i o n gamma rays and f i s s i o n chamber pulses was used to 

se lec t an i n i t i a t i n g f i s s i o n eveist. The time reso lu t i on between the 

f i s s i o n chamber and tank f as t response to prompt f i s s i o n gamma rays was 

measured to be £ 3.5 nsec FWHM and < 40 nsec FW 1/1000 M. I t was, there-

f o r e , possib le to use a 40 nsec coincidence requirement between the two 

detectors w i th n e g l i g i b l e loss of f i s s i o n events. 

A slow signal from the s c i n t i l l a t o r tank was also produced p r i m a r i l y 

f o r the purpose of moni tor ing the system gain and threshold during the 
X L-

experiment. Signals from the pho tomu l t ip l i e r 10 dynodes were pa ra l l e l ed 

i n t o a TC-145 non lock i ng p reampl i f i e r which fed a TC-200 main a m p l i f i e r . 

The main amp l i f i e r output was used to study the tank pulse height response 

to rad ia t ions from a va r i e t y of sources. Figure 6 shows spectra from 

sources of 1 3 7Cs, 6 5Zn, 2 2Na, 51+Mn, and 60Co, which were pos i t ioned 
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ORNL-DWG 7 9 - 1 0 3 3 6 

CHANNEL NUMBER 

Fig. 6. S c i n t i l l a t o r tank pulse height spectra (10th dynode 
slow pulse output system) of rad ioact ive sources. Top: 1 3 7Cs, 
6 5Zn, and 2 2Na, background subtracted. Middle: background sub-
t rac ted 51,Mn spectrum (ungated) and a 60Co spectrum gated at the 
^ 930 keV tank f as t pulse d isc r im ina t ion level (background not 
subt rac ted) . Bottom: t yp i ca l background spectrum i n the tank. 
l*°K natura l r a d i a t i o n i s v i s i b l e near channel 20. 
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at the center of the s c i n t i l l a t o r tank, and in the lower part of the 

f i gu re the tank background. Figure 7 shows the tank pulse-height response 

to 2 5 2Cf neutrons ( i . e . gated 4 psec a f t e r a f i s s i o n event) and in the 

lower por t ion the response to -f ission gamma rays ( i . e . gated promptly on 

a f i s s i o n event) . The G0Co, neutron absorpt ion, and 2 5 2 Cf f i s s i o n gamma-

ray spectra were monitored pe r i od i ca l l y during the course of the exper i -

ment and t h e i r pos i t ions were observed to be stable to w i th in ^ 1%. 

The hor izontal through-tube of the tank represents a dev iat ion from 

spherical symmetry which can cause smal l , ye t s i g n i f i c a n t , errors i f 

an isot rop ic e f fec ts are present in the tank response e i the r to f i s s i o n 

neutrons or to scat tered c a l i b r a t i o n neutrons. One possible e f f ec t 

resu l ts i f the f i s s i o n fragment detector lacks f u l l 2TT e f f i c i e n c y . Thus, 

the strong co r re la t i on in fragment and f i s s i o n neutron d i rec t i on could 

conceivably give an excess (or def ic iency) o f neutrons t rave l i ng in the 

d i r ec t i on of the hole. Mu l t i p le sca t te r ing of c a l i b r a t i o n neutrons in 

the pro ton- reco i l mater ia l could give a s im i l a r e r ro r in the tank e f f i -

ciency c a l i b r a t i o n . Since such asymmetries are d i f f i c u l t to handle 

computat ional ly, an attempt was made to e l iminate these through-hole 

re la ted e f fec ts by plugging the hole w i th sca t te r ing mate r ia l . This was 

accomplished by means o f two c y l i n d r i c a l , 25.4 cm long pieces of reac to r -

grade graphi te contain ing a 3.81 cm diameter ax ia l hole f o r passage of 

the neutron beam and 1.27 x 1.27 cm square cable troughs on the outer 

diameter. A spectrographs analysis of the graphi te was ca r r i ed out and 

is reproduced in Table I . Density of t h i s mater ia l was 1.77 g/cm3. The 

ef fect iveness of these plugs was re f l ec ted i n a 1.1% increase i n tank 
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Fig. 7. Top: Pulse height spectrum of the tank due to capture 
o f neutrons. The ADC was gated by the tank f a s t d isc r im ina to r 4 
psec a f t e r a f i s s i o n event to enhance the recording o f capture 
Y - rays . No background has been subtracted. The l i n e through the 
data po in ts i s an eye-guide only . Bottom: Pulse height spectrum 
o f f i s s i o n y - rays i n the tank. The ADC was gated w i th tank f a s t 
pulses occur r ing i n coincidence w i th the f i s s i o n chamber (no 
background s u b t r a c t i o n ) . 
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TABLE I . Graphite Analysis 

General Analysis Rare Earth Analysis 
(values in ppm) (values in ppm) 

Ag .05 Li 1 Y .5 
Al 10 Mg .5 La 1 
Au < .3 Mn .1 Ce .5 
B .5 Mo .2 Nd 1 
Ba 10 Na .5 Gd .5 
Be .01 Nb < .3 Tb .5 
Br 7 Ni .2 Er 1 
Bi < .1 Pb 3 Yb .2 
Ca 150 Rb < .1 
Cd .5 Sb < .3 
Cl 30 Sc .5 
Co < .1 Si 80 
Cr 2 Sn 2 
Cs < .3 Sr 10 
Cu .3 Ta < .3 
Fe 10 Ti 10 
Ga < .1 V 10 
Ge < .1 W < .3 

Hg < .3 Zn < 3 
K 1 Zr .5 

Semiquanti tat ive Analysis - the values reported 
are v isual estimates taken from a standard p la te 
and using a common graphite mat r i x . These values 
are t o be in te rp re ted as approximations on ly . 
Actual value should be w i th in the range times 
1/2 to times 2. 
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e f f i c i e n c y fo r 2 5 2 Cf neutrons (see Table I I ) , compared to an expected d i rec t 

geometrical leakage of 0.6% fo r the through-tube wi thout graphi te plugs. 

The Proton-Recoil Detector 

Ca l ib ra t ion of the s c i n t i l l a t o r tank neutron e f f i c i ency was accomplished 

by scat te r ing the ORELA produced neutron beam in a proton reco i l detector . 

This detector consisted of a 4.45 cm diameter by 0.6 cm th ick c e l l of NE-213 

l i q u i d s c i n t i l l a t o r mounted on a 2" RCA-8850 pho tomul t ip l ie r . Pulse shape 

d isc r im ina t ion was u t i l i z e d with t h i s detector to separate gamma-ray-scattered 

electrons from reco i l proton events. The associated e lec t ron ic c i r c u i t i s 

depicted in block diagram in Fig. 8. The anode ( f as t ) pulses from the 

photomul t ip l ie r were fed to an ORTEC 473A constant f r a c t i o n d isc r im ina tor 

which produced the fas t log ic signal used as the s t a r t to an ORTEC 467 t ime-

to-ampli tude converter (TAC). The stop input to the canle from a cross-

over d iscr iminator which operated on a doub le -d i f fe ren t ia ted l i nea r s igna l . 
j. L. 

The l i nea r signal was developed from the photomul t ip l ie r 10 dynode by a 

TC-145 nonblocking preampl i f ie r which fed a Canberra 1411 amp l i f i e r w i th 

0.5 ysec delay l i n e shaping. Figure 9 shows the l i near TAC output w i th a 

2 5 2Cf source placed 1-2 cm from the NE-213 face. A window d iscr iminator of 

the TAC was adjusted to cover the "neutron" peak and i t s output was used 

to tag proton reco i l events f o r storage. 

The dynode l i nea r signal was also used for energy analysis o f the 

proton reco i l pulses. Recoil proton pulse height spectra were taken 

corresponding to each inc ident neutron t i m e - o f - f l i g h t (energy). Figures 10 

and 11 show four of these spectra. The maximum proton pulse height i n 

each spectrum ( i . e . the 1/2 r i se po in t of the spectrum high energy end) 

was set equal to the corresponding inc ident neutron energy as determined 
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Fig. 9. Time-to-amplitude converter spectrum from the pulse shape d iscr iminat ion 
c i r c u i t w i th the 2 5 2 Cf chamber placed near the NE-213 face. Neutron events were 
"tagged" by the output of a s ing le channel window d iscr iminator placed across the 
neutron peak. 
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CHANNEL NUMBER 

Fig. 10. Pulse he ight spectra o f proton r e c o i l s i n the NE-213 
counter . Top: w i t h 2.98 ± .10 MeV neutrons i n c i d e n t . Bottom: w i t h 
4.55 ± .10 MeV neutrons i n c i d e n t . 
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F ig . 11. Pulse height spectra o f proton r e c o i l s i n the 
NE-213 counter . Top: w i th 5.9 ± .08 MeV neutrons i n c i d e n t . 
Bottom: w i t h 7.6 ± .11 MeV neutrons i nc iden t . 
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by t i m e - o f - f l i g h t . In t h i s way the r e c o i l pulse height was ca l i b ra ted 

in 100-250 keV i n te rva l s from 1 MeV to about 8.5 MeV. Inc ident neutron 

energies were obtained from the measured f l i g h t path and the time pos i t i on 

of the gamma f lash taken wi th ^ 0.06 nsec/meter r e s o l u t i o n . The f l i g h t 

path length was checked i n an a u x i l i a r y t ransmission measurement at t h i s 

reso lu t i on by observat ion of the carbon 2.077 MeV resonance. Carbon 

resonances at 2 .9 , 4 .3 , and 6.29 MeV provided a consistency check of the 

neutron energy scale. 

The overa l l e f f e c t of the pulse shape d i sc r im ina t i on (PSD) c i r c u i t 

i s shown in Fig. 12. In t h i s f i gu re the t o t a l NE-213 counts from neutrons 

and gamma rays i s shown f o r a l l events occurr ing during the tank e f f i c i e n c y 

measurement up t o 16 psec a f t e r the acce lerator gamma f l a s h . Those events 

which had a co inc ident "neutron" tag from the d i sc r im ina t i on c i r c u i t are 

shown as i nd i v idua l data points whereas the s o l i d l i n e represents those 

events which had no tag. The peak in the untagged spectrum near 3.5 ysec 

i s due t o walk i n the PSD c i r c u i t and events tha t exceeded the upper leve l 

d i sc r im ina to r set at ^ 8.5 MeV. The walk was adjusted so tha t high energy 

e lec t ron pulses walked away from the "neutron" window. Referr ing to Fig. 8 , 

note tha t the constant f r a c t i o n , anode pulse d i sc r im ina to r was set wel l 

below the crossover d i sc r im ina to r f o r proton pulses. 

IV. ELECTRONICS AND DATA ROUTING 

The heart of the data conversion and rout ing system which is shown i n 

block diagram in F ig. 13 was an EG&G TDC-100 time d i g i t i z e r w i th bu f fe r 

memory. Events from the bu f fe r were accumulated i n approximately 280 K 

words of a SEL810B computer. S ta r t pulses fo r the TDC-100 o r i g i na ted 

from the ORELA gamma-flash de tec to r . The f a s t t iming s ignals from each 

of the three detectors and the background gate generators were used to 
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Fig. 12. T ime-o f - f l i gh t spectra of "tagged" neutrons (points) and discarded 
events ( so l i d l i ne ) in the NE-213 detector during the e f f i c iency measurement. One 
count was added to a l l channels of both spectra to c lea r l y separate zero from one 
count on the log scale. The t i m e - o f - f l i g h t zero for neutrons in these spectra is 
+ 1.66 psec. 
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stop the time d i g i t i z e r . Each type of event was i d e n t i f i e d fo r rout ing 

to the data acqu is i t i on system by a coincident pulse which set p a r t i c u l a r 

" tag" b i t s in the TDC-100. The d i g i t i z e r was operated wi th a 32 nsec time 

channel width during t h i s experiment. In add i t ion to event time in fo rmat ion , 

the TDC-100 accepted nubar informat ion f o r each event from an ORTEC 100 MHz 

sca ler . This nubar scaler was gated to accept tank fas t pulses from 0.5 to 

50.5 usee a f t e r each type of i n i t i a t i n g event ( f i s s i o n , proton r e c o i l , back-

ground). From 0 to 19 subsequent tank pulses were accepted by the TDC-100. 

For the proton reco i l detector on ly , pulse height in format ion d i g i t i z e d in 

a Nuclear Data ADC operated wi th 128 channel conversion gain was also fed 

to the TDC-100. In t h i s way the proton reco i l data were stored as a 

20 * 128 x 64 channel (v vŝ  pulse height vŝ  t i m e - o f - f l i g h t ) 3-dimensional 

array. Also each type of event was stored in separate 20 * 600 (v vs t ime-

o f - f l i g h t ) 2-dimensional arrays. One dimensional time or pulse height 

arrays were stored f o r monitor ing and c a l i b r a t i o n purposes. 

Part of the elaborate fas t e lec t ron ic system necessary f o r cont ro l of 

the experiment was devoted to the re jec t i on of unwanted data. For example, 

a l l data were re jected f o r 100 usee fo l lowing cosmic ray showers in the 

tank (overload pulses) and f o r 100 ysec fo l low ing detect ion of gamma-rays 

i n the p - reco i l counter a t the time of the accelerator y - f l a s h . In addi-

t i o n , two events occurr ing w i t h i n 100 usee of each other were both re jec ted ; 

i . e . , f i s s i o n events fo l lowed by a second f i s s i o n or a NE-213 pulse, NE-213 

events fo l lowed by a f i s s i o n or another NE-213 pulse, and background gates 

fo l lowed by a f i s s i o n or NE-213 pulse. A l l such events were stored in a 

" f a l s e events" sec t ion . 
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V. CALIBRATION NEUTRONS 

A "whi te" source of neutrons used fo r c a l i b r a t i o n of the tank 

e f f i c i e n c y was provided by the ORELA. The e lec t ron beam was pulsed at 

800/sec wi th a burst width of 5 ns. The average power leve l was 12 kW 

at the tantalum t a r g e t . The co l l ima t ion was arranged to accept a 1/2" 

diameter beam of neutrons coming d i r e c t l y from the tantalum, ra ther than 

from the surrounding water moderator, in order to enhance the f l u x at 

high energies. F i l t e r s were used t o reduce the gamma-flash and to shape 

the neutron spectrum reaching the tank and p - r e c o i l detector s i tua ted in 

the 85 M f l i g h t path bunker. The f i l t e r s consisted of 0.084 atoms/barn 

1°B, 6.8 cm 2 3 8U, and 1.27 cm Pb. The d r i f t tube from 20 meters to ^ 82.5 

meters was pressured to 13.8 psig w i th helium. The 'v. .3 atoms/barn of 

helium reduces the neutron f l ux in the . 5 - 2 MeV energy region and 

resu l ts in an overa l l decrease i n the tank background since an appre-

c iab le por t ion of t h i s background comes from scat tered neutrons. This 

system of f i l t e r s l i m i t e d the t o t a l count rate in the p - reco i l counter 

to ^ 75/sec of which 6/sec were neutrons, the res t p r imar i l y gamma rays 

from the y - f l a s h . 

V I . BACKGROUNDS 

Two types of backgrounds in the s c i n t i l l a t o r tank were determined 

dur ing the measurement, random and beam-weighted backgrounds. For the 

random background the 50 ysec neutron counting gate was i n i t i a t e d by pulses 

from a 50Co source-Nal detector system s i tua ted wel l away from the 

s c i n t i l l a t o r tank. This i s the background used in the determinat ion 

of neutrons from 2 5 2 Cf f i s s i o n . In add i t ion a background counting gate 

was i n i t i a t e d by pulses from a we l l -sh ie lded neutron sens i t i ve (NE-110) 
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detector s i tuated in the neutron beam ^ 5 M downstream from the tank. I t 

i s known70 that the neutron i n t ens i t y from ORELA varies from burst to burst . 

Thus for the p - reco i l data, which depend on beam i n t e n s i t y , the beam-weighted 

background was used. This background d i f f e r e d by a small 1.5%) but 

s i g n i f i c a n t amount from the random background in the present experiment. 

V I I . DETERMINATION OF THE SCINTILLATOR TANK EFFICIENCY 

FOR 2 5 2 Cf FISSION NEUTRONS 

Since n-p sca t te r ing is k inemat ica l ly complete wi th the determination 

of the inc ident neutron energy plus the energy of one of the scattered 

p a r t i c l e s , the angle of the scattered neutron wi th respect to i t s inc ident 

d i rec t ion i s also determined. Neglecting the n-p mass d i f f e rence , 

El = E0COSz9 

where E i , E0 are scattered and inc ident neutron energies and 8 i s the 

laboratory angle of the scattered neutron. In the present experiment 

E0 was determined by t i m e - o f - f l i g h t and Ei i s the d i f fe rence between E0 

and the scat tered proton energy. The scattered proton energy was deter -

mined from the reco i l detector pulse he igh t , ca l ib ra ted at 64 energy values 

by means o f the end points of the various spectra and the known inc ident 

neutron energy. Thus, the tank neutron number d i s t r i b u t i o n s fo l low ing a 

p ro ton- reco i l pulse could be reduced to a d i s t r i b u t i o n f o r a spec i f i c 

scat tered neutron energy enter ing the tank a t a spec i f i c angle w i th respect 

to the through-tube axis ( inc ident beam d i r e c t i o n ) . From these d i s t r i b u t i o n s 

and the background d i s t r i b u t i o n s f o r the same inc ident t i m e - o f - f l i g h t , the 

e f f i c i e n c y o f the tank was calculated in three (not t o t a l l y independent) 

ways f o r each data po in t . The e f f i c i e n c y was calcu lated from the foreground 

and background zeros, from the foreground and background one 's , and f o r 
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the whole d i s t r i b u t i o n ( v ) . The l a t t e r two required an approximate p i l e -

up cor rec t ion and were used only to check the qua l i t y of the data. From 

the zeros the e f f i c i e n c y can be w r i t t e n as: 

e(Ej ,0) = 1 - P(o) = 1 - N(o)/B(o) 

where c is the e f f i c i e n c y and P(o), B(o) , N(o) are the respect ive proba-

b i l i t i e s of foreground, background, and observed zeros. The e f f i c i e n c y 

resu l ts were then s t a t i s t i c a l l y averaged i n to 16 scattered-neutron energy 

groups and angular i n te rva l s of 5°. Due to p o s s i b i l i t y of carbon reco i l 

e f fec ts in the NE-213 i t is not p rac t i ca l to reach angles below about 20° 

and angles above about 70° could only be reached w i th very low energy 

neutrons where mu l t i p l e sca t te r ing becomes large. Therefore, i t was 

necessary to ext rapolate the measured e f f i c i e n c i e s i n to those regions. 

This was accomplished by means of Monte Carlo ca lcu la t ions wi th the code 

DENIS,21 which was obtained from RSIC. The code includes both neutron and 

subsequent capture gamma-ray t rack ing . A spherical shape fo r the s c i n t i l -

l a t o r w i th c y l i n d r i c a l through-hole and s c i n t i l l a t o r volume equal to tha t 

of the actual tank were used in the ca lcu la t ions . Composition of the 

s c i n t i l l a t o r was 0.57 atomic f r a c t i o n of hydrogen, 0.43 atomic f r a c t i o n 

carbon, and 0.00008 atomic f r ac t i on gadolinium. The geometry of DENIS 

was revised to inc ude the two graphi te plugs in the through-hole. 

Neutrons were tracked u n t i l slowed to 0.1 eV at which po in t t h e i r energy 

was res* ':o 0.025 eV. The gadolinium capture cross sect ion below 

0.1 eV was adjusted to 36000 barns t o give agreement w i th the exponential 

decay ( d i f f u s i o n ) region of the experimental time to absorption data as 

shown in Fig. 14. The method o f measurement of the experimental curve 

i s explained in Section X. Scat ter ing was assumed i so t rop i c in 
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ABSORPTION TIME (^sec) 

Fig. 14. Linear (a) and semilog (b) p lo ts of the measured (square 
data po in ts ) f i s s i o n neutron t ime-to-absorpt ion d i s t r i b u t i o n and a 
f i t t e d func t ion ( s o l i d l i ne ) of the form F( t ) = A(e~St_e"At) _ ete~*t 
w i t h A = 22319 ± 63, B = 6398 ± 74, 6 = 0.0621 ± 0.0001 and X = 0.382 
± 0.002. The Monte Carlo predicted shape shown in the lower f i gu re 
was f i t t e d (not shown) w i th the same funct ion and parameters B/A = 0 110 
6 = 0,0613 ± 0.0005, and A = 0.42 ± 0.03. The uni ts of B, A, and @ are ' 
usee ' w i th t i n ysec. 
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the center of mass fo r a l l three elements in t h i s program and the e f fec ts 

of the aluminum shel l and photomul t ip l ie rs were not taken i n to account. 

The proton reco i l pho tomul t ip l ie r was also ignored; th i s required a 

cor rec t ion which is discussed l a t e r . DENIS was then used to generate 

tank e f f i c i ency vs neutron energy at 5° i n te rva ls of neutron entrance 

angle in to the tank. A least-squares f i t of the ca lcu la ted points to 

the experimental data f o r scattered neutrons from 1.5 to 7.1 MeV gave a 

normal izat ion fac to r of 1.00233 ± 0.00079 to be appl ied to the Monte Carlo 

ca lcu la t i ons . The er ror quoted consists of the combined counting s t a t i s t i c s 

f o r the experimental data points and the Monte Carlo h i s t o r i e s . Figures 

15 and 16 show the normalized Monte Carlo tank e f f i c i e n c i e s and the exper i -

mental ly measured e f f i c i e n c i e s f o r comparison. Of p a r t i c u l a r note in these 

f igures is the depression of the measured e f f i c i e n c y below the Monte Carlo 

values f o r energy below 2.0 MeV which becomes greater f o r the larger 

sca t te r ing angles. Separate ca lcu la t ions of neutron absorption ind icated 

tha t th i s e f f e c t was la rge ly due to absorption of slow neutrons in 10B 

present in the glass of the pro ton- reco i l pho tomu l t i p l i e r . A d d i t i o n a l l y , 

i t was found tha t removal of the pro ton- reco i l detector resu l ted in an 

increase in the observed 2 5 2Cf v of 0.35%. With a .030" th i ck cadmium 

l i n e r i n the through-tube, removal of the reco i l detector resu l ted in 

only a 0.09% increase in observed v. This is f u r t h e r evidence that the 

e f f e c t i s one of slow neutron absorption and not due to disturbance of 

the tank capture gamma rays by the reco i l de tec tor . Since the code DENIS 

d id not contain the reco i l detector the f o l l o w i n g , not t o t a l l y s a t i s f y i n g , 

procedure was used to e l iminate the 10B e f f e c t from the c a l i b r a t i o n . A l l 

e f f i c i ency data f o r scattered neutron energies o f 0.5 and 1.0 MeV' in addi-

t i o n to the three highest sca t te r ing angle data po ints a t 1.5 MeV were 
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ORNL-DWG 7 9 - 1 0 3 4 5 

COSINE THETA 

Fig. 15. Experimental (po in ts) and Monte Carlo calculated 
( l i nes ) tank e f f i c i e n c i e s fo r neutrons from 0.5 to 3.0 MeV energy 
vs cosine of the neutron scat te r ing angle. The Monte Carlo calcu-
la t ions were car r ied out fo r 5° in te rva ls in scat ter ing angle w i th 
10,000 h i s t o r i e s at each angle. St ra ight l ines are used as eye 
guides between the calculated data. Where er ror bars are not 
v i s i b l e in the experimental data, they are of the size of the data 
po in ts . 
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discarded in ob ta in ing the normal iza t ion f ac to r given above. DENIS was 

then used to ca l cu la te the t o t a l tank neutron e f f i c i e n c y f o r an i s o t r o p i c 

Maxwellian d i s t r i b u t i o n (E = 2.09 MeV) i n a 17 energy group s t r u c t u r e . 

The t o t a l tank e f f i c i e n c y obtained f o r ; ' r , -Cf neutrons a f t e r m u l t i p l i c a t i o n 

by the normal iza t ion constant was 0.8713 1 0.0013. Here the e r ro r cons is ts 

of the combined e r ro rs in the normal iza t ion constant and the count ing 

s t a t i s t i c s f o r the Monte Carlo c a l c u l a t i o n f o r the i s o t r o p i c , Maxwell ian 

s o u t p . A Monte Carlo c a l c u l a t i o n of tank e f f i c i e n c y vs neutron energy 

usiug the co r rec t conica l shape of the outs ide she l l i s shown in F ig . 17. 

A decrease in e f f i c i e n c y at low neutron energies is pred ic ted which, 

o .rding to DENIS, i s due to a higher f r a c t i o n of neutrons w i t h low 

i n i t i a l energies being captured a t times longer than the 50 usee count ing 

i n t e r v a l . This e f f e c t would seem to be a r e s u l t of the t r ave rsa l t ime of 

thermal neutrons in the through-tube and the shor ter the rma l i za t ion mean-

f ree path o f neutrons w i th lower i n i t i a l energies. Further evidence was 

obtained in measurements of t ime- to -absorp t ion taken w i th a cadmium 

through-tube l i n e r . A s i g n i f i c a n t l y shor te r thermal d i f f u s i o n t ime 

constant was observed w i th cadmium than shown in F ig . 14 f o r the bare 

through-tube. Both t h i s e f f e c t and the 10B absorpt ion i n the r e c o i l 

de tec tor ran be a l l e v i a t e d to a high degree by using a cadmium l i n e r i n 

the through-tube (or a much higher gadol inium concen t ra t i on ) , and a 

smal ler through- tube. These changes are planned f o r a f u t u r e measurement. 

The e f f e c t o f the graphi te plugs was inves t iga ted both exper imenta l l y 

and by c a l c u l a t i o n w i t h DENIS. Observed v ' s f o r the 2 5 2 Cf chamber were 

recorded w i t h and w i thou t the plugs. The r a t i o of these two v values i s 

compared in Table I I w i t h tha t ca lcu la ted f o r the 2 5 2 Cf source by DENIS. 

The agreement i s seen to be very good. 
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Fig. 17. Monte Carlo calculated t o ta l e f f i c i ency of the s c i n t i l l a t o r tank 
fo r i so t rop ic neutrons vs neutron energy. The ca lcu la t ion was for 400,000 to ta l 
h i s t o r i e s , weighted by a Maxwellian wi th average energy of 2.09 MeV. 
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The pro ton- reco i l data were also checked fo r evidence of mu l t i p le 

puls ing of the d isc r im ina to r and a f te rpu ls ing of the nubar tank photo-

m u l t i p l i e r s both of which would lead to an excess of twos in the scat tered 

neutron data. The proton reco i l data fo r a l l energies and angles were 

added and the resu l t i ng neutron d i s t r i b u t i o n corrected fo r p i le-up and 

s t r ipped of background (beam-weighted). The r e s u l t s , shown in column three 

of Table I I I , are c l e a r l y i nd i ca t i ve tha t no m u l t i p l e or a f te rpu ls ing 

e x i s t s , at least fo l l ow ing neutron capture in the tank. These resu l ts 

do not ru le out an e f f e c t in the ca l i f o rn ium data fo l low ing the tank 

prompt f i s s i o n gamma-ray response. However, no evidence was observed 

of any time cor re la ted peak in the tank response fo l low ing prompt f i s s i o n 

gamma rays. Table I I I also shows the e f f e c t of using the random background 

in cor rec t ion of the p ro ton- reco i l data in column two. This d i s t r i b u t i o n 

contains an excess of twos but i n t e r e s t i n g l y enough, very l i t t l e e f f e c t 

on the zeros. Since only the zero 's p r o b a b i l i t i e s were used to obtain 

the tank e f f i c i e n c y , i t i s l i k e l y tha t l i t t l e e r ro r would have resul ted 

i n the present experiment had the random background been used exc lus i ve ly . 

For higher backgrounds the e r ro r increases, however. 

V I I I . REDUCTION OF THE 2 5 2 Cf NEUTRON DATA 

The value of nubar determined in t h i s type of measurement i s given 

simply by 

where 

CO 0 0 

n = I n N1(n) , nB K G D = I n B ' (n) 
n=l n-1 



TABLE I I 

• , i Graphi te / ' , w i th F w i thout 

Monte Carlo 1.0113 • 0.0009 

Experiment 1 .0114 0.0005 

TABLE I I I . Ca l ib ra t ion-Neut ron Number D i s t r i bu t i ons 

Q(n) Q(n) 
n (Random Bkgd.) (Beam Wt'd. Bkdg.) 

0 0. 147609 0.147918 
1 0. .850678 0.852166 
2 0. ,001712 0.000001 
3 0. ,000007 -0.000097 
4 -0. ,000000 0.000009 

5 -0. .000003 0.000011 
6 0. ,000004 -0.000004 
7 -0, .000011 -0.000005 
8 0, .000006 0.000000 
9 0, .000000 0.000000 

rf 0, .854101 0.851913 
S t a t i s t i c a l Error ±0 .00026 ±0.00026 
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are the observed average number of events per f i s s i o n - t r i g g e r e d gate and 

per background gate, respec t i ve l y , corrected for system deadtime and 

is the average tank e f f i c i e n c y fo r detec t ion of • I j 'Cf neutrons. For 

Poisson s t a t i s t i c s the p i le -up co r rec t ion requires only the average rates 

and the system deadtime per pulse. However, the absorpt ion of more than 

one neutron per gate introduces c o r r e l a t i o n s , is therefore non-Poisson, 

and the pulse p i le -up cor rec t ion requ i res , in add i t i on , the neutron number 

p robab i l i t y d i s t r i b u t i o n and a measurement of the time d i s t r i b u t i o n of 

neutron absorpt ion w i t h i n the gate. Correct ion o f the f i s s i o n data fo r 

a s ing le pulse overlap per gate has been discussed by Diven et a l . 2 2 

The p resc r i p t i on given in r e f . 22 was fo l lowed w i th mod i f i ca t ion f o r two 

pulse overlaps per gate given by Frehaut23 pluc an approximate expression 

f o r t r i p l e p i l e -up events. These l a t t e r two cor rect ions had a neg l i g i b l e 

e f f e c t . Thus, fo r the case of a s ing le overlap o f two neutrons the 

observed neutron number p r o b a b i l i t i e s are given by: 

N(n) = N ' ( n ) { l - C2k2 ) + N ' (n+1)C 2
+ ] k 2 (2) 

and f o r the background p r o b a b i l i t i e s 

B(n) = B ' ( n ) { l - C2k2g} + B' (n+1)C2
+ 1k2 B (3) 

where the primed quan t i t i es re fe r to the corrected d i s t r i b u t i o n s and 

k2 or k2g are the p r o b a b i l i t i e s tha t two neutron or two background 

pulses, r espec t i ve l y , are co inc ident w i t h i n the system deadtime. C2 and 

C 2
+ i in Eqs. (2) and (3) are binomial c o e f f i c i e n t s . Nubar can then be 

obtained from Eq. (1 ) . The background s t r i pp ing and de r i va t i on of the 

neutron number d i s t r i b u t i o n corrected f o r e f f i c i e n c y can be ca r r i ed out 

again fo l l ow ing r e f . 22: 
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n 
N'(n) - V Q ( n - i ) B ' ( i ) (4) 

i=0 

and 

P(v) = £ c n 
n-v (5) 

n=v 

where the ĈJ v are again binomial c o e f f i c i e n t s and c i s the average 

detector e f f i c i e n c y fo r 2 5 2 Cf neutrons. I f the value of c var ied wi th 

neutron numbers ( f o r example i f the neutron energy were cor re la ted wi th 

neutron number) equation (5) could y i e l d an erroneous number d i s t r i b u t i o n 

but the value o f nubar derived i s s t i l l given by: 

where e i s the average e f f i c i e n c y f o r f i s s i o n neutrons. The s i m i l a r i t y 

of derived neutron number d i s t r i b u t i o n s given here and by oth.?> i n v e s t i -

gators using detectors of d i f f e r e n t size i s evidence against any strong 

co r re l a t i on of t h i s type. 

In the present experiment 2 5 2 Cf neutron m u l t i p l i c i t y d i s t r i b u t i o n s 

were der ived corresponding to two t i m e - o f - f l i g h t regions of neutrons 

inc iden t on the p - r e c o i l detector . These are shown in Table IV. The 

lower background data (A) correspond to the t i m e - o f - f l i g h t region from 

12.8 to 218 ysec a f t e r the l i nac gamma-flash whereas the higher background 

data (B) were taken from 1.2 to 12.8 psec a f t e r the f l ash ( the time 

region o f p - r e c o i l events) . Agreement in the v values obtained as above 

and w i th v observed during shutdown of the l i n a c ind ica te n e g l i g i b l e 

short or long term e f f ec t s on the tank or i t s e lec t ron ics a t t r i b u t a b l e 

to 1inac-induced noise or i r r a d i a t i o n . 

v 7 £ nQ(n) ( 6 ) 

n=0 
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TABLE IV. • ' l J C f Neutron Number D i s t r i b u t i o n s 

n N(n) B(n) Q(n) 

Low Background 

0 0.007753 0.942704 0.008224 
1 0.062226 0.054929 0.064428 
2 0.195498 0.002200 0.199538 
3 0.302628 0.000124 0.305531 
4 0.256140 0.000025 0.254832 

5 0.127136 0.000010 0.123200 
6 0.039434 0.000004 0.036533 
7 0.007985 0.000002 0.006852 
8 0.001077 0.000001 0.000795 
9 0.000110 - 0.000064 

10 0.000010 - 0.000002 

Gates 26,009,680 14,574,573 
rf 3.32359 0.059900 +3.28954 ± 0.00029 
o 2 (n) 1.6556 
R -0.15100 ± 0.00011 

High Background 

0 0.006962 0.852322 0.008168 
1 0.056981 0.135274 0.064419 
2 0.182757 0.011378 0.199712 
3 0.292298 0.000826 0.305961 
4 0.259563 0.000130 0.254134 

5 0.139470 0.000046 0.123275 
5 0.048251 0.000020 0.036471 
7 0.011530 0.000003 0.007064 
8 0.001873 0.000003 0.000699 
9 0.000281 - 0.000110 

10 0.000030 - -0.000011 

Gates 1,368,603 767,906 
n" 3.42307 0.161412 +3.2893 ± 0.0011 

0 2(n) 1.6579 
R -0.15081 ± 0.00049 

The o r i g i n a l p i l e - u p f a c t o r (k2 = 0.005378) obtained from 
the t ime o f absorpt ion curve was used here. Note the 
c o r r e c t i o n t o t h i s mentioned l a t e r . 
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IX. STATISTICS 

Mather2u has given fo r the variance of the average value corresponding 

to an observed d i s t r i b u t i o n : 

2 
a— 
n (9) 

where g^ i s the number o f gates in which n counts are observed. This 

equation reduces to : 

C < n 2 >avg - < n > a v g l / T o t a l 6 a t e s ( 1 0 ) 

and can be used to compute the counting s t a t i s t i c a l e r ro r in both the 

average counts per f i s s i o n gate or background gate. The variance in 

the background-subtracted observed nubar value i s then j u s t the sum of 

the variances fo r the f i s s i o n gated and background gated average counts. 

I t was assumed that the estimated e r ro r in the p i l e -up cor rec t ion can 

be independently accounted f o r . 

Another form of variance de r i va t i on is of i n t e r e s t . Given 

the real nubar d i s t r i b u t i o n w i th natural width a , the variance of the 

observed d i s t r i b u t i o n using a detector wi th average e f f i c i e n c y e is 

a* = e \ 2 + ev( l - e) (11) 

2 ___ 
Div id ing both sides by n and r e c a l l i n g that n = ev, equation (11) becomes 

w i th some re-arrangement: 

2 
= R (12) 

a i a n n 1 _ v 1 _ 
2 — —2 n n v v 

where R i s an inva r ian t of the system wi th respect to changes in neutron 

detect ion e f f i c i e n c y . This feature o f R i s a valuable monitor of the 



4 4 

detector performance.22>25 The variance of the observed nubar may also 

be w r i t t en using Eq. (11) f o r the case of no background: 

a2 = JL [g2q 2 + F(1 - e)] (13) 
n F 

where Gp is the to ta l number of f i s s i o n gates. Thus, a reasonable know-

ledge of c^2 permits an estimate of the variance of the observed nubar 

for given values of detector e f f i c i e n c y . This form wi th inc lus ion of 

background terms and a^2 ^ 1.6 was found to give good agreement wi th the 

s im i la r s t a t i s t i c obtained from Eq. (10). 

For counting o f proton reco i l neutrons binomial s t a t i s t i c s apply 

and the variance in the measured neutron e f f i c i ency i s given as: 

V = b p ^ - e>] (14) 

where e is the observed e f f i c i e n c y when Gp t o ta l neutrons t n t c r the 

detector and background e f fec ts have been neglected. This is equivalent 

to Eq. (10) fo r the case of n = C or 1 only . 
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X. CORRECTIONS TO THE 2 5 2 Cf DATA 

In add i t ion to the major co r rec t ion o f the data f o r the detector 

neutron e f f i c i e n c y , a number of secondary correct ions have been recognized 

that are indigenous to the s c i n t i l l a t o r tank technique (e .g . see Refs. 3 

and 24). These cor rec t ions , along wi th two others tha t arose i n the 

present experiment, and t he i r con t r ibu t ion to the uncer ta in ty ir. the f i n a l 

resu l t are discussed below in the order in which they were appl ied. 

Several of the e f f ec t s required separate measurements, which in general 

were made fo l l ow ing the e f f i c i ency determinat ion. 

Pi le-up Correct ion 

The pulse overlap p r o b a b i l i t i e s used i n the p i le -up co r rec t ion of the 

ca l i fo rn ium and random background nubar data were derived from the fo l l ow-

ing equations: 

V T 

KP = 2T / f 2 ( t ) d t , two neutron overlap (15) 
To 

V T 

= 3T2 / • p 3 ( t ) d t , three neutron overlap (16) 
To 

^2B ~ 2 t /T» two background pulse overlap (17) 

k 3 B = 3 T 2 / T 2 , three background pulse overlap ( 1 8 ) 

where t is the system deadtime (nonextending), TQ i s the time a f t e r f i s s i o n 

tha t the neutron counting begins, T i s the length of the counting i n t e r v a l , 

and f ( t ) i s the normalized t ime-of -absorpt ion d i s t r i b u t i o n . The overlap 

p r o b a b i l i t y o f a neutron w i th a background pulse i s the same as f o r two 

background pulses. 
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The counting in te rva l gate length was observed on a ca l ibra ted 

osci l loscope to be T = 50.0 + 0.5 usee. The counting in te rva l began 

500 ± 20 nsec a f t e r a f i s s i o n or background gate. These uncer ta in t ies 

lead to <_ 0.5% and 1.0% uncer ta in t ies in k^ and k^g, respect ive ly . Since 

the same counting in te rva l gate was i n i t i a t e d by e i t he r f i s s i o n events 

or the background generator, no systematic er ror a r i s ing from mismatch 

of counting in te rva l lengths ex is ts . 

The time d i s t r i b u t i o n of neutron absorption was measured in a 

separate experiment using the ca l i fo rn ium chamber as a source of neutrons 

and the EG&G TDC-100 d i g i t a l clock coupled wi th the SEL computer to pro-

cess and store events. The time data were stored according to the number 

of events registered in the nubar scaler f o r a time period of 80 psec 

a f t e r a f i s s i o n (determined by a coincidence between the tank and the 

f i s s i o n ion chamber). The clock deadtime f o r mu l t i p le "neutron" events 

occurr ing in the counting in te rva l was 1 psec. Figure 14 shows the t ime-

of -absorpt ion data observed (squares) when only one event was reg is-

tered in the nubar sca ler . The clock time reso lu t ion was 64 nsec per 

channel and the average background was ^ 9 . 5 counts per channel. The 

in tegra ls of Eqs. (15) and (16) were evaluated from t h i s data between 

0.5 and 50.5 ysec a f t e r f i s s i o n . The counting s t a t i s t i c a l errors in 

evaluat ion of the in tegra ls were neg l ig ib le . 

The natural deadtime of the l i q u i d s c i n t i l l a t o r tank was ^ 60 nsec. 

This i s determined p r i m a r i l y by the width of the summed fas t pulses and 

to some degree by the propert ies of the constant f r a c t i o n t r i gger on the 

output of the sum device (see Fig. 13). This natural deadtime is 

exempl i f ied i n the top spectrum o f Fig. 18, which shows the pulse height 
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Fig. 18. Time spectra of events fo l low ing a background event 
in the tank, i . e . i n te rva l d i s t r i b u t i o n s . Top: w i th minimum dead-
time N 5 ns) in the T-105 tank fas t d iscr iminator t o show the 
natural deadtime of the tank constant f r a c t i o n d isc r im ina to r system. 
Bottom: wi th a 95 ns imposed deadtime in the tank f a s t d iscr iminator 
as was used i n the experiment to e l iminate mu l t i p l e pu ls ing. 
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output of a t ime-to-ampl i tude convertor (TAC) operating on tank fas t 

pulses under ambient background (^ 800/sec) condi t ions. The TAC was 

star ted wi th any tank fas t pulse and was stopped by the next subsequent 

tank fas t pulse. Sens i t i v i t y was 1.18 nsec per pulse height channel as 

ca l ibra ted w i th a precis ion pulser. Enhancement of the f i r s t " l i v e " 

channel is due to pulse r ise time e f f e c t s . The large peak occurr ing at 

75 nsec is caused by re t r igger ing of the constant f r ac t i on device on 

noise, e t c . , plus the t a i l of the i n i t i a l i z i n g pulse which has not ye t 

reached baseline ( i . e . the tank fas t pulse widths at the constant f r ac t i on 

t r igger ing level of 80 MV are greater than 60 nsec but much less than 

100 nsec f o r a l l pulses below sa tu ra t i on ) . In order to prevent any 

re t r i gger ing c a p a b i l i t y , an EG&G T-105 t r i gge r wi th a ^ 100 nsec shaping 

cable was introduced at the output of the constant f r a c t i o n device. The 

lower spectrum of Fig. 18 shows the e f f e c t of the T-105 deadtime t r i g g e r . 

A system deadtime t = 95.3 ± 1.2 nsec f o r use in the p i le -up cor rec t ion 

was determined from th i s l a t t e r data. The overlap p robab i l i t i e s were 

then calcu lated to be: 

k 2 = 0.005378, k2 B = 0.003812, 

k3 = 0.000025, k3 B = 0.000011. 

The i nd i ca t i on of longer term s t ruc ture in the time in te rva l d i s t r i -

butions of F ig. 18 led to a number of studies to include i n te rva l s as 

long as ^ 1000 ysec. For these studies the TDC-100 was used as a time 

d i g i t i z e r w i t h 4 nsec per channel reso lu t ion and in the mu l t ip le -s top 

per s t a r t mode w i th 1 usee deadtime ( t h i s led to neg l ig ib le counting 

losses a t the rates encountered). The time in te rva l d i s t r i b u t i o n under 
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ambient background condi t ions i s shown in F ig . 19. Two t yp t , »^f?f§ ; 
• appear, at ear ly times a component w i th T - j ^ ^ 350 nsec and a throng 
^MlS; 

time i n t e r v a l s , a few tens o f microseconds component. The formei^ma. 

due to r ad ia t i ve capture in Z 20 n u c l e i 2 6 ' 2 7 and the l a t t e r t o k 

neutrons from cosmic ray i n te rac t i ons near or i n the tank. That thfese m 

st ruc tures are co r re la ted events ra ther than some mani fes ta t ion of„;tne 

f a s t e lec t ron ics can be seen in F ig . 20. This t ime i n t e r v a l d istni j^uf j j 

was taken by s t a r t i n g the TDC-100 a t the t ime o f f i r i n g of a red\ l t ign i 

emi t t ing-d iode (LED) mounted in the tank. Stops again were subseguen wife 
tank pulses. The LED was operated at a 1000 Hz rate and resu l ted^ r r r 

pulse height i n the tank equiva lent to 1.5 to 2 MeV energy. S i m i l a r " J-KS time i n te r va l d i s t r i b u t i o n s were observed f o r LED pulse heights^ oft|g 
-

than 10 MeV and f o r a G0Co source (% 7000 d i s i n teg ra t i ons / sec ) m^t-Fi 

but no LED. On the other hand the t ime i n t e r v a l d i s t r i b u t i o n takenlW + 
a , ?Na source (3 emi t te r ) addinq 700 counts/sec to the tank ambaent 

" f' 
Fig . 21, showed an ea r l y s t ruc tu re w i t h T ^ 2 140 nsec. This" ha^Ml 

-

i s c h a r a c t e r i s t i c of f ree decay of the t r i p l e t s ta te of positromurri$ 
v 5® 

350 nsec component was not a f fec ted by e l im ina t i on of a l l p u l s e s / a f f e 
'•Hip' 

12 MeV, so i t i s not ce r ta in i f i t is co r re la ted w i t h cosmic showers? 

summary, although the s t ruc tu res remain only t e n t a t i v e l y i d e n t i f i | c l J i t R l 

i s no i n d i c a t i o n tha t they would not be proper ly taken i n t o accoun tpn 

e i t h e r the background determinat ion f o r nubar or i n the tank n e u t ^ n ^ f t f t i 

ciency measurements. The evidence is s t rong ly against a f te rpu ls i j i g^ -

m u l t i p l e pu ls ing , or a long decay l i g h t component i n the tank s c i n t ' ^ a p S 

As a f i n a l t e s t of the p i l e -up co r rec t ion technioue nubar dat-ai 

taken f o r the ca l i f o rn ium source as a func t i on of system deadt ime# 
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Fig . 19. Time d i s t r i b u t i o n of tank events t r iggered by a background 
pulse showing cor re la ted event s t ructures a t ear ly times 340 nsec decay) 
and out to a few 10's of usee due probably to neutrons from cosmic ray 
i n t e r a c t i o n s i n or near the tank. At long times the d i s t r i b u t i o n i s f l a t 
a t a leve l c h a r a c t e r i s t i c of the random ra te . Discr iminator deadtime was 
95 nsec. 
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Fig. 20. Time d i s t r i b u t i o n of tank 
events fo l l ow ing a tank LED exc i ted s c i n t i l -
l a t o r emission. The d i s t r i b u t i o n i s f l a t 
and i s c h a r a c t e r i s t i c of the random back-
ground ra te . 
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Fig. 21. Time d i s t r i b u t i o n o f tank 
events w i th a ^ 950 d is in teg ra t ions /sec 22Na 
source at the tank center . Background was 
not subtracted. The ear ly time s t ruc tu re 
has a ^ 140 nsec decay per iod. 
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Table V-A shows that the r esu l t i ng nubar data have a systematic increase 

of 0.07 per 100 nsec of delay added. The i nva r i an t quan t i t y R, shown 

in column 3 of Table V-A, is c l e a r l y sens i t i ve to t h i s t rend also. Since 

kg, k^g, and k^^ con t r ibu te a neg l i g i b l e amount to the p i le -up co r rec t i on , 

a value of k^ was sought which gave be t te r agreement in the v and R values 

fo r the d i f f e r e n t values of T. Table V-B shows the agreement obtained by 

decreasing k^ by 9.5%, a change much greater than i s impl ied by uncer ta in-

t i es in measuring T, T , or the time of absorpt ion i n t e g r a l . Accordingly, 

the p i le -up cor rec t ion prev iously ca lcu la ted was reduced by the r a t i o of 

the weighted average of the v values in Table V-B to the t = 95.3 nsec 

v value of Table V-A (0.99923). The uncer ta in ty in the p i le -up cor rec t ion 

was then taken to correspond t o the standard dev ia t i on of the four v 

values in Table V-B. 

Correct ion f o r Absorption by the Photomul t ip l ie r and 
fo r the Of f -Ax is Pos i t ion of the 2 5 2 Cf Source 

In t es t runs fo l l ow ing the tank e f f i c i e n c y c a l i b r a t i o n i t was found 

tha t the pho tomu l t i p l i e r tube and base o f the p ro ton- reco i l detector 

caused a decrease i n the observed v f o r 2 5 2 Cf . Several runs were made 

w i th the 2 5 2 Cf chamber in the experimental pos i t i on (1/2 inch in from 

the thru- tube bottom and at the tank hor izonta l center) both w i th and 

wi thout the pho tomu l t i p l i e r assembly. This resul ted i n a cor rec t ion 

f ac to r o f 1.00346 ± 0.00032 to be appl ied to the observed v" of 2 5 2 C f . 

This e f f e c t is p r ima r i l y due to absorpt ion by the boron i n the glass 

P-M (13% B203 by we ight ) . An add i t iona l cor rec t ion f ac to r of 1.00138 

± 0.00030 was found necessary to cor rec t the observed v o f 2 5 2 Cf to a 

pos i t i on a t the center of the tank and on the axis of the through tube. 

The o r i g i n o f t h i s l a t t e r e f f e c t i s not present ly understood, but i t was 

v e r i f i e d to high prec is ion through the use o f a second, f i xed 2 5 2 Cf 
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TABLE V-A. ^ vs. Deadtime 

Deadtime Observed v 
(nsec) Corrected fo r Pi le-up R 

95.3 • 1.2 3.11624 < 0.00016 - 0.15368 • 0.00007 
197.6 1.2 3.1 1844 - 0.00028 - 0.15333 ± 0.00012 
295.3 ' 1.2 3.12105 < 0.00031 - 0.15293 ± 0.00013 
396.5 . 1.2 3.12322 < 0.00031 - 0.15228 ± 0.00012 

TABLE V-B. k9 Reduced by 9.51;' 

Deadtime 
(nsec) v R 

95.3 3.11402 - 0.15395 
197.6 3.11375 - 0.15392 
295.3 3.11392 - 0.15386 
396.5 3.11340 - 0.15361 
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chamber whi le mapping wi th the o r i g ina l chamber. The f i xed chamber 

insured that d r i f t s in the tank ga in , e tc . were not experienced. The 

hor izonta l pos i t ion of the r v C f source was known to be w i t h i n • 0.2 cm 

of the tank center. From hor izonta l mapping, resu l t s shown in F ig. 22, 

i t i s concluded tha t t h i s uncer ta in ty leads to neg l i g i b le e r ror in nubar. 

Uncertainty Due to the Fission Chamber Discr iminat ion Level 

The loss of recorded f i s s i o n events below the f i n i t e d isc r im ina t ion 

level of the ion chamber could lead to e r ro r in the nubar determination 

through the known neutron number - fragment k ine t i c energy co r re la t i on 

or v ia the strong co r re l a t i on i n fragment and neutron d i r ec t i ons . Thus 

loss of low k ine t i c energy fragments would tend to lower the observed 

nubar as would p re fe ren t i a l loss of fragments t r a v e l i n g pa ra l l e l to the 

chamber plates due t o energy loss in the gold overcoating or imperfect ions 

in the source backing mater ia l . The d i r ec t i ona l e f f e c t would lead to no 

er ror f o r t r u l y spher ical symmetry of neutron de tec t ion . The va r i a t i on of 

observed nubar was studied as a funct ion of fragment pulse height by two 

parameter data acqu i s i t i on . In tegra l resu l ts of the data fo r several 

bias (d i sc r im ina t ion ) leve ls are given in Fig. 23 along wi th a pulse 

height spectrum of the f i s s i o n chamber in prompt coincidence w i th tank 

f i s s i o n y-rays f o r reference. I t was in fe r red from the neg l i g i b l e change 

in v f o r biases in the low energy pulse height " va l l ey " tha t the loss of 

events below the normal experimental bias ( labe l led 0 i n Fig. 23) would 

lead to neg l i g i b l e e r ro r in the observed v\ 

Correct ion fo r the "French E f fec t " 

I t has been suggested by Soleihac et a l . , as reported by Colv in 2 8 

tha t the requirement of a f i s s i o n chamber - tank coincidence to s ignal 
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the f i s s i on event may bias the observed v to a higher value. A measure-

ment of t h i s e f f ec t was made. In order to accomplish t h i s the f i s s i o n 

chamber bias was raised t o a level wel l above the alpha d i s t r i b u t i o n 

(corresponding approximately to bias 2 in Fig. 23) . Observed v was 

recorded separately f o r events both wi th and without a coincident tank 

pulse. A f te r subtract ion of background (and p i le -up cor rec t ion) the 

ra t i o of v fo r a l l events to tha t of coincidence events was 0.99970 

± 0.00013. This cor rec t ion was made but w i th an assigned uncer ta in ty 

equal to the cor rec t ion since alpha p i le -up cannot be t o t a l l y e l iminated 

as a con t r ibu t ing f a c t o r . 

Correct ion fo r Delayed Gamma Rays 

The observed value of nubar must be corrected fo r the detect ion of 

gamma rays emitted by isomers whose h a l f - l i v e s lead to a s i g n i f i c a n t 

con t r i bu t i on i n the time i n te rva l 0.5 - 50.5 ysec a f t e r f i s s i o n , the 

neutron counting i n t e r v a l . This cor rec t ion was calculated in the manner 

described by Boldeman.3 The delayed gamma-ray y i e l d data fo r the known 

isomers compiled i n Ref. 3 were combined wi th the more recent data of 

C lark , Glendenin and Talber t 2 9 f o r the 0.16, 0.62, and 3.1 ysec isomers 

to give the values shown in Table VI. Following the suggestion of Ref. 3 

the 26.7, 54.0, and 80 psec isomer y ie lds of Boldeman given in Table I I I of 

t h a t reference were div ided by the r a t i o of the Boldeman value fo r 

the 3.1 ysec isomer y i e l d to the weighted average of a l l other measure-

ments f o r tha t isomer. The resu l tan t y i e l d values f o r these longer h a l f -

l i f e isomers are also given in Table VI-A, column 3. Column 4 of Table 

VI-A l i s t s the estimated s c i n t i l l a t o r tank e f f i c i e n c i e s above threshold 

f o r the isomer cascades and t o t a l cascade energies. E f f i c i enc ies were 
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derived by counting the tank fas t d iscr iminator response to a number of 

ca l ib ra ted sources. These data, shown in Table VI-B, also demonstrate 

the gamma-ray energy equivalent corresponding to the tank threshold 

900 - 975 keV). From the precursor y i e l d s , h a l f - l i v e s , and tank 

e f f i c i e n c i e s , a cor rec t ion of 0.010 in observed nubar (n) was ca lcu la ted 

w i th an estimated uncerta inty of ± 25% of the cor rec t ion . 

Attempts were made to measure the delayed gamma-ray f r a c t i o n d i r e c t l y 

through use of the "shape parameter," 

K _ 9 — — 2 _ 

v v n n 

which i s i nva r ian t w i th respect to changes in the neutron e f f i c i e n c y of 

the s c i n t i l l a t o r t a n k . 2 2 ' 2 5 The invariance of R fo r the ORNL system is 

demonstrated in Fig. 24. The so l id points in t h i s i l l u s t r a t i o n were 

obtained from the observed nubar data taken f o r a var ie ty of tank neutron 

detect ion thresholds. Note tha t the prompt f i s s i o n gamma-ray threshold 

was not va r ied , but remained at ^ 930 keV. This was accomplished by 

br idging the tank f a s t pulses through a second constant f r a c t i o n d isc r im-

i na to r . Values of the e f f i c i ency were obtained from the observed nubar 

values by assuming v = 3.756. I t can be seen that below about 82% neutron 

e f f i c i e n c y the value of R i s indeed inva r ian t to a high degree of pre-

c i s i on . The "unstable" region above 82% has been suggested to be due to 

the e f fec ts of d iscr iminator mu l t i p l e -pu l s ing , a f t e r - pu l s i ng of the photo-

tubes or delayed gamma-rays.30 The 82% level f o r the ORNL tank corresponds 

to approximately 2.1 MeV, which is j u s t above the highest cascade energy 

given fo r the delayed gamma rays in Ref. 3. This also i s near the energy 

of gamma rays from capture of neutrons in hydrogen, but since hydrogen 



60 

TABLE VI-A. Data fo r Delayed Gamma-Ray Correct ion 

Half L i f e Total Cascade Yie ld per Fission Tank E f f i c iency Contr ibut ion 
(usec) Energy (keV) U ) per Fission 

0.162 1692 1 .04 ± 0.05 74 .0009 

0.62 1505 0.28 + 0.02 74 .0012 

3.1 1891 0.54 + 0.04 70 .0034 

26.7 1710 0.34 ± 0.15 74 .0018 

54.0 1110 0.45 ± 0.20 50 .0011 

80 1710 0.58 a 0.26 74 .0015 

Total Correct ion .0099 

TABLE VI-B. Radioactive Source Tank Ca l ib ra t ion 

Total Tank 
Energy E f f i c iency 

Source (keV) (%)-
22Na 2296 74 ± 3 

2 0 7 B i 
(88%: 1633) 

2 0 7 B i < 9%: 2339} 69 ± 3 
( 3%: 569) 

65Zn 1115 56 ± 2 
54Mn 835 11.4 + 0.4 
137Cs 662 0.90 + 0.03 
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capture comprises part of the neutron e f f i c i e n c y , changes in detect ion 

of the hydrogen capture gamma ray should not a f f ec t the value o f R. 

Furthermore, no evidence fo r a f t e r -pu l s i ng has been observed wi th the 

ORNL s c i n t i l l a t o r system. As mentioned prev ious ly , the invers ion of the 

pro ton- reco i l data to zero's and one's only indicates neg l i g i b l e a f t e r -

pulsing or d iscr iminator mu l t ip le -pu ls ing fo r neutrons. Thus, i t seemed 

reasonable t o assume that the "unstable" region in R vs^ E i s simply a 

resu l t of delayed gamma rays. Measurements of R vs .̂ e were car r ied out 

wi th the 2 5 2Cf f i s s i o n chamber contained in a lead "p ig" of 1 cm t h i c k -

ness. Since the prompt f i s s i on gamma rays would surely be perturbed, 

these experiments were done wi th the f i s s i o n chamber biased j u s t above 

the alphas and noise and wi th no tank prompt coincidence requirement. The 

resu l ts are shown as open points in Fig. 24. Although a s i g n i f i c a n t change 

in v was recorded, i t was determined by the measurements near 78% e f f i -

ciency (wi th and wi thout lead) tha t most o f the e f f ec t in v" was due to 

per turbat ion of the neutron e f f i c i ency of the tank by the 1 Kg lead p ig . 

The value of R c l ea r l y is sens i t i ve to the e f f e c t of lead in the region 

above 82% e f f i c i ency but shows no e f f e c t below 82%. The present absolute 

v" measurement was car r ied out at ^ 88% e f f i c i e n c y . Using the data wi th 

and wi thout lead below 82% to ca lcu la te the per turbat ion of the neutron 

e f f i c i e n c y , i t i s possible to estimate the delayed gamma-ray f r ac t i on 

i n the 2 5 2 Cf v experiment. The measurements were car r ied out a t o t a l 

of f i v e times w i th s l i g h t l y d i f f e r e n t geometry ( lead pig on the through-

tube bottom or on the center axis) and a t least two d i f f e r e n t neutron 

de tec t ion thresholds. The net e f f e c t a t t r i bu ted to delayed gamma 

rays (average o f f i v e runs) was 0.0044 i n nubar and the standard 



d e v i a t i o n o f the set was 0.0008. The "bes t " o f t h i s set of measurements 

i s given in d e t a i l i n Table V I I . For t h i s p a r t i c u l a r exper iment , the 

pr imary c a l i f o r n i u m source was placed on the a x i s o f the tank th rough-

tube and 3 cm t o the forward o f cen te r . A second c a l i f o r n i u m chamber 

was placed on the ax is but 3 cm t o the rear o f c e n t e r . The second source 

served as a f i x e d moni tor f o r d r i f t s , e t c . Soth low and h igh neutron 

de tec t i on th resho ld data were taken sinuA taneous ly f o r both d e t e c t o r s . 

The primary c a l i f o r n i u m chamber was then removed, placed i n the 1 cm 

t h i c k lead p ig and repos i t i oned w i t h the source 3 cm t o forward o f » c e n t e r ) ^ 
"ilM 

and on the ax i s o f the th rough- tube . The net e f f e c t which cou ld be f "a 

a t t r i b u t e d t o delayed gamma rays was 0.0047. A t o t a l e r r o r of ± 0.0021 5 

was assigned t o t h i s va lue . I f i t i s assumed t h a t 60 ± 10% o f the d e l a y e d / ^ 

gamma-ray e f f e c t on nubar i s removed by the 1 cm t h i c k l ead , the t o t a l 

e f f e c t f o r v <v 3.31 i s 0,0078 ± 0.0037 or 0.24 ± 0.11% of v . The 60% l / t l f 

absorp t ion f i g u r e was est imated from measurements w i t h sources. A p p r o x i r ; v | | 

mately 40% o f events from a 60Co source, 65% from a 22Na source and 7 0 * ; 7 r f | j | 

from a 2 0 7 B i source were removed by 1 cm o f lead . The delayed gamma-rayv;f|§ « E T S 

f r a c t i o n est imated i n t h i s way i s i n f a i r accord w i t h the v a l u e , g i ven : " i f 
«r . 1 "1 

e a r l i e r , t h a t was c a l c u l a t e d from the isomer h a l f - l i v e s and y i e l d da ta . 

Yet another approach may have some v a l i d i t y . One e f f e c t o f adding , 

delayed gamma rays t o the neutron d i s t r i b u t i o n i s to 1 owe r the p r o b a b i l i t y 

o f observing zeros (o r leave i t unchanged) i n a d d i t i o n to unp red i c t ab l y 

a l t e r i n g the p r o b a b i l i t i e s o f h igher orders o f events . Thus, i f i t c a n / 
is 

be assumed t h a t the h igh b ias data ( t h resho ld >_ 2 MeV) con ta in no delayed 

gamma rays and are rep resen ta t i ve o f the " t r u e " neutron d i s t r i b u t i o n J.. 

r e l a t i o n (5) may be used to c o r r e c t these data t o a neutron e f f i c i e n c y n 



TABLE V I I . Delayed Gamma Ef fec t 

Cf #7 Moni tor 

Low Bias 

3.31531 ± 0.00039 -0.1507 ± 0.0002 3.31766 ± 0.00020 -0.1507 i 0.0001 

3.30576 ± 0.00044 -0.1523 ± 0.0002 3.31840 ± 0.00022 -0.1507 ± 0.0001 

0.00955 ± 0.00059 -0.00074 ± 0.00030 

High Bias 

#7 
Bare 

#7 in 
Lead Pig 

Di f ference 

#7 
Bare 

#7 i n 
Lead Pig 

Dif ference 

3.11360 ± 0.00035 -0.1536 ± 0.0002 3.11604 ± 0.00017 

3.10874 ± 0.00043 

0.00486 ± 0.00055 

-0.1539 ± 0.0002 3.11526 ± 0.00021 

0.00078 ± 0.00027 

-0.1536 ± 0.0001 

-0.1536 ± 0.0001 

cn -to 

Net A t t r i bu ted to Delayed Gamma Rays: 0.0047 (= 0.00955 - 0.00486) 
Estimated Systematic Er ror : 0.0015 (from the monitor) 

Estimated Random Error : 0.0006 
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such tha t the corrected p r o b a b i l i t y of zeros j u s t equals tha t of the low 

bias data. The d i f fe rence in the corrected high bias v and the observed 

low bias ~ should be j u s t the minimum con t r i bu t i on of delayed gamma rays. 

This argument requires tha t the neutron e f f i c i e n c y , e, i s not co r re la ted 

w i th the P(v) . This process was car r ied out on numerous runs where both 

a low and a high bias nubar were taken. The minimum delayed gamma ray 

e f f e c t at a v = 3.31 appeared to be 0.014 to 0.016 or ^ 0.45% of v. This 

is somewhat higher than the two previous est imates. An attempt to es tab l i sh 

an upper l i m i t on the delayed gamma-ray y i e l d was also attempted through 

use of the i n v a r i a n t parameter, R. I f i t i s assumed tha t the delayed 

gamma rays are t o t a l l y unco r rec ted w i th the neutron number p r o b a b i l i t i e s 

and only one isomer is formed in a f i s s i o n event, an e f f e c t of ^ 0.030 

or 0.9% of v must be s t r ipped out of the low bias d i s t r i b u t i o n to change 

R from - 0.151 t o the - 0.154 value of the "s tab le" reg ion. This would 

appear to bt almost the la rges t i f not the maximum e f f e c t poss ib ie . 

Time of event d i s t r i b u t i o n s fo l l ow ing 2 5 2 Cf f i s s i o n ind i ca te tha t a t 

leas t the shor ter h a l f - l i f e isomers are cor re la ted w i t h the number of 

neutrons detected and the re fo re 0.9% is undoubtedly an overest imate. 

In view of the tenuous nature o f both the data and deductions given 

above, i t would seem most p rac t i ca l to f o l l o w precedent and accept the 

delayed gamma-ray f r a c t i o n w i th expanded e r r o r , 0.30 ± 0.15% of 

v , as ca lcu la ted from the h a l f - l i f e and y i e l d data o f Table VI . This 

appears to be a reasonable compromise of the var ious est imates and has 

the advantage of pu t t i ng the present co r rec t i on on almost the same basis 

as f o r previous s c i n t i l l a t o r tank measurements. 
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Uncertainty Due to Monte Carlo Normalization 

I t seems reasonable tha t some er ror might resu l t in the derived tank 

e f f i c i ency fo r " r : 'C f neutrons which depends on the pa r t i cu l a r way chosen 

to normalize the Monte Carlo ca lcu la t ions . To t h i s point the choices made 

in the analysis were to disregard the experimental data below 1.5 MeV, 

since the 10B absorpt ion and mu l t i p le sca t te r ing in the NE-213 increases 

toward lower neutron energies, and to t r e a t a l l data energy groups together 

to derive a s ing le normal izat ion constant. This procedure tends to pro-

pagate er rors in the shape of the cross sect ions used in the Monte Carlo 

analysis i f the deviat ions are systematic. In order t o reduce such 

e f f e c t s , the Monte Carlo normal izat ion was car r ied out in two add i t iona l 

ways. F i r s t , the experimental data above 1.5 MeV neutron energy were 

normalized fo r each energy bin separately. Energy groups below 1.5 MeV 

were normalized wi th the average fac tor (1.00233). This choice leads 

to a .08% higher v va lue, w i th in the s t a t i s t i c a l e r ro r of the o r i g i n a l 

analys is . As a second t e s t , a l l energy groups from 0.50 ± .25 to 7.125 

± .375 MeV were i n d i v i d u a l l y normalized to the data. In t h i s case the 

use of the low energy data i s assumed to account f o r the 10B absorption 

e n t i r e l y and the observed v was not then corrected fo r t h i s 0.35% e f f e c t . 

The resu l t i ng v was 0.24% higher than the o r ig ina l analys is . 

For the synopsis o f resu l t s given in Table V I I I an e f f e c t i v e tank 

e f f i c i e n c y was ca lcu la ted corresponding to an average of the three 

normal iza t ion methods wi th an addi t ional uncer ta in ty included in quadrature 

corresponding to the standard deviat ion of the three values of v" obtained. 
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TABLE V I I I . Correct ions and Estimated Unce r ta in t i es 

Observed Value 3.26369 > 0.00029 

Correct ions 

Net P i l e - u p : 

Absorpt ion in 10B 
of Photo-tube: 

Of f Axis Pos i t i on 
of F iss ion Chamber: 

"French E f f e c t " 

Delayed Gamma Rays: 

Tank Neutron E f f i c i e n c y : 

a ] = 1.00715 < 0.00027 

a2 = 1.00346 .+ 0.00032 

ag = 1.00138 • 0.0030 

ct4 - 0.99970 ± 0.00030 

Y = 0-010 i 0.005 

e = 0.8703 + 0.0019 

v ( 2 5 2 C f ) ^ (n-a-j •a 2 «a 3 -a 4 -Y ) /e 

= 3.783 ± 0.010 
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Uncertainty Due to "False Zeros" 

False f i s s i o n events wi th no associated neutrons could conceivably 

be i n i t i a t e d in the f i s s i o n chamber by alpha pa r t i c l es and noise (pa r t i cu -

l a r l y from the l i n a c ) , thereby resu l t i ng in too low a value fo r v. In 

the present experiment these e f fec ts were reduced to a neg l i g i b l e level 

through use o f the tank f i s s i o n gamma-ray coincidence requirement on 

f i s s i on events and by carefu l grounding of the f i s s i o n chamber. "False 

zero" events in the pro ton- reco i l detector can be i n i t i a t e d by no ise, 

gamma rays, and charged p a r t i c l e react ions induced by beam neutrons in 

the mater ial surrounding the NE-213 s c i n t i l l a t o r . The f i r s t two sources 

were reduced t o a neg l i g i b le level by the d isc r im ina t ion c i r c u i t s . Fortu-

nately only the (n,p) react ions cont r ibu te appreciably to the l a t t e r source, 

because the shorter range and nonl inear response in NE-213 of heavier 

charged pa r t i c l es d iscr iminates s t rongly against fa l se events from 

deuterons, alphas, e tc . An estimate of the maximum e f f ec t of the (n,p) 

react ions was made using group cross sections f o r the mater ia ls involved 

(S i , A l , B, 0, Na), the proton ranges, the hydrogen cross sec t ion , and 

the number of p ro ton- reco i l s recorded fo r each inc ident neutron energy. 

This crude ca l cu la t i on ind icated a t most a 0.08% e f f e c t on the f i n a l v 

value. Since t h i s is thought to be an overest imate, no cor rec t ion was 

made; ra ther an uncer ta inty of t h i s amount was included in quadrature in 

the e f f i c i e n c y c a l i b r a t i o n e r ro r . 

Uncer ta inty Due to Uncertainty i n the 2 5 2 Cf Neutron Spectrum 

The ORNL s c i n t i l l a t o r tank is s u f f i c i e n t l y large to be r e l a t i v e l y 

i n s e n s i t i v e to changes in the recommended 2 5 2 Cf neutron spectrum. The 

Monte Car lo ca l cu la t i ons ind icate a change of 0.004 in v" f o r a 200 keV 
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increase in the Maxwellian average energy. One-half t h i s amount was taken 

as an estimate of the e r ro r due to uncer ta in ty in the f i s s i o n neutron 

spectrum and was combined wi th the tank e f f i c i e n c y uncer ta in ty . 

XI . CONCLUSION 

Table V I I I summarizes the cor rec t ions and uncer ta in t ies tha t were 

appl ied to the present experiment. Table IX gives a neutron-number 

p r o b a b i l i t y d i s t r i b u t i o n der ived from data taken w i th % 2.5 MeV threshold 

on the s c i n t i l l a t o r tank neutron de tec t ion i n order to reduce the e f f e c t 

of delayed gamma rays. The data were corrected to v = 3.78 using the 

e f f i c i e n c y invers ion r e l a t i o n , Eq. ( 5 ) , and there fo re the d i s t r i b u t i o n 

is subject to the assumption of no c o r r e l a t i o n between neutron e f f i c i e n c y 

and the P (v ) . When adjusted to give the same assumed v , t h i s d i s t r i b u t i o n 

is in good agreement w i th those reported by Boldeman3 and by Ribrag et_a]_.2S 

using s i g n i f i c a n t l y smal ler s c i n t i l l a t o r tanks, thus support ing the 

hypothesis of independence o f e p and the P ( v ) . 

Some add i t i ona l sources of e r ro r i n t h i s type of measurement should 

be considered. Asplund-Nilsson et a l . 2 have pointed out tha t both mu l t i p l e 

sca t te r ing of the neutron in the proton reco i l s c i n t i l l a t o r and escape o f 

protons out of the s c i n t i l l a t o r lead to r e g i s t r a t i o n of the event a t too 

high a neutron energy and a lack of knowledge as to the scat tered neutron 

d i r e c t i o n . The overa l l e f f e c t f o r t h e i r very small s c i n t i l l a t o r tank 

111 l i t e r s ) appeared to be a small decrease in neutron e f f i c i e n c y 

toward low neutron energy. For the present measurement, the r e l a t i v e 

f la tness of response of the s c i n t i l l a t o r tank w i th neutron energy and 

also w i th scat tered neutron angle a t ta ined w i th the graph i te plugs should 

reduce these e f f ec t s to a n e g l i g i b l e l e v e l . However, a f u tu re experiment 
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TABLE IX. The Neutron Number D i s t r i b u t i o n 
~ " ' TL 

V P(v) Error ' 

0 0 . .00195 + 0.00017 
1 0 . .02436 + 0.00073 
2 0 . ,12113 + 0.00141 
3 0. .27040 + 0.00116 
4 0 . ,30853 + 0.00081 

5 0 . 18910 + 0.00124 
6 0 . ,06852 + 0.00073 
7 0 . ,01418 + 0.00022 
8 0 . ,00173 + 0.00005 
9 0 . ,00011 + 0.00001 

v = 3.7827 
a 2 ( v ) = 1 .5795 
R = -0.15398 ± 0.00015 
Total Fissions = 17,507,307 

The e r ro r analysis was provided by F. G. 
Perey.31 See Appendix C f o r the co r re la -
t i o n mat r ix . 

incorporat ing two pro ton- reco i l detector thicknesses i s planned to quant i f y 

t h i s f u r t h e r . Probably the most serious defect i n the present experiment 

i s the f a l l - o f f i n neutron e f f i c i e n c y of the tank at very low neutron 

energies due to slow neutrons exceeding the time gate and to absorption 

o f slow neutrons in the 10B content of the pho tomu l t i p l i e r . In fu tu re 

experiments t h i s weakness w i l l be la rge ly e l iminated through use of a 

smal ler through-tube w i th a cadmium l i n e r . At leas t one c a l i b r a t i o n 

experiment w i l l be attempted wi th a s o l i d - s t a t e type of pro ton- reco i l 

de tec to r in order to support the NE-213 resu l t s . 
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APPENDIX A. ADDITIONAL TESTS 

Since the w r i t i n g of the main body of t h i s repor t , several addi t ional 

checks have been made wi th the tank v system. One tes t was designed to 

check for s e n s i t i v i t y to tank output pulse base l i n e s h i f t s due to p r i o r 

pulses. An LED si tuated on top of the tank was pulsed at a steady rate 

of 1000 Hz at an amplitude which gave tank output pulses equivalent to 

^ 2 . 5 MeV. With the Cf No. 7 chamber in the through-tube at the tank 

center, the f i s s i o n events which contained an LED pulse w i th in the 50 

psec v gate were "tagged" and stored separately from f i s s i on events which 

were not fol lowed by an LED pulse in the v counting gate. The p i le -up 

corrected data are given below: 

N'(n) B ' (n) 
n Cf Only Cf + LED Bkgd Only Bkgd + LED 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

.0061 

.0524 

.1780 

.2962 

.2688 

.1413 

.0460 

.0097 

.0013 

.0002 

.0000 

.0061 

.0526 

.1784 

.2959 

.2682 

.1417 

.0460 

.0097 

.0013 

.0001 

.9608 

.0379 

.0011 

.0001 

.0001 

.0001 

.9600 

.0385 

.0012 

.0001 

.0001 

n 3.434 ± .000 4.434 + .001 0.041 + .000 1.042 ± .000 

Gates 21,120,085 1,198,493 18,038,967 1 ,021 ,161 
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The ayieement in nubar of 2 5 2Cf in the two cases (wi th and without the 

l i g h t fiOse) const i tu tes a mild check of the s t a b i l i t y of neutron sensi-

t i v i t / of the tank when more than one pulse occurs in the nubar gate 

ci,d - • .. of the p i le -up correct ion procedure. 

observed nubar of 2 5 2Cf was also studied f o r a ro ta t i on of the 

f i - s i ' ' chamber. The normal pos i t ion of the chamber was wi th the normal 

to the f i s s i on plates along the through-tube ax is . Rotation of the 

chamber so that the normal was 60° to the through-tube axis resul ted in 

an apparent decrease in nubar of 0.06 ± .01%. This e f f ec t was considered 

neg l ig ib le fo r the present determination. 
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APPENDIX B. TANK NEUTRON EFFICIENCY CALIBRATION 

AVE«A(i& t XHfc H J ME NT AL 
S r A T f . fcFFICIENCY 
ANGLE 
(UBQREtS) 

S C A T T . n e r j T E - c A R L ^ 
ANfiLE Er^ICIENCYt 

(DEGRFES) 

NgUTR0N ENERGY 

52 .51 .0O62 + .0019 
57,65 ,8638 .0013 
62 .5 .8602 .0013 
66,93 .0013 
72.13 .8586 .0019 
76 ,46 .8492 .0041 

0.5Q*-0,25 MEV 
7.5 .7/6/ ± .0034 

12.5 .8120 .0034 
17.5 .8419 .0033 
22.5 .854y .0033 
27.5 .8609 .0033 
32.5 .8621 .0033 
37.5 .8641 .0033 
42.5 ,869tf .0 033 
47.5 .8675 .0033 
52.5 .8700 .0 033 
57,5 .8740 .0033 
62,5 .8769 . 0033 

72.5 9 . 0033 

'"EUTR0N ENERGY 

33 .94 .9144 .0271 
38 .3 .8728 .0030 
42 ,51 ,8738 .0018 
47 .32 .8738 .0013 
52 .32 ,8726 .0015 
57 .21 .8727 .0019 
62 .31 .8726 .0023 
67 .2 .8755 • 0029 
70 .96 .8708 .0080 

n E U T R 0 N ENERGY 

29 .8 . a 836 .0308 
33.27 .8716 ,0036 
37.35 .8758 .0018 
42.43 .8774 .0017 
47 .62 .8801 .0023 
52.4 .8814 .0027 
57 .6 .8806 . 0026 
62 .37 .8785 .0032 
66.26 .8725 . 0069 

(I 

1. 00+-0, 25 MEV 
7.5 • 7 4y 3 .0034 

12.5 .6101 . 0034 
17.5 .8470 . 0033 
22.5 .8635 . 0033 
27.5 .8643 .0033 
32.5 .8736 .0033 
37 .5 .8752 .0033 
42.5 .8 759- .0033 
47,5 .8864 . 0033 
52.5 .8824 . 0033 
57.5 .8801 .0033 
62.5 .8866 . 0033 

72.5 
0 

„ .8850 . 0033 

1.50+-0.25 MEV 
7.5 .7092 Vv .0045 

12.5 ,790.0 .0040 
17,5 ,8459 3 .0033 
22.5 , .8673 .0033 
27,5 .8757 .0033 
32.5 v »8732 . ()034 
37.5 ,87£Q .0033 
42.5 ,8819 .0033 
47 .5 .882 7 " .0,032 
52.5 ' .8872 .0032 
57.5 ,8867 .0033 
62.5 ; .-8889 .0033 

72.5 ! \ j a w / H ^ i 
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AVERAGE fcXPth IMEN'TAL 
SCajT. t-^Flf-lp-gcY 
ANGlE 
(DEGREES) 

SCATT, P f N T E - C A R11' 
A G L. f- EFFICIENCY 1" 

( DEGREES ) 

UEUTRtfN energy 

27.87 ,b«o a ± .0216 
32. 38 . a/t>6 . 0028 
37.41 .8761 . 0028 
42.57 .8825 .0026 
47.72 . 8H66 . 0031 
52 .64 .8852 .0032 
51,2b . 8684 . 0033 
61 .64 ,8889 .0051 

NEUTRPN ENERGY 

24 ,86 ,8626 .0488 
27,74 ,8 M o ,0051 
32,48 ,8761 ,0033 
37,54 ,8795 . 0037 
42 ,44 ,8803 , 0036 
47,62 ,8855 , 0034 
52,51 ,8881 ,0032 
57 ,22 ,8844 . 0049 
60 ,6 , B 81 0 .0114 

2 . 00 + » f, , M E V 
7.5 .6976 ± . 0 046 

12.5 . 7 8 U 9 . 004 1 
17.5 ,8414 .0037 
22.5 . 8699 . 0034 
27.5 .8711 .0 034 
32,5 . 88U9 ,0033 
37.5 . b835 ,0032 
42 . 5 ,'8849 . 0032 
47,5 .8866 .0032 
52.5 ,8900 ,0032 
57.5 .8934 .0031 
62 . 5 .9018 . 0030 

72 .5 .8953 . 0 03 1 

2, 50 J.25 MEV 
7.5 ,6392 • 0 048 

12.5 , 7479 . 0035 
17.5 , 8367 .0037 
22.5 .8546 .0034 
27 .5 ,8711 .0034 
32.5 .8771 .0033 
37 .5 .8818 .0033 
42 .5 ,8819 .0033 
47 .5 .6837 ,0032 
52.5 .8805 . 0033 
57.5 .8972 ,0031 
62.5 .8909 . 0032 

NEUTR0N ENERGY 

24 .35 ,871 .0068 
28,63 .8736 . 0045 
3 3 . 3 5 ,8738 .0039 
3 7 , 7 8 ,8789 . 0036 
4 2 , 4 8 ,8819 ,0036 
4 7 . 4 5 .8844 .0035 
52.14 .3859 .0042 
5 6 . 7 1 .8859 , 0073 

72 .5 .8925 .0031 

3 , 0 0 0 . 2 5 MEV 
7.5 , 5797 . 00 49 

12.5 . 7330 . 0044 
17.5 , 8207 . 0038 
22.5 . 8510 . 0036 
27 .5 .8632 .0035 
32,5 ,8779 .0033 
37.5 , 8820 . 0033 
42.5 ,8853 .0032 
47.5 .8893 .0032 
52.5 ,8921 . 0Q3t 
57 •> 5 ,0952 .0031 
62,5 ,8972 .0030 

72.5 ,8973 .0030 
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AVERAGE tXPERj ME-.MTAL 
5 CA TT. fchf- ic lENCY 
aMGLE 
( ̂ t'oKE^-S ) 

S C u T T , M,JNTE-CANLt? 
4, * G L F. EFFICIEMCY+ 

(DEGREES) 

IjTMJN ENERGY 3.5 o•-f,25 Me y/ 
7,5 .6/84 ± . 0047 

12.5 .7423 .0044 
17.5 ,8263 . 0039 

2 3 . U 4 ± , 0 0 9 1 22.5 ,8562 . 0035 
27.86 ,«?7t>2 . 0052 27.5 , 8676 . 0034 
32.75 .8749 .0046 32.5 .6/ 22 . 0034 
37 .51 .8816 .0041 37,5 ,6767 . 0 033 
42.5 .6796 .0038 42.5 .8821 . 0033 
47,44 ,8833 .0046 47 .5 . 8b90 . 0032 
52 , 0 7 .8931 .0056 52.5 , 8851 . 0032 
55.89 ,3883 ,0149 57.5 ,8861 .0032 

62 .5 ,887; .0032 

NEUTR0N ENERGY 

2 1 .99 . 8 5 8 2 . 0 0 9 4 
2 7 . 7 2 . 6 6 9 9 . 0 0 4 8 
3 2 .45 . 8 6 9 7 . 0 0 4 3 
3 7 . 8 2 . 8 7 6 2 . 0 0 4 1 
4 2 .55 . 8 8 2 8 . 0 0 * 6 
4 7 , 0 2 , 8 8 6 0 . 0 0 5 1 
5 1 .74 . 8 8 6 6 . 0 0 8 0 
5 5 .33 . 8 7 3 2 . 0 3 5 5 

72.5 ,o994 . 0 o3 o 

4 . 00 + -0 ,25 MEV 
7.5 ,6289 .Q04 8 

12.5 .7149 .0037 
17.5 .8137 .0039 
22.5 .8417 .0037 
27.5 .8574 .0035 
32,5 .8713 .0034 
37 .5 ,8 762 .0033 
42.5 .8818 ,0033 
47.5 .8883 ,0032 
52.5 .8842 .0032 
57.5 .8871 ,0032 
62.5 .6911 .0032 

7 2 . 5 . 8 9 3 3 

N P U T R 0 N E N E R G Y 4 . 5 0 + - 0 . 2 5 M E V 
7 . 5 . 5 9 1 7 

1 2 . 5 . 6 9 0 4 
1 7 . 5 , 8 0 3 1 
2 2 . 5 . 8 4 6 3 

2 6 ,91 . 8 5 9 6 . 0 0 4 4 2 7 . 5 , 8 5 2 0 
3 2 . 3 3 , 8 6 5 6 . 0 0 4 5 3 2 . 5 . 8 6 4 1 
3 7 . 0 6 , 8 6 9 4 . 0 0 4 7 3 7 . 5 . 3 6 8 6 
4 2 . 2 , 8 7 6 2 , 0 0 4 8 4 2 .5 . 8 8 1 1 
4 7 .2 . 8 6 9 8 . 0 0 7 5 4 7 . 5 . 8 7 9 9 
5 1 . 2 2 . 8 8 7 6 . 0 1 0 8 5 2 . 5 , 8 8 2 4 

5 7 . 5 . 8 8 3 2 
6 2 .5 , 8 8 2 2 

7 2 , 5 , 8 6 9 9 

.0031 

. 0 0 4 9 

. 0 0 46 

. 0 0 4 0 

. 0 0 3 6 

. 0 0 3 6 

. 0 0 3 5 

. 0 0 3 4 

. 0 0 3 3 

. 0 0 3 3 
, 0 0 3 3 
. 0 0 3 2 
. 0 0 3 2 

. 0 0 3 1 



A . " i t i f . » I J | i - F ' . T A l 

•5 T T . £ f f I J F '. c V 
'-a t 

( • f j F ; > ) 

J ;••( gtr ̂  V 

iU , 7>S . e 2 u ( . n o 9 / 
?. 7 . l 4 . « 4 14 . 00 46 
0 2.36 . 0 0 5 4 
37 .25 .0059 

. 2 , fS^Si .007? 
4 6.7b . r 7 5 4 .0 082 
bl . 1 6 • pftri . n 1,3 6 

; -1' JT ft ̂ IM ENERGY 
23.88 .0051 
27 . 95 . 6 4 u U , 0U5& 
3? .4 .«333 .0 045 
37 .34 .6334 .0 051 
42.09 .86U0 . 0 064 
46.82 . n636 . 0091 

^iTRUsj EMbRGY 
22 .51 .$179 .0 055 
27. 11 . 8231 . n 050 
32.35 . 8386 .0063 
37. 45 . «4 00 . 00 72 
42.07 ,857b .0092 
46.12 .8349 . 0226 

NFliTR3,\ ENERGY 
22 .47 . 7 795 .0 059 
27.84 .8284 .0083 
32,48 .8211 .0070 
37.89 . 83 02 . 0089 
42,3" .8335 .0099 
46. Ob .8627 • 0 ? 41 

- T T Ki ' ' T .. . » ' 1 _ • 1 A ri L '' 
F r' : -j ] F '.:v!' 

( f-1: S) 

5 , C'> + -l . ?5 \ -

7.5 . 50t4 .003* 
12 .5 . 63Up .0038 
17.5 .7637 .0038 
22 . & , H249 .0038 
27 .5 . «39u .0037 
32,3 . h324 .0036 
3 7.5 . 8618 . 0 133 
4?.5 , 8 7 0 0 .0034 
47 .5 .b/ao .0 034 
52.5 , 87db . C033 
57 .5 . 8 81 L- .0033 
6? . 5 ,882o ,0 032 

72 . 5 .8849 .0 032 

5 . 625 + -r' .375 "EV 
22.5 . 8059 .0^40 
27,5 , 8329 . 0038 
32.3 . 8435 . 0 n 3 6 
37.3 .8332 .0035 
42.5 .6633 .0035 
47.5 .8661 .0034 

6. 3 7 3 + - ( .3 75 MEV 
22-5 . 7«34 . 0U41 
27 .5 .8177 .0039 
32.5 .8314 . 003S 
37 .5 , B 42 G .0037 
42 .5 . 8301 . 0036 
47.5 . 8368 .0035 

7. 125+-0 .375 MEV 
22.5 .7/02 . 0042 
27.5 . 8 D U 0 .0040 
32 .5 .615 .0039 
37.5 .8267 . 0038 
42 .5 . 8 36 U .0037 
47.5 .8442 . 0037 

^These e f f i c i e n c i e s have a l l been m u l t i p l i e d by the normal izat ion 
f a c t o r 1.00233. 
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The e r r o r ana lys is fo r the P ( . ) d i s t r i b u t i o n conta ined f he s t a t i s t i c a l 

u n c e r t a i n t i e s , an est imated • 3.8 unce r ta in t y in the p i l eup parameter 

(k^ - 0.004851), and an est imated • 0.2? unce r ta in t y in the de tec to r 

e f f i c i e n c y (• = 0.7738 based on a ..< of 3 .783) . Under these assumptions 

the f o l l o w i n g elements of the P(v) c o r r e l a t i o n mat r ix ( m u l t i p l i e d by 100) 

were der ived : ' 1 

p o P1 P2 P3 P4 P5 P6 P7 

P0 100 

P1 -48 100 

P2 - 7 85 100 

P3 -16 88 84 100 

P4 -46 -34 -55 -67 100 

P5 -23 -67 -87 -75 60 100 

P6 -14 -72 -88 -83 74 83 100 

P7 - 8 -68 -81 -75 58 85 71 100 

P8 - 2 -44 -51 -48 38 49 58 19 

P9 0 -13 -15 -14 11 16 13 27 

P9 

100 

-41 100 


