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a~y P. Hacld4><;k~ Alexa.n4e7 Abaebian. Kenneth M. Crowe. and 1ohn B. Czirr 

wwr•nce ltadiatton Labor&tol'y 
Unlveraity ot Caltlot'nla. 

Berkeley. CaUfonta 

October ~a. 1959 

Mea.a\U"emen.tl of the •ti•••• o£ neurone emitteilln the capture 

at l"eat ol w • me tone. in hy4l'ogen previae au exeeUent method for the 
.. . 0 

de:~ermlaatlon ot mae a val1.1.e1 for the. 1r aa4 w me•one. Uaiag euer~y 

balance of the reactlOI\• 

.w· + P • V +a (8.8 Nev) 

·~ .. 0' ' ) 
• + 1'l (400 kev • 

( l) 

(2) 

•e cae deduce the mas• of the 11' .. through. .Ileac tion ( 1) aed the 'ff •• "'
0 

mas• dU:feweraee through J.eaetlou (Z). ~eaulta obtained lDy using time­

of-f:Ugh~ tec:bnlquea to me&lute tb.e ne\1tl'ona•. epee4a have already been 

. d a ..:,t .. 6 A . t repot:te .. by etmer et u.. and Hillman et al. fol' .plght patha o 

z to· 5 ft. Thl• letter report• pl"eliminary reaultl or 0\U' meaeurem•nte 

for flight paUl• of 1Z.44 ft aad. '17.50 It •ith aimUar techaiquea. 

Flautt• 1 £• e. •lmp1Uied aehematic &aram o£ the experimental 

setup anct"oleeb'oate•. fte 110-Mev pion.a pt'ocluce4. by an f.r&teJ"nal target 

of the 184•lo. .. cyctotrou were collimated into a a .. in. ·111gb. by a .. t.a. -wide 

beam; slowed 4ovm iu carbon; counted. 'by a l·ln. ·thick plaetle scintillator 

• Work performed U'Ac!e~ the auap1cea ot the U. S • .Atomic Energy Commission. 
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{v counterh 1.5·in. b.igh by 8-ln. long; and stopped in. a liquid hydrogen 

target. The hydrogen llaek waa &. horisonta.l cylinder 1-in. high. and 12-in. 

in diameter. Neutrons, which travel downward. were detected in a 

plastic acintUlator lS..ln. in diameter, J .. in. thick, viewed by seven tlCA 

7046 photomultipltere, through a l-in. Lu.cite light pipe. Photona. from 

Reaction ( 1,, and 1r
0 decay, which ao upward, convert ln a 1/4-la. -thick Pb 

sheet, ZO-in. ln diameter, lO ... in. !rom the center of the taraet, and are 

detected by a coitlcldence between two plastic adntlllatora, each 3/8-in. 

thick C 't couate·r·s). 

·The electronics (see l'lg, H h compoaed of two faet coincidence• 

followed by a slow cC)bu:id.ence. O.e coincidence is between the "andy 

counters and another is between the dynode aianals of two tete of tubes 

o! the neutron counter -- the latter coincidence mode to reduce D.oise 

aceidentals. Finally a. v ... y - ll slow coincidence ie made with 200-m.-.eee 

resolving ttme which trlsgers a 517A Tektronix scope with a ZO-ml1sec/cm 

sweep speed. The anode signals of the neutron cou.nter tubes are combined 

in a distributed adding c:lrcait and, together with a 1r - y coincidence signal, 

are diaplay<i)d O'cl the scope sweep, of which photographs a.re taken. 

Alternate runs we~e made with the variable delay set for "' .. y- y and 

w ~ y • n coincidences. 

VIe used styrofoam delay lines for moat of the ineerted delay. 

RG-63/U delay linea were used for fine adjustment. For such long cables 

one must know not only the transit time of the cable but the efiect of 

dilpersion ae well. A cable measuring ayatem is used which minimize a 
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systematic errors d1.1e to diaper slon. The output o£ a sigual .generator 

drives a puhe ahap .. r which put& out two pulses with the lame rise time 
~l 

a a the phototubea. The ehaped pulaea are fed into the vertical plate a of 

a 5-mtJ.aec/cm two-beam scope, one signal comins in direct and the other 

via the 'lnknown cable. A third pulse 4erived from the pulse abaper goea 

to th.e acope trigger. The frequency of the osc:Ulator le adjusted so that 

the half heighta o£ the succeecling pulaea coincide. When thia happeaa the 

period of the oscillator is the same as the length of the cables, i.e., 

L/v = 1/f. The f]'equency ia meaav.red by a Hewlett .. Packard 5248 frequency 
. ,. 

meter. Ill practice we meaa\lre the length of the unknown plus a fixed 

cable, then remove the u.nknown and measure the fixed cable. The difference 

between the o1cUlator period for the two meaaurements it the delay thro\lgh 

the unknown. Disperajoa effect• are eliminated if the output pulee of the 

fixed cable ie Wentieal to a phototube pulee. 

To analyze the time .. of·flight data, -we meaaured the diatance betweeu 

half heights of the two photographed pttl•e• along wlth the amplitude of 

the aigaal from the neutron counter. We plotted the pulae-h.elght epectrum 

of the backgroWld and compared it wtth that in the region of the neutron 
I 

peak. We chose a pulle-height interval with the beet eignal-to .. nOi.fe ratio. 

aad measured the time 4ietrlbution of the phlse in this interval for both 

the neutroaa and the v l"&ye. The mean of tbe y-ray distribution was used. 

as O*-lr time :refer:ence point, and correspond• to the calculated photon 

flight time. The neutron flight time was taken to be: the photon flight time 

+ the lneerted delay + the difference between the mean of the neutron and 

\'•ray peake. A composite plot of ou.r mea•urements ts shown in Fig. 2.. 
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Table I list• the resulta of this experiment. The errors shown 

are over-all er~ora and are largely atatbtical. 

"" Table 1 

Maaa determinatlona lrom time of !light 

... 0 ... ... 
R.un Flight path Tim• 1t - 1r Wa~t• 'If mae• 

.. (ft) . (mf!aec:) ,,t (m§) 
'I" ,. 

1 17.5041:0.01 130.19e0.4S 272.4:d.l 

2 12.44.0.01 434.34:!:0.19 8.984•0.026 

3 17 .SO!t:O.O 1 596.0~tel.l 8.998«~:0.024 

z .. 3 5.055 .. 0.01 1'71.7e1.4 9.05:t0.09 
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The value• quoted here agre• favorably with recent accurate 

determination• by other mea:na and l>y other aroupa. The currently 
.. . . 3 

recommended value of thew mae• la Z73.Z7.0.ll m
8

• Valuee for the 

" ... ,o rna•• difference have .rec:enUy b.-en reported aa 8.8:::; me• 4 

8.9 0!!:0.14. 5 and 9.01~~:0.08. z 

The tnethod of computing the n:et.ttron• • apeecl from mea•urement 

at n.o diatances is in.hereDtly more accurate ln that •ome •Y•tematic 

errore are eUmtnated. Scattering of t'b.e neutrone m.ay ahlft the meaA of 

the aeutron cUatrlbution to longer timea -.ad also ... den lt. 1f tbe acattering 

ia in the coater a.ad aot in the target, lt will have little effect upon the 
. . '.. ·-~· 

value for the ma•• differenee obtained from the dtfferente aaeaauremetlt 

at two lengths. We have computed the ecattedagin the hydrocen taraet 

and found it to be o.egUglble at tM ee dilt-.nccsa. 

The •eandarcl devtatlou ot the V·l"ay peak i• 3.5 mtLaec' it la 4 to 

6 m~&eec fo-r the faat 11eutron ud 7 mji.aec fol" the •••• oeutron. Tb.e alze 

of the neutron width• is not co•pletely uderetoo4 at pre•eut ancl thie 

uacertainty 4oea aot allow ue to infer a meaningful limit for the .,o lifetime. 

The background in our aeutron <:otmter te currently limiting us in 

our abUi.ty to obtaln more aec:ul!'ate meaecsretruante with lon1er !light paths. 

It appears to be due to three caueea: radiation lrom the target. which 

dec.rea••• with solid angle aad beam levels tcsbe noise, which ie constaut 

but relatively amfll; and an effect that is ol about constant value with depth. 

We are in. the proceaa of reducing the latter to allow ua to bu:rease the 

lllght path by an appreciable factor. 

VIe gratefully aclmowledge the eftozts of the many individuals who 

have assisted ue in this experiment. 
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FlGUtlE LJlGEN.DS 

• 1. Experimental arl'ugement9 

n. Hiatoarama of combined d.ata. I (a) ~ ray at 17.50 ft: 

Cb) 8.8-Mev aeutron1 at 17.50 lt; (ct 400 ... kev aeutrone 

at 12.44 ft; (4) 400-kev u"trone at 17.50 it • 

..... : 
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