
MEASUREi\i.ENT OF 'l'HE ENEHG IES OP THE 

NEU'.t'RONS FROM LI'l'HIUM BOMB ARDED WITH Dl!JUTE."9.0NS 

Theaia by 
\Ulliam Sdwarda Stephens 

In Partial ~~lrillment 
of t he Requirements for the Degree of 

Doc.tor of Philosophy 

Cs.l.ifornia lnsti tute of Technology 
Pasadena , California 

1938 



A.BSTHAOT 

The energy di!'.!ltribution of the neutrons resulting from the disintegration 

of 1i thiwn by 0.8 MV deuterons has been investigated by the obaervation of 

recoils in a high pressure cloud chamber. Both hydrogen and helium recoils 

have been observed at different pressures in the cloud chamber so as to cover 

the whole spectrum. lt ha$ bee~ found that the reactions 

Li7+ D2~ Be8+ n 

8 4 4 Be ->:> He .,. He 

7 5 4 
Li -+ if -----'I> H~ + He 

,. 5 Li 
rie _,,,He+ n 

account i'or moat of' the neutrons,. 'l'h~ levels found in Be8 and the ground 

5 ~ state in He have energies whi~h ai ree with th~ values fronyther experiments,. 

'i'he low energy part of the spectrum may include neutrons from 116• 
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INTRODUCTION 

£3ince t heir disc overy in 1932 by Ghadwick(l), neutrons have been 

lnteresting: both because of' t hei r peculiar properties and bees.use of' the 

information t hey yive a.bout nuclei and t heir di e i :'ltegrations. 

In a number of transmuta ti ens, nev,tron s of homogeneous ener-e;y a.re emitted 

as one of t he disintegration partic les. The dif':f'erence in energy between the 

highest energy neutron p;roup ( which leaves the nucleus in its ground state) 

and the lower energy neutron 13: roups (which leave the nucleus in various excited 

stutes ) give t he cmergies of the e ;-rnited st€!.tes . The widths of the neutron 

p- roups a l so indicate t he widths of' t he excited level s of the nucleus and their 

intensities r ive t he relative probabilities of the various transitions. For 

t hesdpu.rposes , neutrons are often better t han charged particles since tbe 
I • 

I 

neutron has no barrier to cross in getting out of' the nv.cleue. In three 

particle rea.ct i. ons, the energy dietri bution of the neutrons g i vee infonnation 

a. s to the J2iechan1 em of the dis i nte.r.; r ation ( whether t he three particles come 

off simultaneously or the reaction occurs in two stages). Furthe rmore, a 

knowledge of the m.axmum ener~y of the neutrons emitted in a reaction enables 

the mass of one of the nuclei to be calculated in terms of the masses of 

the reet of the~uc lei .L •. • , ,h. par t,:tc 1pe. ,,inr; . 

Since neutrons have no electric c ha r g~, no other long r ange interaction 

with electrons, and their wavelength is small coIX,pa.red to t he wave length 

of electrons, they rarely interact with electrons and eo lose pr actically 

no energy in ioniza tion. Their main interaction with matter (for medium f'ust, 

neutrons ) is in elastic collisions wi t 1\ nucle;i. • , 'The recoil nuclei · can then 

be observed by means of their ioni zation and t he energy of the neut ron 

before collision can be inferred . These recoil nuclei CBn be detected in 

ionization c}1ambers, but the most unan1biguous method of measur.i.. np; their 
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energy a nd direction is by tho U Be of ,,. cloud c ho.mber. The cloud chamber 

i s f illed with a convenient ga s vfr1ose a t:orns on being struck by neutrons., 

reco:i.l and <. ,i ve obse'!'.·vab le tracks. 'I'hi s phenomenon was first observed by 

Cu:r:i.e und ~To Hot (2 ) even bef or e i t was known that neutrons caused recoils . 

Recoi l s of hea vy p:ases such as nitr ogen a.re so short ( due t o the small amou."'l.t 

of e nerrry i mparted to them and to their high ionizing power) that accurate 

rnea su.reme r.>ts of them are hard to make . On the other hand, hydrogen recoils 

a re generally energetic enough to g: o all the way t hroug h a cloud chamber filled 

wi th one a t mos r here of rw<lroge n . Benc e Bonner and Mott-Smi th(3) bui.l t a high 

pres sure cloud chamber so that Vie recoil protons could be comp letely stopped 

i n the cloud c hamber . Further development by Bonne r and i3n~baker evolved a 

technique for 1.3et.ting reliab le energy spectra of' neutrons g iven off in nuclear 

,UsLnter, r a tions . 'i'hey measured the ener g ies d ' the neutrons result.Lng f rom 

t ho bombardment of deuterium , lithium, borylliutc1 , boron and carbon by 0 . 8 ]1,1/ 

deuterons ( 
11

). The present work was begun in order to determine .r.10r0 accurutej 

t he ene rgy of the high energy neutrons from Hthium bomba rded v,:i.th deute:rnns . 

J n the course of' t he i nvestigation, t he rest of' t he neutron spectnfnwas 

better resolved nnd gave evi dence for a di.fferent interpretation of t he 

mechanism of t he disintegration. 

'l'he first section w:1. 11 descri be t he method of accelerat:Lng the deuterons , 

t ,1. 0 sec ond section will describe the ,:,ethods used in measurinr t he neutron 

cnery i 0s, and t he third Hection will g i.vo t he r esu lts found and t heir possible 

inte rpret n.t.. :\.on . Some of t his ma tex-i a l has a lready been published. ( 5 )(6 )(7) 
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i~~ E:THOD OF ACC l.;; LEHATING DECTr~HONS 

F'or much work in nuclea r physics , neither homogeneous beams of' bombarding 

pn. rticles nor extre1nely hj_r;h enerp:ies are necessa ry . Especially in t he 

study of neutr·on energ ies where t he a ccuracy and resolving power a:re still 

not _ood ( due to the indirect mct .'iods of mea.sureaent ) all t hat is needed is 

mediu.":l high voltaiye, good currents, and a n approximate knowl edge of' the 

ma ximum e nergies of t he ions . Hence a vacuum tube desig ned f o r use with a 

milli on volt s a . c. is quite s a tisfactory . Since t he million vol t tranef'orrner 

set at t he Institute is available, :i. t :Ls a rwst pr i::.ctical vol t age source . 

Indeed , Cr·"ne and Lauritsen have been very successful i11 maldnr, such a tu be 

and :;. s in~,- it in nuclea.i-)research. ( S) The ir va cuum tube h.."l.d a relo.tive l y l arge 

d:\.stance between t he ion source and t ho target . Fu r t he r more, t he voltar.: es 

on different sectionn were f'ixed by beiw conn.ected to t he quar ter points 

on the transfor?:i t:n- ee t . With t his a:r r anp:eme nt it i s i r,ip oseible to ve. r-y the 

:focussin~- of' the ions very muc :1 . Hence it was thoq".ht tha t unde r t he se 

conditions , more current ~i r ht be delive red to t he t ~rret with a s hort ion 

path va c uum t ube . Such a tube was built fo1A one million vol ts with the 

distance be t ween t he J.on source and the t arget as short as practical . 'I'he 

ion po.th is about ha l f as lori..r, as that of the Crane a nd Lauri t ee n tube . 

'.i.'he tube 1rnrks qui te well but doe s not r;i ve t he hoped fo r :i.ncr-ea ,,e in ion 

current . It does , however., provide a sc~t:i.sf&.ctory s ource of hir,h energy 

p:1 :rtic lee for produclng nuclear disintee; rations . I ts main disadvant age6 

compared to t he Cr ane and Laur i teen tube are t 11at it needs much more outr,a.ss i nr: 

due to the inc reased a rea of metal e xpose d to stronp electric fields and t hHt 

it t ake s lonp-e r to pump out due to l a..r.-rer volume . The mu i. n cU.sudvantages of 

both t hese tubes a nd voltag e sm1rce a re t he fixed voltage taps (s ince it 

results in poor fo cuss in,:;,; which ma{es it i mp ractical to use the magnetically 

analyzed beat:1 f or bor:,bB.r·din, t argets) and t he presence of x - rays prod uced 
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near the t arp;et by e l e ctrone a ccelerated on the negative cycle of the a.c. 

A mar;netic analysis ma.d e on the ion beam after it had been passed through 

a slit showed. that one- h.alf of the ions had energ i e s wi thi n 9O/o of the peak 

ener·py . Thi s is what wou ld be expected , since t he t ransformers produce a 

r ood sine wave and t he focussir>.f' ft,e ts better a s t he voltar, e is increti.eed . 

Thi s analysis a lso s howed t hat t he ratio of atomic to rnolecv.11:-:r tone was 

very rou r:hly one . This is in contrast to the analysis of Roberts •:-;ho used 

a simil ':.l r ion s ource a nd found only 87S atomic ions cotrlpared to molecules( 9) . 

Ions whi ch had been formed. in the acceleratinr gap s were present , but in ver,'l 

small number s . Triatomic ions and nee ative ions of' hydroge n :.1.nd deuterium 

were also present to a sma l l exte nt . Uncharg ed .mo lecu le s ~rnd heavy char g ed 

molecules were apprec iable but l ess in number than t he hydrog en ions . It 

·w.s found t hat when deuteriurfe.a ueed in the tube ther e stil¥·em&.ined a.n 

a. pp reciable number of protons . However, ni.nce protons of energy less than 

one million volts do not. p.: ive neutrons, for our pur; oses t he proton contamination 

of the deuteron bemn does not c-,atte1· . 

The peak vol tarr e on the tube is measured b)' a voltmeter a cross a 

s pecial winc.Hnp; on t he fi x-s t of t he f our 250 Kv . tr1:u1.sfo:rmere vihich are 

casca ded to make the million 11 olt trrurnf'oru~e r sot . This vo l tmeter was 

calibrated a.,:-a:i.net a s park ga p us i ng :::.-0 cm spheres up to 500 kv. (lO) Above 

thi s, voltag e it was ca li br a ted af::ainst a spa rkless sphe r e gap voltmeter using 

loo n m an~erae (11) 
,.,,. su ...., l· ,l ' - ... ..,.. • Thi s ca li bration was checked by measuring t he excitl'.l:tion 

ouT Ve of the garntaa. ray from 1i thlum bombard e d. by protons. It :l. s k nown to 

have a sha:rp resonance at 41+0 kv • ( 12 ) A eharp rise in our excita tion curve 

a t 1.,,l}o kv. ind icated tha t t he ions hi tti nr t he to.rre t ha1re t he maximum 

energy as i.ndica ted by the vol trneta r . 

'The targets used in this work were .mete, llic l:i.thium. 'i heJ soon bec ame 

b l ac: 1.< , p robab l y due to carbon depo ei ted on t hem from t he beam a.nd po,rni bly 
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a l so due to the fo:rmat ion of Li ."N whil e t hey are exposed to ai r before be i ng 
:> 

put into t he tube. 'l'he carbon l ayer proba bl v reduc.ee t he energy of the 

bombarding i ons s lip:ht l y and to make this e:f:'f ect sma.11 , the t argets were 

rene wed occa sionally. We have i nvestigated t he neutrons r esulting f rom 

ni trcwen bombarded wi. t b deu terone and have found t heir yie l d to be very 

s,n.ul l ( 7) . Bonner and Brubake r ho.ve likewt s e found trie number of' neutrons 

f:rou 013 bombarded wi t h deu terone to be ve ry small c ompa:red to t he nu.mber 

p 
of G ~ neutrons . 1.'hese l a tter neutrons have 0 . 5 ;,t.Y energy and were lo oked 

for in a t es t exper i ment wi t h one atmo r-1p he t e of hydrog en in t he chambe r whi le 

bo:mbard iri.g; li thil.un wi t h cleuterons . None wex·e found . Hence t he cont arn :Lnation 

effect of O and N is very small since H thiu.ru is one of t he most prolific 

neutr on s our ce s known . fleuter iurn cont amination on tl-ra targ et due to abs orpt i on 

/\ of the deut<'.'i tiLmi sas in the tube o'-_,n t he surface of the t e,r ge t and due to 

deute r ium ions being d r j_ven i nto the target f'rcf~m the beam may g ive a. f'ev; 

neutrons of ?.6 :t1l energy from t he we ll known deuteron on deuter ium rea ctioi/4a.) _ 

METHOD OF f,'.EASURING NSUT RON El\il~HGIES 

rp ) 
The cloud c hamber used was t he on.e built by Br ubake r and i:lonner ' ) and 

UE;ed by them t o rne as1u·0 rnan;? neut ron spectre. . 1 t i e shown in sect ion in 

Ji'i. .r,-urc 2 . Due to t:he u se of' t1 br;1, ck i ng c r.i1;i..11her -¼ t o le s sen the pres sure 

diffe r ence on the l ar,r:e sylphon s1 '> t he expansion c hmr, ber V 
1 

c an be used. up 

t o at l e ~.1s t 18 e.. t mospher-os . At pressures h:i.&; her than t his it is hard to get 

r ood tra ck s if t h.ere i s mu ch :radiation pr e sent ( due to t h~ioniznt ion of 

electrons from Compton a nd photoelectric absor ption). Al so the sy l phon S1 

ca n stand only p,_X'lll$lsu r e difference s of l15 pounds . Hence, since t he expans i)"on 

r a tio iB 1. 2, t he difference in pr e6sure befo r e a nd. afte r expans ion i n v
1 

i s 60 pounds ( at 20 8.t mospheres p ressure in, v1 ) . 

app·oxirrwtely constant ( usually e qual to t he expanded p:r-essu.re in V 1 ) thi s 
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excess pre ssure soon distorts P...nd cracks the syl phon s1• Ste reoscop ic 

p ictures of the c loud chamber are taken e .. t t he time of expansion by a 

c amera i:1nd set of mirrors no t shown in the figure. These pictures are 

1e.t@r rep:roj0ct0d and t he tr e.c lrn meaim recl . A t y pico .. l pie t ure is s hown i n 

The c hamber is i llumi ne.ted hy a 2000 watt movie f l ood l ar1p t hrour;h a 

c;rlind.ri.cal l ens and a water absorpt:i.on cell. 'l'he l amp ie; 1-un steadily a t 

about 2C vo l ts • .nd one- half sec ond before t he exp unsion tLtk0s p l ace it is 

:f l a shed t o 110 vol ts . Unde r these c ond i tion s i.t can be used for. o.f1w .. ny as 

60 , 000 ex1)ansions . :ii t 1 hi f h p ressures of methane, the density of the track s 

is le.rp:er and t he dro"l l ets do not fall very fast , 00 g ood photog r aphs can be 

o bt a ined with on ly 105 vol ts on t?1e l8.!!1p wi t h a correspondi nr: i ncrease in lif'e . 

The timi n,r mechanism i s a. set of' ce.. .s run at about one revolution in th11ee 

seco:1d.s and op e ratinf a set of nd.c roswi tches which contro l t he va rious 

openttions of the c loud c h1,1rn her , lizht, camer_::::a and i on s curce . The cyc l e 

t:i.,::ie or ttme bctwee ~ expans ions is determine d by e. delayed relay on the 

motor a nd t he amount of' C\e l ay cu.n be vHried by chanp;ing t he resi stance which 

c"'narges up a conde~rner across the g l'J.c! of a va cuum tube 11:hose plate current 

actuate s tl1e re l ay . After one revolut ion of t he cam shaft, one of the cams 

turns off' t he motor and resets t he de l a; n:echanism. 

Cf t '. ,e p;asee wh ic:1 c an be used :i.n the cloud ch0.l!lber t he three which 

hn.v c be•~::1 found h ~p ortant for ne utron 'Nork are hyd1·oge n, methtlne and ,.elj_um. 

Since thoir cross r;ections for e l ast:\.c collisqions with neutx·ons ure e.pp roxi1r.:. tely 

tlx:i s n.r:ce, tl1e :i.mpor ts.nt quantity for efficiencr is t he number of a torns per 

Gas Atobs s . p . s . "r') . ut rrtosphe:re 

·2 9. 5 0 . 21 

cE4 1+ ~ 2 0 . 85 

He 5.9 0 .17 
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Hence hydrogen is most eff'i c it' nt , but its use i s l imited to neuti·on energi e s 

r1ho s e :recoil proto ns car}0e stopp ed in the c hambe r . At l o ati:n.ospheres of 
', 

h1droz e n , t ho stoppinz power of the chamber is ;:5 . 8.,whi ch :L s useful f or 

neutrons up to about 3 rv. i:i th :riethane , however , 1.$ a t i:iospheros ? ives a 

stopping po,'11:n· of 18 wr..ich wi ll stop recoils up to 8 M'J . The addition of e.. 

r.:tica t1he0t enables recoils up to 8.t least 15 ii: v t o be measured but with 

i mpain:id ,:eor:;etrical conditions . H0lium&·e c oi ls s i nce U1ey rece.\. ve only 
I 

16/ 25 oi' t 1e neutron e nergy and s i nce t hey lose energy faste r than p:cotons , 

c ove r r:.ore of the ne.J.tron s pectrurr~at a g iven p:reseure , can extend to hig her 
I 

emn·[:ies without m:Lca , but ha ve somewhat smal le r resolvi n;:. pm·H~1- . Since the 

g e o:netricul cor r ections for the p rol:Jab:Lli ty of seeing e. track are qui te 

u ncertain, joi ni n,;r, curves taken at dif f e rent pl·e sst.u·es .Ls unreliable . Hence 

:,el i um recoil s :.,avo p r oven !:: ore satisf'acto r y espec5.ally for ligh energies • 

. :.... fur t her ad.v,,ntag e of l-1eliu::-: is that with it .i.n the chamber t he stopping 

•; owe:r c:tm be cali bro.ted. with polonium (3 . 805 cm) 01· t horium c11 ( rS . 535 cm) 

alpha particles . The stopping power of methane at hip; h presures cannot be 

c a li ~r utec. but must be calcu l ated s.nd. hence is not very a ccurate . Since the 

e nergy of the neutrons from deute rona on deuterium has been measured qui te 

a ccurc.teli 14 ) , t }1ey prov ide a nice me an s of cali brat:i.ng sto pping powere 

fror: t 2 to lC . The best value of the Cl for this reacti on is ) . 29 YV . :3topping 

powers o.::iove 10 2u s t te calcu lated . The s toppl nf piPwe rs n , lative to a ir 

f or. CG. 1· bon and hydrog e n u r0 fi ven by Bethe fo r d i fferent ranr eB of parti c les< 15 ) . 

'i'he dete~~ tj_on of tho cornp osi tion of tho gas tn tho chambei· is especially 

i:rnport unt in tho caao of r::ietha:'1e ,;; ince ordinary illuminating gv.s i s 1:.H;ed i n 

the cloud chamber ( s':. nce it :i.1:1 e a f,y to obta l n ) . Its in.:i.tla l componition as 

However , t he etho.ne i.s more so l uble in the a lcoho l in the 
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c l ou d chrunb e :c t han the me t hane . Lenee t he compoESit ion in t he cloud chamber 

i s diffe::- e nt . By m0asur- i nr the s pecif i c i r e.vi t y of a samp le of t he ga s .fr om 

tl-w cloud ch2.· ,1be r it i s poes :l. b lc to ca l cu}. a t e t he ne w cu,dpositi on . In t his 

• t ' 1.. • , . 1 :t ' 2 • ' i !,owe:r s 1n • ne c :ia.tnti e r o:t' esa\ nan ~ 1-c, • s ve ry i mportant to co r rect. t he 

s to_-; 1:i n_r..: r, mve :c f or c hun, e s in t e P.1pe rature i n a d. di tion t o any l eakar:e o:f gas 

i' r om the chawber dur i ng t he expe rl.ment . '.i.'he app r ox:i.mat e .:.: o r-re d ,i on factor 

on the tre.ck J. e nrth 1 s 

11 P-=- P- Po 
/~ t -= t - tb 

J\.- "'" l+ cx. t 

P pnrn sure r ead on gaup:e 

\.o L> lol 
/\... 

P pr e irnu r e when s t opp .i.n~ power of chamber was C!tli ·:yrated 
0 

t temp erature of ohi11.1be r 

t
0 

t emce r atur e when chm1be r was ca li br a t ed 

v o. r :\. a U.on of ,, t opp i ng p owe r of v apor i n chaober with t emp e rut u r e 
re l n:',,i.ve to tot a l s t opp i nr powe r i n chamber • 

10 

25 

• 06 5 

.. 089 

. 12 

. 16 

. 21 

. 012 

.016 

. 022 
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The g, ,u.g e which me a sures t he pre s sure in t he expansi on chaY1..1ber i s ca lib r a ted 

at e a.c h fj_llinp: of' t he cloud chamber against a standard gauge whi ch is in 

turn c a libr o. ted against a s t a ndard oil bal ance . The i mpurities i n t he 

cor.,n:ercj_al hydro,o;en and Yel imn used ure k.nown from t he manufe.ctur.ers . Th1:: 

hydrop.: e n i s about qq)~~ t1.0 vd.th about J./2:,-;., of' oxygen . '171-ie helium i s 96)~ He, 
"-

,I1 1:.eee ccr:ip osi tions check with spe c i f'i c g r avity 

me <>eurement e rr:a<le on samr: les of t he p- t.1.s aft er t hey had been in the c loud 

che,mber (corr ected f'or a lcohol v n.por) so t .. ey are c onsidered r e liab le._ 'l'he 

c omme r cial dou teri~ gas '."h::..e:-:1 i s c lai med t o be 99 . 5;{ pure , but no c heck ha s 

been ms.de on t hie,. 

I f we a pp ly t 1e r, .rincip lee of c ornL r·vD.t ion o:::' C!'.\el."f:Y und 1r101!:entum to 

t ,e coll :i..si.on of a neutr on of e nerr:y E wi tr: a P<:!.rti e l e of rr~aet t , we f'lnd 

whei~e t.f is t he ang le betwee n t he orig ina l direction of t he neutron and t he 

direct i on of t he recoil ps.rt icle . Hence, in princ i p le , by assuming tw.t t he 

ilJ<eutron come s direc tly fr om t he cent er of the s ource w 0 c ou l d. ca lcu l ate E: 

from any- recoi l t r a ck afte r we r,,euem·e Lf a nd Er• lfowever, :Lf we a.dmi t an 

error of 5° in measuring lf' and c vJ.cu l 2- te the pe r ce ntag e error made in 

calculatinr E f or di fferent a.nf les Lf we fi nd; 

'-f 00 100 20° 4o0 .,,,no ~v 60° 

in E l r.r! Lf% 9;0 ;..~9 < 63~0 15'5/; error i~ 

Hence in practice it is beet to limi t the measured truck s to f orward recoi ls 

only . Since our t arp;et ueually suht,end B a n an;· le of a bout 8° at the cl oud 

chambe r , we me a srn." e only track s whi.ch point to t he t arget . So most of t he 

tra c k s g ive err ors less t h --::i.n a f e w percent. . Fo r m.ea su rm:1ents of' maximum 

ene1·g iee of' neutrons , t his limi ta.tion i.s very i mportant for another rea son . 

Due to t he large a r:;ou.nt o:f' material present ( cl oud chrur:ber wal ls , etc) t here 
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are a l arge number of neutrons which have been s catt ered by he a vy nucleii . 

On the averape a neu.tron s catte i·e (~. by a coppe1' nucleus los es only a bout 3'.7f 

of its e,1ergy but its direct ion is radlcs.lly a l tered . Hence it may t hen enter 

trie cloud c hamber e.rid by a l·i ead- on coll:Lsion r-; ive wost of its e nergy to a 

proton whose a ppare nt a ng le 1 may be l arr,e. I:f' this tra ck were used t o 

calcula·t,e E, the neutr·on e ne rgy would cor:1e out muc h t oo l arge . 'I' he e ne rgy 

distr·i bution of recoi l protons (even when limited to forward t·ecoils) is 

disto r t ed f.'rom t hef>r i g :l.nal neutron energy distribution by the fact thut t he 

anr le er:ro:r a lways decreases the energy , ,r: iving an asyx.,rnet:ri c a l e r ror . Due 

to t his asymmetry in proton recoi 1 pe :,._;-:::s , extrapo lated va lues 1:u·e more 

ac c u. rate t han 1,11ost probable values . Fo1' ve ry a c curate wor;c t hese ext rapolated 

values must be corrected for stn;_rg ling , anie, l c'3 variation , t hick target, e tc . 

,· t' ' i - l - 1 t • ( l 7 ( 'f' t • 1 t • , t;e • n0 nas g ,,en a f' o1·mu a fo r su c_'1 co r re c ions ' • ,. • .1e re i:: oi par i c.1.e s 

a. re plotted in an :intep;ral nur:1her-rtu1c,e curve :m d extrapol0.ted , then t hi s 

cxtro._oolated ran_r._e wust be con·ected by subtractinr . X <' wh"re 
c • • extr ;;; "" • 

2 '.) v - --t- o + n 
48 

n rn.nre exponent for 1 e~~o L 1 par· .i. c l e 

R range of re coi l pD.rtic l e in cm . of a ir at 15° G 

a 
13' one- ha l f the vert ica~.ng l e subtended by the cloud e,hruJ.be r a.t th0 t arget 

mass nur.'.lbe r and enerp:,y (i:v ) of' pa.:tti.cle used in box.barding t arget 

f or recoil parti cle 

ll mass number of nuc l eus u sed as t u r r;o t 
0 

l\{;;: me.ss m,rn ber of :ree1 clu:-J. l nuc l eus lef t in t arge t 
) 
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X , i s the thick tarr,et cor:rec tion f_; :L ven by Bethe ( refer·enc e 17 1 page 286 ) 
ex1,r 

as a ,r: raphic fu.nction of[, . 

{~ '.Z (r,'){_,_ Y) S El. 1VJ 

R t, ( rY\) - M. ) M. 

2. e.tomic number of bombarding pa.:rt i.cle 

Z a t o.r>iic mrnfter of t u r get nucleus 

'1:he m0fan rn.nge obtain.ed b,y thi s correct ion is t l1e n converted i nto energ~~y 

tb5n,, the r ange energy curves of Bet he ( reference 17 page 268). 'l'o t his 

; 'm ,r, 2 
energy is added ~t ~2 '-ro • The resnltt1nt energy is t he energy o:f t he neut rons 

To :f'in:l th,3 ene r ~.1 Q. relea.serl in the :r0~1ctj_on 

·,·te \.H<e the 0c1uation obtained from oonservat:l.on d' ene rp;y and momentum 

where ii: is the above c o rrected e nergy of the neutrons at r :i.:)rt anc l es to 
n 

t he beam . If iirn tea d of a two body rea ction ·ne have D. t hree body r e action 

then the neutr(ms wi l l have a c ontinuum. of energl. e s between t he limits of 

r r ... 1ax 
""min 

qc," 
- [l{; l Ni5 r~l 

lt"'-
1,. 

All t hese fo r mul ae a re based on the a ssu:::ption t hat t he incident partic:les 

have a monochromatic enerr;y E • In ou r case t he par t icles htwe a spread i n 
l 

en e rgy due to the a lte:rno.tinr vol tu.,r::: e rmd molecul ar ions . Hol'rever it hus 

been c a lculo.ted t hat ·the e xtrapola tion met hod r ives the correct resu lt if' the 

maxi.mum ene :q:,-1.es ( f·rom t he pe al-: voltap- es) a:te used a-rid :L f an app reci nble 
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frac tion of the bear·, i s atomi c . The corr ection formu l a r; iven above hold s 

, on l y for the case of p-ood p: comet r y where e is s i:0.a ll c ompared to Qc:, . 

sin e -= 0.. 
.Ar 

COS t.9-
0 

-=.. /)'t_ ~ 
1\1 ~ 

If the c han1ber has been ca.U or ated by particles of range F\~ then t hi s stopping 

power mus t be co r rected. t o vive t he stopp ing power fo r rec oi l s of' d.ifferen,t 

r r.:n i"e R. ~3 t opping p ow6r - r ange t a bl es hHVe been g iven both by 3othe( l5) and 

by Ma no (16 ). 'l'o c hange t he neutron c: i stri but ion f rom a r\.m,r.:e ec o. le to s.n 

energy s ca le , the numbe r· of one- ha.lf mm. r nn;- e inte:rvalo i s c fa lcul a.ted for 

equal energy inte r vals alo11.f; the fJca,le . 'f he nur.a.ber of t r o.ck s occurring i n 

ea ch e qi..;a l energy interva l i P t hen found by addin;: t ho numoer of t racks occur ring 

in t he include<l 1/2 rim: . r e.nge i nterva ls. Th:i.s number is corrected f or t he 

di scretnefrn of the number of ran,,1:e .i nte:rva.ls by di vidi nr by t he £'actor 

actua l t ot a l N:i.ngo i nterval of nearest whol e number of rG.nge 
inte t·vale 

der-;ired G.ccura.te r ange inte rval :f.'o r e qual enerZ,y inte rv a ls 

'fhe r e a .re two corrections t hat may be app lied to t he d i. et ri bution i n 

e nergy of t he recoil pa rti c les to get a. closer a.pproxi rnat lon t o the or i ginal 

neutron di atri bution . One co nc e rns t he pr o bability oi' a t:ai.ck of' o. gi ven 

len;:: t h H start i np: :i.n t he chs.mber and not hitti ng t he vo:cll . 'I'his t e ometrical 

. . . Tl rt. '2/ p ~ 
correction can be easily c a lculated a s 

P /'t.}. _, r -_fl J - R 11.. ft - a\)1- ;n_ l ~ -, !J?J,- !f~, ) 
c»--J 2 /1.. -'-/ /t ( /\.. J 

where r i s t he radius of t he c hambcl r . For tra c :-c lengt h s up to t hree- f ourths 

of the c he.rnber diamete r , this f tmtt:Lon can he closely a.pproxinw.ted. by a stre i ght 

line and f'oi· our c hrn:;,·ce r ( d. i aneter f., ,.S cm) thi s approx.irau te correct i on fa ctor 

on t he nrnnber of tro.c ~s of len,r- t h R i. s 

Ordina rily t . is factor vn.ries fr0m ctbout l. l t o 2 :in the rep.:i.on of' tn,ck 
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lel'lf: t h s u sed . Another , correction is f' or t he va r i uti on wi t h energy of the 

pr obability of a neu t1~on collid i ng wi t h a nucleus . The neutron- p roton tota l 

... t • '. ' " l 1 t d • ••• ( lb ) d ~1 d eca ._, er1 ng c r or~s s e c non ns.s ueen ca cu a e oy n l fr ner an l!, 11 justed 

to t 1e e xperirno 1tal polnt s . 
'-l1T~2. 

M 
( ~ ,- ,,..--=-,-, ---= +1 Eo 

+-

r1he re 8 i s the ene Tgy of t he neu t r on, e1 iFJ t he 6ing let level bi nd i ng e nerg-,;y 

a :-1d i.' E- ls t he tr i plet bind i n,13 e ne rgy . The neutr on helium cros E sec t i.on has 

been me c,.sured i n compn1:- i s on wi t h the ne utron-proton c r o ss s e c t i on by Donner < l 9). 

He f'ound t ha t n-He s cntte r i r,g decrei:i.se d slig htly f a.s t e1· t h ,m t he n- p sca ttering . 

0. 07 0.89 

E 

The similari ty betr;een n- p Rnd n- !-le s c a tter i n,c has been confi :n,1ed by work 

on t he neutrons f :.·om bor on bombarded wit h deu t eron5 . 'foe ene rgy di s tribution 

of' the neu t r on s ha s been med.sur e d by recoils of :,oth b.::rdr or-; en (4b) and 

( 2"' 
helium u ; . The r e 1Ht5.ve ', nt e n:'3 i tle s of t he lj_ nea ,::e a. s ured :L n He and H a r e 

nea r l y the sa.:'l1e ( r, i t h:l. n e.~pe rj.mental e r ro r s ) . It must be remembered , t hough , 

t hat t he G I r:; nre tota l cro FJ s s e ct i o:1s, whe:r eas 5. n c loud chamber wor,::, uee 

is made o nl y of t he f'o:rwa1·d. sc a t tered r e coils ( ba. ckward acuttered neut r ona ) . 

Fenc e a. val":i.a t:Lon i n t he an.p;u l a :r· d i s ti~ibution of" the 1·ecoi l e cou l ti cor:,p licate 

t he si t ue.t ion . l'towever, Dee &nd Gil be r t (21) 
( ' )") ) 

• . ..::_1__ 

and Janner he.ve s hown 
ene Y.'·f'.'./ 

t hat at l east o.t 2 . 5 '.,:V ne u t r on/tl10 angu l a r d i s t r i b ,t ion o:C t he n- p sc r;. ttering 

i s sy1:1metrical in t he cent er of g r avi t y coordi na tes . Thi.s g ives a sin"-f cos q) 

d i gt r. ibut ion i n t}1e l abora t or y coo1•d j_nd ,e s independr.lnt of e ne r2-;y . Assrnn.ing 

on l y s hort r a nge f o1·ces bet neon t he neut r on and. proton , Bethe h.as c a lcu l a ted 

t hat the ne ut:rcm- p r oton scatter i rr shoul d not s how dev :i. a t ions f r om t h i ,o 

d. i st:r:l lJu t i.on up t o 20 f.'. V. If' t his i s t r ue then the c xperime n. U~ on He r e coil s 

i :nd j_ cn.te not muc h va ri a t i on in i t s s.np;uJ. 2.r distribution wi t h cne r tY • These 



, .. ,. 
- .!. ) -

questions an? sti l l very uncertain and it is J.mpo:f'tiant t o f 'ind e xpe r iluenta liy 

the v.o,.ri:r t i on with e ne rr:;y and ti.np) e of neut:ron s cattering: . Howeve:r·, a ssumi ng 

t he above crone sections to be rirht , the obse;:·ved number s of r ecoil s can be 

corrected to r; iv0 a be t. t el' !iH1,tlmate :)f' the number of orip:inal neutr·ons . 'f'his 

corr ection i s n:N,,t im;~o r·to.nt i n t he l ow energy r eg ion 

'M e h,.i_Ve bombarded a li t hiurn 1.;ie ta l t a r g et with h i gh i.:mergy deute r ons 

and i~,e a.surod t he e nm·gy di stri bution of t he neutrons ,2t 90° to t he i nc ident 

deu t e ro ns . Fou r r u ns were m. i1de wi t h d i f fe r ent ga.see and di:ffei'ent pre ssures 

i n orde r to r.et t he comp let e speetrurn . The se runs 1<vere t :~tk en u nde 1:" t he 

f ollowJ ng cmndition s: 

( 1) 

I ,. ) \ ,, , 

Deute r on 
:-~:n.e r ;r_y· Presst.::c.r e 

6 . C a tw. 

Ca li brated Stopping 

9000 

12CCO 

.1J + Dn 5000 
' 

D + Dn 2:300 
~ 

l·Iumber 
'l' l•a ck s 

10.311-

746 

1026 

7111-

The pos sib l e l!'oaetiorrn inv-:) J.vi ng neutrons ~thicl0 cn.n oc cur :uhen lit.hi.um 

is bombarded w:i.th dev.tc r orrn ar e : 

1.0 

1.1 

0 

0 

X 

• 
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1 . 0 1 

1. 11 

1. 21 

1. 31 

2 . 0 

3 

:+ .o 

6 

c Li b 
Bed ~ fie '+ Ee ' + q,101 

,'3 i+ 4 
* !3e --,,. Be + ~fo + Ci

111 
8 . !:. I+ 

**Be ~ Be + Ee + Q
121 

***Be8 -~ Hel+ -+ He 4+ Q13l 

o• 5 , . 4· r• .:e + ne + 1s:
20 

5 !+ 
Ee - Ee + n + c201 

}, fl 
He .,. + I-10 ·+ n + .- 1 

"'"5 
f) 2 ;.:1_ -, 5 t ~ ;,) / 

Li'•+ D - *i~Ef ' - he + ,G' + ~40 

I", 3 
ne ~'- He + n + o,201 

y •6 2 .. t'3 7 
;,,l + D ~ =~ ne ~ Be + n + Q50 

The work of. Bonner irnd Brubnker ( 4b) Bh owed ti distinct g roup ,f 

The y a ttr:i.. .,uterl th:lf., <_'. f:?H-1: to x-0 8.ct.io:1 ( 1.0 ) nhere Be8 is l eft :Ln its r:orma. l 

!"> 

state . The nc r a a1. stat e of' :Se<:) t ,en comes out unste.ble 'Ni t h respect to l:., l pha. 

uar ticles . "He have co 'lfirrn.ed th.i f, pe ak !md r.et a ,-,1ore accu rate value o:t' 

From the mass s pectroscopic r;tasses of Li7 n . .nd H2 0.nd t he 

( rv,) o 
1,11,H1e of t he neutron [.". i.ven by ;3e t he '"-"- , we can ce.lcu l cte that Beu l. s unstab l e 

by o. o4 re3pe::t to t wo a l pha pa1·ticles . estimate 

i r:; subject to en ·or most..l1r due to unce1·ta:\. ·.·rty ::.n t he :;,topp i ng powe r o:f.' the 

in the: cha r::ber . 
.A 

o·" Be'~ can al. :,o be calculated f rom the reactions 

where ::ioron i. s bombarded with r rotuns . ( 27. \ 
Bethe ) 1 has ca lcu l a ted a value oi' 

O. l UV 
. . ( f&4 , 25 ) 

unstable from the corrected v3.lues o:f:' t he react.ions 

A recent exr e :ri n,ent by Kirchne~, Laaf' and }kmc ::- t ( 26 ) claims to ,r;:i. ve c onclusive 

evi de:1ce t .at ~1e8 i n its "1ormal state is unst::1ble , TheJ bombard boron wt t h 
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protons whi.ci1 f i ves l3e8 (normal) p l us an alpha partic l e and the r e coi l 

energy of the Ber, is 2 . 9 EV . 1llf the ne8 is 1.mst[~ble, then when it splits 

up into brn alpha pt1,·ticlee , they wil l have an an;:: l e between t hem determined 

Q 

by the enerry of disintef rH.tio n o:i:' Bou and the :d.r.e~t i on between recoil a nd 

breakup . Ii' this &~zle i s small enour;h, t he t wo ore,~k- up a l pha pe.rticles 

will enter a. n i. oni~ation chan be r eir!iul taneous ly and r ive twice as much 

ioniz,ution as 
A 

BBu particle ). 

the number of' tlloae coincidenceo ·.:1i t h 1,.Lnrle of aperture of' the ionization 

A 
chwnber C l'Ul be r:-ioaem·ed. . If ;) e'"' i s s t ab le thi f: curve wi ll only increase 

:i.o,1iz,1:Lion c} a mber 

8 If net is 1.mstabl e , t ho i~1crease vd. t.h anr le will be gree.ter 

be les s due on,.y to tl-',e ~-:·1cx·oase in solid 

of a~alyaie Kirchner , etc . co ~cluded th2t 3e1 is unsta~ l e by 0 . 04 to 0 . 12 ~v: 
Donner a nd 13:rubuke r I s curve f' m · the :rest of the neutron sy;0ctru:;1 Wf'>.s 

nei.;.tron wj_ ll dc1Jend cm how the _;> :n·t.i.cles cor.Je a:part r:1.tHi will v:.;.ry conti::-n.wusly 

to zer o .. Lave a level 

to t heir ide thut 1·ec:.ction (1.1) was re.re . We he.vc obtai:'led ev:L deDc e that 
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t hat re~,ct.ion ( 1. 1 ) i s even t wi c e as stronr, a.s reacti on ( 1 . 0) . '!' hen the 

neutron comes off with thi s energy ( 11 .1 1'l:V c orrected) it leaves Be8 in a 

~or this 3 f.V level 
~, 

:~n Be(,; 
( 26 , 27) 

( ?P., 29) 
a nd t he rea ction ' 

r:here t he alpht:1. pa.rt.:.cle ene:c1.ty di s t r i bution indica.tes a 2 . 8 f,;Y level with 

r1 widt h at hulf rr.8.x:\r~Jl.l.lli of' o. T( MV. AJ. so t he rad. i cuc ~,i ve a l pho. pi.n·ti cles 

S i nce t . ieQ retica.l ca l cul:ation s O ~'- ) t nd.:i.ca t 0 a 1n2 level i n a t 1. 9 MV 

t his n ay co r re spond t o t he obce.:rvcd. level . 'I'he f act t hat i.i onne:r and Bn .. bairnr 1 s 

cu r ve does :rwt e l,ow tliie )'"'. t'oup of' ::tev. t •:one r:::uy possi bly be due to unce r t aint y 

j_n t heir c or rec tions f or t he pr obe.b:i.li ty o:' a t 1·a ck of n. .r:,: i vc n fo~: t h g oing 

t hey a:: pUed va::--ie e. f' rorr about +l :.-0 per-cent a t. ~) . J.+ tV t o O percent at 9.9 MV 

t o + 150 perce,1.t. s.t 11. 2 lf.V t::rnd mi(h.-·, well h~we obscLLred a _p e u.K :i.n t h i. s reg ion. 

The neutrons between 6 ;·,t.V snd 9 l.iV a r e no t 1:1ell resolved ir:. a ny c f the 

r ,ms . Hence unt il f ur t her wor'· i s done i t cannot be said with certa :i. nt.y 

whethe r t }v.~se neutro;., s a,-e ba c kJ~i.•umr}, u rn·e so l ved pr ov.p s , t a ils on the 

obse r ved r,:roups at il !,'.V and l~. 5 1:V; or a. hi t:h proba bility of rea ction (5) . 

~Ji nce t he wi dth of t !K: l e1.ele s hodd increa se ( t hose c.is intecrati r,g into 
p 

t wo alpha p~rticle e) f o r hi ther e xcit~tlon energies of Le~ (due to tlw 

s horter ha l f l:Lf e for ()( d i s i ntegrat i on acc ord ing t o th,:: Ge i ge r - Nu t tall l a w) 

we s hould ex pect c. large ··.mount of t a ilinp; of f of t he hi f(?i l evel s 11nd a 

s ort of overl app i nr, between leve ls. However i t r::.f:iy :)e en::pba s ized. t h&t this 
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ovcdappinp; i e not t he oame as s a.y i.nr t h8.t reaction ( ) ) occurs , sinc0 we still 

I 8 have the neutron cor.nin;: of f f i r st , leaving a.rye ;{cited Be • The r e is no ce r tain 

e vi dence f or s ':i.(u ·p leve ls :l.n t hi is re? ion ( levels whi ch a n ~ :f'orbi dden to 

di. s i n t op; r a.te int o two alpha pa.rt:Lcle g t1nd hence l ast lo1w e nouvh to g i.ve 

8 ca p t u :ce of pr otons hy Hthium ;rives t wo s ha rp s t ates of Se above 

17 MV wlrii ch s eem only t o have t r a n s i. Hons to the wide ;5 t~iV state Hnd t he 

• ( :i:..h ) 
Tho expei· i c ent s of Gaerttne r a nd Cr a ne ✓ • which s e emed 

'l.'hi s wou l d g: i ve a neutron peak i n cur 0xper i m.e nt wi t h its center near 8 k"V 

('!.nc: t he exi e r i me ntal pohrts a re c on:)istcnt with a sma11p .i.eld of (1. 2.) 

tor: e t .1,3r wi t h a tailint; off' of t he n.e j_r,hboX"i. nr p roup s . 

'1.' l-:ere seems t o \)e a wi de g r oup v:i. t h i ts cent e r near. 1r or 5 KV. 'J.' his 

WOt.t l d 
0 

leave Be'·-' e xc i ted to 10 or 11 ~'V 1~iv j rr ,.,, - ;, !-.,V or 5 MV and 
- ' • • ' fe , ""15 - -, 

10 !.:V or 11 }l'.V . Othe r evidence f or this l evel come s f'rm : Fowler and 

Lauritsen ' s ( "1) ~ i Fl radi. oaoti ve alpha pa r ticle curve j ( fro1,t' i .., ) . -:-1hen they 

coT:r'ec t t h,~i k' o bserved er:e r .r.;y di s tri bution fo r t rie f act tha t t he r.:, :c oba bi li ty 

of t he bet.a t; ans i tion s hou lct i. nc1·ease a t leas t ,u; ( a: 5 
) , t h.on a very 

11<.'l¼ 

wi d ,::) l evel s e es.1s to be r res e nt a r ound 10 t o L2 LV. 

Tbe s harp rise a t _5 . 8 :CV is r;:.tt :f.'i buted t o t he ma ximum enerp:y ne utrons 

f' roru ree.ct:i.on ( 2 . 0 1) . Reaction ( 2 .0) was d i scove red by ii l ll:l.ams , Sheperd 

a.11d They f ound n monoch romati c 

line of a l pha partlcles whtc i1 had mo t e cnorg;_y t he.n cou l d be a c counted f or by 

a ny other rea c tion . Us i rw t his c: ni.lue , t he ma ss s pec t rog r n. phi c m11e:ses of 

L:. 7, : 10
1+ "ncl r,,.2 ,.-,.•n t'. t h,. , . • t t · l f" t' -"' t' t ... !' "" ~ , -'. ,1e .P - o 1...0G. l sJ.n .ep r a 1.on va _ue o •• .. no mass OI . ne ne u r on 

to hav o fa r:1a.Hs oi' 5 . 0137 u.nd t o be 1.ms1..able ar: s.i nst 
~ ~ 

we can ca. lcuV,1.te He 
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breakinp: up into a neutro1and a l pha particle by 0 . 82 M.V ( Q
201

). We can 

t hen c a lculate tha t if the He5 break s up symmetrically in the center of 

e; ravity coordinates 1t hen it wil l fi;i ve a continuum of' neutrons wi th energi e s 

equa lly distributed be tween 0 .1 M\T and ;5 . 8 riv ( for 0 . 8 MV bombarding ene rgy) . 

In orde i· t o rna ke sure t hat thi o i nterpretation was r i ght we have measured the 

rela tive yields of rea ction ( 1) and ( 2 ) by comparing the alpha. particle peak 

due to ( 2 .. 0) wi th t he continuum of particle s due to (1) and ( 2 . 0 l)o 

'i'hi s was r::ieasured wi t h an absorption cell - ionization chamber ... linear 

amp lifier - biased t hyr a tron and counter set . Bot h a diff'erentia.l (hig h bias ) 

and integ r a l ( low bias) numbe r - l"anr;e curve was measu red . These were con-

s istent in .r:: iving a relative m.> .. mber of dis integrations of (1) t o (2) of four 

or five to one . This together with neutrons from(1. .3)accounts f or about 

t wo- thirds of the height of' t he) experimental curve at ;s . ~} !IV . '!'he difference 

muy be due eithe r to neutrons from r·eaction ( 5 . 0) or to error in the rel ative 

intenei t:i.ee of' t he high and low energy parts of. t he spectrum due to un.cer taintJr 

in t he scatter i ng cross section variation with enerp;y . However , there seems 

to be more neutrons between O and 2 f..'.V t han can be accounted f' or by Li 7, and 

ma.y be due to neutrons f'rom r.,16 . 

It 1 b " d t' t • d t , ""' " • 6 • l t · 1 l 1as een :i: oun • r1a eepara-.:,e arge cs OJ. JJ:l. g;1 ve re a l. ve y a r ge 

numbers of neutrons , more t han be aceounted f'or by contarnino.tion(.:58 ). 

( Z(' ) 
Recently it has been shown tha t reacti on ( 5 . 0 ) eeems to occur . -;;;1 We can 

ca lculate t he enE:>rgiee of dielnteg ration of the Li 6 reactions f r om t he mas ses 

involved and we find Ql+O O. lY.+ MV, Q6 1.6 MV and o,
201 

0 . 82 't.'N . F'rom these 

va l ues we can calculat e t he ene r g ies of the neutrons emitted at right ang les 

to o.n MV deuter ons . From ( 4 . 01) t he neutron e nerg i e s would have a c ontinuum 

from 0 . 18 UV to 1 . 22 UV. Reaction (6 ) woul d e ive neutrons wit h a. continuum 

of energies f'rom O to 1~85 !1.V. Although Be7 is not known we can eetir.11ate 

its mass within limits . It is known that Be7 does not p; ive detectable 
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positrons(40). Hence an upper li1ni t on i ts mass can be estimated as a mass 

heavier than 1.17 by t wo electron masses plus 0 . 5 MV (minimum observable 

positron energy ). A lower limit would be t hctt Bel is just t he same mase as 

117, in Rhic h ca se lt mtr:ht disintegrate by K electron capture, a process very 

hard to detect. This gives limits on Q50 of 4. 17 MV and 2 . 8 MV, the neutrons 

get a bout t he same energies, and t he neutr on group would be presumably narrow • . 

Hence t hese Li 6 reactions may well account f or a lot of t he low energy neutrons. 

This cannot be decided until a good neutron energy spectl'um can be observed 

6 f rom a separated Li t arget. 

In Figu re 4 we have drawn the expected distribution of' neutrons for the 

Li7 reactions with t he relative intensities 

(1. 0): (1.1): (1. 2): (1. 2): (2. 01) 1 : 3 : l: 2 : 2. 

It can be ca lculated that the neutrone f rom Li7 can be explained by the 

reactions (1) and ( 2) with approxi mately t he a bove i ntensitiee and with the 

di si nt.eg:ra tio~energies: 
\ 

Q,10 ,: 15 . 05 MV ,-, = o.olf MV ' 101 

Qll ll. t3 ?f. V Qlll -= ;;: 7. :; . :; 'J ft ,. 
.th V 

Ql2 9 UV Ql 21 -::: 6 MV 

Ql ) -=. l} MV Ql 31 -::: 11 MV 

Q20 ::. 14.5 Ni'l Q201 - 0.82 MV 

It a lso seems probable t hat neutrons from some Li6 reaction are pr esent . 
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