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NEUTR.ON :PaODUCTIO.N BY HEAVY-ION BOMBARDMENTS 

Edward L. Hv.bbar4, llolMrt ).(. Mala, and. Robert V. Pyle 

Lawrence R.acliation Laboratory 

l1Diver1ity of California 

Berkeley, Calilottnia 

July ~7. 1959 

ABSTRACT 

Neutron yielcl• lrom c12, N14, aacl Ne10 bombarclment1 of a number 

of tar aet elemellte have 'been meaa·urecl by u activation method. The maxilll\Uil 

bombar41aa enerpee "Were. 10.4 Mev per aucleoa ol. the izwiclent ion. Neutron 

ylelele have beea calculated by a•euaiDI complete tueioa of the two maclei. 

with u lateractioa ra4U.ue ot r 0 • l.SX 10 .. 13 em, loUowecl by cle·exc:itatiOA 

ol the compoun4 nuclei by aeutron emiaaioa oaly. Calculatecl antroa yielcta 

ue a factor of about two hiper tbaa experiment in the c:aee of .heavy taraet 

maclei, wlth peater cliftereace1 tor llaht taraete. SGme poeeible rellaem.uta 

ot the theory that eou14 lwillg tbe reaulte cloeer to apeemeDt with experiaumt 

are meatioaecl. 
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NEUT.R.ON P.JitO.DtJCTION mY HEAVY-ION BOMBARDMENTS • 

E4wud ~ Hubllard, Robert M. Mala, t and Robert V. Pyle 

Lawrence Iladiation Laboratory 

Uaiverelty of Califoi"Dia 

Berkeley. CalUornia 

July Z7 • 1959 

1. lMTllODVCTlON 

The bombardment• of complex a11Clei by hip-eaeray nucleon• er liaht 

nuclei procluce a larae variety of reactioae, from which aome ot the emitted 

D.UCleoae ue clue to eaacacle proce•••• and aome ue evaporatecl1rom excited 

reautu.al nuclei. Ia the latter ca••· the excitatioa enerat•• have a cou.­

ai4el'&ble aprea4 becauae of etattetical lluc:tuatiODI ill the cucade proceee. 

Ua4el' thea• coaclltloaa, it ia lmpoeaible to eompue eY&pol'aUoa theory and 

experimeat at enerpee of. aay, 100 Mev eacept 'by averapae over many 

compouad auclel aD4 eacitatiOil eaer ai••· Withia the•e limite, theory and 

experiment .... m fail'ly po4 apeement. l-5 

Compouad au.clei excited to 100 or more Mev c&A ale• be produced ill 

hea..,-•ion bomb&rclmeata at the Berkeley heavy•ion linear -.ccelerator 

(tfilac" t. aaci it ia tuualt.t likely that a luae fracttou of the compoUA4 nuclei 

have excitatioa em,trpee app..opriata to tho complete f\leloa ot the p~~ojectUe 
. . 6 

aa4 tara• nudel. Cucade eitect• ahoulcl be of miaor importance. beeau•e 

the ld.uetic enerpee of the l'lomlludiq ll\\clel are 10 Mev or 1••• P.!! a~uc ........ le_OD_. . 

Theae •ompoun4 ouclei are ot adcUtioaallD.tereet 'beeatlee they are often 

hiahly aevtaooa-deficlea.t au4 al'e therefore mol'e eueceptible to a-uaitatioa 

• Thll wottk wae d.oae VAder the auepio.ee of the U.S • .Atomic ltnel'ay 

Commieaioa. 

tNow at Tracerlal:t lA .. ~. lUcbmOD.cl, Call1oa-nia. 
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by t1aaion aad cbarsed•particle emiaaioa than are those formed by Upt· 

pU'ticle iatel"&ctiOJUt. They alao may 1M forme4 with very hip. aaplar 

m.omeota.. Wbether ol' not heavy-ion l'eactioaa will, la tact. be eaaie• 

to iatel'pret oa t.be baale .f>f 4:ompo\llld-nucleue intel'actioaa than are tboee 

pl'oduoed. by hllh-eneray a-.deona clepencla on further meaaul'emeu.te eoa-

. cermaa the d«atlt of the 1Atel'actione. It le lmowa, fol' example, that ia 

ao-..· caeee fl'apaeld:atloa of the heavy ioa will lea4 to aomethiq ieee than 

complete &•ion of the two nuclei. 7-9 

Ia. thia 1\ll'Vey experlJr.Qeat, the avei'&Je m.uabera of neutrcm.a pro­

cluce4 'by bombal'dl.aa a variety of material• 'With c•rbon, Ditl'o&en, and 

ne011 a.uclel hav• been meaeul'ed by an adivation proceaa. 10- 11 The 

me&IUJ'ecl yield& are Compared with tbe valuee that are pl"edlcted from a 

aimple boU-off tbeory by aaeumlng<le·exeltatioa 1Jy ae-.tl'on emiee1on only. 

It ia alao ae~ecl that the compeuad nuclei are for~cl 'by the complete fuaioa 

ot the two nuclei, aacl the croaa aectiona lor com.poun4-av.cleut formation 

are caleulue4 &om commonly \l8ecl parameters. 
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n. METHOD 

The lone eraerted from the linear accelel'ator in Jeveral char1• 

~tatel, aild then pa•ae4 tlll'oup a 1/4-mil alumiftW'A foil which etl"ippe4 

moat of the iOAJ of their re.m.a11ling orbital electroaa. Tbe beam theA paaae4 

throuab a 1-ia. -4iam coWmator. a ateerina mapet, aaotb.ezo l•iD. coWmatol', 

ad ener ay•GeJI'a41na toll•, aa4 thea ateret! the experlma.tal al"n throuah a 

pon in a ~-tt•thick eoacl'ete wall. The ceaeral ul"aagemam ia ahown. f.a 

na. 1. The tara eta were placed at th.e contel' of the S-.t\ cube of MnSO • 

eollltion. the thick tar a•• beiDg m.ouated in a Fuac&ay cup cm the end of a 

·, aolution ... fille4 plua. Wilen thin ta:raet• were ued, thAa 'beam waa moaitol'ed 

'by a hra4ay cup 4 ft bora the exit of the taDk. In ~h Fuaday cup• maaa.Uc 

iielda of ••veral-bwulred ...... were uee4 to llappl'ela the ••cape of lecondal'y 

elec~l'oaa. 'L'he c:o1Umator1 and the external J"a~raday cup wel'e aurrowulecl 

by Uiin. of p&l'af.fia to reduce the ba.ckpouad ia the 4eteotol'. The beam wae 

alipedj k.wbUe the operatol' vie~4 ~·~.Guoreacent plate With a televi•ion camera. 

Juat ahead ot the taak of WDSO • eolsioa wa• ~~ ... cllam. iuulated , 
. ~· 

colUmaor. ,.. accelel'ator OP4l1'ator moaito'f'tut the curl'ut to thia collimator 
;- . 

to •••ify that the Mara remaiaecl ceatered in tbe4-1/2•1D. beam tube which 

'\1Nat tbroup tho tank. 

The 4.tectioa method 11 that deecribe4 by C~raadall et al. 10 Nntl'ona 

emitted hom the taraet were mo4e1'ate4 1n the aolution, aad thoae that were 

captured by WD nuclei formed the a. 19·hr hal!-Ufe Ma 56• Before and altel' 

each 'bombarclm.ent. aample1 wel'e cbawn from the coatlauou•ly ltlrred 

aoluUoa ucl were counted in two lcleatical ••t• of immereioa Oeiaer-counter 

aylteme. For the fblt f•w bom'bu4DMDta, the aetivity waa monitored duriDa 

the rwa lry circulatina tae aolution throup a amaU ahiel4e4 tank which 
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coataiaed aNal crynal vie_.4 by a pbotom\&ltipliel'. lD. thia way tlle length 

of each bombarclment wa.a adjuate4 ao that the activity olaucceeaive 

bombal'dmeata wae approximately ioubled. About aix taraeta could be 

t;w,m.bardecl in a day. with the beam. earreat• o£ about o.ez fA&DlP (averaae) 

-o£ panicle• obtained. tn the Spriag of 19S8 (the averaae num.ber o£ particle• 

per lee il l e 11). 

The ayetem wae calil:tl'ated with a 1-am Ra-o.-Be aource and with a 

.man._. Pu·a- .n. 10\lrce, 'both of wtdch had, ill tum, been callbrate.S by tbe 

NaUoaal Bureau ot Staadutit to ~tbi:n *:l.~L. 'I"he meaaued detection effic:ieacy 

waa the aame for hotb aourcSea. The moderation aa4 captare efficiency hae 

beeA calculateci to be 98%.1.or lla•G• Be aeutrO!ll in a detector o£ eimllar 

aeo-.try. except fos- the beam tube. 10 From calibration• with the plus 

oa ihe exit •ad• \loth eapty and filled with aol\&ticm, the e.Uet:t oi the beatn 

tuM wae ahown t-o be am.all. The 4ifierence waa lea a tAaA 1%. Theee 

artU'icial• aoul'c:e meuuremeate ahoulci, therUol'e, be awtaDle for calcul.atin& 

the detection e!ficieAcy for the heavy•ioil•l'eaction neutl'ona. which haYe 

ecmai4e!'ably lower averaae eneriY (aaaumina they are moetly fr.om "boil·ofl 

pl'oce.aaea ). The coaai4eraltle aapla:r aalaotropy iA the ca. partic:le11 S and 

firaatoa &agmeata14-l6 from heavy•1oa reactiOD8 1\l&leata tu poaaibUity of 

a 1brd.lar aDieotropy for aeuttol'.l emilaion. Thia cou14 make the meae\nted. 

yielo too low beca\l8e of a dieproportioute number of neutron• eac:apina . 

thrMlp the beam tube, e1peciaUy in the thln-taratrt meaaal'ementa, wh:leh 

may ehow the areatelt waoeropy. Ho•ever, thick-target meaauremeatt 

with and without lolutlon in the plug 4o not ehow a aigrdficaDt cUfference. 

The multiple acatt•riai in the thin·t&raeta wu eufficient to prevent 

aa appreciable fraction of tbe beam that traverae4 the taraet from entel'iA& 

the Fal'&My cup. The aeceaaary col'rection wu determb:led by monitol'inl 
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the beam. at the entrance of the MnS04 tank and timultaneou•ly reeol'dlng 

tbe Ji'araday-cup cur .. eate with and 'Without targeta, ao.d alao vri~h tb• 

Fara~ay cup at varying diataneee from the target. Col'rection• of 8 to 

15~. ~r• neceaaary, depending on the thickness and m.aterialotthe targeta • 

.For meuurement• at lee• tban th~ tun eneray, Be abaor'b•l"e were 

htaerted immedlately alter the ateel'iaJ mapet (the current wae reduced to 

an impoeai'bly low value when the akorbere were ah•ad of the magnet). A 

lead collimato-r at th.6 eenter of the e.oncrete ahieldlna stopped th• beam 

that wae ecatte~ed out of the useful solid angle. Suttlcient neutron abaorber 

wa~t placed between the co,llimator and the MnSO 4 tank ao that background 

¢Orrectlone from thll source were alway• faii·ly small. Both thick- and thin­

taraet ba.ekgrour.td eorrectlon• wctre estimated in the sam• way, namely, 

by etopp1ng the beam at the po$ltion ot the Faraday ¢:u.p for the thin-target 

meaev.remeate. · The thick-target baekgrcund corrections are presumably 

t:JV$I'eatim.ated by thie proeeclure, bu.t they w4re uaually a few pett eent. and 

were never more than 15% except 'when the beam eoergy wa• redu.eecl to the 

point whel"e it approached the Cotdom.b barrier. ID the 1atte1' caaea. the 

backaround cOl"recttont were •• D'llleh •• 4K. 

~rlmatal .-aage•ener IY relattoa1 tor heavy iou ia emulaion 

have beez:t obtained by.r Hecbaan et al. 17 Ia orcter to 4etel"JDiae the eD.ergy loaa 

ll\ the 1M ablor'berl &114 ln the target•. range-enerty Pelattoaa for heavy ion• 

·in metal• have been calculated from Heckmau.• • tlata ancl &om raage-eftel'IJY 

l'elatiou for p•otoaa Ia emulatoa18• 19 azlCS in metala~ l.O, ll The range­

~ergy cur••• calculah4 tor C, N, aa4 'Ne iona ue 1hown in FiB•· .z, S, and. 

4, reapectively. Prelirn.iauy experimental ehecka exiat for aome of the1e 
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· 2Z-Z6 
eu~••• and are ill aood aareemeat. The beam eaeray calcwated from 

the accelerator parameters ie 10.<6 Mev/ A. Wire-orbit meaauremea.taJ6 

ud meaauremeate of ranges in em.ulaiona17 agree with this value and. indicate 

that the eneray aprea<i ia about • l.Sft,. 

W. RESULTS 

The neutroa )'ielda from thick target• (ellahtly more than one range 

thick) are given in Table 1. The choice of bombardiaa particle and 'bombar41aa 

encr&y waa tather spotty. However. the reaulta followed. rather clear trend• 

ao that it waa not eou.eidered neceaeary to fill in the aapa. 

The "thin taraet" meaauromenta o£ the e.Ue~tive erose aectiona for 

producinj one ne\ltron. fila• are &ivea in Table D, where o ln i8 cle£ined. u 

the ai'Nter of 21eutrona prGduced per incident ion, clivideci by the number of 

atom• pe1: aquare ceatimeter o£ t:ae thi11 target. Theae data were obtained 

a.t :tull eneriY osaly. heeause of the complexity of the b&ckaround <:orrection 

at red\lc:ed energies.· 

The term •wn taraet•• uau.ally refers to tar•et• ia which the ion energy, 

intel'a.cti.oa erose aection, etc. cSo not c:hanae appreciably within the targeta. 

However,· these qua.utitiee c1o chanae apprecia'bly d.urina the ion traversal of 

eom• of the thia taraet• ueed in tb.ie experiment. We have. therefore, 

defiaed n eU•ctive ld ... ic eneray for neutron prociuction,. T. In the reaion 

olintereat. the neutron yield trom compound·n-Gcleu.a de-excitation eboW.d be 

appttoxim.ately proportion&l to ~, T" the interaction Ct"o•a aection proportional 

to {1 • .. V c/T), and the ion range proportioaal to T1• With these aasumptioiu, 

the eff•ctive eneru ie "f • T0 .. (1/Z) AT. The valuee of T Jiven in 

Table U were calculated in this way. 
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Table I 

Neutron. yields from targets •Ug.btly more than oae raage thick. ia unit• of neuttou per iDCideat ion. 

The auo1ute atancl&rd errors aze estimated to be about 6% except close to the Coulc'IJ.'lh barrier, 

wh•r• they are about SO% • 

lOll! c1z Nl4 < r. 

( 
ADaorber ( ~ ·.Be) 0 ll.6 l0.9 19.1 0\ 0 

(~ 
11.6 

em· 

Calculated lZ1 106 . 'a 78 141 ZOl 
I) 

lS. 
. a 
.oaergy(Mev) 

J 
·~---· ... -~- .. -·-

Nezo 

10.9 

114 

c a. ox to·• 

14.1 

10.4Xto·•· 4.83X u,-• 1.11 x to-• 

Al 

Cu 

Ag 

n. Ta 

Pb 

Th :. 
:.· 

-~ 

17.6 

19.6 . "'" . -4 ........ ·. 11.1418 6_ .. 9)(10 -~ l.OXlO 19.8 l6.Z . 1.4 

I 
..0 

' I 

o.tx 1o·• 
' 

----• -~--~~----------~------L~-'- -----•-·--- •-·--- ---~--- ·----·-~---•:__ -- ----·•----~---~-----~---- ____ _:._ 

18.5 '·' 4.8 

18.9 

N.7 
,. ·.· 

lJ.l '·· 10.6 s.a ... 

1.6 19.5. 17.1 

O.<JS ao.z 

·. 4.1 ·O.Zl 

0.09 
\\ 

'd 
0 ... . ·' . . , 

~. estergle• &ft' -CakGl&t .. &om the raaae data o1 n,.. a, l. aad • aftu .man correctiou lor .. ray r 
OG to•• lll the ari~JPU foil• have beea :I'A&de. ~-
U'I 



Table·n 

ThiD;_taJ"pt meaauremerd8 of tile effecti.Ye. CI'OSa eectioaa lor pnd\lciac Ofte oeutroa. fila. Tbe .m.olute 

ataadarcl erl;or. are eaimated to ba about ,,.. • AT la tile total .... ,.., loeam the. tuaet ami Y ia. the meaa enel'gy. . . . 

ell Nl4 Ne20 

Taraet Tarpttlllckaen AT 
,.,.. ... ' . AY T •m AT T OJa Cml/cmZ, . (Mev) (Mev) (J:Mmul) (Mev) (Mey) (buu) (Mev) (Mev) (buaa) 

Be 9.07 ll 114 1.15 

AI 10.66 14 114 1.31 20 131 1.66 35 1M 1.97 

Ni 7.91 8 ~117 z..u u 189 2.92 

Cu z.ss :t 120 4.75 8 196 4.81 

Aa 14.60 1-' 114 7.1 19 131 '·' 35 18% 9.S 

Ta 9.18 7 117 lZ.O 10 136 lZ.l 18 191 18.5 

Au 10.19 7 117 •~•I Zl 191 19.Z: 

Pb 16.Z6 11 115 10.7 30 186 19.9 

• -0 • 

d 

£ 
t:t • • CD 
0 

"' 
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AU of the taraet• were of aaturally NC\U'rill& iaotopic abun4ancea. 

The iuei"D&l couieteacy waa cllecked by repeatiq a tmmber of the bombu4-

mer,4a aeveral dmea. !'or eample, thick anct t1da Ta taraet• wtare 'bombarded 

wlta th• luU-neray cu'boa beam OD a •• &flereat ... ,.. an4 aave relul.tl 

tbat aped to witbin 1%. 

IV. DISCUSSION 

The afttl'on ylel4e &om thick-taraet cleuteroa bombardments at 

198 Mev lacreue aeverallolcl a• the mua nUD1Mr of the tuaet il lacreue4 

fsoom that of A1 to U. 11 Thie ia bec&Uite the iateractioa ei'OII aection ie 

i.acrnel.ag and tl\e fracUoa of the available energy loat to ~aeeade paniclee 

aacl to charged-putlcle emlaeioa. &om the com.pouact nucleu• ia 4ecreuills. 

A J1UDp ln the yield ~r Th ara4 U ia pr.aumably clue to a cor&tribution 

&om Aaaioa. 

The neutron yielcla lJoom the Aall·eo.•riY heavy-loa boml:tardmeata of 

thick taraeta ahow macb amaller lacreaMa aa the ma8a mun'MJ" of tbe tuaet 

11 h1se4 (Fig. 5). Thla flatteaiDs of the yielcl-va. -m.a•• curve ia qualitatively -. . 

reae.onal:tle. lHtcav.se la th••• heavy-ion reactioaa the OoW.omb 'bal'rler ltroaaJ.y 

a.Uecte tbe lateractloa croaa aecticma, ancl ta hip· Z taraeta the eileeti.ve 

imeraetloa eroea aectloaa fall 10 rapidly with iacreaaiq depth ia the tal"aet . 
that m.oat of the aeu.troae ar• pl"Ocluee4 cloae to the 'beJiaD.iq ot the range. 

Noreover. a peater lractioa of the avaUable eaergy ia d.epoaited in Uaht 

taraet auclet 'becauae cucade elfecta ue preaumalaly emaller than in 

pl'oton or deute1"0ft bom~a at aU:nllar eael'siea. Once asatn, the Th 

and u· poiata are hig!MI' than the Ta aa4 Pb palata, perhapa becauae of a 

colltributioa from fiaalon. U W• ta ao. it ia aot becauae of lac:lt ot fiaeioa 

ia Ta and. Pb, 14- 16 but mu• be becaue auch Aaaion doea 110t procluce much 

a441tioual nuclear exeitatloA. 



It nay be DOted~ t•tdeatally. that tile thick-tarset yie!U &om theae 

heavy iou are two owd.era of ...... tu4• lower thaD. tbO•• lrcm. cleutuon• of 

I!.Uar e.-ray, btlc•••• of the -(teatly re<luced l'aapa of the former. The 

Yillu• of oln olttaiaH. bG'Ql. th• Cbla-taraet meuuemeate at fell energy, 

Oil ~u other hafld., are quite ai~ar to thole bom pntoa or 4euteron 

bora~ta at aimllal' eaerp~a. 11 u ahowa iDJ.ll• 6. 

U lt ia ua..,.4 that all ol the uutro~&a detMte4 iii the MD&o4 tank 

U6 e-vaporated &om C&mpouad D.V.Clel formed fl'om the complete fueion of 

the tucet an4 l.ncttleGt auclei, thea the avel'age a1.UDber ot neutron•, lit 

•sttteci by the adte4 com.pouad. nllcleue can be calculated from the experi­

me•al valuea of o la by ulna the Yelation 

(1} 

liace eaperlmelltal •11tea ol etc' the croa1 aectloa lol' the formation of a 

corapouad aucle\la, are aot preHiltly avauaw.e. f.t il ucea1ary to calculate 

th41111l to ·o'bt&ia ~l"i.raeAtal" value• of 1f. 

Croaa •ectlona for tZ. compouacl-aucleue fol'matioa h.a.ve b .. n 

cBltndated lro111 the claeaical .-pl'eaeioa 

(1) 

A1 = I'Q&II lnliA\'ter of tlte projectile 

Az • ma.1a ll'U.!ilbel' of the tu-.et nuel-. 

T • ldaeUo eneriY ol tile projectile in the lalaoruory eyRem 

• 1z1z1 v· = il t- dective eow.om-. baJ."l"ier 
c r ' (A 1/S + A 1/'J ) 0 . 1 I 



-. 

z1e = auclear ehuge o£ projectile 

. z,~e =nuclear ch&Jrae "ot tarset -

r 0 • = racUu.a parameter of the nucleal" force• 

(J Q = u
0 

2(A1l/J-+ Azl/S)2. ia the geometric croaa aeetion for 

compouaci-nucleua formation 

r 0 = radlu• parameter of auclear mattel'. 

, -M.~ •o • r 0'. calnJ.atloaa of fl c 'tN&"e ma.te tor r 0 o l.IX Uf''13 em 

ad ~.lx·to•lJ·cm. The ealculate4 valuea of (I e aa4 the value of "Rexp 

~iae4 from ta. thin-target 'bombardment• are ta1Nlated la Table Dl lor 
- ·13 •o • 1.5X lO em. 

A l"athel' long Nome Carlo calcW.atloa ie 1'141Uire4 to olltaia accurate 

vaiue.a ot 'R from compot.l~Ut-aucleua evaporation theory. Howevel', 

He-ckl'otte baa clevelope4\aD eap.-eaelon that aJ.vea &004 apeell'Um.t wlth the 
~ 

Moa.te Culo oalnlationa f.o• the c:uee where char,.cl•putlele em.Uaien ia 

uallalltle aa4 flealoa 4oee not ocCUJ" untU after all the aeutrona ue boiled off. 5 

Hecbolte 1 1 equattoa 11 

1 ..... 
Ex ... l' .uD 

Ntheol' = - w. { 
\ 
i 

! 1 z 2 ·3 l 4 i 
1 • 1' y ... "1 y - I' ., + i y + ••. j~ • 

- ) 

wftel'e E._ ta the illitial excitation ene-rav and 11
11 

ta the averaae a.eutron 

bincliag eael'IY· Here we have: 

where A le the mus number ol the compound !Ulcleu•. c 

(J) 
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TIM ._ttatloa ••~"8Y Ex wu o'btaiae4 &om the Jd.neU.c en••li•• ol 

· tM lui._ loaa arul hm tile ma11 4t&&-eacea. SlAce eapel"t.DWJital m.u1 

~f•c•• are _. &Y&llable fol' th• ...aa-01l•Mflclat COIDpO\tftd maclei 

p.,.._M aua.., ... lCJA 'borabat'._..a. _..,. -..re ollhiDecl &om Levy' • 
t.ablu. U .. ._; .. 'btadlAa ........ were alao obtalae4 hom l'elal'eace u. 
Yalu .. ,t 1r oalcvlatM &om 11· {)) lol':· tM cetmpc:Nad r&uct.t pnduced la 

the ttata..-aet e&pel'l~ata an n••eate4 lA Table IU. 

To eh ... tb• ua\lmptioat made ceacenlq cbaraH•p&t1icle el'l'IUatoa 

·a..t Gotoa. L .DottMYait, hat klDdly curid oat a Moate Carlo ealcv.latloa 

01.-.ticlel ._,.rate4 troa the colllop01IM aocle\18 Au 191 .foree4 ill the 

~n.tt of Ta111 1ri.Cta c11 tozae. i 9 TAla panic$1' 1'.-ctiOta -. 

ello•• No&\lte MH both 1M A111oa yleW. an4 c1a ra..t-pantcle emltaloa 

·.aou;w. M lowel" tt.a to• tal'ptt of hi.per astcllo•• Z val•••• n•pecUvely. -
The. naUlte ot ble. calculatloa are atwa ta Table IV. It ia 1eea that the 

IBUilMI" ol <111wtecl pUUcle1 emitted aa4 tM a\U~l~Mtl' ot fi111oa ....-. an 

too 1..U to afiMt •Nlouly Ole mamMI' of ut&b'oM. emitted.. Aleo. tu 
. -· 

Y&lue ol W obtaiud tH Ex • 100 Mev t.a. ill pocl aar-eemem with the value 

o111Mari flo.- HeGJr.Ntt••• fol"lmlla (Taltle Ill). 

Ia ftp. 7 aa4 8 tM ~••leal val.VM of 1t al'e compu .. with 

.. rt~al Yt.luea of 'R c~d tor a-0 a l.SXlo·lS em. aDd 

"'o • &,ix to•11 em. OUau eapes-tm.ut• la4lcat• that the 'beet cho1c• tow· 

·•o ia about l.lxto•IJ em. 9• 14• JO-JI .-. .. wa lattew value. tlae espertmeatal 

•at••• ot it u• couidel'a1tly 1malle1" tbaa th• theol'etical oue. The 

cllu.ar••••t la atro~aa•r in the c:ue olll~ taraet nuclei, but tt ia rea1onable 

to eapect the mo4el to I&U fol' auch auclet, e1peciaUy with reaar4 to charged· 
-13 part!Cle emlaaicm. It wou14 be uceaeary to take r0~ 1.1x 10 em to obtain 

.~al'eemeat between the uperbneDtal aad theoretical value• of N for the 

bea:vter auc:lei. 
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Tara• 

.Al 

Nl 

C\1 

Aa 
Ta 

AD 

Pb 

E 
X 

(Me¥) 

6) 

95 

96 

101 

95 

95 

7Z 

11s.-uev cl~ 

s; 
(Mev) 

11_.- (Vc)em -lheo.. . .... , "c B h 
('anaa)exp 

£X 
(Mev) 

lr • (Mew) 

190-Mev Mezea·" 

1\uOI' (Vc)cm 0 c: 
(.MoY) tbal'll•) 

. ··- -- ·--------~ ------- -~----~------ ---------- . --------- ----~----- ---""----

a.s . -~· 1~0 1.68 0.79 18s7 -·.1 .. 93 ·. 
. -·-- -· 

" . :-
~- . ;y 

IZ.l ·' 5.5 Z6.6 t .. ,,. 1~14 128 14.3 6.1 "·' 2.30. 

l:Z.l 5.6 J6.J 1.03 a.zs 146 14.1 7.3 35.5 % .. 39 

9.0 7.9 31.0 z .. .u J.ZZ 145 10.0 10.4 51.8 ·z.6:s 
8.0 8.5 41.5 Z.69 ..... 141 8.0 11.8 71.8 Z.86 

6.3 10.6 55.5 1.Z7 5.55 128 7.6 1Z.8 7,.1 2.86 

6.4 8.0 57.0 1.33 ..... 1!0 7.4 11 .. 6 11.1 z..aa. 

rb 
exp 

1.05 

l .. Z7 

1.95. 

).77 

6.41 

6.70 

7.06. 

•Note that··tae wea ne:rpu for the apeJ"iiileatal fiaar•• ue DOt eaaetty 115 Mev o:r 190 .w.v (aee Table n). 

ltdtl&--~ ~.f,s£ .:~-)uw• bees approximately ad.juted to 115 Me-. aad 190 Mev by aultiplybt.J 

g ttl fTc 'by liS/ "'1' aad 190/ T', loa- carhoa aad aeoa. :reapeeUTely. 
ltft . 1 ·13 

'"e:xp i• calc:talated &om fllD' f1 e wltb r 0 • 1. SX 10 c-. 

I -Ul 
I 

d 

~ 
t'" 
t 
GO 
OD 
0 

"' 
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Table IV 

lle1u1te ol eompotU&<l•nucleua boU•oU calcuJ.aUcme by 1. DoatrovakyZ9 for 

0 Aal9) excited to 50 Mev ud 100 Mev. For eac:h eneray. SOO evaporations 

wel'e toUowed. 
Number of emitted particles 

~-;~ ·-·· ~ ~ .... -.... -- ..... _..... 

He) He" -Ex • p d t 11'1e1lon N 

(Mev) 
I 

100 4218 J6 5 0 0 6 9 8.44 

50 JS9J 0 0 0 0 1 0 4.78 
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The ebaerved d.pendence of the aeutron proctuction on the bombardiug 

eneriJ' (Table I) 1• qualitatively reuoaable, with the yielda extrapolating 

to aero at eomethia&like the Coulom~ barl'iere appropriate to a rauliua 

parametel" of r 0 .; l.SX 10*13 em. .Mol'e than thia c&DnOt INa aaid, however, 

· becauae the data are DOt auflleieatly aood. The expreeeiou uaed in tbe thin• 

taraet calc\llatiou have been batepatecl over the l'anse for th.e cue of true 

taatalum bomlaudmeata aa.4 atve a tolerable fit to the o'Ne~ve4 yle14•. except 

that the productloa ia conal4eraltly ove1'eati.matecl for the bipeat-er.aeriY point•· 

71D.ally, we enumerate a few of the wu:ertalatiee and eome of the re-fine­

mate that ahould lM macle to the at.ove eimple theory, ancl try to eetimate the 

effect• they m.laht bave n tbe attempt to compare experiment and. theory1 

1. The elaaaical expreaaione \ded lor the interaetioa calculatiou 

ahoul4 be repl&ceil 'by quaatum-mechald.cally col':rect formulae. Thoma• SJ 

baa v.eecl the expreeaiona of .Blatt an4 Weiaakopf. 34 &a4 for the eame value of 

I'O he Obt&iu fueion CI'081 aectiOAI 15 to ZO~ emaller than we o1Jtaioecl .&om 

the claealcal torlimlae. When hia croee aectiou are ueeci, it il neceeaary to 

take r O ~ 1. J X 10 •l J em to obtain aareement between the caleulated an4 

8XJMt~lmetltal cev.trcm yielda. 

I. The iateraeUon en•• eectioaa val'y &ppl'oximately ae the aqu.re 

Of the l'adiWI parameter, I' O' for eael'pea far above the Coulomb 'barrier. 
. -13 We have ueecl the value l.SX 10 becauae other experimenter• have loun4 

. -lJ 
that valuea eloee to WI OAe pve the beat lite to their data: 1.4X 10 le 

reuou'Wy couilftellt with other experirnenta, 1Nt value mueh lower than 

thil wouhl not be. 
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·s. The aaaumpUoa that a.U iateractf.ou iavolve the complete tuaioa 
- ,_, 
of tu two a•cloi 1e well lmo"Nft to be faulty lA aome inetancea. In acic!ition 

to amall en•• eectioaa for the exchaaae of nucleol\1 between ·the nuclei, carboa 

D\lclellater~tlnl tn aacleu emulaiou exhiblt complete 4iaiDtepation and. . 

.trippin.s pbenotl'lft& whica ••Y aceoWJt .for u much aa ao~~t ol total atar .. 

pl'oductioa cro•• aectioa. 6 ~rlmeata iDdicate that 10~ of the fissions 

pocllace4 by cuboa '-•b&rclmelltl ue the rehlt of d.ireet interactiona. 31 

Th.e availaltle exettatiOileUJ'IY 1• COl'l'81poncUasly reduc..S. 

•· fuaio.a 11 kaoWD to occur with almeat lOOfo proba'bility from auc::h 

bombuclmea.ta aa ·cubon oa pl4, SO u4 il poaai'bly a lara• eftect for 1omewhat 

lighter compo\Ul4 auclei. The effect of f1a1ion on the neutron yielc! ia DOt 

ObriOUI e. I• , if fl11ioa OCCUI'I early ia the U•exeltatioa proceea, chal'ged.­

parUOle emla•lon may be e:ahauce4, aD4 it seema poe•l'ble taat liaaion can 

lea4 to a zoe411ctloa 1a the average rmm.Mn ot aeutl'ona. 

J. Chuae4-partlcle emiaalon la cel'tabdy not aegUpble for low-,; 
c011lp0\Ul4 auclel, aac:l the tact that the compo11Dcl nuclei ar• 1ometlmea hishly 

aeuti'OD 4elideat aho1a14 eaha.Dce the ellect. Ho'Wever, the calculationa ot 

Doltrovaky19 fol' c11 + Ta111 -> Au193 at 100-Mev ucltatiOA lrultcate that 

cle•.xcitatlon by cbarae4•partlcle emlaaioa may chana• the neutroa yielcla lJy 

at moat a few pel' cent ill the cue of heavy compouac!l auclei. Calculatioae 

ladicate that a-e.t.ctioa of the effective Coulomb barl'ier of the compouncl 

••cleu 'by the hip atate of excitation doe~ not appreciably affect the ratio 

of chal'ae4·part1cle •=••ton to uutrOD emiaaioa~-

6. The Ukellhoo4 of fonntaa compouacl Duclei lD very hlp ansutar .. 

momelltu:lletatee by heavy-ton bombardment• may l'eciuc:e, or at lea.t affect. 

tile aellti'OD yielda ia two waya: 
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(a) Compo\Uld rauclei are more J.ikely to UD.derao fiaaion if they have 

larae anplu momeata. 35• 36 

(b) The rotational ener 8Y may not be available for neutron emia a ion. 

ln neoll bombarclmeata ol gold, for example, the angular momenta may 

be u hip ae 125 A, aad the rotational euray aa much as -'5 Mev (aes\UD.ing that 

r 0 ~ l.SX 10·13 em. an4 tbat the macleu rotate• u a riJicl sphere). Thie 

could. reduce the nntroa yield by perbape JO~ in We extreme c:aae. 

7. The mu••• &Dd bUlclia1 eoerpee obtalaecl from reference 18 are 

of walmoWb accuracy, &Del the &Yerap bincliaa eDergiee ueecl in Eq. (J) are, at 

1Mat, aae••••· 
8. Thezoe ia the poeelbility that panicle emiaeion may occur be.fore 

. 37 
the eaeitatioa energy ia uniformly dietributecl. 
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V. CONCLUSIONS 

Neutron 'boil-oU calc:ul.aticma baaed oa a clueic:al interaction model 

iAvolviaa tile complete fuaion of the iAc:lda.t heavy ion aad the taraet nudeua, 

witb uaiform heatiaa of the compound atacleue loUowe4 by de-excitation by 

neutl'oa em.ieaion oaly. ove:reltimate the actual neutroD yield• by a factor of 
. . -13 
two or more if the commonly accepted interaction radiue, r0 ~ l.SXlO em, 

ia uMd.. However, rathel' obvioue refinemeDte to t.bla theory can eaaily 

account for the diecrepaacy. Many more meae\U'emenb, eapeclally of the 

reaction croaa aectioaa aad the aaale aacl eneriY 4iatribuUoaa of the emitted 

particles. are aeceaaary be.lol'e a more pl'eciae compariaoa ie poaeible. 
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FlOUlUt LEGENDS 

Fia. 1. Schein.atic bawma of the experimeatal uranaemeat. 
. 12 Fta. 2. Ilana•!!: eneriJ for C ioae in eeveral materlale. 

Fla. J. .1.\aaae ve. eaeray fol' N14 ion1 b& aeveral materials. 

va. - ueray for Ne 20 lone 1A several material•. 
. ..-· 

n,. 5. NeutroD y1el48 from thick-target bombardment• by heavy ion• ot 

approximately 10 Mev per nucleon. The pointe are e for 

121-Mev c12• Q for 141-Mev N14, and @)for ZOl-Mev Nezo. 

J"ia. 6. Meaaurecl valuea of It lD from proton, d.euteroD, 12 and Ne 20 

bombardmeata of thin taraet• at about 190 Mev. The pointe 

areQfor 190-Mev al, Ofor 170-W.v o2, a.nct@)tor 190-Mev Ne20. 

l'iJ. 7. Averaae numberl of neutrone per compoUAd D.ucleua formed by ClZ 

bom.barclmenta at 115 Mev (Table W). Experimental pointe are 

calculate4 for two value a of the ractiua parameter, r 0, by the 

uae of aa aaalll'lled exJWeaaion for the compound-nucleua­

formation croa.e aec:tlon. (lee text). The theoretical pointe are 

denoted by. : the experimeatal poiDtl for r O c 1. 3 X 10 -ll em-
IS . bye, ADd for r

0 
= 1.5X 10• em by0 (Table W). 

F.lg. 8. Averaae number a of nevtron1 per compoUild nucleua formed by Ne 20 

bombuc:laenta at approximately 190 Mev (Table W). Experimental 
f 

poiate are calculated lor two value• of the racliua parameter, r 0 , 

by the u1e_ f;tf an aaeumecl expr•••lon for the compound-nw:leua­

fo:rmation cro•• aection (••• text). The theoretical pointe are 

-13 <leAOtecl by Q J the experimental pointe for r 0 = 1. J )(. 10 em 
- 13 

by. 'laci for ro &: l.SX 10- by D • 



... u. UCRL-8805 

REFERENCES 

1. Jtclward Cil'oae, The Abaolute Yield. of low -Energy Neutron• from. 190· Mev 

Proton Bom.bar4ment of Oold, Silver, Nickel, Aluminum, and Cubon. 

UCRL-3330, Feb. Z9, 1956. 

Z. L. Evan Bailey, Anile and. EneriY Dl•tributiont of Charged Particle• 

from the Hip-Energy Naclear Bombar4mttnt o! Varioue Elementt, 

UCR.L-3334, March 1, 1956. 

J. Doatrovaky, llablaowitz. aDd Biviaa, Phya. Jlev. !!.h. 1659 (1958); 

other r•feracee are aiven ira thie article. 

4. M. Whitehod an4 F. Adelmac, Evaporation Neutron Spectrum froin 

Urardum Bombarc:ted by 190-Mev 4euterona. Jaa. 30, 1953. 

5. Wal'ren Hecbotte, Evaporation of Neutron• lrom the excited Uraniwn 

Nucleua, UCllL-Z184 kev Z, Dec. 18, 1951. 

6. J. H. Fremlln, Phy•ica .!!• 1091 (1 956). 

7. Jamea F. M111er, Jleactlona of Faet Cal'bon Nw:lei in Photoaraphlc: 

Emulatoae, t1CR.L-190Z July l9SZ.. 

I. Chaekett, Chackett, and. Fremlin, Phil. Mag. <\l6, 1 (1955). -
9. likkelaDd, Thompaon, aa4 Ohioreo, Phya. Rev. 112, 543 (1958). 

10. Cran4all, Millburn, and Schecter, J. Appl. Phya. ~· Z73 (1957). 

11. W. E. CranclaU and 0. P. MiUburn, Total Neutroa Yield from Taraetl 

BombaJ'clecl by DeuteJ'ona and Protoas, UCRL-Z06S Erratum Jan. 7, 195J. 

1a. W. E. Cru.4all and G. P. Millburn, Neutron Production by High-Energy 

Puticlea, UCR.L-2706, Sept. 19, 1954. 

13. Kaox, Quinton, and .ADcler•oa. Phye. 1\ev. Lett. Z, <601 (1959). -
14. E. Oolclbera aacl H. L. aeyraolde, Bull. Am. Phya. Soc. u •· !IJ (1959). 

15. 8. M. Polikanov ad. V. A. Druin, quoted ia Oeneva CoDfereace on 

Peaceful Uaea ol. Atomic EneriY• paper 15/P/'1.2.99, United. HatiOil•• 

1958, alao ill pre••. 



OC.RL-8805 

16. J. Alexaa4el', Urdveraity of CaliforDia Radiation Laboratory, Berkeley, 

CaUl. (private commuaication). 

17. Heckmaa. Pel'ld.D.a, Barka1, aacl Smith, Bull. Am. Phya. Soc. ns, -619 

(1958h 

Heckman, Perkl••· Simoa, Smith, ancl Bukaa, llanae• &Del EneriY·Lo•• 

P..oc::eaa••·• of Heavy Ions in Emulsion, UCRL-8763, June 8, 1959o 

11. Bal'kaa, BUI'et, Cuer, Heclcmaa, Smith, aact Ticho, NUovo cimento 

!· 185 (195&). 

19. W. H. B&l'kaa, Nl&ovo eimento ~ ~01 (1958). 

ao. Blchael, Mozley, aacl Arp, Phye. kev. lOS, 1781 (1957). 

11. w. Whaliaa, F~cyclopedi.a of Phy1ie1 J4, 1-93 U 958) •. -
l.Z. Webb, ReyDOJ.U, and Zucker, Phya. Rev. ~ 749 (1956). 

J3. W. E. Bul'cham, Proc. Phya. Soc. (Loadoa) ~ J09 (1957). 

14. U. Z. Oaaneaiaa (ia prea1). Quoted by 0. N. nerov, 15/P/21.99. 

O.aeva Coafereace on the PeaceiW Uaea of Atomic Eneray. Uclted 

Natiou 1958. 

25. L. C. NorthdiU., Bull. Am. Phye. Soc. U4, 44 (1959). -
%6. J.lil. W.ttoa, UDiveralty of California R.acUatioa Laboratory, Berkeley, 

Calif. (private eommwucation). 
:· ~ 

27. H. H. fhtekmaa Uaiverlityhbi Calilo-rftia B..ad.iation Laboratory, .Be-rkeley, 

CaUL (private comm:wuca.tioa). 
, 

Z8. J. IU4cle11, A Table of Levy' • .Atomic:. Mae1ee, CRP-654, July 1956. 

29• 1. .Doatl'ovaky Weieemaa lnetitu.te, Ilehovoth. larael, (private communication). 
•f~. *'• 

30. It •• ldhel'& aad H. L. lleyaold.a, Phye. Rev. 112, 1981 (1958). 
~~ --

J 1. Taraatin. Oedit. Ou.aeva, Miaaoedo'Y', i'ilippova, and Flerov, 

JETP ~ ZZO (1958). 



UCR.L-8805 

SZ. l.arah, Ohiorao, Oorcloa, Sikkeland, and Walton, Univerelty of California 

Radiation Labol'atory, :Bea-keley, Calif. (private communication). 

The prelimiatn·y excitation furlctioa tor tiaaion of<--: U induced by 

-13 carbon bombar<lment aar••• with r 0 • l.S.X.lO em to within 

about So/o. 

JJ. D. Thoma• Univel'alty of California llacliatioa Labor•ory, Berkeley, 

California (private commW'dcatlon). 

J4. J. Blatt anci V. Weieekopf, Theoretl~al Nude~ Phyaica (John WUey and 

Sou. Inc., New York, N.Y. 1951). 

35.. G. A. Pik•Pichak, JETP!!! llS (1958). 

J6. J. Hiekes ao4 W. Swiatecki Unlvereity of California R.eaearch Laboratory, 

Berkeley, California, (private commurd.cation). 

37. G. N. nerov, A/coDI/P/22.99, CieAeva Conference on Peace.ful U••• 

ol Atomic Ener &Y, Uaitec:l Nation•, 19 58. 



Hiloc 
tonk 

II 

I Aper ture 

Energy-degrading foils 
t" Aperture~,\ 

\ ~\\ 

I I I I 
I' 

j 
Stripper foil 

Steering 
I 

magnet 

f 
J 

Thin target 

); ·' 
.;t' \//: • •• : • 

.,~ . 
.r . 

/.' ' .. 
\ 

\ 

\~ 

MnS04 Solution 
II 

2 Aperture 

Concrete walls 

-r~, / 

Faraday cup 

' 



~----~--~--~~--~--~--~----~~-----0 
C\J 

0 
0 

0 
CX) 

0 

> 
Q) 

~ 

lO >. 
01 
~ 

Q) 
c 
w 

0 
q-

0 
C\J 

------~------._----~------~----~~----~0 
0 
C\J 

0 
0 

0 
q-

a5UDt:J 

0 
C\J 

0 



~------~------~------~--------~------~0 
L() 

0 
0 

> 
Q) 

~ 

~ 
O'l 
~ 

Q) 
c 
w 

0 
L() 

--------~------~------~--------~------~0 ·o o o o o o 
0 00 ·~ ~ N 

( 2 w~;f>w) af>uo~ 



. 

~------~------~--~--~--~----~-------0 
0 
N 

. . 

0 
l() 

0 
0 

0 
l() 

~------~------~------~--------._------~0 
·o o o o o o 

0 00 W ~ N 

( 2 w::> 1 5w) a5uo~ 

,......_ 
> 
Q) 

~ ......_... 

~ 
Ol 
~ 

Q) 
c 
w 



. . 

• 

~--~----~----~----~----~----~--~0 

I • I (j) :::J 
I • I 

..c: 
1--

I e I ..Q a_ 

J+l 

L{) 0 L{) 0 L{) 
r0 r0 C\J C\J 

UO!; suo.J~nau 

--cq: 

0 ... (f)O 

0 L{) 0 

v-01 

L{) 
C\J 

0 
0 
C\J 

(/) 

::s 
0~ 
L!)U 
- ::J 

c 
-+-
(J) 
CJ) 
~ 

0 
o-+-
o'+­-o 

0 
L{) 

0 

<( 



. ' ,, 

~ 

~ 

~ ' 

0 
l{) 

1[)1 ::J C\.1 

~~I 0 

~· 0 I 
::::J 0 
~ C\.1 

~ 1-(j)--4 

(/) 

::J 

0~ 
l()U 
- ::J 

c 
+-
Q) 

C'l 
~ 

IDU(j)t 1-0-tt)) 0 
~ o+-

0"t-- 0 

<( 

G (j)o 
(j)O ·- 0 < l{) 

-- (j)o ~ 

~----._ ____ ._ ____ ._ ____ ._ ____ ~----~-----0 
L() 
f'() 

0 
f'() 

L() 0 L() 0 0 
C\.1 C\.1 

(SU.JDq) Nl_o 

-I 
I() 
(\J 

0 .. 
(\J 
I() 



,_ 

·~ 

0 '·· 
I I I I I I 

\() 

l{) 
C\J 

. ..Q • • • 0 • Q. • 0 
" ::J 0 ~ 

0 • • -
<:{ C\J 

0 • ~ • 
en 
:::J 

0~ - l{)U 
-:::J 

c 
+-
Q) 

Ol 
~ 

0 
tn • • 0 

<:{ o+-- - o~ -o 
<( 

,::J 
0 • • 0 ·-0 < •• 

- - 0 
l{) 

--<:{ •• 

-----~~--~'----~'----~'----~'----~'----0 
C\J 0 co (.0 ¢ C\J 0 

IZ 



> 

::~itf£~: 

,; ... 

t . 

. / 

.. 

' . 




