
Lawrence Berkeley National Laboratory
Recent Work

Title
EQUILIBRIUM DISTRIBUTIONS OF EFFECTIVE CHARGES OF PRODUCTS OF HEAVY-ION-
INDUCED SPALLATION

Permalink
https://escholarship.org/uc/item/7md0j6bg

Author
Steiger, Naftali H.

Publication Date
1963-05-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7md0j6bg
https://escholarship.org
http://www.cdlib.org/


UCRL-10806 

University of California 

Ernest 0. lawrence 
Radiation Laboratory 

EQUILIBRIUM DISTRIBUTIONS OF 
EFFECTIVE CHARGES OF PRODUCTS OF 

HEAVY-ION-INDUCED SPALLATION 

TWO-WEEK LOAN COPY 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 

Tech. Info. Dioision, Ext. 5545 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



Submitted to Physical Review ! 
~- ---- i 

Er.JJII.tm~JU DISm:ri:3tfnOtiS OF EFF!S!Cl~IVE CHl\RGE3 
01!' lRIJWCl'3 00' J:mJ\Vl'-IOI·t .. niDUCJID SP!\LLl'\TION 

' No.tta.11 H. Ste lgor 

l·l\y l,t 't$6, 

/0 cf"()' 



E<liiL.niiD.M DL.~IlUBJl'IOttl Qti' 1:~71!·~.1!: CRAOOli'S 
OF MtOIJUCTS OF ilEl\VY·lOU .. :UWC!!O S.t?ALT.A'nQti 

lfat"'ta.li H. St'A11SQr 

. ~nee RadiBM.Ol'l Laboro:tor.y 
University of fJt.tJ.ii'omia 

Der.rk.eley, CQ~olifot-nia 

May 1, ls;6' 

A detailed experimental study ,IU made ot equil1br1\Dn dietr1but1ono (41.'­

efi*eotive obargee ot heavy ~ioles of nuoletl.t' cbar'ge Z • 66 * 1 ('l'b,Dt,lb) in 

the wl.ooity ree;:lon 2.,a.o8 to aOO..At 6.0xl08an./eee, 1'b0 partiolos wrG generated 

· by beo.vy-1on-1nduoed nucletU:' roa.ction ot the type (Bl ,xn), by bombat'din$ va.r10WJ 

taree'tG in the ran earth region With iOtlB of c12, N14, 0).6, YJ·9, ne10, No2P-. ibe . 

resultant heavy roa.otion produotc acllieve cbBrge equilibrium in the ~t nater1al. 

biltore l.eaV"Jng it. ·CMrse ... stato protob1lit1eo tor: ottect1w alm'sea l>etween ' EUld 

'' wn toulld. 'l.Mir d1etr1but1on tor a certain V~Slooit,y ~ be approximated by 

a norrna.l distribution. 'l'ha mean cbo.rges obta.1ned from theao di.atr,butiona tit weU 

a linear dependence on the particle velocS.ty. 'l'bese moon cl'm.rge values ~, tar 

tbe vt10le wloo1ty region studied, be revrosented by lbbr'ca I.\IPlll'OXima.te tbeol"y~ 

Yith tbo addition ot a factor ot two Wbiob ~to tba "'state ot condensation" 

etteot. 

For ~ uampt1on that the electrons W1tb amall.eot b1n41n& are atrtppe<l; 

"oy =- 4.9 for '.{v) ·f·· 2.52Xl08cm/sec 

and-y • ,.,, for (v) • ':>·97>tl.08C'I!fl/nc. 

Por tbe assumption that the OUtel"i'IlOSt electrons Gl"e &tripPed, 

. '8 
~. 1.2 tor (v). a.,2Klo·cmjeea and 

. 8 . 
~ • 0.92 tor (v) • '·91Xl0 om/sec. 



~~ , CIC Jta I 
11o~t,ture 

1fl'lm."e !""'tt tncreNlleS wry BU.q).ltl,y wi '~h •· 'l.ll$ zn£l611tl..ldl!tra fouw.l tor tl'J9Ge ro.M.oa o.re 

in G{~l!~'Sllt vith l:obr•s ps"Gd.i.ction. 



... J. .. 

n-r:r:rr,.."Ern::'.JH :o:r.:;q:·.rr;TJ?PIJ)?lJ OJJ r;r;~rr·.v:;.rf.'.Y\ii·~ C':t~::::o:n­
oc· xnu;'},;:c'.J~~J o~· J..\. >NJr ... :w.;:z .. :ur:.vc.::,;~,;r U<'.""r..'IJ':.I.~.(I'J~l» 

l.O.'\'ll"<\llll(~\3 nr;zd j.(~.t 1.011 to.h~.r-i .• l.?>t·.:ney 
U1d:~t'll.·r:d ty o:C Cnllz'cXF.'US.J.JL 

l:t<;)1:'l!m.l<~;v, Co.:Ui\'m1ta. 

eolliaio~'l.'il ,.rlth tha sto.t:ton..""l...-ey L,to:.r:m of tho 1W<liw:1 trlilV'<.'!l"ood. Thill vai."'Y eo.:rpliet.J.te<l 

~0\'}Stl r"z.~rm.ltO in tl¥1 CIYtl.\hJ.ior~ncm·t; Of M CHJ,\11l1briU!ll d:J.O't~:A.·ihution Of Cb.S'J:"c~lOt 

Fl"O:-a ouc.~h a diot.\":1.\.,u·tion tho CllL'Jit"MtGr:J.s·tte f;WJcm cb.:.J.t'gG r.k'lf' bo obta.111cd1 '!;ihich ro .. 

lBtem to rn1 clo:nont of tba p:.ri:.h of tho r,~ma:rt ... 1'0til.'lg l~i.cla; . thia :r;>!lt.ll ia lonG 

erx:n•ch to 1l1clU<h a l.f:lrOl' nmtbni• of. ch~G"'JooO>:cht:l.t'l.g'a co1J.io:tono 1 but U.)O short for 

tl1.'ly o~Vl?!:(Win.bls al..o\-11i1g <li.)\J'J:1 of tho p~1olo. 

In @'JA~l. t110 equiJ.lbr.iWll r:lCru.'l ehn:t~c;e {z) of' ~l <rool .. C.Yltic pm:'ticlc \IDen 

trhere ~ 1~ 1 and v ~ nucloe.l" cl"'D%'&"<i 1 Il.llWI! 1 ond wlooi ty of the tlOV'itt.a lJ<.'l.rticlo 1 

mod_ ~ and An t'.ra the nu.cleo~ cllCll."CG o.nd· tha IDOGIJ of' tl~ atoms or tllo mod1:~:~n. 

Thoa:ro nppct.'l.t"a to be no rifpt"OUS tl~ at ~SOLlt nbout tba cho..t'G~ <liott"i• 

butioo of' ooo:o~y po.t'"tioloa oo a tw·1ction of' too vw:o1auo footoro oll0\1'0 111 J::q. (l). 

~\ly fc::t4" 1l;'J'(1roC011 ca:to:;.:o ~:tne 1n a s~!Odiun or o.tcxaic bydro(.)"'.m has a. Q.UC.1.ntwooiiiCcbon1• 

~ oo..l c:.or.Jl"'C"..Ch 'bctm oue~oo!'ully uood. IIJJ an mron.~ple tl» 'WOr'h of Il:..\tea et o.l. 1.G 
1 . . 

rnentionod. OthG1:' 1"00tl.r.xtrl uoecl O:t"' highly O.PJ!l"0;)=1.rur..to 1n cbr;;.l"O.et<!lr 1 mo.1 . .11ly lx10~C1 

on otutiotic>At coneidc~-rnt:1.011B 1 &.nil ~ not i.n voa:•y sa.tlof'o.ctory OO."'GJ;.lCn~ trl.th thtl 

e~Cj_')(!~:l!;ents • e-9 fhpirie<..\l fo.ctol"G hrrll'llll ~fOlt"a been in'tMNX'hlcOO in 01-oroOOI" to o..lluil 



1957 end a diaeuooton of tba lllJ?J.>liaahility ot tho ~1ct:b1g tllC'JOl"ies ~ ~em aiwn 

/by ~~ld..lO 

'lbl study ot cquUihri,.cn d.:.l.atr.ibut;:lona or a:ff'actiV~t~ ciY.l.\"(!,00 of ll'lOV1rlg part.1cloli 

1e ot co::ltl:lilcrebla thsorctical tm wll ea ps:'04t1aal interG~at 1n a groat vo.t"iaty ot · 

tieliitl. &l.ectron OOJ;Iture m:ad loco ~1m corwtitute on iJl.'lpOl."tru:l't J)t"'OeOB by 

'Vhich lcu-enat•C'3 heavy partioleG l..ooO etlLWE~Y tn peooiJna th:.•ou{;~h r.o.o.tto,_. 1 end. stu.<1:r1ne; 

thaiu ro.ey ,.n:g;ll"'W our still incn::l:()lats ~ata.ndma ot th.1.B Pi"QC("oo. Chf~'l:"{~ cqui• 

libr:t.a 0>.\"0 0.\00 of f'unrJc.r;JQUtal, intereot in 1mfeoti(;1il.t101W Of radto:tion da::l(ll{;1) C01J.se.1 

by cl::r..l..'t"!J.}Il hf.;)o .. vy r.ort1olco, or biolo~iou..l eff'octG I an1 of. bi(!)ll;r chorc.:,'~'.!ld IX1'ct.iclec. 

ot coa~da oriein. In recent yc..."\t-o t.'ho importance ot propertica of recoiline rmcloi 

os a sourca ot i.nfCIZ"i.iJ!1.t1on on nuoloa~· rew:rt.ion oocha.ntm:uo h~).S boen i"ul.ly l.OOCCCI(}n~.:::.e:d.11 

ltDowleda;e of tb3 ~ diotributi.ona ,of the particloe~ genoro.tad. in tha uucleu.-r rc3CI.O• 

tiona il1WOti{p.tod. vou.1.d c;l"<JKltly iL'1;1,1l"''~ the 1ntot~o:rotat:1.ona of tho atud:tocla !.n 

connection vith e:ldat~ b.cavy-1on ooc(.l!l.et'o.tora w')d. fut'llt"'e o.coolero.tor 'lwelorm:mto; 

as vall os in tho ooa.rcll tor furtl¥Jr hoa.vy. elements \xriJOnd l.C\1l""Gnoium 1 tba ch:rl.l"c'Q .. 

d1.atril:rution stud1111a a.ro lll.l.Go of oono:l.clor~:.J.ble J?l"'l.'},Qti~ i.nt<rroat. 

Thl SV't\11ablo cJq,:lO'!r:ll:x:mtaJ. Clatrl (l.i'(~ trlOtltly for pc;lattic.loo ot z
1 

u,p to l.0 (ft.r) 

'beemu:le ~ ho.W booo 1 DO far; 01lly l:i.mitod pooa1b1lit1ea of' QO(.x!ler'~t1llG '' ar:f 

~" iona (that 1s 1 ~ > 18). 1-:looo'\.lX'Ot:tGntS ~.ed. m1 f1ordon frm&~nt~ \J1l1ob 

~ 6 cont1nl.¥)U£1 Gl:Yreo.d in nuoloo.'t' cllD-'!f.'a 1 eon be relat.Gd only rougb.l.y to Or wlCl Xtt, 

Vbioh rc']ll~ent ttr3 rJOSt p:roh-:J.blo nuolea.r chareoa •ln,l' EKpar1l".lOrrtal otudioa f:olt. 

portioloo ot b;tgh nuclerl.l." cb:ll"G"O would tbor'of'ore bo ot ~-oo.t. intereot tor ony f'IJrt.bor 

t.tnot and turtbor clcn"alor.t..·)('mt ot too ex1Gti113 ti»orioo • 

CpollAt1on pro:iuc.-to resulting ho.:r1 bmvy-ton .. induced nuol..Q."'l'..r ret'LC't:fono con 

be rJl"''iluc~\ 1n (l wlda crritre::~ 1ntcrvcJ., 1"roin B tov Nc:V ~., to 6 taw te110 of n·.N. Guall 

~uCta of'far 1 thm"Cfore, an . oJmoat un1quo poSOUl1l1 ty fat' tl.ttl ctudy of' cho.r(?l) 

equ111br5 a of boo'U"Y' p.'Jrl1olea pocoossing even hic~}M" S, tllOn too t:taaton :f't"U:ry.tGnts • 



-) ... 

dlo'i.it• ; but:!. c);.).~ of l:.i'l!Xt-v:r :p:.1~M.o:tc!l or l41.\'C1o:11::" al:~:.x·c;e ~~ ctl 66 ± 1 (Tb tl>Y 1tl.nd lh:>) 1.n- tllll 

vo.l~c:U;;y rog1on f.!r"..J:il ~.5 ~~ 1.0
8 to n.oout 6 x l0°r:$n/s\'ifJ• Oom0 of the results g:lvon 

. . l 
'llr'....ro b~J.ve o.l:t-e~ ba<.m . preo~nt.;;J.:l • 1 • 

1J'l ol:oooitx~ ttw nuolcrxr 1"'t'!!oot1ono to b3 ut111.z~!\. tho 1.ntont1on '~~~ to f'~.11d 

o. ntntcr of roMt1ono \·thiah. 1doatly ~1ll.c1 Bll lodld to tll!l OO':.o rr:!Jrlr;:.;ey t)J:O.l1n.t1on 

1?t"0<1uct, o.n•l , .. rhl.ah ohou .. l.d rooult 1n no \11tlo a vo:too:tty J"'.t'l&'\l en poootble. A tn.t·lbar 

ot ror.tc-t tono 1Jld.U~l<'l b"J OOCI.Yy ,.OUt' (tf.C) ,IOro tber-et"ol"'Q Ch-00011 1 oJ..1 Of'c tho typlJ . 
. 1~) . . 

(Ire ,l:n) 1 no .. '1t of' ti;len lend ina to 6G!'J:/ GB thJ prin~ a.r.atl.a.t1on pro<luot. In 

aoma e'lOco, oo n Cc)l11promiso, for <XWOr1nG n corto.:1n wloo i t;r ro.nc.."' or t:bo roou1 tirltl 

h0o.V"J po.:rt1.clco roo.et.iono leading to 651J.lbl'¥.;~ o.a ~roll C'.S reootiona lorul:tnrJ to 67t'k>149 

wro t)J.oo cll:>3cn. An 1o dioauoood l.o.ter, thta di~1~e .~"1 • :tl d.oGo not ollO't-t nn,y 

dotactabl.o 1nt'ltiet1ce on tho reoultn 1 w.'1.<.1.cr th~ e,~1.:mfll-.toJ. con~'UtioricJ desC!i'1bod. 

Th.o otut'ly lw.d to b0 lim1torl to roo.ct~.ona for \lbioh ev:l.del1eo tw. ccx:tpound• 
. ~~~ . . . 

nuclau.a mcch.'.lll1s:m b:>.d bean p!'Osontet\ • V'or thmoo re.'lctiono tho men wloa1 ty 

ot till or,al.lJ~tton J?1"0<1uato et.m b0 ooJ.culu.tO<.\. · 

Tl:a hcnvy 10l'll3 t~ ol)'(;o.inod fran tho lbrlteley henvy•1on linOO.r ecoolercl.tol". 

(Ililc'...c), t-fAiCb Q.OOOl.OrtJ.to$ ions to 10.4 t O.Q t!JDV/mnu.l7 Magnetic deflection was 
. . . 

used as the charge-analyzing method. The heavy-ion boa~n '\m.G deflectoCl thrc)\JCll !}0 des 

'by e. llOncllrt..c rrrie;nct· bofO'J;'t:ll roaohtns the do1.'l.oot1on c.~"111:~r. A scbat:ntic d10..f;.-t1m or 

too L1Dj>'1Ct1c d0f'1oct1on chai.nb:~r j_a oh~m in FiGS• 1. Tlli! heavy-ion beam, enterinG 

tho cho;:Jt~, p:lOooa th.rouc.u &'\ ovo.l-oh.'lped opcn:tn(t (oollin':'.tor t•Jo. 1) 5 tt:ll b:!..()ll . 

end ' r:ua tr1c1c 1 and ~hen penatrn.tco Wl Gt~'f'roprie.te number ot de~.Hng foilS • 

Tho ro:ibe~l:'!Jl(<~ &t:'IM.'rJ::I v.'l8 var~.oo, usUlllJJ.y I!U"f)l..U'ld ~ pot11lt ot tho Cl,:Cit::l>tion 

i"unct ion. of' a portiou'l.w.:- rcc1.ot1on1 DO long no thO ~action orooa sect:ton etill 



... )~.-

hit 1.;\"'" tn;r.."c;crt; cU.'\Jc·:;;. .. r:on:1t.ra:th13 1tr:l txl-cldnn; unter1al. 'l'ha ra~ult:.ne arpa.llo.tion 

produ;::;t.o, toc.;ctl:.~t:~ vi th th() 00~1f"J .. ion beam e,.'l.c:t.·etng !'l:'all tho to .. t·t:;~:?t, pr..oood tl'i.i"'Ou.[;h 

an cil.\i:tt.h)n.~il olit collir.nt.ol.• (collir;;::~tcll:" !h. '} ot th.e r.xJ<::O d1lne11r·l1.C;~~'l0 on tlll3 

plt\ltv.tO'~l.a 000 • D.ltc.t..•i.n.z; tho ~ .. "'LllJ .. lrlr:.;h gt~p of Q. J::Ct•;.'iC.nC.."llt t¥:'\('llet Of' }l~(J (.Y1.UDO ftolcl 

, •·.If ... , '5 ''1" •. , 
..J):.r .'+~:... · ·r .:~~ 6o_., . r;c 7 

&1 uutco..··r;~Uo(;.t":::.;·.:ll of the co.tc..'ttCl" i'o1.l on o. r:-2 Il1'<:>rd. Uucl(D.'r.• 'l'l.·nck :Pln:ro :f.\'>r t~bout 
. ' 

' ll~!1g ( t1 "' ..,. "'t . r. i"o'll." haJ..f-l1'ir"C:lS of' 1b "' • F.UW oo.tcl:c:l• fo1.1 V'..:ul CO'i/'Ol'"eci by e. "'J'Gry lin p.~ :·,c .COO\.• 

function of' lb'-Jrlzont.s.l d1.rrto.nr.:e from tl.l.O t;qton o.xia. 
18 

't •1" "'i ..., (',.. ..... •-~~ A•~ o.r>· t' ~ ... t~.~f.·c"'"' ''~J' ~·,.r.• .,._~'·.·~"'l•''.l.nd_ ........ .,,..,._ .. -l".ifl 6.- ,... ... ""''lCo···'• .. ':.f-rl ... '"-'1 .• ; .. I!Z't~ . .I..LL :n;. .. rJ .;"\):;<.--. 4L;• .. !'·'" . J. • •. c\.1..1) .:. .... u;, ,).1...1 •• •J ... ... .JI'.JU \AI VQ .... ....... -~ • ._, 
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., .. 
tba oatc:bar toj.11 e. ~t dif'f'uae line was o'btai.ned 1n4ioa.tins £:} activity induQia.d 

1n the catcher toU and ita plAstic cowr.. Furtberr~ra, lone-~ a tr-~lrs, w1oh · 

could be ol~ly d1st1nguiahcd trom tbe obort~ ra.re earth ex trackS, Vt.t1"e tound 

at tl.loae places. 1'b.eGe lone~ tro.elw oore attributed to ct acrti.vtty inluoed 1n 

beavy-ele:~nt iral:>Urittea t~»t1st1ng 1n tba catolwr toil ma.tarial. 'rest eJCperlmento 

tol.law:Lns tbe n activity of t1» cc.tober foU 1 starting trom tbD tjme Cit end ot ban• 

ba.rdJ:nont el'.o'wed tbn.t o.ttor a cool1l'l8 period. ot abOut 1 b; the o. activity U ~1· 

· oally ~ by tho 4.J. ... OOu,r balt-11fe ot 1't>149a, Ib11eVe'1'1 a cel"'tain amount ot 

long-liwd long-ranao c~ activity tra.cM wro GJ.vra.ys found on the plAte at the pl.e.cee 

OC>n"'sr.x:rndinS t.o Wbero tho beam hit tbl ca:tchcno tou. (See peo.ka ot induced o-aettvi.t;y 

in F:1g. 4.) 

'l."'he positton ot too ~, wdo on tne catchw toil, Vhlch corresponds to tbG 

i 
v1tbout tw1.ng a to.zog<!t e.nd with no ~~tio f·: el.d o.p:plial!. 1\14 under tbG e~ntal. 

I 
diatonce betlroeu the zaro~tlact:.on position· and tbO pos·ttion ot the deflected boeJla 

j 
was used tor oa.librc.tioll of tb0 ch.."U"'GG-stc.te ooale, Tb.la dGtlection vaa deternined' 

by n.ea.ouring und.er a m1C'.roacopo th0 distances bot\ro~an tho ind.u.ood t?-ooti vi ty linea I 
. I 

! 

on ttw nuelea.t" e:nulaio111 oa wl.l o.s tho d j.oto.nees botwcn tr.AO linee obtained directl,y . I 

on the catcher toil. by bonm-1nd.uced. burn of tllQ plastic coattns. 

The betun-de~i:!.na toils UBod VCN mootly oa::~ero1.ally tlVni.lAble rolled Al . 

toUa. 'l'lle moOJ.l thickness o-r eo.ell toil tor o.n o,rea. of ~ am9 vas obtained by o..n"' 

0 

I 
I 

chw)l!e th(l)ir area \ro:tght or even burn th&i.'l1 the followi.nc p:rocmutiono prowd d.e~::uirablea 

. 2 
(a) UsuaJ.l.y on.l.y Al f'o11o of a thickl1oaa of nbout 1. 7 mg/cm wore uood. lJhon it vas 

ncccooa.ry to dGu~\'la tho 'boo.11 to t'l.'l:nut M.lf' onarg,y, a nur.l.ber ot D3 toilo of thtclmess 

ot O.l)()ut 10 lll(!/c:m.'2 ~o.ch 1·rero UOG-d. 
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Ti~ hc:)Ll l•!"lfnlo \1i:_1;.'_'d tliU3 \1'.;.,r:ict1 1):.)1(1 Ol.KJUt 10 qJA (.ln CI;'VJOCI or ltu.·(.~(:) 
. . 

n 
co::tpcu"il'IC tlil:.l rocnt.1t:.:t.r.\·t C.llfJJ:•co d1.t.:l'tl":1J:)l:~t1ono s.t could l1.o rJh:>tm t£.).:1-t ror l.CO lt•z/c.;t" 

tn.r.-cct trlt<"..lzY~ao 1;·;oro th:JJ!1 ~;);t., of tho opc::.JJ.c.:.tion JJJ:"txiuc·to lo:.t~·c tho tl1r()~t u.f'tcr 

o.ch:icv!nc ch:l..l"Cet equ11il:a.• um in it. It t;e.o .f'ound tbc:t equllibr:lum ch':!.i·c.ro cl~.r:rt:.. .. !l;u-

"l 
tiono l1Cro obta.1nrJd1 1n practice, f'or torc;•~to th:~ cl~m· tl'lO.tl Z} v.e/cn'·, '·Thtctl COl"':t\"ZrG;~·.ont.'ia 

17 I P to n'''··~ro~~ 10 o:t::cJ.'l c::l". '1uia 1.o of t.b.o o:;;;;o ordc..'T no oht::t:11\C'd by lUl;olo.<:.v ror 
..,") 

1.\o'e(l.V'J iono in cclJ.uloid in tll<l DOiac 'ltcloci ty t~l(3J"on. r. .. .::.. 

otop c> ... ll tlltl .. p~iclca 1n it 1 but l:J;f1·rti at e. m:Jnbu.r<l oo t.hnt tb~ra lrould be oa'ly a 

cini:n:..u of boo.m-inCluccd raJ.:too.ctivity 1n it O.."'lt:l oo on to o..ocruro c:ldt of tln r.lOJ~il?.Il.Lu 

nll!::.b: .. --r ot (X zx':l.t"ticloo. !L'l'JO th1CknQOOOG \.lL1cd vc:re b-:;t:trocn 0 ·1 me/ c:.u2 o.nd o.bout 
0 

1.0 r;;c/c:l'·. 

port of tho c2::r.<::r1mouto, . tho to·tcJ. nu:c1.bor ot £)],clln.tion P1"0Cluc-ta e.~~.cht uea c~:"~pro.t:i• 

roo.tcly c~:::-Iot.c.nt. · Ill th:i.o '\.'-'r'<\1 tblo l1.m1 to o:f' oto:tiotieo.l t1COUL""Ccy \ro!.t~ o.bout tll:l an.-~ 

fC'Jr tho ltai."[;Ql'" pw;-t ot tlt'U'ly ot the o:~r:it.ICln.to. 

All tho <:ocpcrtD"";.mta UC'l"' tx:)rf'or~,;~:Ju at a. pre13m.u-o of 10 -IJ. rum Hg • 
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III • EXPERIMENTI\L ANALYSIS 

The spallation products as well as the beamparticles, after entering the 

magnetic field, are deflected accord:l.ng to the well-known equation 

Hp = E X c 
e x z (2) 

where H is the magnetic field strength, p the radius of curvature, c the velocity of 

light, p the linear momentum of the particle, e the elementary charge1 and z the 

effective charge state of the particle • 

. In Fig. 2 is shown a schematic representation of the deflection geometry used. 

Here 1 is the length of the magnetic field, L the distance b~tween the end of the 

magnet and the catcher foil,. s the horizontal defle.ction of a particle by the time 

it reaches the end of the magnetic field, and S the additional deflecti?n the partie] 

has experienced when it reaches the catcher foil. On the basis of Eq. (2) and from 

pure geometrical considerations it can be seen that the horizontal deflection x on 

the catcher foil of a particle of i~ certain mass A1, velocity v, and effective charge 

state z is given by 

X= 1 - cos arc sin lHe z 
A

1
c v 

where the deflection angie a appears in the form· 

lHe z 
a= arc sin - -A

1
c v' • 

1 

Sin lHe z 
COB arc -A

1
c v 

The first term in Eq. (3) represents s and ·the second term representsS. 

I 



F.l8'Ut"Q ' 1s a ,Gf:"':'l'~ph1a nl!:t;il'of:.:i-1J.rt..•:~tton ot Fttl• (3) 1 gtvins too bo:t•1.timxto.l do ... 

:tleot1oo lt o.s e. t'u11cftion ot M(tvy-1on wl.oo1ty1V' (oolid lJ.oo). Tlv.D rat .to ~/z ,_g 
the &t:!ma i"or ~:ll.l tho ronb~1..t\'l .1onB used (exca:p1t Fl9) and f'('Jt' tho. ~peru·8:rn·ta.l er.ml.l1• 

tiona applied eqmua 2J l m 1').2 em a.tld. L a ,., etllJ B • 3150 cnuaa. 'I.'1le points 

sea ttered nlong 1;110 Uno e.r<:l tll.O t{l('~an . x · val.tlOG obtl:1.ined t"J.•Ola tbi:J ele;.eriloontal &;,ter ... 

JUinr;.ttion on cat.coor fo::1.1D a.ntl nu.clero• trook plates,r::\0 ®oer1bec1 betare 1n nea. IIJ 
I 

they· tit tho r~o11.<1 CUl'"'\1'\3 wll, Tho Vtl.t'1o'US c.:bat•t!::;e otute::» ot the dofl.ect.oc:\ roc~t.ion 

~uct 'trero thuS iw.m't.ifi~'<i by ua1tlti Eq. (') 1 aubt3t:l.tut1n.g tar-~ tho f:lllf'JG of tr.e 

tintll ntJ.C.le~ ro.o.ction produC'lo and for v the neon wlocity or th~so p1."'0<1\.\C..ota; (v) 

[see Eq. (5)). 

t\JO coltt"!Ul of Tc.bl.a I. E'.)rper:buental 1nvaot1.('}J.tiona o~ 1.~.10 recoil pro:r;~iea of t1Yl 
. . 

1'1noJ. r·l"C(lucta of roactionaJ of thia tY'.(X.'J liave !Jl'"O"'"ioo!l o. teat for the vo.lidity of t.~ 

statiot1.co.1 o.osur111rtion, cmd. ll.o;rro 00'<:~11 :ronll'ld. to favor a "cOil!l':Our.d-J uolouo" ro,::u.!tion 

"~~ . ' mechtmtsm •. 1 ,(;;. Tho e.J-tcit.!.'l.tion ene1"'Gies obtained in thon:e t~J.Ot1ona Vf.,;ry bo-ttJ~n 

about !55 ond L-'0 l·bV. At ouch big:h enorc;ies of e:::roitation tllal"' is e. V\.""17 l!.u.·c:;a 

ll'tl:lllx:;r or O'lf'C:rl.a:i!Pino l.t3V13ls. If' ,;o MOu::lO tllil.t 1n tll() out.go1ne Cbo.l'llWlo tha t·nndor.l• · 

pb:lae o.;r~:~-o~.t1on etiU eppl;taa 1 tll!) ~~~ dietrtbution ot tba ewpora.tod. ootrl:l."""n3 

ab::ruld be SJ"f/W'P-trio o.bout 1T /2 i.11 tha ccntor-of-rna.oo cy-stom. ~Jo thereforG ns:::mro that 

on incident bca.;'l r..orticle of' ln.b enc1re=r ~ is absOl.·ood to :rom an exoi tad o·to.t.a ot 

a eotrp.md nuclcu.o. DJcwJ.0<3 1n any model for a nuoloc.:.r 1-oc:.otion 11-ncar l<'IO:'t!euburj 10 

contl!'l'r~tl 1 tbo roon.;<:nttrm of tha :tnc:t(l.(:lrit boom pnJ.-ticla mm;t l:JO equal to tl~.e m.ont3ntum 

ot t1Yo3 co;.:IJ;>O'UYlil nuclc.>UO. \·lith vcu denoting th3 val.oc:ity of tl:t\.1 eo:,-:x:~W""..d nuolo'!JD! 

Vh!ch 111 ic1cnt1cal \-rl.tb the v-olooit;r of tba~ conter-ofooG~J:J.Oo, w have 



(5) 

~ ~ end A.r &mote tb.o mtl.llS«1118 ot ban1>a:rdinc po.t'tiols r.tnd t&.t-t:r-t atom rcopooth-oly. 

As the! COl1\p,()'Unl1 nuol.Qua doocyo, the wlooitiea ot ttJD reoulti11g spe..lJ.ation proctu.ota 

~ ~ted by this tlDoo;y. lien~~ \1!1Bn w reeall that tfll.t oosur.JO<l o~ jJitlltrtr1c n.Yt;~ 

distrfbution of tllt! G'Vtl:pOl'atod neutrontJ1 w eat tb3 ratrul.t th'1l.t tho meon wlooity (v) 

ot tt» ~tion produ.cte ta e~ to vctf and te tharef'Ol'"C (tiwn w E..;1• (3). 

In order to ostimD.w the "loait;y srno.d. oma-d by 11u.eloon evapoo."t\t1.on, lDt 

- oon.oidor sonwuba.t ~ tbG doeoq ot tl¥.t ccr.~ nuoleue. ~t I dcnot/3 tho 

~locity ctven to. too O];nl.l.tltion r4"0<luats 111 tho corrter..of'<lO.Sa G)"''ttilm o.o a l"<'~au .. \t 

ot evaporation ot tlll MutX'OWJ • let ua tor turtl:m- eim:pli.tico.t~.on ~Gm;lO thAt tbl 

noutrons are erdttod 1.n rtUldc.n c11reotic:ma in tbs CGntQr-of""'ll!':l.Ct!J oyctem. 11o r..:l"e than 

able tQ tind. an ~ssion tor the. mGM oquare vo.lu.e of I for this rondact W!.llk. 'l'bl 

reoultinG ll'DB'ltum of· a recoilinG '\ooa.u lllCIOS" of the wrnpcn"'.tion cl~ is c;1wn' b7 

(6) 

1lbore <At, + ft.r .. ~d\ ~) l'e'J.ftOents the '1ree.n roQOO '' ot the 1100T,f :[11:'0duot durinG m 

evo.pora.t1on ~a ot x · nautrono 1 ~ is tlll3 ra~ee 'tt.>tt1l enorr:~ ~:ldv'e~ by evnp­

orntod neutrono, and ~ 1a tl:Jet moos ar ttvt btfUtron. fhe '1'
0 

18 gtwn by 

(7) 

Whore Q 1&1 tm tl8S8 41rteran.ce ~ reo.etMta and tine.l. products ( tb$ Q volues 

tor both tb3 tnraet and !Wo.vy pt"'duot nuelei, ho.vo been ca.1.cul.atad ey uao ot CoQccr•a 

pi~, - " ............... ~- tort:lU.l.t:.L•· ,ond .'f.y 1G tho svereat tot4l ~(!3 of tb9 __ fr'~tcml e.:nitte\4 M phv~o-v.ui:H 

TOO rooou voloeity d\.14 to pl'lOton er.t1osion baa \)eon neg.tec~. '.r'h(l) Tn w .. tuco uocd in 

tllf:) follwtns 0Z'G blood o:n S1monott f'...ncl Ale~ I e Wbo r.c.l~Jurcd nrlgl.llAr diotributiona 



ot o:pall.stion vrocluctGJ reaultinc: t\"<:rll roo.ationo oirdlAt' to tllOtlO given 1n To.blD I. 

'lh8 Tn vo.l\JOO 'U01"' oht:.o.inod. by aoonlrl.ll£3. iloot:ropio noutt,:>n G:Jia.o1on. · 

D=l!Cilll013 ot O;y'liiHOtl"1o twutron CW'Q.p!>rotion (V} 2 
Vill bo taro, oo tllQ.'b t'OO -

\'tirianoo of tb3 po.rt1o1e Vill 00 Gi'\"'-'11 by f\!2} • AD ita O.J1.L'Xl'ro1lb trau tbG IS?.J.~•(!rrlntmtal 

eetl.\t>, a vc~ bien~ coUirJOtod ~'"lin ot reo.ction porticloa baa b31t'1u uo~ 1n tl)(W() 

exporimetrt.o. T110rotore1 Vboo tr.Y!na to eat~m~ tba wl.oc1ty s~til, w no-aa to.ke 

into ea'lni<lot"Q.tion only tho vcloo1ty contributS.ono ot evc~tion chninG Wboao voo• 

tor OUI:l~J rooult 1n tba tonr..n"d e:ld ba.cl~ direet:tom1 o.1.o:na tho boom o:dD. Co:abin• 

ina Eqs, (5)1 (6)j• ID1 (7)1 w mr~ ClliJM.wnte tbO velocity ·oproad ot tbl roo.ct1011 fll'O• 

4uotll os a J."eBUlt ot ~l CVO.:t;:O:L'"!lt:1on f'.rom the CXJ.Yl'OCoion 

• .. . (8) 

~velOcity~~ by ttn~e:o't th1ckl1<:1:sa v0.4 eGtitrntod from tn~J.cl.-· 

tic:IQ ot e~ ~-orm(!3 ~ino.ti<'1tlB ot p,roduatB ot cimilc~ retletiono in 

A1 o.n4 Au.l-' . Tbl3 volocity OJ.'4"0od couoGd by eto.!;lp:11~ ef'focto 1n t~ do~ oou1d 

be neg1ectod. 1'he eoa:natrtcoJ. Opl'l)atl ot tbtJ reaction produc.to bc4 bxm ~ 

~ ~ eacll oaoo 1 and 'boco.uoe ot h~.ah collinnti011 vas found to bG o.lr.:oat 

~ ot aca.ttarlna oo.uaod by 013~ thiclttnoG. 

In FiG• 4 a typical ~:tmenW econntna CU1.'"V\) 1a Gbown1 ro:pl"'eacnttna a 

~ dentdty on tb3 nuc~ e::ml.Gion p1at.a ~ &i:ltlcotion 41st~ on tba ]?lo.te. 

'J.'b1o 41stanco u equiva.l.ent to the borizmltal dotloot:ton x ot tlJ) cl~cod ~actiOn 

~ obts.i.Md on tbCt cat~ toil '.l'b3 scanninG 11tlD portoroQCl c.t x voJ.uco tlln.t 

eorrc!J1;0114 to -into~ vnl.uos ot tb3 ello::ce oto.to a, tetJr o. width ot :t0.18 nm to eo.ch 

ei&a ot tllica ~Uit and tor a beicbt · ot 2 n:m c.'boW =14 a m.n bolav tba centot- ot tho 

beam GO &lf'1no4 by t.ba Slit COUiillO.tol', 



i\lo paa~ of Snd.u¢00 cc activ'ity w~ tound. 1'1~ poak corros:l;X.mdwa; to tll$ 

raro-detl.eot1o111 position of tbe ~ ooe;JCd not to :lntcn"foro With tM nnin CUl"VV• 

!~, tl>a 1J.lduoe4 a ·oot1v:1ty Pl"OO:u<»d 'b,y t'M ~d. oor.n mlS supo;r1t'l.J:'X)r!lcd. on 

· tbo wwar·hxmtlll clltlr~·-<11Btr1but.ion ~. b eurvoa for :tnd.UCOfl a o.ct1Vi ty te~Jt 

tbeoo pos1t1onB ~ tod by pOJ.'"'l\n~~ ~lt~ll01l'tla wlar «olltions o1m1:tor to 

tboeo durJ.ns tl~ .J."()c;u.\.ar ~itoont, but UOillG1 instood ot ~ WG;.~, wt equiva'\.t!mt 
I 

, toU ot :S.ta bo.ck mtltrrlol only. ln thiG "wro:J too e:~'1toonltal Odm111i1~ CU1"''a obta1M4 

could bo eon-ooto<l tor· tbe oo:;m~ .. :lllducwd <J activity. 

fbe CU1"V\t tbuo 0~ \100 C01'1"'0~ for V0lo01 ty O'j."l'l\"0011 cm.\GOd by iloutton 

CMtporat1cm C.OCOl"'dina to·F~. (0)1' tor. "VOlOOity 0);'11113ll4 C!l.UOOd. by tor~ tbiclc.X!GL':S1 

and tor D$Gl'Jtl'icol ~011.· TllO resultant. cn.u:ww woo convort.o<t 'illto a ~Xl fbi' 

1nt!Zl('tl'r w...tuoo ot 1 1 l"Er..:1J:'Osont11'At~ the nctu.al clr.Q"e¢1J diotr1'but:1on. 

r:t.aure ' la ctl e;~lnpJ.a ot O\J.Cb . a hiwt.o~:t. ruo 1"1gcrro l'Ol~ta tb'! obar&G 

41otribut1~ or t:ro149 portic:toa t~ ~th ~ wloo1ty or v • 4.5 x 108cn/coo; ont1 

\Jt\8 ob'to.inGd. ft~ t}J) ~~nentaJ. ·oooon~ Cl\tt'W shmm 1n Fig. 4. 



:LTl Tdllc :t r:~~o e:t;;cz~ n o:~.:~ r:;:~1""./ oi.~ tho 11uc;J.o:~~ l'(X:..o't.to:-m ut:.tl:1.r.or.l1 tlt:'! 1:.1::(1'"' 

"-~·t'r.'l"•·,·.···· c·n'U·•··•··,::·,r:o ·~·;·rl '1"}'',..,. o· f' t~..,., .,.,.._,....,.•l·h.,. o'·-l·•n1P~"J,:l .rp!t>,i'\ "'"""~;. ''"'''1":'·"" r•q•~,,., t1''"" ~ .,...J-4·iJ.\,.;J ._.,._.,.... «.t . .J .. '-..,t .. ,d.J', l..~-4~<. '1.~ ~·.~ tlr ,,.,.....,; ._ .... ~~........ "tJ ·~~·-·•li' ...... d..l,UUI .0 ...t...i, .... V ,._I._, ,\44d.J ~~· \1 V,.,JI JJJr~ 

ll'.lolo;:;:r :i.\:L.:ct::l/.)ll util:l.r.·~d, (:\.nd tho ()C(~onu O.:;lun.n ':iv-co t1·l0 ld.t'i.Ctic C.."lCI"{"''r K (:.r,h) or ,, •. ~ 1.} 

,..,, . 
tbl l:.'(.~~':l j;t.:::-t:tclco £l.:<1 ot:tn:1siD<l C:'IJ:.l NJl'1:llClli':ro 0 a'··~ ml,:'J;)~lCJ:,!'CY CU:....,.~o"'~o~G fo2.• b:::.:.rt:J 

!on.J. L'1 tJ.y.;, tlut"\'l column tlla tt:>tol. r.;;"'a \ieidlt ot tua boar.l...(k~[:;t'l:rl.:b·lG :C'oi:to1 irlc:IJ.¥1 ... 

1..nG t!:tO b::v.~1:il:1G of tl:ta tc.lz'c,ct ~~ r,ro gS:von 1n tcr;:llJ of t:1G/eu2 Al. Th .. -:;, CI\?O:J 

soQtion e1 .. 11"Ctl in coltt:·Jn fow.• ia h.w:xl on r:<ca.r:tura:..cnto b.:r .hlo~c.1.:.""l.c:'1!lr ot oJ.. 2J Co1u:m 

tiw c:t,;"C:'l t!\0 t..""'":"gr::t tl.dcl.:i'l.coo ltidc.h io or:f.c1~n...'1.1 tor(,"<)t r,.o;001~w, o:d.d.:t!ro"l to a. 

Ct'Jl"ttl.in o:~·t 1n lJ.C/ecP.. Coltt:~w o:!J: VJ.Xl CO"J'O'i.l eiw i'lool.o:n• ct!CJ:Q"JO zl· o..'"Xl zr), l":::o-
. ~ 

poativ"Cly 1 ot tha :rcouJ.tunt pr1r::o:cy DT>D .. Ua.tiOn t.ll"'<1uat t:>..nd. of t'llO t.::la"c;ct. red:!.oo 

tra'~·-=xl• Iu coJ.u-;:n eir~"lt tho r.:roo.n wlocity, (v), of t!XJ renultnnt o:S1'::-.llc:ti011 p!:."'• 

tl:uot M- co~lC"-1.1.1ltcd from E1• (') io c:;1.vun. In t110 ni\It.h colum m~ t'ivcil tho Vl"Jloolty 

e:rxro-.'14 ~ too croJ.ll:t.tion product eauood by xlCtlt.'l:'on (M'l~cxn""t.~tioll o.Cc-..oro.ir..c ·to E'l• (0) 

mld cc;?.?~ tJ'IJ tar[JJ't thiet:n~so. ~.J.O l.C'..at tln:'OO eolu-J.I1JSG1VO roou.1.tB oht:l-11101 fr:!':l 

tba eorl:"'<)ctoo e:~-x;rir;lCntaJ. c!l.Cl"GO <lwtr:tbut.iono of t.ao t~ ob::nm 1n Fie. 5• l1m"' 

v ~ tho f".J.ll V1dtb a.t hoJ..f r:lll::U»n of tllo cbn.t"C~ ~otri'buticm, '\w io tho J.:)Xt 

pi"'oo~bla c!~eo, o.."Xl (1) ia t110 moen eho.l."L'tl of tJ~ diotl•ibutio:'l1 t:l.l1 in wo:tt:tw 

e~ un1to. 

In To.bl.O II (!%'0 rrreoo.rrtod. tho rel.Gti'VO ].lt"'ba.bllitioo tor tbo oh·:1rfP G'~"~O 

o~oo, ¢z (in 1o), ea o..t'unction ot vo.riouLS po;rtirl.O ·volooitieo, Only proh::~'!Jj.lit:tco 

ot 11~ cna hiC:.l.~ a:.'Q c:tvcm. F.Cl~b wrtioal column corro~ to n cart.."tin t~TO ot 

nuclco.:- ro::!.Ction untlcr certain lxl:l't>o.r1:11n.r.; c.orKlit1ons, cw elrt.m in Tuble I, Tho 

pro:,n1)1.11tie:l n..'I"' th."! r...can rcoulta of a ropcntcd rr~bor ot e:cy;cri.l'll'O!lto. ~oido thO 

mean \'Cloc!ty of too p~1cloo, (v), for c&.Jl eol.u~·.n, t.ha 1mclcor ch.TtPO ot tl')) r.JOV• 

1ne IY."ICiclOO (1'].) mld of tb3 t....Tc;ot nc<liu.~ ~od. (z2) Cl%'0 Olxr.>\1, 



1ona S.."ld r.t.::cm 10 fnct:.rc:m1y co~:rJ?l:1o'JI.ted1 ond oo fr/!:r o:..1ly Wt:I:"'J 1l"QU,:;;h ~::?.G'l"o::k;:;.·b'l 

rosul.t.s bp:\70 been obt.::"l.~tn,-:Jd.. Du".; M too C1~Pl:'IOC.eb 11) in mot c<?r..oa o. otc:t.i.r.rHcc\1. cno, 
., 

u.s-u.;;.lly be.~:~ on a ~ err l.ca(!) n:t.::ll'~li:N.~a TllO":k'\O•I'lz1.•r,li tt1oocl ft:Jr tbo olrt:!c~i.:"(.X'lO ot 

the n~ ion, it "PO;.! oo eJJ~pectcl th~ thooe Sir~1l"':itlroo:tionm oho1.t1a ~ttcr rtt J:l.'X:.mll"O• 

r:~11to on 1.o:to bc:wi.."'l.'Z a hiCll nUI.'lba't' ot oloet:rcma, oa 1n the co..r..o ot fiooicn fro~\:~):1CI.J'to, 

or even otLU ~ tor thO :r;!t"'OG1~1t e:-:;I'JOl"':t.n.emts, th'.\."1 for latt·::'~ 101.113. 

~4 . 
It hnn b.-,on i!J."'c1ict00 by lJcJhr 1 . thr;1t in t!la caoo or "Wr"';r b'~J" :pOJ:'t1c111o 

pcnotrotir~ tJ.u:'Ot'Dl B r:ollU\..11 tb:l· lll.'t.Clet\9 Of the r.10"1r1nc, r.:.'U"ticltJ 'tl!ll E'J.ol'lC 0..1J:not 

ito \71.'10'te p~ Crrr"J a ~.r[;':O m.t::1bcr of elc~~ t~dc.h, atr1t?.fl to cont1nu .. ~ co~D~·~Pu...-a 

l!lnd loOo, fluctu.."ltre" O-J.""CJ'J.nd rn rr;·r:~r.:x::a w.l~ doto.t"i.·.rl.\1cd by tho w1oc1ty Bl""Xl nucJ.cC\1."' 

ch..Tc;a ot tho 10!1 end. tho pt"O:rcrt1so ot tba t~lit:tL1• 'l'luo ll.Z!U <:m~~":!1"1t'!.cnto..1:cy t'IOml 

. 121!) 
veritiad tor fiooion prod.ucto. '· Thooo fl.u~Jtuat10t1f.l ~.md trw nvnro.t.-a V:llue 

. . . . a . 
uoro l'.!~ctod to fol.lou a norr:'llll d:t.ntri'bt\tton. . 

Tl~ ex:rc.r1.m.onto.l reoulto obtr::l.ined. in thio \:!Orh fOl' tho d~c:-.nt rolD..t:tve 

ehro:-(1!•0tate pro1XJ.'bil1t1es for w.r1.ouo vo1oeiti~9 (ooo To.h1C3 II m.1cl ria .. 5) confJJ.'"m 

that the d1ot,ribut1on of tho cl'l<:.\l!"O~O tCfl.' a certain 1~1o1o wl.ootey m~ b3 0-:'j"'I'':d• 

rno.W<l \rJ a. non;at d1otr1but10n 

(9) 

· \1htn"'' 1>z ie tha rel.nt:t'VT3 Ill"'bo.b:Uity· of cb.o:u•t]) sto.ta e 1n tho distr:tb'.lt1on (~:>;~0 • l)o 

'l'hio tunotion eM ba chare1ttot'izod eo~t,.nll.;v by t1ro ~~ 1 th., roo.n ch~\'rt,'O 

(10) 



, lilt (U) 

\lbiah is related to the tull vidtb at halt mwr.:irnum (v) ot t.b.O distribution by 

Y • 2." "• C011e1der1J16 tl~ distribution v:lcltb val~a (v) ()iwn '1n Ta.ble I nhc>tm 

that these values inat'Oaae witb 1t1oro:MiOG (z) 'iralueP, bu.t the t"lltio v/ (z) ra:M.'"'>il"U'!I 

a.lJ1JOat coootnnt vitbin the e~~pcrJ.m.ento.l error far the 1~1010 voloe1ty roe;ion studied. 

Tllf! mawt cba.rt;;ca (a) c;ivon 1n thll l.e.ot col~'lll of Tu.ble I 'ftm-G ~C1.1l.D.ted by 
. . 

!q. (10), 'l'bo difforencaa obtained betuoen (z) ond tht3 moot prob~lo cha.t'CG z . mp 

stver1 1n oolurim lQ o:t Tablo I s.re 1t1thin too eltpo:rit1ontal uecuracy, ena oJ.l the 

cUsrtributiono obtainad mr:w tlx:.'l"Cto:ro oo <'.Oli.Oid!r.rod a.a 11root1cmll,y Gj'l~tricol. 

In Fig. 6 a p..tot ext the moan chu1!'t,"' (z) as a. function of tArlicle mean voloo• 

1 t:r (v) 1e c;1 von. It coo ba BG!Cll tha:t in t.ll<9 vc loci ty roc:tou studj.ed tba elcperirxm• 

tal points fit \.;ell, vtthin tlJil e:;pcritlcnta.l error, a lin.('lar' change ot (z) w-.Ltb (v) • 

IbsitJs cooh el~~r:l.lrental point .tba nuclear cll!'ll"ge z1 of tb@ rn.ov:1rlB reaction 

product 1B GiWlt. As ~ be soon t\"0!'!1 tl~ rellU.lt3 1 no tnfluance boceutJe ot ~ • ±1 

OOUld ~ found v1th1n tl')') e:cpc:r:lrlEJZltal. limits. Tile point for the lctwat velocity 

~o.t.Nl."Gd ((v) • ~.52 x l08c:.n/ooc), wicb ia tor z1 .• ~5 ('.i!b), fits well the elttrupa• 

· latod line obto.ined tor higher voloe1 ty Wl.ues of z
1 

• 66 (LW). The BOr.lO npplier.~ tor 

~ • 67 (lb), ware reoultm.nt (z) voJ.uoo fCJJt tw dttf'Qrent wlootttee a.:r.e ol'.\0\111. 

A mo:ro ®tailed ea;rpC:J.r1son can be mod<"' tor tlll results obta.ined. tor velocity 

a · · 149 (v) • 4.~4 x 10 r:m/oeo. .Fo:r th.te velocity tb0 oharc,"G•ata.to ditltribution or Ib 
4 . 

po.rticloG ao uoll GO of ~ 9 f.IC!.t"t1cloo obtained 'by tvo dtt.rorent nuoleor ·reo..otions 

· · bwJ been etud1ed in cleta11. It CC4'1 be 00011 trotn TnblG ll tlnt the clnrc;e-sta:t.G pro• 

b:\bUitloa obta.tnod for ttr-oo t1·~ co.oeo c.ro prac:tioo.l.ly tdont:!<!a.l within tOO eJq'Ytlri• 

mentaJ. CJ.'Tetr. The clii'fcrence in binding enwgy of' tho electrons involved, cnlcula.• 

ted for the tthoio ch':\1"03 c11G'tribut1on1 10 eatiJ;'l!lted. as a.'bout 3~1 'Ubicb to lcm) tbon 

tl¥2 o.c:b.lo:ll cJ:_:-;erir.);)ntol et"t'''r. ~!'l:~foJt:<e no oi.Gnitica.nt 1n:nuanca in the ~oulta 

beco:.u:;.cl ot d1ffo:ranoo3 z
1 

• tl eould.. ewn be c:::pect~;;~. 



I11 Fla. 7, o.s tul OJrOI.ni).lo, tho t1lt'Obal,111 t1.cs tor ab...~.:ro:J otr..~tot:3 ', 10, lJ ~ tY_:, 

and g;; M c;iwn 1n Tt:~bla II e..~ pl.ot'OO>d M a f\'lnotion or porliolo volocit;r; a::ooth 

'\-~C:J \rlll now try to cooo1<110lr tho reoulto o\,to.:il:wd on too bM1B of' D:>hr •o 

tl~ on th~ otom.'io.s ot f~.ooioi'l traaocmto. e,a., 1 This th0ol"'J to h'J.Ood on c:.\1 

Maunptic.n fu'lt a l~ P>-"'l.t"ti.ola of' l.arc;a nucle-J..r C' • .ha:t-0" ~~ 1<1\lC!l poooi'l{J thn'>nc;h, 

a mcdilL'":'I, ill ot.rirry,~l ot n.1.1 its or'b1t.'l.l oJ.octl'tml3 toot hcwo wloc1t1os leGm th:n.n 

. tlll3 tro.'10lo.t1.on('l]. wlooity ot tba rA:!rliaJ.e. It i.e tu::paot.ro t1mt p.':l;'bb:;...b1.JJ.t1oo tor 

capture c.nd. loos ot electrons by th.o mt;Wi11G 1on1r.ed. pc\lrtiele bcecmXl cqtl;:\1. \Al.Cn t1)3 

l"'.:ttio ot oleet:;:on:to to 1on1o w1ott1tic;,a is of tho or(J,;nt ot unity.. Ibht' unos f<1t' 

tll3 d{locri:ption .of tl'l\3 ion eonotitution a simplified. ota.tictico.l t:o<lol of tlJ.'l 

ot tha. ~cor lk~ of tll3 eleatrono OOund in tho ~ oto;to ot n b'3mry ion of 

effeetiw ch'U"(,'O (z) co~ld.inc to a. consid.c:t:'O.blO ~·tion ot too nucloi:U" C).·1'~\1"CO• 

If w OU'lmtitut~ the velocity of too movlnc bo~J po.rticla tar tho 'Vn'tocity of tba 

moot loosely tound electron in thO ~d ~.t ot tb~ ion, t1 rau.rJl emt1nu:~ta ot the 

ion~.c n'X!!o.n el~ tJO obtain 

(12) 

. . . 

cpp~i."lG to pa:'t1~1e velocities in tba region ea/n < v < "t..e/'v
0

• l!Gre e2/~ rep• 

rcoont:l the velocity ot thf! elootm..~ in the sround et.?.:to of t.tx! hydroo:m o:tornJ 

z
1

11' st~..rlls tor tl:Y.l "ot'foctive qu:'llttn nur:tbore' v of tbm bind.ina obto. According 
. I 

. to Jl'J'hr ond · LlndJ.Y.Wd thio brroe.d meJd.rrrum va\ue tor the ettoctiw qunntum. rru::~1:-cr 

B:vplioO in fi.l"Ot t'.11J:;ro:dmotion to a rolo.tivol)l' ltU"(To) nurJbar of OZ'bitoJ. elact.t-onB • S 

Still, oince thl3 t',rudtnum vn.\u.o of v is mt rea.obcd untU thG nu:lllJCr ot olcc·tlu7:ls 

_reta1t1ed mtCQO<llJ ho.lt t.l¥l nucloo.r ch .. ·~.:t•f..l/)1 it is oooc11tial. for tho o.ppliC.l'bUity ot 

Eq. (12) tlr..tt (t} bel eoo~fii.k'lt Cl'Jt'll.l.cr. t.b.ori z1/P... 



tht'"t)U.)l r.~ {P•'!l• Tldo ''t;t:.-:,t~ ot C·;)J.:\Ilcno~:.tion •• oi'foct tklpon'11!1, o.eco:t'd.ina to Y.bb.i:' on<l 

L:!.n.LlJ'!I,U"\:1; 0 
U},'(l'/l the Mln:t:;t vc v;,::.lUt.JO of tllG t1Jil0 ncetJot~u·y to:r l';ll:».'O urd.i.br-.a O.lot:rlb-

ution of tlzn ent'l"[;J of n. rc::.nr liallt~r c.~,c1tod ol.cctro~'l.''l, 'd1a' C..'l'lr.l tho tl:Y.l cJ.n:;Oll'll 

betlroan tuo ooll1olono 1 '*'col• For t:oli<la oncl l.iqtdOJJ 'col < ,.dis' Tho o~·XJt1.t1on 

be'bl\!~.1 co:L1..1.o1.or.\13 o.;:1d. ditltl"il.ru.tion o:f' C'!')!Zt:'t:f b..."'ti.7r)Oll 1ou ~loctl"''l'l!l XT"C-\f thu:'l oJ.l(1t1 

tbc e:cci 't.:"'.'t.ion of tbsJ ion to · c~:cce<t t.bo m:t.n1rntt11 CJ.1o:.·~ tor io.t~ti~'l, }...ccor.:'U.ina 

to rt:n.tf'cld. o.11.d. C'>;:1yd;;.:7!!7 the et.:d-.o--o:t~ -~~vlen~n:tion orr,:~ct for lr.c.V"'J iono rJey be dul · 

to tt~ to.~toros On·'!! io tlY..!I nolooo eo11:1.o1ona'' et-roct 't~hieh ''Jfl;/ 'txl cr.;::pJ.,n.11'1Cd tMl rolntod 

out 'b:f tln~?h':\l'U o.nrl :D~\ltr; o.n•1 the other 1o t~l<l "cH.ato.::.tt coll1GiO!'..o'' efi'oot \ih:tch 1e 

clue .to tho ror_,.ction ot tho r.r.XiitVIi th3.t Ot!..UOOtl e;utoionir.o.t:1on. 

In orc1er to bZJ o.bla to n.:Jl)l~ f>:t• (1~), 'll.ttell 1.o 'b.r't';e<l 011 e. ~1 or t'.l'l c~tom 

in tlJO (;"rol.:a1-.1. r:rtnt-.o 1 to n con<:'lonsccl t::tod.itlln, ono rm.tst ltno;r tbo cllotl•i1;mt1on or o1.cctron1o 

orhit:.\1 vcloc1tlca in c~n ioil th..'lt io c~:~ati.nuD .. Uy J:lC!'1;lu·bt.::d by roJ.11o1ono o.t 111.(;:11 :C'r•.:O·• 

Q.UC1!:.1C"'J • . AtJ ~'liS diotx.~i'!Jut:ton :10 '1."\tlk:UO'>n.l 1 lb:tlr l)l,n(l !.JnG11lf~~\l a On tlJ3 \)1:.01.0 Of 

qt.e;~.t1t...1.t1w eon!li<'!aratlonn r-nd Lo.onon •o eJ:,po:t~i.'-riontn~ rosu..tto, 12 il~Clld into l~q. 
~ 

(12) fcxr tiooion ;rr:,~nto o. orx?.i-c;.l:'ll'l:lrioCIJ. f'a<.~r r>f ,;n. 
Th~r'l'l E!3:'0 so t'ctF c;~i!:'~nt~ date. for (e) '\l!lluco fol.• 'Wey l~at""J" lX"rli~.Uta 

Sri coUd t"JC(lin tllnt it 1n ir.1J?Or..m1bl.B to n~re ony into:L1.1...·-;<Dnt OOJ'!'p:~...oon \rith too. 

eat1r:c.tt.;ra obt..:'l.lnod b'J eo.l~1.1.c.t1l'l.G frotl Eq,. (12) end nppl:Jil1C tlbO fo.Ctor '!i/2 for 

oolid nooia. 

T.n To.'ble!! III t!1rO t."ivcn cxr~tn·i:wcnto.l rcoulta nntl tlY .. 'L>t~icr-.1 cotin:k~tco 1"or 

ea:,-.a "very b:,Jo.·vy" iono far vclocitieo of the 01"Clor of 6 x 108cm/o~. 
fJJ no r;onsm~~~nts ~n o~liCla in thto velocity dol:~·:\ln have 'been :pCl''f'brr~od for 

. 8 . 
11e)lt fior.ion fragments results for v = 11 x 10 em/sec are given • 

. !t eon ta seen tl:t\t1 oa p.t"'.Xl:'!.ct~(?. 11,1 Do!-:-~, 7 Eq, (32) yie1&J retiJ~or..:thlc 1•.e .. 

GU1 to rm· l'20c."T.!f f'lonj.oa f:t·~IQ:x.m~r.l in thto wl,.,c1.ty Clt::t:'1.n.1.n1 V210..:r-"3 tho uoa ot tto vnl.ua 

~ 1/3 for tho cf.foG-tiw q.w:u.rtun nm.1t"Xlr OOC!~;a to 'bo jut;t:'!.i'ic.'ll, 't111'.!?rc~c.o 1\.,i) U:K'! 1.\"l.'r 



tm• :nr:~.t~i:.:tr.:lC.·:::I ot Zl a 66, He C.O!'JtfDO t1;u1.t for tl~ ll:tcho;:rt; -'I'J\:1J.oclt;y r:~n.:Jt~t\~d-·~th::ct ii!IJ 

<v} ell r.; (Yi'( ~~ ",,S ,.., ... ,,I"'"''"" .tln.•:o •,.l!l·1hl• tt""" 111 'l'h'"'·"'''-' A)"''''~,...,. 0.1)> dt"•·"i""....,t' 1""'1 ',,.,~ ~vv, •. , ( .•,·l······tl·"'"1 .,; •.1 I'\ ... \.•J t.. .. : • .;,l fo..""::..,...'\..i A\,.r.S.. \:ll ·..-£-11.; !\ -~·"·'~ • ~•·t;:.,.u:~~P"-t \./',.,~l~.t-'Z .;o",;J .L ~ J'.\1 ;;...,., ...\.v.! ~.: . .,.lJ f,_,.-·~._,,.;. 1 ...,.tJ., ~, ..•. , ~~.l'o .... 

1/J the (~{)i:P:l:l t~t on t;:h·cn 't{t B?ln' ('.,;,,(l J..inOhn.rtt fur tho C:?.Jr:l!cr:t1Ji1i t;:r oi' l\·- t t'l t:~lO 

ef'!t)t.'!'ttvo ~p1~1:.~.t,u~1 tll.:tt·:bo~· in still ftllf'iU.etl. !)t.].l.nt:t.on (L'1) thu~ Jll~ov:ltoo t10 en 

.,.r••ld, .. l,.,.t..., o·.ct (") ,...().,.. 'Y'"'"'~'"1"":l'~'"" (''Jjll n,.~,,..,, ... ..,, .... ...,,.~ ... «:'~- 1111 l!';~;>· "'no. " l,....,....,.w,.~,.,..,.,,.;...,. £.,,.,.., 1"..-·"'" ~rJifw.JJ., ... ~ V , J. r.:.w .L', 4 J.: -·~·'-'~·""-~ ~fohO'O,)' .,..!!. ... r,. .. r,f.~.~1\,•al, '\.o•il.,f.l.,u~ l~~; \~lt] .J .. wt " • 'JV'l J.Jk. ..... ~..o~: . .J{j.t'~'-' ; ... ~4 , • ,l;.t>,..';,...-,~ .... , 

fl:v.:tc .. 'it'" r··~,r t10 ntt'; .. ibt:ttO<l to tho:?! h1.Ch't!r z
1 

of' t!.l<~ :r.m .. t.io...\0\!l tJJ...<l)Jl 1n_ th."l c:: .. ?r:.l o:C l.ioo.vy 

t~..oaion f.t'tlf)~:v~nt3.. Tltifl C\'U'IO f'lto tho O::·~?~·i:r;)OnttZtJ. 01)0Clt."v.:.~td.on tJ.r::t th.'l c.-::r..'!ct:;o of' 

io:ni~!n.t:to•,, ao a. rontl.lt of too ott.'LttJ-of.-conr.ioi~Wl::.'l..tit);t1 of:Coct of a. co:t"'·t.c .. in \f\;l;:,c.:tt;y 1 
. . ,,....,.::'! 

}'IJ.1D tx"Jl'l o'b:JCl"'V'Wl to il11!.t-ec.i:lo Yith th:l nuelca::> ohc..:t'G.rl of tln io:l."·~ JJu·ir:ti{(T.'~, bcc~,;ua.'l 
. ' 

ot lc...r.'J! Clf c.dr1it1o;.?.l..\l. e;.~r..0l.,im.c:·:rt ... ">.l &to tor tl~~ Q.ls G.."i!l ool:l.d p~~u:;:l !'ozo J;:C.r-'"J.c:u::::.i of 

oqu,':1l . voloci ty t:nxt :t\lCl 'CI!MlinG r.1 ,· 110 roc:u.lnr:t.ty eoult'l bo i'ou.."Yl :l.n thl oz:oo;.Jo Clf 

' f). t: 
A thf~or.::.>tteal cot:1nt.1..t0 of' (e) gi1;·o·.n by Dl"'!.l!'Jl:l.nc;s ,~~1.lf1".t U>..'1d •.rcnl.c:r"' , .... ill! 

'bl::-.c~:-d on tl r•Jcr.t"' u.ct;.c.1.lc(l TI.JO~~ .. ~-l1'm~;li etJ;:?..tiotict~..J. m::;c1cl t·o~ th3 elcctro:w of t1:.~.o 

i'tlD"'J oo:t1tt'.])._1., o.!l d:ld D:,hr, t.ho.t the cl"t~.:::t">Cv:to'rtotic velo(:it.y of tho clcct~·~:'.l11 v0 io 

rou::~:~lly 1'-JXr,;..,:n:."'Ucm.,"".l to tl¥.l pn::1.;:tclc wloc:1ty 1 tY<Jt 1ntt'Cx.1uccd an e:.o:U·ic..."\1 f':_~:,;t.;.-:.c: 

0·" \"l'I"')'•'I''~· .. '· .. D'"l'""11t·l~ ~ 'nt'..r .... 'f,..,,... v D ""'"' ... ...·-' .......... \>J 1 ••.•. , •. " , , , .... .~ ... ,~~ .. '\..) c J •• 

I 
I 
I 

1J. 

\r.::.:J c~:~lc~n1J";t":.!d to:.• t"ii\J tl.1.ft\'11."'-n't O.r:IOt:t\DtiO\WS (a) tb:::.t t.l:~o') c1i.."1.!'c:.V,;tcu•iot:to -v·:.::Lc;oity ; 

' clcct:.~on' (h) tlv'.t tb!l' ch::;.l"Uct;.cr1.otlc velocity is equ:.\1. to tbc r.,x,·t; .. c;::tcl.i:l~·oc::rl::;;."Cl 

!n lfi[::. 0 tllC 00r:':o"O::lp:J~1J:1:ln;:~ cu.:;."v'C() 0..."11Ctt1t.J:I:.c•i f.br C.J:l 10';>. bt ~\ n ('(~ e.:..~c 

vl1::r.rn, ( Ci.U""'.rco ( o.) e.11(.l (b)) • Tl~ tltu~:t.·li)J. 1:!.1113 ( <.nt".C'V'a o) ia v~GOi;"\Unc; to D ..,~::.:.• • r:: thcm:",1 



0 
~ • ~-·9 far (v) t~~~ 2.52 X 10 Cra/ooo, doCl"'eMi.llS to 

"'f • -'•' ten: (v) • 5·~7 X J.O(Jr:.;=,J/OrtlO, 

Applyina n.oou;:ption (b), \1.$) s·~ t1¥.'.t ~ tlla \·ltlOl! velocity r~!);nao moa.'1\J..t'ed1 'Y io 

clooo to UiJ.ito, bcil'lG 

1.12 for (v) • ~.52 x l08CJn/oeo, N.l<l 

0 0.$~ for (v) • 5.~n x 10 c:cl/ooo .. 

Even oar c:;cpori::J.c:T~c:..1. t-.coul:t.G fit i'ai:l.~J..Y \~11 tb.o C'll.1:"ve b.G\f.Y$'11 on r.oou:1ptJ.on (h), it 

t:l\lO't hl rc:JO!Jb:.~"~~d. t!~nt· th.3 t'~t'~CilXXl.CU o~ l1run.ninc;f3 et 0.1. is for on ioll in ~ (;:x">U.""lU 

obto.:tnod hi:!."'/0 to bo ooz1l!liCk;~~ t1.CJ eJj;:>irlco.l onoo1 contnin:ll1£.1 tho rotioa lx:.rt1JO<:J11 ·utv:.\t 

,_., O.S..."'U:>od to bo th3 clJ.L"'r!YJtcriot1o velocity Q!' tho elocrtron ond. tha wloc:tty of t!w 

ion, c.o vall CD tl.l\3 ci'fuct ot tb:l oto;to of COl'l(L:!msatiml. It ctm o...1.0t:> be csocn 1'ra:1 

Fig. 8 ~h1.t tho ro.ctor ot c.txru.t ~ o1>to.i00d ttl<?!n o.wl;riUG · J~. (1.~) ll61t1o fcrt" tho ·utlol.o 

Wloc:!. ty roc ion otud.icd ey UG • 

. VoJ.uoa of electron C".a:.oturo ~ •. rl'J. looo cross ooct.tonri ¢a.t1.not oo a.otcr.-:'l:lr.!.od 

Vitlnut n ncc:.::Tl.ll"C:::a:lt for a. no~1cqu1lilxi."'ium ot.'lta, •uhi<'ll in th:to \JOrk CICC:JCd not to 

be po.aolbJ.o bcca.uoo of c:::p:;lrt:::JCntoJ. rcMons. I.b't10V't."1"1 it 10 xooo1b.1.o to &:ltct•u!no 

. too rat1Q or looo to ~-...ptU'l"'l Cl.~no occtio.,s ~ a ,particu.'l.OA .. oloctron tra;11 tho oqui .. 

lll:rriun rol.O.tiona. 

Ii" the poool bili ty of cventa in '1h.1.cb tvo electrons Wl.'a tl"nl1nful"!:od in a 
I .-,g 

, eincJ.o colli.oicn io noglcct.zd, (_, vz\d. vith tl~ ¢0!'1(\ition ~ <.~z • 11 't1Q .f'in.d tho.t ot 

ecprl.l:l.b;:ho t!n r:.:,tio of clljc..ccnt cl¥'..:rcr~-at-:ttc probwilit1oO ('~z+lh~z is equ.:\l to 

tho rntio ot the cl(X'tl"'O:::l•looa croon ooct1ono to t:llll elC<!tro::.l•CC~i!ft.ut"o e1~oo sac,t:lona 



.. b-5) 

'Xhcoe ro.t1oo tJ\l'O Given 1n 'lb.bla IV fl-xr clv.~co tJtD.t<!d b.!rtt10'tm ' and '!f.). In 

"'-0• 9 OCJ;":lt) ot theloo rot:t.ott (~ tl • G, L'11 18) ru:w a :tunction ot pozwt1o1o \"GlOcit;y 

(v) 01'!(! shdtm. 

Ih.-,011 on tuo ratiOS obta.inGC11 mld '\litb1n tba ~~tol. ~ liruits1 it 

con bo coon tbtlt 

(14) 

'fuera k
11 

tncroc-.ooB 'V'!!rJ oltchtl~ Vi.th B. lbln- eoti:nn.tod tbo.t tor boavy fiooS.on 

t'ri'.ox-nta ,anotmtina; t..'lro~'l hco.'V"J' otoPrjinG nnttll:rio..to, o, Ml tt 
0 

olX),Jld. oo or t1:1e . 

Str"JG Ordt~ of r.lOGlitudo, ~0 toot tl341) rotiOO tlrO 01\J:}QCU:ld to bo Of t!la ~· ot C>n~J 7 

tM rooutto pr<..I>£3Clttod ~~ c.ro 1n tt~il.'roll.tion ot tlrl.O ectjx1ate. 

In fitJ• l.O tbo cn~por!t<l0l1t~1 romJ.tta oht.Ml"lod tar tlm moon .chm.t'c<!l (n) D:'\!. 

· o~m o.o o. 1\t.'ldtion ot .,;te, to~ttm v1tb tl:ti!) raw ~:iotina ~~to pOJ.+i"or.:10cl 

· . tar ~J hc!l!I"J" iono ill oolid!J.. ':rllO al:locioe-~ ot .;tie w-.:v.1 cl~on tollatrina tcDt.mn •s 
. . . ' 

~ntion tar a Unoar ro:lAtionsW.p ~ tllO mttO..l cllt'ZC'O ot a fitlt:ion llt"'tlu~ 

er.nd ~/2 1n tll'.ta wlo~ity ~eton.30•31 It mey bdl ooon t.1la.t, o.o wU as l"'.Pt~':~cnt:tns 
our e:~m...~ do.1a tor (:) b:f a 11.11lo-t:a." l"Gl..".'l.tio:lSllip ri th (v) (o~ Fie. 7) 1 w 

con B:wo. ~oont ·~ tu1rl3' vou· cs even a 11ner.lzt f'Unction ot .~/a. It em bo 
. Ja 

ceen that t:w:::on •o rcsulta tali 11c;ht fisa1on tro£,~nto <»:~l.o.1;(!'<1 to l1eht 
I 

cta'"'-v::·L"G r10.~ •• ··r1cJ.B, tocoth.cr Witl1 d::::oo from AlPqviot et nl., tor l.ror.l!M ions ot 

lauor wloe1ty,~ tit quitta wu a lb~..nr ~11Clcnce em ,(1/a. Ilccmu.oa thoro oro 

o.ltnot no e:~ · <l'lto. for ch..r.:Q3 diotributiono o1' ~ hc~.vy" porticl.CD 1 · it 

it ir..:r.onoibla o.t thio ~~ to find evan e1.r1 en,v1rico.1 J:'O~ty tar thO n:can cll..~Ol 

of o~ a p.:-rl1clo en a function a£ ito wloait'-.1 and nucloo.r ollo.rcO• Ad.ditlonol 
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Table I. Summary of experimental conditions and some results in charge distribution studies (symbols as used in text). 

Velocity spread (%) caused by w z z 
Degrader Target 

mp 

Nuclear reaction ~(lab) thickness a thickness zl z2 ~v)xlo-8 Neutron Target 
( eV) (mg/cm2Al) (mb) (flg/cm2) em/sec) evaporation thickness (positive electron units) 

--

Prl4l(Cl2, 4n)Tbl49 ~ l. 7 backing J 9-7±0.4 64.0 6.0 Be degr. 35 103 65 59 2.52 9-3 3-2 7±1 9±1 
Ndl42(cl2, 5n)Dyl49 95-2 22.8 440 115 66 60 3-05 ll.l 2.9 9±1 11±1 12.4±0.4 

Ndl42(cl2, 5n)Dyl49 112.0 10.5 170 115 66 60 3-30 12.2 2.7 9±1 12±1 12.9±0.4 

Prl4l(Nl~,6n)Dyl49 105-7 19·9 295 103 66 59 3-45 10.9 2.6 9±1 12±1 13.6±0.4 

Cel38(016, 7n)Dyl49 133.1 14.7 270 73 66 58 4.08 10.0 1.5 10±1 15±1 15.2±0.5 
Cel38(016, 7n)Dyl49 141.0 11.6 262 73 66 58 4.24 10.8 1.4 10±1 16±1 16.0±0.5 

Prl4l(o16,8n)Ho149 
144.5 10.1 180 103 67 59 4.24 10.3 1.8 10±1 16±1 16.1±0.5 

Pr141(o16, 8n)Ho149 162.0 2.1 200 103 67 59 4.50 10.6 1.7 ll±l 17±1 17.6±0.5 

Lal39(Fl9,9n)Dyl49 l6\i.2 11.4 150 127 66 57 4.64 10.0 2.2 ll±l 18±1 18.1±0.4 

Bal38(Ne20,9n)Dyl49 181.6 8.1 135 124 66 56 5-27 10.0 1.9 ll±l 21±1 20.8±0.8 

Bal38(Ne22,lln)Dyl49 215.0 4.3 90 124 66 56 5-97 9·9 1.7 13±1 22±1 23.3±0.9 

I 
N 
\J.) 

~ 
I 

b 
g? 
0'\ 



Table II. The relative probabilites of the different charge states¢"(%) for various particle velocities (symbols as used in text). 

z 65 66 66 66 66 
l 

66 67 67 66 66 66 

z2 59 Eio tio 59 58 58 59 59 57 5b 5b 

(v)Xl0-8 2-52 3.05 3-30 3.45 4.o8 4.24 4.24 4.50 4.64 5-27 5-97 

¢3(%) 1.9±0.6 1.1±0.2 

¢4 2.8±0.9 1.3±0.3 1.1±0.2 

¢5 4.4±1.1 2.3±0.3 1.8±0.3 1.5±0.3 1.0±0.2 1.1±0.2 1.0±0.2 

¢6 6.0±1.2 3-0±0.4 2.5±0.3 2 .0±0.3 1.4±0.2 1.5±0~2 1.5±0.2 

¢7 7 .9±1. 2 4.0±0.4 3-5±0.4 2 0 7±0.3 1.9±0.2 1.9±0.3 2.0±0.3 1.1±0.2 1.0±0.2 

¢8 10.2±1.1 5-6±0.6 4.6±0. 5 3-7±0.4 2.6±0.2 2.4±0.3 2.7±0.3 1.3±0.2 L2±0.2 

'"9 13.1±1.3 7 0 7±0.6 5· 7±0.6 5.0±0.5 3.4±0.3 2.9±0.3 3-2±0.3 1.8±0.3 l. 7±0.2 1.0±0.3 

¢10 12 -9±1.3 8. 7±0.6 7 .1±0.5 6.7±0.5 4 0 5±0.4 3.6±0.3 4.1±0.3 2 .4±0.3 2 .4±0.3 1.4±0.4 

,lOll 11.8±1.1 9-1±0.6 8.9±0.6 8.9±0.5 50 7±0.4 4.5±0. 3 5 .1±0.4 3 .1±0.3 2.9±0.3 1.9±0.5 1.2±0.2 

i<\2 9-5±1.1 8.2±0.6 10.0±0.7 9-9±0.5 7 .0±0.5 5-9±0.4 6.4±0.4 3.8±0.3 3-7±0.3 2.3±0.5 1.6±0.2 

¢13 7 .2±1.0 7 .4±0.6 8.9±0.6 9.8±0.5 8.0±0.5 7 .2±0.5 8.0±0.5 4.6±0.3 4.6±0.3 2 .8±0.6 2 .2±0.3 

.0'14 5-2±0:7 6.6±0.5 7 -9±0.5 8.3±0.5 8.5±0.5 7 -9±0.5 8.3±0.5 5 .4±0.6 5-5±0.4 3-2±0.6 2.7±0.4 

.0'15 3 -7±0. 7 5 -9±0.6 7 .0±0.6 7 .2±0.5 9.0±0.5 8.2±0.5 8.6±0.5 6 .6±0. 5 6.4±0.4 3-7±0.6 3.3±0.4 
I 

,1016 2.0±0.4 5 .1±0.5 5 .8±0.6 6.1±0.5 8.1±0.5 7 .4±0.5 . 7 .8±0.5 7 -5±0.5 7 .1±0.4 4.2±0.5 3-9±0.5 N 

¢17 4.5±0.5 5 .1±0.6 5 .1±0.5 7 .4±0.5 7 .2±0.5 7 .2±0.5 8.2±0.5 7 -5±0.4 4.9±0.5 4.5±0.5 ~ 

,1018 3 -9±0.4 4.1±0.5 4.3±0.1+ 6 0 7±0.6 6.5±0.5 6 0 2±0. 5 8.1±0.5 7-9±0.4 5.6±0.5 5.2±0.6 

,1019 3-2±0.5 3-6±0.4 3.6±0.4 6.0±0.6 5-9±0.4 5-5±0.4 7 .8±0.5 7 -7±0.4 6.4±0.6 5 .8±0.6 

,1020 2 .6±0.4 2.9±0.4 3.0±0.4 5 .1±0.5 5 .2±0.4 5.0±0.4 7-1±0.5 7 .2±0.4 7 .1±0.6 6.5±0.7 

.0'21 2.1±0.3 2 .4±0.3 2.6±0.3 4.0±0.4 4.3±0.3 4.0±0.3 6.2±0.5 6.5±0.4 7 .6±0.6 7 .1±0.6 

.0'22 1.7±0.3 2 .0±0.3 2.1±0.3 }.2±0.6 3-3±0.3 3-1±0.3 5-5±0.4 5-7±0.4 7 .4±0.6 7 .4±0.6 

,1023 1.3±0.3 1.5±0.2 l. 7±0.2 2 .3±0.3 2 0 7±6.3 2.4±0.3 4.5±0.3 4.8±0.3 6.9±0.6' 7 .2±0.7 

,1024 1.0±0.2 l. 0±0. 2 1.3±0.2 1.6±0.3 2.1±0.3 2.0±0.3 3 0 7±0.3 3-9±0.3 6.2±0.6 0 6.8±0.7 

,1025 1~0±0.2 1.2±0. 2 l. 7±0. 2 1.6±0.2 3-1±0.3 3-0±0.3 5-2±0.5 6.1±0.6 

,1026 1.3±0.2 1.2±0.2 2.4±0.3 2 -3±0.3 4.3±0.5 5 .5±0.6 

,1027 l.O±O. 2 1.0±0.2 1.8±o.3 l. 7±0.2 3· 7±0.6 4. 7±0.6 

,1028 l.2±0.2 1.3±0.2 3 .2±0.6 3-9±0.5 

¢29 1.0':1:0.2 2.7±0.6' 3-3±0;4 

¢30 2 .3±0.5 2.9±0.4 

¢31 1.9±0-5 2.5±0.3. 

¢32 1.5!;0.4 1.9±0-3 

%33 1.1±0.3 1.5±0.2 



Table III. Some experimental and theoretical(z)values for "very heavy" ions. 

zl 
-8 vxlO 

~ cmbec) ~erimental 

35 (Br)c 6.00 --
38 (Light fission fragments)d 11.00 13.8 
54 (heavy fission fragments)d 6.60 10.5 

8.80 14.6 

66 (Dy) ' 5-97 --

a , 
According to E~. (12) by Bohr. 

bE~uation (12) and tactor 3/2 by Bohr and Lindhard. 

cReference 32. 

dReferences 12; 13. 

(z)(in positive electron units) 

Gas Solid 

Theoretical a Experimental Th;~reticalb 

8.9 11.0 13-3 
16.8 19.2 25.2 
11.3 17.8 17.0 
15.1 22.5 22.6 
11.0 23-3 16.5 

I 
N 
U1 
I 



Table N. Equilibrium ratios, ¢z+l/¢z of adjacent charge-state probabilities for various velocities 

(v) X 10-8 (em/sec) 

~ .2:..Q2 2_,2Q .2..:.!!L 4.08 4.24a 4.24b 4.50 4.64 

z = 5 1.36 ± 0.43 1.31 ± 0.25 1.39 ± 0.29 1.33 ± 0.33 l.4o ± 0.35 

6 1.32 ± 0.32 1.33,± 0.20 l.4o ± 0.22 1.35 ± 0.25 1.36 ± 0.31 1.36 ± 0.31 1.50 ± o.36 

1.29 ± 0.25 l.4o ± 0.20 1.31 ± 0.20 1.37 ± 0.20 1.37 ± 0.17 1.27 ± 0.25 1.33 ± 0.26 

8 1.28 ± 0.20 1.37 ± 0.20 1.24 ± 0.17 1.35 ± 0.18 1.30 ± 0.15 1.26 ± 0.25 1.35 ± 0.25 1.48 ± 0.32 1.42 ± 0.28 

9 0.98 ± 0.14 1.13 ± 0.12 1.24 ±. 0.14 1.34 ± 0.]6 1.32 ± 0.17 1.21 ± 0.19 1.19 ± 0.17 1.33 ± 0.28 1.41 ± 0.24 

10 0.91 ± 0.12 1.05 ± 0.10 1.25 ± 0.12 1.33 ± 0.13 1.27 ± 0.14 1.24 ± 0.16 1.28 ± 0.16 1.29 ± 0.21 1.21 ± 0.18 

11 0.81 ± 0.11 0.90 ± 0.09 1.12 ± O.ll 1.11 ± 0.09 1.23 ± 0.12 1.25 ± 0.14 1.28 ± 0.16 1.23 ±' 0.16 1.28 ± 0.17 

12 o. 79 ± 0.13 0.90 ± 0.10 0.89 ± 0.08 0.99 ± 0.07 1.14 ± 0.11 1.31 ± 0.12 1.25 ± 0.13 1.21 ± 0.12 1.24 ± 0.21 

13 0.72 ± 0.14 0.89 ± 0.10 0.89 ± 0.08 0.85 ± 0.08 1.06 ± 0.10 1.22 ± 0.12 1.25 ± 0.11 1.17 ± 0.11 1.19 ± O.ll 

14 o. 71 ± 0.15 0.89 ± 0.11 0.89 ± 0.08 0.87 ± 0.09 1.05 ± 0.10 1.10 ± 0.10 1.04 ± 0.09 1.22 ± 0.13 1.16 ± 0.10 

15 0.54 ± 0.15 0.86 ± 0.12 0.83 ± O.ll 0.85 ± 0.09 0.90 ± 0.09 1.04 ± 0.08 1.04 ± 0.09 1.14 ± 0.12 1.11 ± 0.09 

16 0.88 ± 0.12 0.88 ± 0.08 0.84 ± 0.11 0.91 ± 0.10 0.90 ± 0.09 0.91 ± 0.08 1.10 ± 0.11 1.06 ± 0.08 

17 0.87 ± 0.13 0.80 ± 0.13 0.84 ± 0.12 0.91 ± 0.11 0.97 ± 0.10 0.92 ± 0.07 0.99 ± 0.08 1.05 ± 0.08 

18 0.82 ± 0.12 0.89 ± 0.14 0.84 ± 0.12 0.90 ± 0.12 0.90 ± 0.09 0.86 ± 0.09 0.96 ± 0.08 0.97 ± 0.08 

19 0.81 ± 0.16 0.81 ± 0.15 0.83 ± 0.14 0.85 ~ 0.12. 0.91 ± 0.10 0.89 ± 0.10 0.91 ± 0.09 0.94 ± 0.08 

20 0.81 ± 0.17 0.83 ± 0.16 0.87 ± 0.15 0. 78 ± 0.11 0.88 ± 0.10 0.91 ± 0.10 0.87 ± 0.10 0.90 ± 0.07 

in 0~81 ± 0.18 0.83 ± 0.16 0.81 ± 0.14 0.82 ± 0.11 0.82 ± 0.08 0.80 ± 0.09 0.89 ± 0.10 0.88 ± 0.08 

22 o. 76 ± 0.22 0. 75 ± 0.15 0.81 ± 0.15 0. 72 ± 0.14 o. 77 ± 0.09 o. 76 ± 0.09 0.82 ± 0.08 0.84 ± 0.08 

23 0.77 ± 0.26 0.67 ± 0.16 0. 76 ± 0.1l!. o. 70 ± 0.16 0.82 ± 0.1i o. 77 ± 0.12 0.82 ± 0.08 0.81 ± 0.09 

2l!. 0.77 ± 0.19 o. 75 ± 0.19 o. 78 ± 0.14 0.83 ± 0.16 0.84 ± 0.11 0 . .77 ± 0.10 

25 0.63 ± 0.09 o.so ± 0.15 0.77 ± 0.12 0. 77 ± 0.13 

26 o. 76 ± 0.14 o. 75 ± 0.16 o. 75 ± 0.18 o. 7l!. ± 0.13 

27 o. 77 ± 0.19 0.83 ± 0~22 0.67 ± 0.17 o. 76 ± 0.13 

28 0.77 ± 0.19 

29 

30 

a for reaction ce138 ( o1 

b for reaction Pr141(o16 ,8n)Ho11,.9· 

~ 

5-27 

l.4o ± 0.57 

1.36 ± 0.52 

1.21 ± 0.36 

1.21 ± 0.35 

1.14 ± 0.30 

1.17 ± 0.26 

1.14 ± 0.23 

1.17 ± 0.20 

1.14 ± 0.20 

1.14 ± 0.15 

l.ll ± 0.18 

1.07 ± 0.15 

0.97 ± 0.15 

0.93 ± 0.14 

0.90 ± 0.1!, 

o,8l!. ± o.13 

0.83 ± 0.12 

0.86 ± 0.17 

0.86 ± 0.18 

0.81,. ± 0.24 

0.85 ± 0.25 

0.83 ± 0.28 

5-97 

1.37 ± 0.25 

1.23 ± 0.25 

1.22 ± 0.23 

1.18 ± 0.21 

1.15 ± 0.18 

1.16 ± 0.18 

1.12 ± 0.17 

1.12 ± 0.16 

1.09 ± 0.14 

l.Ol!. ± 0.12 

0.97 ± 0.12 

0.91,. ± 0.13 

0.90 ± 0.13 

0.90 ± 0.13 

0. 77 ± 0.1l!. 

0.83 ± 0.15 

0.85 ± 0.15 

0.88 ± 0.16 

0.86 ± 0.17 

·~ 

I 
N 

"' 
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1. Collimator 
(oval-shaped, 3 mm 

5mm high) 
Degrader foils 

2. Collimator 

(slit, 0.7 mm wide, 
4.0mmhigh) 

UCRL-10806 

Permanent magnet 

catcher foi I 

Faraday cup 

3. Collimator 

(slit, 0.7 mm wide, 
4.0mm high) 

MU-29996 

Fig. 1. Schematic diagram of exper:Lrnental arrangement. 
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Fig. 2. Schematic representation of deflection geometry. 
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3.0 3.4 3.8 4.2 4.6 

Velocity of bombarding heavy ion, 
9 . 

vb (10 em/sec) 

MU-29998 

Fig. 3. Horizontal deflection of bombarding ions as a function of 
ion velocity, vb: 

A
1
/z = 2 for all ions used (except Fl9): c12, N14, o16, 

Ne20, Ne22 

1 = 15.2 em, L = 5.3 em, H = 3.50 gauss. 

Solid curve: according to Eq. (3) 
Points: from distance measurements on catcher foils 

and nuclear emulsion plates (explained in text). 
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Fig. 4. Experimental scanning curve. Horizontal displacement, x, of particl~a 
on catcher foil as a fUnction of a-particle track density. 

Nuclear reaction: Pr141(o16 ,8n)Hol49. 

Eb{lab) = 162.0 MeV; target thickness = 100 ~g/cm2 • 
Mean velocity of Ho149 particles: (v) = 4.50 x l0

8
cm/sec. 

Magnetic field strength = 3150 gauss. 
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z =17±1 charge units 
mp . 

~-

0 

z, effective charge state 
(positive electron units) 

MU-30000 

Fig. 5. Corrected charge-distribution histogram. Relative probability 
¢ (in %) as a function of the effective charge state z (in positive 
e!ectron units). . 

Nuclear charge of particles: z1 = 67. 
Mean velocity of particles: (v) = 4.5 x 10

8
cm/sec. 
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Fig. 6 ~ Mean charge, ( z), as a function' . of mean velocity of particles, (v). 
Nuclear charges of moving particles: Z = 65, 66, 67. 
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Fig. 7. Relative probabilities for some of the charge states obtained, 
¢ (in %) as a function of the mean velocity of the particles, (v). 

. z 
' z = 5' 10' 15' 20' 25' 

z = 66 ± 1 } 1 see Table I. 
z2 = 56 to 6o _ 

r. 
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(d) 

0.2 0.3 

ve/(z/13 ~2 
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easily removable 
electron 
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UCRL-10806 

MU-30003 

Fig. 8. Degree of ionization, (z)/z1 , as a fwnction of the velocity 
characteristic of the process of electron capture and loss (see 
explanation in text). z1 = 66 ± 1; ve = ~· Curve (c) according 
to Bohr (see Eq. (12)); ve = v; ~ = 1. 
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Fig. 9. .Ratio of adjacent relative charge-state probabilities as a function 
of mean velocity of particles. 

At equilibriQm: ¢ 
1
/¢ = cr /cr for z = 6, 12 and 18. z+ z loss capture 
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z 1 = 66 ± 1 (Tb, Dy, Ho\ t/ 
. ( 

I 
) 

UCRL-10806 

/_ 
!Z1 Rl54 

~(heavy t./ 

z1 Rl38 
(light 
fission /J! · fragments) 

/ 04z •35 (Brl 
1 

0~------------~------------~------------~------------~------------~--------~~~ 
LO 2.0 

[Particle 

3.0 

. 1/2 
veloc1ty, v] 

4.0 

( [108] 1/2) 

MUB-1688 

Fig. 10. Compilation of existing experimental data of the mean charge, (z), 
of "very heavy" ions as a function of the square root of the particle 
velocity. 



This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com~ 
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or repr~sentation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
. or for damages, resulting from the use of any infor­
mation, apparatus, method, or process disclosed In 
this report. 

As used in the above, "person acting on behalf ·of the 
Commission'' iricludes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor, 
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