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In recent years the detailed study of properties of reeoilins nuclei has been 

a.n i.mporta:nt source of information on nucl.eal' ree.<rtion neaalm1sm.1 'l'hiS mothod baa 

been especially useful tor the inveatigation of reaction mechaniSm$ between ca,"tpl&lt 

e-4 . 
nuclei. In this case heavy reaction prod.u.eta of considerable energy ~ be 

obtained. 

Interpretation of these studies would be imprOVed by knaw'ledge of' the distri-

bution ot effective charges of the heavy particles genEJI"Q.ted in the nuclear reaction 

We present here too results of an experimental st~ of effective obarge• 

state distributions of products of heavy ... ion•induaed ·nualear reaations, in 't1lG l't\1"e 

earth reg:I.on. We give results of a det&ilsd s~ of (aquili'brium charge d1str.1:bu.tiona, 

as well as some firSt results on "inStantaneous" chargee, obtained before equilibriuru 

When hea.vy parti.olee pass throu.gh matter they aa.n lose or capture electrons 

in ooUtsions w:ttb the stationa.ry atoms ot tl:le medi'Ulll ~. Tbia very C<X'!IPli· 

cated process results 1n the establishment of a.n equilJ.brium distribution of charges. 

From such a distribution the cl~atia mean c~ may be obtained, vhich Will 

relate to an element .of the :pa.th or the . penetrating pa;rticle; thie path is lonc; 

enough to include a. la.rge number of charge exchange colliSions 1 but too short tor 

a.ny appreciable aloving doWn of the particle. 

In general, and qualitatively, we k:notf that the equilibrium mean cbarge (z) 

of a particle When pass1ng throug.l). matter ia given by 
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z = f (~A1 v Zt! A2, state or oondenea.tion ot medium). (1) 

There is not at prasent e:t1y rigorous theory about tbe cha:rge distr1buti~n ot h9avy 

particles as a tunction of the various foot.ors shoWn. Only in the case of hydrogen 

atoms moving in a medium of atomie H, a quantum roeehan1.eal approach has been sucooo&• 

tully used. 5 Other methods \lSitd are a.pprojeimate in c~ J tbe;y are mainly baSed 

on statistical cons1derat1.ons and an not in ver::~ sa.ti$faatory ~nt With t~ 

experiments. 6•ll Empirical. tacrtore 11a.ve tberetare been introduced in orde).- to allow 

1'he existing experimental. data. a:re mostly ror z,_ up to about 18 (Argon), 

beoa.u.ae until ncM the poss1bi11t1ea of accelerating '1'Vl'tr'y heavy" ions, (z1> 18) have 

been limited. Measurements l'l.liVe been perforr..tlSd on f1se1on ~ts, but because· of 

their continuous aprea4 1n z
1

, they can be ·ra1atea. only roushlY .to z = ,S(sr) and 

z • 54(xe) as the most representative ones. J.a,l3 

Spa.llation products resulting f'rom be&vy-ion·ind.uced nuolear reaet1ono can be 

];«'oduoed in a Wide.~ energy interval, tJoom a tew t.t!V up to a. ~~ tens ot ~v. This 

offerS tberotore an almost unique possibility tor the stu~ of ol:l.a.rge equilibrium of 

heavy particles possessing even higher z1 than the fission ~ts. The data pre

s-ented here are tor a stud;r of equilibrium ~ge diStributions ot heewy pa.rt:tcJ.es of 

nuclear clla.rge z1 ::a 66:1:1 (Tb, Dy, iio) 1n a veloc1 ty region from shout 2. 5 x 108 em/ eoc 

to a.bout 6 x 108 ern/sec; in atomic units this cone~ to about l to almost ' 

times the veloc:t ty of an eJ.eotron in the ~ atom. l 
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In choosing the nucl.ear reaati.onB to be utilized the intention was to find 

.a. number ot reactions 'ithiah ideally all lead to the same pr~ Spa.l.l.ation product, 

and Which should resul.t in as Vida a. velocity range u possible,. 

A nu.."Tl'OOr of reactions, all ot the type (m,xn), were thelrefore chosen., moot 

ot t~ leadint$ to (:Jfll!ll1+9 as tbe ~ spallation product. For covering a 

certain veloci t'IJ range ot th~ resulting heavy :part14l.e$1 ~$$Ct1ons leading to 
1~ . ~· . 

65Th as well as rasctio-.'10 leading to 6.-f1D ~ a.l.So chosen. The s·tudy had 

to be l:ilni ted to reactions for Which ~idenoe fm: ct~npound•nucleus meehe.niem bas 

been presented, 2,,; because only in this case are w able to ea.lel:tla:to tbe lllQG.n veloc• 

:i.ty of the spallation produeta. 

A ttche'ir.s.tic representation ot the expe!"'l..mente.l setup is shown in Fig,. 1. Tho 

h.ea:vy ... ion bea..-u., d.efleeted. by e. bending l'lll\gnet through 30 deg, enters the experimental 

oha:.·irer thrOugh a ama1.1. oval collimator and penetrates an appropriate numbor of de· 

grading foils. '!'lte bombarding energy was varied, usua.1..1.y around. the peak of the oxo1-

tation function ot a particul~ ·reaction, so lonf! as the reaction cross section 

still allowed re:3S011able reaction yields. In this way the velocity of the reG'Ulting 
t 

hea'ey ions eroerging from the llwt degraAtng toU hit the ~get after passtns a 

nSil:"rrW slit collimatm• and penetrating the backing naterial. b l!"8Sul.ting reaction 

productG together With the beav:f .. ion beam pass an add.it1ona..1 slit oollinator a.t1d 

enter the gn:p of a. pe~t magnat ot 5150 gauss field strength. The olla:rged 

spallation products, ae wll as the beam ions 1 a:e:oe horizonta..1ly deflbcted e.coordill8 

to their m001enta. and e:f'fective obarge ata.tas. ·'!'be spa.JJ.ation Pl"Oducts N!'6 finally 

collected on a thin A1 catcher toil. 'l'he l.l'a!."aday cup behind the catcher foil ~o 

to monitor the heavy .. ion beam tl:lrOugbout the experinlent • 



Ae all three typea of apalle.tlon products obtai ned in tho var~ ouo ca.oee are 

149g 
genetically related and deet\V to Th 

' 

the same detecting method was used tor an the~ res.ct1ons, na.wl.y the counting of 

the c.t tracr..a of the decaying 1'b149s on a. maclear track emuls:1.on. 

The hor1r.ontaJ. Q.istribution ot the collected spallation products vas tbua 

reeorded by taking an a.utoredi()g&"aph of the catcher toil, an.6l. the :plate we f1nall,y 

scanned foro; ... ~ density as a. tunat1on of the borizo.nta.l diste.uee from the beam 

o.'l!l:iG. On tba place on the pls.te corresponding to Where the heavy-ion beam \7DS 

b.itti.ng the ea.tcb:u' foil, e. line we.a obtained indicating f3 act1vtty S.nduced in the 

catcher foil and its plaat1.c cowr. Furthermore, long-~.re a tl:l'e.clw, Wbieb could 

be cleC!t'ly distinguished f'rom tbe short .. range rare ea:tn a traoka 1 were f:mnd 1 n 

th s place. Tbese tra.c:F.a were attributed to a activity indtiCed in heavy .. elenent 

'.mpuri.tses existing in tll.e eatener foil meteri.a..t. (See .induced a«t1vity poa.ka 

on Fie;. 2.) 1'be positicm of the l:>eam 8ild..s on the catcher toil, Which corresponds 

to thG zero-detleetton position ot the partielea, waa obtained tor ea.eh rurl by a 

short eal1brat1on run, Without target and Vitb no t~ie fielcl applied. As 

under t'M experimental conditions applied, the heavy-ion beam tms practically com· 

pletely stripped,14 tne dtstar!Qe betwen the sero-a.efieetion poait:ton a.nd tho 

position of the deflected beam wa.a used tor the esl.i.brati.on of tbe cbal'ge ... otatl3 
~ .Ja. 

scale. All too experiments ~ performed a.t a press\ll"e of $bout 10 wm. 
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On tbe basis of tbe fun4e.mental equation tor l'!J8.SC0tic &l:lfleet1on of e~ 

particles and tram pure geometn•l cons14erattone ot the ex.per1Jnental setup 1 ~ 

tind that the boriaontal de1'lect1~ x or.1 the catehet' f'oil-, vi ~"1 re.spect to the 

be&m wets ot a particle of mass m, velocity v sad etteotive ~ state s, is 

X = 
"' rl _ ......... ( .. -in l.Bel_> J. "'.~ ~ L - ........... 9 ~o v J.Uo J.c v 

1 (2) 

Where B ia the magnetic f'1el4 a~1 o the velocity of llght1 e the 01~~ 

charge, l the length of tbe ~tic tte:W., e.n4 L tbe cU.eta.noo betWen too end of 

the ~ic field tmd. the catcher foil. 

'!be various cbBrge states of the tlefleoted spal.l.at :tan products were thus 

identitie4 by use ot Eq. (2), tntroductns tor ~ tbe mass ot ~ f irJa1 nuclear 

rea.otion product, an.d for v t.he mean velocity (v) of these produats (see Eq. (3).) 

In order to calculate · tbe velocity ot tbe apal.lation products we haVe to 

consider the :a:l80blm1Gm of the reaction$ by Which tbey a&"e produced. 'lbe nuc~ 

reactions studied and the bom'bai"ding condi tiona applied. E't.l"e GUlmna.rieed in tbe tc....rat 

two co1Ul1Ul& r;rt Table I* ~ irrl'est1gat1ons of the reco ·1 propertice ot 

the t:l.na.l proct"'cts ot reactions of th1 s ~ have provided a test for the valid1 ty 

ot the statisti.cal assumption and were found to favor a "compound nucl.cu.a" raaat1..ou 

mechanism. e,3,l5 The exo1tat1on enc-giee obtained 1n these reactions vary betvaen 
, I 

about 35 and 125 r.te\f'.. At such high eneJ"gies of exei tat1011 a very ~ mwber ot 

overlapping levels v;U exist. If we aaewrs that 1n tbe Q'l.ltgoing channelS tb$ 

~-pbaae a.pprox1mation still ap·plies, the anguJ..arr dtetrtbution ot thcf ~ted 

neutrons sbaul4 bo syrmnetr:to about vr/2 in the center«~ system.. let us there· 

~ore assume that an incident beam p$1"tiale of lab Gn~ 1\ U abeorbed to twm an 

exc1 ted state of a corapoun4 nucleua • P.s in any model for a. nuoleaz- %'Qaet1on, linOa!' 



~ Q u tbe mstJ titt~ ~ l'~ta d .ftnal pl'i:)Ciuota1 au4 T.y t.D tle 

av-. total envs.v of the oratem emtttad as ];thotcms. fbe·· ftte0i1 wl.oc1't7 4oo t.o 

the photon emS.sston can be -~"' 
'fbe T values :used here are. be.~ed on 81monoff. e.nd Alexand~~ ·mea.s~$nents15 ot . 

Jl. . 

~ liistnbuttou of epalla~lon »J''4UO't$. vlueh J~etmlt Atota ~iont atmilar 

to thOse ve baVe atu41e4. ~· T
0 

ftl.ues were Obtatne4 b1 them With the t!Jilplt• 

tied aeSUll:\ption or toCJt.'tJOpio ~ em1u1on. 

Aa 1a ~ ft'Om tb8 ~tal MU», • veq ~~lr oou111a.a. b$am'Ot 
rea.otion p&.rt1oles bas been UGfl4 in tbtSe ~tt. ~fate» When ~ to 

e#ttme.te tht w~s.t;r ~~ we _. take 1nt:t> COX&Gi4el$tton ~ the. veloOtty 

conQtibuttona ot ~tum Obainl ~'rector euma ftaU!t:in tb.e ~ an4 

~ 41ncttons alOng tte be$1\ axte •. ~·of ~10 neut:ron ~ttcm1 

{!) Will be Z«<tt• we than set.1 tor the ~ ot the velocttv nla.t~."nf to tbe 

$Q.ue.&'8 Of the mefm ftlJ>olt:y 1 

(6) 

'l.".biG g1vea ua e.n uttmate of the velac1t)' ep.rea4 ca.uaeA 'b.7 ~ ~ts.em. 
r 

; 1'be veloc:!S.tr ~ oauteel w tarset tl'd.Olmess vas ·ett11Dated tram in't'epo~ 

t1on O't ~!mental ~~ ~tiaD8 ol ~ ot stmU.a:r. nacttona 

1o Al ana Au. 2 POX' the "equi.U'bl'ic ~1m$11te" tbe wset ~ was ~ 

or the~· of 100 H/=f., ~ allow4 ~~ ~ou yiel&h in the ·cai;Kt 

of "~l1bl'!um" ~ts thinllW t.Qitsete, 40VA to ~ 9 pg/J, be.W: been 

used. -rhe ve:t.oes.ty 8lftEI4 auae4 bJ' etopp1alg ette4t8 1n -.e ·~ OOU14 be nes• 

lected. 

The seamebtcal apree4 vat ~ ex;per~ tor each CU$. In 2118· e 

a typ1oal ~ ecawdr~~ Ct4"ft te eboVD repre~1Ji6 a-~ 4mlltt7 on tbe 

nuclear emul.Oion plate verouo 4enoet10n 41tltanco on tbo plato. \'Ais 41$tQn«J to 

·. 



equivalfmt to tbe bol"i&Onta.l -fleet~. a of the cbl!IJ!se4 ~ion~ 

obt$.1ne4 em tlJe ~ tou.. t.two ~cet..a..act:tvit7 ~ C8i) 'b1l eeel'l. IDe 

induce<t.a~inty ptak obtatnea at thv ·aero ~iOn poe.itton aou 110t UlteJf• 

ten lllth tl3e :main c:urve. ~~ Ule to.4uce4 a ·activity Pl'Qt\uoe4 b.v the 4etleC• 

ted beam s.s ~~on the ~~tal ~-cliet.llmtlcm ounoe. !L'btat iQ .. 

duced-a-acrt1VitJ ~Uftea ~ fount\ 1r.V' .~ ball~ un4er c=4lt1on& 

simile to tht:$8 1A a ftsul$1r rub, lNt using ~ of tl:le target an equivalent 

toil ot 1~ 'baW.nl -~ ODlv• b tbil _. tbt ·~ BOMnina ~ · 

ob'tt11necl vere ·~ tee ·the beam~ a. aot1Vit7. '1'.be ~ ourre 

was turtbe'l-~ far wloot- (lp:ea4 ·~ lV D$l~ ~ton~ 

to Eq. (6), tol' 'Vel.oeltJ' ~ --- - target ~~·· - tor ~ 
.epreaa. #Um.ll7 tlle correote4 C'tC"Ve was eoi1'VGI'te!4 tnto a ~ tO'S' m~ 

a values, ~:f.na the actual ebar&e 41etnbutioll tor· a ~ ·wloe1t7 (v). 

In rtg. ' an ~le of su.ob a htstcsram 1s ahoVn. «J!d.8 flaufta ~- tbe 

equiltbrium cbar8e 418Vibutt= ot ·• aa11a9 pll"ttcle .wtrss vtth a mean wlootty 

ot (v) * ... , >< 10
8-./11!10_• '-~ ..,. the ~elAtiV\t Pl'ObabiUtitl of the tif!l' 

tennt obarae $&tea o~, <Pe(~), ae a tunotion ot the toate ~ a, 



momentum 1S oonserved, the momenttW ot tb$ 1nc14ent '*- pazrt1418 18 equal to tbt:l 

momentum ot tbe compoun4 nucleus. We then set, tc. t~ velocity of the ~ 

nucleus,· 

Which 1a identical With the vel.Oettt ot tlle oeater ot mau, ~ amt Awr d4mote tba 

maaees of bombard1n; pail"t1Cll:t and twset atom respect1~. All t.he· COID,POUll4 nuclue$ 

6ecay8, tbe 'Y'el.ocltie& of the IUUl.ttns spal.l.&tion ~· ~We atteotJed by tb1s 

~. llowGver, \tlleQ w ftQ&U tbe MJ~tou ol ~trio 8oft8U].Ar 41tltrtbu.tton 

ot the ev~te4 neutront, we set tbe ~t tb&t tbe mean vel.Oo1t7 (v) of, tlW 

tinall#o4ucte 1B ~to vctr • t'beretOM ie Biven 'bV Bq. (3). 

In 01"4er to estimate tb$ wloctty ~ cauae4 by ftUCleon eval)Ofat1oD1 let 

ue cona14W ~t ~ tbe ~ ot ~ ~ iNeieut. 

fAit 1 4etlote ~ o.m. ve~cit)' etven to the epa.Uatlon ~o'- as a ftGUlt · 

ot evapon.tion ot au the· neutrono. tst us tqr hnhe:P eimplU1cat1on aeaume tMt 

the neutl"CmS ~ •ttte4 s.n l'an4om Aweattona 1n tbe centezt-ot...-t~a ~. we can 

then t1n4 811 expl"8&81on tbr the snean ~val\$ of V tr:# thi& aoan4orD va.ttt. we .... 
f'J!t tor. tbe m::J'll'.Wmtum ot a reco1l~..q mesa mus Gt the ~ti<m Cbatn, 

( .. ) 

Where (""t, • .A,_r. .. xi! mn) ~1:a the •\ueea maae" ot the beaV7 ~ ~ 
en evaporat :on pl"'cesa of :n neu.trouJ 'f

0 
1a the ~ total enersr ~ 

by the evaporated neutrons 1 an4 mn 18 the JaMS of the neutJ;on, '1!8 18 SlWil \J¥ 1 
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A. §su~!~br!';l!. ~ .J'ist,r.~;'m1t¥,JE_! 

In ~ble I are given a ~ ot the nuelea:- ree.ct1on$ atud1ed1 tte ban· 

barding ~it:tons, and .SQme of tm obta.tned reau:tta .. 

In Ta-ble II Bil'll! aho\m the relative probabilitieS tor the ~ otates 

obtained., 1lz (~), ae a funet:ton ot the w.riouo pe,l"ttele vel.cctt1es. Each vertioel 

column col't'espcmds to a ~ type ot nuclear reaction ~ ~.n bom~ 

conditions as shoWn. in Table z. ~ probe.biliticM given are the mean ~tG of e. 

number of repeated ~it!euta. 

In Fig. 4 we $GG ~ ot th$$e Pf;'Qbab1l1t1es plotted u a function of veloe"" 

itYJ smooth curves wre· obtained. Tbe ~given~ for· the icm1o ebarges 5, 

10, 15; 20, and e:;. 

A ztigorous tb9oretl.Oa.l treatment at the eo11u1ans be~n highly e~ 

i!JlU) ~ ~toms is extrem.el.y 001:11plicatea., M4 so tar only~ app:ooxi.rl:ls.to re

sults ~ been obtained. &t as the approa.c..)} in most CaBe$ ie etattet1oaJ.1 

UGv .. ~ based on a ~re or less ~l1t1e<i ~-~.i model for the ele~ of 

the mov1.ng ion, these approXimations m.au be ®tj;)eoted to f'i t better the ~to 

on ions hav:i.r.;.g: a. high num'be'l" of elhctrons--as in fiecion ~nts 1 or e\l"en et1U 

Ul:)re in the experiments desert 'bed here, than tbe meesu!>emente tor low-z1 tons. It 

bas been ~1cted by 'Bohr
6 

tn&t When very bG$.V.Y po.l"tiele$ :penetrate e 1'00d1~, the 

nucleus of a. moving particle WilJ. corry throughout almost 1 to whole path a large 

number of electrona1 Which (ov:Lng. to «>ntinual. capt'Wr'Et and loss) tluctua.tea a:round 

an average V&J.ue d.eterrdned by the velocity and nuclear ehvge of tbe ion end by 

the properties of the medium. 'l'h:ts baa been verified eltpertmentally far f1os1()n 

products. 'I"aeee fluctuations ~ expected to be a. norma.l 41str1but1on. Our 

exper111Jmtal data ahcnv that they may be approximated by a no'l"..llal distribution as 

1 (7) 



·- ~ 

<z> a L.. ¢5 x z, 
B ~· 

and t.he cU.etribution vidth 

Which is related. to the full widthS e.t half maximum (w) of tbe distribution by 

w = 2-354 a. 

(8) 

(9) 

TM li1e&n charge wluea (z) given in 'l'able I were eatjmatet.\ a.o~ing to Eq. (8). 

The d1ti"ee!lcee obta:i.ned between {z) and zllW tor t.he same particle velocity are Yithin 

the experimental oocure.cy, and all the distributions obtained lllSY therefore be con• 

sidered aa pre.ctiaw.:cy- syrmnetrJ.eaJ.. 

FietU"'e :; ia a. plot of the mean ebN."&e ($) as a function of pa:toticle mea-n veloc

ity (v). !t can be Been tl:at 1n the velocity region studied the experimental points 

fit "~11, within the erperimentAl errc»:, a linear c!Wlge of (z) With (v). No :Ln

tluence of bZl a ±1 eauld be tou.nd; Within the experimental limi ta • 1"bG point tor 

too lowest velocity mea.s·ured ( (v) = 2 .. 52 x 108cm/sec), wbiob ia for ~ :: 65 ('rb), 

fi ta well too <».."trapol.ated line obtt'.i.ined for higher velocity . vo.lues of z1 = 66 (Dy) • 

The ~ ep:plies tor z1 = 67 (no), Where resul~ant (z) values for two different 

veloeitias at"& shown. A I!l(,)re detai~ com;pa.rison can be made for tb'!! results 

obtained far {v) = 4.24 x 10
8

em/sec.. For this veloe'!.ty the elm-ge-state distri .. 

butiona of no149 pa;rt:iol&s and of ;o.,:149 particles, generated by tvo different 

nuelear reactions, llave been studied in detail. It ean be seen :trom Table II tba.t 

the cll.t:l:t"ge-sta.te probab111t1oo obtained tor t:o.ese two oases are praeti~ id.enti

aa.l. The estsmte of the di:rterenae in binding energy of the eleotrom involved, 

calculated for the \thole cbllrge dietl•ibution, io about 3%1 WhS.eh is less than the 

~j!Grimental error. ~fore no aign:if'iooot L"lfluonco on the rea1.1lts beaause of 
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Considering the distribution tTidth values (w) given in Table I sho\Ja that 

tbeae values tncreaae v.tth 1ncreastng {z} values, but the ratio w/(z) l"'rlY.11ns al· 

r.tost oor.stant within the E!XJ':)Ql.'"1!a.ental error, for the Whole ve~ocity region stud1Glt. 

Let us nov consider the dependence ot' (z) an v obtained on the basis ot 

Bohr's theory on tbe stapp'.ng of nasion trasmenta. 
6 ,9 Tb.ia theory is ~ on tl 

rough oosumpt1on that an ion of' large z
1

, t~J.wn passing through matter, is atrippod 

of all its orbital electrorlS tl'l.a:t have valoc1 ties sma.llet" than the- tra'nl)l$.tional. 

'\~locity of th$ :ton. Bohr uses, for the description of the ion constitution, a 

smplified stntist:l.cal model of the Thomas-Femi atom; obta.W.ng an approximata 

expression for the ~loc:tty d:lstribu.tion of the larger part ot the electrons bouni 

tn the ground. state ot a heavy ion of effective char~ (z) 1 correspondins to a. 

considaru'bla f'ra.ction of the nuclear charge. A rough estimate of the ionic mean 

c.~"ge is thus obtained from 

(10) 

apply1,.ng to particle veloci.tiea in the region v0 < v < z1P./'"'o' Where v
0 

repre· 

sents the wloeity or the electron in the ground state of the hydrogen atom 

e2 .1/3 (v0 = F.'"' ) and r:-.
1 

standS for tbe "effective quantum num.ber" v of the bind111g 

state. R-~, it is essent:l.al for the appl:1.oabil1ty of v = zi13 that {t!:) be 

somewhat smaller toou z1/e~ To a.mil.Y Bohr 'a theory to OUJ!i' &Ra.t the "state of 

condenoat1on11 effec:t ha.s to be ta.lten into a.c<"',.ount • This effect depends 1 accOl."d .. 

ing to Bohr and L:i.ndha:rd, 10 upon the relative value& of' the time s:teoeass.ry tor 

mre 1.mi:torr:J. d.st:ribution of' the enGrgy ot a. few highly ~1tad electrons, T
419

,. 

a..,1.d the time elapsing betwoon two. collisions, "col· !:"or solids and liquids 

1001 < Td.ia• Ac~ to Neu.feJA. and ~l7 an wSditional erteat, the ndistant 

collisions" effect, Wht.ch causea e.uto:t.onizatj.on, a.ocounte pa.rtl;r tor the "otllto ot 

condensation oft~ct." As tbG distr1bution of electronic orbitat velocities in 

Ci/.ll ion th.a.t 1s continually perturbed hl" coll1B1ons a.t high frequency 1G r.ot 



know, lbhr and ~...rd,10 on the be.Sia of que..litative considerationo and l.JlOGGn •o 

12 ex~ta.J. results, intl:odu.ced. into Eq. (~0), for fission f':ra,g.meuts, a oemi ... 

emp:i.r1cal factor of' ?>/2. 

;·Then ~ ... ng to coc:;.:m""e the est:tme.tes. obtained tl'om Eq. (lO) With~~ 

elate far "wry heo.V".Y" 1ona1 w tiUd tba.t these ~ almost nonexistent. ~ ffi/"4 

exist:i.r13 ones are ~zed 1n Table m.. P..s predicted.,.J.O Eq .. (10) 4oea 110t ttt 

the experimental data for Br(Z1==,5) and l~~t fisijion. ~nt&1 bu.t fits well fctZ 

1/, 
heavy fission tr~"lients,. W'"nere tb.e '!.We o:f v to~:~ 2i &eems to be justified • 

• 
i-ie have not perfol."'med ru.ry charge d:tstr:'l.bU:tion meas~nta in lou-praosure 

ea..s stl.• _: ppers f~ ~ioles of 2i = 66. We a.ssuu1e that for the higbeet destee o£ 

ionization rneas\-!Z'ed the conditiono for the a.:oplie~~bility ot: v = ~/;5 ere still 

fu..lf'1:L1ed.. Equat~on (lO) W1.ll thtw l!%'0V'lde ua s.n eati..""Bte f'o:t• {z) in J.ow .. pressu.re 

ge.ees. Thia would resUlt :tn an iner~d Emt,p!rioal :a.e~ of the order of e. 
. 

1l'hiG J.arg~r :Ce.ctor ~ be attributed to the. bister ~ ot tbe PQl"'ti<lles tban of 

bt::)a.vy tisa1.on ~nents. T't:U.s :f!.ts the experinentel t»'b~tion that the C:CCD&J 

of iOnization, as e. result of the ••state of condenaatwns" effect for a certain 

""' 1oc i ty 1 tncreaaes With the nuc:Lea.r- aberge . of t~ ion. 
1·
8 

A theoretiea;J. eathaate of {z) given by 1\t\uurtng, Itnippi and Tellar8 1s basal 

on a more det&:lled T'.uo:raas .. permi atatiatieal J.lOflel. ~f ae&tuned too cha.:'ector1.ot1e 

veloctty of the electl."'n ve to be rou.gh).y proportional to the ~icle vt~locity, 

and introducGd ~..n emp:trice.l t•actor of' pro;p0l"t1.otlel.li ty; Y• t.rhe eba.ra.oteriat1o 

veloci.ty of the electron was calculAted far t\ro different e.&Sl.lltlptions: (o.) tho 

energetically most el.llSily ~le elee'tron, (b) tl:w mttermoot electron. ln 

F1.g. 6 the corree1xmd:tx~ cul:'Wa cal<r·..tlated far a.n ion of z1 =~~ 66 are Oho\m 

[curvee (a) ru~ (b)}. ~ {c:) 1e according to E<".i.• (10) and curve (c) o~m our 

~xl)(')ri.mentaJ. reeulta ~ es~-.g -y • l; the tollo'tnng 'Y values were obto.1ned: 

For o.ssur:Iption (a}y 1:1 4.9 for {v} = 2.52 x l08crJ/aec, decree.sil'l~ to 'Y ;l ;;.5 for 

(v) 1;'1 ~"·97 x 1o8cmjuec. 1\pp~r.s c.ssum:ption (b)~ we see that for the WllOle voloe• 

ity rox1(!.e ~tlt"'Od, -y is clooe to unity, bein0 



tor 

tor 

(v} 

(v) 

= 2.52 x 10
8cr:n./sec 
8 . 

= 5·97 x lO em/sec. 

Even our result.s fit fairly wll the Cur\'& 'baGed o.n a.sSUttQ?tion (b) 1 it has 

to be rc.mer.1~ that 13runn:tnge at fll. &.J1l"~ is to:' a.n :ton in the ground state 

and therefore can not directly apply to m¢a.suremeuts 1n &olide. Tho "1 ve.lues ob· 

tained haw to be considered as empirical oneG, oonta.ill1ng the ratio between Wllat 

is assumed to be the ehait:acteris~ic velocity of the electron ani the velocity of 

the ~.on, as t<rell ea the effect of the ata.te of condensation~ It can ttlso be seen 

·trom Fig. 6 that the factor of about 2 olrtained vhen &.ppl¥1ng 1\':q. (10) holds tor the 

trhole velocity region etu.died. 

Electron capture ana loes cross eections cannot be determined Vi thout a 

mee.surement for a nonequ.ilibr:i.l.ml ste.te. However~ i. t is posa:tble to determine the 

ret~o of loma to ca.pture cross sections fat: a particular $l«ltron tram the equ1l1bz'1urn. 

relation when the possibility ot multiple electron transfer in a single collision 

:is neglected: l9 

(11) 

A& an 2XSmple 1 these ratios tor a • 6, 12, and lS M a ~ion ot (v) are atqwn in 

1'18· 7. Within tl"2 ~ntal ~ Limits theae n;t1oe fit the relAtion 

ex (12) 

ware ~z 1nc:rellaes very sl1gb:tly vith e. ~ 

lbhr estimated. tilCl.t for hGavy t1as:I.on ~nte :penetrating 1~ ma:terie.ls, 

thOse ratioo are E!X'~eted to be of the order of unity. 9 Our results conf1rm thiB 

ostiruate. 



Figu:goe 8 sboWB a eont,pilatiOn of existing ~!mental data ot thO mean c~ge 

(z) ot "vaey bOavy« ions s.n soliu as a tunct1on of pan.: ole veloCity .}/R. .AG ~U 

oo ~ing our aate. tor (~)~a 1~ rel&tionab!p nth v, U$ cem &leo~

$Gtlt them tairli! wu e.G wen a ~ function of v11e. 
e 

!eeau.se of a.l.most eon:rple'to lack ~ ~t.m$Jltal 4a.ta tor c~ d1.stributiono 

of n'WI'Y ~ parti<=laiJ," it is tmpos&ible at tllia ~ to t1n4 evan _,. empil"1~ 

regul.a'rity tor the me-rm ~31! of a .~tiole as a tunutton of i.UJ wloeity e.m4 nuel~ 

eba!'fP. Additional ~inmlts.l data t• ~iele& of various ~ a.t va;rtouf) voloc"" 

1t.1<es ar~ required betore a ~l.Gg1eal. ~is ot tbe NGU.lts 1a :poQG:lble &n4 

the exiSting a.p-~te tbeol":teo (Mlfl bo awe cloeeJ.y ~. 

In e. torthoomins ~ ~-enermr ~ttons ot 1>1149 ;pa:rt1eles1 based 

on the data gtwn bal"e tf1r .effective chtl\rge d1Stt"ibttt1ona, Will be prasenteci and 

c~ to exiSting ranp metaslll'$m.enta. 2 

B. ~E:l1~1l.ml ~Di!~!Ju.'!t,~. 

In the tor&going st~ ot equ:illbrium. cbairete 41.e\f1'bution 1t we.o tom\4 ~ 

the nece;~ equilibrium~~ vaa ot 'b OJ'&Jzo ot e; t,AS/em2 .. 

For ttra ~ion Pr141(o16&)]!.)149 a. nurn'bft' ·C'4 ~~to uc!.Qs t~ 
targets was pew.fo~ .. 

In ns. 9 soma :pnl:2•n1nat"'Y n9Ul.tB ·~ $h0Wb. JW ~· ~ _. used n 

ol~ ~cy of 'the meBQ charge~ a. higher-than·equilibriuttl va.lue ca.n be seen. 

It tne "inatan~" ehal'(le ot th.Qt ~nucleus V\W!e uolDS& equal to 'the c..~ 

-ot tba ful.ly I!J'tri:uped bam'be.l'd:tng ion, an espla.nation tozo th$ edtit1cnal ionlilfltton 

$tfect woul4 naw to 'be giwn. As tn~ ~ion and orbital electron captU?& 

preauma.bl:f Will not be of any quanttta't!.ve ~ in thts CGSe, tbiG otfect l!ltti..Y 

oo atts.'"ibutad. to the drastic "ebak:!ns" ot the •l.Octron olou4 ~ thS ~ 

change of tb.e nuale&1' ob.a.rGe by'~ s 8 as a result ot the nucn~ ~action, 

Do"~, turt.ber Nld more iJ.Erta1l.e4 ~~ otudi.es c.rG ~ 1x1fa:ro 

any conclu.oivo- and mora qutmtitat1ve eta.tGm:lnt oo:n be medG .. 
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Table I. · StLcc:•c.ry of expc.riJoento.l conditions and so.ie- results in cho.r(lc dis-tribution studies . (symbols as used in te_rl). 

.. ·. ~ .·· 
_._ 

. ; . 

.. · . ' .. ·:,· . . ... . ~ ~. . ·. ~ .... _. . ! ·-·: ·. 

z1 

65 
66 
66 
66 
66 
66 
61 
67 
66 
66 
66 

:.; .: 

. . -8 
z2 t)x10 

em/sec~ 

59 2.52 
60 3-05 
60 3.30' 

59 3-45 
58. 4.o8 

58 ~~.24 

59 4.24: 

59 4.50 

57 4.64 

56 '5.27 

56 5-97 

velocity spread caused by 

r~eutron 

evaporation turget thickness 

9-3 3-2·. 
11.1 2.9 .. 
12.2 2.7 
10.9 2.6 
10.0 1.5 
10.8 1.4 
10.3 1.8 
10.6 1.7 

· ... 10.0 2.2. 

10.0 .L9 
. 9-9 1.7 ···. .. 

~-: .. ~- ·.:: .. 

:.:·: -· -
v z 

Dip." 
z 

.. 

(positive ·eie~tron ~it~) • 

7:ti 9±1 .9.· 7:to.4: · 
9H ·11±1. 12'.4±0.4 

9:t1 12H. 12.9±0.4 ... 
9±1. 12±1 13-6±o.4-

10±1 15±1' 15.~:!:0.5 

10±1 16±1. 16.0±0.5 
10±1 16±1 16.1±0.5. 

.. 
11±1 ·-17:'"1. 17.6±0.5 
11±1 ian 18;l±o.4 · 
11±_1 21±1 · •2o.a±o.a 

' . '13±1 22±1 .23-3±0.9: 
: ' 

.. ... 
. . 

· .. ·.: 

; .. ;.~-: 
.. ·•·· :·. 

. . . -~ .. . 

---~ 

.. : 



.. 

Tnble II. 'l11e ,-.obtivc .probabilitcs of the 

zl 65 66 66 

z2 59 15o bO 

{v)xw-8 2~52 3-05 3-30 

Pp> 1.9!0.6 1.1±0.2 

.1'4 2.8±0.9 1.3±0.3 1.1±0.2 

.1'5 4.4±1.1 2.3±0.3 1.8±0.3 

.1'6 6.0±1.2 3-0±0.4 2.5f0·3 

-~1 7 -9±1.2 4.0±0.4 3-5±0.4 

~8 10.2±1.1 5.6±0.6 4.6±0.5 

$!9 13.1!1.3 7-7±0.6 5-7±0.6 

- ~10 12 -9±1-3 8.7±0.6 7 .1±0.5 

~11 11.8±1.1 9-1±0.6 8.9±0.6 

~12 9-5±1.1 8.2!.0.6 10.0±0.7 

$f13 7-2±1.0 7.4±0.6 8.9±0.6 

;111> 5.2±0.7 6.6±0.5 7-9±0.5 

-~'"Is . 3-7±0.7 5-9±0.6 7.0±0;6 

$!16 - 2.0±0.4 5.1±0.5 5.8±0.6 

117 4.5±0.5 . 5.1±0.6 

;118 3-9.!:0.4 4.1±0.5 

;119 3-2±0.5 3.6±0.4 

;120 2.6±0.4 2.9±0.4 

. ;121 2.1±0.3 2.4±0.3 

;122 1.7±0.3 2.0±0.3 

,23 1..3±0.3 1.5±0.2 

;121> 1.0±0.2 1.0±0.2 

;125 
,26 

·'27 
. P28-

!629 
130 
131 
jS32 
133 

'-

i 

·-·:- .:· 

different char.:;e states iJz (~) for 

66 

59 

3-45 

i.5±0.3 

2.0±0.3 

2.7±0.3 

3-7±0.4 

5.0±0.5 

6.7±0.5 

8.9±0.5 

9-9±0.5 

9.8±0.5 

8.3±0.5 

7-2±0.5 

6.1±0.5 

5.1±0.5 

4.3.!:0.11 

3.6±0.4 

3.0.!:0.4 

2.6±0.3 

2.1±0.3 

1.7±0.2 

1.3±0.2 

1.0±0.2 

,. . •. 

66 66 

-58 58 

4.o3 4.24 

1.0±0.2 1.1±0.2 

1.4±0.2 1.5±0.2 

1.9±0.2 1.9±0.3 

2.6±0.2 2 .4±0.3 

3.4±0.3 2.9±0-3 

4.s±o.4 3,6±0.3 

5-7±0.4 4.5±0.3 

7 .O±o.s 5.9!.0~4 

8.0±0-5 7 .2±0.5 

8.5±0.5 7-9±0.5 

9-0±0.5 8.2±0.5 

8.1±0.5 7 .4±o.5 

7-4±0.5 7 .2!.0.5 

6.7±0.6 6.5±0.5 

6.0±0.6 5-9±0.4 

. 5 :1±0.5 5.2±0.4 

4.0±0.4 4.3±0.3 

3.2±0.6 3-3±0.3 

-2.3±0.3 2.7±0.3 

1._6±0.3 2.1±0.3 

1.2.!:0.2 1.7±0,2 

1.3±0.2 

1.0±0.2 

'.-: 

·- .-

various ·particle velocities {symbols as·uoed 

67 67 66 66 

59 59 5'l 515 

4.24 4.50 4.64 5·27 

1.0±0.2 

1.5!0.2 

2.0±0.3 1.1!0.2 - 1.0±0.2 

2.7±0.3 1.3±0.2 1.2±0.2 

3-2±0.3 1.8±0.3 1-7±0.2 1.0±0.3 

4.1±0.3 - 2.4±0.3 2.4±0.3 1.4±0.4 . -

5-1±0.4 3-1±0.3 2.-9±0.3 1.9±0 .• 5 

6.4t.o.4 3.8t.0.3 3·7±0.3 2.3±0.5 

8.0±0.5 4.6±0.3 4.-6±0.3 2.8±0.6 

8.3±0.5 5.4±o.6 5 .5±o.4 ].2±0.6 

8.6±0.5 6.6±0.5 6.4±0.4 3· 7±0.6 

7:8±0.5 1 .5±0.5 7-1±0.4 4.2±0.5 

. 7 .2±0.5 8.2.!:0.5 7 -5±0.4 4.9±0.5 

6.2±0.5 8.1±0.5 7·9.!:0.4 s.6±o.5 

5-5±0.4 1 .8±0.5 7-7±0.4' 6.4±0.6 

5:0±0.4 7 .1±0.5 -7 .2±0.4 7-1±0.6 

4".0!0.3 6.2±0.5 6.5±0.4 7.6;o.6 
: 

3.1±0.3 5·.5±0.4 5· 7±0.4 7.4±0.6 

2.4±0.3 4.5±0.3 4.8±0.3 6.9±0.6· 

2.0±0.3 3-7±0.3 3-9±0.3 6.2±0.6 

.1.6±0.2 J.1±0.3 3-0±0.3 5-2±0.5-

1.2±0.2 2.4±0.3 2.3±0.3 4.3±0,5. 

1.0±0.2 1.8±0.3 1·.7±0.2 3-7±0.6. 

1.2±0.2 1.)±0.2 3-2±0.6 
1..0±0.2 2.7±0.6 

2.3±0.5 
. 1.9±0,5 

1-5±0.4 
1.1±0.3 

.. ... ~ .. :· .. 

in text). 

66 

515 

5-97 

•. 

1.2±0.2 

1.6±0.2 ' 

2.2±0.3 

2-7±0.\-

3-3±0.1! 

3-9±0.5 

4.5±0.5 

5-2±0.6 

5.8±o.6 

6.5.!:0.7 

7.1±0.6 

7 .4.±0.6_ 

7 .2±0.7 -

6.8±0.7 

6.1±6.6 

s.5±o.6 -

4.7±0.6. 

3-9±0.5 
J.3±~.4 

2~9±0.4 

2.5±0.3 

1.9±0.3 
1.5±0.2 

·-

. I 
_ ..... 
00 

·· .. · .. 
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Table . III. Some exoerimental and theoretical z values for "very. heavy'' ions. 

.. -

' . -8 
vxlO · 

·• z. (in positive electron units) 

gas solid z . 
1 (em/sec) 

. ·.. . ·.a 
-Experimental ·Theoretical 

'.•.' .: .·' b 
EXperimental Theoretical 

-35 (Br)c 
' . . d 

38 (L:lght fission fragments) 
' d 

54 (heavy fission fragme~ts) 

6~(Dy)_ 

. a Accor(iing to Eq. .(10) by Bohr • 

6.00. 

11.00 

6.60 

.... 8.80 

.5._97 

.1}.8 

10.5 .· 

14.6' 

-~··. 

%~a~~-~~ ·-(1?) and factor' 3/2 bJ' Bohr :and Lindhard. 

c . . . 
Reference 21 . 

'' .: .. __ .._. . ~- ·• 

d . ·' 
References . 12 J 13 . · 

.- .. 
. ~ ... 

,., ·-·'; 

:· .. -··· ... 

8.9 
16'.8 

·_11.3 

15.~ 

11.0 
. ~ · .•. 

. . ; ~ --· -. . ·.: . ..... 

.·.·. 

-~ i>" 

. ~ . . . 

'·.·.· 

..· .. 

11.0 13-3 
19.2 25.2 

17:8 17.0 

22.5 .22.6 
.. . . 

23-3 i6.5 
. .,. ·,~ . 

.. 

·- .... 

~-~--- -------------------------

. -~-

·._ .. - ... 

.... -.... 
,~:' 

-, .. I .. 
''. 
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Fig. 2. Expertmntal ~inS aurve • horizontal 41GJ?~t o-t pe.rtiol.Ga 

on ootelm" to11 ... xt u a tt1.1letion of a !*'ticle ~ &moit,-. Bu.c:lee.r 
aeaet:toM' PJ:a141(o16Sn)Ho1~9 R- (lab) '*' 16a.o NeV1 ~ tht~; = 100 WJ/C1112• 

. . ll;g l1 8 . . . 
Mean wloetty of li? · ~olan (v) ca 4 .. 5 x 10 em/S'ec.. ~tc t1(314 

~h = '150 ge.uns. 

Fts. ,5. ·~ ~se diat:rtb'<lti<m b.ieto~. lfblattve ~babW.ty If\ (S)) 
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