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A dew.ilad experim@nm otudy woe mﬁs of cquilihrmn dimnmtions -
ermmve charges of heavy particles of nuclear chorge 2 w 66 % ) (Tu,Dy,lo) in
the velocity region 2.5)(108 to about 6.0x10 am/am‘:. Tho purticles were generated
by heavy-ion-induced nucleayr reaction of the type (HI,un), by bombarding vericus
targots in the rare earth region vith lons of C'%, W%, 0¥, 9, nel®, e®, e
resultant heavy reaction products achieve chmrae equilibrium in the mrget mtm-ml :
bgfore leaving it. -Chame-«emw proabilities for offectiw cuargem between 3 and
35 were found. Theix dmtribution for a certain velocity may be approxnmtea by
a nwml distribution. Tha meen chamee ot:tumed from these diatr butions £it well
® linear dependence on the particle velocity. These mean chorge values may, for '
the whole velocity region studied, bo._mpm;wntéd by Bolxr's approximate theory, |
with the m1t1§n of & factor of two which represents the "state of condensation”
effect. _ : . |
| Applying the resulte to the theory of Brunnings ot 6l., the folloving vy
values vere obtained: |

mor the asamptmn that the emcm with mlleat binding are stx'lpped; .

¥ =k for '{v) = 2.52x10 cm/sec -
e E md ¥ = 5.3 for (v) = 5.,97A0 am/nec.
For the éaaswapum'that the outernost electrons are atrifppéd,' |
Y » 1.2 for (v)-aﬂa(mmn/ueomd

7.0921'0:' (v)-597x].0m/aao. '
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I eguilileiwn the milo of ndjecont cusrge-state protublilities io

o

Bair O
2+l aom,ptum‘

e L:m fhorennen very ulimm.,y with 8. The mognitudes found for these yatloa are
in agreciont with ohet's wodiction.
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I, FHERODETION -

 Iovy pardieles ;,,\'mm.xm through natter can loge or eupbure electzons in
~ collisions with the stutlonary otonm of the wediw) traveroed. ’Ehi_a oy ecupliccted
process resulto in €19 eotoblishamt of oan equilibriuvu ammﬁmﬁm:: of cm._z;'@:sa.'
TFron m_u.fzﬁ o arlmtribu'ﬁion the eharacsteristic mean charpe nay m‘ obtolined, mzicﬁ X0
laten to on elenent of tha mmx of the penetreting paxrticle; . thie path 48 long
enouch t0 include a lerps mubiye of charge-orchange eom.imiom, but oo short 'fpr
any oppreaiable oloving down of the particlo. |

In georol the equililriwa neen charge (2) of en encrgetie particle when

passing through motter 18 piven Yy ' \
(2) @ ()58, v, %’A‘a' state of condensatlon of medium), (1)

vnm*e Zl’/‘j) ond v oxe nuclaa.r clm&@, 00, agd velocity of the roving 11%'ticle,
and_ ze and AQ ore the nuclecr clorpe and the waes of the atoms of the mai.wu.

Thore oppears o b@ no rigorous theory et proscut obout tho chorpe distrie
bution of hauvy: mx'ticlom :wa 6 function of the varlous factors chown in Bg. (1).
Caly for hYydrogon mma noving in & pediun of atonie Xmlmmn hos o quantuas-nechonie
-end epproach boom cueccoafully used. As en exanple the work of ih_t@a et al. 1o
_n&e;:tiomd.l O’tmr m{:lxx*m used oro m@ﬁy approswinete in charactor, moinly baced
on amﬁmtiml considerabionn, end are not in vary satistoctory 'o.g:@emm; with the -

Do
euperinents.. 2 Ipirical factors bove therefore been introduced in oxder to allow
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for these diecrepaacien, A susawry of the few exporliontal rosults obtained w to
1957 end a Qiscunsion of the mpplicability of the exicting thoories have boen given
by Rouferd, P |

The atuldy of egquilibriim distributions of effective charpes of moving particleos
19 of considerable thooretical an woll ms rractical interest n 6 groat vorlety of
fielin. [lectron coptuwre oud 1oso phencmena constitute an Lupoastant process by
vhich low-energy bhooavy partioles loce emaryy in pasoing tiwough matter, end stulying
than woy fupmove our 84411 incauplate understonding of thie rwocens. Charpe cgquie |
litria exe also of fundomontal interest in investipntions of radictlion duunym couseld |
by chomed beavy porticics, of biologlond effects, and of hirhly chorged perticles
of coanie origin. In recent yeorn the fuportance of propertics of recoiling nucled
a8 & source of informtion on nuoleor resction mochnlas bog boon fully reémmﬁm:c'l.n
Koowledge of the chorpa diotributions of the particlos genorated in the nuelear Xoncs
tions Lavecticnted wouwld grootly inprove thé interpretations of the studica. In
commection with cxlsting heavye-ion accelerators and future ccceleratar develoarmonis,
e well us in the ccorch for furthor heavy elomonts boyond lmmencium, the eharcos
| &totritution studies are also of conoldopable practical intercet.
h The aveilable expariucntal doto oare mogtly for particles oif 7‘1 up to 19 (};r)
‘because there have beon, go for, only limited poseibilities of oecelersting " exy
eovy" tons (that s, zZy > 19). Meoswreoonts porformed on fission frogaento vhich
ve a continuwus spread in nucleay chavpe, co.n be related only rouchly to Sr ond Xa, |

12,13 peopinontal studico for

vhich ropzensent the most probable auclear chaxrgos,
particlos of high mclenr ehurge vould thevofore ba of (et inteveot for cny furthor
teot ond forther dovelopment of the extisting thearles,

Slmmtim ﬁaﬁwta resulting fyon heavy-ton~induced nuclear reactions con
bé rroduced in o wide encrpy intorvnl, froa o fow MoV up. to a fow tens of kW, Gueh
products offer, therefore, on almost unique posoibility for tha study of churgd

eqmilibria of heavy particles posoessing even highae Z.l than the ficsion frocment.
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In this m,m% o plven tm i3 :'m oL en oxperinontal stuly of egmilibelws choag
a,mbrmm Tons cu b w powrtieles of zmclom oh,. ] ::1 s GG % 1 (.’Db Uy,e:a.nd m) 1 the
veluc‘-!;b mgmn fm:q 2.5 % 100 o nbmzt ) x 10 mn/naa. Sone of tm resulta glvon v

h
here huve cslrcmw beml pmm m»l."f

. EXFRITAIL FROCEDURS |
Tn olpooing the nuclear raoctions to ba utilized, the .s,nmntim:"mm to find
a meber of weactionn which idoally would el lead to the ooie primyy mj.ml'lm;‘ion
product, ond vhich oh@:.l(i result in oo wﬁ-&@_ < velocﬁiw ronge oa posolble. A _nirfhm
~ of roactions Induced by heavy fono (IIZ) wore therefore chooon, 6ll of the type
(it 1), Toot of then Leading to Gblsfzym as tie primary epallation product, In

gome cases, na o eompronina, for covering o cortain veloeity yonee of tha roou‘!.‘b‘

Ll 1&9

heavy porticlen roactions leading to 6 o8 well e reactions 1ew1inr' to 67“"
‘wero eloo choaen. An 15 diucuama later, this difforenco Oy ® ® £l doen not show any
aéimmm:l.e influence on the results, wder the experimantal conditions described,

The otudy Hd to be Linited to renctions for vhich evidence £or conpounds
nucloun méhmimn had beon mgantm\ew’m Tor t:hécsa reactions tha neen vtaléciﬁy
. of the orallation ymoducts cun be coleulatod.: 4

Tha bonvy 1&&3 vere obtained from the Dorkeley hoavy-ion lineor eccolerator -
(11100), vatch nccolerntes 1ong to 10,4 ¢ 0.0 R=ﬁ:aV/cunu.17 Magnetic défiec'tioh_ was
used as the éharge-ana;lyzing method. The 'm:mvy-wn boan wes deflected through '50 deg
by & Imam_, m(_r,n@t; Mfom machﬁng the d@f‘] aation chanber. A schematie dia;,w*~1 of
the mognetic dofMection c}m_ﬁm 18 ohxm in Fig. 1. The heavy-ion beam, entoring
tho c*m:ﬂ;w , Pasoes thiouch en oval-shaped opening (collimntor Mol 1) 5 rma high
and 3 mn vide, and thon pmuatmwg on anproyriete mumber of degrading foils,

The mmmmp onarry was V‘W‘!@d , usually around the poak of tho mwitm;im :

function of a pertiouloy rmmtion ) 80 long o tm rocction ordao section still



allowed panconaide ool 1on yietin, In thoe way AL 'mé,?e.‘aﬁzﬁr.y of the mmﬂ'bif.z"‘.{;
e le fron a4 cortain reaction g vurled o mmd ca;urm;sfgri“,.

Tho onoosibat santtoped lu:wy long thot ewergal Do the loat degroding foll
podand o oo ulit colliitor l& e high end 0.7 rmma wide (aallﬁi; stor Yo 7{2) od
hit tho torpet after penstrabting 18 bocking mnterial. | Tha rcazml’cf.ug c:frpm.llatim
prodacto, tow ANTE o with the maw-ﬂmx beom cmert,m(, Lyan tho tcmmvt ) pmzcaa thaouch
sn additlon 1. olit collum,or (co:l.l‘l.rr,tum- e 3) of the sawe dlnensicns o tm
pravicas one.  Datoring tho k-‘e.m-hi(;h tran of a mmment nix“{m@t of 3170 msmm f‘s_qlcl v
ntﬁf@m;'i;h » L clvirgod eml‘lnum ME.\.PG.\AC"Q:B ow well ap tho bowa lono were horlzontelly
dafleciod, ceconiing o thedy wooonto and effective olxngs statos. The mollation

rrodurts wvere £inolly collocted on & thin Al eatchar foil.  Tho Foradsy ¢ helind

I cxbelvr f01l corved 4o wonitor the heavy-lon Leums throwghoat the eperirent.
The decyy choractoriotics of tha tiwee tyros of priary opallotion producta

obtainad in the various coseo {vihhioh oro g;cn-mt:imm:; -m:uma) are an follmmaf

Ao < nin W0 15 i . .1129.". Y1 h
7% - - - . Lo (-]
‘ 67"9. S 66DJ CIR /7 _65th 0.1 G309 u:J)A)
. _ Loy ' '
Therefora ¢ho cmm‘tﬂm of & trocks of the duor xﬂug ‘I’?;J U oltatned on & nuclear trock

@slsion c:'mlal Le usad es detwctmu methold in all the mannmm. 23}9 rolative
horizontol Alsteitution of tho coll@cmd gpnllation products wes recorded by .m:&.ng
en avtorcdlorrarh of the cntchor foll on o K2 I.uom Taelear Trock Plote for cbout
four hali-1ivos of T’bm’ﬂ. (e coteler m}ﬁ‘.l wag coverred by a very thin plastic .conte |
1ng to prevent chestcol recctlion betweon the aluainws foll anld tle nucleay enloicn . )
I‘szlL/ tiy troch plete we scmmed uz'xﬂérv e microscope for <.:a‘-tm,ck dennity ea '.a
function of horlzontal distunce frea tho bown oxic.

A preliadnnry ca:f.;;;:m*irr‘*t of this type by Jikheltnd geenod to be encow::.{gin(;.la

At the ploces on o emulslon corxecponding to voere the heavys-ion beta wes hitting
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tha catcher foll, e somewhat diffuse line was obialned indlcating B activity induced
in the catcher foll and 1ts plastic cover, PFurthermore, long-ronge ¢ tyacks, which:
could bo clearly distinguished from the short-ronge rare earth ¢ tracks, were found
a8t those places. These long-range trochks vwere attrituted to ¢ activity induced in
heavy-element inpurities existing in the catcher foil material. Test experiments
following the @ ectivity of tha catcher foll, starting from the time of end of bone
baxdnent showed that Wr a cooling pericd of a.ﬁout 1 h; the ¢ activity 18 rractie
' odlly governed bty the b.l-bour half-life of ‘I'bw%. Hovever, a cortain emount of
long-lived long-range ¢ activity tracks were alweys found on the pﬁln.te at the places
ocorresponding to whero tha bean hit the ca:bémr t‘ou.‘ (Seo peaks of induced ceactivity
in Fig. 4.)

Tho boeition of the boam axis on the catcher foll ’ vhich corre‘eponde to tho
gero~deflection position of the particles, wes obtained by a short colitration run,.
without woing a torget end with no mzmmtm £:eld spplied. As undey thoe eamwimnt%l
conditions opplicd--the heavy-lon bema wos pract.cally coupletely stripped,’” the |

. distance between the sero-deflection popition and thoe poaition of the deflected beon
was used for calibration of the chorge-~ptate seale, | This deflection was dewminedf '
by measuring under a microgeope the distonces between tho induced pe-sctivity lines !
on ths nuclear eumlaioh,- as wall cs the d letonces bef:ween tho 1ines obtained di’mctf)y
on the catcher foil by heameinduced burn of the plastie coating. |

The beam-dogroding foils used vere mostly commercially tvailable rolled A) i
folla. Tue mpon thickness of each foil for an area of. b o® ves obtained by area
and weight determinations. To provent excessive heating of tho foils, which would
chanpe thiair orea waight or even burn then, the following precautions provad deairables
() Usually only Al foils of & thickneon of about 1.7 mg/en® were usad. When 1t was
neceosary to degrade the bean to about half enargy, 6 nusber of Be folls of thickneoss
of about 10 m{;/c:m‘2 cach wvere uwed,

(b) Tia beom lovel vaa kopt bLelow e cortain value vh'ch, bacause of otrong porticle

ped 68 1arer Qepreading thichneooss were widd.

gasttoring, hed to be peogransively lous
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The Lo Lorels vood thus vearded ©£ooa ebout 10 rpd (An casen of Joavge enorzy doe
m}m‘;:’a.m) wy to sbout 80 ngd (whon no depradero m'bo'uwri).
(c) Thr Goproders were mmea; B '

Tix tm.srw..m ux.r)& were thin 1:\,'“’0 of rere o rth r\emlm udn.f‘l m'vs.cwuvx
v arad’ = onto thin Al or m bael m{, follo, Tho t.ar(;ct tmclmma us:ml mm ugs: MI".y
about 10D g /mm. For this- txbut tileknens, mﬁmmblo rcu.ction y.\elm oould e
ol:tained ‘\r.&t‘u‘emt' camixw; oo crr-:azi: o vemcr}.ty sprecd., By using t:h:i.zmcrv tawg;c‘ta‘en‘;ll
counaring Ll rezm‘l:&:a.u"t by y5<] diuw atdons 4t could be chowm b b for 100 po /m
w;met thicimeos xz'bxfe than 635 of tho gpelletion producto loave tho tbsmt ai‘t;c.-r
-echioving chorpe equilile wr dn 1t. It o fo‘una tlﬁmt écp‘ :\J.i'i:;r:lmn -cmﬁ'ge d1pteritue
tions woro o'bta.lnrzci,vvinl @racfice , for torgets thchoy t han 0% u ?,/c.n p Wil ch corresnonis
to onnron ,.017 m:;cm/cm"?'. Thig im of tho swie order ng obtoained by [ikolocy Do
lr»o.vy iong in cclluloid m t.h'.a oae veloelty region,’ e

The catchcy foilm usod o oo e:“cmlly awﬂe.b ile rolled A folln. The
thicinons of the £oil used in a povticulos experloent woo Gmmnﬂant on the velecity
of tix moult’!nc om.ll stdon ;m»dt@h. The t}.xid't:x:zc;o o cu.:,w nen o be Just enowgh to
stop all tn_a,mr“ciclea in 1t, but lupt a:’c o mindmana (30 ﬁ!mt there would be O‘JJ o
minisﬁun of beomeinduced roalloactivity in 1t and 0o o to oogure exit of the masims
nmﬂ;éz' of & paxticles.. ?wa thicknoeocos waed were botueen 0.7 w.;/mu ond about
1.9 xzzg/cme. _ _ | .

Depending on th@. crong section for o pm'ticm.ar recetion ot a porticular bone
berding encryy, the boam level ond baﬂbmuinu thuo were vm'iced, oo thot for & lorge
part cu’:‘ the e .mzto » the total nunber of spallation rroducts caucht wes rpra;:i-
mately conptant. ' In this wy ¢the anitos of statictical necweecy were about tho [l s
for tho lorger m.ﬂ: of neny of ‘cm' axperinents. 7 | |

ALY the agperinento m:m porforsd ot o presgwe of 10 7w Hee
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| TTI. EXPERIMENTAL ANALYSIS |
The spallation products as well as the beam particles, after entering the

magnetic field, are deflected according to the well-known equation
Hg_:P—?i-E _ ' o (2)

where H 18 the magnetic field strength, p the radiua of curvafure,.c the velocity of
light, p the linearlmomentum of the particle;‘e the elémentary éharge, end 2z the
effective charge state of the particie. | |

. In Fig. 2 is shown a schemafic5repreSentation“of the deflection geometry used.
:Here.'l 1s the 1éngth of thevmégﬁetic field, L the distance between the end of the
~mégn¢t and the catcher foii,As the'horizontal deflection of a particle by the time
it reaches the end of tﬁe magnetic field, and S the additional deflection the partic:
has experiénced when“it réaches the catcher foil. On the'basisvof Eq. (2) and from
‘pure geometrical considerations it.can.be seen that the horizontal'deflection X on -
_the catcher foil of a péfticle éf ﬁ_certa}n mnass Al, velocity v, and effective charge

state z 1s given by

CAev 7 ' '
1- 1He =z ' He . =z 1 \
X = 1l -cos ercein f— = +L 1 7=~ = ‘ , (3
- e ‘ ‘ : 1¢ v B¢V o8 arc stn 22 E
: : . o Ac
' ‘ Sl
‘where the deflection angle 0 appears in the form.
. 1He =z H
o = arg sin e v ./(h)

The first term in Eq.,(}).répresents s and the second term represents S.
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Plgure 5 18 a grophic repaos entation of Fqe (5) s elving tln hmmontal Qo=
flection x 6o & Mm'ﬁion of mmy-ion vmmity v . (po)id Jim). 'xm ratio Al/z 18
the soe for all th:a borbarding mm umd (emapt I‘m) mmi Lo tho erperinin w.l eondie
tions applied equmg 23 l.m 15.2 cn and LeS3cuy Hm )wo e,nwa. The. poim:a
scattered along the _um oxra tho n@zm % va:lms obtained frou tm m'mrﬂ;wnm'l éfsmr- |
mination on eatebor folls end nueler teeclt plates,as degeribed before in Sea. II3
thay £1¢ the 6olid cwrve woll, Tho varlous charye stoted of tho hamectea recction
product vere thus 1dontified by using Eq. (3), aub.mwmm;, for Ay the nose of the
finnl nucleas reaction m'odueh and for v the rean \mloci'hy of these mwlucta N (v)
[B% Eq. (5)1.

In order to co.lcmnta the veloe:aity of the spallotion xmoducta x‘esultinc: Lo
the mucleor roactions utild zed, me reaction xvuam‘mimn lxmtta be comm@re:l.' 'Ifm
reactions utilized end tho bam:ncdmf;, conaitionu G‘.ppli@d r.are mmmcsxima in t..m Lirot
two colum of Teble I, mmrnmnm 1n'mm‘c1mtiom of tu@ recotl rrowrtmn of the )
tina.]. rroducts of reactions of thic type have nrovidml e tost fop Um validity of the
mtisticul cosunption, and hove been found to fnvcn: o "compowui-x uclmm" raaction

15’ 16,23 The exeita vtion emrbms obmmed in these. rmctiom vory botusen

macliznien,.
e.bdut. 35 ond 125 MeV. At such high energies of excitation there -lia 6 _vxn'y pFahigal
muxaber of 'mrla;;:xpmg lmlé. If vo assue that in the oﬁtﬁggain@ channels tha rondome
phase ayproxinmation etill epplies, t.m anguloey &iatﬂbutmn §f the evaporated neutyrons
should be gyrmetrie csbcut n/2 in ﬁm 'ccmter;-of-nma rx,m%;em. Wa thorelove aeowag thnt
| en incident beea perticle of lob energy Kb is a.bcorbcd to foram en excited stotae of

a corpoamnd nuclceus, Dﬂcwme 1n cmy nodel for a nuclosz reaction 11nefu° noneatun 16
econgarved, tho momentun of tha mcim'nt boan porticle st be equal to the mondntus |
of tin Qu:;’m*md nueleun, mﬁh VC"I denoting thé ‘v\aloci'c.y of the .em_poxma mm.\.eﬁ':a?

vhich 18 identical with the viialociﬁy of the center-ofwnnza, wa have
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e %A B -
@ e ?

‘where A, and Ay demote tho mnaces of boubording particls end tarpet atom mmmmw.

As the conpound nuclous a@céyo s the welooities of the resulting epalliation products
- axe affected by t!iis decay. However, vion we recall that we mmwm 0; *ﬁmtrio anoulor
aiotritution of the evuporated reutrons, wo got the recult that tho meon veloeity (v)
of the spmmtmn rroducts 18 equal to Ve, ond 1o therefore given by By. (5)

" In order to cstimnte the veloecity spmesd enused by nueleon evaporation, let
us oommer sonevhat ﬁmlm the decay of tho conpound nueleus. lot ¥ denote the -
velocity given ta tho spaliation yroducts in the conter-of-oass syston 6o o remlt
of evoporation of all neutrons, Let us fur further eimplificetio eoswo that the
néutmna ere enittod in rondom directions in tho center-of=mos systen. i exe thon
sble to £ind en expression for the mean square value of Y for this randon walk, The
Multmg mmmim of & recoiling -"xmaan' meas” of the mméation chain 18 mveni Yy
h + by - Z2m)® 02 = 21m, @
| vhere (Ab + a\r - xﬂ. mn) mpx-ememn the "man x:mo" of the heavy m'oauat a\n-ing o
mmmtion rroceon of x noutrong, 'Ifn 18 the average total enoryy mmvd Yy cwnp-

.mtedmutmm, anamniatmmeacrrtm:mutmn. m'r mmvenby

or +QeT | (
= B, m Q y 7
where Q 48 the mees differonce botween resctants and f£inal products(the Q values
for both the tarpget and heavy peoduct nuciei, have been calculated by uwse of Seuger's
mnoss: fommg"),and 'xv 18 the everage total encrgy of the eystem emitted os photons.
Tm-mcon velocity due to photon enlssion has been mg,lecl:c;&. The 'I.‘n values usc_zd in

the following ure bosed on Blmonoff ond Alexander, VO measured angular distributions
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of apallstion profusta reoulting from yections oimilae to Yhoso given in Teble I.
The sz valwzo vore obtained by aoowaing. dsotroplc neutyon c-v-fimmion. ' |

. Peconce of eymwtrie bautron evepsrotion (V) will be gevo, mo that the
verionce of the ptwticm will be given by (v ) Ag 168 apporent from the e;q.mzmm
setup, a very hichly collinmotod bomn of reoction porticles hos w@u_ wied in tlmme'
exporiants,  Thorofore, when trying to ectimate tho veloeity opresd, we nead toke
into camnideration only the vxcloc&ty cantyributions of ewmomtim chaing whooo Vote |
tar pung result in the fmmd end bacmrmi amctiona along tm boon s Coulbine
ing Eqe, (5), (6), and (7), we uay eotinnte the velmity opond of tho reaction proe
ducta es s result of neutron. ‘evaporation Teon the e:@mcaﬁm ’ ; ‘

- B T)
‘(V‘)" -v E’b A'b (Ab + A, E¥) mn)a.

. ()

Tho veloeity oprend casnod by bexget thiciness i estianted from dnterpolae
tion of experinental range-enordy inmwm o? m:oazicm of simi:lm' ‘mmtimm in
A et P Mo velsotty orwecd ecuncd by stopping effocts 1n the dogroders could
be neglocted, The geonatrieal bpveed of the reaction producto has booa dstoratiod
experitontally fou.'emh, and boewuos of high colliation vas found to bo almot

indepandent Of soattering caused by degroder thicknens, |
| InFig. b a typical experinental nming curvd is chom, yeprescnting o
track donsity on the nuclene exulolon plate versus Goflection distance on tha plate.
This Aistoncs 48 oquivalent to the horizontal defloction % of tho choped roaction
profucts obtainod on £ catcher foll The econning wos perforned ot % valuos that
emozxpcxult.o mwmmwaoftmchwm stote @, m-nmatnofs:o.wmmmch |
emeofeMemmanamammmofemmmuamwlwtmmmortm
beca eo definad by tho slit collimator.



o pociss of induced ¢ setivity were found. The poank corresponding to the
gero~doflaction poaition of the bom peened not to intcrfere with the main curves
However, the induced o sctivity produesd by the deflected bensa wus suporlmposed on
o cxperipental cirge-Alstribution emwve. The curves for induced & sotivity for
' these posttions vere found by povformdng bombardmnts wler conditions similer to
000 during thy Fogular exprtnent, tut uoing, tnstesd of the tarpet, on equivalomt
" fo1l of ita back material only. In thio vay the expdrimmtel scaming ourve obtained
cowld be corvocted for the bomeinfuced o activity, |

'rm cum timo obtained was eorrected for velocity mpread cousod by mut:zw
evaporation tccording to Bye (D), for valooity eprend caused by torget thiclmoos,
and for gaoetricol eyresd, The resultont ewrvo wvoa converted into 8 histogran for
integer voluss of o, mm'mmmw thy actul chapge dioteribution. '

Pigpuwe 9 10 mx example of auch o histopran. This Cigure mmmenta the clm'w
diammtion of 1o 149 perticlos roving with a voloolty of v = 4.5 % 10 w:/mc, od
woo obtodned from the experimental Scomning eurve chown in Fige be |
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In Teble ¥ e civen o e nory 01‘ Ll mftk % pocations utllicoed, L B
bord g conditions, tad e of the romulin obtadnods Tho fivas eolumn Glves e
paalony rocction ublliced, end the cocond colum ('i'u'\::a ‘ﬁi'm Linatle cncrry z (um) of
tho boms porticlen ea obtoland Coxs I wmcm‘i‘a”g rencecnonry cuves fop Ix:.zmr
iond, In the third colum the totod oea woicht of the b@m«-—d@z;imwdrm foilo, 4nolud-
ing tho bocking of thoe tarcet lopor, oro givoa in tamos of u(,/cu A, Tn crons
paction glven 4n eolum four 4o bagd an peamraeats by A:Lt nexador ot m:!. 2 Ctﬂv:m
five pives the torort thiclzeos vhilch 1o oma:!.'ml torgot Bote ml, astdined to o
cortaln extent 4in .p.a/ Cﬂﬂgo cOlwm pd ond scvoa give nudlonr ol zl‘zmjl' ':2 p DO
pectivaly, of the reowltant pedrory cpollotion yroduct end of the tosped medim
trcrm'*r.l. In colwn éight the moon voeloelty, (), of tho resultant gpallctlon proe
duot 0o colewiated from Eq. | () 16 glven, In the nluth colum are given the voloolty
prread of tho epmntion produst coanoed by neutzon eveporotion cecomiing to g (0)
ond el by tm-m thicimess, The loot timeo columscive yomulte obtainod from
the corrocted exporbontal charge distributions of the type chown in Fig. S loro
| v 1n tha x_m.i wﬁ.:mx at half modonn of the charen aistrmutim, n\&m is tizﬁ_ 1.}33% |
proboble charge, end (s) 40 the neon chorge of the Aistrilution, ll 1n pooitive
elcctron unito. | |

In Table IT £xe presented the relstive reobobiliticn for the chorge ototes
obtained, ¢, (in %), a8 o function of vorlous particle veloeities. Only prolebilitics
of 17 end hiffwer e given. Foch vm’tical colwm corrospends to & cortodn typo of
miclear reaction wdor cortaln bombarding conditions, o3 ehowm in Toble XTe Thoe
rrouailitics ere the mem reoulta of & w;;mwd mmbor of experinonto. Deolde the
meon velnelty of tho porticlon, (v), for ench colwm, the muclear chorgeo of thd nove

ing persicien (2 ) and of the torpet rediun tmve*-sod (Z,)) are ghonm,
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V. Droowston |

A rigzorous mrmmtical treatnent of the éollﬂ.airmm brrtm:«‘m highly ehveand
{onp and etaon 16 extre Yy capliceted, ond oo foy oa,w very rouch omprominate
rosults have hoen obmw'»d. Dut an ¢the r:mmoch 10 in oot cosea o ototis uﬁ.cc‘ll. ma,
usunlly beeed on e m:m or leas plplified Thonon-Pemad nodel for the olectrons of
the moving don, 1t moy Yo expocted thab thooe eppwontnotions ahomld bottor £1t mommes
nentas on ions hoving a hich nunber of oloctrzond, o8 in the cono of fisoion frosments,
‘or even mu rore for the yeosent exporimombte, thoan fop Jov-» Ty ﬁmn.

Q,h that 1n the ecnso of "wery heovy" particles

It has boon mrodicted by Dol
motwtiz* t?mq,h o mediud, the meleus of the moving particlo will elong mmm
ito viole path eoxry o loroe mmbﬂr of ewcm::m stiieh, owing 0 coabliminl c’“nl-&“a
end loss, fluctustes oround en overoge volue amtc&". doed by the veloeity an‘.l meioop
choxce of the dom end ¢ho mmmtim of tm nedi.e Thio how eﬁ'wmﬂﬂz-'»cnm‘lw Mﬂn
verificd for fiooﬂnn producta. 12,15 Thooo f:!mt\m%imm around the nwwce value
wvere exypected to follow a narmnl 6.1tm Lbutimm.g.

T experinental results obtuined in this work for t.m aiffevent remtive
Mm‘swxa probabllities for vm.*ioun valocitics (mm Toebhle IT ad Plge 5) conflm
 that 'tm dlotribution of tm chorpes £or & cm:mx 35&%1010 veloslty noy bca az:ang?o:d~
moted by o ncmml‘ dlstrivation | |

by B '[1!./0(97)')1/&] exp [‘(z'*(z )a/&fa] ? ' .(9)
pr— $p 18 the relotive probability of charge stote & in the atotribution (: e ©® 1)
'm:m fiunction can bo cmracmriaed eopontinlly Y mm pcrm » the neon o’rma

(z) = % ¢° - (10)
2 .

end tho distribubion vidth
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g - i% (2-(2))® "/2; : (1)

which 18 relatad to the AN width at half madmm (v) of the d1stribution by

¥ = 2,35 0. Conasidering the dlatridution width valuss (vw) given m Tabla I cliove
that theoe voluea dncroose with inerouoing (z) values, but the ratio w/(z) resaina
alnoat cdmtcmt iﬁthin the euxperinental error for the whole velocity mb;iou ptuilnd, |

'mo moan charges (8) given 4in thfe lest eolum of Table I wore mlmaated by |
Eqe (10). The aifferences obtained betmen (s) ond tho moot probable chavge £,
given in colum 19 of Table I ere within the m;cmrmenml aeeuraey, end all the
diotributions obtained moy themi'oré be cmwi&evmd 1) lﬁmticany n:;m:‘m-’a‘i:ricm.

In Fig, 6a plot of the mean eharge () a8 & function of mmicle e veloe-
4ty (v) 8 given. It can be poon tmt in tho velocity rogion studied the ezqm'imen-
tal pointa £it well, within the e::peri::mxml cxrory & lineoy chenge of () with (v) ,

| Dagide ooch e »er:!.mntﬂ. pomt the melear charge Z of tm mﬂvine; rcm'tion

product 18 given., As may be soon fvom the resulta ’ no influence beeauae of AZI o £}
could be found within the experinmentel limits. The poimt for the owest velocity
meagured ({v) » 2.52 x 10 mn/nec'), which e for 2 = 65 (M), £its well the extrapos
latod 1ine obtained for higher veloolty values of 2, = 66 (Dy). The same epplies for
Z, = 67 (i), vhere reswitant (z) valuss for two dmerem velocities we ohovm . |
A more detadled eéuperison czn be made for tip reoults obtained for velocity

(v) = b.2h x 108cm/nea. For this véibcity thoe 6h@r§a-mw distritution of 110”’9
particles as well ag of wlhg royticles ofata_imd by two different nualear reoctions
" has been studied in dotodl. It can be seon fram Tuble II that ¢he clarge-state proe
babilitics obtained i‘ar thﬂm o cwseb o pmcticany 1dentiead within the ezzmri-
mental crxore The difforence 4n bi.m’ling ezm's;y of tha electrons 1nvolved, calcula-_
’tad fcz!"‘ the mmw chaxps umt;ribution, p ¥} eatmmea as atout 3%, which 40 less thon
the actund G"""C‘I‘ﬂf‘ﬂu‘kﬂl errors Thorofore no significont influence 4n the repults

becaase of diffemncﬁa ul = £] eould even be expectod.
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In Mf'. T, 03 an oxople, the rrobabilities for chorpe otatss 9, 10, 15, &,
and &5 oa civen in Table IT cre plotiod os e funotion of porticls velectitys ewoth
curvas vore obtolnod, v
| Yo wil) now try to eonoider the reoulto abtam on the btoals of Donr's

theory on the otoring of £innion mmmmta.ﬁ’ 4,7 This theory 1a bosod on on
osoumtion thot a heovy porticle of lorge muelesr chosc? Zl s Whon poooing throueh,
o modiun, 1 otripped of all its orbital electivns thot have veloceltleos leco thon
the tranplational veloeity of the partiele. It is apectad t’mﬁ probabilitico for
capture and loss of electrons by the moving 4oniged m:.cle beeon oqual vien the
| ratio of electzonie 1o ionie vélmﬂ.wea ig of the order of wnity. Dolw uncs for
the deserintion of the lon eongtitution a shﬁplified. statistical modol of the
Thanes-Foznd aton, obtaining en eprroximote amprecsion for the vcalocityr (l:lr:tribut:l.on
of the lowgor part of the eleetvons hound in the ground otate of o heavy fon of
eﬁ‘ectivn chorgo (z) cormmﬂins to a considercble fraction of the nucleir chawrym.
If wo @v.lmitute the velocity of the moving heavy particle for the vclocity of the
mat loosely bmum’l alectzon in the mwnd stot of tm ion, & rowh estinoto of the

v S,onﬂo mean charge o obtain

~

(B) = zlll 3 \/(ea/ﬁ) - (12) |

applying to particm velocitmes in the region ee/u < v < 2% / v + Hore eg/n yepe

reaonts tm volosity of the eloctron in the ground etatoe of t-.m wmcm oton)

zil/ J stands for the "effoctive quontum muber® y of the binding stato. According

| to Bolwr ond Lindhvd thio twood mmuclmun value for the‘ effoctive quantun minber
applics in £irot epprostimation to a rolatively lm'm nmrber of oz'bita.l elmemm.a

8t111, oinco th? maxirm valus of v 48 not reached until the nurbey of electiong

wetained exceods holf the mucleoar chorge, it 18 cosontial for tho applicability of

Pq. (12) thot (2) be eooymint eallor then Z,/2.
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It 12 o welleootablisted exnari w;vt;;.xi foet ‘lf.h.::w;tmm Pansing tmng;’u. e
ad or 0ol rosten bl z;,f.:;;n':;x charges m:m lons of tho come volool [‘,j’ nsaing
theoush 6 grs. Thia "obtote 'of omcwmﬂtmn" effoct vammm ’ mcmﬂm o Nolw ond
Linﬂ;lymi,s wem the ol 1Ltm v mrm of tho tine nocossary for move unif‘om Alstride
ution of Lo cm::rg of a four 1ic,htls)r ercedtnd electmm, T, um, end tha thw ol *v«sub
batwean tin co‘.!.lﬂ_oiom, 'c o1 Foxe c%olwm and quids ¢ ool < 1-‘“6:‘ Tha exratition
vetwwan collisions oad aihmrﬁ.bumon of encryy betwmon don eloctrons xrr:v tl:m ey
the e,m:lte;tion of tho fon to excesed tm ndnimen enovey for londzatioa. Accord.ing
to Ioufeld and S e tho pbotoeoleno: ﬂm rmon effact for heowy lons nay b2 Gup
to tw fastors: One 1o the "alose collisicns” ei‘rect' which oy be mm)ninea o0 pointed
out b;r Linfhard and Bolir, ond the other 46 thoe "d:wumt col1sions” afi‘ont valch 1o
due to the reaction of tho rodiun thot censan mrhoiani potion,

In ct-r.’}.cr to b e.bm to aoply I:?.i. {12), v c:a!: 18 boged on a mar:al of m eboen
in the groumdl a’t.me s to a conldensed medium, ono mwt know the distribution of o) ﬁc’i;*onic
oroitu velocitics 41 en fon thot 1o cmtimm Ny pertated by eollislons et hich oo
que':x"y. As thia A1striation 40 ummcr:'m, Bohr and x.muum,a on the bonls of
qx.x,:).utatim commamtm 19 md Logoen's expes °mmm:|. mmlta,lg- hmmced dAnto Bq.
(12) Cor £icsion i‘rﬂmntn a sr:mi-mmiriml mc‘i;or of 3/8. : | | |

Thera are 6o Lot e;mi:m ntal data for (") mmm for "w.'*y mmﬁy" pﬂrﬁiﬁ}m
1n £014a redia thet it 18 Lowonoibls o xm!oe oy dntalliqent cf::rzzmison with the .
estircton obtained by calenlpting fyon Eq. (12) end epplying the fostor /2 for
00144 redta, A - o

' In Table ITT axe civen mcrmmmm rosulta prd tiworetical eotimbon for
oo "very hoovy" dono for velocities of the oxder of 6 % 10 mu/cec.

A3 o mwmvwﬂm,a in golids in thia velotlty donain have teen perford fop
11kt fionlon fragments results for v = 11 X lOScm/ sec are given.

Tt eon b géon thot, oo rm.-amcmi Yy mm-,'? Tae {12) ylelds reosonable xo-
6111‘59 for beory fioolon frognents in this mlocﬂ.é_;y damtn, vicre th? use of the velus

le/ 3 for the effoctive quontun mobor ceous to ba Jusitliled, woerens 446 uwoa for
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partioles of o ;t'.l ghrrm €0 he Inadoagunto.

W havo not prrfomed any chorpo moameesyits 43 o 1m-r¥3;ax'::fcem‘mm €02 ';;":.affvz;ecti
for prriieles of O, = (6. Ve cosu that for the highost velooity roohuni--that 4a,
{v) = 5,07 x l.f)acm,’ geo for vileh the highnot dopree of dondsation Lo beem Ohsboticdee
the conlition glven Yt B:ﬂzx el Tdndhoed for tho erdlieability of le/ 5 en the
effoctive quostun meboy 40 st Lu1fiad.  Bquntdon (12) thus providon vo m‘
estiinte of (2) for porbicles of nuelonr chappe = G5 10 o 1ow-rnomae (06 1000,
\ﬂmi::l:, would o {8) @ 11, Commardng thin mocouws-oiate with cur eﬁ:y::;ax*l;mzﬁm. ré.n:m,’w
i‘a.;? sol1d radic, reoults in c-n Ineronssd epirical fostor of about 2. Tuls inwrxooed
z’;‘mw::‘ rey bo attributed o 1;!»:& hf!.g;mzf Z’l of the perticles thon dan e enon of Loavy
figoion Lfragneats. This aloo fito tho mmm?monw ohoevition thet the eeeono of
Jonization, an a rosult of the ctate-of-condmcation effoct of a certadn volociiy,
hoa boeon observed to frerense with tho nuclear choren of t;hé 10,52 I:x’pmf"mv, [Celrbtals ]
of 1ack of edditional experinentol dsta for the (28 cnd E0MA pined for porbicles of
@l veloelty but: mmwnm(; oy ,‘v no mummw eould be fuund In the arw.‘sm ol I
iondzation 29 o rezuld of the otote-of-condonnatilon ei‘f@c‘b. "

A theoreticen) eotinate of (a)v glveon by mmm,s,mm s cad '.Eellm*ﬁ’{; in ,’
' bw:_e«'i on o nore C2inlled Thonos-ond ptotistion] model for the eloctrons of tha 1&11.

They asouned, 9 dld Dobe, thot the charcctoristic veloclty of the eloctzon v, 18
!

- youchly rropertionnl to the particle voloelty, btut tatraduced en &:.z;-gix'iml Lot
of yorortlonality, v, mabtiag V, @ We The cluwactaristic voleclty of tho cloetvon ’
wes exlenintod for tuo ACforent asouiptionss (=) thot they charoctoriotle vaioelty ;'
13 eqnl to the poot«men-squnre veloaity of the enerpetically most coslly rorwveble

. ] ’ '
electrony (D) that the eharasteristic velocity 18 equel to the root-tom-oouise
velogity of tho outorngt eloctian,.
"P

In Fig. 8 the ozam*ez:xzmyﬁﬁm cwmes eaieulntod for en loa of '»1 e (O e

shnm, (Cirven (2) end (b))e The daghaxd ine (eurve @) 4o escording to Dior's theory
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for heovy fissilon frogwents (Bg. (12)). 9o otrairht £011 Moo {curve &) shous our
experlientad yesito, cocuaing ¢y » Lo Tho folloving -y voluss wore oblaln YT
Fop eoowadtdon (a),
¥ = b9 for (v) = 2.52 % J.-Q%m/q@c, decvensing to
Y a'3.3 for (v) = 9.97 % J.Oamax/aac. . | »
Appaymu mszxmtlm (L), wo sce thet for the vhwle veloclty range memsma, 7 15
elooe to uaite, tolng :
v e 1.2 for (V) & 2.5 * lOacﬁn/a@c, end
¥y o 0.2 for (v) = 5;5‘17 X 108&:.1/&:30. B
| Bven our cxporlaentol weoults £it foirly well the curve booed on mmnfﬁiion (n), 1%
magt be mm-z;im\'aa et the eparoach of Bx;'wm‘im;a m ale 48 for on 1on 1n the Eround
state end therefore coumot directly opply to neogurancents in 0olids. Tho y volues
obtainad havo to o 'eo:mac:iséa 'a_aai emnpdirical cmc:ua., containing the mtims m'tm{m vhnt
18 ossuied to Lo the clorecteristie veloelty of the elécrm-on ond the velocity of tio
' on, &8 well oo the effect of the ctate of condemsation. It o n aloo be soen fron
Fig. 8 thot tha foctor of ubout obtained vaen qppmymgm. (312) 1o2ds for tho Wole
: veloc‘i.tJ reglon stuldled by us. o | V
| Vaa.u'zs of eloctrcm onptum ond loos eyons nﬂcticm coumot be dctc,mj.ma
without a8 oeoouoncnt i'ar a mwnmnmriwn otate, wmch in this ok mcc. M not to
be poscoible becoane of exporisontold rmmonm. m:cavm*, FURT: pomaib.m to dewr.wim |
the ratlo of 1068 to caplure cross sectlons fora pwbimlm* eloctron frcm e equis
14brtun ml;.tima. ) | v _ |
Iz the pssrxibnit,/ of events in vhil ch two eme&:mna axo tm.nr'i‘cmmd in a

=3 tmd with the condition S dy = ), we flnd that m*.

single collision 1o noglected,™
equi Ubelhim the rotio of edJocnnt c’m.rm-st:zto mabmiutiea (. v l/(f'iz 18 equal to
tho x‘@tlo of ta" clectron-1o0s crosd sections to tm electron-coptiane croos scctlons

for tlo {=4+1)th elmwom
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o e+l B Yoysture

Thene yoation aye gi@ in Inble IV for clinrye stotes betwoen 5 end . In |
Figs 9 com of thene m{zm (forr & = G, :w, 18) 86 o function of partlcle veloeity |
(v) ot ghowm, | |

Bacod on the ratios obtained, end within the exporizentol ervor inmite, 4t
cen bo econ thot o |

@.,o' " ‘- - | ‘ '-
Ni22 R L : o {ab)

vhore t: incrocnos very uu,c,.m.y with 8. Dol estiaoted thot for heavy fisoion
fregmomts pamtmtm@ tmou,:m hoavy atomm wotarinls, ¢ ) end LA m.aould e of the.
poae cxdey of nognitule, Bo tkm.'t tm mﬁw:; are egectod to be of the ox'dm* of on'*37 ,
the recultu peencnted hore ave in Emeizmtion of this cotinatae, |
In Fiz. 10 the cxportental romuits obtatned for the momn charge (s) are
_' ehmm s o fuiction of v"/ e togcthm' vith the foir exloting meosuremonts porforred
. ,‘x'cm "vmv hc:wy fons 4n ollds. Tho aboclsca of vl/ e oo chosn mllmrim Leopen's
. puggnotion for a Linoar wmtmmhip tmtm:mx uxe moon charge of 6 flasion ymum
vl/ 2 in this volooity mc;xon.m ‘31 It ny Lo m&n that, s vell a0 m%mmtm@
our eperinental dota for (2) by & Linoar relotionship with (v) (ooe Fige 7)), we
mmomammmwmmuwmmmmmwv‘m It con be
osen that Lossen®e results for Mgt f1n01on m{mnwl“ estbrrpolntad to 1ght
mwmc notoricls, togwther with Qo m Lrom Alnquist et al., for bmmina ions of
_Almm velociﬁy, 2 p18 quite wll a 1:!1.:::ar Gepondence on v"/ 2 Decouse tmm oxe
almst no m:?crmm dato forr c.:m:m ddotributions of ery hcaw porticles, it
1% irpoooible ot tids otage to £ind even eny empirical rogulertty for tho nomn havge
of puch & pmticm 0o a ﬁnmicm of 1to mlocity end nuclecs chorgd. Addiﬁional
ecrdontol dota Cop "very hoovy" particles of vorious muclenr chorees ob verlous
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velooitien exe peqilyed before any plhancemologieal ealynis of the reoulta cad &

eleooer exwilnotlon of the exlobing eppavocbnote theorles axe possible.
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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 v z z
. Degrader Target 8 P
Nuclear reaction Eﬁ(lab) thickgess I thicknegs Z, Z, év)xlo Neu‘tz‘or.l '?arget .. ]

(Mev) (mg/cmPA1)  (mb) (ng/cn”) cm/sec) eveporation thickness (positive electron units)
Prll*l(cle,lm)fl:bll+9 6.0 éég %2°§é§%} 35 103 65 59 2.52 9.3 3.2 T+l 9x1 9.7+0.4
32 (12, 5n)py 9 95.2 22.8 4o 115 66 60 3.05 11.1 2.9 or1  11x1 12.4:0.h
natte(c12, 5n)DylL’9 112.0 10.5 170 115 6 60 3.30 12.2 2.7 9+l 1221  12.9:0.h4
pritl (¥ gn)pyl*9 105.7 19.9 295 103 66 59 3.45 '10.9 2.6 9+l 12+l  13.6:0.h
cet38 (016, 7n)py 9 133.1 .7 270 73 66 58 %.08 10.0 1.5 1081 1531 15.2:0.5
e138(06 , 7n)pyt9 1.0 11.6 262 73 66 58 b2l 10.8 1.4 101 16t1  16.0%0.5
PrlL"l(Ol6,8n)HOlh9 k.5 10.1 180 103 67 59 Lok 10.3 1.8 1041 16%1  16.120.5
Prll*l(olﬁ,gn)Hol”9 162.0 2.1 200 103 67 59 4,50 10.6 1.7 111 17#1 17.640.5
Laljg(Flgg 9n)DyIL‘9 166.2 1.4 150 127 66 57 b.gh 10.0 2.2 1141 18:1  18.1x0.L4
B 28 (1e20 onypy™9  181.6 8.1 135 124 66 56 5.27 10.0 1.9 11#1  21#1  20.8£0.8
3al38(me22, 110) 0y "9 215.0 k.3 9 124 66 56 5.97 9.9 - 1.7 1341 22:1  23.3%0.9

-22-
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Table II. The relative probabilites of the different charge states 52'2 (%) for various particle velocities (symbols as used in text).
2 65 66 66 66 66 66 67 67 .66 66 66
Z, 59 80 0 59 58 56 . 59 59 57 56 56

(v)><1o'8 2.52 3.05 3.30 3.45 k.08 b, 2k .2k k.50 .64 5.27 5.97
¢3(%) 1.9£0.6  1.120.2 ’ '
% 2.840.9 1.3t0.3 1.120.2
¢5 b L£1.1 2.3%£0.3 1.8+0.3 1.5%0.3  1.0£0.2 1.1£0.2 1.0t0.2
956 6.0£1.2 3.0£0.4 2.5%0.3 2.0£0.3 1.4t0.2 1.5¢0.2  '1.5%0.2
¢7 7.9£1.2  4.0:0.4 3.5£0.L 2.7+0.3 1.9%£0.2 1.9%0.3 2.0£0.3 1.1£0.2 1.0£0.2
’68 10.2%1.1 5.6x0.6 4.6+0.5 3.7+0. 4 _ 2.60.2 2.4%0.:3 2.7%0.3 1.3%0.2 1:2+0.2
52!9 13.1#1.3 7.7+0.6 5.70.6 5.0£0.5 3.4£0.3 2.9%0.3 3.20.3 1.8+0.3 1.7+0.2 1.0£0.3
Q’lo 12.9%1.3 8.7£0.6 7.1%£0.5 6.7£0.5 4,580} 3.6%0.3 4,1£0.3 2.4+0.3 2.h+0.3 1.hx0.h
!Zfll 11.8t1.1  9.1%0.6 8.9+0.6 8.9+0.5 5.7+0.4 },5£0.3  5.1#0.4  3.1%0.3 2.9:0.3 1.90.5 1.2+0.2
9’12 9.5¢1.1 8.2+0.6  10.0+0.7 9.9%0.5 7.0£0.5 5.9%0.k 6.4£0.4 3.8%£0.3 3.70.3  2.3t0.5 1.6£0.2
¢13 7.2£1.0 T.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 %.6£0.3 2.8£0.6 2.2+0.3
ﬁlh 5.280.7 6.6+0.5 T7.9£0.5 8.3t0.5 _ 8.5%0.5 7.9t0.5  8.3%0.5 5.4+0.6 5.5%0.4 3.2%0.6 2.7x0.4
ng 3.7%0.7 5.9%0.6 7.0+0.6 7.2+0.5 9.0£0.5 8.2+0.5 8.6x0.5 6.6%0.5 6.4x0. 4 3.7+0.6 3.3%0.4
9’16 2.020.4 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 T.1£0.4 4.2£0.5 3.9%0.5
Q’H 4.5x0.5 5.1£0.6 5.1%0.5 T7.ht0.5 7.2%0.5 7.250.5 8.2¢0.5 T7.5+0.4 4.9%0.5 k.5%0.5
¢18 3.9%0.4 L.1%0.5 4.3+0.4 6.70.6 6.5%0.5 6.2+0.5 8.1%0.5 T7.9+0.4 5.6£0.5 5.2£0.6
¢19 3.2%0.5 3.6£0.4 3.6£0.4 6.0%0.6 5.9+0.4 5.5%0.k4 7.8£0.5 T.70. 4 6.4+0.6 5.8£0.6
gzo 2.6£0.4 2.9£0.4 3.0£0.4 5.1%0.5 5.2+0.k 5.0+0.4 7.1£0.5 T.20.4 7.1£0.6 6.5%0.7
¢21 2.1%0.3 2.4£0.3 2.6%0.3 4.0t 4 4,3%0.3 h,0£0.3 6.2%0.5 6.5%0.4 7.6£0.6 7.120.6
szz 1.7£0.3 2.0£0.3 2.1%0.3 3.2£0.6 3.3%0.3 3.1%0.3 5.5%0.4 5.7+0.h 7.4+0.6 T.420.6
¢23 1.3%0.3 1.5%0.2 1.7£0.2 2.3%0.3 2.7+0.3 2.420.3 4.5+0.3 4.8+0.3 6.9%0.6°  7.2t0.7
Q’Eu 1.0£0.2 1.0£0.2 1.30.2 1.620.3 2.1%0.3 2.0£0.3 3.7£0.3 3.9%0.3 - 6.2¢0.6 . 6.8£0.7
57725 170£0.2 1.2£0.2 1.7+0.2 1.60.2 3.1%0.3 3.0%0.3 5.2+0.5 6.1t0.6
¢26 . 1.3%0.2 1.2x0.2 2.410.3 2.3%0.3 . 1.3%0.5 - 5.5+0.6
52527 ‘l.OtO.Z 1.0%0.2 1.8+0.3 1.7%0.2 3.7£0.6 4.7%0.6
P08 1.2£0.2  1.3+0.2  3.2%0.6 - 3.9%0.5
¢29 1.0%0.2 2.70.6°  3.3%0:h4
¢30 2.3%0.5 2.9+0.4
5331 1.9%0.5  2.5%0.3"
¢32 1.5%0.4 1.9%0.3
3 1.1#0.3  1.5%0.2

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

(z)(in positive electron units)

7 A8 : Gas Solid
1 vx10 ) 5
(cm/sec)  Experimental Theoretical  Experimental Theoretical
35 (Br)° 6.00 - 8.9 11.0 13.3
38 (Light fission fragments)d 11.00 13.8 16.8 " 19.2 25.2
54 (heavy fission fragments)d 6.60 10.5 ©11.3 17.8 17.0 .
, - 8.80 k.6 15.1 22.5 22.6 on
. ) . 1
66 (Dy) - 5.97 - 11.0 23.3 16.5

®According to Eq. (12) by Bohr.

quuation (12) ané tactor 3/2 by Bohr and Lindhard.

CReference 32.

dReferences 12, 13.




B
Table IV. Equilibrium ratios, ¢z+1/¢z of adjacent charge-state probabilities for various velocities

) % 10"8 (cn/sec)

2.2 3.05 3.0 305 k.08 bot® bk 450 4.6k 5.27 5.97

5 1.36 £ 043 1.31 £ 0.25 1.39 + 0.29  1.33 0{3; 1.40 % 0.35

[ 1.32 £ 0.32 1.33;1 0.20 1.40 * 0.22 1.35 £ 0.25 1.36 £ 0.31 1.36 * 0.31 1.50 £ 0.36

T 1.29%£0.25 1.40 % 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 1.2k £ 0,17 1.35 £ 0.18  1.30 + 0,15 1.26 + 0.25  1.35 £ 0.25 1.48+0.32  1.ke £ 0.28

9  0.98 0.1k 1.13 £ 0.12 1.2k £ 0.1k 1.3h +£0.16 1.32 +0.17  1.21 £ 0.19  1.19 % 0.17  1.33 £ 0.28 1.k +o0.2h  1.40 £ 0.57
10 0.91 % 0.12  1.05 ¥ 0.10 1.25 £ 0.12  1.33 £ 0.13  1.27 £ 0.1% 1.2k % 0.16 1.28 £ 0.16  1.29 * 0.21 1.2l + 0.18  1.36 = 0.52
11 0.81 £ 0.11  0.90  0.09 1.12 £ 0.11 1.1l #0.09  1.23 +0.12 1.5 *+ 0.14  1.28 % 0.16  1.25 +'0.16  1.28 £ 0.17  1.21 * 0.3
12 0.79% 0.13  0.90 t 0.10 0.89 £ 0.08  0.99 0,07 1.1k +0.11 1.31 £0.12 1.25 +0.13 1.21 % 0.12 1.2k £ 0.21 121 * 0.3 1.37 + 0.25
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 i.25 + 0.11 1.17 £ 0.11 1.19 + 0,11 1.1h + 0.30 1.23 £ 0.25
1h 0.71 = 0.15 0.89 £ 0.11  0.89 + 0.08 0.87 + 0.09 1.05 £ 0.10 1.10 & 0.10 1.0k * 0.09 1.22 % 0,13 1.16 £ 0.10 1.17 £ 0.26 1.22 + 0.2%
15 - 0.5% £ 0.15 0.86 * 0.12 0.83 £ 0.11 - 0.85 + 0.09 0.90 * 0.69 1.0k + 0.08 1.0k + 0.09 1.14 *+ 0.12 1.11 * 0.09 1.1k £ 0.25 1.18 + 0.21
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 - 1.17 £ 0.20 1.15 * 0.18
17 0.87 + 0.13 0.80 £ 0.13  0.84 + 0.12  0.91 * 0.11  0.97 £ .10  0.92 % 0.07 ~ 0.99 £ 0.08  1.05 + 0.08 1.1k £ 0.20 1.16 + 0.18
18 0.82 0,12 0.89 + 0.1%  0.84% £ 0.12  0.90 * 0.12  0.90 * 0.09  0.86 * 0.09  0.95 * 0.08  0.97 + 0.08  1.14 % 0,15 1.12 * 0.17
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 0.9k + 0.08  1.11 *+ 0.18  1.12 * 0.16
20 0.81 + 0.17 0.8% £ 0.16  0.87 £0.15 0.78 £ 0.11  0.88 £+ 0.10 0.9 * 0.10  0.87 * 0.10  0.90 # 0.07  1.07 % 0.15 1.09 * 0.14
21 0,81 £ 0.18 0.83 £ 0.16 0.81 £ 0.1% 0.82 £ 0.11 0.82 * 0.08 0.80 £ 0.09 0.89 + 0.10 0.88 + 0.08 0.97 *+ 0.15 1.0k £ 0.12
22 0.76 + 0.22 0.75 £ 0.15 0.81 £ 0.15 0.72 £ 0.1k 0.77 + 0.09 0.76 * 0.09 0.82 + 0.08 0.84 + 0.08 0.93 + 0.1k 0.97 + 0.12
23 0.77 *+ 0.26 0.67 £ 0.16 0.76 £ 0.1h4 0.70 £ 0.16 0.82  0.11 0.77 £ 0.12 0.82 + 0.08 0.81 * 0.09 0.90 % 0.1k 0.94 + 0.13
2k 0.77 £ 0.19  0.75 % 0.19 0.78£0.14  0.83£0.16 -0.8% £0.11 ' 0.77 £0.10  0.8% £0.13 0.90 £ 0.13
25 0.63 £+ 0.09  0.80 £ 0.15 0.77 £ 0.12  0.77 £ 0.13  0.83 £ 0.12  0.90 % 0.13
26 0.76 + 0.1k 0.75 £ 0.16 0.75 £ 0.18 0.74 + 0.13 0.86 + 0.17 0.77 0.1k
27 0.77 £ 0.19  0.85 t 0.28  0.67 £ 0.7  0.76 * 0.13  0.86 + 0,18  0.83 * 0.15
28 ' 0.77+0.19 0.8k 0.2k  0.85 % 0.15
29 0.85 = 0.25 0.88 + 0.16
30 0.83 + 0.28 0.86 * 0.17
2 for reaction CelBB(OTG,Tn)Dylhg
b for reaction Prlhl(016,8n)}{olh9.
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Fig. 1. Schematic diagram of experimental arrangement.
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Fig. 2. ©Schematic representation of deflection geometry.
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ion velocity, vb:
Al/z = 2 for all ions used (except F19): Clg, I\Ilh, 016, \
20 22 :
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1 =31%5.2cm, L =5.3cm, H = 3.50 gauss.

- Solid curve: according to Eg. (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 particles
on catcher foil as a function of Q-particle track density.
Nuclear reaction: Prlhl(016,8n)Holh9.
Eb(lab) = 162.0 MeV; target thickness = 100 ug/cmg.
Mean velocity of Hol)+9 particles: (v) = 4.50 x 108cm/sec.

Magnetic field strength = 3150 gauss.
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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 representation, 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" includes 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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