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The toregoi~ anal.;rais1 does not requiro kno-w~~dge ot the 

bet~~en the bubble density g and the maan rate at 

partloie loeee energy. In this note the in­

nature or thi$ relationship is studied. 

In track-recording i.nstrumants, o•.tch .ae emulsion '>r bubble 

.· ". (:'' •. :;· j(>::.-::;.;_ >";:·) • Chambers; the particle traTeraing the sensi tivo volume makes it.e 
- ··-~:. ···~~· ... ;:~:~-~~:;-':~~~'-: ~-;;_<_~~:~-<~-:~{-~:) _· :. ', . ··. . ' . :-. 

. -:·,~~;;~,·~·~, /.:",,.;;:\J.;1:.; .Paasa.ge known by· a saries ot energy transtera to electrons ot the 
~<~-? : .. ~ .. ~~---;~:·:_r:>:·.~:.:~<--~:~).::-·~;~j_:: ··: - . 
. · ·::_>:,:·:: .. -'>·: . .:-;;.•;_' .' iJutdi\1111. · Some, but general.l.7 only a part, or this energy ia 1n & 

detector. 

Let o( t',w)dw be tbei croaa eection for trAnet,er ot en 

ot en•rD .. between :, . w and. w + dv to an electron or th• 

:> ·:· : < _: · ~ :·:· \:. ~ ~ · r. .detector b7 an ener~etic particle ot v-elocity fl~• 'l'hon. the ·' ·. ;;_'':.~~- ':~.~:'·:: .. <··: :.~ .. : .. \: : . . .. · < . • . . • ' ',.·.~ • . • :, 

·· · -·~ · ·. ·' · ... ": . iDeaD. energ loaa in un1.t. · P•th 1e. · >~ .. . , ~-:t .,, . ~: !:l; : • • ' .. ·. '\. . . . . . • ' ~ ,' ' 
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wher1t n ia the electron density. The particle det.ector re• 

aponda to thuse energy transfara, but transitions in c:Jrttrln 

. •nors.v int<~rv,pe are ett:icient ~n producing a track, in others, 

inl!fficient. For tractk formation this causes tht!! 1ntegrand to be 

weighted by a c•rtain ettlchmc7 funct.i.on ~(w) characteristic 

or tho detector (and perhapa :lte cond1 tion or operation) • tbue 

g(B) • n ~~(w)o(~ 1w)dw • (2) 

In a. bubble cht.Jilb~r hieh local eoncentratione o.f he&.t 
2 

{thermal epikee) era believed to initiate the growth of bubbles. 

On the otboar hand, in emu.lsil)n a number or electrons must be 
' 

raiaed to conduction b.nda in the silver baH.<\e cryst~, Md 

eubsequenUy trapped., betora it is rendered developable. V·<JI•J' 

large v·aluee o.r w co not contributs to thr~ track in either 

instrument baeause such tJnergr tranaf;,rs produce knock-on elec-. 

trone which leave the track locus. Tberetore, tor thi.a reason 

alone, g cannot be proport:ionel to th~."J rate ot sneru lose k 

tor eith&r traelc-recording inotrumfJnt. 

It is usual, in diecusain,.q t.he problem ot energy loss 

or a charged :part.icle ft:S it penetrates matter. to break the 

integral or !';q. (l) j.nto two partsl 

k • 

(3) 
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The tirst integral, 'tthich is the ensrgy-lose rate in soft colli-

eions, depends on tho properties ot th~ stopping material. The 

llldt, w
1 

, is choMn high enough so that in Ute aacond integral 

the ,Coirrs~cross rssctio..!!~{r the mov~rar:r J,article with an electron 
~~ ..... ·-~---.. -~ ... -· 

is unatrecte4 by the electron binding. This cross section is well 

appl"Q.:dmated by 

o(e,w)cht • J~ 2 w 
(4) 

· tor w > w1 • Here m is the ~lectron mass Bltd r 
0 

·' its classical 

radius. the moving particle c~ries z units ot charge. 

For snnll vAlues of v the tran~ition probabilities from 

the initial state to excited states of relative energy "'a 1 e~ 

tending into the continWJ,m.~, .~e governed b)" the oacillatot· strengths 
. ·· .. · :t'.:• . 

£ • 'the net attoct is e:q>ro:3Stl4 by the Valua ot the mean axcitatS.on 
. (l 

potential, I • It ls giv.m b7 ln I • l)aln "a • 'the actual 
IX 

values of t.he integrtils are 

k . • 
l 

2 when w1 <<me • 

[ 

2 2 2 ] . 2mc a y w.l 2 
ln . -f)-6 

. 12 

[ 
2 2 2 

·111 .2!c ax 
" 1 

(S) 

(6) 

. : :1 

I 

··I 
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The quantity & baa been calculated by Sternhei!ner. 3 It 

evaluates the ef'.f"ect of polarization of th~ mediUlU on t.h.e ionization 

loss. 

In co."nplcte analogy with .r;q. (3) \'f'e write 

(7) 

One or tha einplast models tor the formation ot a bubble 

track assumes that delte. rays are the si tfJs of bubhles. 

transfers that a.re too small - less- than w• , for ~xample --

are not supposed to contribute to th~ bubbl~ density, and delta 

r~s or high energy, greater then w•• , l~avo the particle tra-

jectory-, and do nnt. rom. part or the track. 

In usir4g this mod-3l th~ numl)er or delta rays in the interval 

w' to w1 ' , rather_ than tha energy lost to 'tJl,gm, determines the 

bubble density. Suppose w') w1 , then g1 • 0 and E(w) • l 

in the interval w• to w' ' • Then the density of usetul delta 

rays is 

2 
~ C/~ • 

[
...1... ..1-

1 ... ' ' -w W' ' 
v• • ] ln-;-w • (a) 
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{!t. is supposed that a is high enough so that w' t is less 

than th~ maximum possible onergy trnnsfo5r to m..'1 P.le~tron.) This 

expressjon for g does not pass through a mininv~ ns the velocity 

incree.sss. The model, howev!!r, doubtl~ss !s too si.mpli.fied, es-

pec:ially tor liquids containing ato:a<l'l n! hir,h atomic number. The 

formula (8) fails and g1 is not zero wh~m w1 cannot be taken 

les~ then w' • The function j\(w) then doe!l not vanish in the 

interval of w whcr'J o(t:l ,w) 1s affect~d by the electron binding -

namely, where w is not very ~uch greater than I. A relativistic 

rise b~yond the minimum ~ewh~t parall~lino/ that in the restric~d 

. energy-los& function 4 then CM Occu.r1 and the rele1;.ion, ! • CB-2 
1 

-will be in<txact. 

the formation Of a bU!>hla c..ll'JO CB.i'l be dieot.tased in a general way. 

Suppose that in a v~lume of l1n~ar dimension h an amount 

of ener{];Y 6 !:lust be dopo~d.t,ed tor a b.llbble to !o:r.n. Only very 

near tho end of i t.3 r~ng2 does the enorgy-lo3e rate of an &l.tJctron 

pass through a .:nrucill:lwt. (F'or it to initiate a bubble, the delta-

re;r snergy mu~t b., tr.ms:f'om•1d to he:r~t loeaJ.ly by such procaases 

a·ts collisions _of thll second ld nn.) \'~er~ en olectron stope is a 

probable site for buhbla formation it the electron ~mergy corNapond-

1ng to a residual ranse 4 excaede e .. 
For GXo"l1llplt.l, in propa.no tho del ta•ray rM!ge, R • is approxi­

mate]¥ $ 

where w is in k..v. The ~r.agnitude ot A. is perhaps 2 x 10-0 
,,, 2. 

em.·" 

'i 
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Th~ average energ{ deposited in -6 2 x 10 em of dGlta-ray track 

at the tom,inu!:l is therefor<~ nbout 450 ev • i"ihen E ie less than 

this figure, a bubble may b·~ expected to form whore a delta ro:y 

stops. H~wovur, by underexpandi.''l~ ~ bubbl6 chamber, th1:! thres-

hold energy for bubble formation can be mad~ largGr than 450 ev • 

/.:.leci:.rons scatt~:r strongly &t loH velocities. The electron path 

rnay be bent back on it $elf, Rnd th~ .,ne rp:y dissipated J.n ttl srr.e~l 

alro le very high. Nevertheless, as e increases j_t becomes 

more and more improbable .for a lone delta ray t.o initiate a. bubbleo 

It energy €: ts not d.~·ros:ited by a, ein._~l'") deltJl ray, pene­

t-ration of thG st:ma volume by more thnn on!) electron cen cause ~ 

to ba excead~d. 'l'he theory of Landau6 provides on~ with the dis-

tribuUon of eners:::v los~Ses in r;. ero..ul ~egment of th~ partials path 

that results from plursl eler.nanta:ry energy trans.f.:,rs. Th:Ls f$ergy 

of mola¢ular ioni-.tlll.tj,on and e~c:itatton, how~vl'lr, may not ,._ll rema1n 

close to thr:~ point o.f tra.....,l!lfer, bt!cnuoe $om,~ delta rays havi:l :::~ppre-

oiabl~ ranges, and t.he energy eomctimas may oecapa by radiat:i.on. 

d~ta.iled dia~uasion tor tb T're::;~mt remains qualit~t.tive. The 

!'unction E(w) characterizing the instrument 1.$ bast .fotuid 

empirical.J.y. 

relativistic rise in bllbble denci.ty should t.9nd t.o he suppressed 

if bubbles .fo:rm on single delta raJrs~ and &ccentuatt"Jd if they 

are produced by the coopnr&.t~.ve effect or a nut:aber of srr,all trnns-

fers of energy. This behavior could ba the basie of a.n experiment 

to study the relative importance of single and nultiple processes. 

I wish to thank Professor Donald Gla,ser f.or st!lnulatins ;, ; . ..::~ ... 
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