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_  The torogoiné analysial does not r§quirn knowlékge of the
1bon§9qtioh betwasn the bubble density g and the msen rate at
ﬁﬁiéh th6 ﬁbving éarticle 1oaaa energy. In this note the in-
:diroct nature of this relationsbip is studied,
In traek—recording instrumsnts, such 28 emuleion or bubble
ehambers, the particle traVeraing the sensitive volume makes its
”passage knoyn-by'a aar;ea of snergy transfara.to electrons of the
;@edinm.: Sdme,»but genarally only a part, of this energy is in a
]ior# uhich can be utilizad by tha'dehector.
Let o(%,w)dw be the cross aection for transfer of an
jamount or anargy betuﬁen w and w + dw to ‘an elagtron or tha

dstector by an energetin particlo of velocisy Bc.. Tbcnxtho

vmean energy loss 1n unit path 1a

-
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whers n 1s the electron density., The particle detector re-
spoﬂda to thess energy transfers, but transitions in caortain

. energy intaryéls are efficient in producing a track, in others,
iherficient. Fér track éormation this causes the integrand to be-
weighted by a certaln efficiency function I(w) characteristic

of tho detector (and perhaps its condition of operation); Thus
o ' ’ ' ‘
g8 = n fo Bo(e,W)dw . (2)

In a bubble chember high local concentrations of hest 2
(thermal spikes) are belisved to initiate the growth of bubbles,
On the other hand, in emuision a nu@ber of electrons must be
raised to éonductipn bands in the silver halide crystal, snd
subgequently trapped, before it is rendered developable, Very
largo values of w Co not contributs to thz track in either
" instrument bascause such snergy trsnsfurs produce knock-on elec~.
trons which leave thé track locus, Therefore, for thia rsason

alone, g cannot be proportionel to thy rate of energy loss k
for either track-recording instrumsnt. |

It 48 usual, in discussing the problem of snergy loss
of a charged particla as it penetrates matter, to braeak the
dntegral of Z%q, (1) into two parts:

Vl - w .
kK = n| wo(B,w)dw + n| wo(B,w)dw
0 w

- kl“kz.é | ' , (3)
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~ The first integral, which is the energy-loss rate in soft colli-

sions, depsnds on the properties of tna stopping material, The

limit, W) is choaan high enough so that in the second integral

i i . Qo{ . :
the Eolligion\cross section of the moving particle with an electron

B0 S UURSUISc

is unaffected by the electron binding., This cross section is well

approxdmated by

2 Zm 2
anz rome 2
o(2,W)dw = 52 1 - ull=g) } & (1)
f 2ne W

for w>w, . Here m is the electron mass and r . its elassical

radius. The moving particle carries g units of charge.
For maall values of w the transition prodabilities from

the initial state to excited states of relativs energy w

L]
' ? X

tending into the continuum; are governed by the oacillator strengths ‘

. fq o The net offaect is expressed by the value of the mean axcitation

potential, I, Jt fsgivenby InlI= Jf in w, o+ The actusl
T & : ‘

values of the integrals are

1 , f;fj»wzop _ , 2mc23272V1 2
k, w n wo(w)dw 2 ~——es in : -B-5 (5)
1 a2 . 2 :
0 8 i I
and
- o 222 [ o
. L) 2rnz r me o 222 v
k, w nj wo(w)dw 2 ~— 20 . h&;&.l_.- 8° (6)
Bided § B R X :
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The quantity & has been calculated by Sternheimer, 3 It
evaluates the effect of polarigation of the medium on the lonization
loss,

In complote enalogy with Eq. (3) we write

b} ' 00
g = nj; E(w)o(B,w)dw + nAL E(w)o(B,w)dw
Yo Hey

'El"'gz- | : (7

One of the simplest models for the formation of a bubble
traék asswnas that delts rays are ths sites of bubbles., ELnergy
transfers that ere too emall - less than w' , for exazple --
'ara not gupposed to contribute to tﬁs-bubbla density, and delta

rays of high,&nergy, greater then w'! , leave the particle tra-
Joctory, and do not form part of the track.

In using this modal the number of delta rays in the interval
w' to w'' , rather than the snergy lost to them, determines the
bubble density. Suppose w'D>w, , _ther; gl =0 and E(w) =1
vin the interval w!' to w'' ., Then the density of useful delts

rays is

2

2mng? T, Zmo’ A2 (- gA) In‘-wf'~ @)

g/\/ 2 w' w'l
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(It i3 supposed that $ dis high cnough so that w'' is less

than the maximum ﬁossible criergy transfer to an elsctron.) This
expression for g doss rot pass through a minimm as the velocity
incressss, The model,vhowaver; doubtless is too simplified, es=-
pecially for liquids containing atoma of high atomic number., The
formula (8) fsails and 'gl is not zero when w; cannoi be tzken
less than w' . The function #(w) then does not vanish in ths
intervél of w wher2 o(3,w) 1s affected by the electron binding ~
. namely, whers w is not very much greater than I, A relativistiec
rise bayond ths minimum somewhat parélleling that in the restricted

A then can occur, and the relation, g = CB‘2 »

' energy-loss function
will be inaxact.
The relative roles of single and.multiple erergy losges in
the fénmation of a bubble also can be dlecussed in a general way.
Supﬁoaa that 1n‘a volune of linear dimension A an amount
of anergy € must bevdeposited'for 2 bubble to form. Oniy very
nsar the snd of its rangs does the ensrgy-losz rate of an electron
pess through a maximun., {For it to initiaﬁe a bubble, the délta-
. ray snergy must be transformed to heat locally by such proceésqs
as collisions of the sescond kind.,) Vhere an uiectron stope 1s a
probable site for bubble formation if the electron energy correspond-
ing to a residusl range A eiceeda €.
For example, in propang the delta-ray range, R , is approxi-
mately 5 | |

R = 6x 10~6w;'5 ome , ' (é)
~d m.:-z 2

where w is in kev. The magnitude of A is perhaps 2 x 10
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The average enefgy deposited in 2 x J.O"6 en  of delta-ray track
at the terwinuas is therofors about 450 ev , ¥hen € is less‘than
this figure, a bubble may be expected to form vhere a delta ray
stops, However, by undersxpanding a'bubbla chaisber, the thres-
hold energy for bubble formation cen be made larger than 450 ev .
- Zlecirons scatter strongly at low velocities, The electron path
may be bent back on itself, and ths snergy dissipated in a emall.
VOiume thus incrzased. VTor elecotrons, ths energy~loss strazgling
‘also s very high, Hevertheless, as € increases it becomes
more and more improbable for a lone delta ray to initiate a bubble.
if snergy & i3 not denosited by a singla delts ray; pene-
tration of the semo volume by more than one electron chn_cause €
to be excesded, The theory of Landau® provides ons with the dige
tribution of energy losses in » small segmsnt of the particls path
that fasults from plural elemsntary energy transfers, This energy
of molacular ionization and excitotion, howsver, may not =1l remain
- ¢lose to tha point of transfer, bacause some delia rays hava sppro-
cisble ranges, and the energy sometimes may cscaps by radiation.
These various cirgumatancas g0 conrlicate the analysis that the
detailed digcussion for thﬁ prasaont remains qualitstive, The
function ¥(w) characterizing the instrument is best found
empirically,
If a bubble chamher iz aperated cold or underexpanded, the
relativistic riae in bubbile density should tan& to bs suppressed
if bubbles form on single delta rays, and accentuated if they
are produced by the cooparstive effect of a numbsr of small transe
fers of energy. Thia bshavior could be the basis of an exporiment
to study the relative importance of single and rultipls processes.
I wish to thank Professor Doneld Glaser for stiﬁulating T
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discussions.on this topic, and for valuable information.
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