CeB IONIZATION LOSS AT RELATIVISTIC VELOCITIES
: TN NUCLTAR BFMULSIONS

l.Shapiro, B.Stiller -(Naval Research Laboratory)
INTRODUCTION

Last year, in studying the rate of ionization loss, I, of very ,
fast charged paurticles in nuclear emulsions, (M, Shapiro and B, Stiller,
Phys. Rev. 87, 682 (1952).) we found a relativistic rise of 121§ %
above the ionigsation minimum to the Fermi "plateau®, This result °
was obtained by comparing the grain densities g of two groups of
tracgs P of high energy stars with assoclated showsr mltiplicities
nB> . ’

The S group is due primarily to pions, and from their known energy
spectrum their grain-density histogram was expected to have a peak at
gmin. Similarly, the P group is attributable mainly bo protons so
energetic that their histogram should display a peak at or near the
plateau value gpl.: As shown in Figure ¢-8, 1, the theoretically expec-

ted peaks were observed, and &an

1.2 5 - s TRACKS experimental velue of the ratio
o Ipl/Imin for AgBr was deduced there-
7 — "“P'TRACKS ) ’ :
£ 10, from, Also, preliminary investiga-
P tion of energetic electrons {with
&£ total energy y>300 rest masses, as
4084 determined from their scattering)
, ;’ "indicated that the plateau for
S 00l electrons lids 16 + 3 per cent
= abowe gnyp for mesons.
.
oy 7 We have improved end extended
3 our previous work in the following
s . ways .
. 0,29 .
1) Measurements of maitiple
Coulomb scattering have been made
0 on long tracks of many particles with

o 280 23D ot R velocities in the region: of minimum
Figure C-%, 1 and plateau ionization., These mea-
v surements were especially desirable
in view of the unsertainty in the estimates of the energies of the

gshower-producing primaries from their asgociated multiplicities.

2) Measurements have also been made on tracks of particles with
intermediate relativistic velocities.in the region where the ioniza-
tion increeses appreciably with energy. It is important to provide .
experimental evidence on the variation of grain density in this region;
in order to show whether any ionization theory correctly describes this
variation in nuclear emlsions, It is &also essential for mass estimation

{and hence identification) of particles in the energy interval 5 <y< 100.
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3) An experimental comparison between electrons and heavier parti-
cles as regards their "restricted ionization loss"™ in- AgBr grains at
energies y 15 rest masses, 1s poseible from our new data, Contrary
to the difference in total ionizaetion between electrons on the one
hand and mesons or protoms on the other, there is no reason to eXpect
a difference between the grain densities of these two groups of par-
ticles as a function of velocity.

. 4) The tracks in our earlier study had been located on several
pletes of the same batch, exposed and processed together, Iven under
these conditions we found variations of a few per cent in gnijn among
the several plates, Therefore, we made the control more rigorous by
gathering most of the data from a single plate 6 x & inches. The G.5
emulsion, 400 microns thick, had been exposed _in the stratosphere for
~ 8 hours at an atmospheric depth of 11 g/em?, e looked for diffe-
rences in gpin between various parts of this plate, and found them to
be well within ewperimental error. The plates selected had low back-
ground, high uniformity of grain density with depth, and low distortion

5) Graein densities were replaced by "blob" densities, since we
find that experienced observers agree within statistical error in their
blob counts, although not necessarily in their grain counts,

Figure C-8, 2 shows the blob
density G as a function of )y, .
D Since the abcissa is a function
B %, -* of velocity only, one can plot
- #¢ Mo N | together the various particles of
_.'l&\ \p unit charge At energies y> 100, »4
X both electron and meson tracks
\ appear, Finally, at lower veloci-

ties, mesons and protons, but
no electrons, are represented.-
Lai&jrmpuim o) ' Ideall 1d prefer t
obs - \ eally, one would prefer tQ
(s '_“"'§JLqq&;:;;i;:"hﬁ?ﬁiiﬁéz;+”ﬁ measure the rate of ionization
' loss over the whole range of ve=
— T T v T T ' T locities for a single type of
30 50 100 200 500 1000 2000 - 5000 10000 20000particle, This procedure proves
; ! very di fficult because of the
Figure C-8, 2 pf3 in Mev precision required in this expe-
riment, where the variation with
which we are dealing is so small, Flectrons nehf %he minimum have ener-
gies < 3 iev and scattering angles > 7° 1100 m) / .« Their strong scat-
tering imposes obstacles to acpurate determinations of grain or blob
densities; therefore measurements of G on electron tracks have been made
with adequate precision only af ensrgies y>10;

MEASUREMENTS ON A SINGLE PLATE (HA 21,76,77,76)
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Conversely, if one wante energy determinations from scattering at
energies Y5> 70 rest masses one must perforce use electrons. In fact,
investigations of electron tracks in emulslons were used to establish
the existence of an lonization plateau at high energies, This was done
by Corson and Keck, by lic Diarmid, and by liérrish. Because their inves-
tigations were confined to elegtrons, their measurements were not exten-
ded down to the minimum of ionization, and hence could not yidd the rati

Insert % % onf) electron dela appear . In the interval /10 ()l < 400,
& Insert . Fig. C-8 3 -85-
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I 1/Im% . liore recently, :Violet of Berkeley, has tackled this pro-
bfem w gh electrons alone, . .

The reason why £’s must be used at high energies if one relies
on scattering is that protons of y> 10 have mean angles of mul-
tiple scattering which are very small, and hence too close to the
noise level to permit useful measurements. For pions the correspon-
ding limit is about Yy~ 70, whereas electron tracks lend themselves
to reliable determinations of R and G at energies up to several
thousand rest masses. On the other hand, in the vicinity of the mi-
gimum, bothI and G can be measured for Pprotons, and especially well

or pions, :

In the intermediate region 10 <Yy < 40,¥and G can be deter-
mined for both eleé¢trons and mesons. Thus a direct comparison can be
made between the two groups, and a useful link is provided between
the regions of Gpl and Gpip Where we have kmployed only Esor heavier
particles respec%ively,.ﬂoreover, for both electrons and mesons, the
rate of variation of I can be compared with theory in this interme-
diate region where experimental delineation of the ioniszgtion curve
is particularly important. '

- 'The electron trecks were selected by thelr occurence in elece
tron pairs or in tridents. Long tracks (averaging ~ 8000 microns)
of mesons and protons occurring in the same plate were obtained
from shower stars. The scattering was measured on a microscope
stage which hes & "noise" . < 0,15 micron, Blob counts (> 1000 blobs/
track) were repeated by at least three observers for each track. The
errors in both G and y shown in the figure are standard errors, The
curves shown in thesé figures are theoretical curves, about which 1
will say more in e moment.

Additionsl tracks were measured in a plate of the same batch
having the ssme history as the last one. G, was found to be 8 per
cent higher in the former than in the 1attgr, but the ratio G,y /Gpin
was unchanged. These data were normalized at plateau to thosep%f ?ﬁe
last plat% and the results for both plutes are shown in this figure,

Fip. C€-8,3 e

(Fig The three diamond-shaped points represent the tracks of singly«
charged shower-generating particles which gave rise to shower mule
tiplicities ng » 5. Ve call these p-tracks, where p denotes "primary",
although it scems safe to assume that all or most of these are protons.
These three points differ from the others in_that each represents
geveral tracks rather than only one, and no meagsurement could be
made on these, in view of their smell & , as 1 explained,

In order to see how closely G <for protons agrees with G for
electrons at or near the pleteasu, we have estimated the energy of the
P-papticles in each multiplicity, (ng)-group. Thie leads to a very
rough estimate of the energy as. indicated by the very wide limits .
of error we have assigned to these three points. Thus, for the point
at y = 200, the limits are 100 < )Y 4 500. Fortunalely, the variu-
tion of I at these high velocities ia so insensitive a function of
the energy that it is useful to include these points despite the
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large uncertainty in energy. 1t will be seen that the p-track data
agree satisfactorily with the electron and meson data.

The multiplieity of points and the overlapping of error lines
in this figure make i1t difficult to use in comparing theory with
experiment. We have therefore constructed the next figure Yb-e, 5)
in which the same data
are grouped into energy
intervals, each contai-

— THeoRy (2 |key) ning about the same num-
- THEORY ($ |Kev) ber of tracks. Two types
' of standard error are
shown for easch point in
this figure; the solid
error line is based on
the number of blobs con=
tributing to the point
(this was about 10,000
per point); the dotted
one represents the stane
dard deviation of the
tracks in a group from
their mean, The theoretical
curve shown here is the
pame as the solid curve
10 S0 100 200 %00 to:owzuo -5000 in the 1last figure i.e.
)’ /ﬂ ) ’
it was calculated for a
- max, transfer of 2 Kev,
The tracks with - Y 4 2 are omitted from this figure,

«MESTRICTEDS RATE OF IONITATION LOSS IN ApBr

BLOBS PER 100m

Filgure 0;8. )

Our evaluation of Gp1/Gpin from these duta ylelds :
Gpl/Gmin = 1.143 + 0.08

Since there is evidence that G is proportional to I at low grain
densities this velue may be considered to apply also to the ratio

Ip1/Imin 1in AgBr.

Comparison with Ionization Thepry.- The ilonization theory of
Bethe=Bloch-williams, which predicted an indefinitely coptinued re-
letivistic increase in I with velocity, was modified by Ferml to
take account of the polarization of the medium. He showed that the
rate of ionigation loss should saturate at sufficiently high velo-
cities, Fermi's treatment, which employed a single dispersion free
quency for the electrons In the medium, was in turn modified by Wick,
Helpern and Hall, A, Bohr, Sternheimer, and SchBnberg who showed that
it is necessary to construct a multi-frequency theory. These authors
differ as to the magnitude of the relativistic rise, the differences
arising largely from the various values of the ionization potential

which they used.

We haeve calculated theoretical ionizetion curves for AgBr accor-
ding to the theories of Halpern and Hall end Sternheimer, using the
ionigation potentials of Bakker and Segre, For comparison with our
experiment it is necessary to calculate not the total rate of loss

-8%- -
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usually discussed in the theories, but the limited rate of loss along
4 track, measured by its Ag grain density, which arises only from
cnergy transfers to electrons up to a few Xev. Larger transfers give
sige to delta-rays consisting of 2 or more Ag grains, and the grains
1yins off the track are ignored in ordinary grain counting. Accor=-
dincly, we computed the restricted rate of loss I as a function of ,
using . Xev for the “limiting effective energy transfer To" to the
electrons of the medium. We have also computed I for another value
of To", 8§ Kev. The result of this calculation was shown in the dashed
curve which was slightly above . the solid line in Pigure C-8; §.
Either this
theoretical curve or

‘ IONIZATION LOSS the one for 5 Kev fits
35 our data satisfacto-
3 (1) < TOTAL RATE OF LOSS IN EMULSION rily. The calculated
= (W) - “AESTRICTEQ"RATE OF L0SS N Ag Br .y pmoToNs ratio Ipy/Ip;, for
20 (M E thet for the 5 Kev
1.5 curve 1,137, These

T2 2 §Kev T, = 2Kav may- be compared with
1.3 4 our experimental va-
v T T — T . T7 71 T T T T ¥ ] oo
o.l 0.5 2 o 50 200 tooo 5000 éﬁi’ dt Eillgst tg i %ﬁé
Pipgure C-8, 4 . y-1 rate of rise toward

- the plateau supports
the theoretical prediction of a slow rise followed by saturation in the
region beyond 7n:100. (Figure C-8, 5) . i

While our re=-

"RESTRICTED” RATE OF IONIZATION L0S5S, IN Ag Br sults show excellent
1 25 agreement with theo-
'™ ries of Sternheimer
g EXPERIMENT .5 and of Helpern and
— THEDRY (Y Hall, they conflict

_ ;o with the new theory
i
b— if% : E :

L
»,

e 3

§ [' of Huybrechts and

095 Schénberg, which de-
[ parts more radically
:M5 from Fermi's treat-

N
- . . . ment, These authors

2 5 0 20 %0 400 200 500 1000 2000 predict an increase
in I from minimum to

Figure C-8, 5 y=W/ pleteau in AgBr of

) , 3.8 per cent, and they
suggest a method whereby this theoretical value could be pushed up to

6 per cent., Neither value seems capsble of accounting for our results,
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A8 we have seen, our values of blob density show no significant
dif ferences between electrons and heavier particles. This is Just what
should be expected of the restricted ionization loss with which we are. .
concerned. The predicted difference in total rate of jonization loss
between the two groups of particles arises from the different upper
1imits to the possible energy transfers between the mowing particle and
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Lhe Qlecurons.of the surrounding mediuvm, If one applies an wpper
1init of a few kilovolts in order to compube the reatricted energ
trmsfer to silver bromide grains along the track, then the diffe
vanishes. Ouderesnlts besr this ouT 1n the plateau region, as well as
in the interval 10 < y < 100, ) )

Compavison with other experiments.~- In 1949, the Brussels
o evidence 11 emulsions for a relativistic rise in g ,
spimental error. In 1950, similar resultls appeared in put
: gter. During the same year Pickup ar
86 I Jlmix 7 indleati hased on a few tracx
iz increase of about 10 per cent to a platean
Voyvodic subsequently extended this work and Ifound
per cent, Our present value of 14 + & per cent up;
cantly higher. (However I might remerk that in

loyvodic said that he would now be inclined to quote his result as
10 + 5 per cent).

of rise of g toward saturabion, various obhse

5 saturation is completed more quick
» daba, on the other hend, are
e of rise cgalceulated according
cest thut the polarization pl:

4
predicted by this theory,

tihe

conclusions about

4

1.e i3 thne velocity ideresses, I passes Lhroung h g minimun aid
. - 3 . - - ’ - s - -
then rises to a limiting value lpl which lies 14 + & per

< )
=g

2. - At velocities corresponding to the interval 10 Ly < 10
b 2

lata are consistent with the slow rate of rise predichted Dy
menticned hefore,

o
theory

i
o
=

0

s at valnes of > 100, and maintains
y © 3400 rest masses.

mesons, and protons show the same variation in

G
c&
K
3
=
.‘“

all these respects our results are in agreement with the

th sical curves we computed according to Sternheimer. we believe
that e vos can be vsed, e.g, for veloelty determinatlons bused

on &, § for mass determinations bused on G and # . I should be
emphasized, however that in this region of extremely high velocities,
cuch daterminations are still subjeet to considerable errors because
of the inherent insensitivity of G %o the velocity.
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