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that in the range 0 «p & 8.42 the lower bound on A(s, t)/A(s, 0) is always negative and less in magni-
tude than the upper bound U(s, t) varying monotonically from -0.162 to -0.138 as p varies from 0 to
11.5. Therefore in the range 0 «p «8.42 the upper bound on [A(s, t)/A(s, 0)]' is simply [U(s, t)]'.

Further details and other upper and lower bounds in the physical and unphysical regions will be re-
ported in a later detailed paper. '
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The "quark tracks" observed by McCusker and co-workers in cloud chambers can be
explained by making reasonable assumptions about two processes: fluctuations in the
number of droplets in a cloud-chamber track, and the relativistic rise of the ionization.
However, before a firm conclusion can be drawn, more experimental data on the drop-
count distribution of a large sample of tracks in the experiment are needed.

McCusker and collaborators have recently per-
formed an ingenious experiment to search for
quarks in the cores of large air showers. "
Among 5 X10 tracks in delayed-expansion cloud
chambers, they have found five with about one-
half the ionization of comparison tracks in the
same or near-by pictures; they interpret these
as being due to quarks with charge &. The quark
flux computed on the basis of this experiment is
in mild disagreement with the result of searches
in terrestrial matter. '4 This disagreement can
be explained away because the chemical behavior
of quarks is not known. Nevertheless it has led
us to re-examine the evidence presented by the
Sydney group.

In estimating the probability of a few deviant
cases in a large sample, one is faced with the
difficulty that the result is very sensitive to the
value of the assumed standard deviation of the
parameter measured. Only an experimental de-
termination of the frequency of tracks as a func-
tion of drop count will permit a definitive dis-
tinction between a subsidiary peak at low ioniza-
tion and the low-ionization tail of a broad peak.
Meanwhile, consideration of what is known at
present about drop-count statistics and the in-
crease of ionization beyond the minimum sug-
gests that the observed effect is not necessarily
due to particles of reduced charge.

The increase in ionization beyond the minimum
is well established', the corresponding increase

in drop count in a cloud chamber has been ob-
served in many gases'; in argon it reaches 20%%up

at y = 20-40 and 40% at y = 100-400 (y is the ener-
gy in units of the rest energy). Shower particles
rarely appear at minimum ionization in a cloud
chamber. ' In an air shower of 10' charged par-
ticles at sea level, typical' electron energies
near the core are 0.5 GeV (y = 1000); the muons
have average energy exceeding 5 GeV (y = 50).
Under lead the electron energies are lower, but
it is safe even here to assume that the average
ionization is at least 1.2&I„where I, is the min-
imum ionization. To be conservative, we shall
assume for the following estimates that particles
with energies corresponding to ionization be-
tween I, and 1.3 XI, are present, and that the
number of particles is uniformly distributed over
this range. Then the average ionization of the
comparison tracks is 1.15 XI, and the expected
ionization of a charge —, quark at its minimum is
(4/9)/1. 15 =0.39 times the average of the com-
parison tracks.

The fluctuation in the number, Nd, of droplets
in cloud-chamber tracks of particles of fixed
charge and velocity is not given by (Nd)', but is
considerably larger. ' " Three processes are
involved: the primary ionization by the fast par-
ticle; the secondary ionization by ejected elec-
trons; and the formation of photographable drops
on diffused ions. The primary ionization is in-
deed Poissonian, but the mean number involved"

33



VOLUME 24, +UMBER I PHYSICAL REVIEW LETTERS 5 JANUARY 1970

is about 0.55xXq, where W; is the total number of
ion pairs along the track, excluding blobs and
delta rays. ""~ The secondary ionization is de-
termined mainly by the energy lost in the pri-
mary collision. The elimination in drop counting
of track segments containing blobs or delta rays
reduces fluctuations in this ionization cascade
and also makes it impossible to apply the calcu-
lations of Landau" or Blunck and Leisegang. "
Experimental data on the ionization fluctuations
will be discussed below. The fluctuations in the
third process result from the inefficiency of
drop formation. Operation of a cloud chamber
at full condensation efficiency gives excessive
background (fog); when ethyl alcohol and water
are used as condensants, one usually tries to
operate at full efficiency for positive ions and
partial efficiency for negatives. """Since track
segments containing agglomerations of droplets
are excluded, one is justified in assuming that
the vapor supply is adequate to make condensa-
tion on different ions statistically independent.
The fluctuation in the drop count Xd is thus given
by

e,(1—s,)+e (1—e ) 1

(e, +e )' (N;)„'

Here o(Nd) is the standard deviation of Nd and

o(N~) is that of Nq ,
.e, (e ) is the average efficien-

cy for forming a drop on a positive (negative)
ion. The first term, giving the fluctuation in the
number of ion pairs, takes account of the prima-
ry and secondary ionization Only if there is no
secondary ionization is o'(Ã;) equal to (N;)„; in
reality it is always larger. The second term in
the formula is the contribution from the ineffi-
ciency in the drop formation.

Published data on drop-count statistics are
summarized in Table I. The most informative
paper is that of Wilson and co-workers. ' They
present histograms of the number of drops per
centimeter for minimum-ionizing tracks in oxy-
gen without magnetic field, both for about 1600
segments of 1 cm length and for 101 tracks of
average length 16 cm. The positive and negative
columns were separated, and only the positive
column was counted with e, = 1.0. For the full-
length tracks the distribution is approximately
Gaussian, with a mean of 40.2 drops/cm and a
standard deviation of 3.6 drops/cm. The frac-
tional error is thus 9.0%, somewhat larger than
16 ' '&& the fractional width for 1-cm segments.
This suggests that there is, as expected, "posi-
tive correlation between drop counts in adjacent
cells. The fractional ionization errors quoted in
the different experiments are shown in column 7.
For comparison they have been normalized in
column 8 to the same mean number of ion pairs
(500). Assuming that the I= I, tracks in the Syd-

Table I. Cloud-chamber drop-count statistics.

(1)
Ref.

(2)
Chamber

gas
(atm)

(3) (4)

(5)
Magnetic

field
(G)

(6)
(V;)~ for

track length
used

(7)
cr(¹)

(8)
Expected fractional

error in X; if
(N;), =500g

(9)
Expected fractional

error in Nd if
(N;) = 500, e+ = 0.5,

e =0.

He, 1.4
02, 1.0
Ar, 0.21
He, 0.21
Ar, 0.44
He, 0.44
Xe, 0.25

1.0 0.6
] 0 ~ ~ ~

1.0 0.4

1.0 0.54

1.0 0.25

7500
0

8000

6200

500
640
715

5 63h

0.074
0.090
0.050

0.68"

0.094

0.074
0.102
0.060

0.072

0.122

0.086
0.111
0.075

0.085

0.13

~Fretter, Friesen, and Lagarrigue, Ref. 10.
Ghosh, Jones, and Wilson, Ref. 9.
L. F. Hansen and W. B. Fretter, Phys. Rev. 118, 812 (1960).
Louttit, Ref. 14.

~Rousset, Lagarrigue, Musset, Ran@on, and Sauteron, Ref. 11.
~In addition to 4-5 cm Hg of ethyl-alcohol water.
&Computed on assumption that fractional error goes as ((N;)„)
Data given only for 2-mm segments, excluding those with more than 28 drops. There is some correlation be-

tween adjacent segments, and the calculated errors in columns 8 and 9 are therefore underestimates.
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Fractional fluctuation
in drop count of
minimum tracks

(%) 0.45-0.50 0.50-0.55 0.55-0.60

Table II. Expected number of tracks with low drop
count in a sample of 5 &&104 tracks for various fraction-
al fluctuations in drop counts. The quantity u is the
ratio of droplets on a low-count track to the number of
droplets. on an average track.

tracks in a sample of 5&&10 is 0.4 in the range
o, =0.45-0.50, 3.,$ in the range 0.50-0.55, and 18
in the range 0.55-0.60. However, even with the
smallest error in Table II, the expected values
are uncomfortably close to those observed in the
Sydney experiment. Careful experiments on fluc-
tuations, with a known spectrum of incident vel-
ocities, are therefore needed before a definite
statement on the presence or absence of quarks
in air-shower cores can be made.

9
11
13

0.006
0.4
5.1

0.11
3.3
20

1.3
18
72

ney experiment" have (N;) = 500, and that e,
=0.5, e =0, we derive from the formula above
the fractional drop-count fluctuations shown in
column 9.

We now assume that the reference tracks are
distributed in velocity as indicated above, and
that the drop-count distribution for a particular
y is Gaussian with variance proportional to the
mean. It is straightforward to compute the num-
ber of tracks appearing with 6'd equal to some
fraction n of the average value for the standard
tracks. The results are shown in Table II. The
different rows correspond to different assumed
values for the drop-count error on minimum
tracks. In order to decide which value is most
appropriate for the Sydney data, we compare the
conditions of this experiment (1.4-atm argon, no
magnetic field) with those presented in Table I.
The only two experiments performed without
magnetic field are those of Refs. 9 and 14. Of
these the latter very likely gives an underesti-
mate of the error on an extended track, because
the track segments used were only 2 mm long
and the error has been calculated on the assump-
tion of no correlation between adjacent cells.
I.outtit's data indicate that there is positive cor-
relation and such correlation is expected to in-
crease the width. ""The conditions of Ref. 9
(data for full-length tracks) seem to resemble
most closely those of the Sydney experiment,
and we use 11/g as our best estimate of the drop-
count error. In this case the expected number of

*Work supported by the National Science Foundation
under Grant No. NSF GP 9312 and by the U. S. Atomic
Energy Commission.
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