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ABSTRACT

The event of Price et al.l might be explained as

a heavy anti-nucleus. The crucial experimental questi‘onv
is the nﬁclear emulsion track. Simple comparison of
nuclear emulsion tracks shbuld reveal a great dif-

_ ference between heavy nuclei Vand their charge con-
Jugates. These electrédyna.mic differences could allow
greatly 1ncre§sed anti-matter é.earches. Any disagreenment
of the present analysis of the gvent of Price et al. with
null reéults' in previoué anti-matter searches is

speculative.

The cosmic ray eveat of Pricé et al.l has received much
critical comment. M. W. l“r:l.ed.ls,nder,2 P. H. 17'.c:5v',ller,3 L. W. Alva;'ez,h
R.' L. Fleischer and R. M. Wé.lkerj have all proposed alternative .
hypotheses to the mtupreﬁtién‘ﬁeséntw in Ref. 1. These alternative
hypotheses have not been accepted by the authors of Ref. 1:6 The
success of each of these altermative explanations hinges upon dis-
regarding the original interpretation of the nuclear emulsion‘data.
This disregé.rd wés justified _'becat_lse the technique for measuring the

lateral track structure, i.e., the extension of darkening away from the
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track center, was an unpublished experimental technique.b The authors
of Ref. 1 claim greatly depleted lgteral track structure whereas the
critics must doubt this claim to succeed with ﬁheir alternative
exiﬂanations. "I propose an alternative explanmation of this remarkable
event which may agcount for all the experimental claims. Specific
steps will be proposed to allow definitive tests of my explanation and
to allow at least partial settlement of the doubts raised in Refs. 2-5.

Let us consider a simplified and qualitative description of

‘the experimental c]._é.ims of Price et ta.l.l for their event, including

their revised measurements from the Lexan.6

(1) It is the most penmetrating ionizing particle seen to date:

Asnuclei slow, their ionization rises steeply. This event had so high

an ionization ([z/p] = 114) that, were it any nucleus previously

seen in cosmic rays (-1 £ Z § 96), it should have slowed considersbly . .

in passage through the Lexen stack.’ Nevertheless, the ionization did

not rise .6

(2) It has greatly diminished track structure away from the dense ‘

central core of the muclear emulsion track: Since the value of IZ/BI

was accurately qxeasured in the Lexan, we need 6n1y coﬁsidervvarious
nuclel by specifying B , since IZI is then a.iso determined. Nuclear
emulsion tracks of known Z/B reflect B very weakly until £ 1is
very small, less than P = 0.45 in one controversial model.3 Thus,
if the emulsion track of a normal nucleus isl significantly depleted
relative to those expected from fast normal m}ciei with z/p ~ 11k,
the particle must be very slow and should come promptly. to rest 1n the
Lexan stack beneath. The penetrating beﬁavior in the Lexan stack

prohibits such slow speeds.
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(3) It has a diminished image on the fast-film Berenkov detector:

The Serenkov image was reported to exhibit a central darkening due to
ionizatiox; electrons and a lack of darkening in the region where
darkening would be attributed to Berenkov photons. The size of these
regions was not reported, nor was any quantitative apmraisal of the

statistical dependability of the measurement offered.

The expected behavior of heavy anti-nuclei is qualitatively
compatible with the three preceding observations:

(I) It has long been known that negative partic}.es are mére
penetrating than their charge conjugates, the difference being attrib-
utable to higher order elec‘t‘.rodyn.a.mic3.7 The stopping powers for
': heavy nuclel and their charge conjugates differ by 10% to 30% in the
. applicable re&lm.8
In addition, it has been pointed out., for instance in Refs.

2.5, that reactions which slightly diminish , l allow a

Zpro;jectile
projectile to appear more penetrating. The probability of any chain
of fragmentations occurring is rather small. Certainly t;he Cross-
sections for noncataclysmic charge loss will be differeht .foi;- anti-
nuclei. it is likely that such cross sections are considerably larger
for anti‘-nuélei than for normal nuclei. Such a possibility may be

_subjected to partial experimental test.9

Since anti-nuclei as a class are more penetrating, they will match the
Lexan data better than their charge conjugates. Therefore, let us
conslder as possible candidates the charge conjugates of the normal

nuclei proposed in Refs. 2-5, i.e. -96 < 2 £ -75.

I

(2) Distant energy deposition in nuclear emulsions reflects, in
convoluted form, the production of knock-on electrons with energies in

the range 25 KeV < E.g 1000 KeV. The appropriate electron-nucleus

_cross section for knock-on electron production from cosmic nuclei is*

the "Mott exact 'phase -shift' fomm]a.".lo Table 1 exhibits relevant

fatios of these croés sections for appropriate anti-nuclei to their
charge con,jﬁga.tes. The distant energy deposition in emulsions will be
greatly reduced for anti-nuclei.

The differences between the emulsion tracks of nuclei and anti-
nuclel responsible for this event would be unmistakable. Various anti--
nucleil which might fit the Lexan data would leave emulsion tracks
similar to those from normel nuclei with 75 € 2/8 £ 85. Such a track
would differ greatly from that of a normal nucleus which might £it _the
Lexan data (110 & Z/B € 120). The total number of knock-on electrons
with energles 25 KeV £ E £ 1000 KeV would be less than 21}00 for anti-
nuclei but greater than 3000 for normel nuclei. The summed kinetic
energy of these electrons would be < 240 Mev and > 380 Mev,
respectively._ The statistical significance of these differences :I_.s

great. Simple .canparisons of photamicrographs of the track in IQWM'

with tracks of identified nuclel would be sufficient to deny the anti-

nucleus hypothesls completely or else to offer considerable encour-

agement. .The most valid basis for comparison would be to compare s

tracks of nearly equal pitch angles to allow for systematics of
observation and to equalize the effects of edge loss of knock-on
electrqns, which effeqts have been emphasized by M. W. Friedlander2
and P. H. Fowler.5

If the emulsion track is small, and if it is similar to the

-
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tracks of the normal nuclei with 75 5 Z/8 $ 85, we must disregard
'the alternative explanations as normal nucleil in favor of the anti-
' jxénicleus hypothesis or more rédical explanatiéns. v
“(3) The Berenkov detector of Ref. 1 is an essentially unproved
- experimental tool. In separating regions of the recording film as
reflecting éxclusively ionization electrons or éxclusively Berenkov
phgtons, we mus_t meke a theoretical determination of the relative
megnitudes of the two processes. Analysis of this pro'blemn indicates
that for distances léss than, say 100u, energy dep_osition‘by knock-on
==~electrons dominates that by the éerenkov photons. Without thorough
P~ knowledge of the relative efficiencies for da.rkeningv by photons and
My.electrons, diminution of images smaller than this size cannot
e necessarily bé ai;.tributed uniquely to lack of éerenkov energy or
-~ knéck-on _energ_y. The nuclgar emulsion clearly shows us that the knock-
on energy is depleted, so we certainly Should expect the fast film

image to be diminished.

&
- The claims for this éerenkov detector need clarification.

e, A grest deal of clarification would be obtained by publication

=

of the actual images of events from this experiment. The anti-nucleus

™
-

hypothesis would be less attractive if a firm claim for f < 0.68 can

g

Pl

- be substantiated in the Cerenkov detector, because the Lexan value of

- |z/8] ¥ 134 would then imply 2 % -75, which anti-nucleus would
v

-

" certainly need to -fragment in order to fit the Lexan data.
We must consider whether. this anti-nucleus interpretation can
be reconciled with other experimental o't:servat;i.ons,:I'2 in particular,
the previous searches for cosmiq za.m'.i-mxcle:l.l3 The previous searches

had such small collecting power that no nuclei with’ charges approaching
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the appropriate magnitude ([Z| > 75) could possibly have been
expected. In addition, almost all of the searching was conducted at
high rigidities whereas the event of Price et al., if an anti-nucleus,
was of low rigidity. There 1s little reason to expect that either
the charge s;)ectrum or the rigidity spectrum of anti-nuclei must be
the same &s for normal nuclei. Of course, one can not confidently
predict a flux rate on the basis of & single observed event. Nonethe-
less, we can guess that if the event of Price et al. truly was an anti-
nucleus, the spectrum of anti-nuclei is blased tow_ard higher charges ‘
and lower rigidities perhaps a factor of 50 or more above that of »
normal nuclei. Various schemes may be imagined which might produce

such an enhancement.lu Further efforts in this vein would be

fruitless, as the discrepancy, if any, with previous experiments is
specixlative. .
It is always necessary to confirm any single event observation:
Expanded searches should be conducted among the highly charged, lower
rigidity cosmic nuclei. The differences in electron knock-on cross
sections between positive and neéative nuclei might be exploited to
expand the previous anti-matter searches.15
I wish to acknowledge helpful discussions of this matter with
L. W. Alvarez, B. G. Cartwright, J. D. Jackson, E. M. McMillan, G. H.
Trilling, and E H. Wiclmann. Speéiai help has come from J. R. Cary,
H. J. Crawford, D. E. Greiner, H. H. Heckman, P. J. Lindstrom, F. C.
Porter, a.nci L. W. Wilson. This work would have been impossible without
the full cooperation of P. B. Price, E. K. Shirk, W. Z. Osborme, and

L. S. Pinsky.
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Table 1 . ] FOOTNOTES AND REFERENCES
. : .
- . tio of do/dE for various anti-nuclei : *
Knock-on energy spectrs. The ratic o / This work was supported by the U. S. Energy Research and
= = 0.81. .The ratios vanish when : -
to do/dE for Z = +%, B =0.01 € : _ Development Administration under Contract W-T405-ENG-48. =
5 table are computed from cross .
E > Epypopp The Tetios on this table e P 1. P. B. Price, E. K. Shirk, W. Z. Osborne, and L. S. Pinsky, Pays.
sections obtained vie interpolation f‘rom Doggett and Spencer. The .

Rev. Letters 35, 487 (1975).

stated ratios are uncertain by 1 O'fe‘ ' 2. M. W. Friedlander, Puys. Rev. Letters 35, 1167 (1975).

‘! i 3. P. H. Fowler, Proc. lhth International Cosmic Ray Conference 12,
) a/ dE/,_ +'92 8-0.81 | p. 4049, Munich (1975).
Energies (KeV) _ 4. " L. W. Alvarez, Proc. 1975 International Symposium of Lepton and
z B | B=30 E<100 B=300 | E=T00  E=1000 || B . 0o(KeV) Photon Interactions, p. 967, Stanford (1976); Lawrence Berkeley
-%. S 61 ' 0.88 0.7 0.53 | 0.32 0.27 1909 Laboratory report No. 4260 (1975).
S 0. 0.87 0.76. 0.52 f 0.31  0.26 . 1096 ‘ 5. R. L. Fleischer and R. M. Walker, Phys. Rev. Letters 35, 1412
-8 0.68 || 0.88 0.8 053 | 0.32 0.0 900 ' (1975). |
5 0.66 ! 0.87 0.76 0.53 0.32 0.00 80 ’ 6. P. B. Price, New Pathways in High Energy Paysics, I, Plenum, Ney
! o A York (1976), p. 167.

7. This fact was recognized by Fermi in 1953. For a clear summary of
Z3 corrections, see J. D. Jackson and R. L. McCarthy, Phys. Rev.

B6, 4131 (1972).

! : 8. P. B. Eby and S. H. Morgan, Phys. Rev. A5, 2536 (1972),
R. Hag;tfo‘xn, "Inclusion of the Exact Form .of Close Encounters in
Heavy Ion Stopping Powers,' Lawrence Berkeley I.aboratofy Physics s

Note THEO-RH-T6-5. v y

b

9. R. Hagstrom, "An Elementary Scheme To Measure Anti-Nucleus
Interaction Partial Cross Sections," Lawrence Berkeley Laboratory

Physics Note THEO-RH-T76-8.
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N. F. Mott, Proc. Roy. Soc. Al35, 429 (1932). The reader will
please note that this formula is not fhe famous . first Born
approximation result, also due to Mott, which involves a factor
of (1 - f32 s:.Ln2 29' ) multiplied times the Rutherford formula,
but rather a more complicated result reflecting exact integration
of ‘the Dirac equation. The vhole issue of Coulomb scattering is
treated lﬁcidly in: J. FW. Motz, Haakon Olsom, and H. W. Koch,
Rev. Mod. Pnys. 36, 881 (196L).
R. Hagstrom, "Understanding Plnsky's lerenkov Detector, " lawrence
Berkeley laboratory Physics Note THEO-RH-T77-1, in preparation.
A summary of the case against anti-matter may be found in:
Gary Steigman, Ann. Rev.Astron. 14, 339 (1976).
R. Hagstrom, "Revision of Stelgman's Flux Limit Table," Lawrence
Berkeley Laboratory Physics Note, THEO-RH-T76-6.
Such a possibility has recently been implied in recent attempts to
understand cosmic. X-ray bursts by S. Sofia and H. Van Horn, Ap. J.
194, 595 (1974), and the cosmic diffuse X-ray background by

H. V. Alfvén, Particle Physics Symposium, Stockholm (1976). 1In

this reference, Alfvén describes a scheme by which negative cosmic
fays may remain segregated from the region of the solar system.

R. Hagstrom, "What Is Needed To Idéntify Anti-Niclei By Their
Knock-On Spectre Alone?" Lawrence Berkeley laboratory Physics Note
THEO-RH-76-7. '

J. A. Doggett and L. V. Spencer, Pnys. Rev. 103, 1597 (1956).
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