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The existence of antiprotons has recently been demenstrated at the
Berkeley Bevatron by a counter expariment, ! The antiprotons were found among
the momentum-analyzed {1190 Mev/c} negative particles emitted by a copper
target bombarded by 6.2-Bev protons. Concurrently with the counter experi-
ment, stacks of nuclear emulsions were exposed in the beam adjusted to 1090
Mev/c negative particles in an experiment designed to observe the properties
of antiprotoms whem coming to rest. This required 2 132 g/cmz copper absorbery
te slow down the antiprotons sufficiently to stop themn in the emulsion ¢tack,
Only one antiproton was founda in stacks in which seven were expected, asoum-
ing a geometric interaction cress section for antiprotona im copper. It hzs neow
been fmmdB ti:at the cross section in copper is about twice geometric, which
axplains this tow yield.

In view of this result a new irradiation was planned in which {1) ne
absorbing material preceded the stack, (&) the range of the antiprotons ended
in the stack, and {3) autiprotcns and mesons were easily distinguishable by
grain deraity at the euirance of the stack. lu order to achieve thesge three re-
swlts it was necessary to select antiprotons of lower momentum, even if these
ghould be admixed with a larger number of ¥ mesons than at higher momenta.

In the present experiment we exposed a stack in the same bearn used
previously, adjusted for 700 Mev/¢ momentum instead of 1090 Mev/e. Since
the previous wz:)rkz had indicated that the most troublesome background was
due to crdr‘miry protons, the particles were also passed through a clearing
magnetic field juat prior to their entrance into the emulsion stacks, The clear:
ing magnet ( MC) bad B = 9300 gauss, tircular diameter pole faces of 76 cm
and a gap of 18 crn  ao particles scatiered frcm the pole faces of the clearing

magnet conld be n-oved o7 the basis of their large dip angles in the emulsions.
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With this arrangement we have achieved conditione in which the negative par-
ticles enmter the emulsions at a well-defined angle, and extremely few positive
particles enter the emulsions within the same range of angles. For the first
time we have obtained an exposure in which more antiprotons than protons enter
the stacks with the proper entrance angleas. Under these conditions it is rela-
tively easy to find antiprotons in these stacks even though approximately 5 x 10
negative 7 mesons at minimum ionization accormpany one antiproton. The
exposure arrangement is shown in Fig. 1. The beam collimation was such that

at any given poezition at the leading edge of the stacks the angular half width of

the pion entrance atgles is less than 1° both in dip and in the plane cf the emul-
giome. This very small angular spread allowed us to apply strict angular criteria
for picking up antiproton tracks, and thus helped to reduce confusing background
tracks to a negligible level. The antiproton tracks were picked up at the load-
ing edge of the emulsicns on the basia of a grain count (™ twice minimum) and
angular criteria (angie between track and average direction of pions is less than

5

5% and were then followed along the track.

A number of antiproton stars have been observed in these nuclear
eénm.laimwa4 The one we will describe here was found in Berkeley and is of
particular interest since it is the first example of a particle of protonic mass

ﬁn;,, = 1.013 £ 0.034] which om coming to rest gave rise to a star with a vis-
iblé energy release greater than Mpcz., This example thus constitutes a proof
that the pazticles here observed undergo an annihilation process with a nucleon,

& necessary requirement for Dirac's antiproton.

Description of the Event

The particle marked P~ in Fig.2 entered the emulsion stack at an
angle of less than 1° from the direction defined by the ¥ mesons in the beam.
It came to rest in the stack and produced an 8-prong star. Its total range was
R=12.13x0.14 cn, Table I gives the results of three independent mass meas-
urements on the incdmmg particle. The first two methods listed in Table 1

28e measurements made entirely in the emulsion stack. The third combines
the range, as measured in the stack, with the momentum as determined by
magnetic field measuraments. For the position and entrance amngle of this par-
ticle into the stack the mmomentum is P = 696 Meav/c with an estimated 2% error.
All three methods are in good agreement and give a mass of m = 1,013 £ 0,034

in preton mass units.
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OFf the particles forming the star, five came to rest in the ziulsioa
stack, twe left the stack {¢tracks numbered 4 and 8', and one disappeared in
flight trach nureber 3). The tracks numbered ), 4, and 6 in Fig, 2 were zaused
by heavy particles. Paxticle 4 was near the end of its range }Rreso 4 2 mm)
when it left the stack, Tracke ! and 4 arve probably due to protoms and tirack
6 to a triton. However, owing to the large dip angles the assignments for
tracks 1, 4, and 6 ave not certain. Track 2 has the characteristics efa v
meaon and on coming to rest gives a2 Z-prong ¢ star. It is thus 2 negative
meson., Particle 5 came 20 rest and gave the typical w-p-e decay and was thus
a positive ¥ mesen. Fzrom the measured range its energy would have haer 18
Mev, however, after 0.22 mm it underwesnt a 22° scattering that apoears to
be inelastic, The initisl energy as estimated {rom the gra.i.n density change
was 30 % 6 Mav., Track 7 is very steep 'dip angle = 83, 5° }» The particle came
to rest ac & typical light p meson after traversing 30 emulsiona. At the end
of tha tra=k there i3 a blob and posaibly an associated slow electron. The
maeast probable assigement i8 a negative m meson, although a megative g meson
cannot be rvled oai,

in adﬁitim‘a to the three siopping ¥ mesons there are two other tracks
which we know were caused by light particles, presumably v mesons. Track 8
had p8 = 190 & 30 Mev/e and g/g = 1. 10 £ 0.04, which is consistent with a @«
mesgon of 125 & 25 Mev evergy, but is not consistent with a much heavier par-
ticle. After 16 mom it shows a 177 scattering with no detectable change in en-
ergy. Track 3 is very steep (dip angle = 73,5 5,' and ita ionization is about mirc-
imun, The pasticle traversed 81 plates and disappeared in flight after an ob-
sezved range of 5C mi. The pf kas been determined by a new rnodification of
the multiple scaitering technique to be 250 2 45 Mev/c. The new ma{théad, which
iz applicable te staep traciks, {s based on measurements of the cosvdinates of
the exit poiat of the track in cach emulsion with refevence to a well aligned
millimeter grm& printed on each pellicle in the stack. A detailed description
of this methed will be given in a aubsequent paper.

The observaticrs do not allow va to rule out the possibility that tracks

<

3 and 8 are dve to electrons, [t is, howsver, very unlikely that a fast electzon
could travesl 50 wm (1,7 radiatios lengths) in (he emulsion as does track 3}
rat loss of enex g due to bremastrablung. The erergy (particle 3
(o= 250 Mev! must be comnsiderced a lowar limit,
abiz G the pt;;:ﬁirm:i data or the eight pronwgs are summarized.

v 8 Mev

a v e A - ‘
et el me gt e cufel wicible areray nay coeiele (B, ;
T “ il
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binding energy per nucleon, ox E’kim 4+ 140 Mev vest enezgy per w meaon) for

the most probable assigunmente as discussed above. The total visible energy

is 1300 & 50 Mev, and the momentum unbalance is 750 Mev/e. To balance
momentum, an energy of at least 100 Mev iz required in neutral particles (i.e.,
aboﬁx.t b5 neutroms with paraﬁel and equal momenta}, which brings the lower

limit for the observed émsrgy release to 1400 = 50 Mev,

However, ae some of the identity assignments to the star prongs are
not certain, we have also computed the energy release for the extreme and
very unlikely asaignments, givern at the foot of Table II, which are chosen to
give the minimum energy release. Im this case the total visible ener:y is
1084 = 55 Mev and the resultant momentum is 380 Mev/c, which tc bz balanced
requires at least 50 Mev in meutral particles (thzree or four neutronsj. In this
unrealistic case the lower limit for the observed energy release is 1134 2 55 Mev,
which still exceeds the rest energy of the incoming particle by about three standard
deviations,

We conclude that the observaticns made on this reaction coastitute a
conclusive proof that we are dealing with the antiparticle of the proton.

A second important observation is the high multiplicity of charged w
masonsg ¢ 1 w+9 2w, and 2 w mesons with unknown chazge}. The fact that so
many ¥ mesons escaped from the nucleus where the annihilation tock place,
together with the low number of heavy particles emitted (three), may indicate
that the struck nucleus was one of the light nuclei of the emulsion {(C, N, O).

Two of the outgoing heavy promgs carried rather high ex;er'gieé {70 Mev for the
proton, B2 Mev for the triton}, and they may have resulted from the reabaorption
of another ¢two w mesons,

We are greatly indebted to the Bevatron crew for their assistance in
carrying out the exposure, We also wish to thank Mr. J. E. Lannutti for help
with measurements and the analysis of the event. | |

This work was performed undeér the auspices of the U. S. Atomic En-
ergy Commission. | '
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Table }

Maes measurements

Method Residual range ez
cm | 19 Mp

of etnulaion

ionization ~ range 2, 5.5, and 12 0.97 20,10

Scattering - range 0-1 oo 6.9, £0.14
{congtant sagitia}
Momentum - range 12,13 L. 025 % 0,037

+ 0.12 air and hellum equivalent

Weighted mean , 1.018 & 0,034




! 3
TTrack | Range Number | Dip Projected 218 Ionization Identity Ein Total
, & s = ~ - »
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4
HE © 3 .
. 4 »14,.2 ie +53 318.8 . p{?) 70+ 5 V8% 5
s [d - -~ -~ 4] ‘5’ &
v B 6.2 3 + & 305.5 w 0z 6 170+ &
; Lo ’ ) . H
:j & 9.5 15 -63.5 28317 T(?) 82 34 i
h [ 4 - ~° w@ b E
i i8.6 30 -83,5 255 n 34 174 8
§ s 2 220 o . s !
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3 - © For momentum balance: 21440 §
; ‘ Mev!
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& - ¥
i Total energy releases >1400z50
i Mev ]
i .
a.} :
o obtain the minimum possible value of the vieible energy releass, silll conzisisat with cur ebsarvations.
one oo 10 make the vory unlikely zasumptions about the identity of tracks 3, &, 7, and 8; hat trocke >

and 3 are due to electronn, track # to a proton, and tvack 7 to a u meson. The total vigible energy reluase
} &

¢ breomes 1084 % B35 Mo To this ronet he added 5 laast 50 Mev to balance mom ntam aring -

-ar vhe total emergy releasc to 2!234 % 35 Mev, _ '
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Figure Captions

Pig. 1 Plan of the irradiation, :
Fig. 2. Reproduction of the P~ star. The description of the prongs is given
in Table 11,

Chserver: A. G. Ekspong
Photomicrograph by Di. H. Kouns
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