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The existence of antiprotons has recently beem demenstrated at the
Berkeley Bevatren by a counter experiment. ! The antiprotous 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 sxperi-
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 antiprotons whes coming to rest. This required a 132 g/cmz copper absorber
te slow down the antiprotons sufficiemtly to stop them in the emulsion ¢tack,
Only one antiproton was found2 in stacks in which seven were expected, assum-
ing a geemetric interaction cross section for antiprotons im cepper. It hzs now
been fomad3 that the crosa section in copper is about twice geometric, which
axplains this low yield. . ,

In view of this result a new irradiation was planned in which {1} a0
absorbing material preceded the stack, {2) the range of the antiprotons ended
in the stack, and {3) antiprotons and meaons were easily distinguishable by
grain deusity &t the enivanece of the stack. In order to achieve these thres re-
sults it was neceasaﬁry to select antiprotens of lower momentufno even if these
should be admixed with a larger number of 7 mesons than at higher momenta,

in the preseni experiment we exposed a stack in the same beam used
previously, adjusted for 700 Mev/c¢ momentum instead of 1090 Mev/e. Siné;e
the previcus workz had indicated that the mhost troublesome background was
due to a’;din;rf; protons, the particles were also passed through a clearing
magnetic field juat priny to their entrance into the emulsion stacks, The clear .
ing magnet {M_) had B = 9500 gauss, cireular diameter pole faces of T e
and a gap of 18 cra. ac particles scatiered fromm the pele faces of the clearing
meagnet conld be ‘greved on the basis of their largs dip augles in the emulsions.
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With this arrangement we have achieved conditions in which the negative par-
ticles enter the emulsions at a well-defined angle, amnd extrsmely 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 angles. Under these conditions it is rela-
tively easy to find antiprotons in these stacks even though approximately 5 x 3.05
negative T mesons at minimum ionization accompany one antiproton. The
exposure arrangement is shown in Fig. 1. The beam collimation was such that
at any given position at the leading edge of the stacks the angular half width of
tha pion entrance angles is less than 1° both in dip and in the plane of the emul-
sions. 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 lead-
ing edge of the emulsions on the basis of a grain count {~twice minimum) and
angular criteria (angle between track and average direction of pions is less than
5°) and were then followed along the track.

- A number of antiproton stars have been observed in thege nuclear
emulsionm“ 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

ﬁ‘- = 1,013 £ 0.034] which on coming to reat gave rise to a star with a vis-~
ibid energy release greater than M Pcz. This example thus constitutes a proof
that the particles here observed undergo an annihilation process with a nucleon,

a 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 v mesons in the beam.
It came to rest in the atack and produced an 8-prong star. Its total range was
R=12.1320.14 cm. Table I gives the results of three independent mass meas-
urements on the incdming particle. The first two methods listed in Table I
use 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 measurements. For the position and entrance angle of this par-
ticle into the stack the momentum i3 P = 696 Mev/c with an estimated 2% error.
All three methods are in good agreement and give a mass of m = 1.013 = 0.034

in protor mass units.
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f the particles forming the star, {ive came o rast in the sraulsnis
stack, two left the stack {tracks numberaed 4 and 3}, and one dwag:s@enyezi ia
flight [irsch number 3}, The tracks nurrberad 1, 4, and & in Fig., 2 were caused
by heavy particles. Particle 4 was near the end of its ramge (R ven. = 2 mm;
when it left the stack, Tracks ! and 4 are probably due to protons and track
6 io a iriton. Howewver, owing to the large dip angles the assxgnmema for
tracks 1, 4, and 6 are not certain. Track 2 has the chazacteristics efa w
meason and on coming to rast gives a 2-prong ¢ star. It is thus a negative w
mescn., Particle § came 20 rest and gave the typical w-u-e decay and was thus
a posiiive w meson. ¥rom the measured range its enmergy would bave been 18
Mev, howaver, after 0,22 mm it underwent 2 22° scattering that aguears o
be inelastic. The initial energy as estimated from the grain denaity change
was 30 & 6 Mev., Track 7 is very steep (Qip angle = 83, 5 }. The particle came
to veat as & typical light p meson after traversing 30 emulsions. At the end
of the trazk there is a blob and possibly an associated slow electron., The
mast probable assizpment is a negative v meson, although a megative p meson
caanot dDe ruled oni., .

In addition o the three stopping % mesons there are two other tracks
which we know were caused by };ight particles, presumably 7 mesons. Track d
had pp = 190 % 30 Mav/c and g/g_ = 1.10 £ 0. 04, which is consistent with a 7
meson of 125 % 25 Mev energy, but is not consistent with a much heavier paz-
ticle. After 16 mm it shows a 17° scattering with no detectable change in en~
ergy. Track 3 is very steep (dip angle‘ = 73, 505 and its ionization is about min-~
imum., The pa‘*tmise traversed 81 pla.ees and disappeared in flight after an ob-
served range of 5¢ mm. The pp bas been determined by a new mo&iﬁcatisn of
the multiple scattering technique to be 250 & 45 Mev/c., The new me‘ahodq which
is applicable te steap tracks, is based on measurements of the coordinates of
tha exit point of the track in cach emulsion with reference to a well aligrned
millimeter gridE’ prioted on each pellicle in the stack. A detailed description
of this msthod will be given in a subsequent paper. \

_ The obsezvaticns do not allow vs to rule out the possibility that tracks
3 and 8 are duve to elecivons., [t is, howasver, very unlikely that a fast alééttoa
eould dravel 30 min (1.7 radiation lengths! in the smulsion (as dees track 3
without a great loss of snergy due to bremastrahlung. The en ergy <f"‘pari§,cla 3)

deduced from the meazarad pfi (K = 250 Mev) must be considered a lower iimat,

in Table 13 the portinest data on the eight prongs are summazized.

The lnat ecluwon gives the totel vieible ener Z¥ per¥ pariicls ! ;z,. iy T g Mev
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binding energy per nucleon, or E’kino + 140 Mev rTest enezgy par w meson) for
the most probable assignments as discussed above. The total visible energy

is 1300 = 50 Mev, and the momentum unbalance is 750 Mev/c. To balance
momentam, an energy of at least 100 Mev is required in neutral particles {i.e.,
abo\it 5 neutrons with parailel and equal momenta}, which brings the lower

limit for the observed ;me'rgy release to 1400 = 50 Mev.

However, as 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 assignments, given at the foot of Table II, which are chosen to
give the minimum energy release. In this case the total visible enerzy is
1084 = 55 Mev and the resultant momentum is 380 Mev/c, which tc by balanced
requires at least 50 Mev in neutral particies (three or four neutroas}. In this
unrealistic case the lower limit for the observed energy releasé is 1134 2 55 Meiﬂ
which still exceeds the rest energy of the incoming particle by about three standard
deviations. ~

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

A second important cbservation is the high multiplieity of charged w
mesons {1 1r+, 27w, and 2 w mesons with unknown charge}. The fact that so
many w mesons escaped from the nucleus where the annihilation took place,
together with the low immbér of heavy particles emitted (three), may indicate
that the struck nucleus was ore of the light nuclei of the emulsion {C, N, O).

Two of the outgoing heavy prongs carried rather high en_ergieﬁ {70 Mev for the
proton, 82 Mev for the triton}, and they may have resulted from the reabsarptimi
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. Lannuiti for Relp
with measurements and the analysis of the event. , ‘ ‘ .

- This work was performed under the auspices of the U. S. Atomic En-
ergy Commission. - '
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Table 1

Mass mezsurerments

Methed Residual range Maas
cm M/ M
2

of emulaion

jlonization - range 2, 5. SD and i2 0,97 20,19
[Scattering - range 0-1 Lo 6.9, #1914

{consgtant sagitiaj

IMomentum - range 12,13 1.025 20,037

+ 0,12 air and helium equivalent

Weighted mean ; : 1.015 2 9,034
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Figure Captions

i, Fan of the irradiation.
Z. Reproduction of the P~ star, The description of the prongs is given

im Table I,
Chserver: A. G. Ekapoug
Photomicrograph by D. H. Kouns
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