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ANTINUCLEONS! 1)
Emilio Segrs

University of California
Berkeley, California

April 1958

Introduction

The idea of "antiparticles", as is well known, originated with Dirac,
who in establishing the relativistic equations for the electron noted that besides
the solutions corresponding to ordinary electrons there were also "unwanted
solutions' corresponding to particles of electronic mass but of charge + +ein-
stead of the electronic charge ~-¢ (DZ ) The discovery of the positron by
C. D. At:u!erum'uu(A 10) offered a brilliant experimental confirmation of Dirac's
prediction and gave the first example of an "antiparticle." _

One could think of applying Dirac's theory of the electron without changes,
except in the mass of the particle, to the proton; however, this view is obviously
untenable because the magnetic moment of the proton is not one nuclear magneton,
nor would it account for the neutron which is clearly related to the proton. Even
if such a literal extension of Dirac's theory is impoasaible, the feature of giving
sets of solutions which represent "charge -conjugate'! particles is preserved in
all theories of elementary particlesn p?{-? scular s ea %eaaf us tsagment of the
proton is ascribed to the pion cloud surrounding it and the interaction between
piona and nucleons is of the "strong' type for which invariance on charge con-
jugation is valtd ™! ) we ghall consider only fermions of spin 1/2. For them
a particle and its "charged conjugate' are related by the set of properties given
in Table 1. v

Properties 1-5 inclusive are established by very general arguments
and require invariance under the product: of charge conjugation C, space re-
flection P, and time reversal {(CPT theorem); they are rigorously true even
if invariance under charge conjugation alone is not valid. (See W1 .)

Originally properties 1 - 4 were derived from the principle of invariance
under charge conjugation, which can be formulated by saying that a poseaible
physical situation is transformed into another possible physical situation by
changing the sign of all electric charges. Since this principle is violated in

“)The survey of the literature pertaining to this review was completed on
April 15, 1988,
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weak interactions it is important to point out that it is not necegsary to estab-
lish the properties listed above, but that the weaker requirement expressed by
the invariance under the C PT transformation is sufﬁcient.u"l L2)

Properties 5 and 6 in the nuclear case are a consequence of the con-
servation of nucleons; the number of antinucleons must be subtracted from the

number of nucleons in establishing the nucleon number of a system.

Verification of Dirac's Attributes of the Antiproton

After the discovery of the positron in cosmic rays it was natural to
expect that also antinucleons might be found there: indeed prior to 1955 processes
in v&hich the energies available were sufficient to produce nucleon-antinucleon
pairs occurred only in cosmic rays. Several cosmic ray events
have been observed in cloud chambers and in photographic emulsions which are
attributable to antiprotons. In none of them, however, was the 'evidence obtained
at the time of observation sufficient to establish with certainty the identity of
the particle involved.

With the advent of accelerators powerful enough to produce antinucleons
in the laboratory it became possible to investigate systematically antiprotons
and antineutrons, and to identify them beyond any doubt. The first successful
investigation was carried on by Chamberlain, Segré, Wiegand, and Ypsilantis
with the Berkeley Bevatron in the fall of 1955.(08 C9) Charge, mass, and
stability againet spontaneous decay of the antiproton were the first properties
ascertained.

The central problem was to find particles with charge - e and mass
equal to that of the proton. This was accomplished by determining the sign
and magnitude of the charge, the momentum and velocity of the particle. From
the relation

P = mcfy (1)

the mass was then found. Here p is the momentum, m the rest mass, c the

velocity of light, v the velocity of the particle, and 8 = v/c, y= (1 - p‘»z)'l/ 2,
The apparatus employed is shown in Fig. 1. The trajectory of the
particles fixes their momentum if the charge and the magnetic fields are known.
The latter are measured directly and the trajectory is checked by the wire~
orbit method: a flexible wire with an electric current i and subject to a me-~
chanical tension T in the magnetic field takes exactly the form of the orbit of

(82 ,B11,B12,A5)



.
-

-4~ UCRL-8260

a particle of charge ¢ and momentum p if
T/i=p/e . (2)

The particles in passing through the scintillation Sl 8, 53 give rise
to pulses having the same pulse height as those caused by protons of the same
momentum; thus indicating that the magnitude of the charge is e and not 2e or
greater. The trajectory determines the sign of the charge as negative and also
the momentum p. The measurement of the velocity is the most difficult part
of the experiment especially because antiprotons are accompanied by a very
heavy background flux of pions mixed with some electrons and muons, in a
ratio of the order of 50, 000 pions to one antiproton. It is accomplished by
measuring the time of flight between scintillators S §,, and corroborated
by the response of the Special(cw‘M@Lrenkcv Counter Cz which responds only
to particles with 0. 75 < $ < 0.78. Cerenkov Counter C‘ is in anticoincidence
and responds to particles with § >0.79. Scintillator 3, has the purpose of en-
suring that the particle is in coincidence and traverses the whole apparatus.

The momentum of a particle passing through the instrument was
1.19 Bev/c. The velocity of an antiproton of this momentum is 0.78c, whereas
a meson of the same momentum has v = 0.99c. Their times of flight between
Sl and 82 were 51 and 40 millimicroseconds respecﬂvely. The time of flight
and the response of Cz represent independent velocity measurements, and
combined with the other counters as described allow the identification of the
particle as an antiproton and a measurement of its mass to 5% accuracy. This
apparatus delivers at 53 certified antiprotons, i.e. it ensures that when the
expected electronic signals appear, an antiproton has passed through it and
emerged at 53 '

A more luminous version of the apparatus which givea about 80 times
ae many antiprotons as the one described above is given in reference(A2). At
6.2 Bev this last apparatus gives, as an order of magnitude for practical pur-
poses, one transmitted antiproton of momentum 1. 19 Bev/c for every 2. 1010
protons impinging on a carbon target 6 inches thick. Only about 3% of the anti-
protons that enter the apparatus are transmitted. The others are annihilated
in the counters, scattered, or otherwise lost.

A spectrograph using repeated time-of-flight measurements, without
Cerenkov counters, has been built by Cork and coauthorl(CIZ ); ite performance
is similar to that of the apectrograph of Ref. A2 but it is better suited for
lower momenta where Cerenkov counters are inconvenient.
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We shall now discuss how far the properties mentioned in Table 1 have

been verified.

Charge

The sign of the charge is determined by the curvature of the trajectory
and its magnitude by the pulse size in the counter experiments and by the grain

denasity in photographic emulsions. Ruling out the possibility of fractional

charges, it is - e, identical to the charge of the electron.(og )

Ma.ss(C9 C3.,B3)

S esr——
€

The first antiproton experiment gave the mass to an accuracy of five
pei-cent. The most precise value of the ratio of the antiproton mass t;a that of
the proton i3 obtained by the combined use of a measurement of momentum by
the wire method and range in a photographic emulsion: a value of 1.010 £ 0.006
has been obtained for the ratio; however, thé error reported does not take into
account poassible systematic errors in the determination of the momentum which,
estimated very conservatively, might cause an error in the mass of about 3%.

It is interesting to measure the mass of antiproton by the use of photo-
graphic emulsions oaly, without a separate measurement of the momentum:
this has been accomplighed by (1) the combination of ionization and residual
range and (2) by the combination of ionization and multiple scattering. loniza-
tion was measured by grain density or by measuring the average fraction of a
track occupied by silver grains. The emulsions were calibrated directly using
protons or deuterons. This work has given a ratio for Method (1) of 1.009 £ 0,027,
for Method (2) 0.999 = 0.043. Again the errors are only statistical. Possible
systematic errors might be as high as 3%. (B3)

In conclusion we may sum up by saying that the identity of the mass
of the proton and of the antiproton has been verified experimentally to an accu-
racy of about 2%.

Spin and Magnetic Moment

There are no direct observations of these quantities for the antiproton.
A passible methed of measurement would be the following: antiprotons generated
with a momentum at an angle with the momentum of the particle incident on the
target are likely to be polarized. If so the pclarieation is in a direction per-
peandicular to the plane defined by the two momenta mentioned above. If they
are not polarized at creation, they may be polarized by scattering but this
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would increase very appreciably the intensity requirements for an experiment.

Agssume they are polarized and pass them through a magnetic field H parallel
to the momentum. The polarization vector rotates by an angle

Z&-—?—é‘-=a. : (3)

where p is the magnetic moment and 4 the length of the field and i Planck's

‘constant/2w. The angle a is directly measurable by scattering the antiprotons

on a target and observing the asymmetry of scattering at different azimuths.
All other quantities except p are easily measurable. The experiment seems
feasible with present techniques.(sp‘ﬂ?’)'l‘he spin of the antiproton could also

be considered as directly experimentally verified if the magnetic moment woilld
be found, as expected, equal in magnitude to that of the proton: in fact the |
factor 2 of Eq. 3 is based on a spin 1/2 for the antiproton. |

Annihilation

The prediction from Table I is that a nucleon-antinucleon pair, at rest,

-will annihilate releasing the energy 2 mcz. No information is given on the form

of the energy release; thus, for an electron-positron pair, gamma rays are
emitted, whereas for a nucleon-antinucleon pair, pion production is the domi-
nant mode of annihilation. Starting from a nucleon-antinucleon'pair we may
obtain positive; negative or neutral pions, the latter decaying within 10"15 gec.
ianto garﬁma rays. The charged pions also decay into 1 mesons and neutrinos,
but the p mesons déca9 further into electrons, positrons and neutrinos and in

matter the poéitrons left over annihilate with electrons. Thus, within micro-

seconds the whole rest mass of the system has degraded to forms of energy of

rest mass zero with the exception of the case of the antiproton-neutron annihi-
lation in which an-electron ie left over. Without entering at present in any
details concerning the annihilation process, it is clear that in a photographic
emulsion where éfxly cﬁarged particles leave a track it will not be possible to
follow all the annihilation products, but only the charged ones. 1If, however,

at the stopping point of an antiproton we observe an energy release greater than
mcz we mugt conclude that the antiproton has annihilated another nucleon, be-
cause the visible energy liberated is already greater than the rest energy of the
antiproton. The first observation of this phenomenon is reported in Ref. (C2 ).
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Other methods of observing the annihilation of an antiproton are based
on i:he light emitted either as Cerenkov light or as scintillation light by the
charged particles produced directly or indirectly in the annihilation process.

Two typical instruments using Cerenkov light and scintillation light
respectively are shown in Figs. 2 and 3. In Fig. 2 the radiator is a large block
of glass of refractive index 1.649 for the D lines and radiation length of 2. 77
c¢m, It is observed by a bank of photomultipliers. The light obsgerved is
Cerenkov radiation due to the showers produced by neutral pions or produced
directly by charged pione.(B ) In Fig. 3”?'1 ) the radiator is a compoasite
sandwich of lead and plastic with an average density of 3.84 g cm 3. an average
radiation length of 1.7 c¢cm, and a thickness corresponding to 3 annihilation mean
free paths. The total dimensions of the "sandwich' is about 60 X 60 X 60 e¢m.
Both instruments have low resolving power and the annihilation of an antinucleon
produces pulses which vary greatly in magnitude, as shown in the figures.
Nevertheless an apparatus similar to that of Fig. 2 was used in order to see
large annihilation pulses when antiprotons selected by the spectrograph of
Ref. (€9 ) were sent in a piece of glass. The resulta obtained '"were not in-
consistent with the expected behavior of antiprotons'' but the largest energy

release observed as Cerenkov light corresponded only to 0.9 Be\.r.(B8 B9 )

Production in Pairs

The evidence on the subject comes from the excitation function. The
daté. are still very scanty, but the fact that no antiprotons have been observed
at an energy lower than 4.0 Bev for the Bevatron beam is an indication of the
production in pairs. (€9 )

Thresholds for production in pairs are given in the following table for
different processes: (see Table 1lI). We know very little on the production
cross sections and their energy dependence (see Sect ro%ug&o f the production
were not in pairs, process (1) with protons at rest would have for instance a
threshold of only 2. 35 Bev and the other correspondingly lower. The observed

facts do not seem reconcilable with such an hypothests.

%

Decay Constant

Antiprotons in a vacuum must be stable. Antineutrons must decay with
a mean life of 1040 sec. In the different experiments performed hefetofofre.
the times of flight involved are up to 10'7 sec. The decay constant cannot bé



-8~ UCRL-8260

much less than the time of flight otherwise no antiprotons would be observed.

 We have thus lower limits for the mean life of 1077 sec.

Summing up we can say that the properties of Table I are essentially

 verified. | . | . o

. &
3 ¥
;

Nucleonic Properties of the Antiproton =

u

The total isotopic spin T of an arntinucleon is naturally 1/2 and the

'formu.la for the charge . é

q. . N
=T+

v

where N is the number of nucleons, suggests the assignment of _T_3 = -,'1./2 to

the antiproton and 13 = 1/2 to the antineutron. Thus a proton-antiproton pair

haé T,=0, but T =1, or 0, whereas the proton-antineutron pair or tlie anti-
proton-neutron pair have T = 1.
The intrinsic parity of the antiproton and the antineutron is - l if that

of the proton and neutron is assumed to be + 1.

The justification of this assignment of intrinsic parity is that Dirac's

- theory predicts for the electron-positron pair in the 150 state a 2-quanta anni-

hilation with the polarizaﬂon of the 2 quanta perpendicular to each other cor-
responding to a pseudoscalar matrix element (9_1 c &, X p) f(p) (el,v.ez unit vectore
indicating the polarization of the quanta p relative momentum). This prediction
has been verified experimentally and forces the electron and poéitron to have
opposite parities (see D1 ). The same is assumed to hold for the proton-anti-
proton pair and for the neutron-antineutron pair.

We summarize these properties in Table IV.(Ml1, N1, W1)

We pass now to the properties which are not predictable on the basis
of vc;harge conjugation. They are the most novel ones and their study has barely
begun. ' |

We shall divide them in collision cross sections, modes of anaihilation,

and production.

" Collision Cross Sections

Collision of antiprotons on nuclei may lead to elastic scattering, in-
elastic scattering, annihilation or charge exchange. We shall call the corre-

sponding cross sections O’e, o Ua' T, We consider also the reaction cross
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section 0, = o,to, ¢ 0. and the total cross section g, =0+ 0.

The experimental data obtained thus far are rather sketchy. We shall
treat separately the case of antiproton-nucleon scattering and the case of scatter-
ing from complex nuclet.

Experimentally a typical apparatus used (C6) is shown in Fig. 4. A
certified antiproton falls on the target which is placed in the slots of C*¥and, if
At is annihilated, it gives Cerenkov light detectable by the photomultipliers.

. If it crosses the target without annihilation and falls into a cone of semiaperture
14°% or 20° it is detected by the circular scintillators. If it is scattered by an
angle 68> 20° it 15 not detected by the scintillators or by the target box. With
this apparatus one measures separately o, and o (200). the latter symbol mean-
ing that the elastic scattering has occured with an angle larger than 20°. A
""good geometry' arrangement which measures o, is shown in Fig. 5.(C13) The
data accumulated with this or other methods are shown in Table V and VI, The
errors gquoted are only statistical. The whole subject is in a very early stage
of development and the picture we have thus far is a sketchy one. Moreover
there are some features of the experimental results obtained thus far which
look suspicious, in particular, the ratio between the scattering and total cross
section in hydrogen should be reinvestigated. |

It must be noted that most of diffraction scattering is included in the
data for beryllium and carbon. Namely, if one computes a ee( 6) for 6 = 0, in-
cluding all diffraction, the cross sections are increased by about ten percent.

In the data for oxygen, copper. silver, and lead diffraction scattering is prac-
tically excluded because 6 >14°,

In Table VI the data at 450 Mev have been obtained by investigation
of HZO and DZO and liguid oxygen and suitable subtraction procedures. The
reason for this is that liquid hydrogen has a refractive index too small to be
used in a Cerenkov counter to detect annihilation. The data '"'n'" are a simple
subtraction of DZO and HZO observations. However, a large '""Glauber cor-
rection'(G5) is necessary in order to take into account the shielding of the
neutron by the proton in the deuteron. The extent of this correction {s some-
what uncertain. (G5, B7a)

The data on hydrogen give the puzzling result that if we compare the
data in good geometry with the data at 450 Mev which are in poor geometry
there is no difference in cross section to account for any diffraction scattering.
This point needs further experimental investigation.

The salient fact emerging from all these observations is the large
cross sections which are obtained for all processes involving antiprotons.(C7)
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There have been many theoretical papers on the interpretation of the
P cross sections.

At present the most promising line of approach to the interpretation
of the experimental resultas seems to be a theory of Ball and Chew (B2, see also

{11) and K2 and Y2) which accounts for the large pp and np cross sections.

Combination of their nucleon-antinucleon results with the optical model theory
will account for the antiproton cross sections in complex nuclei.

The model of Ball and Chew starts from an analogy with p-p ascattering,
There a model with a hard core of 1/3 (n/mwc) radius and a pion cloud surround-
ing it is assumed and has been shown by Gartenhaus (Gl) and by Sigunell and
Marshak (83) to give reasonably good agreement with experiment. The nature
of the impenetrable core is unaccounted for from a pion theoretical point of
view and must be considered as a phenomenological hypothesis whereas the
pion cloud can be treated from the point of view of the Yukawa interaction with

 due refinements. For a pp system the impenetrable core is replaced by an

abgorbing core. Thie is motivated by theory and justified by the large experi-
mental annihilation cross section. Any antiproton which overlaps even slightly
with the core seems to undergo annihilation. This core is surrounded by a
meason cloud charge conjugate to the meson cloud surrounding a proton, and
the interaction between proton and antiproton can be calculated by the same
methods as the proton proton cross section, provided one remembers that the
"nesonic charge'' of the antiproton and of the proton are opposite. Thue forces
derived from the exchange of an even number of pions have the same sign in
both cases, but forces derived from the exchange of an odd number of pions
have opposite signs in the two cases. This program is carried out by intro-
ducing an interaction energy

Vc + VLS (L-8) + VT SIZ {5)

containing a central, spin-orbit and tensor part. From this one obtains an
""equivalent potential" for the eigenstates of the total angular momentum includ-
ing centrifugal repulsion:

2
- 3y
223410 _,, _ 3 ) JJI+1) 12341 2341 ) T)
v{ns‘l}‘vc Vs~ Vot 7 K -3 Vis-IrR1/) ¢t
J T Mr
36 33+1) ., 2|1/ (©
(J+1)
+ A\
) (2341 T
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J(I+1
Mr

Vii=)) =V v

c* + 2V, +

Ls ¥ &Vy "
With these potentials one constructs the phase shifts and the penetration coef-

ficients for the partial waves.

The Vg.‘ Vis V‘,r are chosen following Cia.rt:enhat.m(G1

) and Signell
and Marsha (63) for the VLS part, but introducing the sign changes required.
by the change of sign of the interaction energy corresponding to the exchange
of one pion. The calculation of Ball and Chew is limited to §, p and d waves,
i.e. to energies < 150 Mev but even 80 it gives very interesting reaul@s as shown

‘in Table VII. ;

i

The limitation in energy of the present calculations derive frzom the
nonrelativistic approximations made and from the fact that in order to extend

the theory to higher energies details near the boundaries of the black zone,
- which are unknown, become important. The reason for this is that the total

potential surrounding the core is composed of a centrifugal part and a part
originating from the nuclear forces. The sum of the two forms a barrier which
i3 very wide and flat on the top. This barrier can be treated very adequately
with the WKB method and for a given &, or p or d pariial wave uauallj gives
either perfect transparency or perfect opaqueness, fairly indepmdeutiy of any
reasonable core radius. For higher angular momenta these circumstances do
not obtain any more. . , ' ,

The Ball-Chew model can be used to calculate also dangular distributions
(F6 ) and ého.w a
peak in the forward direction (Fig. 6 ), very different from the np angular ’
distribution. Experimental results, although not very abundant yet, seem to .
confirm this feature of the model, which is mainly due to the diffraction scatter-
ing connected with the annihilation. {# 3)

In the same trend of ideas Koba and ‘I‘akeda(K2 ) conclude that at verj
large energies (X << a), T, = ére = wal where a is the radius of the black core, '
but at lower energies ¢_ = w(a + k)z. Even considering waves of high angular
momentum £, the ratio between annihilation and scattering croes sections is
limited by the inequality:

oltle 4 O
t__:k—z-(Z‘ + l);—nr
t
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where o'(“ is the cross section for the £'th partial wave. Thus, for a giﬂren- total
. cross section, a small ratio of elastic to total cross section can be obtained for
. large values of £.

It is necessary to check further the prediction of this type of model
against experiment, but at this writing it seems to offer great promise of ac-
counting for the facts. i |

Other calculations on the same subject have been performed by Levy.(LS)

'In some respects these resemble Ball and Chew's work, but they try to take
into account terms in which many pions, not only one or two, are involved.
They have been further developed by Gourdin and coauthors.(G11)

Inelastic collisions in which pions are generated, without annihilation
of the antinucleon have been considered by Bai‘shay.(Bé) He has established
selection rules and angular distributions to be expected in such collisions.

' In addition to the detailed considerations discussed above there are
several relations between elastic crose sections which are independent of de-
tajled models and require only~ charge independence of nuclear forces, such
as:(A9, K3, P1, M1, Cl)

7 \2 s ~ .
/ ! -— - |
%w")ﬁ,ﬁ.”!\%) 0y (pn) - o, (pp)}2 - 9)
¢ ) .
where &pﬁ'-nﬁ means the charge exchange scattering cross section.

) - - -2 | - - y
o (pp=pp) + ¢ (ppeon)_ 5 o (pn-pn) (10)
ol p) = a(o) + al )l = ¢ (nn-nn) (11)

PP~PP Z* if e e :

g (pp-»:m) =z ia(o) (l)l

)

o {pn-pn) = ]a( = ve(i'p-Ep)

where a‘i.}) is the scattering amplitude for T = 1 (triplet) between initial and

- final states and a(o) the scattering amplitude for T=0 (singlet) between initial
if ) 8 '

" and final state.

Relations (11) give rise to triangulary inequalities:
(otpp~an'/? - (o(FneFal /2| < ((p5-05N"/? < (o(pF-na) /2 + (o (Fa-Fu}/2
(12)
’{o(ﬁﬁ—ﬁﬁ)} /?‘ - Jtr(px»-m:'} /zl (a(pn zm))x/‘2 2 (o(pp-nn)) / + (o(pp-pB))
, (13)

1/2
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(o(n-paN/2 - (ep5-ppN" /2| < (o pF-0mN/2 < (o(pT-pan /2 + (o(pB-pEN) /2
(14)
These relations are valid for the differential cross sections as well as for the
total cross sections.
At present there are not enough data to evaluate the scattering ampli-
tudes. Pomeranchuk (P1) has pointed out that at high energies we might expect:

jal) - ald << [l (15)
BhE (O’I« B ' (16)

This interesting inequality is justified as follows: for each initial state
i of definite angular momentum and isotopic spin the scattering matrix to a given
final state f.is subject to the sum rule

z lsﬁl (17)

.The amplitudes for elastic scattering in T = 0 or T = 1 states are au. = (8‘0) 1)
or a( 1) (S( 1) - 1) whereas all other amplitudes are Sﬁ for £ # i. At high energies
the Sﬁ become small because there are many channels and thé sum rule forces
each individual L~"sf to be small, however the elastic scattering amplitudes stay
comparable to one because they are equal to Sii - 1. As a consequence the
amplitudeg for elastic scattering a(ifl ) and a( ) tend each separately to -1 whereas
their difference tends to zero. _

Proceeding from the nucleon-nucl eon to the nucleon-nucleus processes,
an early paper by K. A. Johnson (J1) in lowest order perturbation theory predicted
elastic cross sections of the order of 0,1 geometric. Duerr, M. H. Johnson,
and Teller, (:J2, D4) on the basis of a special nonlinear theory of nuclear forces,
predicted a total croas section of the order of or larger than the geometrical
one. This theory seems now untenable, (D3) but it foresaw the experimental
results.

The most successful treatments of the nucleon-nucleus interactions
have been obtained with the optical model.(N2, G4, A2, N4, M2) In its simplest
form one gives to nuclear matter a density distribution using e.g. data from
electron scattering. Moreover, nuclear matter has absorption and scattering
coefficients which can be connected with the nucleon-antinucleon scattering
and annihilation. With such a nuclear model using geometrical optics the acatter-
ing and absorption by a nucleus are calculated.
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The density distribution used is generally of the form

' P
BF) = TS R RAT - (18)

The parameters have been chosen in (A2 ) with the following values

R = ,0A1/3= 1.08 AY3 %10 P em, 2a=0.57x107 B em.  (19)

The reaction cross section of the nucleus is then given by a literal application
of geometrical optics as

R R
¢, = zvj (1-6~%%%) pap = zgj (1-e"2%8) 445 (20)
0 0

where az = RZ - b?‘, b is the impact parameter with respect to the center of
the nucleus, and the absorption coefficient K is given by

K = 3A5 /4R’ (21)

with A the mass number and ¢ the average total nucleon-antinucleon cross
section. A slight refinement of this approach takes into account the finite
range of the interaction and nuclear density distribution replacing Ks by
2 J p(r)ds. It shows good agreement with experiment.

In a similar fashion one may assume a complex potential(aq’ )

V +iwW -
T +exp [(R-r)/a] (22)

Vir) =

and calculate the cross sections. Glassgold has obtained good agreement with
the present experimental data taking a potential of this form and a = 0,65 X 10~
em, R = 1.30 A’To"13
ii:g to protons and antiprotons as per Table VIII. Calculations with a deep

potential well (fi')i} as required by the hypothesis of Duerr and Teller seem

hardly compatible with the experimental results.

13

cm. He has calculated explicitly three cases correspond-
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Elastic collisions with small deflections give rise to htéfeatiné inter-
ference phenomena between coulomb and nuclear scattering. Thése have been
observed in photqgraphic emulsions by G. Goldhaber and Sandweiss.(G8) They
considered acatteﬁng down to a projected angle 1. 5° and compared the result

- with that calculated from a black sphere of radius R and a coulomb field. The

radius R was assumed to be l 64 A1/3 10”7 -13 cm and corresponds to the anni-

“hilation cross section. The qgreement with experiment is good. Similqr c_al-

culations performed with the potentials used by Glassgold also agree w{th ex~

‘ _perimene give. further support to his choice p of parameters as distinct irom
the choice p'. " 4
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The Annihilation Process

Information concerning the annihilation process is derived mostly from
annihilations in photographic emulsions and bubble chamberes. (C4, C3, C5, B3, H4.’ A6, A3
From the technical side the most important development for observing the an-
nthilation in photographic emulsions has been the preparation of beams in which
the ratio of antiprotons to undesired particles is increased from the value ob-
tained by a simple selection of momentum and direction from the Bevatron
target. We shall call such improved beams "purified." In an impurified beam
the ratio of pions to anti;;rotons is anywhere between 5 X 105 to 5 X 104 depend-
ing on the momentum gelected. In order to have the p tracks easily distin-
guishable from minimum tracks at the entrance of the stack it is necessary
to keep the momentum below about 700 Mev/c. At this momentum the /5
ratio is about 5 X 105. Increase of the momentum at the entrance is undesirable
not only for the reason given above, but also to keep the stack length reasonable.

Efforts to purify the beam were made at an early date by Stork and

(54) but had meager success because the large absorption cross

coauthors
section for antiprotons, unknown at the time, spoiled the performance of the
apparatus,
Later a method was devised by which a beam of selected momentum
is passed through beryllium absorbers, out of which the different particles
emerge with different momenta. A second momentum selector refocuses the
different masses in different spots. The antiprotons are accompanied by a
background of about 5 X 104 spurious particles per antiproton which is a gain
of a factor 10 in the ratio of antiprotons to background. Moreover, the back-
ground particles are almost entirely electrons and mu mesons coming from
the pion decay, with only a few percent pions left. They interact only weakly
in the plates and are much less disturbing than the original pion background. (C5)
The problem of purification of the beam is encouniered also in the
use of bubble chambers. An arrangement(A:" ) has been used in which a puri-
fication similar to the one described in (C5 ) is combined with an electronic
command of the flashing of the lights of the bubble chamber, limited to the
cases when an antiproton detector signals the entrance of an antiproton in the
bubble chamber, :
The purification problem has also been attacked by a combination of
electric and magnetic fields in a Wien filter. This velocity selector is used
in conjunction with momentum analyzers to separate particles of different
mass. There are at present two versions of these separators, (M7, C11)
which show great promise.
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We shall firast treat the annihilations in which the tmtiproton retchea
the end of the range and is at rest. Actually with the present photogra.phic
technique this means that the kinetic energy of the antiproton is < 10 Mev.

Up to now it has not been possible to recognize effectively the partner
in the annihilation in photographic emulsions. A few etzre have been observed
with no nucleons and an even number of mesic prongs, which could be attrib-
uted to pp annihilation, but no certain assignment {s yet possible. At this
writing approximately 220 annihilation stare have been obaerved and analyzeﬁ
in photographic emulsions. There are also about $00 stars in propane (AS) »
_and 50 in hydrogen (54) but their analysis is inccmplete yet. Onechtmdi'ed T
tWenty-eeven of the photographic emulsion ann(hﬂationa occurred. et ?agt md o
- in 93 annihuetione occurred in Qight. A t‘ypical star {s ehoWn in Figﬁ. 7. ‘I'he C
| lfra.gmente obgerved are 7 mesons, protons, light nuclet eur:.h as deu%errma and -
alpha part!clea. and sometimes, though rarely, K meeons, The magimum -
number of c:harged piona in a star thus far obeerved is 6. 'I'he mu.xi}num nnmber |
of charged nuclear particles thus far obgerved is 16. A dietrihutton fot' the '
multiplicity of the charged pions {s shown in Fig. 8. : 'i‘ :

We shall now discuss thé experimental information on the visible en-
ergy release. The energy available is: 2 me? + T - B= W where T is the
kinetic energy in the ¢. m. and B the smdll (8 Mev) binding energy of the an-
nihilating nucleon. In order to orient ourselves on the apportionmg ol Wwe -
refer to Fig. 10a and 10b where the fraction of the vieible energy goihg into ‘
piong, nucleons or light nuclei is indicated. The few cases in which &( meaone .
have been positively recognized are excluded from this ﬁgure ‘ .

Looking more in detail one finds a upectrum of pion energy ne in Fig; :
9 with an average T s 182 Mev. For the piona coming to rest in. the ateck
(T, <100 Mev) it is also possible to determine the sign and one has £mmd a
-ratio of 11 ton of0.36£0.1. (C5) This number is smallér than one *wbuld .
expect on a naive view of the annihilation process which takes into n_.ccm_mt the
n/p ratio in the nuclei and the conservation of isotopic spin.(B3, N3) Rtis
however, not clear whether it is truly representative for all innihuatton pl(ms
independent of energy. ' R .

It is now poasible to calculate the average number of pions emitted
per annihilation. In the atars without K mesons the observéd average pion
multiplicity is 2.65 # 0. 12 pions per star. This figure containe a ten percent‘
cérrection for scanning inefficiency. Assuming charge independence in the
annihilation process the number of pions emitted should be 3/2 X (2.65 £ 0. 1)
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or 4.0 £ 0.15, To this number we must add the pions reabsorbed by the nucleus
in which the annihilation occurred. Their energy is manifested.by the nuclear
fragments and we shall call them "'converted pions.'" The number of converted
pions is approximately one, as can be inferred from the fact that the nuclear
fra.gtrents carry away an energy corresponding to the total energy of a pion.
In this estimate we multiply the energy carried away by the visible nuclear
fragments, by a factor 2.2 in order to take into account the energy carried
by neutrons. By this method we thus arrive to an estimate of the average total
number of pions released on annihilation ﬁw' of 5,0 £ 0.1,

We reach a similar result also if we assume that in annihilation the
neutral pions have the same energy spectrum as the charged ones. Dividing
the total energy available on annihilation by the average energy pér pion (ob-
served 322 Mev) we obtain for the number of pions 6.1 40,3, This is to be
considered as an upper limit because the pions lose some energy before emerg-
ing from the nucleus and a better estimate is obtained by considering for each
pion an average energy, at formation of 346 Mev, and also the average energy
going into K-mesons. With these corrections N = 5.2 £ 0.5.

The great majority of the annihilations in photographic emulsions

“occur in complex nuclei, and if the annihilation occurred deep inside the

anucleus, the escaping pions would traverse the nucleus. The mean free path

‘of pions of an energy of 180 Mev in nuclear matter is estimated to be about

10'13 cm, (see e.g. L6) i.e. small compared with the nuclear radius, and

the escaping pions would be "converted" into nucleons. The fact that only
about one in gix of the pions is converted suggests that the annthilation occurs
in the very peripheral parts of the nuclei and that most of the resulting pions
escape without hitting the nucleus. The large nuclear ¢ross sections are also
evidence for this interpretation. Additional support for it comes from the ob-
servation that the number of pions '"converted' in annihilations of antiprotons
in flight is larger by about one than in the annihilations at rest as shown in
Figs. 10 and 11. We interpret this effect as due to thé»deeper penetration of
the antiproton in flight into the nucleus, compared to the antiproton at rest.
An estimate of the order of magnitude of the mean life of the antiproton in

auclear matter based on these congiderations s ~2 X 10'24 sec
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No angular correldtionss of the annihilation pions have been observed
thus far, although one could perhaps expect that the nucleus should project a
shadow and thus the pions might have the tendency to stay in 2 hemisphere.
However a pion-pioncn interaction might counterbalance this effect and a clari-
fication of these questions will possibly come from the study of p annihilation
in hydrogen where the shadow effect is obviously absent.

At the present writing we do not have separated examples of anmhi-

{

lations in different materials except for unanalyzed hydrogen stars. Some of.the other
stars are certainly due to complex nuclei because they exhibit nucleons among
their fragments, or have a balance of charge different from 0. Some might
be due to pp annihilation but there is no proof that this is the case. For the
stars produced by antiprotons coming to rest there is a selective capture on
the part of nuclei different from hydrogen similar to what occurs in the pion
capture, The slowing down and capture of antiprotons are discussed theoret-
ically by Bethe and Hamilton. (B7 )

It is interesting to consider the possibility of ''no prong" stars.(PZ )
They can be produced by charge exchange, in which the antiproton hits a proton
and transforms into a neutron-auntineutron pair, or by annihilation in neutral
pions only. Both processes are rare and in photographic emulsions represent
less than one percent of the terminal events.

On the theoretical side we will dispoae briefly of the electromagnetic
annihﬂatiom( & it is similar to the electron positron(Dl ) annihilation, but
has not been observed yet. This.is not surprising because it competes very
- unfavorably against the mesic annihilation. For instance Brown and Peshkin(an)

calculate for the annihilation in flight in the nonrelativistic limit a cross section

2
2
o = ﬂ( £ > %‘>f(h): 310730 c/v cm® (23)

Mcz

(The factor < (1)) takes into account the anomalous magnetic moment of the
protoen \ and has the numerical value 38.5 ¥ {”} = 1}, whereas the mesic an-
nihilation cross section is of the order of 10""25 cmz. The mixed annihilation,
in gamma rays and mesons, is also very improbable. It has been considered
by Michel.(M4 )

' For the purely mesic annthilation, the most important practically,
many author»sw‘l » G3 7Ci? A8 ,B7,L3,) have established selection rules
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-»bé.eéd on the _conste'z"va;t‘iah of angular momentum, parity, charge conjugatidn
and 'i'sdtopic, -spin. 1t {s possible to analyze the phenomenon with various degrees

: of' detail. As an example we give a table due to L.ee and Yang éontai'ning the

: main results: see Tablea IX and X. In generai a given state can produce dif-
ferent numbers of pions: these numbers, however. are either all even or all
odd. Thus, states of ‘spin one produce only even numbers of plons. Selection

: rules for the emiaaion of K-particles on annihilation have slso béen considered

by Gobel, {G6) and Gatto{G3) and selection rules for the forma.tiOn of pions in .

o .v_non-atmihil.ating collisions of antiprotons and nuclei have been g{ven by Bar-
. ahay(lM) as previously ‘mentioned. ‘ _ '

’ ‘ Apart from gelection rules, repeated attempts have been made to

'é.pply F‘e?mt's atatistical theory, (F2, B5, §5, B3) to the nucleon-antinucleon
. ‘annfhilation, Using the theory in its simplest form, disregarding conserva-
*i‘i'on ‘of angular rhomentum and K meson production one obtaine the results on

_ the multiplicity of the mesons given in Table XI. : ' ‘

" 7. “The only arbitrary parametér entering in the calculation is the inter:
acticn volume £ which we express in units %-v {(n/m c)3 One would expect
that- the volume Q should be near one, because the interaction range between :

nucleon and antinucleon is expected to be clogé: to the pion Comptpn wavelength
R -The fact that agxeament with experiment is obtained instead for Q close to 10,
" héeds some explanatidn. One of the thost interesting and convincing ldeae put
'formard is due to Koba and’ ‘I‘akeda (KZ) They consider the nucleon and anti-
_ nuclean surrounded by the pion cloud:. on annihilation the bare nucleona destroy
each other very ewxitly. in a time of the order of u/ch . giving rise toa
'menon multiplicity correaponding to a value of Q near one, but the mesons of .
. the cloud at the m’oment of - annihilation are also released, beca.use the annihi-
Yation is a mnonadiabatic process, with respect to the periodu of the motions of
.',t,he pione in the cloud Which are of the order of K/E where E is the tota.l en- -
~ érgy of the pion n the cloud, E is estimated to be approximately 350 Mev, ) |
 from the energy of the annihtlat_ion pions. The number of pions in the cloud -
is e;;ti'mated.to be 1.3 per nucleon or antinucleon. In the annthilation 2.6 pions
in average are interpreted as coming from the cloud, the remainder are ii-xto;r?
preted as comtng from the core annihilations, The core annihilation s treated
by the statistical method and ueing for the volume 0 the value 8/2.? dorrespond-
ing'to a radiusg (2 /BNh/m“c) consistent with other values used in the calculation
of croes sections, one obtains 2.2 pions in average from the core annihilation.
Thus, the total average multiplicity would be 4.8 to be compared with the ’
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experimental value 5.3 £ 0.6, The hypothesis is developed further in order
to obtain not only the average number of pions, but also the distribution among
different multiplicities. Moreover, the number of X mesons present in annih{-
lation, which seems smaller than what is predicted, by a straight forward
application of the statistical theory agrees better with the Koba-Takeda mech-
anism. Even if the quantitative agreement with experiment is not perfect, we
think that this theory has very considerable merit.

Other authors have stressed the many factors that could affect the
annihilation process and are neglected in the statistical theory: such are the
pion-pion interaction,(Glo) the conservation of angular momentum, the rela-

(L4 )

tivistic conservation of the center of gravity and other selection rules which

might tend to suppress certain multiplicities. Indeed it is apparent by consid-
ering the sensitiveness of the results to some details of the calculation(??:’f’ E6) that
the statietical method cannot be reasonably expected to give quantitative results,
as was emphasized by Fermi himself. Adjustment of the parameter Q might
compensate for the crudeness of the approximation.

Intermediate theories such as that of Heisenberg and Landau or mod-
ifications of the originai Fermi theory introducing a temperature parameter(m' Y1)
have also been tried with improved agreement with the experiment.

Conaervation of the I spin combined with the statistical theory gives
also predictions for the . ratio. (N3 )

For the cases of low multiplicities Bethe and Hamilton (B 7 ) have
made a detailed analysis for capture in light elements, establishing in which
states the capture must occur in order to give certain results. They consider
also the '""nuclear Auger effect'. An antiproton is captured in a light nucleus
from an atomic orbit and goes into a nuclear orbit releasing energy which is
taken up by a nuclear proton which is ejected in a way similar to that of the
Auger electrons in x-ray phenomena. It is doubtful that this effect takes place
at any appreciable extent because annfhilation is probably much faster and
takes place before the Auger jump.

An ingenious application of the K multiplicity to measure the spin of
the K meson has been made by Sandweiss (S1 ). In the formulae for the K
average multiplicity the statistical weight (ZIK + 1) of the K meson appears
and it should be possible to recognize Iy =0 from Ix = 1 or more. The average
number of K mesons per annihilation is very imperfectly known: the limits

are from 1 to 4%. In any way they point to spin 0 for the K-mesen.
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Prqdu:':tion
. .. The cbﬁisions in which antiprotons are produced are most probably
either of the type: p+p - 3p + por " +p-n+p + p with all the variations
compatible with charge conservation, .
' In the observations up to now we do not know which of the two processes
‘{8 most effective. | ‘
~ Experimentally there are only very uncertain data: some measurements
- have given 38 10°39 ¢m? ster”? '(Bew/c)‘l per copper nucleus for the produétion
in the forward direction at p momentum of 1.2 Bev/c when the. target is bom-
' barded with 6.1 Bev protons. (A2) _ .
' A few comparisons between different targets show that for the same
conditiona protons are about as effective as carbon nuclei in producing antipro-
" tons. Conesidering that the Fermi momentum should also enhance appreciably
the production in carbon we must conclude that the nucleons in the carbon
”nucleons'ax'e very ineffective in giving antiprotons. The most natural explana-
“tion {8 the great absorption proba.bility for auntiprotone formed inside of the
:nucleue _
- Some calculations which take into account mainly phase space factors
in the p-nucleus collision giving rise to antinucleons are reported in ref. (F2)
-26 (a/McZ 7/2, Near threshold the yield of antiprotons should

and give o =7 10
 grow as /2 ¢ they are formed by pn collisions or as e9/2

if they are formed
by pp collision, where is the energy above threshold in the c.m. system.
The extra factor ¢ in thie case coming from the necessity of putting one of tﬁe
‘outgoing protons in a2 p state. S ' : | 3
- Attempts have been made to derive production croes sections near

-hqﬂ‘ -

| _ 'threshold from pion theory: Thorn (T3) has for the reactions
(1) p+p=p+ 3pacross section 1. 4 10°%9 (f /411) (e /m)9/2 cm?i
N a.nd for {2) p+n-=>n+2p+pacross section 5.4 10'29 k! /4tr) {e /m)7/z ém
 with £ /411 = 15, Similar calculations by Fox (F3) and McConnel {M3) are ba.sed
. “on an unlikely coupling. Calculations of some features of the production such

as energy and angular distribution based only on phase epace considerations.

- are to be found in (C3).

“More recently Barasenkov and coauthors {BZa) have treated the anti-
nucleon production problem by the statistical method following the idea of ,7
Belenky which conaiders a virtual particle corresponding to a pion and nucleon
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in the J = 3/2 T = 3/2 state. They also introduce two Fermi volumes corre-

"~ sponding to the Compton wavelength of the pion or of a K meson and they assume
| that the volumes to be considered in production differ for various particles.
With these hypotheses they compute probabilities of formations of groups of
particles and antiparticles at 7 and 10 Bev.

Antineutrong

The most convenient and up to now the only practical way of observing
antineutrons is to obtain them from antiprotons by charge exchange and detect
them by annihilation. This method of production was indicated immediately
after the discovery of the antiproton (C 8) and first demonstrated experimentally
by Cork, lLambertaon, Piccloni, and Wenszel,(C12) by a counter method in
which an antiproton selected from a beam entered an absorber. No charged
particle was seen to emerge from it but an annihilation counter of the type de-
scribed above, showed an annihilation pulse.{¥iz. .+ Similar experiments
are reported in (B17). The phenomenon is graphically shown i{n Fig. Il which
was taken with a propane bubble chamber.(A3) The antiproton, recognizablé
by the curvature and grain density of its track comes to a sudden end because
it loses its charge to a proton giving rise to a neutron antineutron pair. The
antineutron annihilates at the spot so marked giving a typical annihilation star.

It would be highly desirable to be able to detect the antineutrons formed
at the target of the Bevatron without having to form first antiprotons and then |
charge exchanging them. The prima;ry difficulty is the problem of recognizing
the antineutrons in the neutral beam emerging from the Bevatron. An ingenious
attempt in that direction has been made by Moyer (Y3) and coworkers trying. to
use antineutrons formed in a reaction:

pton=p+n+p+n (25)

in which the 3 nucleons on the right escape combined as a Hes. The reaction
is thus a two body reaction with a kinematic such that detection of the H33 at

a certain angle from the incoming beam assures of the presence of the n at
another angle. Thus a coincidence system, possibly refined by time of flight
measurementa should locate uniquely the antineutron. Unfortunately also here
the probability of the 3 nucleons forming a He3 nucleus is low., There are not

yet definite experimental results.
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_ The charge exchange cross sections have been crudely measured and
are indicated in Tables V a2’ vI. Actually what has been measured is (da’/;lq:) e
 in the forward direction for 9 £ 17%: for pp {(B17) obtained 10.9 + 5.8 mb/ster.
Most of the charge exchange will deliver antineutrons in a narrow cone in the
. forward direction in the laboratory, as in the np charge exchange. Explicit
theoretical calculations based on the Ball Chew model are given in (F6). |

The charge exchange for heavier nuclei has been also observed and

there are indications (B17) that at 500 Mev the charge exchangé per nuéléus'
does not vary greatly with A, This means of course that heavy nuclei are very
inefficient as charge exchangers. Much of this result may be .attribﬁted.to f-Imr
larée nucleon antinucleon annihilation cross section which prevents the anti-
protons from penetrating the nhcleus. and gives rise to a shadow effect‘i_r_orx_i
the taiget. The antineutrons are thus only formed in grazing collisions with
the rim of the target. If neutrons are concentrated on the surface of the nucleus, .
ag it is sometimes assumed, 'we have another reason for depresai_ﬁg charge ex-
‘change in heavy nuclei because a pn collision may form antineutrons .ohly if neg-~
ative pions are emitted at the same time, a condition which certainly lowe?s

the cross section.

Antihyperons

There muast be also antihyperons and we indicate the threshold for their
formation by pion nucleon collision and nucleon nucleon collision (see Téblé'm)
in Bev {B4a). ' o o

Baldo-Ceolin and Prowee have reported an event which might be inter-
preted as a K, (B1 ) formed by a 4.5 Bev negative pion on a nucleus.

Table XU
Collision . x° P =
an ' 7.10 7.43 8.9
™ ' 4.173 5,24 6.21

moast favorable 4,0 4.2 5.1

{Most favorable means a two stage reaction in which a pion is first formed (F 3

and Fermi energies are also considered.)
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Antiprotons in Cosmic Rays ¢

A few possgible antiprotons have been'found in cosmic rays as mentioned
above.(Ab ,Bl1,B12,82 , T2 ) A Bevatron event very similar in appeatance
to the cosmic rays connected stars is reported in (H1 ,H 2).

Amaldi has commented on the frequency of observation of antiprotons
“in emulsions expdsed to cosmic rays. His conclusion is that there are mc}re
antiprotons, perhaps by a factor 1000, in cosmic rays than one would expéct
from an estimate based on extrapolations of the Bevatron data (A4 ). ‘

Fradkin (F5 ) has considered the possibility of the presence of anti-
protons in the primary cosmic radiation and its effect on the east west asﬁmmetry.
He concludes that there are less than 0.17 antiprotons in the primary radiation,

McConnel {M 3 ) has also estimated the possible abundance of antipro-
tons in cosmic rays on the basis of meson theory. -

Nucleon antinucleon annihilation has been invoked also to explain the
high energy Schein events (M 3 ).

Cosmological Speculations

From the cosmological and astronomical point of view no direct
teles{:opic observations can reveal antimatter. There are some uarealistic
schemes, based on the helicity of neutrinés which could in principle do it, but
they are completely unfeasible at present.

Burbidge and Hoyle (B 14, B15) have calculated a maximum ratio of
antimatter to matter for our galaxy of ~ 1077, They assume an average density
of matter of 1 atom o::m"3 and they show that the presence of antimatter in
concentration larger than 10'7 median cm;3 would give rise to larger kinetic
and magnetic energy of the interstellar gas clouds and to cosmic radiation of
greater intensity than observed. They calculate also an upper limit for the
possible addition of antinucleons to our galaxy and find an upper limit of 9 =
3.107%2 aucleons cm™> sec™}. These would annihilate with a meaa life of
3X 1()14 sec and about 0.1 of the annihilation energy would go into electrons.
The upper limit of 9 would obtain if the energy of the turbulent motions of the
clouds could be ascribed to these electrons.

The maximum value of 9 could be attained either by capture from an
intergalactic medium or by a steady state production in an expanding universe,.
If the upper limit of the concentration of antimatter (10~7 nucleons em™3) ie
reached the radio noise of the Crab Nebula, in our galaxy could be accounted

for by the annihilation.
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Qutside of our Qalaxy the strong radio emiassion of Cygnus A and: ;
Messier 87 could also be due to annihilation processes and Burbidge and Hoyle )
" have pointed out some quantitative coincidences between the energy emitted
‘and what could be expected on annihilation and the fact that one would havé.a
éingle expia.nat’ien for the energy of agitation of interstellar clouds in our ..
galaxy, for the radio emigsion of the Crab Nebula and for the two extragalactic

sources Cygnus A and M 87. I
The most cosmological speculations both steady gtate or. evolutienary '

the-conservation of nucleons and of leptons would require the simultaneoua |
creation of matter and antimatter in equal amounta. This gives rise to the
serious difficulty of a mechanism of separation of matter and antimatter, such |
as would be given by "antigravity". As an example of a cosmogonic apeculation
in which antimatter plays a promineat role we ahall mention the "universont’’
oi M. Goldhaber (G9 ). . .

 The question of the gravitational behavior of antimatter can ultima.tely
be resolved only by experiment. If the equivalence principle of general rela-
tivit-y is strictly valid, then the antiparticles are subject to the same gravita-"
tional actions as a particle of the same inertial mass. The inertial mass of
the antiparticles is equal, also in sign, to that of the corresponding particles
‘as shown by the method used for isclating them, which measures directly e/m,
by the conservation of charge which establishes the gign of e, and by the laws
of electromagnetism. ' ,
' Even if we are willing to give up the equivalence principle and wish
to speculate on "antigravity,' namely, on the hypothesis that an antiparticle
in a gravitational field be subject to the force opposite to that experienced bf
‘a particle we meet a difficulty in the explanation of the behaviour of a self
conjugate particle sugh as the photon which is known to be subject to gravity.

The equlvalence principle could be attributed to the fact that all masses
in our universe (earth, sun, our galaxy) are'composed or ordinary matter, |
and that the equivalence principle i{s violated only to an extent connected to
the concentration of antimatter in our universe.(M6 ) It is clear that all these
arguments are éxtremely speculative and that the existence of antigravity would
inflict severe damage on the present structure of physice. Also there is no
reaily strong reason in its favor: on the other hand we repeat that only direct
experiment can decide the question.
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Table I
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Particle-antiparticle relations

1)
2)
3)
4)
5)
6)

Particle

Charge |
Mass , - m
Spin

Magnetic moment o p
Mean life .

Creation

Annihilation

Antiparticle
-q
m
same
-
same
in paii-s

in pairs
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Table I

Characteristics of components of the apparatus

81,82 - Plastic scintillator counters 2.25 in. diameter by 0.62
| " in. thick -
c1 ~ Cerenkov counter of fluorochemical 0-75, {CgF, (O);
 pD= 1.276; p=1.76 g cm-’s., Diameter 3 in.; thick-
vess 2 fn. ‘ . |
- Q2 C erenkov counter of fused quarte. D = 1.458; p = o

: 2.2 gtm 3. Diameter 2.38 in.; length 2.5 in.

Q1,02 - Quadrupole focusing ma.gneta Focal length 119 tn.. ;
apertare 4 in. :

M1, M2 Deflecting magnets 60 in. leng. Aperture 12 in. by
4 in. B = 13, 700 gausa
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Table 111

Thresholds for nucleon antinucleon pair-production
(Bev kinetic energy in the laboratory)

Target with Fermi Energy

_ Process ‘Targft at rest e of 25 Mev
1) ptp—=3p+p 5.63 4.30
2) ntp=2p+p 3.60 - . 2.85
(T =3.60) 4.06{%) | (T _=2.85) 3.08(%)

3) ptpeptptrw

p.stands for proton or neutron. Naturally electric charge must balance in the

reaction.

4(a)'I‘hle ie the minimum energy required in order to obtain pions of energy

T,
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Table IV

Spin, parity, ! spin of nucleons and antinucleons

Proton Neutron Antiproton Antineutron
Spin 8 1/2 1/2 1/2 . 1/2
IspinT 1/2 1/2 1/2 1/2
3d-comp of I spin T3 - 1/2 -1/2 -1/2 ' 1/2
Parity ' + + - -
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Table V

Antiproton nucleon cross sections

h;;l;v deggees oe(e) o o, at(e) p(a?bt,c) n(a?iat.c) Ref.
20-230 5 71s25 86245 - G7

H 120 .5 atl® A3
133 0 78412 1078 170212 28 54 Cl11

190 0 135816 25 45 C13

197 0 69+ 9 1173 1562 9 25 44 C11

265 0 58+ 9 8*$ 127012 24 37 Cll

300 0 104£14 23 35 €13

333 0 535 8t 1172 6 23 34 Ci11

450 14 15212 89+ 7 1046 1042 8  (25) 33 Cb

450 20 17212 102 8 (24) 33  Cé

500 0 97+ 4 30 * 35 C13

700 0 . 94r 4 45 35 C13

D 450 14 135¢ 7 174+ 8  (54&2)~: - Cb
450 20 1724 8 (45+2) - Cé

"N" 450 14 46+ 8 206 8 (29¢1)  C6
450 20 | 70¢ 8 (21%1) cé

N 450 14 74 113 cé
450 20 74 113 S A

‘*‘“!‘ram tba compiiations @f
NS -

Frnm the compilationa of V. P, Djelepov and B ﬁontecorvo. Atorniaia
Energia 3, 4134{1957).

“Numbers in parenthesis directly measured, see C6. ot(G) =0, + G;C + ae(ﬁ) +o0;
for § = 14° or larger most of the diffraction scattering is not counted iix o ().

¥



Table Vi

p-Complex nuclei cross sec:tioni'(in- willibarns) ‘
, | 3 - S L,
‘_Tarr-get ” V(Mef_]v_abir 79 6:‘?’ "am._. ofés) ) o‘r(ﬂ)'r arp/.b‘.fl:’« | Ré‘if
Be 500 2.57 460 €13
500 0 4844 60 c13
700 3.65 367 c13
700 1.990 416 c13
700 0 - 4252 50 €13
c 700 25,0 436 19 | c13
' 700 2.64 5752 59 c13
700 0 657% 79 c13
300 3.85 5682102 6184111 c13
300 0 | 6552130 c13
o 457 14 5562 10 453 9 292+ 2 A2
' 457 20 5172 10 2464 2 AZ
457 0 5902 12 3402 4  1.7420.04 A2
Ca 411 14 12402 82 10402 61 719¢ 5 A2
411 20 12204 88 6402 4 . A2
411 0 12602 91 880210  1.4420.11 . A2
' Ag 431 14 16302170  1500£157 10522 6 A2
e e @3L . 20 16402183 ‘ 924+ 6 : AZ
' a3t 0 16352188 2170412 1.3920.16 ~ A2
Pb 436 14 28502225 20102182 1662236 o A2
436 20 S 26802254 ‘ 1461210 A2
436 0 . 130052275 1845240 - 1.6220.16 A2
650 23304285 | c13

o"{p

0928~714DN
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Table VI

Theoretical cross sectidné for nucleon satinucleon in.
‘teraction in mb at 140 Mev (lgb) according to (B17).

| PR WP___ PP ap
Sca'tf:gring o | 72 69 | -
Abgsorption - 96 79 29 60
Charge exchange ' ' , ‘
j
.

e -
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Table VIII

Optical model potentials.(G4 ) For all three cases tie
radlug parameter is rg = 1.30 and the diffuseness

az 0,65 10-13 cm.
Projectile V (Mev) ¥ {Mev)
p - 15 - -12.5
P - 15 ' -50
-y -528 -50




'rsbze | 1x

Selcction rules for p'i'p*mﬂ' or nhwmw
crasn || Spin | UGN U | I T ‘O»vhr_ t,, -1l e 0} += 2nt
State | parity | Cl TG | 2% o +w || 3% | +30 4n +2e0 2% 42n Sw +340 2 +‘\ﬁ(:;
. _ o |+ O - f = ‘ <1 - -
8 0 + e — : - -
‘ LI X X S | - -
2. , o - X - X B - .  w
S, 1~ - 4 - e — — ,
' - |+ X | X 1 - N x X - -
; Codo - x| ox X IS - - X
Py | S B — — -
1 1 l "‘ X . X )( - X . x - -
‘2 o |+ x | X - - -
Py || O+ | ¢+ , .
: S - - X X - - -
3 il N 17} + | % b4 w - - - -
‘ il L |- X X - - -
0 |+ " | - - ] | A
3. Ml 2+ |+ | S T 1 : I | N SR A
3 | 1 [ ‘
X means strictly forbidden, ~eang riurbidden so far as the taotopic spin is a goed qmmm number.
IT = isotopic spin, C = charge conjugation operater, G ias a quantum umber of special interest in the case
of aystems of zero nucleons. It corresponds to the operator C S 2 and for zero nucleons has the eigen- |
valnes * 1 as imhcated in the tahle. ’ -

0928-"14ON

"VE"'



Table X
| SQIecﬁc;ﬁ rw_xl&{s’iér Piaemu . )

IState Y pgg?;y T ' >Zu°+w# ﬂ'+2170 i:;:;o w'+3ﬁ° i;;i . i:;:éwo 5 fé¢4§° .

's, | o- 1 . -

égl I- 1 - - - - .
v T T :

33?0 o+ 1 X % - -

591 1+ i | i -

E?Z 2+ 1 - -

L

parmpe.
e

—
——t

i T LR S,

a

i
_———

——

X meansg strictly forbidden and - means forbidden 86 far as the isotopic spin {3 a goed quantum number.

i

e —

-gt-

0928-"7THON
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Table X1

. . S _
e ottt =

" Distribution of pion multiplicities, according to Fermi model, for different -

interaction volumes {production of K mesons neglected)

N ﬂ' » ' , ‘Probability for annihilation into Nsr éion_s (%)
Q=1 Q=10 o =15
2 6.4 0.1 T 0.0
3 63377 5.6 R 2.3
4 24.6 | 21.7 13.4
5 5.0 44.0 . a0.6
6 0.3 23.7 o 33.1
7 0.0 : 5.1 I (N
'Average No. - ' S
' 3.3 5.0 5.4

of plons N_ | _ o P
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FIGURE CAPTIONS

Fig. 1. Original mass spectrograph of Chamberlain, Segré, Wiegand, and
Ypeilantis (C9). For characteristics of components see Table II.

Fig. 2. Schematic arrangement of the spectrometer showing the glass, photo-
tubes, and magnetic field, as well as the anticoincidence counter, lead, and
coincidence counters. These two scintillation counters insure that the electron
showers, which are pulse height analyzed, start in the 0, 25-inch lead con-
verter and thus are centered in the glass as well as all start at its front
surface. '

Fig. 3a. Element of the annihilation detector.

Fig. 3b. Assembly of the annihilation detector.

Fig. 4. Arrangement for measuring annihilation cross section and at(e)_(fr’oim
Ch).

Fig. 5. Good geometry arrangement for measuring total p-p cross sections
(from C13). o

Fig. 6. Angular distribution in pp scattering. Theoretical curve of F(6) at
140 Mev. Experimental results of (A3). ' '

Fig. 7. An annihilation star (C6) showing the particles as numbered

No. 1 2 3 4 5 ) 7 8
Identity p? w ”? P at Hs( ?2) v 0w
T (Mev) 10 43 175 70 30 82 34 125

Total visible energy 1300 Mev. Total energy release > 1400 Mev;

Fig. 8, Number of charged pions per annihilation atar in photograpl’xic emuls
sions, . Stars in flight give <Nv¢>= 2.29 £ 0.016. Stars at rest give <N + >=
2.50 £0.15, These numbers are not corrected for scanning inef!iciency,
(see text) from CS5. i

Fig. 9. Distribution of the kinetic energy of charged pions emitted in aonihila-
tion stars in nuclear emulsions. The curves marked Nu = 4 etc. are energy
distributions obtained by the statistical method on the hypothesis that the
average number of pions emitted is 4, 5 etc. Note that the expeiim-enta.l
results agree with an average number of piena emitted comprisad betw‘mem
'6 and 7. (From Cs. ) Lo . :

Fig. 10, Visible energy in. mihﬂution uearn in phmg,uph'
Evaporation protons have T <30 Mev' by deﬁniﬂm Kotk on' pro’tons have
T >30 Mev by definition. W is the total energy of the antiproton at annihi-
lation. Note‘ that stars in flight compared with stars at rest have a larger

fraction of the energy in nucleons.
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Fig. 11. An antiproton enters a propane bubble chamber, and at the point
marked with the arrow undergoes charge éxchange. The antineutron originates
the annihilation star. p of propane 0.42 gr cm'3. Real distance between
charge exchange and origin of star 9.5 cm. TF at charge exchange ~ 50 Mev.-_ '
The visible energy in the star is > 1500 Mev. | '
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