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Introduction

The idea of "antiputiclu". as is well known, originated with Dirac,
who in utablishiug the relativistic equations for the electron noted that besides
the solutions cm«mding to etdinary eloctronl there were also "unwanted
solutions" eorrumding to pmicln of slectronic mass but of charge + e in-
stead of the electronic chtrgc .. (Dz ) The dhcmry of the positren by
C. D. Anderson Aw’ offu:nd a brilliant cxporimmtgl confirmation of mrac'
prudicuen and gsvc thc first cumpla of an "anﬁputtcla " e

One could think of :pplying Dh'ac'l theory of the electron without chango;. i
except in’ the mass o! the pu'tich. to the proton; however, this view ie obvlatuly .

untenable becmn the mngncttc momont of the proton {s not one nuclear mamtau. :f; :

nor would it &ccmt for the n‘ntron which il clearly rdatod to the proton. Even
if such a literal mﬂan oi Mrte’l thcory is imycuiblo. the feature of givlug
sets of mhxtiont whtch represeat "eh‘r -canju(lu" particles is prourv-d in
all thooriu of olamcattry Ftrﬁele-n Pértl‘?u%'ar ¢ aRBmato Ty x%omont of the
proten is ncribad ao the pion cloud surrounding it and the interaction botwoan
pions and nucleons is of the "ctroag“ type for which invariance on charge con- :
jugation is valid(wl ). We shall consider only fermions of spin 1/2. For them
s particle and its “ch&rged conjng;to" are related by the set of properties givon
in Table 1. :
, - Properties 1-5§ tnclnltva are utablilhed by very general ;r;umenu
and require invariance under the product: of charge conjugation C, space re-
fiection P, and time reversal (CPT theorem); they are rigorously true even
it ;am-;me. under charge conjugation alone is not valid. (B8ee w1 .) |
Ori;{ntny ptapetﬂai 1 - 4 were derived from the principle of invariance
under charge conjugation, which c&a be formulated by saying that a possible
kphylicnl limtiou is trms!crmed inte another possible phylicd situation by
changing the -tgn of all clectric charges. Siance this prhciph iy violated in

For e “)Tho uurvoy o{ thc litorstnrn pnrtainhxg to this review was completed on
. Aprﬂ xs. 1958,
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‘weak {nteractions it is impatta.nt to point cut that it is not necessary to titi.b- '
lish the properties Itmd above, but that the weaker requirement expressed by
the invariance under the C PT transformation is mfiicient.“‘ L,z )

Prnpcrtiaa 5 and 6 in the nuclear case are a consequence of the con~
servation of nucleons; the number of antinucleons must be subtracted irom the
number of nucleons in utahlhhlng the nucleon number of a system.

Veriﬁuﬁaﬂ of Dirac's Attribntu of the Anﬁpreton

“After uu dttcevcry of the pocitran h: cosmic rays it was natural to ;
expect that also mttxmclmz might be found therc; indeed prior to 1955 yrnceuu
in which the energies available were mﬂchut to ptoduce nucleon-antimucleon
paiu occurred anly in cosmic rays. Several cosmic ray W‘ntl(sz BILB 12‘A5 ’
have been oburvc& in cloud chambors and in photographie emulsions which are
attributable to mtiptotonl. In none of them, however, was the evidence abtahmd
at the time of observation :uﬁﬂeinnt to nublish with enrtainty the identity of
the particle invelved. | | |

‘With the tdvut of accderntou powerful enough to producc mtinuclem

in the Iaborneory it hccsme peniblo to tnvutlgntc systematically mtipretmu .
and mﬁnmrom. and to identify them b-yond any doubt. The first succeutfnl &
tuvnuntim wn carried on by c&unbarhin. Segre, Wiegand, and thihntis : f
with the !trkohy Bevatron in the fall of 1955, (Cs ,C9 ) Charge, mass, and
stability aphut tmtuuom decay of the mﬂproton were the first propertiu
anuruin.d ' ' ,

~ The central probhm wu to find parﬁcln with ciurn ~eand mu-
equal to thu of the proton. This was accomplished by determining the sign i
and mumtudc of the clurgo. the momentum and velocity of the particle. From =
the relation ‘

p = mcfy B | 1 )

" the mass was then found. Here p is the momentum, m the rest mau. ¢ the

| ,voloctty of light. v the velocity of the particle, and = v/c, y= (1 - -p )"1/ z

'fhc appuam ompxoy-d is shown in Fig. 1. The trljtctory of the

e puticln iixu their momentum if the charge and the ma;uetic fields are known.

: The latter ate maamcd directly and the tujcctory is checked by the wir.- '
- "orbit uuthod* a ﬂax{bh wire with an electric current 1 and subject to & me~
il ckmical teaoion T in the ma.gnotic ﬁcld takes cncely the form of the orbit of
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& particle of charge e and momentum p if
| | T/A=pfe . (2)
The particles in putingthrwgh‘ the scintillation §, ksz 83 give a"‘ile’

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 o and not 2e or

greater. The tu}ect@rv dctermiuca the tign of the charge as negative and ales l, 7

the mumentum p. The measurement of the velocity is the most difficult part
of the expariment elpednﬂy because mﬁpratons are accompanied by a very
huvy backp-mmd flux of plmu mixed with some electrons and muons, in a
ratio of the order of 50,000 pions to one antiproton. It is ‘accomplished by
, meuuring tha time of flight between scintillstors sl. 82. and correboratoﬁ ;
by the respme of the lpeeill(c"o"m:mkov Counter C, which responds only
to puticlci with 0.75 <8 < 0.78. Cerenkov Counter Cl is in anticoincidence ;
and responds to particles with § >0.79. Scintillator 33 has the purpose of en~
suring that the particle is in cainciécace and tn.verul the whole nppar&m
'l'he momentum of a pmiclc pautng threugh t’ho instrument was.

1.19 Bev/c, The velocity of an antiproton of this momentam is 0.78¢c, wham-:"

& meson qf thc same mcmenmm has v = 0.99¢. '!’hcir times of flight hatwun
8 and 82 were 51 and 40 mﬁlimicrancondz respectively. The time el' ﬂixbt ‘
aund the ruponu of C repruent lndcpendont velocity measurements, and
- combined with the ether counters as described allow the identification of thc ;
particle as an sntiproton and a measurement of its mass to 5% accuracy. rm- : |
spparatus delivers at 83 certiﬁad ;nﬁpratens. i.e. it ensures that when tha
expected electronic signals appear, an antiproton has passed through it snd
emerged at 53
; - A more luminous version of the apparatus which givu about 80 times
as many antiprotons as the one described above is given in reference(AZ). At
6.2 Bev this last apparatus gives, as an order of magnitude for practical pur-
pona. one tnumttud antiproton of mementum 1. 19 Bcv/c for every 2. 10 10, ,
protons impinging on a carbon target 6 inches thick. Only about 3% of the anti-
- protons that enter the apparutn- are tusamitud The others are annihustod
in the cmmun, scattered, or otherwise lost. :
A mctragnph uin; repeated time~of-ﬂ£ght mauuramonu. without
- Gerenkov co\mtor;. has bo‘n bullt by Cork and cmthorl‘c;z) ; ite pcr!ermaec‘ V
~ is similar to that of the spectrograph of Ref. A2 but it is better -uued for
‘lmr momon:: vheu Cermkov cmteu sn inconvcnfent. :




5. Sy ucgz;-gzm,

We shall now discuss how far the propertiu mentioned in 'l‘tbla Thave
been verified. ~

Charge

The :igu of the charge is determined by the curvature of the tujcctory
aad its m;;nimde by the pulse size in the counter experiments and hy the grain
density in photographic emulsions. Ruling out the possibility of fractional
charges, it is - o, identical to the charge of the electron.(®? )

'I"ha ﬂr tt anﬁproton orpeﬂment gave the mass to an accuracy of ﬁve
parccnt. The mont precise value of the ratio of the mﬁpretﬁn mass to that of
the prtmm {s ehﬁined by the combined use of a measurement of momentur: by i
the wire method and mge in a photographic emulsion: a value of 1.010 £ 0. GM
hss been abtatned for the ra.tio, however, the error reported does not take into o
ucoant paniisio tyctcmaﬁc errors in the determination of the momentum which.
estimated very ceasmaﬁnly. :mghe cause an error in the mass of about 3%,
It is iatcrutina to mannr. the mass of antiproton by the use oi phateo
xraphic mulﬁws only, without a separate meatwtmcut of the memeatum
this has been ;cecmplichcd by (1) the ccmbinuﬁcn of ionization and rectdutl 4
. rangt and (2) by the combiaation of ieuintion and znultlph scattering. lonin&-
tion was mauured by grain density or by mauuring the average fraction ofa
track accaphd by silver grahu. The emulsions were calibrated dir-cﬁy utin; A
protons or deuterons. This work has given a ratio for Method (1) of 1.009 4 0. oz'z.j;
for Method (2) 0.999  0.043. Again the errors are only statistical. Possible
systematic errors might be u high as 3%. (B3) s
In conclusion we may sum up by saying that the identity of the mass ,
of the proton and of the antlprotou has been verified experimentally to an accu-
racy of about 2%. :

 Spin and Btggnetfc Moment

There are no direct oburvuions of these qnmtttiu for the mﬁprom
A yauible meﬂwd of measurement would be the following: antiprotons ganoratod
with a momcntum &t an angl.e with the momentum of the particle incident on the

: target are likcly to be palarized 1f so the pehrxution is in a direction per-

S ‘ptndicuhr to the plano doﬁncd by the two momenta mcntianed above. U thay

are not pohriud at creatien, they may. be polarized by lcattariag but this
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would increale very a.ppraciably the mtensity reqmremcntl iar an exporiment.
Assume they are polarizcd and pass them through a magnetic field H parallel
to the momentum. The polarization vector rotates by an angle

pifee, (3

where p is the magnetic moment and d the Iength of the field and & Planck‘n
'constant/2v. The angle a is diractly measurable by scattering the antiprotons
on a target and obnerving the asymmetry of scattering at different azimuths.
All other quantities except p are auﬂy muaurablc. The experiment seems
feasible with present teehutqnee H3)Tbc spin of the antiproton could also

be conatdered as directly experimentally verified {f the magnetic moment whld
be found, s 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 antiprotou.

: Annihiiaﬁma

Thc ptediction from Tahlo 1 ia that a nucleon-antinucleon patr, at reat.

-will annihilate releaﬂng the cnerxy 2 mcz. No infnrmation is given on the form S

 of the energy release; thul. for an eleztran-ponttron pair, gamma rays are

emitted, whereas for a nucleon-antinucleon pair, plon production is the éemi- | o

nant mode of annihﬂntion, &arttng from a nucleon-antinucleon pair we may
obtain pnsitiva, negative or neutral pions, the latter decaying within 10~ i sec.
iato gmma rays. The charged pions also decay into p mesons and ncutri&ol. W
but the p mesons decay further into electrons, positrons and neutrinos and in
‘matter the positrons leﬁ over annihilate with electrons. Thus, within micro-
 seconds the whole rest mass of the system has degraded to forms of energy of
rest mass sero vdth the exception of the case of the antiproten-neutron annthi-
lation in which am:electron is left over. Without entering at present in any
details concerning the annﬂtilation process, itis clear thatina phetographic
emulsien where cnly ch;rged particles leave a track it will not be possible to
follow all the anulhilation products, but only the charged ones. 1f, hewevcr,
 at the stopping point of an autiproton we observe an enermgy release greater than
mcZ we must coucludc that the antiproton has annihilated another nucleon, be-

| cause the visiblc energy liberated is dready greater than the rest energy of the
antiproton. The first obﬁervation of thh phenomanon is reported in Ref. (Cz § o
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Other methods of obmrving the annihilation of an antiprotm are based
on the light emitted either as Cerenkov light or as scintillation light by the
charged particles produced directly or indirecﬁy in the annihilation process.

Two typical inttruments 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
cem., It is observed by a bank of photomultipliers. The light observed is
Cerenkov radiation due to the showers produced by neutral pions or prodnccd
directly by chargcd pions.w 4 0) In Pig. 3‘5”) the radiator is a corposite
sandwich of lead and pklas,tic with an average density of 3.84 g cm 3., an average
radiation length of 1,7 cm, and a thickness corresponding to 3 annihilation mean
free paths. The total dimensions of the "sandwich” is about 40 X 60 X 60 cm.
Both instruments have low resolving power and the annihilation of an antinucleon
| produces pulsas 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 pulees when anﬁprotms selected by the spectrograph of
Rof. (C9 ) were sent ina piece of glass. The results obtained "were not in-
consistent with the expected ‘behavior of antiprotons' but the largest energy
relcue observed as Cerenkov light corresponded only to 0.9 Bev. (B8 , B9 ) o

!?rodnettan in Pairs

The evidence on the subject comes from the excitation function. The
data 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 lII). We know very littlc on the production
 cross sections and their eneorgy dependence (see Sect. c‘uctwﬁ the production

were not in pairs, prm:eu (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 hypothesis.

Decay C‘onﬂdut

Autiprotdns in & vacuum must be stable. Antineutrons must dcaiy with

a mean life of 1040 sec. In the different experiments performed heretofore.

the times of ﬁight involved are up to 10 -7 sec. The decay constant cannot bé
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much less than the time of ﬂight athermu no auntiprotons would be oburved.
We have thus lower limits for the mean life of 10 -7 sec. :
Summing up we can say that the properties of Table I are esnentially

verified.

Nuclecnic Properties of the Autipramnf -

The total isctopic spin T of an antinucleon is naturally 1/2 md the
turmula for the charge ‘

where N is the number of nucleons, suggests the assignment of T3‘ = -1/2 to -
the antiproton and Iy= 1/2 to the antineutron. Thus a proton-antiproton pair
has Ta =0, but T=1, or 0§, whereas the proton-antmeutron pair or ﬂu anti-
proton-neutroen pair have T = 1.

The intrinsic pnrity of the antiproton and the nntineutran is - 1 if tha.t

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

' The justification of this assignment of intrinsic parity is that Dirac'
theory predicts for the electron-positron pair in the 150 state a 2-quanta anni-
hilation with the polarization of the 2 quanta perpendicular to each other cor-
responding to a pseudoscalr matrix element (e1 © 8, X p) £ (p) (ol, e, unit vectoz'
indicating the polarization of the quanta p Telative: momentum) This prediction :
has been verified experimentally and forces the electron and poaitron to have
opposite parities (see DI ). 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.(M], N1, W1)

We pass now to the properties which are not predictable on the basis
of :;ha-rge conjugation. They are the most novel ones and their study has barely
begun. ‘ ,

We shall divide them in collision cross sections, modes of annihilation,
and production. .

" Collision Cren Sections

Cellision of antiprotons on nuclei may lead to elastic scatteriag, in-
slastic scattering, aunihilation or charge exchange, We ’-;han call the corre-

- sponding cross sections o, ¢, 0, afe. We consider also the reaction cross
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sectiono_= o, + o, * 0 and the total cToss section ¢, =0+ 0o _. ,

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

Experimentally a typical apparatus used (C6) is shown in Fig. 4. A
certified antiproton falls on the target ﬁhich is placed in the slots of C*and, if
it 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 82 20° it is not detected by the scintillators or by the target box. With
this apparatus one measures separately v, and o, (20°), the latter symbol mean-
ing that the elastic scattering has occnrod with an ;ngle larger than 20% A
“good geometry” arrangement which measures o, is shown ia 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 dtvelopmeut:md 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 ratic between the scattering and total cross
section in hydrogen should be reinvestigated.

It must be noted that most of diffraction scattering is inciuded in the
data for beryllium and carbon. Namely, if one cémpute: a v‘w) for 6 = 0, in-
cluding all diffraction, the cross sections are increased by about ten perceut.

In the data for oxygen, coppor. silver, and lead diffraction ccamriug is prac-~
tically excluded because 6> 14°. |

In Table VI the data at 450 Mev have been obtained by investigation
of I-KZO' and DZO and liquid oxygen and suitable subtraction procedures. The
reason for this is that liguid 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. Howeve‘:; 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 is some-
what uncertain. (G5, B7a)

The data on hydrogen give the pussling 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 ometg{ng from all these observations is the large
cross aectianc which are ohtained lor all proceaul involving ;ntiproton:.(C‘f)
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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 results 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 lectibnu in complex nuclei.

The model of Ball and Chew starts from an analogy with p-p scattering.
There a model with a hard core of 1‘/3,(n/m‘c«) radius and a pion cloud surround-
ing it is assumed and has been shown by Gartenhaus (Gl) and by Signell and
Marshak (S3) to give reasonably good agreement with experiment. The nature
of the impénztzable core is unaccounted for from a pion theorstical peint of
view and must be considered as a phenomenoclogical 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
‘ubuorbin‘g' core. This is motivated by theory and justified by the hrge experi-
mental annihilation croas section. Any antiproton which overlaps even slightly
with the core seems to undergo annihilation. This core is surrounded by a
meson cleud chugc 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
""mesonic charge' of the antiproton and of the proton are opposite. Thus 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 ‘

V o+ Vig(L-8)+ V.8, (8)

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

2
Vo
Je=341l 3y JI+1) . (2341 2341
v{zas-x} Yo "z Vis- Vg t e *K + -~ Vg~ m) *

Mr
e 6)
2|1/2 S @
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Vital) = V- V o+ 2V + -;—r’l (n

With these potentials one constructs the phase shifts and the penetration coef-
ficients for the partial waves.

The vg‘ V, o Vo are chosen following Gartenhaus'®! ) and Signelt
and Mar:h&kw ) 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 plon. The calculation of Ball and Chew is limited to 5, p and d waves,
i.e. to energies < 150 Mev but even s0 it gives very interesting results as shown
in Table VII.

The Mmitatinn in energy of the present calculations derive from tha
nonrelativistic approximations made and from the fact that in order to extend
the theory to higher energies details near the boundaries of the black zome,
which are unknown, become important. The reason for this is that the total
potential surrounding the core is mmpond‘ of a centrifugal part and a part
originating from the nuclear forces. The sum of the two forms a barrier which
is very wide and flat on the top. This barrier can be treated very uhqubaly i
with the WKB methed and for a givens, orpord partial wave usually gives
eithar perfect transparency or perfect opagueness, fairly independently of any
reasonable core radius. For 'highcr angular momenta thess circumstances do
uot obtain any more.

The Ball-Chew model can be used to calculate also éngular dhtributieml .

for elastic scattering. These have been computed by Fulco (¥6 ) and show a

peak in the forward direction (Fig. 6 ), very differsnt 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 diffragtion scatter-
ing connected with the unnihﬁ&tion.‘A 3) '

In the same trend of ideas Koba and Takeda! X2 ) conclude that at very
large energies (X <<a), ¢ 2% " '.Z’ where a is the radius of the black core,
but at lower energles o = v(; + t) Even considering waves of high angular
momentum £, the ratio hetwoon anunihilation and scattering cross sections is
limited by the inequality:

o (B)
o“k.-(u + u--m-
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where a(“ h the cross section for the fth partial wave. Thus, for a given 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 predictionk of this type of model
against experiment, but at this writing it seens to offer great promise of ac-
counting for the facts. ) '

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 Barshay.(B4) He has established |
selection rules and angular distributions to be expected in such collisions.

In addition to the detailed consideratione discusaed above there are
several relations between elastic cross sections which are independent of de-
tailed models and require only\ charge independence of nuclear forces, such
as:(A9, K3, P1, M1, C1)

fe & T N o ‘
d > k ! - 12
ﬁ"“’o’p;.g;-i\z;) (o (pn) - o, (pP)} 9
X . j .

where ¢ pp-na means the charge exchange scattering cross section.

o (pppP) + 0 _(ppenn) >3 o (Pu-pn) (10)
e c Z%e ;

: 2
o (55~ = 7 [alg) +alg)| = g (nF-ud) (11)

; Y
o (o) = ¢ |aff) - aff)

2
o (Fu~Fu) = aly)] = o(Fp-Fp)
where “{} ) is the scattering amplitude for T = 1 (triplet) between initial and
final states and a(ig) the scattering amplitude for T=0 {singlet) between initial
and final state. ‘
Relations (11) give rise to triangular inequalities:

(e tpp~7an'/? - (e(FmeFun/?] < (op5-p5N/? S (0(p5-nn)) /2 + (a(Fn-Fan!/?
| {vtp’ﬁ-nﬁl} 1z {?(.pii—pi)}“/ 2| < (o(Fa-5an'/? < (o (pp-nan'/2 + (atpm-pEN /2
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(o@a-5an'? - (o(p5-580"/%| 2o (p5-uN/2 S (atpi-pN'/ + (o (pF-pEN /2
(14)

These relations are valid for the differential cross sections as well as for the
total crosa sections.

At present there are not enough data to evaluate the scattering ampli-
tudes. Pomeranchuk (P1l) has pointed out that at high energies we might expect:

RERIIRY s
’a(ul) - aﬁ”k‘ << iagg)i ‘ (’: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 fis subject to the sum rule

z l'S
£

al’ (17

The amplitnden for ola:tic scattering in T = 0 or T = ] states are a(ﬂ (s“” v

or a(ﬁn s‘i - 1) whereas all other amplitudes are Sﬁ for £ # £. At high energiu

the sﬁ become small because there are many channels and thé sum rule forces =

each individaal sﬁ to be small, however the elastic scattering umplitudat stay

comparable to one hecause they are equal to Sﬁ -1. Asa cunsequence the s

amplimdu for elastic scattering ngfl ) and “ig) tend each separately to -1 whereas

their diffaronce tends to zero. . "
Proceeding from the nucleon-nucl eon to the aucleon—nuclens processes,

an carly paper by K. A. Johnson (J1) in lowest order perturbation theory predicted

elastic cross sections of the order of 0, ] 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

reaults, ’

The most succeasful treatments of the nucleon-nucleus interactions
have been obtained with the optical model. (N2, G4, A2, N4, M2) In its eimplest
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 s‘cattering
‘and annihilation. With such a. nuclear model using goometrical o»ptico the scatter-
ing and absorption by a nucleul are ca.lcnlated. ‘ |
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The density distribution used is generally of the form

o Pa
B = I T W7AT (18

The paramaters have been chosen in (A2 ) with the following valies

Rergaltar08a 310 P em, a057x10 B em.  (19)

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

; R R : :
s . Z‘l’j (l‘-e.zz") bdb = Zil'j (Xoe'zm) sds / (ZOL s
0 0 S

where s = Rz - b-z. b is the imjuet parameter with respect to the center of
the nucleus, and the absorption coefficient K is given by

K = 3A7 /4R’ o2

with A the mass number and 7 the average total nucleon-antinacieon cross
section., A slight reflnement of this approach takes into account the finite
range of the interaction and nuclear density distribution replacing Ks by
ra j pirida., It shews good agresment with experiment.

In a similar fashion one may assume a complex potonad(64 )

V +iW : |
I +exp ((K-v)/a] (22

V(r) =

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 10713
em, Ro 1,30 A1 ,0-13 cm. He has calculated explicitly thro-e cases correspond-
iug to protons and antiprotons as per Table VIII. Calculations with a desp
potential well () 3 as required by the hypothesis of Duerr and Teller seem

‘ hardly compatible with the a:parimmal‘frem!u.

: ,’_" g
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Elastic collisions with small deflections give rise to intcrattink inter-
ference phenomena between coulomb and nuclear scattering. These have been
observed in photographic emulsions by G. Goldhaber and Sandweiss.(GE8) They
considered scattering down to a projected angle 1. 5% and compared the resuit
with that calculated from a black sphere of radius R and a coulomb field. The
radius R was assumed to be 1. 64 .Al/ 3 10 -13 cm and corresponds to the anni-
hilation cross section. The agreement with experiment is good. Similar cal-
culations performed with the potentials used by Glassgold also agree with ex-
periment give further support to his choice p of parametors as distinct from
the choice p'. : :
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The Annihilation Process

Information concerning the annihilation process is derived mostly from
anaihilations in photographic emuleions and bubble chamberc.(64 C3, G5, 33 H4' ‘M" AS
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 plons te amtil;rotonu is anywhere between % X 105 to 5% 104 depend-
ing on the momentum selected. 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 momentam below about 700 Mev/c. At this momentum the v/
ratio is about 5 X 105. Increase of the momentum at the entrance is undnira}plo.
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 k
coauthors(s4 ) but had meager success because the large absorption cross
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 8 X 104' spurious particles per antiprbton 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. (€3)

: The problem of purification of the beam is encountered also in the ‘
use of bubble chambers. An arrnngement‘A3 ) 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 detectcr signals the entrance of an antiproton in the
bubble chamber. .

The purification preblem has also been attacked by a combination of
slectric and magnetic flelds in a Wien filter. This velocity selector is used
in con:nnctinn with momentum :nglyurs to separate particles of different
mass. There are at preseat two veraion- of thue upautort,(m . C1 ”
which ahow great p:emiso. ' '
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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 convertad
plons is approximately one, as can be inferred from the fact that the nuclear
£ragm§até Carry away an energy corresponding to the tetal enc:@gy of a pton.

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 au estimate of the average total
number of plons released on annihilation N, of 5.0 % 0. 1,

We reach a similar result also if we assume that in anuihilation the
neutral piens have the same energy spectrum as the charged cnes. Dividing
the total energy available on annihilation by the average energy per pion (ob-
served 322 Mev) we obtain for thenumber of pions 6.1 £ 0.3. 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 sach
pion an average energy, at formation of 346 Mev, and also the average energy
going inte K-mesons. With these corrections ﬁ‘, =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
nucleus, 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 six of the pions is converted suggests that the annihilation occurs
in the very peripheral parts of the nuclei and that most of the resulting pions
escape without hitting the nucleus. The large nuclear cross 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 tb;ﬂ‘f‘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
nuclear matter based on these considerations is ~2 X 107%4 sec,
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No angular correldtidns: of the annihilation pions have been cbserved
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 a hemisphere.

However a pion-pionin 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 obvicusly absent.

At the present writing we do not have separated examples of nmihi- S
lations in different materials except for unanalyzed bhydrogen :tul.{ Somo 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-
fcally by Bethe and Hamilton. (B7 )

It is interesting to consider the possibility of ''no prong' stars. (P2 ) ;
They can be produced by charge exchange, in which the antiproton hits a pretcn B
and transforms into a neutron-antinsutron pair, or by annihilation in neutral

pions enly. Both processes are rare and in photographic emulsions represent
less than one percent of the terminal events.

On the theoretical side we will dispose briefly of the alcctromagnetic :
annthilatiom{ R it is similar to the slectron poaitron(D ) annihilatien, but
has not been observed yet. This.is not surprising because it competes very
unfavorably against the mesic annihilatien. For instance Brown aad Peshkin'
calculate for the annihilation in flight in the nonrelativistic limit a cross section

B13)

2
o =% (—5—2-> % (\) =~ 3.10'30 c/v em? (23)

(The factor : (\) takes into account the anomalous magnetic moment of the
proton \ and has the numerical value 38.5 ' {'j; = !}, whereas the mesic an~
aihilation 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 chhol (M4 )

For the purely mesic annihilation, the most important practically,

many authoru(Al » G3) 7(“!? A8 BT ,L3, )have established selectiou rules
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- bhased on the émuxnﬁm of angular momentum, parity, charge conjugation :
s ) and isotopic spin. It is possible to analyse the phenomenon with various degrees
T of detall. As an sxample we give 2 table due to Lee and Yang conuining the
. mtin results: see Tables IX and X. In general a given state can produce dif-
iorcat numbers of plons: these numbers, however, sre either all even or all
odd. Thus, states of spin one produce only even numbers of pions. Selection .
zuhn‘ for the emissien of K-particles on snnihilation have also been considered
by &ebci,(ﬁb} and Catto{G3) and selection rules for the fnrm&ﬁen of plens in
: }non*mﬁﬁ&tm; collisions of antipretons and nuclei have been givm by Bar-
| shay(B4) as prcvtwnly mentioned.
. Apart from selection rules, repeated attempts have been made to
' mly Fermi's statistical theory,(¥2Z, BS, 835, B3) to the uueloan-mmwhm ,
tmﬁiﬁutm Using the theory in its shnplest form, disregarding conserva-
ﬂem of angular momcntum and K meson production one obtains the results on
the mump&!eiw of the mesons given in Table XI. “
. ~The only arbﬁtruy pa:ametn eutcrin; in the cl.tcuhﬁen is the inter-
action volume £ which we express o mtu 3 - {a/m c} . One would oxpcet B
L thtt the vohamt 2 should be near one, because the Wmthn rwgm bc&wuu
b »ym and amﬁmimn is expected to he close to the plon Cunpfgn wavslen =
AN | 'z‘ki f&ct &ut xgrumunt with experiment is ohuin-& tnum tor © close to iﬁ. i |
. heeds some sxpla . One of the most interesting and convineing ideas pa!
tamrc! in dno to xchu and Takeda. em; They consider the nucleon and anti-
anﬂm mr ade by the plon eloud: . on annihilation tbe bare nuecleons dutray
ueﬁ other very n&i!ﬂy. in a tims of tha order ott/lmc R giving viseton
won mumpnoﬁ!y urrupoixdiug to a value of @ near one, but the mesens of .
the cloud at the myment of - mﬂlﬂ;thm are also rﬂmcﬂ, because the mﬁtnf‘f :
Iation {s & nenadiabatic process, with respect to the poriods of the metione of
the plons in the cloud which are of the order of /T, where E_ s the total on-
sr;y of the pion in the cloud. E is nttm&tad to be approximutdy 350 Mcv. .
- from the energy of the mnm pions. The aumber of pions in the clond
is utimud to be 1.3 per nucleon or sntinucleon. In the annihilatien 2.6 pimu, !
in average are interpreted as coming from the eloud, the remainder are inters .
‘preted as coming frem the core sunihilations. The core sanihilation is treated
by the statistical method and using for the volume Q the value 8/21 correspond-
 ingtoa rwdﬁu (3/3)(‘!;/& ) con'iuant ww: other values used in the e&led&ﬁmf
~ of cross sections, one obnias 2.2 plons in. ;mqa from the core aunihilﬁt%m
_'!‘hm. tha mul nvougo multiplicity would be 4. 8 to bc ccmparcd with the
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experimental value 5.3 42 0.6, The hypothesis is developed further in order

to obtain not enly the average number of pions, but also the distribution among
different multiplicities. Moreover, the number of X mesons present in annihi-
lation, which seems amaller than what is predicted, by a straight forward
application of the statistical theory agrees better with the Koba-Takeda mech-
anism. Even if the quintitative 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 interactiom, (G10) the conservation of angular momentum, the rela-
tivistic conservation of the center of grav:ty( L4 ) and other selection rules wh:ich i
might tend to suppress certain multiplicities. Indeed it is apparent by consid- :
ering the sensitiveness of the results to some details of the calculation (5‘5‘*36) that ‘
the statistical method cannot be reasonabiy expected to give quantitative results,
as was emphasized by Fermi himself. Adjustment of the parameter 2 might
compensate for the crudeness of the approximation.

Intermediate theories such as that of Heisenberg and Landau or med- ;
ifications of the original Fermi theory introducing a temperature parameter(m' Y1) ‘f"}
have also been tried with improved agreement with the experiment. | -

Conservation of the 1 spin combined with the statistical theory gives
also predictions for the v '34-.'0 ratio. (N3 )

For the cases of low multiplicities Bethe and Hamilton (B7 ) 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 simtlar to that of the
Auger electrons in x-ray phenomena. It is doubtful that this effect takes place
- at any appreciable extent because annihilation is probably much faster and
takes place before the Auger jump.

An ingenious application of the K multiplicity to measure the lptd of
the K meson has been made by Sandweiss (81 ). 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 IK = 0 from IK z 1 or more. The average
number of K mesons per annihilation {8 very immperfectly known: the limits
are from 1 to 4%. In any way they point to spin O for the K-meson.



" andfor (2) p+n-—=n+2p+pacross section 5.4 10”27 {12/4\!) (¢/m) /2 em
‘with £ /4w = 15, Similar calculations by Fox (F3) and McConnel {M3) are based
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Praéﬁ;tion

The caﬂicimu in which antiprotons are produced are most probably
aie‘hdrofﬂutypt. p+p=3p+porv +p-n+p+p with all the variations

compu{hlc with charge conservation,

In the observations up to now we de not know which of the two procnun
iz most effective.

Expcrimmuny theu ;re only vcry uncertain data: some measurements
-30

. havc given 38 10 :tur (Bcv/c) per copper nucleus for the production

in the forward direction at p momenturs of 1.2 Bev/c when the target is bom~
barded with 6. 1 Bev protons. (A2}

‘ A few comparisons bctwom different targets show that for the same
éa;;dmani protons are about as sifective as carbon nuclei in producing antipro-

tens. Considering that the Fermi momentum should also enhance ;pprecuhiy
_ the production in carben we must conclude that the nucleons in the carbon

nucleons are very ineffective in giving antiprotons. The most natural explana-

" tion is the grnat shm:ption probahiltty for antiprotons formed inside of the

nucleus.
Some calculations whick take into account mainly phase space factors

in the p-nucleus collision giving rise to antinucleons are reported in ref. (F2) o
. Near threshold the yield of antiprotons should

-26 2

and give o = 7 10 (c/Mcz 7
grow as LT they are formed by pn collisions or as J7% i they are formed
by pp cbllilion, where ¥ is the energy above threshold in the ¢c. m. system.

The extra factor ¢ in this case coming from the necessity of putting one of t‘ﬁe ;

- outgoing protons in a p state.

- Attempts have been made to derive production cross sections near

threshold from pien theory: Thorn (T3) has for the reactions:

(1) p+p-=p+ 3pacross section 1.4 10-%? (!2‘/41) (e/m)g/2 em? ,
2

en an cmlikely coupling. Calculations of some features of the production lueh
as energy and angular distribution based only on phase space cenliderutiens

- are to be found in (C3).

More recently Barasenkov and coauthors {B2a) have treated the anti-

nucleon production problem by the statistical method following the idea of

Belenky which considers a virtual particle corresponding to a pion and n-uclubn
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in the J = 3/2 T = 3/2 state. Thay also introduce two Fermi volumes coira-

~ 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.

Antineutrons

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, Lambertson, Piccloni, and Wenzal,{Cl12) 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 annihilatiorn counter of the type de-
scribed above, showed an annihilation pulse.! ;. .} Similar experiments
are reported in (B17). The phenomenon is graphically shown in Fig. LI which -
was taken with a propane bubble chamber.(A3) The antiproton, recogniuhle
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 8o 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 primiry 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: |

pta=p+n+tp+n - (25)

in which the 3 nucleons on the right escape combined as a Hos. The reaction
is thus a two body reaction with a kinematic such that detection of the Hez‘ 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 ﬂtght
measurements should locate uniquely the antineutron. Unfortunately also here
the probability of the 3 nucleons Iormihg a Ha3 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 Table: V..~ !. Actually what has been measured is (d’a‘/du)‘
in the forward direction for 8 £ 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 (Fb).

The charge exchange for heavier nuclei has been also observed and
there are indications (B17) that at 500 Mev the charge exchange per nucleus
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 attributed to the
large nucleon antinucleon annihilation cross section which prevents the anti-
protons from penetrating the nucleus, and gives rise to a shadow elfect from
the target. The antineutrons are thus only formed in grazing collisions with ;
the rim of the target. lf neutrons are concentrated on the suriace of the nucleus,
as it is sometimes assumed, we have another reason for depressing charge ex-
change in heavy nuclei because a pn collision may form antineutrons only if neg-
ative pions are emitted at the same time, a condition which certainly lowers
the cross section.

Antihyperons

There must be also antihyperons and we indicate the threshold for their
formation by pion nucleon collision and nucleon nucleon collision (see Table m)
in Bev (B4a). : ‘
Baldo-Ceolin and Prowse have reported an event which might be inter-
preted as a X, (B1 ) formed by a 4.5 Bev negative pion on a nucleus.

Table XII
Collision x° z =
nn 7.10 7.43 8.9
m ' 4.73 5.24 6.21
most favorable 4.0 4.2 5.1

{Most favorable means a two stage reaction in which a pion is first formed (¥ )
and Fermi energies are also considered.)
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Antiprotons in Cosmic Rays

A few possible antiprotons have been found in cosmic rays as mentioned
above.(A6 ,B11,B12,82 ,T2 ) A Bevatron event very similar in appaumo
to the cosmic rays connected stars is reported in(H1 ,H 2 ).

Amaldi has commented on the frequency of observation of antiprotons
'in emulsions exposed to cosmic rays. His conclusion is that there are more
antiprotons, perhaps by a factor 1000, in cosmic rays than cne would expect
from an estimate based on extrapolations of the Bevatron data (A4 ).

Fradkin (F5 ) has considered the possibility of the presence of aati-

protons in the primary cosmic radiation and its effect on the east west asymmetry. B

He concludes that there are less than 0. 17 antiprotons in the primary rlditﬁon .
McConnel (M 3 ) has also estimated the possible abundance of mtipro»
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).

Gosmological Speculations

From the cosmological and astronomical point of view no direct
teleascopic observations can reveal antimatter. There are some unrealistic
schemes, based on the helicity of neutrinos 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 c: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 obaerved. They calculate also an upper limit for the
possible addition of antinucleons to our galaxy and find an upper limit of 9 =
3. 10'22 nucleons c:z:n"3 sec'z. These would annihilate with a mean life of
3Ix 1014 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 aucleons cm's‘) is
reached the radio noiae of the Crab Nebula, in our galaxy could be accounted
for by the annihilatioa.
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Outside of our tahxy the strong radic emission of Cygnus A andi
Measier £7 could also be due to annihilation processes and Burbidge and Itayio ;
bave pointed out some quantitative coincidences between the energy emitmd
and what could be expected on annihilation and the fact that one would have.a
single expianation for the energy of agitation of interstellar clouds in our .
galaxy, for the radio emission of the Crab Nebula and for the two extragalactic
sources Cygnus A and M 87. C
The most cosmological speculations both steady state or evalutioﬁaxy
the conservation of nucleons and of leptons would require the simultaneous
creation of matter and antimatter in equal amounts. 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 opuwau ,
in which antimatter plays a prominent role we shall mention the "universint"
of M. Goldhaber (G9 ). | o
The question of the gravitational behavior of antimatter can ultimataly
be resalved only by experiment. I the squivalence principle of general rela-
tivity is strictly valid, then the antiparticles are subject to the same gravita. |
tional actions as a particle of the same inertial mass. The inertial maes 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 ¢/m,
by the conservation of charge which establishes the sign of ¢, and by the laws
of electromagnetiam.
| 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 tb;t experienced ’h'y?
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 te 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 is vioclated only to an extent connected to
the concentration of antimatter in our universe.(M6 ) It is clear that all these
argurpents are extremely speculative and that the existence of antigravity wmm
inflict severe damage on the present structure of phv:lci. Also there is no
really strong reason in ita favor: on the other hand we repeat that only direct
experiment can decide the question.
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Table I

Particle-antiparticle relations

1)
2)
3)
4)
5)
6)
7

Particle Antiparticle
Charge q -q
Mass m m
Spin same
Magnetic moment I} -3
Mean life same
Creation in pairs

Aunnihilation in pairs
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_Tadble I

Ghauctuhticn of enmponmtu of the apparatus

81,82 Plastic scintillator counters 2.25 in. diameter by 0.62
in. thick

o4 | Cesrenkov countey of fluorochemical 0.78, (683‘166);
pD= 1.276; p= 1.76 g cm™>. Diameter 3 in.; thick-
vess 2 tn. ,

c2 C erenkov counter of fused quarts: gD = 1.488; p=»

2.2 g cmd. Diameter 2. 38 in.; length 2.5 in.
Q1,Q2 Quadrupele focusing magnets: Focal length 119 in.;
aperture 4 in,
M1, M2 Deflecting magnets 60 in. long. Aperture I2 in. by
4in. B 213, 700 gauss '
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Table 111

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

Target with Fermi Energy

Process Target at rest of 25 Mev
1) ptp-=3p+p 5.63 4.30
2) t+p-=-2p+p 3.60 2.85
3) ptp=ptp+w (T_=3.60) 4,063 (T, =2.85) 3.08®

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

reaction.

(a)Thh is the minimum energy required in order to obtain pions of energy

TwQ
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Table IV

Spin, parity, l spin of nucleons and antinucleons

Proton Neutron Auntiproton Antineutron

Spin 8 1/2 1/2 1/2 1/2
Ispin T 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 crosgs sections

o  Mov  degrees Co 0 T2 T TN %) alte BOF
20-230 5 71425 86445 G7

H 120 7.5 4130 A3
133 0 7812 10'8 170212 28 54 CI11

190 0 135816 25 45 C13

197 0 69+ 9 1% 1562 9 25 44 Cl11

265 0 589 8*S 127412 24 37 cui

300 0 104414 23 35 €13

333 0 535 ' 1ra 6 23 34 cll

450 14 15412 894 7 1046 104& 8  (25) 3 C6

450 20 17a12 1024 8 (24) 33 Cé

500 0 97« 4 30 - 35 C13

700 0 94k 4 45 35 C13

D 450 14 135 7 174¢ 8 (5442)-° - Cé6
450 20 172¢ 8 (4522) - C6

"N 450 14 462 8 706 8 (29¢1)  C6
450 20 704 8 (21al) cé

N 450 14 74 113 cé
450 20 74 113 . cs

oy Wi SR 2
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=
wmﬁg;#( .

- Pevs ’”ﬂh aamyﬁsﬁms of V. P, Dje&epov and B, Iﬁmtccowe. mmlti&
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Numhort in parenthuil diractly measured, see s Cb. o (0) o+ a_+0 (8) + c;
for 9 = 14 or hr g.r mant af ﬁu &iit’n.ction acatteriug i& w&cmted i}t o (‘0)
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Table YU

:earetical cross sections for nucleon antinueleon in-
teraction in mb at 140 Mev (lab) according te {(B17}.

BB PP PP ap
Scattering 72 &9
Absorption 96 79 29 60
Charge exchange
b e e e e




Table VI

. Optical model potentials.(G4 ) For all three cases the

| - radius parameter is r; = 1. 30 and the diffunensss
> a=0.6510"%3 cm. )
Projectile V {Mev) W {Mev)

P - 15 "1205

7 - 15 .80

B -528 -50
P —— e e ery
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Table XI , \ ;
—————— e ey
Distribution of pion multiplicities, according to Fermi model, for different

interaction volumes (production of K mesons neglected)

N_ ‘Probability for annthilation into N_ plons (%)

Q=] Q=10 ? &= 15
2z 6.4 0.1 R
3 637 5.6 i 2.3
4 24.6 21.7 13. 4
5 5.0 44.0 40.6
6 0.3 23.7 | 33.1
7 0.0 5.1 ’ 10.6

A No. \
verage 1.3 5.0 * 5.4

of pions N_

i
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FIGURE CAPTIONS

Fig. 1. Original mass spectrograph of Chamberlain, Segré, Wiegand, and
Ypsilantis (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 016!:1‘1‘% :

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 o"tEO;}'{;’IIO&u ; -

Cbh).
Fig. 5. Good geometry arrangement for measuring total p-p cross uet‘tana
(from C13). U

Fig. 6. Angular distribution in pp scattering. Theoretical curve of !f‘@&i? at
140 Mev. Experimental results of (A3). ' o
Fig. 7. An annihilation star (C6) showing the particles as numbered

No. 1 2 3 4 5 6 7 8
Identity p? w x? P - ot HS( ?2) » 0= |
T (Mev) 10 43 175 70 30 82 34 L}lz;s :

Total visible energy 1300 Mev. Total energy release > 1400 M«w, :
Fig. 8. Number of charged pions per annihilation star in phowgrapbic amﬁf s
sions, . Stars in flight give <N’¢>= 2.29 % 0.016. Stars at rest givc <N'¢ )8 S
2.50 £ 0.15. These numbers are not corrected for scanning ineffictency,
(see text) {rom C5. : S
Fig. 9. Distribution of the kinetic energy of charged pions emitted in mibﬂ&-» F :
tion stars in nuclear emulsions. The curves marked N = 4 otc. are mexgyf* i
distributions obtained by the statistical method on the hypothnu that the
average number of pions emitted is 4, 5 etc. Note that the exptﬂmmtai
results agree with an average number of piaaa amitted ¢
6and?. (FremCS5.) |
rs; 19. v :} m@ h ' ; on stave is
T > 30 Mev by deﬂnition W is the total energy of the antiprntan ;t umﬂxi-
lation. Note that stars in ﬂ:ght compzred with lta.rm st rest have a hrgcr

.......

frtctiou oi the energy in nucleanl
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Fig. 11. An antiproton enters a propane bubble chamber, and at the point ‘
marked with the arrow undergoes charge exchange. The antineutron originates e
the annihilation star. p of propane 0.42 gr cm's. Real distance betweaen
charge exchange and origin of star 9.5 cm. T; at charge exchangel" 50 Mgm
The visible energy in the star is > 1500 Mev.
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