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The iclea of "antiparticle•"• ae ia well known, originated. with Dirac, 

who in establishing the relativietlc equations for the electron noted that beai<les 

the solutions corresponding to ordinary electrons there were also "unwanted 

solutions" col'reaponding to particles of electronic mass but of charge + e in­

stead of the electronic charge •·?e. ( 02 ) The discovery of the positron by 

C. D. Anderson(A 10) offered abrUliant experimental confirmation of Dirac:• s 

prediction and gave the tirst example of an "antiparticle. 11 

One could think of applying Dirac's theory of the electron without change a, 
except in the mass of the particle, to the proton; however, thia 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:' a theory ia impossible, the feature of giving 

sets of solutions which represent "charge-conjugate" particles la pre8erved in 
In particular the appear;1nce of 

all theoriea of elementary particles. ..r •N· r·, -~ .. · t;:' ~· the allbmalous moment of the 

proton ls ascribed to the pion cloud eurround.ing it and the interaction between 

pions and nucleons is of the "strong'' type for which invariance on charge con­

jugation is valld(Wl >. We shall consider only fermions of spin 1/l. For them 

a particle and its "charged conjugate" are related by the aet of properties given 

in Table 1. 

Propertiea 1-5 inclusive are established by very general arguments 

and require tnvariance under the product: of c:ba1'ge conjugation C, apace re· 

flection P, and time reversal (CPT theorem): they are rigorously true even 

if in variance under charge conjugation alone i8 not valid. (See W 1 . ) 

Originally properties 1 .. 4 were derived from the principle of invariance 

under charge conjugation, which can be formulated by saying that a possible 

physical situation la tra.naformed into another posalble physical situation by 

changing the sign of all electric charges. Since this principle le violated in 

( l)The survey of the literature pertaining to this review wae completed on 

AprU 15, 1958. 
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weak interactions it is important to point out that it b not necessary to estab­

lish the properties listed above, but that the weaker requirement expressed by 

the invariance under the CPT transformation ie sufficient. (Ll 'LZ ) 

Properties 5 and 6 in the nuclear case are a consequence of the con­

eervatlon of nucleons; the number of antinucleone must be subtracted from the 

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

'{erification of Dirac's Attributes of the Antiproton 

After the ciiacovery of the po8itron ln cosmic raya it was natural to 

expect that also antlnu.c:leona might be found there: indeed prior to 1955 proceasea 

in which the energies available were aufiicient to produce nucleon-antinucleon 

pairs occurred only in cosmic rays. Several cosmic ray evente(SZ • B 11• B lZ, AS ) 

have been observed in cloud chamber• and in photographic emulsions which are 

attributable to antiprotons. In none of them, however, waa the evidence obtained. 

at the time of observation suffic:ient to establish with c~rtainty the identity of 

the particle involved. 

With the advent of accelerators powerful enough to prod.uce antlnucleone 

in the laboratory it became possible to investigate systematically antiprotons 

and antineutrons, and to identify them beyond any doubt. The li!'at successful 

investigation was carried on by Chamberlain, Segre, Wiegand, and Ypsilantia 

with the 1\erkeley Bevatf'on in the fall of 1955. ( CS 'C9 ) Charge, mass, and 

stability againat spontaneous decay of the antiproton were the first properties 

ascertained. 

The central problem waa to find particles with charge - e and maaa -
equal to that of the proton. This was accompliabed by determining the sign 

and magnitude of the charge, the momentum and velocity of the particle. From 

the relation 

p = mc~y ( 1) 

the maas wa• then found. Here pis the momentum, m thereat mass, c the 

velocity of light, v the velocity of the particle, and " = v /c, y = (1 - (3-.Z) -l 12• 

The apparatus employed ia shown in Fig. l. The trajectory of the 

particles fixes their momentum it the charge and the magnetic fields are known. 

The latter are measured directly and the trajectory ia 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 o£ the orbit of 
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a particle of charge e and momentum p if 

T/i = p/e (2) 

The particles in passing through the scintillation s1 s2 s 3 give rise 

to pulses having the same pulse height a.a those caused by protons of the s&tr!e 

momentum; thus indicating that the magnitude of the charge ia e and not Ze 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 artd muon a, in a 

ratio of the order of 50, 000 pions to one antiproton. It is accomplished by 

measuring the time of flight between scintUlatore s1, s2• and corroborated 

by the responee of the special(ClO,:WC,renkov Counter c
2 

which reeponda only 

to particles with 0. 75 < ~ < 0. 78. Cerenkov Counter c1 ie in anticoincidence 

and reeponde to particles with ja > 0. 79. Scintillator s3 has the purpose of en· 

suring that the particle is in coincidence and traverses the whole apparatua. 

The momentum of a particle passing through the instrument was 

1.19 Bev/c. The velocity of an antiproton of this momentum ia 0. 78c,- whereas 

a meson of t~e same momentum has v = 0. 99c:. Their times of fiight between 

s1 and s2 were 51 and 40 mUlhnicrosec:onds respectively. The time of fiight 

and the response of C2 represent independent velocity measurements, and 

combined with the other counters a.s described allow the identification of the 

particle ae an antiproton and a measurement of its maaa to 5o/o accuracy. This 

apparatus delivers at s3 certified antiprotons, i.e. it enaures that when the 

expected electronic signals appear, an antiproton has pa8sed through it and 

emerged at s3. 

A more luminous version of the apparat\1S which gives about 80 times 

aa many antiprotons aa the one described above ie given in reference(A2). At 

6. 2 Bev this last apparatus gives, as an order of magnitude for practiclll pur­

poses, one transmitted antiproton of momentum 1. 19 Bev/c for every z. 10 10 

protons impinging on a carbon target 6 inches thick. Only about 31o of the anti­

proton• that enter the apparatus are transmitted. The other• are annihUated 

in the counters, ecattered, or otherwise lost. 

A spectrograph using repeated time-of-flt.gllt meaeurements. without 

Cerenkov counters, haa been built by Cork and c:oauthors(Cll ): ita performance 

ia similar to that of the spectrograph 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 I have 

. ,•, been verified. 

'i .Charge 

. . 

The sign of the charge is deterrr1ined by the curvature of the trajectory 

and its magnitude by the pulse size in the counter experiments and by tho grain 

density in photographic emulsions. Ruling out the poaaibUlty of fractional 

chargee, it is - e, identical to the charge of the electron. (09 ) 

Mass( C9 , C 3 • B 3 ) 

The flret antiproton experiment gave the ttJaSs to an accuracr of five 

percent. The moat precise value of the ratio of the antiproton maes to that of 

the proton is obtained by the combined use of a measurement oi momentum by 

the wire method and range tn a photographic emulalon: a value of 1. 010 ~ 0. 006 

has been obtained for the ratio; however, the error reported does not take into 

account possible ayatematic errors in the determination of the momentum which, 

estimated very conservatively, might cause an error in the mass of about 3%. 

lt is intere.ating to measure the mass of antiproton by the use of photo• 

graphic emulsions only, without a. separate mea.eurement of the mome11tum: 

this has been accompUshed by ( 1) tho combination of ionization and residual 

range aud (2) by the combination cf ionization and multiple scattering. Ioniza .. 

tion was measured by grain density or by measurin& the average fraction of a 

track occupied by sUver grains. The emulsions were calibrated directly using 

protons or deuterons. This work has given a ratio for Method ( 1) of 1. 009 Jt: 0. 027, 

for Method (2) 0. 9CJ9 .1:: 0. 043. Again the errors are only statistical. Possible 

systematic errors might be as high aa 3'fo. (B3) 

ln 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 Z%. 

~pin and Magnetic Moment 

There are no direct observations of these quantities for the antiproton. 

A possible method of measurement would be the following: antiprotons generated 

with a momentum at an angle with the momentum of the particle incid.ent on the 

target are likely to be polarized. lf so the polarization is in a di:rectlon per­

pendicular to the plane defined by the two mon1enta mentioned above. U 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 exp"eriment. 

If· Assume they are polarized and pass them through a magnetic field H parallel 

to the momentum. The polarization vector rotates by an angle 

. . 

~ z'hc~=a. ( 3) 

where ~ is the magnetic moment and d. the len~th of the field and 1l Planck's 

· constant/211'. Tbe angle a. la directly measurable.by scattering the antiprotons 

on' a target and observing the asymmetry of scattering at dWerent azimuths. 

All other quantities except tJ. are easily measurable. The experimen~ seems 

feasible with present techniques. (SJ\a~he spin of the antiproton could also 

be considered as directly experimentally verified if the magnetic moment wobld 

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 1 is that a nucleon-antinucleon pair, at rest, 

. will annihilate releasing the energy Z mc2 • 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 pai'r, pion production h 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 sec. 

into gamma rays. The charged pions also decay into tJ. mesons and neutrinol!l, 

but the tJ. mesons decay further into electrons, positrons and neutrinos and in 

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

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

rest masa zero with the exception of the case of the antiproton-neutron annihi· 

lation in which a"n, electron is left over. Without entering at preaent in any · 

detaUs concerning the an.nihUation process. it is clear that in a photographic 

emulsion whel'e only charged particles leave a track it wUl not be possible to 

follow all ·the annihilation products. but only the charged ones. If, however. 

at the stopping point of an antiproton we observe an energy release greater than 

mc2 we must 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 firat observation of this phenomenon is reported in R.e£. · (Cz ). 
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Other me~hods of observing the annihilation of an antiproton are based 

on the light emitted either as Cerenkov light or as scintillation light by the 

charged particles produced directly or indirectly in the annihilation proce~s. 

Two typical instruments using Cerenkov light and scintillation light 

respectively are ehown in Figs. 2 apd 3. In Fig. 2 the radiator is a large block 

of glasvs of refractive index 1. 649 for the D lines and radiation length of Z. 77 

em. It is observed by a bank of photomultipliers. The light observed is 

Cerenkov radiation due to the showers produced by neutral pions o·r produced 

directly by charged pions. (B lO) In Fig. 3(Bl?) the radiator is a coxr.posite 

sandwich of lead and plastic with an average density of 3. 84 g em -l. an average 

radiation length of 1. 7 em, and a thickness corresponding to 3 annihilation mean 

free paths. The total dimensions of the "sandwich" is about 60 X 60 X 60 em. 

Both instruments have low resolving power and the annihilation of an antinucleon 

produces pulses which vary greatly in n1agnitude. as shown in the figures. 

Nevertheless an apparatus similar to that of Fig. l was used in order to see 

large annihilation pulses when antiprotons selected by the spectrograph of 

Ref'. ( C9. ) were sent in a piece of glass. The results 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 Bev.<BS • 29 ) 

Production in !?airs 

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 :Sev for ~e Bevatron beam is an indication of the 

production in pairs. (C9 ) . 

Thresholds for production in pairs are given in the following table !or 

different processes: (see Table Ill). We know very little on the production 
"Pro due tiop," 

cross sections and their energy dependence (see Sect. ) but lf the production 

were not in pairs, process ( 1) with protons at rest would have for instance a 

threshold of only Z. 35 Bev and the other correspondingly lower. The observed 

facts do not seem reconcilable with such an hypothesis. 

Decay Constant 

Antiprotons in a vacuum must be stable. Antineutrons must decay with 

:? a. mean life o! 1040 sec. In the different experiments performed heretofore, 

the times of flight involved are up to 10-? sec. The decay constant canno~ be 
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much less than the time of flight otherwise no antiprotons would be obse,rved • 

. ~~, we have thus lower limits for the mean life o£ 10- 7 sec. 

Summing up we can say that the properties of Table 1 are essentially 

~~~- verified. 

. ! 
Nucleonic Properties of the Antiproton'·.._. 

f 
'·. 
•. 

The total isotopic spin:! o£ an antinucleon is naturally 1/2 a~d the 

formula for the charge 

~ ., N 
..2: T:• +""t" 
e 3 G 

where N is the number of nucleons, suggests the assignment of T 3 = -:1/2 to 

·the antiproton and T 3 :: 1/2 to .the antineutron. Thus a proton-antipro~on pair 

has T 3 = 0, but T = 1, or 0, whereas the proton-antineutron pair or tHe anti­

proton-neutron pair have T = 1. 
,;-

The intrinsic parity of the antiprOton and the antineutron is -,1 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 1 s0 state a 2-quarita anni­

hilation with the polarization of the 2 quanta perpendicular to each other cor­

responding to a pseudoscaJa..r matrix element (!,1 • !.z X e_) f (p) ( e 1, e 2 unit vector' 

indicating the polarization of the quanta.;e, relative momentum). This prediction 

has been ve"rified experbnentally. and forces the electron and positron to have. 

opposite parities (see Dl ). The same is assumed to hold {or the proton-anti­

proton pair and for the neutron-antineutron pair. 

We summarize these properties in Table·IV.(Ml, Nl, Wl) 

We pass now to the properties which are not predictable on the basis 

o£ charge 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 Cross Sections 

~~ Collision of antiprotons on nuclei may lead to elastic scattering, in-

elastic scattering, annili.Uation or charge exchange. We shall call the corre­

sponding cross sections 0' e' u i' u a• u c· We consider also the reaction cross 
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aection "'r = u 1 +a. +a and the total cross section "'t =a +a . a c r e 
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 nuclei. 

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:OCand, 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 
·0 0 

14 or ZO it is detected by the circular scintillators. U it ia scattered by an 

angle 9! 20° it ls not detected by the sdntillators or by the target box. With 

this apparatus one measures separately a and u (Z0°). the latter symbol mean-a e 
ing that the elastic scattering has occured with an angle larger than 20°. A 

"good geometry" arrangement which meaeures at ie shown in Fig. 5. ( C 13) The 

data accumulated with this or other methods are shown in Table V and VI. The 

errore quoted are only statistical. The whole aubject 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 ln hydrogen should be reinveetigated. 

It must be noted that most of diffraction scattering is included in the 

data for beryllium and carbon. Namely. if one computes a t1 (9) for 6 = 0, in· e 
eluding 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 9! 14°. 

In Table VI the data at 450 Mev have been obtained by investigation 

of H20 and 0 20 and liquid oxygen and suitable subtraction procedures. The 

reason for this h 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 

•ubtraction of 0 20 and H20 observations. However, a large "Glauber cor­

rection"(GS) is necesaary 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. (OS. 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 b no difference in cross section to account for any diffraction scattering. 

This point needs further experimental investigation. 

The salient fact emerging from all the•e observations is the large 

cross sections which are obtained !or all processes involving antiprotons. ( C7) 
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There have been many theoretical papers on the interpretation of the 

, p cross sections. 

\1 

At present the most promising line of approach to the interpretation 

of the experimental results seems to be a theory of Ball and Chew (BZ. see also 

(11) and KZ and YZ) 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 starte from an analogy with p•p scattering. 

There a model with a hard core of 1/3 (11/m,c) radius and a pion cloud surround­

ing it is assumed and hac been shown by Gartenhaus (01) and by Signell and 

Marshak (53) to give reasonably good agreement with experiment. The nature 

of the impenetrable core is unaccounted for from a pion theoretical point of 

view an<i must be considered aa 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 

absorbing core. This 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 

meson cloud charge conjugate to the meson cloud surrounding a proton. and 

the interaction between proton and antiproton can be calculated by the same 

methods ae the proton proton cross section. provided one remembers that the 

"mesonic 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 ln 

both cases. but forces derived from the exchange of an odd number of pions 

have opposite signs in the two cases. This program it carried out by intro­

ducing an interaction energy 

(5) 

containing a central. spin·orbit and tensor part. From this one obtains an 

"equivalent potential" for the eigenstate& of the total angular momentum includ­

ing centrifugal repulsion: 

V {t=J+ll = V .. 3 V _ V + J(J+l} :t: [\
1 

ZJ+l _ ZJ+l V _ lVT )
2 

f=J·l l C 2 LS T M Z -:-:TM -z- LS 1'm + ./ r r 

I (6) 
36J(J+l) zl 1 2 

+ (ZJ+l)~ VT J 
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. J(J+l) 
V(f=J) = VC ... VLS + ZVT + 

Mr 
{7) 

With these potentials one constructs the phase shifts and the penetration coef­

ficients for the partial waves. 
(0 1 ) . 

The V §=' V LS' V Tare chosen following Gartenhaus and Signell 

and Marshak(S ) for the V LS part, but introducing the sign changes required 

by the chai1ge of sign of the interaction energy corresponding to the e•change 

of one pion. The calculation of Ball and Chew is limited to 8, p and d waves, 
' I 

i.e. to energies < 150 Mev but even so it gives very interesting resw~a as .shown 

~T~em. , 
I I 

The limitation in energy of the present calculations derive f~om the 

nonrelativistic approximations made and from the fact that in order t~ extend 

the theory to higher energies details near the boundaries of the black zone, 

which are unknown, become important. The reason tor thh is that th~ total 

potential surrounding the core is composed of a centrifugal part and .a part 
., 

originating from the nuclear forcee. The sum of the two forma a barrier which 

iii very wide and flat on the top·.· This barrier can be _treated very ad~quately 

with the WKB method and for a given 6\, or p or d partial wave usuall~ gives 

either perfect transparency or perfect opaqueness, fairly independently 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 angular distributions 
. (F6 ) : 

for elastic scattering. These have been computed by Fulco and -.bow 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 (eature of the model, which is mainly due to the diffraction scatter­

ing connected with the annihilation. (A 
3 

) 

In the same trend of ideas Koba and Takeda(KZ ) conclude that at very 
. z . 

large energies ( ~ << a), f1 a = u e = tta where .! is the radius of the black. core, 
. z 

but at lower energies u a= w (a+ ~) • Even considering waves of high angular 

m9mentum J, the ratio between annihilation and scattering cross sections is 

limited by the inequality: 

u (I) 
I fL 4 e 

Q'\t ~ Z (Zf + 1) (l) 
k 0' t 
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where O'(t) is the cross section for the .tth partial wave. Thus, for a given total 

cross section, a small ratio of elastic to total eros s section can be obtained for 

large values of t. 
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. 

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

· ln 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. (Gll) 

Inelastic collisions in which pions are generated, without annihilation 

of tlie 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 considerations discussed above there are 

several relations between elastic cross sections which are independent of de­

taUed models and require only charge independence of nuclear forces, such 

as:(A9, K3, :Pl, Ml, Cl) 

d u o >I k )' 
2 

( - 1 2. . . (0 ) - - I {,·,ut (.pn' u (pp)\ azr:· prnn-\ 4i ~ , - t J 

where (I - -means the charge exchange scattering cross section. pp-nn· 

- - ~ - >1 ~ -
ct e(prpp) +a c(p~nn)_! u e (pn-pn) 

- 1 l (0) (1)1
2 

u e(pp-.opp) = 4 i aif + ai£ = u (nn-nii) e . 

uc(pp-nn) =-A- ja~~) - a1PI 2 

- - ! (1)12. - -
0' e(pn-pn) = laif I = ue(np-np) 

(9) 

(10) 

( 11) 

where aiP ie the scattering amplitude for T = 1 (triplet) between initial and 

. final states and ai~) the scattering amplitude for T= 0 (singlet) betWeen initial 

and final state. 

Relations ( 11) give rise to triangular inequalities: 

I - - 1/2. - - 1/2.1. < - - 1/Z < . - 1/l. - - ))1/2. (u(pp-nn)) . • (·u(p~pn)) _ (O'{pp-pp)) . _ (u{pp-nn)) + (u(pn-pn 

. . (12.) 

I {u(pp-nn)11 /2. - J a(pp..;pp) 11/2.1 ~ ( u(pn-pn)) 1/2 ~ ( a(pp ~nil)) 1/Z + ( u(pp-pp)) 1/l. 
. ) l J . ( 13) 
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I - - 1 /2 - - 1 /Z I < - - 1/2 < - - 1 /Z - ~ 1 /Z (u(pn-pn)) .. (O'(pp-pp)) - (u(pp-nn)) _ (u(pn-pn)) + (u(pp .. pp,) 

( 14) 

These relatione 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 (Pl) has pointed out-that at high energies we might expect: 

I (1) (0) I I (1)1 
aif - aif << aif ( 15) 

I a ( 1) • a ( 0) '! << I a ( 0) j 
if if if. ( 16) 

This interesting inequality is justified as follows: for each initial state 

!. of definite angular momentum and isotopic spin the scattering matrix to a given 

final state f·.ia subject to the sum rule 

z 
~ l5nl = 1 ( 1 7) 

The amplitudes for elastic scattering in T = 0 or T = 1 states are a~) = (51~) - 1) 

or a~p (S1:) - 1) whereas all other amplitudes are Sfi for £ r/ i. At 1dgh energies 

the Sfi become small because there are many channels and the tum rule forces 

each individual Sfi to be small, however the elastic scattering amplitudes atay 

comparable to one because they are equal to Sii - 1. Alii a conaequence the 

amplitude~ for elastic scattering a\P and ai~) tend each separately to -1 whereas 

their difference tends to zero. 

Proceeding from the nucleon·nucl eon to the nucleon•n\lc::leus processes, 

an early paper by K. A. Johnson (Jl) in lowest order perturbation theory predicted 

elastic cross sections of the order of o. 1 geometric. Duerr, M. H. Johnson, 

and Teller, ('J2, 04) on the basis of a special nonlinear theory of nuclear forces, 

predicted a total cross section of the order of or larger than the geometrical 

one. This theory seems now untenable, ( 03) but it foresaw the experimental 

results. 

The most -successful treatments of the nucleon-nuc::leus interactions 

have been obtained with the optical model.(NZ, 04, A2, N4, MZ) 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 opttc::a the scatter• 

ing a.nd absorption by a nucleus are calculated. 
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The density diatribution uaed is generally of tbe form 

. Po 
P(r) = I'+ exp [(r-f<)/a] · ( 18) 

The parameters have been chosen in (A2 ) with the following value• 
b I.-~ }; 

1/3 1/3 -13 . -13 ( ) R=roA =1.08A XlO c:m.a=O.S7Xl0 em. 19 

The reaction erose section of the nucleua ia then given by a literal application 
' 

of geometrical optics aa 

(20_t 

z z z where a = R. - b , b is the impact parameter with respect to the cent.,r of 

the nucleua. and the absorption coefiicient K is given by 

-; 3 K = 3Au 4wR 

with A tl1e mass number and u the average total ~~ucleon-antinucleon cross 

section. A slight refinement of thb approach takes into accouut the finite 

range of the interaction and nuclear density distribu.tion replacing Ks by 

(i j p(r)da. It shows good agreement with experiment. 

In a •imUar fashion one may assume a complex potentlal(Q 4 ) 

( 21) 

V r _ V + iW 
( ) - 1 + exp [(1:-r)/a] 

(22) 

and calculate the cross sections. Olasagold haa obtained good agreement wtth 

the present expe1lmental data takin.g a potential of thia form and a= 0. 65 X 10•13 

1 ool3 
em. R • 1.30 A 0 em. He h.ae calculated explicitly three cases correspond-

ins to protons and antiprotons as per Table Vm. Calculations with a deep 

potential well (p1 1
} aa required by the hypothesis o! Duerr and Teller seem 

hardly compatible with the experimental re•ulta. 
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Elastic collisions with small deflections give rise to interesting inter-
. . 

. "- ference phenomena between coulomb and nuclear scattering. These haV.e been .. 

observed. in photographic emulsions by 0. Goldhaber and Sandwei.ss.(G8) They 

<J co~eidered scattering down to a projected angle 1. 5° and compared the res~t 
. With that calculated from a black sphere of radius R and a coulomb fret d. The 

1/3 -13 . . . . . 
radius R was assumed to be l. 64 A 10 em and corresponds to the anni'-

.. hUation cross section. The agreement with experiment is good. StmU~r cal-,· . 
culattone performed with 'the potentials used by Olassgold also agree with ex· 

' 
perlment give .further· support to his choice p of parameters. as distinct ~~rom 

the choice P'. 
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The Annihilation Process 

Information concerning the annihilation process is derived mostly from. 

annihilations in photographic emulsions and bubble chambere. (C4• C3• CS, Bl, H4~ A6, A3 

From the technical side the most important development for observing the an­

nihilation· in photographic emulsion• 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 
- . 5 4 

the ratio of pions to antiprotons is anywhere between 5 X 10 to 5 X 10 depend-

ing on the momentum selected. In order to have the p tracks eaaUy dhtin• 

guiehable from minimum tracks at the entrance ot'the stack it is necessary 

to keep the momentum below about 700 Mev/c. At this momentum the ff~ 

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 

coauthors<84. ) 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 S 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. (C 5 ) 

The problem of purification of the beam is encountered also in the 

use of bubble chambers. An arrangement(Al ) has been used i.n which a puri· 

fication eimUar to the one described in (CS ) 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 ln the 

bubble chamber. 

The purification problem has also been attacked by a combination of 

electric and magnetic !ields in a Wien filter. This velocity selector is uaed 

in conjunction with momentum analyzers to separate particles of different 

maa1. There are at present two versions of these separator•, (M? • Cll) 

which show great promise. 
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We shall firat treat the annihUa.tione in which the antiproton reaehea. 
the end of the range and iii at. reet. Actually with -the present phot.ographl.~ 1 ; 

technique this ~eana that the kinetic energy of the &nttpr._oton la < 10 Mev .• 

Up to now it baa not been poeaible to· recognl~e e_ffectivety the partn:er 

in the annihUatlon in photographic emubiona. A few stara have be~n observed . . . 
with no nucleon• and an even number of melic prongs. which could be ~ttrlb.;. 
uted to pp ~annlhUation, but no certain assignment t• yet poasll;le~ .At thla .. 
writing approximately _zzo annib.Uation stare. have be_en obae·rv~c.t and ~~zed 

tn photographic emulsions. There are also about -500 atari ln propane (,.AJ.) 

~nd 50 in hydrogen tf:l4) but their analyal• is iueomple'e yet~. ~e·h~dted 
. • - • • • I( ..•... 

twenty-seven· of the pb.otographtc emule.ion annlbUatl-ona occurred .at ,l-ett ·and 
. . . . . . . . , .· . . .. 

· tn 9~ annihUa~ione o~curred lu fi:l@ht. A typical atar ~i• •)\Qwa ~~ F:li}~ 1.: · ~;~ 
fragment• obaerved ·are ft' meaone, protons, light nuclei 8ueh a.e deuterons a.n4 -· 

. . . . ~ 
~pha particles, and 10metlmee. thQugh rarely, K meso••· The tn.ajtmum . . . 

number ot'charged pl0118 in a star tbua far observed u '6. The maxt~um :'4umbe.r . . . . . l . . 
of char~ged nuclear particles thu1 fa_r obaerved ia 16. A distribution to£ .the. . · 

mu~ttpllcity of the charged pions le shOWll in Fig. 8. ~ 
We 1ball now dbeu•e the experimental information on the visible eu..; 

ergy relea•e. The ener.gy avaUabie-le: Z me?+ T .. B = W Where T ia the 
. . . 

kinetic energy tn the c. m. and B the small (8 Mev) bln~ng· eftergy of ;the an-
. . . 

nihilating nucleon. lD. order to· orient OUl'eelves on the appor·tto"log of W ·we 
. . . . . . . . . . . ~ . . 

refer to Fi3. lOa and lOb where the fr-action ol the vtatble enersy goU,g lnto_ . 

pions,' nucleon• or light nuclei ta indicated. The fe~i. calee ·in which ~ -~~-0111 . 
have been poaitively recognized are excluded from thta figure. I_ 

·' 

Looking more in detail one Iinde a •pectru.~ ot pion energy &1 _in Fig·. · 

9 with an average_ T-1r m 182 Mev. For the piont coming to reet ln.the~etac~ . , 

(T
11 

< lOO.Mev~ it ia-·aleo poaaible to determine the eign anc1.()tle ~~found~: 
·ratio of,+ to , .. of 0. 36 :a; 0. 1. (CS) Thia number is smaller than one ;wcmi<l" 
expect on a naive view of the arm.thilation proceae which '-kes into account the 

n/p ratio in the ·nuclei and the con•ervatlon of leotoptc epic. ( BJ, N3) it ie 

however. not clear whether it la truly repreeentatJ:ve lor all.annlhUatlon p:lofis 

independent of energy. 

It b now poaeible to calculate the average number of pio~e e.mitt~d 

per annihilation. In the etara without K meaone the obeerved average pion 

multiplicity is 2. 65 4: 0. 12 plone per star. Thie £i,aure contain• a ten percent 

correction for •canning inefficiency. Aaeuming charge independence in the 

annihilation proceea the number of pions emitted should be 3/Z X (2. 65 :t: '0, I) 
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or 4. 0 st: 0.15. To this number we muet add the pions reabsorbed by the nucleus 

in which the annihilation occurred. Their energy is mant.fested.by the nuclear 

fragments and we shall call them "converted pions." The number of converted 

pions is approximately one, ae can be inferred from the fact that the nuclear 
. ' 

fragments carry away an energy corresponding to the total energy of a pion. 

In this eatimate we multiply the energy carried away by the visible nuclear 

fragments. by a !actor Z. 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 ol pions released on annihilation R,. of 5. 0 It: 0. l. 

We reach a simUar result also if. we assume that ln anrdhUation the 

ne\ltral pions have the same energy spectrum as the charged one11. Dividing 

the total energy available on annihilation by the average energy per pion (ob .. 

eerved 3ZZ Mev) we obtain for the number of pions 6. 1 d: 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 each 

pion an average energy. at formation of 346 Mev. and also the average energy 

going into K-meaona. With these corrections R, = 5. Z * 0. 5. 

The great majority of the annihilations in photographic emulsions 

occur in complex nuclei, and if the annihUatlon occurred deep inside the 

nucleus. the escaping pioas would traverse the nucleus. The mean free path 

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

lo- 13 em, (aee e. g. L6} l. 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 ls converted suggests that the annlhUation occura 

in the very peripheral parts of the nuclei and that most ·Of the resulting pions 

· escape without hitting the nucleus. The large nuclear erose sections are abo 

evidence for this interpretation. Additional support for it comes from the ob-

8ervation that the number of pions nconverted" in annihilations of antiprotons 

in fiight ia larger by about one than in the annlhUations at rest as shown in 

Figs. 10 and 11. We interpret thia effect as due to th~-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 
-Z4 nuclear matter 'baaed em theae considerations h -z X 10 aec. 
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No angular correlations;; of the annihilation pions have been observed 

thus far, although one eo\lld 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·pi:cm•~n interaction might counterbalance this effect and a clari­

fication of these questions will possibly come from the study of p annihilation 

in h,ydrogen where the shadow effect is obviously absent. 

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

lations in different materials except for unanalyzed hydrogen atars. ( sorJe :O.f.th.e 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 m.ight 

be due to pp annihilation but there is no proof that this il 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. (B? ) 

It hi interesting to consider the possibUity of "no prong" stars. (PZ ) 

They can be produced by charge exchange, in which the antiproton hits a proton 

and transform• into a neutron-antineutron pair, or by annihilation in neutral 

pions only. Both processes are rare and in photographic emulaions represent 

leas than one percent ol. the terminal events. 

On the theoretical side we will dispose briefly of the electromagnetic 
(P \ . (Dl) 

annihilation: ... · it is simUar to the electron positron annihilation, but 

has not been observed yet. This· is not surprising because it competes very 

· unfavorably against the mesic annihilation. For instance Brown and Peahkin(Bll) 

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

z z 
( 

e ) c -30 / Z u = 11 Me 2 v -.-( ( ~) :. l.1 0 c v em {23) 

(The factor ·.:: ( k) takes into account the anomalous magnetic moment of the 

proton ~and has the numerical value 38. S Y F') :: 1}. whereas the mesic an· 
.. zs z nihilation cross section ie of the order of 10 em . The mixed annihilation, 

in gamma raye and mesons, is also very improbable. It has been considered 
by Michel. (M 4 ) 

For the purely mesic annihilation, the most important practically, 

many authors(A 1 • G ~' ~Y • A 8 • B 7 • L 3•) have established selection rules 
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basti;d on the ~onservation of angular trio;m:entum, parlty., charge conjugation 

and -isotopic spin. lt ia possible to an&ly_ze ·the phenomenon with various degrees 

of 4etaU. Aa an example we give a table due to Lee and Yang containing the 

main fe&Ultf5: see Tables IX and X. In general a given sta~e can produce dif· 

fei'ent numbers of pions: these numbers, however,- are either all even or all 

odd.;. Thus, st~tes of sptn one produce only even numbers of pions. ·selection 

.rules for· the e'missio~ of .K•parUdes on annihilaUot:1 have ~so be~n considered 

.by ()obel,.(G6) and. Gatto{03) and selection :rules for the· formation of piOl;lS in 

no~-~unUdlatlng ~ollisions of .antiprotons ~nd nuclei have be~n gt~en by Bar­

sbay(B4) ~!! previoulilly m'entloned . 

. · · · Apart from. selection rules,. repeated attempts have been made to 

apply F·e~ml' s .s'ta.ttf:)ttcal theory I (P\t, B5, ss. B)) to th-e nucleon .. a.ntinucleon 

annihUaHon. Using the tlleo;ry in ua· sitnpleat form., dleregarding cons·erva­

·uon ·of angUla-r momentum and K meson production one obtains the reeultat' on 

the multipUdty ,orUle mesons given tn Table X.l. 

The only arbitrary par.a.meter entering in the calculation le the inter• 

: action volume·n whicbwe express tn:ltntts j 1r (ll/tn·g.e)3• ·_One-w'ouJ,d expect 

i ·: .. ·that the trolume n should be near one~ beeaue~. the tntera~tion rang,e between . 
• ' ~!:~·<>·~;".~~~:-~• • '• . ·. :_ - r . . • • , ' - • .!f,• __ ~· . ,..· - - :,-<... - ,. \_. ;;., ' 

·'" · · :nucleon and ,antinudeon is expected to be close ·to the pion Compt~n wavelength . 

. ::··The:·lact that agreement with e,cpez:lment is obtained in·stead for Sl:cloee to 10, . ·. 
. . . . . . ~ . . . . . .. . . . 

heeds some explanatio'ri. One of the most interesting and conv.ncing ldeae put 

for,ward le due t_o ·Kob~ and Takeda. (Kl) They conai·der the nucleon and anti-
~ . ' -

nude on $u.r.roun.ded by the pion· clOUd~- on annibUatlori the b.are :nucleons d.eetr9y 

ea,ch other very e-pUtly.~ in a time ot the order of !t/Zme Z, giving the to a . · .. 

·-mce"tt.on muitipltctiy, C:orreepondiug to a v&lue :o!O near one-, but th.e mesons of " . 

the· ctoud at the moment of·an(l.ihUatioti are also released., because the anniht·. 

· latlon is' :• ·nouadt.abatlc. procees,;,-wtth respect to flie .p~rlod• of the ~otione of 

.. the pions in the eloud which aro of the order of tt/.E;, wher~ Ew i'S the total en­

ergy of the pion in the cloud~ Etr ts estimated to be approximately 350 .Mev. 

from the energy of the annibtlatlon pions~ The number of plons in the doud 

i~ estimated. to be L 3 per nucleon or antinucleon. 1n the annthUati"on Z. 6 pions 

ln ave~ age are interpreted a a eomtng from the eloud, the remainder are hlter • 

p~eted ae coming from the core annihUa.tlons. The co:ore annihilation is treated 

by th~ statistical method and using for the vobime a the value 8/27.correspond· 

lng 'to a -radiu.1 (2/3)(11/mwc) con1istertt with other values u1ed in. the calculation 

of cross sections, one obtains l. ~ pione in aveta.ge from the core annihUatlo:n~ 

Thus, the .total averagc;l 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 K mesons present in annihi­

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 ie 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 interacticm, <010) the conservation of angular momentum, the rela­

tivistic conservation of the center of gravity( L 4 ) 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<~:~' e6) that 

the statistical method cannot be reasonably expected to give quantitative r·esulta, 

as was emphasized by Fermi himself. Adjustment of the parameter 0 might 

compensate for the crudeness of the approximation. 

It<~termediate theories such as that of Heisenberg and Landau or mod­

ifications ot the original Fermi theory introducing a temperature parameter(K4, Yl) 

have also been tried with improved agreement with the experiment. 

Conservation of the I spin combined with the statistical theory gives 

also predictions for the 1T·:.,+:v0 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 resultl!l. They consider 

also the "nuclear Auger effect11
• An antiproton is captured in a light nucleus 

from an atomic orbit a.nd goes into a nuclear orbit releasing energy which ia 

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 annihilation 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 (8 1 ). In the formulae for the K 

average multiplicity the statistical weight (2~ + 1) of the K meson appears 

and it should be possible to recognize IK = 0 from IK :: 1 or more. The average 

•· number of K mesons per annihilation ie very imperfectly known: the limits 

are from 1 to 4o/o. In any way they point to spin 0 for the K-meson. 
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Production 

The collisions in which antiprotons are produced .are most probably 

. elther ·Of the type: p + p - 3p + p or 11'- + p - n + p + p with all the variations 

compatible with charge conservation. 

In the observation• up to now we do not know which of the two processes 

ie .most ·effective. 

Experimentally there are only very uncertain data: some meaiiuremente 
· -3o z ·1· I ·1 have given 38 10 · em eter (-Bev c) per copper nucleus for the production 

ln the forw.ard direction at p momentum of 1. Z Bev/c when the target h born-

. barded with 6. 1 Bev protons. (AZ) 

A few comparisons between different targets show that for the same . 
conditions protons are about as effective &I carbon nuclei in producing antipro-

tons. Considering that the Fermi momentum should. also enhance appreCiably 

. the production 'in carbon we must conclude that the nucleon• in the carbon 

nucleons are very ineffective .tn giving antiprotons. The most natural explana­

. don ls the great absorption probability for antiprotons formed inside of the 

·nucleus. 

Some ealcula.tions which take into account mainly pha.ae space !actors 

in the p .. nucleus collision givin~ rise to a.ntinucleone are reported in ref. (F2) 
. -26 I z 1/Z . h. and give a = 7 .10 ( 111 Me ) • Near threshold the yield of antiprotons s ould 

grow as ' 7 /l if they are formed by pn collisions or as • 9 /Z if they are formed 

by pp. ~oUision, where.._ is the energy above threshold in the c. m~ eyetem. 

The extra factor E in this case coming from the necessity of putting one of the 

·.outgoing protons in a p state. ~ 
' · Attempts have been made to derive production ~ross sections near ~ 

threshold from pion theory: Thorn ( T3) bas .for the reactions: } 
· - 0 -29 (£2/ >4 1. >9/Z z · (1) p + p -p + 3p a cross section 1.4 1 4v (• m ·cm ; 

. - . -29 \fZ/ 4 I }7/2 z and for :(Z) p + n -n + Zp + p a cross section S.4 10 \ 4tr) (e tn ~m 

with £2 /4"11 = 15~ Similar calculations by Fox (F3) and McConnel (M3) are based 

on an unlikely coupling. Calculations of some features of the production such 

as energy ~nd angular di&tribution based only on. phase space considerations. 

are to be found in ( C3). 

More recently Bara1enkov and coauthors (BZa) have treated the anti-
. i 

nucleon production problem by the statistical method following the idea of 1 

Belenky which considers 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 oro£ a K meson and they assume 

that the volumes to be considered in production differ f.or 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 

antine\ltrons 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, Piccioni, and Wenzel, (Cl2) 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 annihUation counter of the type de-

scribed above, showed an annihilation pulse. ( 1?1:-r. .·) SimUar experiments 

are reported in (B"l7). The phenomenon is graphically shown in Fig. t;r which 

was taken with a propane bubble chamber. (A3) The antiproton, recognizable 

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 primary 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: 

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

3 . 
in which the 3 nucleons on the right escape combined as a He • The reaction 

is thus a two body reaction with a kinematic such that detection of the He 3 at 

a: certain angle from the incoming beam aasures of the presence of the n at 

anot~er angle. Thus a coincidence system, possibly refined by time of flight 

measurements should locate uniquely the antineutron. Unfortunately also here 

the probability of the 3 nucleons forming a He 3 nucleus ls 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 .<n-' · .. ·:. Actually what has been measured is (da/dw)e 

in the forward direction for 9 ~ 17°: for pp(Bl7) obtained lO.CJ ~ 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 bas 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 v~ry . 
inefiicient as charge exchangers. Much of this result may be attributed. to the· 

large nucleon antinucleon annihUati~n cross section which prevents the anti~ 

protons from penetrating the nucleus, and gives rise to a shado~ effect' from 

the target. 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, 

as it is sometimes assumed, we have another reason for depress~g charge ex­

change in heavy nuclei because a pn collision may form antineutrons only u 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 t~eir 

formation by pion nucleon collision and nucleon nucleon collision (see Tabl~ ~) 

in Bev (B4a). 

Baldo-Ceolin and Prowse have reported an event which might be inter-· 

preted as a A 0 (B 1 ) formed by a 4. S Bev negative pion on a nucleua. 
Table Xll 

Collision -,;:0 1! ~ 
nn 

'1m 

most favorable 

7. 10 

4.73 

4.0 

7.43 

5. 24 

4.2 

8.9 
6. z 1 
s. 1 

(Most favorable means a two stage reaction in which a pion is first formed (li'. ) 

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 • B 11, B 12. Sz , Tz ) A Bevatron event very similar in appearQce 

to the cosmic rays connected stars is reporte~ in (K 1 , H Z ). 

Amaldi has commented on the frequency of observation of antiproltons 

·in emulsions exposed to cosmic rays. His conclusion ia that there are m~re 

antiprotons, perhaps by a factor 1000, in cosmic rays than one would exp~ct 
' from an estimate baaed on extrapolations of the Bevatron data (A4 ) • 

Fradkin (FS ) has conaidered the possibility of the presenc~ of anti .. 
protons in the primary cosmic radiation and its effect on the east west asymmetry. 

He concludes that there are lea e than 0. 11'!o 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 explaln the 

high energy Schein events ( M 3 ) • 

Cosmological $peculations 

From the cosmological and astronomical point of view no direct 

telescopic 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. B1S) have calculated a maximum ratio of 
-7 '. antimatter to matter for our galaxy of -10 . They assume an average density 

-3 . 
of matter of 1 atom em and they show that the presence of antimatter in 

.. ? :.3 
concentration larger than 10 median em· 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. 10 -Zz nucleons em • 3 sec • 1• These would annihilate with a mean life of 

3 X 10 14 sec and about 0. 1 of the annihUation energy would go into electrons. 

The upper limit of 9 would obtain if the energy of the turbulent motions of the 

clouds cowd be ascribed to theee 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. 
-7 -3 U the upper limit of the concentration of antimatter ( 10 nucleons em ) is 

reached the radio noise of the Crab Nebula, in our galaxy could be accounted 

for by the annihilation. 
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·Outside of our gal-axy the strong radio emission of Cygnus A and·: 
. . ~ 

Messier 87 could also be due to annihilation processes and Burbidge and '!9yle 

b~ve pointed out some quantitative coincidences between the energy emitt~d 
and What could be exp~cted on annihilation and the fact that one would havEi .. a 

single explanation .for the energy of agitation of interstellar clouds in our •. 

ga.ta:sr,y, for the radio emission of the Crab Nebula and for the two extragala~tic 

sources Cygnus A and M 87. 
. . 

The most cosmological speculations both steady state or. evolutio"ary 
. . 

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 spec~~ion 
' . t . 

in which antimatter plays a prominent role we shall mention tb~ "univers6>t\'U11 
· 

of M~ Goldhaber ( 0 9 ) • 

The ques~on of the gravitational behavior of anti~atter can ultimately 

be reaolved only by eXperiment. If the equivalence principle of gener~l rela.· 
tivlty ts strictly valid, then the antiparticles are subject to the· same gravita•· 

donal actions as a particle ol the same inertial mass. The inertial mass of 

the antiparticles is equal, also in algn, to that of the corresponding particles 

as ehown by the method used for isolating them, which measures directly e/m, 

by the conservation of charge which establishes the sign of e, and by the laws 

of electromagnetism. 

Even if we are willing to give u.p the equivalence principle and wish 

to speculate on "antigravity," namely, c:m the hypothesis that an antiparticle 

in a gravitational field be subject to the force opposite to that experienced by 

a particle we meet a difficulty tn the explanation of the behaviour of a self 

conjugate particle· sugh as the photon which is known to be subject to gra-vity. 

The equivalence principle could be attributed to the fact that all masses 

in our universe (earth, sun, our galaxy, are composed or ordinary matter, 

and that tb.e equivalence principle is violated only to an extent connected to 

the concentration ol. antimatter in our universe. (M 6 ) It is clear that aU these 

arguments are extremely speculative and that the existence of antigravity would 

inflict severe damage on tbe present structure of physics. Also there is no 

really strong reason in its favor: on the other band we repeat that only direct 

experiment can decide the question .. 
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Table I 

Particle -antiparticle relations 

Particle Antiearticle 

1) Charge 
., -q .q 

Z) Mass rn m 

3) Spin same 

4) Magnetic moment -J.L 

5) Mean life same 

6) Creation in pairs 

7) Annihilation in pairs 

.. 
.. 



Sl,SZ 
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Ml,NZ 
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Table U 

Char§cterlatlcs of eomponerrts of the apparatus 

Plastic scintillator coUD.ters 2. 25 in. diameter by 0. 6Z 

in. thick. 

Cerenkov counter of tluoroc:hemteal 0·15, (C8F 160h 
-, 6 - .. ) . pD = 1. 27 ; p = 1. 7 · gem • ~meter lin •. ; thick• 

nee.s 2 tn. 
Cei'.enkov counter of £uoed quarts: etD = 1. 458: p = 
z. Z a em .. J. Diameter z. 38 in..; length z. 5 lu. 

· Quacirupole focualng rna.pete: Focal length 119 tn. ; 
aperture 4 ln. 

De(lectlng a:nag11ets 60 ln. long. Aperture ll in. by 

4 ln. B : 13. 700 aausa 



1) 

2) 

3) 
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Table lU 

Thresholds .for nucleon antlnucleon pair.•production 

(Bev kinetic energy in the laboratory) 

Process . Target at rest Target with Fermi Energy 
of ZS Mev 

. p + p- 3p + p 5.63 4.30 

11' + p- Zp + p 3.60 z. 85 . 

p + p - p + p + .11' (T =3. 60) 4. 06(a) 
11' 

(Tw=Z. 85) 3. 08(a) 

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

reaction. 

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

T,. 
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Table IV 

Spin, parity. 1 spin of nucleons and antinucleons 

Proton Neutron Antifroton Antineutron 

SpinS 1/2 l/l 1/Z 1/2 

I spin T 1/2 1/2 1/2 1/2 

3d-comp of I spin T 3 1/2 -1/2 -1/2 1/2 

Parity + + 

:· 



H 

D 

"N" 

N 

T 
Mev 

Z0-Z30 

12.0 

133 

190 

197 

2.65 

300 

333 

450 

450 

500 

700 

450 

450 

450 

450 

450 

450 

8 
degrees 

5 

7.5 

0 

0 

0 

0 

0 

0 

14 

20 

0 

0 

14 

zo 

14 

zo 

14 

zo 
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Table V 

Antiproton nucleon cross sections 

(/ (8) a a f1 e c 

7l:t:Z5 86:t:45 

41+10 
-7 

78:t:l2. 10+8 
-4 

69:.t: 9 11+9 
-5 

58:t: 9 8+6 
-3 

53:t: 5 a+6 
-3 

lS:tlZ 89::t: 7 10•6 

17:.t:lZ 

135:t: 7 

46::t: 8 

74 

74 

Ref. rr t< 8) Ut 
p(a,l::l,c) 

at 
n(a,l),c) 

170:t:lZ 2.8 54 

135::t:l6 25 45 

156:1: 9 25 44 

lZ7:t:lZ 2.4 37 

104:1:14 Z3 35 

117:t: 6 23 34 

104d: 8 (2.5) 33 

l02.:.t: 8 (2.4) 33 

97:1: 4 30 '• 35 

94:t: 4 45 35 

174·• 8 ( 5~2-) ";,' :' 

17Z• 8 ( 45:t:Z) 

70:t: 8 (Z9:t:l) 

70:t: 8 (Zlal) 

113 

113 
. . --·--.:..-• ~ • ,., ........ !"". 

07 

A3 

Cll 

c 13 

c 11 

Cll 

c 13 

Cll 

C6 

C6 

c 13 

c 13 

C6 

C6 

C6 

C6 

C6 

·c·'f> 
................ ~ ..................... ·-~· 

·~~~ ~~:~o.pu~~.-~ ,,,,-' ·· · · · . · ·· ~· ·c.~:: ··- ~ ] , . 
· ·- .Ft-om 'the comptlaflons o£' V. P. Djehp-ov· and B. Poti-t~e~9rvo, At~in~~ta 

Energia !• 413-'(1957) • 

. cNumbers in parenthesis directly measured, see C6. a t(9) = a a + ~c + 0' e(9) + a; 

for 8 = 14° or larger moet of the diffraction scattering t,s not counted i~ a t(-6). 



.. 

Table VI 

p•Complex nuelei c:rosa eection• (ill millibarna) 

+ e ··-_Tar-get T 9 f1 (6) , f7 t(l) f11'(6) 0 Pf(,-P Re-f. 
(Mev .lab) r a.rr. .... I' ·r 

Be 500 Z.57 460 C13 

500 0 484• 60. C13 

700 3.65 367 Cl3 
: 

700 1.90 416 Ct3 

'700 0 4Z5t: 50 Cl3 

c 700 zs.o 436:t: 19 Cl3 

700 2.64. 57 Sf: 59 C13 

700 0 657::1t 79' Cl3 • 
300 3.55 S6S.l02 6lS.i:l n C13 

w -• 
300 0 _, 6SS.l30 Cl~ 

0 457 14 55~ 10 453~ 'J Z9l::t: z AZ 
457 zo 517:t 10 Z46ii: 2 AZ 
457 0 5<]0:1: 12 340. 4 1.74d:0.04 AZ . 

Cu 411 14 1240. 82 1040:! 61 Tl9:tt 5 AZ 

411 20 1220:!: 88 640:1: 4 _ A.Z 

411 o· 1260:1: 91 8&0:1:10 1..4420. 11 .. AZ 

Ag 431 14 1630itl70 1 500:1:1 151' lOSZ• 6 AZ 

..... , ..... - ..... .-;,.,..u.,..:(~ . ., .. l-~.~ .. ~--~ --- 20 1640•183 9Z_.. 6 AZ· c:: 
0 

431 0 16)5*-188 1170:tlZ 1. 39:t0.16 AZ ~ 
t" 

Pb 436 14 28SO!!:ZZS 2010.181 166Z:t:36 . AZ .. 
CD 

436 2680~254 146l:t:l0 AZ 
N 

20 0'-
Q 

436 0 : .':;30.0S::U'75 l8:4S.40 I. 62:AO. 16 AZ 

650 Z33~85 Cl3 



/ 
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Table'VU 

Theoretical cross sections for nucleon .aatinu.cleon ·in· 

teraction in mb at 140 Mev (lab) according to ( B 17). . 

Pe n2 2P np 

Sc:atter.ing 72 6~ 

Absorption 96 1'9 l9 60 
Charge exchange 

( 
{ 
!· 

' I 
' 
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Ta.ble vm 
-
Optical model po~~.mtiala. (G4 ) For ·all three cases t'lie 

' radius parame~er is r 0 = 1. 30 and the d\~·~enese 

a= 0. 6S 10 .. >1 3 em. · 
..... -~.""' .·, 

Projectile V (Mev) W (Mev) 

p - 15 -12.5 

p - 15 -.50 

P' -528 -50 

--·-· 



Table IX 

Selection »:ules for p+p-m11' or nfl:l-m'lf 

Spin z•o + - l 0 ,.++,- o. + - + .. S1ro 
+ .. z,,. 

State c T a 'I' +v 'If +• 
parity 1r +w ... +11'0 41f +zwO 2• +Z• +3..0 +zw· +'11° 

}. ' 
0 + X X ... .. - ..... .. 

s o- + 0 
1 X K I .. . - -

' 0 )( X X X ~s· 
.. .. - .. 

1- ... . } + X :x X X .. - .. .. 
.. 

1 0 - X X X X .. - X 
pl l+ -

l + X X X - X X ... -
~· 

z.P 
0 + X X ... - ... 

0+ + 0 1 X X ... ... - - - ... 

f.) + X X .. .. -· .. .. ... 
3 
pl 1+ + 

l - X X - - .. 
·. 

3 0 + .. - - - .. 
pl Z+ + .. 

1 - - .. - .. -
IX means strictly fo:rbWen, -..:::~means:~forbidden eo far aa the isotopic spin ia a. good quantum nu"t:uber. 

T = iaotopic spin. C = charge coaju.gatlon operator •. G ia a quant~ ~mber of special i.nterfist in t.be case 
. . -- 1 .. z . . . .. . 

of systems of ~ero nucleon•: It corresponds to the operator C e and fc;n.·· zero·nucleon• has the eigen-

values :lt I as btdkated iD the table. 
- . 

I 
\.<) .... 
' 



., 

Table X 
.. 

Seiection r~e·s · fo,. p+n-mv -.. 
f ... 

State Spin T G 
.. 0 

Z1r - + - . 0 z,..· +. 0 .;, ltro lir-+. 2'1T + ... 0 
parity 1'f +1'1: +• , +21r +n+ta 11' + . +zv'+ +n++21ro v +4v 

-
1 ' 
so . <'", 0- l - X ... -

. ' 

zs 
1 1- 1 + - - ... - -: 

,,lp 
2 1+ 1 ·+ X .. - - .. -

~ 0+ 1 X X Po - .. ... ... 
" 

ii'p 
' l 1+ 1 - X - -

rlp 
l l+ 1 - ... - - .. 

I>< means strictly forbidden and -means forbidden so far as the isotopic spin is a good quantum number. 

' ' 

• w 
Ul 
I 
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Table XI 

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

interaction volumes (production .of K mesons neglected) 

N 
1T 

z 
3 

4 

5· 

6. 

7 

Average No. 

of ·pions Ntr 

·Probability for annihilation into Ntr ~ions ( o/o) 

o = 1 n = 1 o 1 ~. =· 15 .· 

6.4 0. 1 

6<:£.~11 5.6 

24.6 z 1. 7 

5.0 44.0 

0.3 Z3.7 

o.o 5. 1 

3. 3 5.0 

·\,-.'' 
l 
l 

. 5 

' f 

' 

. 
. ~ 

h 

' 

. ' 

"! 

0.0 

2.3 
13.4 

40.6 

33. 1 

10.6 . 

5.4 
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FIGURE CAPTIONS 

Fig. 1. Original mass spectrograph of Chamberlain, Segr~, Wiegand, and 

Ypsilantia ( C9 ). For characteristics of components see Table U. 

Fig. Z. 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-incb 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. A1·rangement for measuring annihilation cross section and u t(6) (from 

C6). 

Fig. 5. Good geometry arrangement for measuring total p-p cross sections 

(from C13). 

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 Z 3 4 5 6 7 8 
+ 3 .. 

Identity p? 'IT 'IT? p " 1r H ( ? ) 'IT 'If 

T (Mev) 10 43 175 70 30 SZ 34 )ZS -
(· 

Total visible energy 1300 Mev. Total energy release >1400 Mevt 
, I 

Fig. 8. Number of charged pions per annihilation star in photogr:ap~ic_ .ernW.• 

sions .. Stars in flight give (N,:t)= Z.Z9 ::i:: 0.016. Stars at rest ~lve (N,• )= 
Z. 50 :1: 0. 15. These numbers are not corrected for scanning inef~ic:lency, 

(see text) from CS. 

Fig. 9. Dlstribution of the kinetic energy of charged pions emitted in annihila· 

tion stars in nuclear emulsions. The curves marked N
11 

= 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 expetiimental 

results agree with an .averaa.e .number of picms- -emitted· .cornprie~ l:)etw\tea·· 

6 at14 1. ·(From C$.) . . . _ _ _ _ · _··. 
1

[ ' : -~-. _ •• 

Fig .. ~o .. Vbrtbt~ ~aerar l~-amitbil;."tt®.:•·t&~l: ia plioto•:•Ji~~~:-~e~·~1~tt'*;. 
·Evaporation proton• have T ·< ·Jo 'Me-v· by definttivn·. · Rti-of:k~:'O"i\<plootCn,&,;iU(ve· 
T > 30 Mev by definition. W is the total energy of the antiproton at annihi­

lation. Note that stars in flight compared with etars 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 exchange. The antineutron originates 
·3 the annihilation star. p of propane 0. 42 gr em . Real distance between 

charge exchange and origin of star 9. 5 em. Tp at charge exchange- 50 Mev. 

The visible energy in the star is~ 1500 Mev . 
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