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The processes leading to production of antiprotons by 7-mesons on nucleons are considered
in the framework of charge-independent pseudoscalar meson theory. The cross sections for
these processes are calculated near the threshold. It is shown that the interaction between
the particles in the final state may lead to a capture of the antiproton produced by a nucleon
into a deuteron-like orbit. This last fact may make it difficult to detect anti%rftdns near the
threshold because of the high capture probability, and the short life (7 = 107" sec) of the
antiproton in the bound state with respect to annihilation.

Processes leading to antiproton production in nucleon-nucleon collisions are also con-
sidered. The cross sections for these processes are calculated near the threshold, taking
into account the interaction between the created particles.

T HE question of the existence and the proper-
ties of antiprotons (i.e., particles of proton
mass and negative charge ) has recently attracted a
good deal of attention in connection with the possi-
bility of obtaining such particles from new power-
ful accelerators.

It is well known that the hypothesis of the ex-
istence of an antiproton (and an antineutron )
arose by analogy with the concention of the posi-
tron, which was the logical consequence of the
relativistic quantum theory of the electron as a
particle of spin % . Indeed, from the description
of the nucleon as an elementary particle of spin %,
which is therefore described by the corresponding
Dirac equation

{c(@P) + BM} ¥y = E¥w,

the requirement that there should exist a complete
set of linearly independent solutions of this equa-
tion leads one in a similar way to assume the ex-
istence of antiparticles, i.e., antinucleons, which
have antiprotons and antineutrons as different
charge states.

It should be stressed, however, that, in spite of
its origin, the antiproton hypothesis is not an ex-
clusive feature of the Dirac theory, but is based
directly on the idea of charge conjugation symmetry,
which is fundamental to the whole modern theory
of elementary particles. Although one cannot rule
out the possibility that the nucleon has to be

described by an equation of a type other than
Dirac’s, the only rational approach to the anti-
proton problem at this time is from the point of
view of the Dirac theory; however, we must then
allow for the strong interaction of the nucleons
with the meson field. A theoretical analysis of
all experimental facts from the point of view
indicated above gives us indirect evidence in

favor of the existence of antiprotons.

We are thinking here, in the first place, of the
well-known decay of the neutral 7-meson into two
y-quanta which, apparently, can proceed only
through the formation and anpihilation of a virtual
proton-antiproton pair: 7% > p + ?)J - 2y; second,
of the appearance of an appreciable S-wave contri-
bution in the scattering and photoproduction of
charged mesons on nucleons, in conditions when
the nucleon may be taken as nonrelativistic. The
last fact is also due to the contribution from vir-
tual antiproton pairs (under the assumptions of the
pseudoscalar coupling theory ). Third, we have
the fact that the masses of the charged #-mesons
are equal in good approximation, and exceed that
of the #° by about 9 electron masses.

This difference can be deduced in order of
magnitude from the Coulomb mass defect in the
virtual proton-antiproton system*, a state in which
the 7 %-meson spends part of its time.

But what are the possibilities of finding real
antiprotons under laboratory conditions? The pur-
pose of the present work is to obtain a theoretical
estimate of the cross sections for the following
effects: (1) the production of antiprotons by -
mesons on nucleons, (2) the production of anti-
protons in nucleon-nucleon collisions.

The theoretical study of such problems meets at
present with insuperable difficulties because of
the lack of a consistent theory of nuclear forces,
and of adequate methods for solving the quantum
mechanical problems. For this reason we were
forced to obtain preliminary estimates by means
of perturbatio n theory, and consequently, our re-
sults cannot claim to have more than qualitative
value, even within the limits of our assumptions.

* For this one has to use the known data on the
electromagnetic dimensions of the proton.
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Nevertheless, a comparison of the results of such
calculations with experimental data may turn out
to be of some use for constructing a more complete
theory of these phenomena.

In the future we hope to treat the same problems
more rigorously, on the basis of a semi~phenomenol-
ogical method, and using the theory of the spin
3/2 state!, i.e., allowing for excited (““isobaric”’)
states of the nucleons.

I. PRODUCTION OF ANTIPROTONS IN 7-MESON-
NUCLEON COLLISIONS

Consider the following antiproton production
processes:

a)® +p—>n+p+p;
b) w4+ n—>p+ptp
c) ﬁ_+n—>n+n+ﬁ.

The threshold value of the kinetic energy of a
n-meson for the production of a nucleon-anti-
nucleon pair on a nucleon at rest is

T 4M —p (1 + p/2M) = 3,45 bev.

7-mesons of this energy begin to be emitted in
a nucleon-nucleon collision when the energy of the
incident nucleon (in the system in which the
other nucleon is at rest ) reaches the value

T8 _ 4.15 bev.

The matrix elements for the processes a), b)
and c) were calculated in the first nonvanishing
approximation, i.e., in the third order of perturba-
tion theory. In this approximation the reaction of
the self-field of the nucleon is neglected, and
therefore such an approximation can have some
kind of validity only near the threshold of the reac-
tion, where the energy of the final nucleons (and
of the antiproton ) is much less than the excitation
energy, A = 250 mev, of the first isobaric state,i.e.,
as long as*

E—E,<2A. 1.1

Near the threshold the modulus of the matrix
element is a slowly varying function of the
momenta of the particles in their final states, and
may be represented by a series in powers of v/c.
Thus, the energy dependence of the cross section
is, in the indicated region, essentially determined
by the statistical factor, together with general
symmetry requirements. On the other hand it is
easy to see that in the region limited above by

* E is the threshold energy in the laboratory system.
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(I.1) the kinetic energies of the particlesin the
final state do not exceed appreciably the depth of
the potential well of the nuclear forces; hence, it
is in general not legitimate to neglect the inter-
actions in the final state. Therefore, the expres-
sions for the antiproton production cross section
which neglect the interactions in the final

state can be right at best in a narrow energy inter-
val, near the upper end of the threshold region. In
therest of the region, closer to the threshold, the
strong interactions between the particles must sub-
stantially affect the magnitude and the energy de-
pendence of the cross sections.

One of the above processes, namely 7 7 +p-n
+p+ rﬁ', was considered in a number of papers by
various authors. This process was first studied
by McConnell 2 using a generalized Weizsacker -
Williams method in the theory of radiation damping,
but without allowing for exchange, or for the
nucleon recoil, which are very important near the
threshold. Later the same process was studied? by
the same method as in Ref. 2, but with a phenom-
enological treatment of the damping. In addition,
these authors® started from incorrect values for
the threshold energy for pair creation*. In a short
communication® calculations of cross section of
the process under discussion were reported, using
third-order perturbation theory, for the special
case of pseudoscalar coupling. It must be pointed
out that all these papers neglect the interaction of
the particles in the final state since these
authors 23,5 did not concentrate their attention on
the threshold region, the only region which is in
any sense accessible to the perturbation theory
they were using.

1. General statement of the problem and cal-
culation of the cross sections without allowing
for interactions in the final state.

The basic equation of our problem is the
Schwinger-Tomonaga equation

BELE/%(r)=H (DFIL(N], 1.2

A

where H“is the Familtonian density of the inter-
action between the nucleon field and a pseudo-
scalar meson field.

B = ig?'::.,l 75‘1’50, —!—%_‘F‘ta v ¥
v=1,2,3,4).

09,
axv (1.3)

Here

* The authors® quote a paper4 which, however, gives
the threshold energy only for pair production in an
inelastic collision between particles, without any of
them disappearing.
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(k=1,2,3);
Ta=B;

T = Bak

Ts = D172 Vsl
T, are the isotopic spin matrices; g and f the
coupling constants.

The operators of the free nucleon and meson
fields are obtained from the equations

i1,0% /0x, — MY = 0;

(1.4)
0% / dx,1, + MY = 0;

024,/ 05 — p2 g, = 0.

The solution of Eq. SJZ) amounts to the determina-
tion of the operator S which generates the final
state function Ff of the whole system from the

initial state function F;: F, = §Fi' The probability

of the transitions in the nucleon-meson field in
which we are interested is then expressed in
terms of the S matrix as

Wi =|Sif P (1.5)
and we may ‘write
S = R 3 (AP), 1.6)

where R(i"f) is the matrix element of the transition,
S(AP ) the four-dimensional delta-function, and

P the four-momentum.

The differential cross section for nucleon-
antiproton production processes in a 7-meson
nucleon collision neglecting the interactions in
the final state becomes
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3 Ry 2oy o (AE) 3 (AP); (1.7)

3
1 .

Here J is the incident particle flux. The square
modulus of the matrix element is to be averaged
over the spin in the initial state, and summed
over the spins in the final state, with the aid of
the projection operators:

A, (f’\ +M)/2E for a nucleon;
A_-» (P —M)/2E., for an antiproton*.

It is seen from (I.6) and (I.7) that the determina-
tion of the differential cross sections requires the
solution of Fq. (I.3). The only Lorentz-invariant
method for solving this equation which is known
at present is the approximate representation of the
state function F as a series in increasing powers
of the coupling constant. For constructing this
series ong can immediately obtain the required
operator S from the given operator H “using the
well-known Feynman-Dyson prescriptions6.7.
Thus, in the case of the process 7~ + p->n+p+p
we have for the transition matrix element in the
first nonvanishing approximation six Feynman
graphs (Fig. 1). Three of these graphs corre-
spondto the possibility of an exchange between the
recoil proton and the vacuum proton; they are a
consequence of the antisymmetry of the wave amp-

* We use throughout the notation of Feynman6, using

for an arbitrary four vector a the convention a =Y.,
(v=1, 2,3, 4), with (ab) = a,b, — ab, so that

P=iB@/31)+iB(aV).
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litude of the initial state in the nucleon variables

X B &y ) = 27" {¥, (El) W (&)
p_(82) Tpo (51)} ¢ (m)-

Each of these graphs is eqmvalent to two chains
of the ordinary perturbation theory, and contains
as elements both the interaction of the nucleons
with the external field (charged mesons ) and
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the interaction of the nucleons with each other,
which is transmitted by charged as well as
neutral mesons.

The complete matrix element for the transition
is

6
Rif = Z R, (1.8)
n=1
where

R%‘) =iA (uﬂl {lg”fa + % Ts 220} Ty upo) [~02 — p2]72
x (o {175 —Lts 10) 1— P+ B — 17 (igts + Lo )} < )

R;? = iA (ﬁm {ig’rs + .l. s feo} T um) [£9% — p2] 1
X (ﬁ’ﬂ"’— {(igYs ‘[“Ts ) k) (P —k— M (ig'rs — —:—nfa')} Tl

R?=id Y (umm {ig*(5 — %»{Jei} [Ppo -+ b — M

R k=+,—

X {ig']'s + _{[ Tsi"'} T upo) [e*2 — p2]7? (ﬁnl {ig'Ts + Tf; i?'i}‘tk' lLI‘;') ;

RY = — iA (i {15 + L 1ok} w0 uz) 1R9F — 21
% (o ({1815 — L 1sB) 1Py + b — MI (ig1s + L 16k)} < tt0) 5

R =—iA (l;pl {ig”{a + ‘i‘:‘ Ts 501} To u;) [£012 — p?] 7t
X (Enl T {(ig'Ts + l{ 't’:;k) [pnl —k— M1 (igTa - ‘{1‘75;‘;'01)} o u"o) ’

D=—iad

kih=-+,—
x {igrs + L 1sk}e

Here (27)6 4 = (Z/nE#)l/’; Upps Uy Uy o U

bispinors corresponding to the final and lmtlal
states of the recoil proton and to the states of the
neutron-antiproton pair; F_,, Ppo' P’l 1 P"‘; are
the operators of the energy-momentum vectors of
the particles in the states indicated by the sub-

script; k ko k01 k i' , & T are the energy-

momentum vectors of the real and virtual mesons
(both neutral and charged ).

By using the Dirac equation for the nucleons in
their initial and final states:

(Ppo— M) ttpo = 05(— Py — M)uy = 0; 1.9)
l:nl(ﬁ)nl—M) =0; Em(Ppl"/VI) =0,

and remembering the relations YsYy == Y¥s

S (dprmdigrs — Laak®} i— P+ b — M1

wy) b1 — o1 (1 {igrs + { 1k f o t) -

~ are

tion equation T+ P

y2=-1, ab+ba=20ab), it is easy to
simplify the expression (I.8). We then form the
square modulus of the matrix element and note
that

- +

Te="TaTs Ta = " T&

Pr=pr; R =ph

a very compli-

We then obtain for 1/2 X 3] Ri!|2
if

cated experssion, which is valid in any coordinate

system.

In the region of interest to us, in which the
final particle energies are small, this expression
takes a particularly simple form in the center-of-

mass system in which the e energy-momentum conserva-

P a1t P"* becomes, in

three-dimensional notatlon
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VEFE+HVE+ M
=En1+Ep1+E;;
0=Pn1+Pp1+p;-

Then we have near the threshold, where

IpnllzIPp1|z|P5‘<<M

(1.10)

for PS-PS theory
1 s S. s
P 2;] Rif[?=6.12 g® %(27:)8
1
and for PS-PV theory
8 8
1 e [ M)®
5 1}_‘; ; |Rif P~ 19.2 ¢ 17 (T) (2m)8.

Thus, to the approximation used here, the differ-
ential cross section of the process depends on the
momenta and directions of the final particles only
through the element of phase space of the system
in its final state:

(2r)7° dPny dPp, dP; 3 (AE) 3 (AP).

The cross section for the production of an anti-
proton in a 7~meson-proton collision becomes, in
terms of the laboratory energy:

0, = Ky (E, — 4M)? | M? cm?, (I.11)
where K| =6.2 x 10-39$ for PS-PS, and K = 2
x 10-24f6 for PS-PV theory.

In a similar manner we find for the cross section

for antiproton production in a 7 *-neutron collision*

oy = Ky (E,. — 4M)%[M? cm?,, (1.12)

where K, = 1.5 x1073%® for PS-PS, and K, =1.2
x 10724 £6 for PS-PV theory.

Turning now to the antiproton production by a
negative 7-meson on a neutron

= 4n—n+n+ p,

we have in the first nonvanishing approximation
six Feynman graphs. Without writing down the
corresponding matrix elements we note as the
distinguishing feature of this process that the
modulus of the matrix element vanishes if we
neglect the momenta in the final state. We there-
fore go to the next approximation, including terms

* It is easy to see that in this case, to the approxima-
tion considered here, there are only two Feynman
graphs.
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of the order | P |2/M2, and find for the total cross
section

33 = K3 (E, — 4M)? | MP c?, (1.13)

where Ky =2.5 x 1073456 for PS-PS theory.

2. Calculation of the antiproton production cross
section with allowance for the interactions be-
tween particles intheir final states.

As already mentioned, the upper limit of validity
of the approximation used above comes from the
requirement that the energies of the final particles
be small compared to the excitation energy of the
first isobaric state. For antiproton production
processes in 7-meson-nucleon collisions this
gives the condition (in the center-of-mass
system):

E —3M <€ A = 2p =~ 300 mev (I1.14)
or, in other words, the share of the energy belong-
ing to each of the final particles must satisfy

€ < 100 mev. For the energy of the incident -
meson we have (in the laboratory system )

E,—4M << 3p =450 mev .

Thus, the approximation used above is valid at
best if the energies of the final particles do not
exceed 20-30 mev (in the center-of-mass system)
and this is of the same order of magnitude as the
depth of the potential well of the nuclear forces.
Therefore, the expressions (I.11) to (I.13) which
we obtained by neglecting the interactions be-
tween the particles in the final state, can be valid
only in a narrow interval near the upper limit, since
in the rest of the threshold region it is essential
to allow for the interactions.

It is well known that the transition matrix ele-
ment including the interaction between the created
particles can be expressed as

R'if = Ris® (0), (I.15)
where @ (r) is the solution of the Schrodinger
equation in the potential field of the interaction
between the two components of the pair.

As regards the interaction between the created
particles, which interact via the pseudoscalar
meson field, we note that the sign of the coupling
constant with this field is the same for nucleons
and antinucleons*®. Hence, one may assume that,

at any rate at large distances of the order of the

* We are informed by Markov that the contrary state-
ment in his paper” is the result of an error.
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7-mesonic forces, the nucleon-antinucleon force
is similar to the nucleon-nucleon force. One may,
therefore, for a crude estimate of the effect of the
final-state interactions,use the phenomenological
potential
V(r)= Ve /(1 —e™)

P 46.6 mev; Vo' =27.2mev; k= pn,

which fits the low-energy nucleon scattering. If

the pair creation occurs in the continuous spectrum
we have

q) (r) - Ar"‘le“(b"l)hr/2(1 _ e—hr), (1-16)

where

A=

1 wb sin h 2ma T2
k [ « (cos h 2me — cos 2r V' (b-0B)) |’

and where b = MVo/k2; o= q/k; q is the relative
momentum of the components of the pair.
At low energies,

@5 (0) = (qdq / 2) bk (1.17)
and we find for the cross section for the production
of an antiproton by a # "-meson on a proton
, (E, —4M\®/:

(Far) en

1.18
oo K (B (1.18)

’

where K| = 1.5 x 10'2!“g6 for PS-PS, and K| = 4.8
x 10°25f6 for PS-PV theory.

Similarly, we find for the production cross sec-
tion by a #*-meson on a neutron

0= K (E————“_w)a/z cH,

- (1.19)

where K = 3.5 x 10-3%5 for PS-PS and K, =24
x 1025 £6 for PS-PV theory.

In the limiting case of low relative momenta of
the created particles there exists not only the
possibility of a deuteron being formed, but also
of the antiproton being captured in a deuteron-like
““orbit’’ around a nucleon. The cross section for
this process can be estimated by taking as the
wave function for this deuteron-like state the
wave function of the bound S state in the
Hultheén potential,

®(r) = [kb (f;:-—i) ] [+ Frle—b—1kri2(] — g=hr),

The cross section for the formation of a bound
pair by a #-meson on a proton is

«(E, —4M) \'»
0= K (—F——l) cM?, (1.20)

M

where K["= 5.3 x 10-3956 for PS-PS, and K7 =1.1
x 10724 6 for PS-PV theory.

The cross section for the formation of a bound
proton-antiproton pair by a 7t -meson on a neutron

is
. (E, —&M\!ls
Gg = K2< - M ) (A

(1.21)

where K = 1.8 x 107395 for PS-PS and K = 5.4
x 10725 £6 for PS-PV theory.

In general, the ratio of the cross sections for
pair creation in the bound state and in the con-
tinuous spectrum is equal to

obound/UCOnﬁz P / (Eu — 4M)

It follows from this that if £ ~4M < p = 150 mev,
when the final kinetic energy per particle in the
center-of-mass system is considerably less than
the depth of the potential well of the nuclear
forces, the process of formation in the bound
state becomes dominant. Here in the caseof
process a) the probability of the creation of an
antiproton in the bound state and that for the
creation of a free antiproton and a deuteron are in
the ratio 2:1. For processes b)and ¢), on
the other hand, capture into bound states can
arise only in the nucleon-antiproton system, be-
cause of the instability of the di-neutron and di-
proton. This possibility of capture of the anti-
proton by a nucleon must, near the threshold, lead
to a reduction of the number of observable anti-
protons, in view of the practically instantaneous
annihilation of a bound antiproton into 7-mesons.
For example, the mean life of an antiproton and
a deuteron-like system due to the annihilation
into two charged 7-mesons is about 7= 1021 sec
if one assumes pseudoscalar coupling with g% =1/5
(see Ref. 9 and part II of this paper).
By comparing these results with experiment,
one may, in case the antiproton is discovered,
establish the actual energy and angular dependence
of the square modulus of the matrix element. More-
over, as we haveindicated, a study of the energy
dependence of the creation cross sections near
the threshold may, to some extent, clarify the
nature of the interactions in the nucleon-antiproton
system and, in particular, answer the question
as to the existence of a bound state in this system.
We have above considered only the contribution
of 7-mesons to the nuclear forces. It is easy to
see, however, t hat the pair creation processes
depend to a substantial extent on the interaction
at distances of the order of % /Mc, where the
fields of heavier mesons may contribute sub-
stantially.
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II. PRODUCTION OF ANTIPROTONS IN NUCLEON-
NUCLEON COLLISIONS

1. In addition to the processes involving the
creation of nucleon-antiproton pairs in the col-
lision of 7- mesons with nucleons, there must
also exist processes involving the creation of
antiprotons by the virtual #-mesons in the field
of the nucleons, The threshold (minimum) value
of the total energy for the creation of an anti-
proton in a nucleon-nucleon collision is W
=8M, corresponding to a kinetic energy of the
incident nucleon (in the laboratory system) of
T, =6M =5.6 bev. Such creation processes are

a) p+p—p+p+ptn
b) n+p—n+p+p+p]
¢)n+n—-n+n+p+ p.

Since calculations of the cross section for
processes a) and b) have already been pub-
lished19:11 we shall limit ourselves to the
presentation of similar calculations for process
¢). It must here be pointed out that in these
pspers10:11 calculations of the creation cross
sections near the threshold were carried out
without allowing for the interaction between the
created particles, so that these authors over-
looked the possibility of creation in a bound state,
which, in this region, is very important.

The differential cross section for the creation
of an antiproton in a nucleon-nucleon collision
is

8 8

ds = 7= D D Ry [0, (2)3 (AE) 3 (AP), .1)
i f

where, if the created particles are free,

pf = (27)*2dPn, dPy, dPns dP5 .

The square modulus of the transition matrix ele-
ment Ri is averaged over the spin directions in
the initial, and summed over the spin directions
in the final state.

For the processes a), b) and c) the first non-
vanishing term in the expansion of the matrix
element R, in a perturbation series is of the fourth
order. The leading term for process a) contains
36 Feynman graphs, whereas for b) and c) there
are 28 graphs each. To this order effect a) de-
pends exclusively on the interaction of the
nucleons with the neutral meson field, whereas
processes b) and c) involve both the neutral and
the charged field. Palf of the quoted number of
graphs arises in each case from the antisymmetriza-
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tion of the initial and final state functions of the
system with repsect to the neutron and proton
variables. This antisymmetrization is equivalent
to allowing for exchange, and reduces the cross
sections for processes b) and c¢) in the threshold
region by about 50%. For process a) the exchange
effect gives an additional limitation on the final
states of the system, since the Pauli principle
rules out the possibility of finding three protons
in the same final S state. Without writing out the
transition matrix elements in full, we give the
value of the square modulus of the matrix ele-
ment for process c), estimated near threshold for
pseudoscalar coupling:

1 S 8
% Z 2 | Rif 2 =~ 1.6x10™2 (2r)12 Mg;o (11.2)
i fn

Thus, the energy dependence of the cross sec-
tion near the threshold is given by the volume of
phase space accessible in the final state

(I1.3)

Q = (20)2 {{{{ @Pr,dPredPA,aP53(AE) 5 (AP)

_ 1 M E—IMYI,
TR0\ M ) -

The total cross section for antiproton creation
in a neutron-neutron collision is, in the laboratory
system, without allowing for the interactions be-
tween the created particles:
! E—M )’/. )
oM?,

oy =L M (I1.4)

where L, = 4.2 x 1024g8 for PS-PS, and L, = 3.6

x 10-28f8 for PS-PV theory.
The upper limit of the threshold region follows
from the condition ( cf. part I)

E —2M <K& /oA = 150 mev (11.5)
in the center-of-mass system, or £ — 7TM <« 2A
=600 mev in the laboratory system. It follows
from (II.5) that the average kinetic energy for
each final particle is not large compared to the
depth of the potential well of the nuclear forces,
and hence over most of the threshold region the
interactions in the final state must be essential.
Consider first the creation of interacting pairs

of particles in the continuous spectrum. Then, by
a similar method to that used in part I, we estimate
for the cross section of process c) including the
effect of the interaction between the particles of
the pair:

’ rf E—TM \*/.
°3=L3<——"—'—> cum?,

i (IL6)
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FIG. 2. Two types of Feynman graphs corresponding
to process c) in the first nonvanishing order. Full
lines represent nucleons, dot-dashed lines neutral
7-mesons and broken lines charged 7-mesons.

whereL [ = 4.3 x 10-3248 for PS-PS, and L;=28
x 10726 f8for PS-PV theory.

In nucleon-nucleon collisions at energies close
to the threshold we may find as one of the reac-
tion products of process c) a deuteron, r +n > d*

+p +n. Equally, the possibility of a deuteron-
like nucleon-antiprotonsystem is not excluded, e.g.,
n+n-d +p+n. The cross section for process
¢) with one bound pair of particles (of deuteron
type) in the final state is

- W E—IM\2
o3 =L, (“—) cm?,

i (L. 7)

where L § = 1.8 x 10"33g8 for PS-PS, and L7 = 4
x 10729 £8 for PS-PV theory.

Turning finally to the possibility of having in
the final state two bound pairs of particles, n +n

~d* +d~, we find for the total cross section of
this effect

"m m E__7M 1, Y
o3 =L, (MM ) cM?, (I1.8)

where L7 =7 x 10-34g8 for PS-PS, and L 3 =37
x 10-27 f8 for PS-PV theory.

3. As was already mentioned, the production
of antiprotons in bound deuteron-like states can-
not be neglected in the energy region near the
threshold. Such systems must, however, have an
extremely short mean life with respect to the
annihilation into 7-mesons. »

For example, the mean life of a bound deuteron—
like nucleon-antiproton system, with respect to
the decay into two 7-mesons, is

By o ——1 3V0/4(G1:'012)1112—)0, (II-g)

where o, is the total cross section for the anni-
hilation of a free nucleon-antiproton pair into two
7-mesons, v,, is the relative velocity of the
particles before annihilation; ¥~ W(0)|-2 is

the annihilation volume of the bound system. For

~ -
the case n + p » 7~ + 7° we have

(0x12)0y. o = (v/2) (8%/M)? fort PS-PS;  (IL.10)

(0nV19)vgy, o = 27 (f2/M)* (M[p)* for PS-PV.

For the case p+p » 7" + 7~
(0rV12)vgg. o = (7/4) (8%/M)? for PS-PS and
(cn'vlz)wlz.,o = n(f2/M)2 (M/p)* for PS-PV.

Inserting (I1.10) and (I1.11) in (I1.9), we find:

1) The lifetime of a bound deuteron-like neutron-
antiproton system with respect to the decay d~
»a +alis
7=3.2 x 10°26g"% sec for PS-PS, and

T=6 x 107264 sec for PS-PV theory.

2) The lifetime of a bound deuteron-like proton-
antiproton system with respect to the decay d °
»n +nt is

7=6.5 x 10722g"4 sec for PS-PS, and
7=1.1 x 10-26f~4 gec for PS-PV theory.

Thus, antiproton creation processes at energies
near the threshold may inmany cases manifest
themselves as the creation of pairs of correlated
pairs of 7-mesons*. It is then easy to see that
the angle between the directions of emission of
the two m-mesons in the center-of-mass system of
the two original nucleons will tend to 180° at the

threshold.

The author expresses sincere thanks to Professor
V. L. Ginzburg and Professor M. A. Markov for
their constant interest in this work and for their
many discussions concerning the results.

* Multiple creation of mesons is also not excluded.
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It was shown that silver bromide crystals, additively colored in bromine fumes, acquire
hole conductivity, the magnitude of which is proportional to the square root of the partial
pressure of halogen in the gas and rises with increase in temperature according to an ex-
ponential law. The magnitude of the hole conductivity in AgBr even for low pressures of
bromine is comparable in value with the ionic conductivity of these crystals. In additive
coloration, V1 centers are formed. These are complex, consisting of a single vacant cation
site with a hole localized on it. The thermal dissociation energy of V| centers in AgBr
is estimated to be 0.3 ev. F-centers are not formed in silver bromide on account of lack
of vacant anion sites in its structure. Neither atoms nor molecules of bromine dissolve
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and diffuse in the AgBr lattice.

1. INTRODUCTICGN

N recent years, a large number of studies have

been published concerned with clarification of
the nature of the structural defects in the silver
halides. On the basis of theoretical calculations !
and experimental results2-5 it has been established
that in these crystals, Frenkel-type structural de-
fects are formed. Seitz® and Mitchell 7, however,
supposed that Schottky defects can exist as well
in small concentrations. Such an interpretation was
occasioned by the need to explain the mechanism
of formation of the latent photographic image, and
also the mode of development of silver dendrites
in single crystals of AgBr in the process of
electrolysis8, It was also assured that sensitizers,
such as Agzs, aid in the formation of vacant anion
sites in the crystal lattice. Hypotheses have also
been expressed on the diffusion of anion vacancies
pairwise with cation vacancies. Such groups do
not have to reveal themselves in measurements of
electrical conductivity and of transference numbers,
despite the motion of anions. Such a hypothesis,
however, is refuted by experimental data on self-
diffusion, measured by means of radioactive
tracers®-11, In particular, according to the data of
Murina and his co-workers 19:11, the transference

numbers for bromine ions in AgBr do not exceed
5.2 x 10"* -. a value falling within the range of
experimental errors*.

In subsequent works, Mitchell abandoned his
initial point of view. Together with Hedges'! he
established that the internal latent image in silver
bromide is formed on internal surfaces associated
with the polyhedral structure of monocrystals, con-
nected with the development of dislocations (where
boundaries mesh ) or mosaic blocks, owing to de-
formation under the influence of mechanical forces
or temperature variations. Prolonged annealing of
pure monocrystals near the melting point and slow
cooling improved their structure, and in such speci-
mens no latent image developed inside the crystal.

Meikliar and Putseiko!! consider that it is un-
necessary to hypothesize Schottky defects for the
formation of F-centers in silver halides. As is
known, on exposure of a crystal to ultraviolet
light, electrons and holes arise. The latter are
considered by the authors as neutral halogen atoms
on lattice sites. It is assumed that in the process
of photolysis, bromine atoms can pass into inter-

* Regrettably, these investigations were carried out
on polycrystals. They should be repeated on mono-
crystals of a high degree of purity, annealed at high
temperatures for elimination of their polyhedral structure.



