Annihilation of antiprotons stopped in hydrogen
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The assumption that antiprotons stopped in hydrogen are annihilated directly from atomic states of the pp
system contradicts the experimental data. The experimentally observed large contribution of the odd orbital
momenta to the pp annihilation cross section can be attributed to the fact that the annihilation comes from

the guasinuclear states of the pp system.

PACS numbers: 34.90., 51.90.

It is customary to assume!!! that annihilation of
stopped antiprotons in hydrogen proceeds directly from
the atomic states of the pp system. It follows, however,
from the results of recent theoretical!®! and experi-
mental’® investigations that in addition to the usual
Coulomb atomic levels there can be formed in the NN
system, owing to the strong interaction, also bound
states of the quasinuclear type.'?! These states should
manifest themselves in experiment as heavy mesic
resonances with masses close to double the nucleon
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mass. Most quasinuclear mesons have nonzero orbital
angular momenta of the relative motion of NN . The
purpose of the present paper is to explain the role of
quasinuclear mesons in the annihilation of stopped anti-
protons in hydrogen.

An investigation of the annihilation of the stopped p
via the pp— 27° channel (this reaction can proceed only
from states of the pp system with odd orbital momenta)
has shown that the contribution of the odd orbital mo-
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menta to the cross section of the two-pion pp annihila-
tion amounts to approximately 40%.'% Let us estimate
the ratio of the annihilation widths of the pp atom for
the P and S states of this atom. When p is stopped in
hydrogen, it is captured by an atomic level having a
radius on the order of the Bohr radius of hydrogen a,,
i.e., by a level with principal quantum number » ~30.
The pp atom has a kinetic energy ~1 eV, corresponding
to a velocity v~10°% em/sec in liquid hydrogen. Owing to
the radiative transitions and the external Auger effect,
the antiproton then goes over to an orbit whose radius is
small in comparison with q,. When the pp atom moving
in the hydrogen falls in the region of action of the elec-
tric field of the neighboring protons, a Stark mixing of
n® degenerate levels of the pp atom takes place, in-
cluding a mixing of the S and P states (the so-called
Day-Snow-Sucher mechanism'®!). The frequency of the
transitions between the mixed states, which is equal to
the matrix element of the perturbation, is given by

®
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Here F is the intensity of the field acting on the anti-
proton, F~e?/a2. The reciprocal of the time of passage
through the region of action of the electric field is of the
order of

2 4, \?
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Therefore, for levels with n > 4, the collision time is
sufficient to permit many transitions between the mixed
states.

Stark mixing for 7°p and #"p atoms was considered in
detail in'®’, where it was shown, in particular, that the
projection of the orbital angular momentum m is con-
served in this mixing with high degree of accuracy.
Thus, the S state is mixed with the (n~1) states with
m =0 and the cross section of the Stark mixing is of the
order of

naz

— )

where a, characterizes the radius of the screened
Coulomb field of the hydrogen atom, and the factor n™!
corresponds to the fact that in the case of total mixing
of the n states the time-averaged probability of the atom
being in any of them is equal to »™*. The “Stark width”
corresponding to the cross section (3) is equal to

Ost (")~

ev, (4)

I, (n)~ -:- vNma §~

where v~10° cm/sec is the velocity of the pp atom and
N=4x%10% c¢cm"3 is the density of the hydrogen atoms.

The annihilation width ' (»,1) of the atomic level of
the pp system with principal quantum number » and or-
bital angular momentum / can be estimated from the
formula

Fa(”v l) ="°,,P(": ”. (5)
where 0,~50 mb is the experimental annihilation cross
section, p(nr,I) is the average particle density in the an-

135 JETP lett Vol 21 No & March 5 19756

nihilation region p(n,l)=1¥ (0)1%, Let us find I" (n,1)
for the S and P levels, using the asymptotic form of the
wave functions at short distances. For the S level we
have

p(1,5) T,(1,5)

L(n s)oT(1,5) —-— ~ —— - 6
a o1, S) i ( )
For the P level we can write analogously
10
[‘a (n, p) = r,; 2, P).P.(n_'_}:L FH(Z, ﬂ_:lz_ _"_2_.__1’“_.___“.(2’ P).
p(2, P) 3 S nd
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Furthermore, I';(1,S) and I' (2, P) can be expressed in
terms of the annihilation widths T'¥(S) and T'Y(P) of the
quasinuclear S and P levels of the NN system in the
following manner:

p(1,5) a¥ |3 (8)
L,(1,8)=TN(5)— ~ V)L
and
(2,P) o )? )
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where p¥(l) is the mean value of the particle density in
the annihilation region for the quasinuclear bound state
of the NN system, a,; =57 F is the radius of the
Coulomb 18 orbit, af =1 F is the effective radius of the
quasinuclear S state, a,, =114 F and g ~1 F, are the
same quantities for the 2P-atomic and P-quasinuclear
states. The annihilation widths T'¥(S) and T¥(P) are of
the order of 100 MeV and 10 MeV, respectively. Thus,
we have for T';(#,S) and T (n, P)

5.10°3
nS

ev. (10)
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Relation (10) shows that for » >4 the annihilation
width T',(n, P) of the P state is much smaller than the
width Ty, (n) of the Stark mixing, namely, T',(n, P)/
Ty, (n) ~2/n%.

It is seen from the estimates (4) and (10) that the
effective width for the annihilation of a pp atom from
the S state is determined by the width T, (n), since
Tg,(n) < (1/n)T,(n,S) at n<30. Thus, the rate of annihi-
lation from the S state is equal to the rate of Stark
mixing:

L, (nS)=Tg ()~ 210 "ev. (11)
n
The rate of the annihilation of the pp atom from the P
state is proportional to the annihilation width I"a(n,P)
and to the statistical weight of the P state with the pro-
jection of the orbital angular momentum m =+1 (anti-~
protons with m =0 are absorbed via the S state as a re-
sult of Stark mixing). Assuming that antiprotons wita
given »n are distributed over the levels with different 7 in
proportioen to (21 +1), we have

-2

1
Pue (09 =2, T, £~ = V. (2)
n
For the sought ratio T, (n, P)/T,,(r,S) we obtain
Ro P (13)

Tory (a0, 5) ~ s
The determination of the range of values of » at which
the greater part of the antiproton is absorbed calls for
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complicated cascade calculations. Such calculations
were performed in'®! for K~ mesons. It turned out that
more than half of the K~ are absorbed at »>10, and only
less than 4% of the particles reach the level with n=4.
It is natural to assume that the antiprotons are also ab-
sorbed in the main from levels with » >4. We thus obtain
R <2% in the case of annihilation of antiprotons from
atomic levels.

The experimentally observed R =40% can therefore be
attributed to the fact that near the threshold there exists
a quasinuclear p state with large radius (a) *3—5 F).
This radius is responsible for the states with low binding
energy (~1 MeV). Assuming that af =4 F, we obtain in
analogy with (13) the following estimate of R

T,

R=_c¢

Fef £

The absorption from the P states then becomes predom-
inant at n<10 (R =1/2).

¢t (n,P) 5. 103
(n, S) nd

(14)

The radiative transitions decrease the value of R,
but for levels with » > 3 these transitions can be ne-
glected. The radiative width of the 2P level is equal to

T, (2P) =0.37-10-% eV

With increasing #, the radiative width T',(», P) de-
creases in proportion to n3. It should be noted that in

order for the Stark mixing to take place, the shift of
the atomic levels due to the strong interaction AE~T
should be much smaller than the distance between the
two outermost components of the level that is being
split. This distance is equal to 3Fn(n —1) ~3(e?/a2)n?.
For the S levels we have

_ AE 18
v= -3]"»!”—1_;5 ‘

Thus, y<1 already at n>2.

The authors are grateful to I.S. Shapiro for discus-
sions and remarks.
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