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An earlier study [1] of the annihilation of stopped D in a deuterium bubble
chamber has suggested that a bound state of n and p exists. A comparison of the
experimental results with the theoretically expected spectrum of the recoil-
nucleon momenta in the reaction

F+dap+X, (1)

where X 1s the bound pn state, was carried out in [2]. It was shown that, owing
to the relatively large annihilation level widths, the form of this spectrum,
and particularly the position and width of the maxima in it, are determined not
only by the conservation laws and by the masses of the bound states, but also

by their guantum numbers, and primarily by the orbital momenta. The maximum ob-
served in [1] corresponded to an appreciable contribution of the d-state of the
on system._ The maxima corresponding to the S~ and p-waves of the relative
motion of p and n, as noted in the analogous experiments at different energies
of the incoming p, since in this case they turn out to be in the observable re-
gion of the recoil-proton spectrum (150 MeV/c < ¢ < 800 MeV/c).

In this article we present the theoretically expected form of the momen-
tum spectrum of the recoil protons in reaction (1) for different p energies. An
analysis shows that a study of the spectra for different recoll-proton emission
angles makes 1t possible to determine experimentally the nonzero orbital momenta

of the bound states of p and n.

Just as in [2], we start out in the analysis of the reactions (1) from the
pickup mechanism, which is well known in nuclear physics. We note that the
choice of the concrete mechanism of the peripheral process 1s immaterial for
the conclusions presented below, although the form of the spectrum can change
in some way on going for example from pickup to the substitution reaction.

The differential cross section of reaction (1), corresponding to pickup,

can be written in the form (we assume that H = ¢ = 1):
i do . - 21 + 1 q%(q? + a?)? fff(q) FNZN‘(s)l" (2)
m dqdQ 2r (2 +a?-5s2-k2:T12m2/4

Here k and q are the momenta of ang of the recgll proton, dQ 1s the ele-
ment of solid angle in the direction of g, g =(k+3)/2, and I, k*/m, and T
are respectively the total angular momentum, the binding energy, and the annihi-
lation width of the considered state of the NN system, a?/m is the deuteron
binding energy, m is the mass of the nucleon, and F(a) are the Fourier compo-
nents of the radial wave functions

oo

Fla) = [’X{;(r),‘f(ar)rdr, (3)
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Fig. 1. Recoil-proton spectra
in the reaction (1) at 6 = 180°
for different momenta of the
incident antiproton: a) k = 200
MeV/c, b) k = 300 MeV/c. The
solid curve corresponds to the
%d; (1855 MeV) state of the pn
system and the dashed one to ‘p:
(1814 MeV).

d6/dgdQ, rel.un.

{
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(2 is the orbital momentum of relative motion of the particles).

As follows from (2), the course of the cross section do/dqdf at suffi-
ciently large level widths (I = 100 MeV) is determined, on the one hand, by the
behavior of the form factor FNN(S)’ and on the other hand by a monotonically

decreasing function of q, which 1s determined by the mechanism of the reactlon.
Since FNN(O) = 0 for £ # 0, it follows that in the backward spectra (8 = 180°)

the distributions with respect to the recoil-proton momenta will have minima at
q values equal to the momenta of the incident antiproton, if higher orbital mo-
menta take part in the pn annihilation.

In addition, Fﬁﬁ(s) has in the region ¢ > k a maximum at 5 = &/R (R is the

radius of the bound state). Taking into account the monotonic decrease with g
in (2), we can expect maxima to appear in the spectrum at the angle 6 = 180° in
the section k < g < 2&/R = k, and their position 1s determined by the orbital
momentum £ # 0.

Figure 1 shows the recoil-proton spectra at 6 = 180°, calculated from for-

mula (2). The deuteron form factor Fd was chosen in the Hulthen form. We used

for FNN(S) the form factors of the quasinuclear NN states considered in [3].

For the pn system (isospin I = 1) there was gredicted the existence of seven
bound states, three with positive G parity (°si, lpl, 331 - even pion decay
modes), and four with negative G parity (‘'so, ¥Ipo, 3p1, *pz). Since the posi-
tions of the maxima in the spectrum are independent of the bound-state masses
and are determined only by their orbital momenta, calculations were performed
for two states, 'p; (1814 MeV) and 3®d; (1855 MeV). Analogous spectra for the s
states are monotonically decreasing functions of the recoil momenta, and their
form depends 1little on the initial momentum of the antiprocton. We note that

the absolute normalization of the form factor FNN depends strongly on the be-

havior of the NN wave function at small distances, which is not known with suf-
ficient accuracy, and therefore we present in Fig. 1 only the forms of the spec-
tra (arbitrary ordinates). As seen from Fig. 1, the spectra for the p and d
states differ considerably in shape. The maxima corresponding to the p and d
waves are shifted relatively to one another by an amount on the order of 150 -
200 MeV/c, and this shift depends 1little on the initial momentum of the anti-
proton.

Figure 2 shows the recoil-proton spectra in reaction [1] at different
angles, for the p and 4 states.

532



Fig. 2. Recoil-proton spectra in
the reaction (1) at different
angles at an incident antiproton
momentum k = 200 MeV/e. The solid
Ind dashed curves represent the
contributions of the d- and p-
waves, respectively.

d6/dgd @, rel.un.

We see that the change of the relative momentum s of the nucleon and anti-
nucleon with changing emission angle of the recoll proton has little effect on
the form of the spectrum for the d-wave, for in this case we remain in the re-
gion where the form factor FNN(S) increases. For the p-wave, the corresponding

maximum vanishes with changing angle, for in this case the relative momentum
falls in the region s > 1/R, where the form factor FNN(S) decreases.

It follows thus from the analysis of Figs. 1 and 2 that a study of the re-
coil-proton spectra in reaction (1) at angles 90 < 6 < 180° and at different
incident-antiproton energies makes it possible to separate the contributions of
the bound-states in the pn system even if their widths are relatively large.

The foregoing calculations have shown that variation of the widths in a
wide range (50 MeV < T' < 150 MeV) does not change the qualitative form of the
spectrum. At sufficlently small widths (T = 10 MeV), the form of the spectrum
is strongly affected by reasonance relations.
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