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The hypothetical existence of 7 nuclei, including superlight ones (A =3), is discussed in the
light of the new data and the nuclear model with an optical potential. The quasifree
photoproduction of 7 mesons on light nuclei is used as the basis for constructing a systematic
model of 7-nucleus photoproduction in reactions y+A—N+ A’. The dependence of

the cross sections for such reactions on the main proposed properties of 7 nuclei is discussed,
along with the final-state interaction for incident y energies in the range from threshold

to 1 GeV. © 1999 American Institute of Physics. [S1063-7796(99)00206-5]

INTRODUCTION

In the symmetric three-quark model of hadrons, the two
orthogonal superpositions of the lowest quark—antiquark
states

1 - -
ng=$(uﬁ+dd—2ss),

771=%(u17+d3+s§), (1)

respectively pertaining to the octet and the singlet of pseu-
doscalar mesons, are degenerate states, and the wave func-
tions of the 7 and %' mesons are a coherent mixture of the
states (1):

n=1mngcos 6,— n;sind,,
7' = ngsin ,— 7, cos 6, )

with mixing angle 6,,. The approximate nature of the hadron
SU(3) symmetry is manifested in the different masses of the
observed mesons 7(547) and %'(958), and the absolute
value of 6, is determined from the Gell-Mann—Okubo mass
formula. Although the quark content of the 7 mesons is not
exhausted by the u, d, and s flavors, the contributions of
heavier quarks can be neglected in what follows. The 7 me-
son in which we are interested, with mass 547.45 MeV/c?
and lifetime 5.5X 10™sec (Ref. 1), differs from the well
studied 7% meson not only in mass, but also in isospin. It is
therefore interesting to make a comparative analysis of the
interaction of baryons with 7 mesons and 7 mesons in order
to test the main ideas of the theory of strong interactions, in
particular, the isospin conservation law. The low-energy
S-wave wN interaction is characterized by repulsion in the
state with isospin 1/2 and a small attraction in the state with
isospin 3/2, and the 7N scattering length is close to 0 and of
indefinite sign,” while the interaction of an 7 meson with a
nucleon at low energies is characterized by a sizable attrac-
tion. This formed the basis of the hypothesis that 7-meson—
nucleus bound states, called 7 nuclei, exist.>* The proof of
the existence of 7 nuclei is an important problem in
intermediate-energy physics, because this new piece of infor-
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mation about the nucleus will allow the most suitable nuclear
models to be chosen from among the existing ones. The
study of quasistationary nuclear states with excitation energy
~550MeV and their decays, like the study of hypernuclei,
opens up the possibility of successfully constructing a theory
of finite Fermi systems, while, on the other hand, it solves
the problem of the low-energy %N interaction, which has
been intensively studied by theoreticians but not definitively
solved, owing to the lack of experimental data.

The experiment, performed more than ten years ago at
Brookhaven, to look for % nuclei in the reaction

7T+A—>p+,,A' 3)

near threshold did not give any definite result.’ The observed
peak in the energy spectrum of protons from the reaction
1%0(#*,p) turned out to be lower than the predicted peak
from the reaction '°O(#™, p)1750 by a factor of three. With-
out going into the details of the experiment, we note that the
7-nucleus widths calculated in Ref. 3, on which the calcu-
lated heights of these peaks depend directly, have been sub-
ject to a considerable amount of criticism.%” Another experi-
ment on pion double charge exchange in the reaction

at+ 180 77 + 18Ne,

performed at Los Alamos, revealed a resonance structure of
the cross section for this reaction at an energy close to the
7-meson production threshold,® but the small statistics did
not permit the authors of that study to claim the discovery of
7 nuclei. Mention should also be made of the measurement
of the cross section for the reaction d+d— n+*He near
threshold. At first no special features were found in the en-
ergy dependence of this cross section,” but later (apparently,
under the influence of the results of experiments on the re-
actions p+d— n+°He and 7~ +3He— 9+ T: Refs. 10 and
11) the cross section was remeasured and an anomaly at
threshold was found in it, which was taken as indirect evi-
dence of the formation of a quasibound 7—*He state.!?

In the present study we discuss the problems associated
with the existence of 7 nuclei and their production initiated
by photons in the reaction

y+A—-N+ A’ 4)
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as one of the most promising reactions for discovering 7
nuclei. It may be advantageous to search for 7 nuclei in the
reaction (4) instead of (3), owing to the better background
conditions in working with photon beams as compared with
a-meson ones. Another advantage is the high predictability
of the yield of the reaction (4) compared with that of (3),
owing to the high uncertainty of the mechanism for the pion
interaction with nuclei at the energies in question.

In this review we first analyze the available experimental
and theoretical data on the interaction and production of 7
mesons, in order to confirm indirectly the possibility that
superlight 7 nuclei exist. The main properties of 7 nuclei,
such as their binding energy and lifetime, are studied as
functions of the nuclear density, the number of nucleons in
the nucleus, and the 7N scattering length. In Sec. 2 we study
7-meson photoproduction on nucleons and nuclei at near-
threshold energies of the incident photons. We construct a
model for 7 photoproduction on protons and neutrons which
reproduces the recent experimental data.!>!4 The amplitudes
of the elementary processes obtained in this model are used
for the theoretical study of meson photoproduction on
p-shell nuclei with nucleon emission. The calculated cross
sections for 7-meson photoproduction on nuclei are com-
pared with the results of calculations by other authors and
also with the available experimental data. In the last section
we give the theoretical justification for the model of
m-nucleus photoproduction with nucleon emission and calcu-
late the cross sections for producing 7 nuclei. The depen-
dence of the cross sections on the main properties and states
of the produced 7 nuclei and on the final-state interaction of
the emitted nucleons is studied.

1. 7 NUCLEI AND THEIR PROPERTIES

1.1. The optical model for the interaction of 7
mesons with nuclei

At the present time there are two basic approaches to
describing 7 nuclei. In one of them it is assumed that a slow
7 meson interacts with the nucleons of the nucleus exclu-
sively via the production and decay of the §,;(1535) isobar.
As a result of this interaction, an excited nuclear state of the
particle—hole type is formed, with the §,(1535) isobar play-
ing the role of the particle. The properties of this excited
state (its binding energy and lifetime) depend not only on the
properties of the §,;(1535) resonance, but also on its inter-
action with the nucleus.” In the other approach the interac-
tion of a slow meson with the nucleons of the nucleus is
assumed to be coherent and is described by an optical poten-
tial, as was done long ago in describing the pion—nucleus
interaction. An important component of this approach is the
amplitude of the low-energy 7N interaction, in particular, its
critical characteristic such as the 7N scattering length ay.

We shall use the concept of an optical potential to de-
scribe the meson—nucleus interaction. Neglecting two-
nucleon absorption of the 7 meson in the nucleus, the optical
potential at threshold (7,—0) can be written as®

2uU(r)=—4mp(r)(1+m,/my)-f(pN—nN),  (5)

V. A. Tryasuchev 607

with u=m M/(m,+M). Here M is the mass of the nuclear
core, p(r) is the spherically symmetric potential density, and
f(yN— 7N) is the amplitude of the elementary process,
with

f(np— np)=f(9n— nn) (6)

according to the isotopic invariance of the strong interac-
tions.

In contrast to 7N scattering, at very low meson energies
7N scattering can be treated as pure S-wave scattering, ow-
ing to the dominance in its cross section, beginning at thresh-
old, of the nucleon resonance §;,(1535), and therefore

lim f(pN— 7N)=aq. (M
qn—'o

To determine the complex 7-nuclear interaction potential we
use the free 7N scattering length (the formalism of the ef-
fective scattering length developed in Ref. 15 for 7 mesons
cannot be applied directly here).

The next approximation will be that of uniform density.
In (5), p(r) is taken in the form

3
—, I=<R
p(r)=4 47ro ®)
0, r>R
where
R=reA'? ©

is the radius of a nucleus containing A nucleons. This ap-
proximation is justified because we shall study only light
nuclei, and the potential in (5) does not contain any terms
depending on the gradient of the nuclear density.

Neglecting spin effects, the Schrodinger equation for the
7 nucleus will have the form

VZ
= E‘FU(Y)}%/(P):EM%/(I') (10)
with complex energy eigenvalue
1
E, = —s——iF) , (11)
2
ne

where ¢ and I are the binding energy and width of the level
with quantum numbers n and /. Using the expansion in
Legendre polynomials P (cos 6) to separate the wave func-
tion ¢, ,(r) into radial and angular parts,

un/(r)

@ Ar)= 2 - P (cos 6).

/=0
we obtain the usual differential equation for u, (r),

r2iig Ar) +2urX(E+ U(r) = £(£+ 1) Ju, Ar) =0,
(12

which for /=0 has an elementary solution, and for />0
has analytic solutions in the form of Riccati functions. As
usual, we obtain the energy-quantization condition by match-
ing the logarithmic derivatives of the wave functions ¢, A(r)
at the boundary where the potential acts.
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FIG. 1. Dependence of the binding energy £ and the level
width T of the 1s state of the ;60 nucleus on the radial
parameter r, of the optical potential, calculated with the
7N scattering length a,=(0.717+i0.263) F.
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1.2. The properties of » nuclei

In our model the properties of 7 nuclei will be deter-
mined by two basic parameters: the nN scattering length a
and the radius R (9) of the potential. The strongest depen-
dence will be that on the radial parameter ry [see Egs. (5)
and (8)]. The dependence of the binding energy and the
width of the 1s level of the 7% nucleus ;60 on the radial
parameter for fixed ag is shown in Fig. 1. On the basis of
general considerations about the strong-interaction range, it
can be assumed that

1.3F<r,<14F.

The resulting uncertainty in € and I' can be estimated
from Fig. 1. For R (9) we take the equivalent nuclear radii
Req, which are related to the corresponding rms radii as

5

RG=3(r%). (13)
For the nuclei that we shall consider here, the R, were taken
without change from the table of Ref. 16, except for the !'B
nucleus, for which we took ro=1.35 F (bearing in mind the
remark of that author about the probable error in that quan-
tity). Another important component of the potential U (5)
will be the 7N scattering length. As already mentioned, the
situation here is contradictory, and at present it is impossible
to give preference to any particular result. In Fig. 2 we show
the values of a, from most of the studies known to us'’~%
(see Ref. 22 for a more detailed review of these studies).

12 13 14 156 16 17

A quasibound state is possible in a complex potential
only for particular relations between its real and imaginary
parts. The calculated boundaries for the production of some
7 nuclei in the complex a plane are shown in Fig. 2. To the
right of these curves we have the values of a, which lead to
the bound, lowest-lying states of the corresponding 7-A
systems. We see that the hypothetical existence of 7 nuclei
heavier than 1,60 does not come into conflict with any of the
values of ag obtained in the cited studies.

In discussing the possibility of 7-nucleus production, the
authors of Ref. 4 put a lower limit on the number of nucle-
ons, A=12, on the basis of the values of a, that they ob-
tained. The corresponding curve in Fig. 2 gives a good illus-
tration of this. In addition, there are quite a few studies
whose results satisfy the conditions

|[Reay|>0.55F, |Imay|<04F

(Refs. 18-23), which allows 7 nuclei with fewer than 12
nucleons to exist (see Fig. 2). In extending the concept of an
optical potential to nuclei with A=3, we calculated the
boundary for producing ;I-Ie, taking into account the friabil-
ity of its nucleon core (R.q=2.45F; Ref. 16). As can be seen
from Fig. 2, some of the predicted values of a, remain to the
right of this curve, thereby leaving open the possibility that
superlight 7 nuclei exist up to ,D. This version is supported
by the results of studies of near-threshold 7-meson produc-
tion reactions: y+D— 7+D (Ref. 24), p+D— 7+3He (Ref.
10), 7~ +3He— 7+ T (Ref. 11), D4+D—7+*He (Ref. 12),
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FIG. 2. Boundaries of the production of quasibound states
for several 7 nuclei in the complex plane of the N scat-
-1 tering length. The figure shows the »N scattering lengths
obtained in the following studies: Ref. 17 (O), Ref. 18
(@), Ref. 19 (O), Ref. 20 (A), Ref. 21 (M), Ref. 22 v),
- Ref. 23 (#).
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and p+n— 7+D (Ref. 25). As mentioned above, the mea-
sured cross sections of these reactions turned out to be
anomalously large at the threshold or in its immediate vicin-
ity. Among the explanations of this fact there are some!®2 in
which it is assumed that the reaction p + D— #+>He occurs
via an S-wave resonance with mass

Mp=Msye+m,—7 MeV/c?

(7 MeV/c? below the threshold for m-meson production in
this reaction) and less certain width

'=5-25MeV.

It is natural to interpret this resonance as the 7 nucleus f,He
with binding energy and width

e~7TMeV, I'=~15MeV. (14)

If the 7-nuclear potential is constructed on the basis of the
7N scattering length from Ref. 21,

ap=(0.880+i0.274) F, (15)
then from our model we find
£=6.2MeV, I'=14.0MeV. (16)

We note that the value (15) for a, is not extreme compared
with the others (see Fig. 2) and agrees, within the cited er-
rors, with the results of other authors. Assuming that the
characteristics® of the S-wave resonance via which the pro-
cess p+D— 5+3He occurs and the properties (16) calcu-
lated for i,He do not coincide accidentally, of all the pre-
dicted scattering lengths preference can be given to the result
(15) of Ref. 21. The properties of some 77 nuclei obtained on
the basis of this value are given in Table I The binding
energy and widths are larger than those predicted in the ear-

liest studies®* for similar nuclei, but they are consistent with
the results of Ref. 7 obtained in an alternative model of n
nuclei with nonuniform density. In the same table we give
the properties of # nuclei with A <40 calculated with the nN
scattering length

ag=(0.717+0.263i) F 17

from Ref. 22. The binding energies of the corresponding 7
nuclei differ considerably in the variants given, but (and this
is particularly important) the widths of the studied quasi-
bound 7-meson—nucleus states, independently of the values
of ay used in the calculations and the number of nucleons in
the 7 nuclei, are all larger by about the same amount (see
Table I), and significantly larger than the widths predicted in

TABLE 1. Complex energy eigenvalues E =(&+iI'/2) MeV in the model
with a square-well potential.

Nucleus ao=(0.880+0.274i))F  a,=(0.717+0.263i) F

3He 1S 6.2+7.00i 2.30+5.50i
e 18 28.3+18.8i 17.5+16.85
2B 18 38.1+18.0i 27.5+16.75i
1P 17.4+124i 10.3+7.88i

7c 18 38.2+17.7i 28.0+16.65i
1P 18.4+13.0i 10.6+9.13

N 1S 40.7+17.9i 30.2+16.85i
1P 21.9+14.6i 13.1+11.86i

Jo 18 412+17.9i 30.6+16.82i
1P 22.8+14.9i 13.9+12.36i

PCa 18 51.4+19.4i 39.9+18.45i
1P 38.8+18.5i 27.9+17.20i

2s 152+16.6i 5.3+14.65
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FIG. 3. Total cross sections for the processes yp— np
(solid line) and yn— nn (dashed line), calculated in the
proposed model as a function of the photon energy. The
dotted line is the result of the fit to the cross section for the
process yp— np from Ref. 36 (solution A2). The experi-
mental data on the cross section for the process yp— 7p
are taken from Ref. 13.
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Refs. 3 and 4. Consequently, the levels in multilevel 7 nuclei
can overlap strongly, leading ultimately to a decrease of the
lifetime of these nuclei.

Thus, on the one hand, the recent theoretical studies per-
formed by the coupled-channel method to determine the 7N
scattering lengthszo—23 give values at which 7-meson—
nucleus bound systems with A<3 can exist up to ,D (see
Fig. 2). On the other hand, there have long been difficult-to-
explain data on the threshold production of 7 mesons on
few-nucleon systems independently of the type of incident
particle. If we assume that all these reactions proceed
through the formation and decay of the corresponding 7 nu-
clei (subthreshold resonances), then the behavior of their
cross sections at threshold can, in principle, be explained. As
yet there is no alternative to the existence of 7 nuclei with
the number of nucleons A> 16 (see Fig. 2).

The existence of superlight 77 nuclei has been suggested
earlier,'#1%27:28 but these suggestions turned out to be almost
fantastic. More recently, the existence of superlight 7 nuclei
has been justified in theoretical studies performed by the
Green-function technique.”~>! This approach eliminates the
problem of non-Hermiticity of the Hamiltonian with a com-
plex potential, existing in our treatment. It follows from the
present study and from the cited literature that the lifetimes
of light and intermediate 7 nuclei are several times smaller
than the values predicted in the pioneering studies of Refs. 3
and 4, and are sufficient only for them to be manifested as a
special type of nuclear threshold resonance, which makes
them rather difficult to detect.

To study the photoproduction of 7 nuclei it is necessary
to have information about 7-meson photoproduction on
nucleons and nuclei. This is the subject of the following
section.

075 080 085 090 095

2. PHOTOPRODUCTION OF 7 MESONS ON
NUCLEONS AND NUCLEI

2.1. Photoproduction of 7 mesons on nucleons
The photoproduction of 7 mesons on hydrogen nuclei,

y+p—n+p, (18)

has now been studied for three decades.’®** Recent
experiments“’35 have qualitatively confirmed the results of
the earlier measurements. The total cross section for the re-
action (18) grows rapidly beginning at threshold, reaching
the maximum value 15-17 ub at K;=800MeV, and then
falls, as after a resonance. No other pronounced resonances
are seen in the cross section for this process up to a photon
energy of 2200 MeV (see Ref. 36). The nearly isotropic me-
son angular distribution'? in the process (18) and the close-
ness of the mass of the §,;(1535)-resonance mass to its in-
variant threshold energy indicate that this resonance plays a
leading role also in 7-meson photoproduction on nucleons.
The multiparameter analysis of (18) in a wide range of en-
ergies using a large number of resonances which was per-
formed more than 20 years ago>® poorly reproduces the re-
sults of new precision measurements of the cross section for
this process near threshold'? (see Fig. 3) and cannot be used
directly. A more detailed analysis of this reaction near
threshold®”3® showed that it is sufficient to include only the
three resonance nucleon states

$11(1535), Py4(1440), D,3(1520) (19)

and the small contribution to the cross section from the Born
terms and graphs with vector-meson exchange.39'4° Without
going into the details of the threshold photoproduction of 7
mesons on nucleons, in that study the amplitude for the pro-
cess (18) was described by a purely isobaric model including
the three resonances (19), with the resonance multipole am-
plitudes parametrized as in Ref. 36 but with different param-
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TABLE II. Parameters for resonance multipoles in the amplitude of the
process yp— 7p. The quantities ¥* and y" are expressed in terms of the
product of partial widths of the corresponding resonances as in Ref. 36.

Resonance My, MeV T,MeV 5, MeV M, MeV T, /T T,/T

Sy 1537 160 2.05 . 05 04
Py 1440 350 2 0.25 = :
Di 1518 100 0.04 035 = .

eters. The parameter values giving a good description of the
Mainz cross-section measurements (see Fig. 3) are given in
Table II.

To describe 7-meson photoproduction on neutrons,

v+n—n+n, (20)

the resonance multipole amplitudes were expressed in terms
of the corresponding multipole amplitudes of the process
(18) as follows:

Si: EW=-0848EP),
Py: MP=-0722M%,
Dy3: EW=-0538EY, MP=—22M%, (1)

following the recommendations of Ref. 1. In Figs. 3 and 4
we show the cross sections for the process (20). They are

significantly smaller than those for (18) and agree with the

result
o(yn— nn)~0.700(yp— 7p), (22)

obtained in Refs. 14 and 40 by a combined analysis of the
experimental cross sections for the processes yp— 7p and
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7+D— n+X at photon energies near threshold. We note
that the predicted differential cross sections for the process
yn— 7n_are more anisotropic than those for yp— 7p (Fig.
4).

The model of #7-nucleus photoproduction is based on
knowledge about meson photoproduction on nuclei with the
knockout of a single nucleon. These reactions have not yet
been sufficiently studied either experimentally or theoreti-
cally, and therefore such reactions on p-shell nuclei must be
studied in detail.

2.2. The amplitude of the reaction A(y,7N)A’ on
p-shell nuclei

The study of exclusive (7y,7N) reactions is important,
both for explaining the mechanisms of meson photoproduc-
tion on nuclei and for studying the properties of the nuclei
themselves. The reaction of 7-meson photoproduction on a
nucleus A with emission of a nucleon N can be written as

¥(k. &) +A{(Q:)— n(q) +N(p)+ALQ)), (23)

where we use k={ko.k}, 9={q0.9}, p={po.p}. Q:
={Q0:,Q:}, and Q;={0¢;,Qy} to denote the four-momenta
of the corresponding particles, and \ is the photon polariza-
tion index. Using the technique of second quantization and
taking into account the antisymmetry of the wave functions
of the initial (A;) and final (A £-N) systems of nucleons, the
amplitude of the reaction (23) can be reduced to the form

)

A
> Df(x4)e’* Vg, g,
n=1 .

(fl T-ynli>= ‘/Z< lﬁf
(24)

|l"rT"‘lr"T"'l.""‘lI"Tlll'll!ll
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.
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d | / \ ] FIG. 4. Differential cross sections for the processes yp
/ \ —7p (solid line) and yn— yn (dashed line) at K,
U - / ~_ =789.9 MeV. The notation is the same as in Fig. 3. The
Sy, ] experimental data on the differential cross section for the
foga
b o 5 _ process yp— qp are taken from Ref. 13.
-
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Here |¥;) and |¥,) are the wave functions of the
nucleus A; consisting of A nucleons and the nucleus A con-
sisting of (A—1) nucleons. The operator f},=f,,-é‘)‘ is the
operator for 7-meson photoproduction on a nucleon of the
nucleus, which in the impulse approximation is equal to the
operator for photoproduction on a free nucleon and has the
form

r=[KS+K"r3+LSo+ L or3]},

where o and 7={7,,7,,73} are respectively the spin and
isospin operators of the nucleon, and s and v indicate the
isoscalar and isovector parts of the amplitude. P p(x,)
= @;—)(rA) Xa(54)xg(24) is the wave function of the emitted
nucleon, where x, is the set of variables {r4,s4,t,}. Isolat-
ing the last term in the amplitude from the sum over n, we
find

(fl Tyr/l iy= ‘/A_< ¥yl D} (xy)e’ R Vmag, g, Y} + A, (25)

A=JK<¢f

The first term in the amplitude (25) describes quasifree
meson photoproduction on nuclei, when the nucleon emitted
from the nucleus carries off all the momentum transferred in
the meson photoproduction. The residual nucleus A ; remains
a spectator,*! moving before and after the reaction with un-
changed momentum

Q=-p;, 27

and p; is the momentum of the nucleon in the nucleus before
the meson is produced on it. As long as |Qf|<250 MeV/c,
this part of the amplitude is much larger in magnitude than
|A| in (26). As |Qy| increases, the part of the amplitude
responsible for quasifree photoproduction decreases sharply,
and so the contribution to the cross section from the rest of
the amplitude A becomes important. Equation (26) can be
interpreted as the amplitude for coherent % photoproduction
on (A—1) nucleons of the nucleus, including the emitted
nucleon. This part of the amplitude has not yet been well
studied, but it is known that if | Q] falls in the range of the
most probable nucleon momentum distribution in the nucleus
[this relation is evident from (27)], then the quantity A in the
amplitude (25) can be neglected in calculating the cross
sections.*!~*3 Below, for the reactions (23) we shall study the
kinematical region in which 50 MeV/c<|Qf|<250 MeV/c,
taking A=0 in the amplitude (25).

If 7 mesons are produced on s-shell nucleons, then the
nucleus Ay in the reaction (23) remains in an excited state
with configuration

[(15)%  (1p)A~4),

corresponding to a ‘‘hole’” in the s shell. Such states are
treated in the nuclear shell model as having an excitation
quantum of at least 1% in the fermionic system, which is
unnecessarily complicated in the realization of the calcula-
tions of our amplitude (25). Using the shell model with in-
termediate coupling,***> which gives a good description of
the ground and low-lying excited states of p-shell nuclei in

¢/fi> . (26)

A-1
D, Df(xs)e*Vme, g,
m=1

V. A. Tryasuchev

terms of only the state of the nucleons in the outer shell, we
will thereby be neglecting meson photoproduction on the
nucleons of s-shell nuclei in reactions of the form (23).

Let us now consider the (7, 7p) reaction on the C
nucleus:

y(k.\)+12C(Q)— 7(q) +p(pp) +"B*(Q)). (28)

In the nuclear model under discussion, it is sufficient to take
the '2C wave function in the approximation where its spatial
part is most symmetric:

¥i(J; .M )=|(15)*(1p)%[44]L;=0,5;=0,T;=0), (29)

where J; is the nuclear spin with projection M;; L;, S;, and
T; are the total orbital, spin, and isospin momenta of the
nucleons in the p shell, and [44]=[f;] is the Young
scheme?® for the same nucleons. The amplitude of the reac-
tion (28) in the impulse approximation can now be written as
(the LS representation)

<f|T71]|i>= ‘/§

L.S.T.[fILs.S;. Ty

LZ,SZ,TZ,L} ,s},m,r

ald;- 8s,.57 01,1 01,1

1

1

X(LsL},S:SHJ M HFE(N) - Dy,,(Qp), (30)

where {...,...]|...) are the usual Clebsch—Gordan coeffi-
cients,
HEFO)=2 xp(0xa () DXd)xAD, B

and aEng are the one-particle fractional-parentage coeffi-
cients of the p-shell nucleus. For a selected configuration of
the form (29), the only nonzero fractional-parentage coeffi-
cient is

3 =
0[141/]2 =1
and D, m(Qy) is the overlap integral. In the plane-wave ap-

proximation for the wave function of the outgoing meson it
has the form

Bin( Q)= [ 4ral (e, ), (32)

where ¢;,,(r) is the spatial part of the nucleon wave function
in the p shell of the *C nucleus, and (I)l(,_)(r) is the wave
function of the emitted nucleon interacting with the nucleus.
For proton kinetic energy 7,>60MeV the interaction with
the nucleus can be estimated fairly accurately by means of
simple models, in particular, by taking the wave function
@) of an intranuclear nucleon in the form

1
@;;)(r)=exp E(—iVR+ V,)d(r) CXp(ipfr), (33)

which is the solution of the Schrodinger equation with ho-
mogeneous optical potential V(r)=Vy+iV;. Here B is the
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velocity and d(r) is the length of the proton trajectory in the
nucleus. Following Ref. 47, we have assumed that it is clas-
sical, i.e., parallel to the momentum P;. To the extent that
the wave function (33) is suitable only for calculations with
uniform nuclear density, we have factorized the quantity

Dy, given by (32), using the mean-value theorem, as
5 1m =f D Im>

3 1
f(VR,V1)=fd3xm;exp[—ﬁ-(—iVR+ Vl)d(X)}

=(22°) 7' [6(1+z)e "+ (322 —3y2
—6y—6)e Y +y(3z2—y?)],

_on|iVR= Y _ _1,3[1'VR—VIJ
F4 ZR[ 3 } y=RA | (34)

In calculating this integral we have used the fact that a
nucleon emitted from the outer layer of the nucleus of thick-
ness RA~!? facing the emission direction must not undergo
any interaction. The remaining integral

Dlm(Qf) = f ei(k—q—p)rqplm(r)dSr

is the overlap integral in the plane-wave approximation for
the emitted nucleon and meson. By using oscillator single-
particle nuclear functions ¢,,,(r), as was done in the calcu-
lations, this integral can be expressed in terms of elementary
functions. As a result, the effect of the interaction between
the proton and the residual nucleus in our case for the reac-
tion (23) will be expressed as a factor |f]? in front of the
differential cross section calculated in the plane-wave ap-
proximation. The values of the real and imaginary parts of
the nucleon—nucleus optical potential V(x) were taken from
Ref. 41 (set 3). It should be noted that the solution (33)
adequately reflects the interaction of the nucleons with the
nucleus only for nucleon energies above 60 MeV (Ref. 47).
At energies below 40 MeV, the energy of the giant reso-
nance, the effect of the nucleon—nucleus interaction becomes
strongly dependent on the state of the residual nucleus and
cannot be taken into account in simple models.

So far, nothing has been said about the states in which
the nuclei can be found after nucleon emission from the p
shell. In the nuclear model under consideration it is possible
to take into account the ground and low-lying excited states
of normal parity. For example, for the reaction (28) these
may be the following three states:

(i) the ground state with excitation energy =0,

UBJP=(312)", T= 112); (35)
(ii) the first and second excited states

UB*(JP=(112)", T=112), (35a)
UB*(J=(312)~, T=1/2), (35b)

with excitation energies £ =2.12MeV and £ =5.02MeV, re-
spectively. We shall now discuss the cross sections for me-
son photoproduction on nuclei with nucleon knockout.
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2.3. The cross sections for A(y,N)A reactions

Let us consider the reaction (28) with the residual
nucleus in the ground state (35):

y+1C—n+p+!B,,. (36)

The differential cross section for this reaction, averaged
over the photon polarizations and summed over the polariza-
tions of the final particles, will have the form

d? 64
d—n,,dg,,dqf?"s? (KPQ)P+ILPO) B F Q)L
(36a)

where K?=K°+K" and L”?=L*+L"; the quantity F(Qy) is
the response function, apart from a constant. In our case it is

F(Qp)="ry(Qro)* exp(— Q2r3), 37)

where Q;=k—q—py, ry is the oscillator parameter, which
for 12C was taken to be 1.67 F,

IquOP%POfQOf
IpA Qos— pos(|k—g|cos 6— Ipl)

is the kinematical factor for the distribution
d*aldQ 24€,dqq, and @ is the angle between the momenta
k—q and p;. The calculated differential cross section (36a)
is shown in Fig. 5 along with the results of the calculation of
the same cross sections from Refs. 48 and 49. The shape and
value of the calculated distribution are in good agreement
with the results of Ref. 49. As in that study, our impulse
approximation has also been ‘‘relativized,”” owing to the use
of the one-nucleon photoproduction operator * in a form
allowing the full inclusion of the intranuclear motion of the
nucleons while preserving the gauge invariance of the
nuclear photoproduction amplitude as a whole.”® The calcu-
lated effect of the interaction of the emitted proton with the
residual nucleus is close to that which the authors of Ref. 49
obtain for the same reaction.

Substituting J,=1/2 and T;=1/2 into the amplitude
(29), we obtain the differential cross section for the (v.mp)
reaction on '2C with excitation of the first level (35a) in the
1B nucleus:

K3=(2m)> (38)

do _32 2 " , , i
a0,40,dg, 9 K32 (KO +HILPMBF(QpLA™
(39)

It is not always possible to isolate the residual nucleus of a
reaction of the type (23) according to the excitation energies,
because the measured particle distributions in (y, 7N) reac-
tions are sums from reactions with different states of the final
nuclei. The differential cross section for the reaction (28)
with the residual nucleus in all possible bound states can be
written as

2,3 (KPP

aQ,dQ,dq, 3% ( Q)lf

64 32
|5 U+ + S (1+8), (40)
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FIG. 5. Differential cross section for the reaction
12C(y, 7p) "By, for photon energy Ko="750 MeV and me-
\ 4 son and proton emission angles 6,,=20° and 6,=15° in a

single plane as a function of the 7-meson energy in the lab
frame. The solid lines are the result obtained in the present
study. The dot—dash and dotted lines are the results for the
calculated cross section from Refs. 48 and 49, respectively.

1 1
=5 > S Fsm 4 e

where S,(0) and S,(e) are the spectroscopic factors of
nucleons® of the ground and excited states of the g
nucleus with quantum numbers J?T=(3/2)"1/2, and S (&)
is the same for states of !'B with JPT=(1/2)"1/2. The val-
ues of a and B for the reaction (28) can be taken from Ref.
45:

_o756_
*=5

B=0.

Equation (40) can be used at photon energies somewhat
above threshold, so that the mass (excitation energy) of the
residual nucleus does not strongly affect the value of the
cross section. Otherwise, the cross sections for reactions with
different excitation levels of the final nucleus would have to
be calculated separately with different kinematical factors
K;.

The nucleus with a filled 1p shell, 160, has a wave func-
tion similar to that in (29) for the 12C nucleus with one-
particle fractional-parentage coefficients equal to unity.
Therefore, the differential cross section for the reaction

y+1%0— 7+p+" Ny (41)
is calculated by using the algorithm for calculating the cross
sections for the reaction (28). As a result, we obtain

do

——-————E 2 2 A 2
a0, 40,dq, 3 Ks; (1KP) P+ PV F(Qp) - A1

(41a)

The oscillator parameter ry for 160 was taken to be 1.80 F.
The result of the calculation is shown in Fig. 6 along with the
calculated results for the same cross section from Ref. 49. It
is interesting that the cross section for the reaction (41) turns
out to be smaller than that for the reaction (36) and that for
the (7, p) reaction on '°0:

7+ 160 7+ p+ISN*((312)",172), “2)

with excitation of the level of energy é=6.3MeV in the
residual nucleus °N. It can be written as

d’ 32
ﬁﬁéﬁ%:?mg“”“WHUQWWwﬂm?

(42a)

There is no information available about other excited states
of the >N nucleus with the quantum numbers of the ground
state. As a result, the cross sections for the (y, 7p) reaction
on !2C and %0 will be roughly the same, despite the consid-
erable difference in the numbers of nucleons in the 1p shells
of these nuclei.

In its region of applicability (T,>60MeV), the simple
model of the nucleon—nucleus interaction that we have used
leads only to a decrease of the cross section for reactions like
(23), both in the absence of a real part of the optical potential
and when it is present (see Fig. 6). If as the criterion we take
the effect of the interaction of the emitted proton with the
I5N nucleus obtained in Ref. 49, then it is preferable in our
simple model to choose the nucleon—nucleus potential to be
purely imaginary (see Fig. 6). Therefore, in what follows, if
not stated otherwise, we shall take Vg=0 in Eq. (34) for f.
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FIG. 6. Differential cross section for the reaction
160( , np) lsNg.s. for photon energy Ky=750 MeV and me-
son and proton emission angles 8,=30° and 6,=30° in a
single plane as a function of the %»-meson energy in the lab
frame. Curves 1 were calculated in the present study, ne-
glecting the final-state interaction (dashed line) and includ-
ing the proton interaction in the final state, with (dot—dash
line) and without (solid line) the real part of the optical
potential. Curves 2 are the same cross section calculated in
Ref. 49 with (solid line) and without (dashed line) the pro-
ton interaction in the final state.

If the simple shell model with a harmonic-oscillator po-
tential is used to describe the nucleus “He with a closed 1s
shell, for the cross section of the reaction

y+He— p+p+T (43)

we easily obtain an expression which in the notation of (37)
and (38) can be written as

A i . FQ)
dQ”dequ_SIQ; (KPP +L P =7 1P

(43a)

with oscillator parameter r,=1.38 F for “He. The transla-
tional noninvariance of the oscillator wave functions used for
the nuclei was taken into account in these calculations by
replacing the oscillator parameter r, by

=2

, A
r0=r0A_1

(44)

for each of the reactions discussed.

The expressions for the cross sections of (y,nn) reac-
tions on the nuclei in question are the same as the expres-
sions for the cross sections of (7, 7p) reactions. Among the
various distributions of products of the reactions (23) we
shall use the distribution d3>a/dQ 24Q,dT,, for which we
easily obtain the corresponding kinematical factor

q2|Pf|P0fQ0fqo
|4l Qos— qo(|k—pflcos &—|q])

Ky=(2m)7?

where 0 is the angle between the momenta k— py and q.
The prescription given in Ref. 48 was also used to esti-

mate the cross sections for inclusive 7-meson photoproduc-

tion on '2C and 'O nuclei. The total cross section for the

reaction 2C(y, )X calculated in the plane-wave approxima-
tion is compared with the experimental one'* from threshold
to Ko=790MeV in Fig. 7. The insignificant excess of the
calculated value over the experimental one at K>700 MeV
leaves only 20-25% for the effect of the final-state interac-
tion, which lowers the cross section. The twofold excess of
the distribution d%o/d() 7490 that we have calculated at K
=T720MeV and 6,=10° over the result of the analogous
calculation from Ref. 51 can be partially explained by the
fact that these calculations include 7-meson production via
the §,,(1535) isobar and its interaction with the nucleus.
Finally, the result of our calculation of the cross section
d*oldQ 4440 for the reaction 10(y, 7)X at K,=800MeV
and ¢,=25° is almost 3 times higher than the corresponding
result of Ref. 52. This discrepancy cannot be eliminated even
by choosing a more suitable cross section for 7-meson pho-
toproduction on the neutron than the one used in Ref. 52.

3. PHOTOPRODUCTION OF LIGHT 2 NUCLEI
3.1. The model of photoproduction of » nuclei

It is possible for 7 nuclei to appear in various nuclear
reactions occurring with 7-meson production, when the latter
is “‘attached”’ to the nuclear reaction products as a result of
the attractive interaction. That is, the photoproduction of 7
nuclei can occur according to the scheme

ytA—-np+A'+..— AT+,

where A’ is a nuclear fragment having small velocity relative
to the 7 meson. The simplest reaction to study theoretically
is that of 7 photoproduction on a nucleus with the production
of only two nuclear fragments, in particular, when one of
them is simply a nucleon:
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FIG. 7. Dependence of the total cross section for the reac-
tion '2C(y, 7)X on the incident vy energy. The experimental
data are taken from Ref. 14.
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The first studies to estimate the probability of 7-nucleus
production in the reaction (4) (Refs. 53 and 54) raised a
number of questions related to the inadequate justification of
the results of the calculation. At the present time, when 7
nuclei are becoming more real than hypothetical, it has be-
come necessary to justify the models for their photoproduc-
tion in the reaction (4) in more detail. The 7-nucleus produc-
tion mechanism is shown by the graph in Fig. 8. According
to the theory of scattering on two potentials,55 the amplitude
for the reaction (4) can be written as the sum of two ampli-
tudes, one with the photoproduction potential and the other
with the potential for meson—nucleus scattering. Since in
photoproduction the ‘‘species’” of particle changes, of the
two amplitudes describing the scattering on two potentials,
only one remains in photoproduction: that for meson photo-
production on the nucleus, in which the wave function of the
emitted meson is replaced by that of the 7 meson interacting
with the nucleus A, (Ref. 55). Furthermore, the formation of
the 7-meson—nucleus quasiequilibrium state occurs over a
finite time, the knocked-out nucleons are fast [eliminating

0.75 0.80 0385 0.90

the threshold for the reaction (4)], and the nucleon final-state
interaction can be treated as for ordinary nuclei.

Thus, the mechanism for 7-nucleus photoproduction in
reactions like (4) is taken to be quasifree photoproduction of
7 mesons on the corresponding nuclei. The approximations
associated with this mechanism will be discussed in the fol-
lowing section.

3.2. Photoproduction of superlight 7 nuclei

Following the above discussion, we assume that super-
light 7 nuclei can exist and study 37He and ,T photoproduc-
tion in the reactions

y+*He—p+ 7T, (45)
y+*He—n+ 37He. (46)

According to the isotopic invariance of the strong inter-
actions, the z7p and 7n scattering lengths must be equal. If
we do not make any distinction between the radii of the #
nuclei *He and T, then their wave functions will be identical.
To find the wave functions of the 7 meson in the nucleus we

_——

FIG. 8. Schematic diagram of the mechanism for photoproduc-
tion of 7 nuclei in the reaction y+A—N+ A",
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FIG. 9. Dependence of the total cross section for the reac-
tions *He(,p),T (curves 1) and “He( y,n)}He (curves 2)
on the incident <y energy, with (solid lines) and without
(dashed lines) the final-state interaction of the nucleons.
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use the 7N scattering lengths from recent theoretical
studies.?>” The values of a, in these studies are not essen-
tially different, and therefore in the calculations we shall use
only the single value (17) from Ref. 22. Choosing the radii of
superlight 7 nuclei to be R,,=2.45F, which corresponds to
the rms radius (r?)"?=19F, we obtain a bound state with
energy eigenvalue

E=(2.30+i5.50) MeV.

In the simple nuclear shell model, the amplitude of the reac-
tion (45) will have the form

(AT pali)=(— 1)“**’“2 X2(S)P(S)xe(S)- Goo(Qp),
(47)

Goo(Qp)=f(Vg.VD)- f d*re’Yrpu(r) 3 (r), (48)

where Q;=k—p; is the momentum transferred to the 7
nucleus; @go=Roy(7/ro)No/\J4w is the spatial part of the
nucleon wave function in *He in the oscillator shell model
with normalization factor Ny; goi,’(r) is the normalized wave
function of the relative motion of the 7 meson and the
nuclear core; and f is a factor taking into account the final-
state interaction of the proton with the nucleus in the form
(34) with Vg=0. The quantity Gy, can be written as

16a7 " 3 -r2/2r2 ls
Go(Qp=f- ——nf dr-rsin(Qyr)e 0g,’(r)
ero 0

_ 167
=f- \/Ezf;glos(Qf)- (49)

The differential cross section for the reaction (45), aver-
aged over the photon polarizations and summed over the
polarizations of the emitted proton, will have the form

do 16\m

@, = gi Ko (KPP 10
AAVPR, (0

where the kinematical factor K, in the lab frame is given by

P2posQos
[P/ (ko+Qo;) — koposcos 6,

Ky=(2m)~? (51)

We also obtain an expression similar to (50) for the cross
section of the reaction (46), in which instead of the ampli-
tude for meson photoproduction on the proton we have the
amplitude for photoproduction on the neutron.

In Fig. 9 we show the results of the calculations of the
total cross sections for the reactions (45) and (46), with and
without the nucleon final-state interaction as a function of the
incident <y energy. The cross sections for the two reactions
reach their largest value at a photon energy K,=770MeV.
The manifestation of the S;;(1535) resonance in the nuclear
cross sections is smoothed compared with the cross sections
for the corresponding elementary processes, owing to the
inclusion of the Fermi motion of the intranuclear nucleons
according to the spectator model.*! The final-state interaction
of the protons and neutrons (for which the same nucleon—
nucleus potential was used) leads to an insignificant decrease
of the reaction cross sections (Fig. 9). Owing to the differ-
ence of the cross sections for 7-meson photoproduction on
protons and neutrons, the cross section for the reaction (45)
is expected to be larger than that for (46) at the v energies in
question. The calculated widths of the % nuclei 3”He and ,T
(=~10MeV) turned out to be the same as those first predicted
in Refs. 3 and 4, but for % nuclei heavier than 1760. Given
this sizable lifetime of superlight 7 nuclei, one can expect to
find them in the reactions (45) and (46) on the basis of the
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FIG. 10. Differential cross section of the reaction
“He(y, 7p)T for photon energy Ko="760MeV and proton
emission angle 6,=10° as a function of the proton energy
in the lab frame The solid lines (dashed lines) show the
result of the calculations with (without) the proton interac-
tion in the final state. The peak shows the differential cross
section of the reaction “He(y,p) T for the given kinemati-
cal conditions, smeared over the width of the 7-nucleus
level according to a normal distribution. The inset shows
the dependence of the differential cross section for the re-
action “He( ¥.P),T on the proton emission angle at photon
energy K,="760 MeV

peak in the spectrum of emitted nucleons from inclusive
“He(y,N) reactions. The differential cross sections for the
reactions

y+*He—p+n+T, (52)
y+ ‘He—n+ n+ 3He, (53)

of photoproduction of slow but unbound 7 mesons will vary
most strongly with the nucleon energy (at fixed photon en-
ergy). It is therefore important to know the angular and en-
ergy distributions of the particles in such reactions. Let us
discuss the reaction (45) in more detail as a candidate for
finding light 7 nuclei.

The differential cross section for the reaction (45) calcu-
lated for y energy Ko=760MeV is shown as a function of
the proton emission angle in the inset of Fig. 10. The depen-
dence of the doubly differential cross section for the reaction
(52) on the energy of the ejected proton for emission angle
6,=10° and the same photon energy is shown. The differ-
entlal cross section for the reaction (45) is taken at proton
emission angle 6,=10° in the lab frame and smeared over
the width of the level of the 7 nucleus ,T according to a
normal distribution, which is also shown.

The results of the calculation inspire hope. The esti-
mated signal-to-background ratio depends on the proton
emission angle and for ,=5°, 10°, and 15° is respectively
3.7/1, 2.9/1, and 2/1 (Fig. 10). More refined calculations may
change this ratio in one direction or the other, but not dras-
tically. The width of the gap between the quasielastic peak of
ejected protons in the reaction (52) and the peak correspond-
ing to protons from the reaction (45) is determined by the
binding energy and width of the level of the 1; nucleus ,T
(see Fig. 10). The uniqueness of the 7 nuclei 7He and T
should be noted. It is they (and perhaps ,D) which can have
such small level widths and binding energies, owing to their
small density. The next heaviest 7 nucleus ‘;He will have
energy eigenvalue

E=(17.5+i16.9) MeV,

for the 7N scattering length (17), decreasmg the signal-to-
background ratio in the corresponding ,7He photoproductlon
reaction by more than a factor of three in relation to ,,He
production.

The identification of 7 nuclei in the reaction (45) re-
quires tagged photons of high intensity with energy resolu-
tion of at least 2—3 MeV. Since the reaction (45) is a two-
particle reaction, there is a strong connection between the
energy and angle of the emitted nucleon, and so if a peak is
observed in the expected place in the spectrum of nucleons
from the inclusive photoreaction

y+*He—p+---, (54)

this would indicate the production of 7 nuclei in the reaction
(45). The height and width of the peak are proportional to the
cross section for the reaction (45) [if neutrons are recorded,
then to the cross section for the reaction (46)], and the width
is proportional to the width of the 7-nucleus level.

The calculations of the inclusive cross section for the
reaction (54) at K,~800MeV, like those of the absolute
background for the reaction (45), are complicated. We only
note that the inclusive cross section will be the sum of the
cross sections for two-, three-, and four-particle photodisin-
tegration of the “He nucleus, the cross sections for single and
double pion photoproduction, and, finally, the cross sections
for the studied reaction (52).

3.3. Photoproduction of 7 nuclei in 1s states

In contrast to the photoproduction of superlight 7 nuclei
with number of nucleons A<4, % nuclei with A>6 can be
produced not only in the 1s state (see Table I). In addition,
for nuclei with A>6 it is necessary to take into account the
low-lying excited states of the nucleon cores themselves, the
excitation of which (if their widths are less than 1 MeV) will
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FIG. 11. Dependence of the total cross section for the re-
action "2C(y,p)}Bg. on the incident y energy, neglecting
the final-state interaction (dashed line) and including it,
both with the full nuclear optical potential (dotted line) and
without the real part (solid line). The proton interaction
near the reaction threshold in the two cases was taken into
account according to the results of Ref. 56, using the
method suggested in Ref. 57.
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be assumed to have no effect on the production and existence
of 7 nuclei. In this connection it should be noted that
nucleon knockout from the s shells of nuclei with A>S leads
to highly excited nuclear states of the particle—hole type,
whose lifetimes are of the same order as those of 7 nuclei.
The properties of 7 nuclei with nucleon cores in highly ex-
cited states will also be determined by the instability of the
nucleon core, and therefore they require special study be-
yond what we undertake here. We shall consider the reaction
(4) on 2C and '%0 nuclei leading to the production of 7
nuclei in the 1s state.

Using the approximations that we have discussed, we
write down the amplitude of the reaction (4) on p-shell nu-
clei (4<A<16) by analogy with the amplitude for 7-meson
photoproduction on nuclei with nucleon knockout [see Egs.
(24)-(26)]:

1Ty =VA— (] o%15(x)) - -/ EPANIE(S 1))
- &\ ¢;)
A—4
— - _ E—Jetm
12 ,,,2,5( D
X{(1m,3&[J;— M YHEP(N)GY,(Q)), (55)

where

lm(Qf) =f- fdsrle'erlfle(l'l)‘P *(ry)

8 12
”[“‘H | 7

IOp(Qf) fdrlrl[SIH(erl) erlcos(erl)]¢*1s

X (ry)e "%, (58)

and (pl,’ is the 7-meson wave function in the nucleus.
The differential cross sections for the reactions
y+2Cop+n"Eg(15), (59)
y+1%0—p+ 7Ny (15), (60)

when the nucleon cores of the produced 7 nuclei ;IB and ;SN
are in the ground state, can be written as

:gp—Kzﬂ—sz KPP+ L2 O0P)- Loy () PIAA
(61)
where for the reaction (59)
z=128/9,
and for (60)
z=32/3.

Since the expressions for the cross sections of the reac-
tions (59) and (60) differ only by a constant, it is sufficient to
study only one of them. In Fig. 11 we show the total cross
section for I,IIB( 1s) production in the reaction (59) as a func-
tion of the photon energy, with and without the final-state
interaction. The thresholds of the reactions (4) are deter-
mined by the mass of the produced 7 nuclei. The calculated
threshold of the reaction (59) is nearly 60 MeV lower than
the thresholds of (45) and (46); accordingly, its cross section
reaches a maximum at Ky~670MeV. In order to estimate
how the results of our calculations depend on the parameters
of the model for the # nucleus, in Fig. 12 we show the
dependence of the total cross section for the reaction (59) on
the radius of the 7-nucleus optical potential. For the extreme:
values ro=1.2F and ry=1.5F the deviation from the above
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b ] =R A" of the 7 nucleus at the 7y energy K,
u =700 MeV. The arrow indicates the value of r; used in
- — these calculations.
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result is +9% and —17%, respectively. Another important
parameter of the model is the 7N scattering length. In Fig.
13 we show the total cross section for the reaction (60) as a
function of the photon energy for various depths of the
n-nucleus square-well potential (5), obtained by using differ-

ent values of ay (Refs. 21-23). An insignificant change of
the cross section is observed only in the near-threshold re-
gion of 7y energies.

To demonstrate the possible effect of the final-state in-
teraction near threshold, we considered a model which de-

i 1 3

| HE TN T S N N SN N N B JN T N AN |

FIG. 13. Dependence of the total cross section for the re-
action '0(,p);’Ng(15) on the incident y energy for the
following values of the 7N scattering length in the
n-nucleus potential (5): a;=(0.880+i0.274) F (Ref. 21;
dashed line); aq=(0.717+i0.263) F (Ref. 22; solid line);
ay=(0.751+i0.274) F (Ref. 23; dot—dash line).
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- FIG. 14. Proton angular distribution for the reaction
2C(7,p)} By, in the lab frame at various incident 7y ener-
gies: K;=600MeV (curve 1); Ko=700MeV (curve 2);
Ky=800MeV (curve 3). The nuclear optical potential
E without the real part was used to include the final-state

interaction.
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32

scribes the nucleon interaction at 7,<40MeV where, as is
well known, nucleons interact with nuclei via the giant di-
pole resonance. Using the results of Ref. 56, we recon-
structed the effect of this interaction for the reaction (59)
according to the method of Ref. 57 up to the emitted-y en-
ergy Ko=580MeV (Fig. 11). We note that this result should
be viewed as qualitative, namely, as what can be expected
from the final-state interaction at threshold for reactions like
(4). Beginning at proton energies 7,>50MeV, the inclusion
of the final-state interaction for the reaction (59) leads only
to a decrease of its cross section. The inclusion of the full
nuclear optical potential in this model leads to a larger sup-
pression of the cross section than the inclusion of only the

40

imaginary part up to the emitted-proton energy 300 MeV. At
higher nucleon energies the real part of the optical potential
can be neglected (see Fig. 11). The angular distribution of
protons from the reaction (59) is shown in Fig. 14. It has a
typical forward directionality. As the energy of the incident
photon increases, a maximum appears in the angular distri-
bution at 6,~12°. It does not occur in the angular distribu-
tions of the reactions (45) and (46), and its location is stable
with respect to variations of the photon energy in this range
(Fig. 14).
The differential cross section for the reaction

y+2C—p+) B*(1s), (62)

4_'l|"'-|'7"lf"'l' T
I _ g
s 15 N ]
= // \\ N ]
21 3
v [ ]
1} :
0:

FIG. 15. Total cross sections for the reactions y+'2C—p
+1'B*(1s) and y+ "*C—p+}'B*(1p) as functions of the
incident vy energy, calculated with (solid lines) and without
(dashed lines) the final-state interaction.
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FIG. 16. The same as in Fig. 15, for the target nucleus '°0.
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where the # nucleus is formed with a nucleon core in the
ground state (35) or in an excited state (35a) or (35b), can be
written as

N

Kn—E KPP+ 1PN - 1o (P12,
(63)

do

aa,

with
z=(192+128 a)/9.
Similarly, the differential cross section of the reaction

'y+160—>p+:75N*(1s), (64)

when the nucleon core ;SN remains in the ground state or the
first excited state, reduces to Eq. (63) with

z=32.

The total cross sections of the reactions (62) and (64) are
shown in Figs. 15 and 16 as functions of the incident vy
energy. The cross sections for these reactions are two to
three times larger than the corresponding cross sections for
the reactions (59) and (60), in which the nuclear cores re-
main only in the ground state. Neither the proton energy nor
the angular distribution, which has the form shown in Fig.
14, appears to allow the isolation of photoproduction of #
nuclei with different excited states of the nucleon core, and
therefore we shall consider all such reactions together. We
note that the energy distribution of protons from the reac-
tions (62) and (64) will be smeared not only over the large
widths of the produced 7 nuclei LIB(ls) and ;SN(ls), but
also over the excitation energies of their nucleon cores.
Therefore, the method of detecting 7 nuclei by isolating
peaks in the proton (neutron) energy spectrum of the reaction
(4) with nuclei heavier than “He will be less effective than in
the reactions (45) and (46). In connection with this it is in-

teresting to detect 7 nuclei from their correlated decay prod-
ucts (see Ref. 58) together with “‘fast’’ nucleons from the
reaction (4).

3.4. Photoproduction of 7 nuclei in the 1p state

An 7 nucleus with more than six nucleons can be pro-
duced in the capture of an 7 meson into the 1s or 1p orbit
(Table I). The photoproduction of # nuclei in the 1p state
will differ from ,A(1s) production in reactions like (4), and
it therefore requires special study. In order to reduce the
awkward angular-momentum algebra to a minimum, we
shall study reactions of the form

y+A—N+,A"(1p) (65)

on nuclei with quantum numbers equal to zero, such as '2C
and '%0. We write the amplitudes of these reactions by anal-
ogy with those of (7, 7N) reactions on the same nuclei [see

Eq. (30)]:

(fITRliy= 2 (= DE™(1—m,1v|lv—m)

X(Iv=m, 12— E[J;M)HEI(N)G Q).  (66)

In the angular-momentum representation G2, is
% N

G},’,’,(Qf)=4qu,N,,N§=:0 nzx (I)YN(Gy)

x fn, [ rorri@riman,

20\r
2 i )r2d
r

x j:jx(er)re'z’z (67)
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Using the standard algebra of the spherical harmonics,
G1Z, can be brought to the form

iy 247 2
Gim(Qp)=N\N,| 1,o(Qf)— TYm+v(r)

X{1m,1v|2m+ V)Ilz(Qf)]. (68)

In addition to that used earlier, in (67) we have intro-
duced some new notation. We use the dimensional quantity

Iin(Qp) = f:jx(er)e””'%ul(r)rzd, (69)

where jx(z) is the spherical Bessel function, and u (r) is the
solution of Eq. (12) and is the radial part of the radial wave
function of the 7 nucleus in the 1p state,

ulr)

7 r

@ (r)=N -Yi(r), (70)
normalized to unity by the normalization factor N, . Let us
consider the production of 1p 7 nuclei with nucleon cores in

all possible excited states:

y+12C—p+1'B*(1p), (71)

] FIG. 17. Angular distribution of protons from the
reaction '%0(y,p) ‘WSN*( 1p) in the lab frame for the
photon energies K,=600MeV (curve 1), K,
=700 MeV (curve 2), and K,=800 MeV (curve 3),
calculated with allowance for the final-state interac-
tion.

40

y+1%0—p+N*(1p). (72)
This makes it possible to use the completeness of the spin
states for calculating the squared moduli of their amplitudes
(66). Using rather awkward angular-momentum algebra, the
differential cross sections for the reactions (71) and (72) can
be written as a single expression:

do IN,|?
= K =3 (KPP st

+[v2(9 cos® 6—5)—6 cos® 6—2]Re[1,0(Qy)

. 26+2v2(5—9 cos? )
101+ 3

"Ill(Qf)P] ,
(73)

where 6 is the emission angle of the produced 7 nucleus. For
the reaction (71)

Z=16/9,
and for (72)
Z=28/3.

In Figs. 15 and 16, along with the cross sections for the
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reactions (62) and (64), we show the results of calculating
the total cross sections for the reactions (71) and (72). We
see that the cross sections for 7-nucleus production in the 1p
state are much larger than those for photoproduction of the
corresponding 7 nuclei in the 1s state. One reason for this is
the different volumes of phase space of the final particles,
which for the reactions (65) is larger than for the correspond-
ing reactions

ll—rllTlllllllllllllll

40

FIG. 18. Summed angular distribution of protons from the
reaction '%0(y,p) ’N* for production of the 7 nucleus
':N* in the 1s and 1p states. The other notation is the same
as in Fig. 17.

aaaadaaaataena o ealonssbagaatassa b asdyrgalensa

50

y+A;—»N+,A'(1s). (74)

Another feature of the production of 1p— 7 nuclei by
photons is the shift of the broad maxima in their cross sec-
tions toward higher energies (~80MeV) relative to the
maxima in the cross sections for the reactions (74) (Figs. 15
and 16). The high rate of growth of the cross section from
threshold for 7z-nucleus production in the 1p state in com-

7 -l L L] l T L] L ¥ ' L) L] Ll L] l ¥ L] L] T ' L) 1] ¥ i
[ 18 ]
6F N .
5F :
Q4F a
S4r .
i ] FIG. 19. Dependence of the total cross sections of the reactions
3r 1  ‘He(7.p),T. “C(y.p),B*(1L), and *O(y,p);N*(1L) on
b [ 4 the incident <y energy, taking into account the final-state inter-
2 s ] action.
1F .
o i M
0.60 0.70 0.80 0.90 1.00

K,,GeV
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parison with the 1s state can lead to high, narrow peaks in
the cross sections for A( ¥,N),A’(1p) reactions near thresh-
old, owing to the final-state interaction (see the 1p curves in
Figs. 15 and 16).

The differential cross section for the reaction (72) at
various incident 7y energies is shown in Fig. 17. The forward
directivity of the nucleon emission, which is even larger than
in the case of 7-nucleus production in the 1s state, should be
noted. The cross sections are largest at 6,=0° and decrease
sharply with increasing angle (Fig. 17). The most important
problem at present is the experimental confirmation of the
existence of 7 nuclei with A>6, and therefore it is essential
to know the cross section for their production in all possible
states. This cross section will be the sum of those for
n-nucleus photoproduction in the 15 and 1p states, owing to
the orthogonality of the wave functions of these states of 7
nuclei. The proton angular distribution for ;SN production in
all possible states is shown in Fig. 18 for various incident y
energies. Although the differential cross section is again
largest at zero angle, it begins to decrease strongly with in-
creasing proton emission angle only after passing through
0,~12°. The cross sections in the angular range 0,
~0-12° are large. Finally, the total cross sections for pro-
duction of the # nuclei ,T, f;B*, and ;SN* in all possible
states for different nucleon cores and excitation levels are
given as functions of the photon energy in Fig. 19. Although
the cross sections for 7-nucleus photoproduction increase
rapidly with increasing atomic number of the target nuclei,
the widths of the produced # nuclei also increase strongly
with increasing A, making it difficult to detect 7 nuclei with
the number of nucleons A>12.

CONCLUSION

The present complicated situation regarding 7 nuclei in-
volves many contradictions: 7 nuclei appear just where they
are not expected! The heavy # nuclei with A>12 predicted
in early studies apparently have properties very different
from those suggested earlier in Refs. 3 and 4, and this has
made their experimental discovery difficult. In addition, for
decades we have been living in the shadow of the anomaly in
the cross sections for 7-meson production near threshold in
few-nucleon systems, and dozens of theoreticians have tried
to explain the increase of the interaction strength in
n7-meson—nucleus systems with decreasing energy. However,
all these early attempts have been clumsy and did not resort
to the hypothesis that superlight 7 nuclei exist. The predic-
tion of the properties of 7 nuclei with A>6 and their dis-
covery on the basis of these properties will apparently give a
definitive answer to the question of the existence of 7 nuclei,
and then they can be studied systematically. Otherwise, it
will be necessary to answer the more difficult question of
why 7 nuclei do not exist.

I would like to thank A. I. Lebedev for suggesting this
research, A. I. L’vov, G. M. Radutskii, and A. 1. Fiks for
fruitful discussions, A. V. Kolchin for a helpful remark, and
Yu. F. Krechetov for supporting this study.
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