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Formation of AA Hypernuclei by " Capture in Light Nuclei
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We discuss the production of doubly strange AA hypernuclei in " atomic capture. The two-body
+ Li AAHe+n reaction is a relatively favorable case, with a yield of order 3%. For heavier p-shell

targets, such as ' N, the (lsA)~ ground-state yields in the = + "Z A&(Z —1)+n reaction are
suppressed, and states of (lsAlpA) structure, coupled to an excited nuclear core, are preferentially popu-
lated.

PACS numbers: 21.80.+a, 25.80.Pw

The stability and spectroscopy of multistrange hadron-
ic systems is of considerable interest from the point of
view of both nuclear and particle physics. At the micro-
scopic level of quantum chromodynamics (QCD), there is

the exciting possibility that many-body systems contain-
ing a number of strange quarks may be stable with

respect to strong decay. Among these possibilities, we
mention the six-quark H dibaryon of Jaffe [1], a
(ssuudd) composite with spin parity 0+ and isospin zero,
multiply strange SU (3) solitons [2] (for example, a
bound state of two Z hyperons), and "strangelets, " of
much larger baryon number and strangeness [3]. The
search for such exotic strange composites is the object of
several proposed experiments [4]. These speculative pos-
sibilities have led to a rekindling of interest in the proper-
ties of doubly strange hypernuclei, which consist of two A

hyperons bound to a nuclear core.
The study of AA hypernuclei is of considerable interest

for several reasons. First, the level schemes and binding
energies of such systems provide insight into the nature of
the AA interaction, which in turn sheds light on the
SU(3) I]avor structure of the strong forces of QCD.
Second, the observation of AA hypernuclei, which decay
by weak interactions, may be used to rule out the ex-
istence of the H dibaryon in a certain mass range: If the
0 lies more than a few MeV below the AA threshold, one
would expect to observe strong decay (e.g. , AAHe H
+ He) rather than weak decay. In experiments involv-

ing the exposure of nuclear emulsions to strange meson
(K ) beams, evidence for the existence of AAHe and
AABe has been reported [5,6]. The identification of these
species rests on the observation of the strangeness-
changing weak decays of the two hyperons. We study
here another method for producing AA hypernuclei,
namely, via " hyperon capture at rest by a nuclear core
(Z protons, A baryons), followed by the emission of a
monoenergetic neutron: = + "Z AA(Z —1)+n The.
production signature is provided by the two-body kine-
matics, and does not rely on the observation of weak de-
cay.

We simulate AA production in = capture at rest by a
two-body " p AA conversion amplitude, given by a
spin-dependent local form factor vs(r~ —rz) which in po-
tential models is short ranged, corresponding to exchang-
ing K and K* mesons. An immediate corollary is the fol-
lowing selection rule for the production of the 'Sp (Is A)
ground-state (g.s.) configuration: The = must be cap-
tured from atomic orbits (nl) such-that I==I~, where I„
corresponds to the orbital angular momentum of a target
proton. This places severe restrictions on the possibility
of direct AA particle-stable production in = capture,
since the data [7] on other atomic capture processes
(K,p, Z ) suggest that I= ~ lz. For example, one ex-
pects = capture on He to occur dominantly from p or-
bits (l-=l), thus forbidding the formation of AAH, in

contrast to a claim [8] made recently. Results of:-
atomic cascade calculations [9,10] in Li and ' N are as-
sembled in Table I, from which we conclude that the
direct production of the (lsA) configuration is excluded
for 70%-80% of the captures in Li, whereas for ' N and
larger 8, it is almost completely blocked out. Hence,
only a narrow "window" exists for targets around Li
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0.04 18.6 80.6
004 303 689
0.07 35.7 63.4
0.00 0.2 54. 1 45.6
0.03 0.4 69.9 29.6
0.03 1.3 75.7 22.9

"Provided by Batty [9]; for a description of the cascade calcula-
tions, see Ref. [7]. Less than 0.1% capture from f orbits, and
0.8% decay while cascading in Li. About 0.1% capture from g
orbits, and 0.1% decay while cascading in ' N.
bFirst row for 6Li and ' N taken from Ref. [10]; second and
third rows show sensitivity to changes of Vp and Wp.

TABLE I. Calculated:- capture probabilities (in %) from
s, p, d, and f atomic orbits, "' for various choices of:- -nucleus
real and imaginary potential-well depths Vp and Wp.

Target Vp (MeV) IVp (MeV)
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where g.s. production is feasible (with a yield about
3X 10 as calculated for ~~He). On the other hand,
around ' N one expects the 1pAlsA configuration to be
particle stable, with a production rate for AAC smaller
than for AAHe.

We now outline the calculation of the yield for the cap-
ture reaction

+ Li AAHe+n . (1)
Observation of this reaction would identify the 0 g.s.
uniquely, since no other states are expected in AAHe

below the A+AHe threshold at 7.8 MeV. The main com-
peting reactions are exp(ik. r) —(2x) i y(, (k)y(, (r), (7)

estimated the S= 1 contribution to be less than a few per-
cent.

In the calculation, we use 1p harmonic-oscillator
nucleon wave functions p -r exp( —r /2b ) with b
=1.62 fm, and:- atomic wave functions which vary as
@~„,—r'Y~ (r) inside the nuclear radius. For a Is bound
A we take y(, —exp( r /2—b ) with the same b as above.
For an unbound A, we improve the PWA by modifying
the complete orthonormal set of plane waves jk} to a
nonorthogonal incomplete set [k'} given in coordinate
space by

AHe+A+n,

, H e+ A+ A+ n.

(2)

(3)

where y is the normalized Fourier transform of y. This
set becomes complete once the bound state y is added:

Reactions which result in breaking up the He core of the
Li target, as well as (:-,:- ) charge-exchange reactions,

are suppressed because of the very limited phase space
and will be ignored. We consider the dominant 5( g.s.
configuration of Li, treat the outgoing neutron in the
plane-wave approximation (PWA), and ignore spin for
the moment. The amplitude for = capture from an lm
atomic orbit to AA states a and P, with a spectator He
core, is given by

+I
F(1'(a,P;q) = g ( —1) '

g — (q)f"' (a,P),
m' —] 3

(4)
where

g (q) = exp( —iq r)p (r)d r

is the p-wave form factor corresponding to the emission
of a final neutron with momentum q. The basic = p

AA amplitudes f ' are defined by

f(I) (a P) (1 +P )
—(/2

x [y, (r() ys(rg)+ yp(r() y. (r&)]

x v(lr~ —rql)@1 (r()~ (ri)d "(d'»»

d k (r~k')(k'(r')+ y~, (r) y~*, (r') =8 (r —r') . (8)

Furthermore, the continuum states of [k'} are all orthogo-
nal to the bound state y~, . By using these continuum A
wave functions, even though no account is taken here of
the A-nuclear final-state interactions, one approximately
avoids overcounting. That is, the rate calculated for the
AA continuum (3) no longer includes (as in the PWA)
that for the A continuum reaction (2), and the rate calcu-
lated for the latter does not include that for the bound-
state reaction (1). We note that by avoiding this kind of
bound-state subtraction for neutrons [cf. Eq. (5)], we
effectively count, in the rate for the reaction (2), the
strength of the final two-body branch &He+A (here the
neutron is bound by only 0.2 MeV). The uncertainty due
to the above approximations is estimated to be less than
about 40%, based on experience gained by detailed tests
of these approximations in a similar calculation [11] of
the yield of bound-state X, hyperons in K -meson capture
at rest.

The partial rates for capture from = atomic orbit nl
into the final channels (1)-(3) are obtained by squaring
the absolute value of the amplitudes F ' of Eq. (4),
averaging over the atomic m distribution, and integrating
over the final phase space. In arbitrary units we have

where E„=q„/2m„=30.7 MeV is the kinetic energy of
the outgoing neutron. We recall that capture from d or-
bits is forbidden. Furthermore,

(10)

(6) m„q„ (~)
where @ is the " atomic wave function and p ~ is a I (

=
z

—g ~F ((Is);q„)~2z' 3 m
bound-nucleon 1p wave function for Li with projection
m'. We singled out the spatially symmetric combination
of (i», y& in anticipation of the limit v(r( —rq) b (r~—rz), which we employ in practice. This forces spin
S=0 on the final AA system, so the spin recoupling is the
same for the reactions (1)-(3), thus justifying our disre- I g (E)8(Embox E )dE(I) (I) x (i)

gard of Pauli spin. For finite-range potentials, we have
[ h th h f t' (I)(E)w ere t es ape unctionsg; iEr aregiven by

(2x)' '

g3 (Eq) p g Z IF (ki kz'q)l'&(Ek, +Ek +Eq Em ) (12)
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qg(g (q)I' —(bq)'exp( —b'q'). (14)

Also shown in the figure is the expected yield of the two-

body reaction (1) for a typical neutron energy resolution
of 1 MeV, assuming p~ =0.2. The calculated yields are

Here, EI, =k /2mA, E~ =q /2m„, and the end-point ener-
gies are given by ~max =24.0 MeV and Ernax =21.3 MeV.
The factor & in front of the integration in (12) follows
from the indistinguishability of the final A hyperons. The
differential yields dY;/dE for the reactions (2) and (3)
are plotted in Fig. 1, together with their sum dY/dE.
These are given by

d Y g (1)(E) g 12)(E)
I- + I-(l) + I-(l) P I-(2) + I-(2) ''-P, ' +P, ', I=2,3, (13)

where p~ and pq are the = capture probabilities for
atomic orbits with I =1 and I =2, respectively, as given in

Table I. The general shape of these curves is roughly
similar to the neutron kinetic-energy distribution [cf. Eqs.
(4) and (5)], which for harmonic-oscillator wave func-
tions is given by

The anticipated level diagram of ~AC is plotted in Fig.
2. As was mentioned in the introduction, the direct pro-
duction of the (lsA) g.s. configuration in the two-body
capture at rest,

——+ l4N 14C+~

is strongly suppressed. In AAC, we expect some states of
the 1pA1sA configuration to be particle stable, the 'P~
state at about 10 MeV excitation likely being the lowest

lying of these. Its production, accompanied by monoen-
ergetic neutrons of energy E„=31.4 MeV (5.7 MeV
higher than the end-point energy for A C+A+n), is al-
lowed in = capture from d orbits (cf. Table 1). The sig-
nature of the 'P

I state would be a fast F, 1 y ray,
1 0+, to the AAC g.s. We have roughly estimated the
production yield of the 'P states as 10 for the lowest
one, and 4x10 in total for those based on the 2+ ' C
core, although it is uncertain whether all of these states
are particle stable. The yields are smaller than for cap-

p)1 ~

V =— =0.17p ),I- +I-(1)+I-(I)

Vp =0.37, V3 =0.59,
(]S)

where p~ is expected to lie in the range 0.2-0.3. Al-
though YI is not large, the neutrons from reaction (1) are
well separated from the continuous neutron background
due to reactions (2) and (3), and hence represent a clear
signal for AA hypernuclear formation.
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FIG. l. Calculated differential yield dY/dE as a function of
the outgoing neutron kinetic energy, for = + Li capture at
rest. The contributions of the reaction branches of Eqs. (2) and

(3), as well as their sum, are indicated, assuming 20% p capture
and 80% d capture. Assuming l MeV energy resolution for the
neutron, the contribution of the n+AAHe channel is shown as a
rectangle centered at 30.7 MeV; the integrated yield for this
branch is about 3.4% per stopped:-
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FIG. 2. The anticipated particle-stable spectrum of A'AC.

The arrows mark the lowest thresholds computed by using re-

ported l6] binding energies BA and BqA, assuming that the value

ABA~ =M(" Z)+2mA —M(AAZ) —28A(" A'Z) =4.3 MeV
holds for 2 ~ l0. The levels are assigned spin-parity and iso-

spin values J and T. The right-hand column represents the
"CS(lsA) weak-coupling states, while the left-hand column

corresponds to the ' CS(lpAIsA) configuration. The latter
states are assumed to follow the 'AC* l s A weak-coupling
scheme, where the 'AC* energies are taken from Table V of
Ref. l12]. The 'P levels will decay by E 1 y rays as shown.
Production yield for the P states is expected to be below 10
and their location is somewhat uncertain (we assumed ABA*
=0.5 MeV for these states).



VOLUME 67, NUMBER 17 PHYSICAL REVIEW LETTERS 21 OCTOBER 1991

ture on Li because the pn spectroscopic strength in the
' N g.s. is dominated by higher ' C core states. The I'
states are not produced in the zero-range limit for the
two-body capture. Their observation with a yield of order
10 would indicate the presence of a substantial tensor
force component.

It is interesting to note that a substantial 1pAlsA pro-
duction yield, estimated roughly as 2x10, is concen-
trated in the particle-unstabie portion of the ~~C spec-
trum, at about 25-27 MeV excitation. These isospin
T= 1 hypernuclear states (not shown in Fig. 2), based on
the I+; I (I S. I MeV) and 2+; I (16.1 MeV) excitations
of the C core, will decay by emitting a proton plus A~8.
This scenario is compatible with the recent observation by
Aoki er aI. [13] of a double hypernucleus event in an
emulsion experiment, and yields a AA interaction energy
consistent with Refs. [5,6].

For heavier target nuclei we expect particle-unstable
AA configurations to be directly formed in = capture at
rest. These will decay by emitting nuclear fragments, an
Auger-like cascade process by which the hyperons may
deexcite to particle-stable configurations in the daughter
hypernuclei.

In summary, we have emphasized the merits and limi-
tations of:" atomic capture in nuclei as a means of pro-
ducing doubly strange AA hypernuclei. An experiment
[14] to observe AAHe and perhaps also AAC appears to be
feasible, using the 2-GeV/c K beam line available at
the Brookhaven AGS. Further emulsion experiments
would also be very valuable as a means of clarifying our
understanding of the AA interaction in a many-body sys-
tem.
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