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Several theories® advanced to explain the ap-
parent CP-invariance violation in K,° decay!
demand that no time-reversal noninvariance
effects appear in K 3+ decay. Ca.blbbo9 has
advanced a theory m which K #3 could show
an effect, with Re£ =0 and Im¢ # 0, but no pre-
diction is made for the expected value of Imé¢.

The authors are indebted to Alex Maksymo-
wicz, Adam Bincer, and Robert Sachs for use-
ful discussions of the theoretical aspects of
the problem.
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With the discovery by Danysz et al.! of a dou-
ble hypernuclear event which is best interpreted
as ppBe', the question naturally arises wheth-
er there exist other lighter double hypernuclei
which are particle-stable. In this note, we
report the results of such an investigation us-
ing a variational method on the double hyper-
nuclear systems 524 with 4 =3 to 6.

In our calculation, the nucleon-nucleon po-
tential is chosen to fit the two-body low-ener-
gy scattering data and the binding energies and
rms radii of the triton and the alpha particle.?
It has the form

(04 ag
1+P 1-P
V. ) =—2N v ye— DN r )
N 2 t" NN 2 s NN
V
(r ) VN’ (1)

where PNNU denotes the spin-exchange opera-
tor and the last term represents the Coulomb

interaction, with epy equal to 1 if both nucle-
ons are protons and 0 otherwise. The quanti-

ties Vy(r) and V4(») are the triplet and singlet
potentials in the even states and are chosen

to be of the following typeS:

V. (7) =<, r<r_,
=-v, exp[—-K[(r—rc)L r>r ;
v ()=, rer,,
= V0 exp[—xs(r—rc)], r>7r (2)

with », =0.4 F, vg;=475.044 MeV, v =235.414
MeV, k;=2.5214 F~!, and ks =2.0344 F~'. The
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potential in the odd states does not need to be
specified, since, in this investigation, the vari-
ational function is taken to be symmetric with
respect to the space exchange of all the nucle-
ons.

The A-nucleon potential is taken from our
recent analysis of the S-shell hypernuclei.*
It is

_1 Y
UAN(r) =3(1 +P, )Ut(rAN)
L o
+§(1-PAN )US(YAN), (3)
with
Ut(r) =0, r<r,
=-u0texp[—)\(r—rc)], r>7 s
U (r) =, r<vr
s c
==l exp[—x(r—rc)], r>7 . (4)

The value of X is chosen as 5.059 F~!, corre-
sponding to an intrinsic range of 1.5 F. The
depths u(, and ugg are determined from the
binding energies of the S-shell hypernuclei;
their values are 954.1 and 1221.1 MeV, respec-
tively.

For the A-A potential, we use

W, (r)=w=,

AA }’<7’c,

= - exp[—u(r-—rc)], r>v, (5)

where w, is the depth in the 'S, state. From

our analysis of the double hypernucleus , ,Be',®
we have found that the value of w, necessary

to yield the experimental separation energy
Bp A of the two A particles is 944+ 40 MeV when
4 is chosen as 5.059 F~!, corresponding to the
mechanism of two-pion exchange.

From the depths of the A-nucleon and A-A
potentials, it can be concluded that y AH® or
AA”® has no particle-stable bound state. This
is so since, in these double hypernuclei, the
average A-nucleon interaction is the same as
that in the /=1 configuration of ,H®, but the
A-A well-depth parameter (0.732+0.03) is
much smaller than the nucleon-nucleon well-
depth parameter (0.949) in the 'S, state. Hence,
the nonexistence of an /=1 bound state® for ,H*
implies also the nonexistence of a bound state
for 5 pAH® or pn®.

992

On the other hand, the fact that the A-A po-
tential is attractive implies immediately that
apHe® is bound.®>” With w,=944+40 MeV, a
calculation using a three-body model of a +2A
for 5 pHe® yields the result that the value of
Bpp is 9.33+0.50 MeV.® In this investigation,
we shall refine the calculation further by treat-
ing pApHe® as a six-body system. In this way,
the effect of distortion of the alpha-particle
core can be correctly taken into account.

The variational wave function used for the
double hypernuclear systems with A =4 to 6
is of the form

2 A A
Y=F(r . )| II II G )| II H&.)|x, (6)
120 1p=3 *|lir-3 *
i<k

where 1, 2 denote the two A particles coupled
into a 'S, state and y represents the appropri-
ate spin function. For the function F(r), we
use the following form:

F(r)
=uf(r)/r, r<df,
"f
:Afr [exp(-afr)+Bfexp(—Bfr)], r>df, 4]

where uf(r) is a solution of the equation

2 : u (r)+ [WAA(V)

d
-ﬂ;ﬁ f Ju (r)=0, (8)

r

with f being the reduced mass of the two A
particles. The constants A and By in Eq. (7)
are adjusted such that the function F(») and its
first derivative are continuous at the separa-
tion distance df. There are a total of five vari-
ational parameters in this function, namely,
ar, B, df, ef, and ng. The functions G(r»)
and H(») are defined in an analogous manner,
except that the reduced mass u, and the poten-
tial function Wy 5(7) in Eq. (8) are replaced
by quantities appropriate to the A-nucleon and
nucleon-nucleon branches. In the function G(»),
the potential function is §U,(r) + U (») for all
double hypernuclear systems considered, while
in the function H(r), the potential function is
Vt(r) for the I=0 state of AAH“, Vs(r) for the
1=1 state of p pH*, and 3[V,(r) + V (»)] for the
cases of p AH® and ppzHe®. The variational pa-
rameters in these functions are o, 8_, d_,

8 g

eg, Rgr Qs Bh, dh, ey, and ny,.
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From our past experience with this type of
trial function, we know that it is not necessary
to vary all of these parameters.? Thus, in this
calculation, we have set df =dg=1.0 F and gy,
=1.2 F for all cases considered, and ng=ng
=-3,-3, -1 and nj, = -3, -3, —4 for the cases
with A =4, 5, 6, respectively.

For the evaluation of the various expectation
values, we have used a Monte-Carlo method.
As this method has already been discussed in
detail previously,® we shall not go into it here.

The results of this calculation are given in
Table I, where E4 denotes the energy of the
double hypernucleus ppZ4 and (ryn®'/? denotes
the rms distance of separation between the nu-
cleons. The quantity B, 5 is the separation
energy of the two A particles; it is given by

B, ,==(E,~E_-E, ), 9)

AA AA

where E. is the energy of the nuclear core and
E p A is the energy of the A-A system in its
lowest state. With the nucleon-nucleon poten-
tial used here, E_, is equal to -2.25, -17.78
+0.05, and -29.75+0.18 MeV when the core
nucleus is a deuteron, triton, and alpha parti-
cle, respectively.?* As for E)p, it is equal

to zero when w, is less than 1290 MeV (spp =1);
for w, equal to 1300, 1330, and 1500 MeV, Epp
is equal to -0.01, -0.11, and -3.37 MeV, re-
spectively.

From the results given in Table I, we draw
the following conclusions.

(A) pApH*.—(1) I=0 configuration. If this dou-
ble hypernucleus is to be stable against decay-
ing into \H®+A, B has to be greater than
or equal to 0.31+0.15 MeV which is the bind-
ing energy B of a A particle in the hypertri-
ton.!® From the dependence of Bp on w, shown
in Table I, one sees that unless w, is greater
than about 1200 MeV, Bj p will be smaller than
this value. Since the value of w, as determined
from the analysis of 5 pBe!° is only 944 + 40
MeV, we can safely conclude that it is very
unlikely for , AH“ to have a particle-stable
I1=0 state.

(2) I=1 configuration. We note that By 5 is
only 0.47 MeV for w, equal to 1500 MeV, which
is even smaller than the value of By 5 in the
I=0 case with w, equal to 1300 MeV. This can
be explained by observing that the large separa-
tion between the nucleons is unfavorable for
binding by a short-range A-nucleon interaction.
Since, from the above discussion, we have

4-6.2

Table I. Binding energies By p for the double hypernuclei with A

2)1/2

oy

AA
(MeV)

e
8
(MeV)

Pe

(F~Y)

g

o
(FY

°r
(MeV)

By

wy o
FH  (FTYH

(MeV)

Double

(F)

(MeV)

(MeV)

(F™Y

(F7Y

I

hypernucleus

0.65+0.08 3.06+0.03

-2.90+0.08
-3.33+0.09
-3.80+0.10
—3.84+0.25
-10.81+0.36
-11.37+0.33

-12.0
-14.0
-19.0

6.0
7.0

0.31
0.32
0.33
0.15

-11.0
-15.0
-18.0
-10.0

5.0

0.070
0.075
0.080
0.074
0.10

0.105
0.13

-10.0
-12.0
-15.0

6.0

0.26
0.30
0.32
0.60
0.12

1270
1300
1330
1500

0

AAH!

2.95+0.03

1.07+0.09

7.0

2.85+0.03

1.44+0.10

7.0
1.7

3.5

7.0
6.0
5.0

5.5

8.0
4.0

4.22+0.04
2.49+0.02

0.47+0.25
3.03+0.36

10.0
-15.0
-15.0
-25.0

0.235
0.235
0.22

-5.0
-20.0

-2.0
-15.0
-25.0

3.0
3.0
2.5

944
1020

—

AAH®

2.47+0.02

3.59+0.33

3.5
6.0

0.16
0.18

9.68+0.43 2.22+0.03

-39.43£0.39

=7.0

5.0

-5.0

944

AAHEG

2Number of estimates used in the Monte-Carlo calculation are 100 000 for AAH4 and AAHeG, and 30 000 for AAHs-
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come to the conclusion that 5 AH* is unlikely
to have a bound /=0 state, it follows quite clear-
1y that it will also not have a bound /=1 state.

(B) ApH®.—As in the case of 5 pH*, the cou-
pling of the two A particles into a 'S, state
causes the depth of the spin-averaged A-nucle-
on potential in 5 AH® (1020.8 MeV) to be much
smaller than that in the hypernucleus ,H* (1087.6
MeV).* In fact, using the interpolation formula
given in reference 4, Bp of the A particle in
AH* would be reduced to 0.67 MeV, if the depth
were only 1020.8 MeV.

The value of By A for w,=944+40 MeV is 3.03
+0.46 MeV, which is greater than the value of
Bp (2.18 MeV) in p\H*.* This indicates that
AAH® is not only stable against decaying into
H®+2A, but also stable against decaying into
AH4 +A.

(C) ppHe®.—With w,=944+40 BeV, By, is
equal to 9.68+0.60 MeV, which is about the
same (within the statistical uncertainty) as the
value of 9.33 + 0.50 MeV obtained using a three-
body model of o +2A for 5 yHe®. This indicates
that the effect of distortion of the alpha-parti-
cle core is not important in the determination
of the value of By p, which is, of course, a
consequence of the fact that the compressibil -
ity of the alpha particle is small.

Also, we note that the value of (‘I’NN2>1/ 2 com-
puted here (2.22+0.03 F) is not different from
that computed in pHe® (2.20x0.03 F),* when
the statistical uncertainty is taken into consid-
eration, which is another evidence that the ef-
fect of distortion of the alpha-particle core is
quite insignificant.

The quantity 6 defined as

G-BAA—zBA, (10)
where EA is the binding energy of the A par-
ticle in the hypernucleus AZA‘1 using the spin-
averaged A-nucleon potential appropriate to
the double hypernucleus A AZA, is equal to
1.69+0.46, 3.48+0.60, and 4.5+ 0.5 MeV for
the double hypernuclei y z\H®, A He®, and
AABem, respectively. As for the /=0 config-
uration of p AH*, 6 is rather small, being only
about 1.3 MeV even for w, as large as 1300
MeV. This shows that 6 depends sensitively
on A for the light double hypernuclei consid-
ered here, but begins to show a tendency to-
ward saturation at A equal to 10. This latter
observation leads us to believe that, for heavy
double hypernuclei, the value of Bj 5 is around
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60 MeV, since recent experimental results
indicate that the binding energy of a A parti-
cle in a heavy hypernucleus is about 25 MeV.!*

In conclusion, we believe that the double
hypernucleus p zH* is not likely to be bound,
and the lightest double hypernucleus which has
a particle-stable bound state is j p\H® or p yHe®.!

*Work supported by the U. S. Atomic Energy Com-
mission.
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Since the very first observation of meson pro-
duction at an accelerator,’ it has been recog-
nized that “Fermi motion” provides large as-
sistance in making extra energy available in
the c.m. system. Present experimental tech-
niques permit the observation of reactions hav-
ing exceedingly small partial cross sections;
these techniques could be applied to the ques-
tion of just how much energy this complex nu-
clear effect could provide. For example, a
30-BeV proton collision in which the entire
laboratory recoiled coherently would yield 30
BeV in the c.m. system, equivalent to the col-
lision of a 450-BeV proton with a nucleon at
rest. If a copper nucleus could take up the re-
coil, the available energy would be ~20 BeV
(200-BeV accelerator). One can then ask wheth-
er the probability for similar events is large
enough to be detected, in view of the great sen-
sitivity of present techniques. Since no conser-
vation laws are violated, it is safe to say that
the question must be answered experimental-
ly. The existence of such (very improbable)
correlations is a problem which may perhaps
be of interest to nuclear-structure theorists.

Although an extensive literature exists on
nuclear internal motions, there is no “well-
known” prescription for describing these re-
sults in a useful way from the viewpoint of a
high-energy collision. We have, therefore,
made a series of measurements on the reac-

tion

p +Cu—p +residue, (1)

using protons of energies near and below thresh-
old for antiproton production via the free-par-
ticle reaction

p+<Z>»p+p+<;>+ﬁ. @)

For collisions below the threshold of the above
reaction, some complex nuclear effect is nec-
essary for p production. The observed p yield
will then be a measure of the relative probabil-
ity of such effects. More precisely, the obser-
vation of p at a bombarding energy 7 represents
the existence of an interaction in which more
than 4mp is available in the c.m. system. Al-
though the detailed mechanism for providing
this energy is not known (it could be provided
by intermediate pions, or by the coherent re-
coil of clusters), the main objective of this work
is to find the distribution function

@)

i.e., the probability of observing a c.m. total
energy W, when the bombarding energy in the
laboratory system is 7. We assume that dynam-
ics enters simply via a threshold function (W
—4mp)", although a careful investigation of p
production by free protons above threshold would
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