RADIATIVE PION-NUCLEON SCATTERING

to radiative pion-nucleon scattering, in which more
gentle photons are associated with the interesting
phenomena in the resonance region. Although the cross
section is typically less than one millibarn, present
experimental techniques should suffice to give accurate
information about this reaction. Certainly the static
theory used in this paper is not adequate for the energies
presently under discussion but we should remark that
the development of a suitable theory does not appear to
be difficult.

As an example, let us discuss the 900-MeV Fgjo 7N
resonance. One might expect photon emission to be
especially large at this resonance because of the large
cross section for large-angle scattering. [For instance,
we might note that the time corresponding to the width
(100 MeV) of the resonance is just that required for an
F-wave meson to go half a revolution about the nucleon
at its classical impact parameter. On the basis of this
simple picture, the large accelerations involved should
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emit substantial high-frequency radiation.] In the
“mass spectrum” of the final pion-nucleon system, one
expects to see the 600-MeV resonance (Dj2), which
could be reached by electric dipole emission and the 3-3
resonance, reached by magnetic dipole or electric quad-
rupole radiation (not to mention the decay Fs;— nu-
cleon-+photon). Here the relative weight of the lower
resonances is of interest. Even more informative (and
difficult) would be accurate angular distribution data.
This could be expected to tell, for example, something
about the intricate mixture of amphtudes near the third
resonance. It should be mentioned that Uberall has
investigated the bremsstrahlung in «NV scattering for
energies of several BeV and greater.!! Another relevant
proposal has been made by Yennie and Feshbach.!?

u ., Uberall, Phys. Rev. 126, 861 (1962).

12D, R. Yennie and H. Feshbach, in Proceedings of the Inter-
national Conference on High-Energy Physics, Geneva, 1962 (CERN
Scientific Information Service, Geneva, Switzerland, 1962), p. 219.
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Hyperfragment production by some 31 000 interactions of 1.5-GeV /¢ K~ mesons in Lithium-loaded K5
nuclear emulsions has been studied and compared with data from 0.8-GeV/c and existing data from 1.5-
GeV/¢c K~ interactions in normal emulsions. The study of the prong number distributions of the hyperfrag-
ment parent stars provides a sensitive method for determining the production rates of hyperfragments by
K~ interactions with light (C,V,0) and heavy (Ag,Br) emulsion nuclei; these production rates are found
to be (0.66£0.11)% and (5.2020.20)%, respectively. An appreciable proportion of mesonic hyperfrag-
ments (Z<6) and Li8 fragments have very short ranges (Rgr<10 y); this fact indicates the possibility of
contaminations of “light’”” hypernuclides among the assumed mesic spallation hyperfragments. The pre-
dominant part of the hyperfragment production stars which shows the emission of “short” prongs involves
the disintegration of heavy nuclei, thus indicating that Coulomb-barrier criteria cannot be used in dis-
criminating among light or heavy hyperfragment parent stars at high K~ momenta. No double hyper-
fragment was observed. One K~ interaction emitted two hyperfragments decaying nonmesically. The =+
decay of a y\He* hyperfragment has been found. An estimate of the branching ratio R of the = decay and
7~ decay modes for the \He* hypernucleus gives R< (2.71.1)9%,.
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I. INTRODUCTION

HE production of hyperfragments by interactions

of K~ mesons has been studied in nuclear emul-

sions at K~ momenta ranging from zero (absorptions at
rest) up to 2.5 GeV/¢.I-¢
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Characteristic of the experiments at high K~ mo-
menta is the detection of large numbers of short-range
hyperfragments attributed to heavy spallation products
of silver and bromine nuclei recoiling after having
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trapped a A° hyperon (spallation hyperfragments). In
particular, Jones e al.? and Fletcher et al.® concluded
that this process is dominant (accounted for at least
65% of the hyperfragments produced) in the inter-
actions of 0.8, 1.3, and 1.5-GeV/¢ K~ mesons with
emulsion nuclei.

The detection of spallation hyperfragments at lower
K~ momenta becomes difficult, since the momentum
imparted to the recoiling nucleus is too small to yield a
visible track. Thus, while the range of spallation hyper-
fragments in Refs. 2 and 3 may exceed 5 y, it is generally
less than 2u at K~ momenta (50-300) MeV/c, as
studied by Lagnaux ef al.* It is conceivable that for K~
absorptions at rest, most of the spallation hyperfrag-
ments will escape detection. In fact, Davis ef al.” and
Cester ef al.® found that (30£7)%, and <159, re-
spectively, of all K~ absorptions at rest may be ascribed
to the formation and decay of such “cryptofragments.”

Jones et al.? also predict the emission of light hyper-
fragments from K~ interactions with the heavy emul-
sion nuclei (Ag,Br). For K~ absorptions at rest, Abeledo
et al.% have shown that the fraction of mesic hyper-
fragments which must have originated in light emulsion
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F1c. 1. Range distribution of nonmesic hyperfragments from
the interactions of K~ mesons of 1.5-GeV/¢ momentum in Li-
loaded emulsions (590 events). Broken lines indicate the normal-
ized distribution from normal emulsions. Ref. 3.

7 D. H. Davis, M. Csejthey-Barth, J. Sacton, B. D. Jones, B.
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nuclei (C,N,0) is large and some indication that at
higher K~ momenta (50-300 MeV/c) a fraction of the
hyperfragments may also be produced in the light
emulsion nuclei was recently obtained by Lagnaux
el al.* The light hypernuclides (4 <16), therefore, may
emerge in the disintegrations of either the heavy or the
light emulsion nuclei.

In the present investigation, hyperfragment produc-
tion at 1.5-GeV/¢c K~ momentum was studied in a stack
loaded with lithium acetate in aqueous solutions. The
increased content of light nuclei in these emulsions will
enhance hyperfragment production in C, N, O so that a
comparison with data in normal emulsion may give
additional information on such processes. Furthermore,
it was thought that the decreased stopping power of the
loaded emulsions would be helpful in the discrimination
of the short-range spallation hyperfragments.

A search was also made for the production of “double
hyperfragments” following the production of two A°
hyperons in either the high-energy K— interaction® or
following the absorption of a Z~ hyperon.!

II. EXPERIMENTAL MATERIAL

A stack consisting of sixty 1200-u Tlford K3 pellicles,
20X20 cm? in size, was loaded with a lithium acetate
solution, as described by Davis e al.!! and exposed to
the separated 1.5-GeV/¢ K~ beam at the CERN PS.
The pellicles had, at exposure, a thickness of ~2.1 mm
and, as a result of the increased light-nuclei content, the
stopping power was reduced in the loaded emulsion to
yield, at least for low-Z ions, ranges ~209, greater than
in normal emulsion. The plates were area scanned for
nuclear interactions produced by beam particles. Every
star was examined to detect the presence of more than
one center and every prong from each star was followed
within the emulsion sheet containing the event and any
secondary interaction or decay recorded. 31 635 beam
stars were detected, yielding 116 mesic hyperfragments
of which one decayed with the emission of a 7. No
decay of a double hyperfragment was observed. A
subsample of 21038 beam stars yielded 640 events
which were classified as due to the production and sub-
sequent decay of a hyperfragment. Of the latter, 60
decayed mesically; 74 hammer tracks (mostly Li8
fragments) out of this subsample were also recorded.

In addition, a stack consisting of 117 1200-g Ilford
K pellicles, 15X 20 cm? in size, which was exposed to a
separated 0.8-GeV/¢ K~ beam at the Berkeley Beva-
tron, was also available. Details of this stack have

9 W. H. Barkas, N. N. Biswas, D. A. De Lise, J. N. Dyer, H. H.
Heckman, and F. M. Smith, Phys. Rev. Letters 2, 466 (1959).
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W. T. Toner, D. O’Sullivan, T. P. Shah, A. Thompson, P. Allen,
Sr., M. Heeran, A. Montwill, J. E. Allen, M. J. Beniston, D. H.
Davis, D. A. Garbutt, V. A. Bull, R. C. Kumar, and P. V. March,
Phys. Rev. Letters 11, 29 (1963).
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Nuovo Cimento Suppl. 26, 345 (1962).
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already been described by Levi Setti and Skjeggestad.!
For the present purpose 139 mesic hyperfragments and
77 hammer tracks were used.

III. ANALYSIS OF THE DATA AND RESULTS
A. Hyperfragment Range Distributions

The distribution of the ranges (Ruw) of the hyper-
fragments decaying nonmesically is given in Fig. 1,
where our data for the Li-loaded emulsions are com-
pared with analogous ones® obtained at 1.5-GeV/¢ K~
momentum in normal emulsion. Since the prongs were
followed only within the original pellicles (of different
thicknesses in the two experiments) a “flat chamber
correction”?® is applied to both distributions. The
agreement suggests that the effects on these range
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Fic. 2. Range distribution of hyperfragments of range less than
18 u (equal range intervals!) for 1.5-GeV/¢ K~ momentum in
Li-loaded emulsions (168 events).

distributions, due to loading, namely the decrease in
stopping power and the increase of interactions with
light nuclei are small.

The range distribution of a sample of nonmesic
hyperfragments of Ryr<18 u is shown in Fig. 2. This
distribution indicates that the hyperfragments of
“short” range (Rur<10 u) form quite a distinct group
(with a mean of 3.7 u and a standard deviation of 1.7 ).

12 R. Levi Setti and O. Skjeggestad, Nuovo Cimento, Suppl. 26,
219 (1962).

13 In deriving the correction it was assumed that the K~ events
are uniformly distributed over the depth of the emulsion and that
the dip angles of the hyperfragment tracks are isotropically dis-
tributed. It is expected that any asymmetry should favor flat
angles; in this case the above correction would give an upper limit
in the number of events. The lower limit is then given by the
uncorrected number of the events. Mention is made in the text
whenever data have been corrected for flat chamber effects. These
data, however, would not be changed significantly if no correction
were applied.
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F16. 3. Range distributions of (a) mesic hyperfragments at rest,
(b) mesic hyperfragments in flight, and (c) Li® fragments in the
1.5-GeV/c K~ Li-loaded stack; broken lines indicate the nor-
malized distribution from normal emulsions. Figures 3(d), (e), and
(f) are the corresponding events in the 0.8-GeV/c K~ stack; in
these figures the flat chamber correction is indicated by broken
lines; hatching indicates hyperfragments of Z>2, black areas
possible mesic spallation hyperfragments.

In fact, these are the spallation hyperfragments of Jones
et al.? and the cutoff of the distribution at 10 u suggests
this limit be taken as a boundary value for our further
analysis.

The range distributions (corrected for flat chamber
effects) of the mesic hyperfragments from the lithium
loaded and normal emulsions® are shown in Fig. 3(a).
These two distributions are again in fair agreement.™
Figures 3(c), (d), and (f) show for further comparison
the range distributions of Li® fragments from both the
1.5- and the 0.8-GeV/c¢ stacks and of kinematically
analyzed mesic hyperfragments from the 0.8-GeV/¢
stack. Among the features to be noted are an over-all
remarkable similarity between the range distributions
for Li® fragments as well as for mesic hyperfragments at
the two K~ momenta. It can also be pointed out that
the range distributions of the Li® fragments cover the
same interval as that for hyperfragments of Z>2, at
both K~ momenta.

Of relevance with regard to the study of mesic decays
of spallation hyperfragments!®=7 is the fact that, as

14 The range distributions in Fig. 3(a) are normalized up to
Rpr<1000 x only, due to the uncertainties for longer ranges in the
normal emulsion data.

15 D. H. Davis, R. Levi Setti, M. Raymund, O. Skjeggestad, G.
Tomasini, J. Lemonne, P. Renard, and J. Sacton, Phys. Rev.
Letters 9, 464 (1962).

16 J. Cuevas, J. Diaz, D. Harmsen, W. Just, H. Kramer, H.
Spitzer, M. W. Teucher, and E. Lohrmann, Nuovo Cimento 27,
1500 (1963).

17 A, Perlmutter, Phys. Letters 4, 336 (1963).
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TABLE I. General results.

Rar<10p Rur>10p Rur> Op
Fletcher Fletcher Fletcher
et al. (Ref. 3) This work et al. (Ref. 3) This work et al. (Ref. 3) This work

Fraction of HF of 76.3£5.9%, 71.0+£4.49%, 23.7+6.19, 29.042.7%

ranges Rur
Fraction of mesic HF 1.14+0.5% 0.440.3%, 55 +229% 41.147.5%,
Fraction of stars 84.0£4.39, 60.0+5.8%, 82.04+3.99%, 78.14+3.5%

with *N,>7s

' 9.6 11.2 11.1 10.6
Fraction of nonmesic 9429, 12439, 59119, 36119,

HF stars containing

short prongs
Fraction of parent K 9429, 45499,

stars with short

prongs
Fraction of nonmesic 42449, 36459, 27T+79, 14479,

HF stars containing

recoil tracks
Fraction of parent K 2419, 15+£5%

stars with recoil

tracks
Fraction of HF 76.04.2%, 72.1+4.39, 68.548.6% 63.346.3%

emitted forwards

a% Ny is total prong number of both the parent K~ star and hyperfragment decay star.

seen in Fig. 3, an appreciable proportion of Li® frag-
ments as well as hypernuclides of 2<Z <6 have very
short ranges. At 800 MeV/¢, in fact, ~109 of the Li®
have ranges <5 u, while as much as ~209, are shorter
than 10 x. These proportions are about a factor of 2
smaller for mesic hyperfragments. At 1.5 GeV/¢, about
109, of the Li® and 59, of the mesic hyperfragments
have ranges less than 10 u. These results suggest that
the selection of mesic decays of spallation hyperfrag-
ments be made with very conservative criteria as to
range of acceptance. In fact, the possibility of contami-
nation from “light”” hypernuclides may not be negligible,
especially when accepting events of range greater than
5 and even 10 u. Only one event in our'® 800-MeV/c and
only one event in our 1.5-GeV/¢ stacks may be inter-
preted as mesic decays of heavy spallation hyperfrag-
ments. The latter one is described here. The hyper-
fragment decayed into a low-energy 7 (7»=2.6 MeV);
Ruris about 1 u. There is no evidence of a recoil. If the
event is interpreted as the decay of a heavy spallation
hyperfragment into a pion and a (invisible) recoil, an
upper limit for the A binding energy is ~43 MeV. There
is the possibility that one of the prongs of the primary
(K~) star comes, in fact, from the hyperfragment decay.
Assuming this prong to be a proton, the binding energy
would be then 31.6 MeV (7',=3.4 MeV).

Various quantities pertinent to the present analysis
are tabulated as a function of two or three groups
of hyperfragment ranges (Rur<10pu; Rur>10y;
Rur>0 p) in Table I. where a comparison is also made
with the analogous data of Fletcher ef al.? These values
for the Li-loaded stack do not change significantly even
if the ranges of the hyperfragments are increased by as
much as 209,.

B. Hyperfragment Production in Light and
Heavy Elements

The yields of hyperfragments from the 1.5-GeV/¢ K~
interactions in Li-loaded and normal emulsions® are
(3.240.1)9, and (4.4+0.3)9, respectively, after cor-
recting for flat chamber effects. Due to the uncertainties
in the beam compositions, it is impossible to obtain the
true frequency of hyperfragment production for K~
interactions in the two stacks. It is to be noted, how-
ever, that in both cases the beam compositions were the
same and that at these momenta, hyperfragment pro-
duction from 7~ interactions can still be neglected.
From the known compositions of the two different
emulsions! one can infer from these data that the fre-
quencies of hyperfragment production in Ag, Br, and
C, N, O are (6.5+0.9)9% and (041)%, respectively. It
is known, however, that the majority of the hyper-
fragments produced are spallation hyperfragments with
Ryur<10 g, which must originate from Ag, Br. Thus, it
may be more sensitive for the detection of production
in light nuclei to consider only hyperfragments of
Ruw>10 . For this fraction of the events, the fre-
quencies of production in heavy and light elements are
(1.2£0.3)9, and (0.6+0.4)9, respectively. The statis-
tics are obviously still inadequate to yield a meaningful
result concerning production in light nuclei by this
method.

We found that a more sensitive method consists in
the study of the prong number distributions of the
hyperfragment parent stars. These distributions are
shown in Fig. 4 separately for the parent stars of non-
mesic hyperfragments with Rgr<10 p [Fig. 4(a)], of
nonmesic hyperfragments of Rur>10 u [Fig. 4(b)], of
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F1c. 4. Prong number distri-
butions of parent stars for the
1.5-GeV/¢ K~ Li-loaded stack
with (a) spallation hyperfrag-
ments, (b) nonmesic hyperfrag-
ments of Rur>10y, (c) mesic
hyperfragments, and (d) Li8 prongs
(3.50< R<35u); broken lines indi-
cate normalized distributions of
Fig. 4(a).

Number of Events

mesic hyperfragments [ Fig. 4(c)], and of Li® fragments
[Fig. 4(d)]. (These distributions refer to the 1.5-GeV/¢
Li-loaded data and the prong number does not include
mesons, the recoils and the hyperfragments or Li®
fragments.) The latter three distributions are signifi-
cantly different from that for nonmesic hyperfragments
with Rur<10 p in that they show a larger proportion of
events with small prong numbers. If one attributes the
entirety of Rur<10 u events to spallation hyperfrag-
ments originating in heavy nuclei, such an excess at
small prong numbers can be attributed to production in
light nuclei of the longer range hyperfragments and Li®
fragments. Assuming that the prong number distri-
bution of the parent stars in Ag, Br is independent of
the hyperfragment range (this assumption is consistent
with the evidence in all distributions of Fig. 4) an esti-
mate of the frequency of production in light nuclei was
obtained by subtracting the histogram of Fig. 4(a) from
those in Figs. 4(b), (c), (d). This estimate depends (not
critically) on the lower limit in the prong numbers that
implies the disintegration of a heavy nucleus in the
emulsion. This limit was determined by calculating the
production rate in light nuclei as a function of increasing
prong number cutoffs until the rate remained constant.
The fractions originating in light nuclei and prong
number cutoffs are, respectively: For mesic hyper-
fragments (38=£7)9%, and 7, for nonmesic hyperfrag-
ments of Rur>10 u (26£5)%, and 7, for Li® fragments
(29-£7)% and 6. This would correspond to a production
rate of hyperfragments of Rur>10u in C, N, O of
(0.640.11)9, a value consistent with, although more
accurate than, the one found above on the basis of
different emulsion compositions. For Li® the production
rate in C, N, O is (0.204-0.04)%. These values may be
slightly underestimated, if the sample of hyperfrag-
ments with short ranges contained a contamination of
light hyperfragments which then cannot be attributed
to production in Ag, Br alone.

For purposes of comparison, Fig. 5 shows the prong
number distributions of the parent stars of mesic

15 I I T T3
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Prong Number

hyperfragments and Li® fragments at 800 MeV/c in
normal emulsions. The grouping at small prong numbers
is even more pronounced than in the loaded stack at
1.5 GeV/c, again indicating substantial production in
C, N, O for these hyperfragments known to have Z<6
from kinematic analysis of their decay.

Jones et al.? and Fletcher et al.? regard the presence of
short prongs (of energy below the effective a-particle
Coulomb barrier for high-Z nuclei) of length between 3
and 30 u in a hyperfragment decay star as an indication
of the disintegration of a light hypernucleus. They
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Fic. 5. Prong number distributions of parent stars in the 0.8-
GeV/c K- stack with (a) mesic hyperfragments and (b) Li®
fragments. Hatching indicates parent stars with short prongs
Bu<RL30u).
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further showed that such short prongs occur less fre-
quently in the case of short hyperfragments than for
long range ones. The frequency of occurrence of short
prongs from our analysis of the 1.5-GeV/c¢ data and that
of Fletcher et al.? are compared in Table I and found to
be in agreement (due to the lower density of the Li-
loaded emulsions; a short prong is defined as one of
length between 3.5 and 35 u). Lagnaux ef al.* applied
this criterion to the parent 50-300-MeV/c K~ stars as
well in order to explore the hyperfragment production
rate in light nuclei. However, the predominant part of
our hyperfragment (and Li® fragment) production
stars, at both 0.8 and 1.5 GeV/¢, which shows the emis-
sion of short prongs, is known to involve the disinte-
gration of heavy nuclei rather than of light nuclei as
seen from the shaded areas in the prong number dis-
tributions of Figs. 4 and 5. These results suggest that
the presence and the frequency of short prongs among
the higher momenta K~ stars may not be taken as
indicative of an interaction with C, N, O. To examine
this point further, all prong ranges <106 u in a sample
of parent and hyperfragment decay stars were measured.
The results are shown in Fig. 6, where no evidence is
found for a sharp falloff of the number of short prongs
for any particular range. A gradual falloff is observed
for both spallation hyperfragment decay stars and
primary K~ stars. The customary choice in plotting
these range distributions of range intervals 3-10-32-

30

20—

20 (b)

Number of Events
1]

————— ey

oo o

oﬁlr‘lllllll

5063 8 10 13 16 21 26 33 42 52 66 84 106
Range of Shortest Prong ()

Fi1c. 6. “Short” prong distribution (excluding hyperfragment
tracks) of (a) parent K~ stars and (b) hyperfragment decay stars.
Unbroken lines indicate spallation hyperfragments; broken lines
nonmesic hyperfragments of longer range (Rur>10y).
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100 w®'® would yield for our data, too, a much more
pronounced falloff at 32 y than is indeed present.

A search was further made for the existence of a
possible correlation between the length of the shortest
stable prong (3.5 u<R<100 u) and the prong number
of the hyperfragment parent stars. As seen in Fig. 7, the
data are not consistent with the assumption that the
short prongs originate predominantly in the disintegra-
tion of C, N, O.

C. Search for a Double Hyperfragment

It is expected that emulsions with an increased con-
tent of light elements favor the detection of double
hyperfragments from =~ absorptions at rest because,
due to the decreased stopping power of loaded emulsions
and the increased probability of light hyperfragment
production, it is more likely that the centers of the
production and decay stars will be visibly separated.
We found no event from our 31 635 beam stars which
could be explained by the production and interaction of
a & hyperon with the subsequent production and decay
of a double hyperfragment.

Furthermore, no “triple” centered stars were found
which could be the cascade decay of a double hyper-
fragment formed in the K~ interaction. Although several
stars appeared to be triple centered with assumed
connecting tracks of range of only a few microns in
range, in no case could one exclude the possibility that
only two centers were present, and so they were classi-
fied as double stars.

MM T T T T T T T
(b)
'5 =3 LIy —
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FETEIEE o .
lo —. . . -. . . . —
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5 . . —
N oSt . F16. 7. Scatter dia-
2 . : gram of prong num-
E ol _ . bers versus range of
z shortest stable prong
o (a) for parent stars of
o . (a) nonmesic and
& 0k . spallation hyperfrag-
. ments and (b) mesic
. hyperfragments. The
15| . ° corresponding  re-
. . gression lines are
* given.
T I I I 1
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18 J. Zakrzewski, D. H. Davis, and O. Skjeggestad, Nuovo

Cimento 27, 652 (1963).
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TaBLE II. n+ decays of hyperfragments.

No. of Ba Rur Tr
Author Decay schemes events (MeV) () (MeV) Technique
Schneps ALi" — Heb+-7t+n 5.7
et al. Ref. 21. ABe” — Lis+7t+4n 1 5.4 4 13.8 Emulsion
AHed — H3+47T+425
Kang AHet — H3+4-7t4-n 1 1.5 361 84 Emulsion
et al. Ref. 22. He-7t+42n < 9.6
Ismail AHet — H3+-7t+n 5.0
et al. Ref. 23. HA4-nt+2n 1 <121 172 7.7 Emulsion
H +7t+43n <14.3
Allen AHet - H3+-nt+n 1 2.7 17 27.9 Emulsion
et al. Ref. 24.
Ganguli AHet —» H +nt+3n 1 2.8 87 34 Emulsion
et al. Ref. 25.
Steinberg AHet — H3 47t +n 1 2.0 2820 13.4 Emulsion
and Prem Ref. 20. He4-nt42n <71
Blau AH34 — 7743 4n? 1 5 25 Emulsion
et al. Ref. 26.
Block AHet —» H3+xT+n Bubble
et al. Ref. 27. 2 4-zt4-2n 2(4+1) ~14 chamber
H +7t+43n
This work AHet — H3+7tn 2.9
He+nt42n 1 <114 120 6.2 Emulsion
H +7xt+3n <14.7

After eliminating obvious examples of the inter-
actions in flight and stars produced by captures of
negative particles, there remained one K~ interaction
in which two hyperfragments decaying nonmesically
were emitted. The ranges of the hyperfragments were
3 and 106 . Similar events were reported by Wilkinson
et al.”® and Steinberg and Prem.?

D. =+ Decay of a y\He* Hyperfragment

An event interpreted as the #t decay of a hyper-
fragment has been found. The hyperfragment emerged
from an 11-prong star produced by a beam particle. The
fragment appears to come to rest decaying into two
charged particles. The =+ meson is identified by its
characteristic w-u-e decay; the second track has the
appearance of a particle of Z=1. No other indication of
a track or recoil has been observed at the hyperfragment
decay. There are only three possible interpretations for
this hyperfragment decay. These are \He* — n+4-=t-+H?
2n+7T+H?, 3n+nt-+HL. Several =+ decays of hyper-
fragments have already been reported.? 2" A compila-
tion of all published 7+ decays of hypernuclei is given in

19D, H. Wilkinson, S. J. St. Lorant, D. K. Robinson, and S.
Lokanathan, Phys. Rev. Letters 3, 397 (1959).
2 P. H. Steinberg and R. J. Prem, 1963 (unpublished).
21 J. Schneps, Phys. Rev. 112, 1335 (1958).
2Y. W. Kang, N. Kwak, J. Schneps, and P. A. Smith, Nuovo
Cimento 22, 1297 (1961).
2 A.Z. M. Ismail, I. R. Kenyon, A. W. Key, S. Lokanathan, and
Y. Prakash, Phys. Letters 1, 199 (1962).
2 P. Allen, Sr., M. Heeran, and A. Montwill, Phys. Letters 3,
274 (1963).
% S. N. Ganguli, N. Kameswara Rao, and M. S. Swami, Nuovo
Cimento 28, 1258 (1963).
26 M. Blau, C. F. Carter, and A. Perlmutter, Nuovo Cimento
27, 774 (1963).
27 M. M. Block, R. Gessaroli, S. Ratti, L. Grimellini, T. Kikuchi,
I(J.gIégsldinara, L. Monari, and E. Harth, Nuovo Cimento 28, 299
1 .

Table II. Geometrical data of our 7+ event are given in
Table TII.

The =+ decay of hyperfragments has possible ex-
planations such as (i) the A bound inside the hyper-
nucleus may have transitions to virtual Z states and
then decay from these states?® and (ii) the = meson from
the usual mesic decay modes may undergo charge
exchange before leaving the nucleus. Dalitz and von
Hippel from preliminary calculations using these models,
estimate that the ratio R of 7t modes/m~ modes for
AHet is 1.19, from process (i) and 0.49, from process
(i1).? Experimentally this ratio was found to be ~1.6%,
(1 event) and ~49, (3 events) by Kang et al2 and
Block et al.,?" respectively. We have re-estimated R using
all the data on mesic decays of hyperfragments which
have been reported by emulsion groups.® In dealing

TasBLE ITI. Data from the =+ decay
of the EFINS jHe? hyperfragment.

Azimuth
Track Range Energy* Dip angle angle
No. Identity () (MeV)  (degrees) (degrees)
1 AHet 120 —606.8 1711
2 t 1269 6.2 20.7 184.0
H 4.7
3 H2 194 6.0 19.1 290.9
B 6.8 -

* Using R-E relation for the Lithium loaded emulsion (Ref. 11).

28 A. Deloff, J. Szymanski, and J. Wrzecionko, Bull. Acad.
Polon. Sci. 7, 521 (1959).

2 F. von Hippel (private communication).

30 For references, see R. Levi Setti, W. E. Slater, and V. L.
Telegdi, Nuovo Cimento Suppl. 10, 68 (1958); W. G. G. James,
ibid. 23, 285 (1962); M. Raymund, Nuovo Cimento (to be pub-
lished). See also references of this paper 1-4, 9, 15, 18, 23, 24;
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with a survey of this kind, one meets with the uncer-
tainties arising from the fact that while =+ decays have
been singled out, not all the 7~ decays in the corre-
sponding samples may have been analyzed or even
reported. Since, however, both the mesic hyperfragment
total production rate as well as the partial rates for the
production of specific hypernuclides are known for a
variety of producing particles and energies, whenever
necessary, an estimate of the number of \He* 7~ decays
could be obtained from the exposure data. For this
purpose it was estimated, using data on analyzed mesic
decays, that ~6.5% and ~129, of the mesic hyper-
fragments are pHe* and sHe"5, respectively. Further-
more, from the known binding energies of sHe* and
aHe® and the average binding energy of a sample of
AHe*5, the ratio of sHe* to 4He® among the nonuniquely
identified sHe*® could be obtained, consistent with that
for the uniquely identified sHe, namely 1:3. We thus
estimate that some 219 examples of the 7~ mesic decay
of the yHe* hyperfragments have been found in such
circumstances that a =+ decay, if any, would have been
found and reported, and from the six 7+ mesic decays of
aHe® reported, it follows that R< (2.741.1)9%,. The use
of the inequality assumes that all the =+ mesic decays
have been reported whereas the information available
to us may not include all the =~ mesic decays.

III. CONCLUSIONS

The hyperfragments produced in Li-loaded emulsions
by 1.5-GeV/¢ K~ interactions show most of the char-
acteristics exhibited by those produced in normal
emulsions by K~ mesons of the same energy, i.e., that
the majority of the hyperfragments produced, in
particular those with ranges from 0 to 10 y, are heavy
spallation products of Ag and Br nuclei. This similarity
also indicates that in both cases the production of

B. Bhowmik, D. P. Goyal, and N. K. Yamdagni, Nucl. Phys. 40,457
(1963); R. G. Ammar, W. Dunn, and M. Holland, Phys. Letters
3,340 (1963); Y. W. Kang, N. Kwak, J. Schneps, and P. A. Smith,
Phys. Rev. Letters 10, 302 (1963) ; A. Z. M. Ismail, I. R. Kenyon,
A. W. Key, S. Lokanathan, and Y. Prakash, Nuovo Cimento 27,
1228 (1963); J. Cuevas, J. Diaz, D. Harmsen, W. Just, H. Kramer,
H. Spitzer, M. W. Teucher, and E. Lohrman, 1963 (to be pub-
lished); I. R. Kenyon, A. W. Key, and S. Lokanathan, Nuovo
Cimento 28, 873 (1963); G. Baumann, H. Braun, and P. Cuer,
presented at the International Conference on Hyperfragments,
St. Cergue, Switzerland (unpublished); Compt. Rend. 254, 1608
(1962); 254, 3839 (1962); V. A. Tumanyan, M. G. Sarinyan,
D. A. Galstyan, A. R. Kanetsyan, M. E. Armstamova, and G. S.
Sarkisyan, Zh. Eksperim. i Teor. Fiz. 41, 1007 (1961) [English
transl.: Soviet Phys.—JETP 14, 716 (1962)]; B. Bhowmik
(private communication); I. R. Kenyon (private communication).
Furthermore, unpublished data of the EFINS and NU groups
were included.
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hyperfragments by K~ interactions with light nuclei is
small.

The range distributions for the mesic hyperfragments
as well as those for the Li® fragments do not vary
appreciably for production at 1.5 and 0.8 GeV/ec.
Furthermore, the range distributions for mesic hyper-
fragments of Z>2 and for Li® fragments show some
similarity at 1.5-GeV/c¢ as well as at 0.8-GeV/c K~
momenta.

An appreciable proportion of Li® fragments and mesic
hyperfragments have very short ranges (0< Rur<10 ).
Since the major proportion of the mesic hyperfragments
is known to have Z <6, the possibility of contamination
from “light” hypernuclides among the assumed mesic
decays of heavy spallation hyperfragments may not be
negligible, especially when accepting events of range
greater than 5 and even 10 u. The proportion of mesic
heavy spallation hyperfragments among mesic hyper-
nuclides may be <1/116 and <1/139 at 1.5- and
0.8-GeV/¢c K~ momenta, respectively.

The yields of hyperfragments from the 1.5-GeV/¢ K~
interactions in Li-loaded and normal emulsions are
(3.240.1)9%, and (4.44+0.4)9%, respectively. More
sensitive data in determining the production rate of
hyperfragments from K~ interactions with C, N, O
than the above ones were obtained by studying the
prong-number distributions of the hyperfragment
parent stars. (3847)%, (26£5)%, and (294+7)%, of
all mesic hyperfragments, nonmesic hyperfragments of
Ryr>10 u and Li® fragments, respectively, were attri-
buted to production in light nuclei. The production
rates of hyperfragments in light (C, N, O) and heavy
(Ag,Br) nuclei are (0.6620.11)9, and (5.204-0.20)%,
respectively.

The Coulomb barrier criterion was shown to fail in
discriminating among light or heavy hyperfragment
parent nuclei at 0.8- and 1.5-GeV/¢ K~ momenta.

The branching ratio of the =+ decay and =~ decay
modes for the \He* hypernucleus derived from emulsion
experiments is R< (2.72:1.1)%,. This value is in agree-
ment with the one found by the helium bubble chamber
collaboration experiment? and not inconsistent with
that recently calculated by Dalitz and von Hippel.?®
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