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the experimental value for the lowest T=% state, but
the uncertaintly of the latter is rather high because of
known difficulties in extracting spectroscopic factors
from high excited states. The need for different optical-
model parameters for the highly excited isobaric analog
state is also indicated by the different shape of the two
pure j7=3$7 transitions to the ground state and to the
7.79-MeV state (Fig. 8). The (p,d) experiment yielded a
somewhat smaller value (S=0.94) if the ground-state
value is renormalized to 2.5, which is still too large to
allow for other strongly excited T=4% states. A Mg?2-
(d,He®)Na? experiment would be desirable since it
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would yield a more reliable value for the strength of
this transition and could also show whether or not
other strongly excited /=2 transitions do occur.
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The short-range (<10 ) mesonic hyperfragments produced by 1.1-BeV/¢ K~ mesons and 2.3-BeV/c
K~ mesons in K5 nuclear emulsions have been studied in order to estimate the potential-well depth of the
A-N interaction. Among more than 261 000 K~ interactions examined, we have observed 70 mesonic decays,
which consist of 41 heavy hyperfragments, 28 light hyperfragments, and one »* decay. Based on eight
7~-p-r decays (r indicates residual nucleus) in the lower region of a plot of binding energy versus mass, the
upper limit of the potential-well depth of the A-N interaction was estimated to be 27.7+£0.6 MeV, assuming
a square-well potential. A further elaboration of a more accurate estimate of the binding energy and con-
sequently derived potential-well depth is discussed. The nonmesonic-to-r—-mesonic decay ratio of the
heavy hyperfragments (4 =654-40) was estimated to be 15324:27. This value agrees fairly well with the
theoretical ratio 130 at 4 =100, estimated by Dalitz. The study of 28 light-hyperfragment events indicates
that (754:22)9%, of the light hyperfragments originated in light nuclei (O, N, C).

I. INTRODUCTION

HE majority of secondary stars with short con-
necting tracks (10 u) observed in high-energy
—-meson interactions in nuclear emulsions represent
nonmesonic decays of heavy hyperfragments with a
mass A4=65+40. These heavy hyperfragments are
residual nuclei containing trapped A° particles, and are
produced by the spallation process (cascade and evap-
oration) during K—-meson interactions.—

It was first shown by Davis et al. that the mesonic
decays of heavy hyperfragments (HHF’s) are useful
in estimating the potential-well depth of the A-NV inter-
action on the basis of a square-well potential. Subse-

* Work was performed in the Ames Laboratory of the U. S.
Atomic Energy Commission. Contribution No. 1859.

1B. D. Jones, B. Sanjeevaiah, J. Zakrzewski, M. Csjthey-
Barth, J. P. Lagnaux, J. Sacton, M. J. Beniston, E. H. S. Burhop,
and D. H. Davis, Phys. Rev. 127, 236 (1962).

2N. A. Nickols, S. B. Curtis, and D. J. Prowse, Phys. Letters
1, 327 (1962).

3 A. W. Key, S. Lokanathan, and Y. Prakash, Nuovo Cimento
36, 50 (1965).

¢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).

quently, this problem was investigated by many
authors. The potential-well depth of the A-NV interac-
tion was estimated as 25 to 30 MeV by Davis et al.t
(5 events), 30 to 40 MeV by Cuevas et al.5 (4 events),
27.241.3 MeV by Lemonne et al.b (22 events), 2743
MeV by Lagnaux et al.” (11 events), 20 to 35 MeV by
Key et al® (10 events), and around 30 MeV by
Prowse et al? (6 events).

The difficulties in accurately estimating the potential-
well depth were as follows.4—*

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

¢ J. Lemonne, C. Mayeur, J. Sacton, P. Vilain, G. Wilquet,
D. Stanley, P. Allen, D. H. Davis, E. R. Fletcher, D. A. Garbutt,
M. A. Shaukat, J. E. Allen, V. A. Bull, A. P. Conway, and P. V.
March, Phys. Letters 18, 354 (1965).

7J. P. Lagnaux, J. Lemonne, J. Sacton, E. R. Fletcher, D.
O’Sullivan, T. P. Shah, A. Thompson, P. Allen, Sr., M. Heeran,
A. Montwill, J. E. Allen, D. H. Davis, D. A. Garbutt, V. A.
Bull, P. V. March, M. Yaseen, T. Pniewski, and J. Zakrzewski,
Nucl. Phys. 60, 97 (1964).

8A. W. Key, S. Lokanathan, and Y. Prakash, Nuovo Cimento
34, 274 (1964).

8 D. J. Prowse and A. Lou, Bull. Am. Phys. Soc. 10, 114 (1965);
10, 1124 (1965).
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(1) The mass of a HHF cannot be accurately esti-
mated mainly due to inability to distinguish between
Br and Ag interactions. The mass could be intermediate
between light and heavy nuclei if a parent interaction
contains a heavy-fragment track which is too short to
be seen or is otherwise invisible.

(2) The residual nucleus resulting from the mesonic
decay may be left in an excited state, either by direct
transition, or by secondary collisions of the decay
products.

(3) For the 7 decay mode (r indicates residual
nucleus), the binding energy of the least-bound proton
cannot be known accurately because of uncertainty in
the charge and mass of the hyperfragment. The semi-
empirical binding energy® is 8.34-1.6 MeV for the
isotope region defined in Sec. IITA.

(4) A peutron may be emitted.

(5) A decay from a long-lived isomeric state will
give an underestimate of the binding energy. However,
the decay from such a state is considered very rare.!*

In this paper we attempt to estimate the potential-
well depth of the A-IV interaction with greater accuracy
by overcoming the above difficulties. In earlier works* 7
the authors estimated the average binding energy of
certain HHF’s and used an average mass derived
statistically. Since the possible masses of HHF’s are
widely spread,® a better estimate requires better identi-
fication of masses. In our work, using methods dis-
cussed in Sec. ITTA, the choice is narrowed to Ag or Br
interactions; the Ag-Br ambiguity is further discussed
in Sec. ITIC. The possible occurrence of short or in-
visible fragment tracks is discussed in Sec. IIIA. If the
residual nucleus resulting from the mesonic decay is
left in an excited state, the binding-energy calculation
results in an overestimate. Hence the lowest binding
energies for a given mass region should be chosen to
estimate the potential-well depth most accurately.
Since the residual nuclei may be in excited states for
even those HHF’s whose binding energies are lowest,
the binding energies should still be regarded as upper
limits. However, the experimental data indicate that
the excitation energies involved are very small for the
events in the lowest region. It is unlikely that neutron
emission occurs among those 7-p-r events which have
the lowest binding energies (about 23 MeV), because
its assumption would reduce the binding energies to
less than 15 MeV (the light hyperfragment binding-
energy region) due to the neutron separation energy
(approximately 8 MeV) and the neutron kinetic energy.
The 7-r decay modes can not be used due to uncertainty
in the binding energy of the least-bound proton.

From the above brief discussion we have chosen the
following criteria in order to admit an event as a

107, Wing and J. D. Varley, Argonne National Laboratory
Report ANL-6886, 1964 (unpublished).

U R. H. Dalitz, Proceedings of the International Conference on
Hypcsrfragments, St. Cergue, Switzerland, 1963 (CERN, Geneva,
1964).
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candidate for evaluation of the potential-well depth.

(1) The parent interaction should not contain any
short-range prong less than 10 u. (Fortunately we did
not have such a case.)

(2) No 7-r decay mode should be used regardless of
its binding energy value.

(3) The binding energy in a given mass region should
be among the lowest. Since there is a clustering of the
lowest binding energy values at about 23 MeV, and
since the error in individual binding energy values is
about 0.30 MeV, we arbitrarily take 24 MeV as a
cutoff for defining the lowest values. This is about three
standard deviations above the mean at about 23 MeV.

According to the above criteria eight events were
chosen to compute the potential-well depth. The values
obtained were compared with the world survey data.

II. EXPERIMENTAL PROCEDURE

Two stacks of Ilford K5 emulsions 4 in.X6 in.X8 in.
in size, each containing about 160 pellicles, were
exposed, respectively, to the 1.1-BeV/¢c K~ beam at the
Bevatron, Berkeley, and to the 2.3-BeV/c K~ beam at
the Brookhaven A.G.S. The = contamination in the
1.1-BeV/c K~ beam was less than 59,. The emulsion
densities were 3.7454-0.040 g/cc for the Berkeley stack
and 3.827-40.029 g/cc for the Brookhaven stack.

Both stacks were area scanned for double stars under
low magnification (120X), and each K~ interaction
was examined under high magnification (1200X) for
the presence of a DSjp event. Here a DSy event is
defined as a double star with the length of the connect-
ing track equal to or less than 10 u.

The conventional method was used for the measure-
ments of ranges, dip angles, and azimuths of hyper-
fragments; for the eight selected events the ranges were
carefully measured twice. The measurement error was
less than 29,. The errors on the binding energies in-
clude those contributed by range straggling, measure-
ments, shrinkage factor, stopping power correction, and
the uncertainty in the Q value of the A° decay. The
errors of the binding energies are relatively small
mainly due to the small straggling error associated with
the low-energy pions emitted from HHF’s.

In order to identify a mesonic decay of a DSy event,
all its secondary prongs were followed until pion and
proton tracks could be distinguished by observation of
scattering and ionization. Mesonic hyperfragments
(MHF) thus found were measured and kinematically
analyzed by a computer program. When no good fit to
a light hyperfragment (LHF :Z<8) could be found, the
hyperfragment was classified as heavy if the binding
energy Bj was greater than 16 MeV. B, was found from
the formulas:

By=37.60— (E,+E,) forax—-p-r decay,

By=37.6+B,—E. for #—r decay,
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Fic. 1. (a) The sketch of the track profile indicating measured
quantities in the track profile parameter ®=3 ;" (kwi/H:),
where H; is the background light intensity, #;/H; is the fraction
of light absorbed at the minimum of transmission, w; is the full
width at the half-height $%;, and ¢ refers to repetition of measure-
ments (ten measurements for a track). (b) The profile measure-
ments of all grey or dark prongs of the K~ parent interactions of
the eight selected events, as a function of dip angle in the un-
processed emulsion. The lithium tracks found in the same stack
were added for comparison.

where E, and E, are the kinetic energies of pion and
proton, respectively, and B, is the binding energy of
the least-bound proton.'?

There might be some possibility that a LHF was
misinterpreted as heavy since the kinematic analysis
alone can not always correctly identify a decay mode
(e.g., in the two-neutron-emission case). However, the
possibility was estimated to be very small from the fact
that 197 long-range MHF’s (>10 ) which were found
in the 2.3-BeV/c K~ stack were analyzed and could all
be interpreted as light by kinematic analysis alone.
Further evidence that the eight selected events are not
light comes from a study of the relationship between

TasrE L. Detailed statistics of observed mesonic hyperfragments.

K~-meson momentum 1.1 BeV/c 2.3 BeV/c

Number of K~ interactions observed 141712 120 000

Total number of DS;o events observed 6028 1600

Total number of long-range mesonic 474 197
hyperfragments (> 10 p)

Total number of short-range mesonic 62 8
hyperfragments (10 w)

Total number of mesonic heavy 33 8
hyperfragments

Total number of short-range mesonic 28 0
light hyperfragments (10 )

0

Number of =+ decays of hyperfragments 1

2 The energy release in A° decay is Q=37.604-0.12 MeV. See:
A. H. Rosenfeld, A. Barbaro-Galtieri, W. H. Barkas, P. L.
Bastien, J. Kirz, and M. Roos, Rev. Mod. Phys. 37, 633 (1965).
We assumed a proton binding energy of 8 MeV.
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the hyperfragment range and the nature of the parent
interaction. In a sample of 28 short-range LHF’s
(see Sec. ITID), none of range <4 u was emitted from
a heavy nucleus. Of the eight selected HHF’s all except
one had a range less than 4.0 u and were emitted from
Ag or Br. Thus it would seem unlikely that there is any
appreciable LHF contamination among these eight
events.

The observed decay modes were 7—-p-#, 7=-r (possibly
7~-n-r), and perhaps =t-. The detailed statistics of
the observed hyperfragments are given in Table I.

In order to determine the charges of tracks coming
from the parent interactions of the eight selected HHFs,
a microdensitometer’® incorporating an Enhancetron'
was employed. The Enhancetron reduces the background
noise by signal averaging, stores the resulting signals
in a magnetic core memory and gives a pen recorder
plot of the stored data.

As a parameter of the track profile we used the
quantity's

10 J;04
d=3 )
i=1 H;

where H; is the background light intensity, k./H; is
the fraction of light absorbed at the minimum of trans-
mission, w; is the full width at the half-height 34;, and
i refers to repetition of measurements (ten measure-
ments for a track) (see Fig. 1a). We determined the
charge of a track by comparing the profile of an un-
known track with a known one in the neighborhood.
The depth correction was obtained by observing a fast
but dark He track which passed through one plate, and
also by measuring flat Li® tracks, but the correction
required was found to be negligible except near the
emulsion surfaces. All tracks except light tracks
(>2000 ) and one steep track (>70°) were measured
three times. In Fig. 1(b) the results of the profile mea-
surements are given as a function of dip angle in the
unprocessed emulsion for tracks produced in the eight
selected events. The charges of tracks with ranges longer
than 500 u were also determined by delta-ray counting,
and the two methods were found to give consistent
results. The charges of the tracks thus determined are
given in Table II. The ratio of the yield of charge 1 to
charge 2 is 3.141.2 if one assumes'® N,/N;,=0.3, where
N, is the number of grey tracks produced by knock-on
particles and N, is the number of heavily-ionized tracks
(g>1.4g% where g* is the minimum grain density).
This result is consistent with the value 2.5 for eight-
prong stars calculated by evaporation theory.'* No
track with Z>2 was observed.

(1;36:;.) E. Hall and D. J. Zaffarano, Nucl. Instr. Methods, 48, 141

1 Nuclear Data, Inc., Palatine, Illinois.

15 1. R. Kenyon, Nucl. Instr. Methods 16, 348 (1962).

15 C. F. Powell, P. H. Fowler and D. H. Perkins, Tke Study of
Elementary Particles by Photographic Methods (Pergamon Press,
Inc., London, 1959).
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TasLE II. The potential-well depths calculated for the binding energies and masses of the eight selected events.
HHF Well depth
Pion Proton Binding Bror Ag mass (MeV for
Range energy energ energy inter- Number of HHF (nucleon ro=1.235
No. Event No. () MeV) (MeV) (MeV) action prongs® charge masses) X1078 cm
1 86]-HA25 2.0 5.09 8.70 23.81+0.29 Br 4(0a) 30 65_0"6 29.1_ 5104
Ag 42 98_;13 28.0_¢ 303
2 73J-HA1 3.0 2.98 11.50 23.124-0.31 Br 3(0a)+17* 3141 74 _gt8 28.0_9 5103
Agb 43 + 1 102_9+3 27.2_0, 4+0'3
3 75J-HA18 1.6 12.75 1.86 22.9940.31 Br 6(1le) 27 60_5+1 28.5_¢.4103
Agb 39 90_,*2 27.3_0.5M03
4 86]-HA10 24 12.40 222 22.984+0.03 Br 6(0a) 28 59_¢t8 28.6_9.50-3
Agh 40 91_,*6 27.3_¢.5104
5 71J-FM18 5.8 4.87 9.80 22.9340.30 Br 16 (2a) 16 33_™ e
Ag 28 59_¢te 28.5_9.510 58
6 77J-FB15 1.6 10.88 3.82 22.90+0.30 Br 6(la to 3a) 27+1 59_4%6 28.5_0.4M3
+ 1z
Agb 3941 91_g*6 27.2_¢.4104
7 73J-HA10 0.8 8.00 7.06 22.544-0.30 Br 63 or 2c) 25_¢1 56510 28.3_.5103
Agb 37_c.+1 86_2+5 27.0_.0.3+0'4
8 86J-HA27 1.6 14.09 1.32 22.1940.31 Br 7 (1l or 2a) 26,10 57_g* 27.9_g.470:4
Agb 38_;10 88_413 26.6_0.5703

a The interaction belongs to the second set of interaction assignments. (see IIIB).
b Prong number is that of parent interaction. The a particles were included in the number.

III. DATA ANALYSIS AND RESULTS

In the examination of 6028 DS;, events observed
among 141 712 interactions of 1.1-BeV/¢ K~ mesons,
and 1600 DSy events observed among 120 000 inter-
actions of 2.3-BeV/¢c K~ mesons, 41 mesonic HHF’s,
28 LHF’s and one =t decay have been found within
10 u range from the K~ interactions. We first present
the main object of our paper, the determination of the
mass, binding energy, and potential-well depth of
HHEF’s.

A. Mass Determination of Heavy Hyperfragments

The charge of a HHF was assumed to be the charge
of Ag or Br (47 or 35) minus the total of the charges of
the prongs of the K~ parent interaction, minus one.
The core mass!? for a given charge was assumed to be
that of the most abundant natural isotope'® or of the
isotope with one less neutron,’®® and the errors were
chosen so as to include isotopes of half-life seven days or
more, the time between exposure to the K~ beam and
emulsion development. The infrequency of observation
of associated 8 decays at the decay points indicates that
the above error assignment is reasonable. One asso-
ciated 8 decay among 15 7—-p-r events and five asso-
ciated B decays among 26 77 events were observed.

The charge and mass of a heavy hyperfragment were
obtained by assuming that there is no invisible short-
range prong emitted during K interactions, because the
Coulomb barrier would suppress the emission of ex-
tremely slow particles despite lowered barrier height,
and asymmetrical fission would occur only rarely. It
should be added here that our assumption is not based

17 This mass is (4 —1) for a HHF of mass 4.

18 Chart of the Nuclides, Knolls Atomic Power Laboratory.

1B K. J. LeCouteur, Proc. Phys. Soc. (London) 63, 259 (1950).

2 I, Halpern, R. J. Debs, J. T. Eisinger, A. W. Fairhall, and
H. G. Richter, Phys. Rev. 97, 1327 (1955).

on any empirically proven evidence of the absence of
such prongs but on the rarity of their occurrence.
Among 41 HHF’s, only two K~ parent interactions con-
tained second short-range prongs (10u>R>S5 ).
According to the study by Beniston et al.,?* the fraction
of parent K— interactions with second short-range
prongs is 0.0240.01. For our sample of 28 short-range
LHF’s, among five short-range LHF’s which were
identified as originating in heavy nuclei only one event
(1BY) has a range of less than 5 u. Thus the observed
range distribution is compatible with the prediction
based on barrier penetration calculations, and the
invisible short-range fragments would be rare (<1%).
Therefore, the above assumption seems to be reasonable
for the statistical analysis.

None of the parent stars of our selected events showed
a short (=10u) prong which, because of uncertain
charge and mass, would have made the mass estimate
unreliable. [Only two out of forty one events involved
a short-range prong and both events were = decays.
The charge of one prong was assumed to be Z=442
while that of the other was assumed to be a fission
product because the hyperfragment range is unusually
long (9.1 u), and so the mass is likely to be intermediate
(Ba=20 MeV).]

The number of « particles and heavier particles was
small in our selected sample (See Sec. II) ; to each of the
other events 1.3 « particles on the average were assigned
by considering track appearance and prong numbers.
Seven particles with Z=3 or 4 were identified by
hammer head or track thickness. If one changes the
number of « particles by =1, the general picture of the
binding-energy—-versus—mass plot (Fig. 2) will not
change much and the final results are not affected.

2t M. J. Beniston, R. Levi Setti, W. Piischell, and M. Raymund,
Phys. Rev. 134, Bo41 (1964).
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F16. 2. The apparent binding-energy distribution of 41 heavy
hyperfragments as a function of the estimated mass. The two
possible masses of a hyperfragment are connected by a broken
line. The curves A and B are binding energy plots as a function of
the hyperfragment mass for the fixed values Dy=28.3 MeV and
Dy=27.1 MeV, respectively.

B. Binding Energies of HHF’s and the
Potential-Well Depth (Square Well)

The apparent binding energies of all observed HHF’s
are given as a function of the estimated mass in Fig. 2.
Mainly for the reasons described earlier, these energies
have a wide spread, extending from 20 to 40 MeV and
the possible masses of the HHE’s are between about 25
to 102 nucleon masses. Two possible masses, corre-
sponding to Br or Ag parents, are assigned to each event
and are connected by a broken line.

Masses, except for the events in the lower part of the
binding-energy-mass plot, were crudely estimated, and
the error in charge of a HHF may be 1. This will
not affect the estimate of the potential-well depth. The
m—r events were added to show a general trend of
apparent binding energies.

The eight #—-p-r events in the lower region of the
binding-energy-mass plot are the ones admitted as
candidates for evaluation of the potential-well depth.
Their binding energy, prong numbers of parent inter-
actions, estimated masses, and charges are listed in
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Table II. Errors in the binding energy are standard
deviations.

In the model we adopt, the nucleons provide for the
A® particle a potential-well of a constant depth Dy,
which is assumed to be independent of 4. For a square-
well potential, Dy is related to the binding energy Ba
and to the nuclear radius 7o(4 —1)'/2 by

(DA—"BA)”2 cot[(ZuAh-Z (DA_BA))1/2
Xro(A—1)"¥]=—By'"2, (1)

where uy is the reduced A° mass. The error of the po-
tential-well depth was computed as a function of the
errors of the binding energy and the mass from Eq. (1).
Values of the potential-well depth for the binding
energies and masses of the candidates in the lower
region, calculated with 7o=1.235X10"% cm,2 are given
in the last column of Table II for the two possible
masses.

We notice that the potential-well depth values are
clustered in two distinct groups near D;=228.3 MeV
and D;=~27.1 MeV. (The well depth is sensitive to the
nuclear radius parameter. For example, the above
values become D3=29.3 MeV and D;=27.9 MeV for
7o0=1.115X1072 cm and Dy=27.5 MeV and D;=26.5
MeV for 7o=1.350X10"* cm.) The curves A and B in
Fig. 2 are binding energy plots as a function of the
HHF mass for the fixed values D,=28.3 MeV and
Dy=27.1 MeV, respectively. Six events in the lower
region, if attributed to Br, and events 1 and 5, if
attributed to Ag, appear to lie on curve A. The first-
mentioned six are on curve B, if attributed to Ag. The
curves are separated by about 1.3 MeV, about four
times the standard deviation of the binding-energy
error. Thus this suggests an experimental possibility
for determining the correct assignment. It should be
noticed that the possible mass errors have been sub-
stantially reduced by determining the charges of
prongs of the parent interactions accurately. If we
include four events from the world survey data, which
will be described below, the separation of our eight
events into two sets of interaction assignments is
further supported within the uncertainty in hyper-
fragment charges.

Thus we have two sets of interaction assignments;
the first set consists of two possible Ag interactions and
six possible Br interactions. The weighted average of
depth is 28.340.3 MeV (the weighting factor is 1 for
each of six Br interactions, and 4 for each of two Ag
interactions) and the average mass is 63. The second
set consists of six possible Ag interactions, the average
depth value is 27.14-0.3 MeV, and the average mass is
91. The second set members are indicated in Table II.
It would be possible to choose a correct set by compiling
more data, as discussed later. If we do not distinguish
between Br or Ag interactions, a grand average of all

2V. Meyer-Berkhout, K. Ford, and A. Green, Ann. Phys.
(N.Y.) 8, 119 (1959).
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TasLE III. The world survey data (w-p-r decays of binding energy less than 24 MeV).

K- Number Pion Proton  Binding
Event momentum, Range of energy energy energy
No. Authors (BeV/e) () prongs MeV) MeV) (MeV) Comments

1 Key et al» 0.8 2.5 12 9.8 6.8 21.0 A visible recoil in the
decay star. Intermediate
in mass.

2 Key et al» 0.8 10.0 1 16.7 0.7 20.0 A visible recoilin the decay
star. Intermediate in
mass.

3 Evan et al.P At rest 4.0 2 6.9 9.5 21.2 The longer range indicates
an intermediate mass.

4 Lemonne et al.© At rest 0.9 5 11.5 3.3 22.8 Heavy in mass.

5 Lemonne et al.c At rest 1.9 2 8.8 5.1 23.7 Heavy in mass.

6 Lagnaux et al.d 1.5 2.6 6 7.1 7.4 231 Heavy in mass.

7 Lagnaux et al.d 1.3 14 8 12.3 2.8 22.5 Heavy in mass.

8 Perlmutter® 0.8 2.3 4 111 9.3 17.2 A possible visible recoil of

<1 p in the decay star,
and 4.3 u long recoil in
the parent interaction.
Intermediate in mass.

a Reference 8. b Reference 23. © Reference 6.

the depth values is 27.74-0.6 MeV. The error was chosen
so as to cover the Ag-Br ambiguity. This agrees with
previous estimates®? which were based on methods of
mass estimation different from ours. In the next section
we will discuss the above two sets further.

It is instructive to see how our eight events can be
compared with the world survey data of =—p-r de-
cays.t% In Table ITI we list those which have binding
energy less than 24 MeV. For Events 1 and 2, the visible
recoils in the hyperfragment decay have ranges of 1 to
2 u. According to the range-momentum relation for
heavy ions,# the Z=20 heavy ion of range 1 has a
momentum of 300 MeV/¢, while the sum of the pion and
proton momenta opposing the recoil momentum is much
smaller than 300 MeV/c. Thus the masses seem to be
intermediate (Z<20). Larger prong numbers of parent
stars also indicate possible intermediate masses for
these two events. Event 2 involves a decay proton of
range 9.0 4 which is also evidence that the mass of the
event is intermediate.!?® The decay star of event 8 has
a possible visible recoil of range less than 1 u. The parent
interaction contains a short-range prong (4.3 u) and
so the mass estimate is not accurate, but the small bind-
ing energy suggests that it also may be intermediate in
mass. Events 4, 5, 6, and 7 are HHF’s essentially similar
to ours regarding the binding energies, prong numbers,
and ranges. For event 3 the authors commented it might
be of intermediate mass because of its longer range but
the prong number agrees with this assumption only if
the prongs include a heavy-fragment track, visible or

2 A. Perlmutter, Phys. Letters 4, 336 (1963); G. Baumann,
H. Braun, P. Ciier, Comptes Rend, 256, 1735 (1963); Bologna,
Firenze, Genova Collaboration, Proceeding of the International
Conference on Hyperfragments, St. Cer gue, Switzerland, 1963 (CERN,
Geneva, 1964); D. A. Evan, D. T. Goodhead, A. Z. M. Ismail,
and Y. Prakash, Nuovo Cimento 39, 785 (1965).

2 D. J. Prowse and N. A. Nickols, Phys. Rev. 139, B544 (1965).
Also see Fig. 1.

25 J. Zakrzewski, D. H. Davis, and O. Skjeggestad, Nuovo
Cimento 27, 652 (1963).

d Reference 7.

invisible. Thus if we look at all the data, it is concluded
that 12 HHF’s have binding energies of about 23 MeV
while four hyperfragments with binding energies of 21
MeV or less are indicated to be intermediate in mass.
As far as HHF’s are concerned, no event has been found
with a binding energy lower than about 23 MeV, even
if the world survey data are included.

C. Discussion—Ag-Br Ambiguity

It may be instructive to investigate the Ag-Br
ambiguity to try to identify a correct set of interaction
assignments. The following discussion is based on the
experimental fact that for our events the observed
binding energies and the estimated masses, under
appropriate assumptions, are remarkably close to each
other.

While the fraction of decays leading directly to an
excited residual nucleus is difficult to estimate, excita-
tion by collision processes in nuclear matter may be
discussed in terms of mean free paths. The mean free
paths of protons with energy 4 to 10 MeV and of pions
with energy 10 to 20 MeV are estimated to be about
7.5X108 cm and 220X10~8 cm, respectively.?8:??
Therefore, when A° particles decay inside HHF’s with
A=70 in about 609, of =~-p-r modes both decay par-
ticles are estimated to escape from the nucleus without
inelastic collision if there is no Coulomb barrier. Since
the effective Coulomb barrier is 4 MeV * for a nucleus
with 4 =70, a decay proton can leave the nucleus if its
kinetic energy exceeds 4 MeV. It was crudely estimated
by considering a HHF mass and the kinetic energy of its

26 Ken Kikuchi, Nucl. Phys. 12, 305 (1959); H. Taketani and
W. Parker Alford, Phys. Rev. 125, 291 (1962); B. W. Shore, N. S.
Wall, and John W. Irvine, Jr., 4bid. 123, 276 (1961); and B. D.
Wilkins and G. Igo, 2bid. 129, 2198 (1963).

27 R. M. Frank, J. L. Gammel, and K. M. Watson, Phys. Rev.
101, 891 (1956) ; N. C. Francis and K. M. Watson, Am. J. Phys.
21, 659 (1953).
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F1c. 3. The mass distribution (taken from Ref. 3) of heavy

hyperfragments produced by 0.8 BeV/¢c K~ mesons as calculated
from the observed range distribution.

decay proton that at least three events could be free
from excitation due to collisions.

Six binding energies, all except the first and the last
in Table II, agree within two standard errors. The esti-
mated masses are close to each other in each set though
generally different nuclear species are presumably in-
volved. No clustering of binding energies at a higher
value is observed. This suggests that unless the excita-
tion energies in these different residual-nuclear species
involved happened to be all equal (which seems un-
likely), the excitation energies must have been too small
to detect experimentally (or zero) for these events. This
conclusion is further strengthened by the world survey
data (events 4, 5, 6, and 7). If this is the case, the
qualifications as ‘“‘upper limit” of binding energy or
potential-well depth could be omitted.

The mass distribution obtained by a Monte Carlo
calculation® from the observed range distribution for a
sample of nonmesonic HHF’s produced by 0.8-BeV/c
of K—-mesons is reproduced in Fig. 3. The masses are
spread between A=25 to 95 and the mean mass is
A =70. The mass distribution at 1.1-BeV/c¢ should be
similar to the above. In Fig. 3 we observe that HHF’s
with 4 =65 are twice as abundant as those with 4 =90.
If one compares our two sets with Fig. 3, one is tempted
to favor the first set.

The kinetic energies of three of our decay protons are
1.32, 1.86, and 2.22 MeV, and are much smaller than
4 MeV, the Coulomb barrier for 4 =70. (See also Table
II1.) Observation of a slow proton in HHF decay favors
a relatively lower mass.*?® Therefore, it is unlikely that
the group of six events is due to Ag interactions.

No events are located appreciably below the curve A,
Fig. 2 unless they are interpreted as Ag interactions.
This is likely to be true even if events 4, 5, 6, and 7 from
the world survey data are included. If one assumes that
all nine events (six from our data and three from the
world survey) in the B, region of 22.5 to 23.1 MeV are
Ag interactions and so belong to the second set because
of the close agreement in their binding energies, and if
one also assumes that HHF’s from Ag and Br interac-
tions are equally abundant (see Fig. 3), the probability
of seeing no Br interactions among nine events in the

22 D. P. Burte, S. N. Ganguh N. K. Rao, A. K. Ray
Rengarajan, and M. S. Swami, Nuovo Cimento 36, 733 (1965)
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second set is only 2-9=0.29,. This argument also favors
the first set.

From the above discussion one may suggest that:

(1) The first set of interaction assignments is more
likely to be correct, that is, (A) the assignment of
B;y=23.0£0.2 MeV to A=260 is favored; (B) the value
D, (square well)=28.34-0.3 MeV fits all eight events,
with events 1 and 5 assigned to Ag interactions. The
D, error is due to the errors of By and 4 alone.

(2) The close agreements in the observed binding
energies and the corresponding estimated masses sug-
gest that the excitation energies involved may be
negligibly small for these events. Hence the above values
are very close to the actual binding energy and the actual
potential-well depth (square well) rather than merely
being upper limits.

It would be appropriate to point out, however, that
the potential-well depth Dy is sensitive to the nuclear
potential shape assumed and so the simple square-well
depth does not represent a true value. A more realistic
potential shape, with consideration of the reduced
effective mass of the A particle in nuclear matter and
rearrangement energy, has been used in the theoretical
calculations.”® The present data are insufficient to con-
sider possible effects due to specific nuclear structure.

An accumulation of more data would elucidate the
above two points further.

(a)

NUMBER OF EVENTS
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(b)
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RANGE IN MICRONS

F16. 4. The range distributions of (a) mesonic heavy hyper-
fragments (the shaded area indicates events from the 2.3-BeV/¢c
K~ interactions), and (b) short-range mesonic hght hyperfrag-
ments from the 1.1- BeV/c K~ interactions (K10 u).

» J. Dabrowski and H. S. Kohler, Phys. Rev. 136, B162 (1964).
G. Ranft, CERN report 66/567/5-TH.661, 1966 (unpublished).
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F16. 5. (a) The prong-number distributions of the K~ parent
interactions (from the 1.1-BeV/¢c K~ stack only) of 33 mesonic
heavy hyperfragments (broken lines) and 28 mesonic light
hyperfragments (solid lines). (b) Distribution of the sum of the
prong charges of the 1.1-BeV/¢ K~ parent interactions containing
mesonic light hyperfragments (Z<8). The number indicates the
charge of a hyperfragment. (See Sec. IIID.)

D. Heavy Hyperfragments (HHF’s) and Short-Range
Light Hyperfragments (LHF’s)

The range distributions of the mesonic HHF’s and
LHF’s are given in Figs. 4(a) and 4(b). The HHF dis-
tribution is similar to that of nonmesonic HHF’s from
0.8-BeV/c and 1.5-BeV/¢ K~ interactions.® In our re-
stricted range interval, the average ranges of HHF’s
and LHF’s are 3.6 and 6.0 u, respectively. The angular
distribution of HHF’s is peaked forward, with a forward-
to-backward ratio of 1.934-0.62, while the angular dis-
tribution of LHF’s is essentially isotropic.

In Fig. 5(a) the prong-number distributions® of the
K~ parent interactions are given. The prong number
distribution of parent interactions of LHF’s is sharply
peaked at small prong numbers while that of HHF’s is
broadly spread around the prong number eight. The
average prong numbers of the HHF and LHF parent
interactions are 842 and 443, respectively. Another
difference of the two classes of hyperfragments is the
emission rate of charged pions. Only three pions (in the
1.1-BeV/c K~ stack) of relatively low kinetic energy
were emitted from the K~ parent interactions of HHF’s
while eleven pions of higher kinetic energy were emitted
from K~ parent interactions of LHF’s. These findings
suggest that most LHF’s have originated in light nuclei
(O, N, C). In order to estimate the production rate in
light nuclei, the prong number distributions of the
parent interactions of LHF’s and of HHF’s were com-
pared.! Since the HHF’s originate entirely in heavy
nuclei, the common region at small prong numbers can
be attributed to production in heavy nuclei of LHF’s
if the two prong-number distributions are normalized.
Thus 21 events, or (75422)9, of the LHF’s, were found

30 The pion and hyperfragment tracks are excluded, because
they are different from the other tracks in production and charge,
and are not a measure of nuclear excitation.
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to originate in light nuclei. The distribution of the sum
of the prong charges of K~ parent interactions contain-
ing LHF’ is given in Fig. 5(b). Dark tracks of range
less than 500 u were assumed to have Z=1, while the
charges of other tracks were determined by é-ray count-
ing. The pion charges were determined by following
tracks to their ends and observing capture stars or
characteristic decays, and were assumed to be negative
for tracks which left the stack. For ambiguous hyper-
fragments the most likely charges were adopted. The
sharp falloff at Z=7 indicates that most LHF’s origi-
nated in light nuclei and also that the above production
rate is reasonable. Although our statistics are still
poor, we conclude that the majority of the LHIF’s are
produced in light nuclei.

E. Nonmesonic to w~ Mesonic Decay Ratio

This ratio was determined on the basis of 5958 non-
mesonic HHF’s in the mass range 4=65440 and 33
mesonic HHF’s observed among 141 722 interactions
of 1.1-BeV/c K—-mesons. The nonmesonic HHF’s are
contaminated with LHF’s, scatterings, capture stars of
negatively charged particles, and interactions in flight,
but the contamination is rather small':3; it was assumed
to be 3%. The ratio of the zero-prong decays to charged-
prong decays of the HHF’s was estimated by Lagnaux
et al.” to range from 99, to 459, for fractions of neutron-
stimulated decays between 0.62 and 0.90. (The A°
neutron-stimulated decay results in a zero-prong star
unless the two emitted neutrons knock out at least one
charged particle.) Since the neutron stimulation fraction
0.62 is reasonable from the study of LHF’s,% the ratio
was assumed to be 9%,.

In general, the mesonic decay of a HHF is more diffi-
cult to observe than the nonmesonic decay because the
mesonic decay gives a small star of one or two prongs
close to the K~ parent interaction, and the connecting
tracks are sometimes obscured by adjacent tracks. The
scanning efficiency for mesonic HHF’s relative to non-
mesonic HHF’s was estimated to be (85+5)%, on the
basis of double scanning, scanners’ ability, and the
degree of difficulty of observation. Furthermore, for the

»
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Fi1c. 6. The angular distribution of the decay-pion tracks

from the 7-» modes with respect to the direction of hyperfragment
motian,

3 E. R. Fletcher, J. Lemonne, P. Renard, J. Sacton, D.
O’Sullivan, T. P. Shah, A. Thompson, P. Allen, Sr., A. Heerman,
A. Montwill, J. F. Allen, M. J. Beniston, D. A. Garbutt, R. C.
Kumar, P. V. March, T. Pniewski, and J. Zakrzewski, Phys.
Letters 3, 280 (1963).
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TaBLE IV. Data on the = decay of a hyperfragment.

Track Range (u) Energy (MeV)
Hyperfragment 3.9
at 9593.2 22.6
wt 561.0

- decay mode, the identification is more difficult when
the decay pion is emitted in a direction nearly opposite
to the direction of hyperfragment motion, as is seen in
Fig. 6. Correction for this loss amounted to two events.
Thus, the nonmesonic to #~ mesonic decay ratio
R(77) exp of the HHF’s with 4 =654-40 is 1534-27. This
value agrees fairly well with R(7)eo= 130 at 4 =100,
predicted by Dalitz,! since one expects that the ratio
R(7™) does not change rapidly with mass in this mass
region.®?

F. =t Decay of a Hyperfragment

One event interpreted as the =% decay of a hyper-
fragment has been found.®® The data are given in
Table IV. The =+ meson was identified by its charac-
teristic m-u-e¢ decay. An electron track (flat, at least
50 u long) was associated with the hyperfragment decay
point. No trace of a recoil was observed.

Because the hyperfragment charge can not be de-
termined because of its short range, and the =+ decay
usually involves at least one neutron, a unique inter-
pretation is difficult. It is compatible with ALi’—
rt+Heb+n, \BY — 7t4+Be¥+n, s\N* — 7t CB+n,
and AN — 7+ C!5, Furthermore, it could be inter-
preted as a 7t decay of a HHF, because this hyper-
fragment emerged from a K~ interaction with 13 prongs.
This indicated it originated in a heavy nucleus.

In the literature survey two events of similar appear-
ance were reported. The first one was the =+ decay of
AHB34 — 7t4-3n, or 4n.% The second one was the radia-
tive decay of a =t particle.?d The last interpretation is
considered unlikely for our event because an electron
track is associated with the decay point and because no
normal decay of a Z* particle has been observed so
close to the K~ stars (less than 10 ). The empirical
branching ratio for radiative decay is 0.18%.3

% J, Lemonne, C. Mayeur, J. Sacton, D. H. Davis, D. A. Gar-
butt, and J. Allen, Nuovo Cimento 34, 529 (1964).

3 C. Mayeur, J. Sacton, P. Vilain, G. Wilguet, D. O’Sullivan,
D. Stanley, P. Allen, D. H. Davis, E. R. Fletcher, D. A. Garbutt,
J. E. Allen, V. A. Bull, A. P. Conway, and P. V. March, Nuovo
Cimento 44, 698 (1966). All the earlier works are listed in this
paper.

3 M. Blau, C. F. Carter, and A. Perlmutter, Nuovo Cimento
27, 774 (1963).

35 E. Friedlander, Phys. Rev. Letters 4, 528 (1960).

36 M. Bazin, H. Blumenfeld, U. Nauenberg, L. Seidlitz, R. J.
IZ}aggj S. Marateck, and P. Schmidt, Phys. Rev. 140, B1358

965).
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IV. CONCLUSIONS

In the examination of over 261 000 K~ interactions,
we have observed 41 mesonic HHF’s, 28 LHF’s, and
1 7t decay of a hyperfragment in the region very close
to the K~ interactions (<10 u).

By the present method of analysis we have avoided
some of the difficulties mentioned in Sec. I, and in our
discussions we have shown that the remaining diffi-
culties are not serious. In summary:

(1) We have shown in Sec. IITA that the emission of
invisible very short-range prongs should be negligible
(<1%).

(2) The close clustering of the binding energies of
eight selected events suggests that we are dealing with
decay into the ground state or very low excited states.
No such clustering is observed among HHIF’s with
higher apparent binding energies.

(3) Since the selected events are independently
shown to be HHF’s, neutron emission in the decay can
be excluded as it would give binding energies below the
expected range for HHI’s.

On the basis of eight 7=-p-7 decays in the lower region
of a plot of binding energy versus mass, the upper limit
of the potential-well depth D, is estimated to be Dy
(square well) =27.740.6 MeV.

If the experimental evidence is believed convincing
enough to resolve the Ag-Br ambiguity, the assignment
of By=23.040.2 MeV to A==60, and the value Dy
(square well)=28.3+0.3 MeV is favored. The Dy error
is due to the errors of B, and A4 alone. The close agree-
ments in the observed binding energies and the corre-
sponding estimated masses suggest that the above data
may be considered to be actual values, rather than
merely upper limits.

The nonmesonic—to-r-mesonic decay ratio is found
to be about 153427 at A=65440. This agrees fairly
well with the theoretical prediction 130 at 4 =100 given
by Dalitz.

The 7t decay of a hyperfragment is ambiguous in
interpretation, but probably represents an event with
Z>3 and perhaps a HHF decay.

The study of 28 LHF events indicates that 75+22%,
of these originated in light nuclei (O, N, C).
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