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In a study of the interactions of stopped negative kaons in a helium bubble chamber, pro-
duction and decay branching ratios of ,\He4 were measured. Relative decay branching ratios
agree with earlier results but the production fraction is nearly a factor of two less than the
previous measurement. The binding energy of He! was determined from both production and
decay reactions. The relationship of the difference between these two binding-energy results
to the recent observation of an excited state in ,He? or ,H? at 1.09 MeV and the K A parity is

discussed.

1. INTRODUCTION

Studies of the properties of hypernuclei have
been of interest primarily because they provide
one of the few feasible methods of examining the
A-N interaction at low energy. Decay branching
ratios, angular distributions, lifetimes, and bind-
ing energies are sensitive to the properties of this
interaction. Much work has been done on the light
hypernuclei (mass numbers 3, 4, and 5) because
many of the theoretical problems are more tract-
able in these cases than for the heavier ones. In
addition, hypernuclear reactions have been used
in attempts to determine certain basic properties
of the elementary particles, such as the KA parity
and the nonleptonic decay parameters of the A.

The properties of hypernuclei' have been studied
using mainly nuclear emulsions and bubble cham-
bers. For light hypernuclei, the helium bubble-
chamber technique has an important advantage over
the emulsion technique in that only three species
can be formed: ,H® ,H*, and ,He*. There is
therefore less difficulty with misidentification, es-
pecially since ,H® and ,He* events may be identi-
fied by production kinematics alone. The complete
identification of the production and decay reactions
in a bubble chamber allows a determination of pro-
duction branching ratios which can then be com-
pared to theory, a measurement which is ill-de-
fined in emulsion experiments.

In a helium bubble chamber, there is little prob-
lem of mistaking one kind of hypernucleus for
another?; however, there are backgrounds in some
of the topologies studied. These backgrounds are
not small in some reactions due to the low produc-
tion branching fractions for hypernuclei. The high

s

magnetic field used in this experiment was impor-
tant in the identification and subtraction of these
backgrounds, as well as allowing the first deter-
mination of hypernuclear binding energy using mo-
mentum obtained from curvature.

A unique contribution of this experiment is the
first measurement of the ,He* binding energy at
production, as well as at decay. This is of signifi-
cance with respect to the question whether ,He*
might be produced in an excited state since the
ground state is presumably observed in the decay.®

The bubble chamber used in this experiment was
a cylinder 25 ¢m in diameter and 36 cm deep with
a superconducting magnet which provided a central
field of 41 kG. It was exposed to a stopping K~
beam at the Argonne ZGS. The chamber and beam
are described in detail in Ref. 4. For this experi-
ment, 118000 frames were scanned containing
71400 K~ stops, passing all cuts.

II. SCANNING AND MEASURING

The production reaction and decay modes studied
in this experiment are

K~ +He'~ He*+7", (1)
AHe! ~ 10+ ppmn (2)
-~ T +pppn (3)
~ppnn (4)
- T'pnnn , (5)

where the final-state nucleons in reactions (2)~(5)
may emerge bound or unbound. Since only K~ at
rest were studied, the production vertex in each
event is characterized by a monoenergetic 7~
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TABLE I. Possible decay topologies of , He? and
their designation in this paper.

Decay topology Designation

AHe!— nothing visible 0

- T 0P

— 7" +1 prong T 1P

— T~ + 2 prongs T 2P

— 1~ +3 prongs n3p?

— 1 prong 1P

— 2 prongs 2P

-t a*

— 7" +1 prong tr1p?

2No examples were seen in this experiment.

(~255 MeV/c) recoiling collinearly from a ,He* of
range 0.5 mm. The decay topologies observed in
this experiment and their designations are listed
in Table I. The 7° topology is expected to be main-
ly examples of decay into the final state n°He®.

The 7~ events are expected to be predominantly
decays into the final state 7”pHe®. The 1P and 2P
decays are collectively called “nonmesonic” since
they mainly represent events in which no pion is
emitted in the decay.

A. Carnegie Scanning

Film was scanned according to two distinct sets
of rules.® The first, called the A scan, was de-
signed to find all ,He* events regardless of decay
topology. The scanners were instructed to follow
each beam track until it interacted or left the cham-
ber. Each interaction so found was recorded if it
had a ,He* topology and if it also satisfied the fol-
lowing criteria: The production vertex had to lie
within a fiducial area in each view defined to elimi-
nate difficult-to-scan areas and events occurring
too near the wall. The sagitta of the beam track
had to be within limits appropriate to a stopped K~
track. This requirement helped to eliminate inter-
actions initiated by 7~ and by in-flight K~. The
projected length of the , He* track had to be less
than 2 mm on the scan table, which was a twice-
life-size projection. The ,He* track and the pro-
duction 7~ had to satisfy loose collinearity criteria.
It was strongly emphasized that events of marginal
acceptability were to be recorded.

It was found that observation of the 0.5-mm ,He*
tracks was especially difficult for those topologies
having decay prongs, since the prongs could ob-
scure the short ,He* track. For this reason, a
second set of scan rules was designed to find all
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7~ decay events regardless of the observability of
the ,He* track. In this procedure, called the 2N
scan, the scanners were instructed to record all
events involving two negative tracks (in addition to
the beam track) regardless of topology. The pro-
cedures were the same as in the A scan, except
that no acceptance criteria were applied to the
2He? track.

Because of the low branching ratio and expected
high background rate associated with the nonmeson-
ic decay modes, it was deemed impractical to do
an equivalent scan for them.

The sample of film for this analysis was divided
into 22 rolls of about 3000 frames each. Each roll
was scanned at least once with the A scan and the
2N scan. Specifically, five rolls had one A and
one 2N scan, one had one A and two 2N scans,
eight had one 2N and two A scans, and eight had
two A and two 2N scans.

B. Argonne Scanning

Scanning for ,He* candidates was included in a
general scan for ,He* and ,H*. Each beam track
entering the fiducial volume was followed until it
interacted or left the chamber. Any interaction
producing a negative track which left the fiducial
volume was carefully examined as a potential
candidate. The event was recorded if in addition
it had the following:

1. A collinear stub less than 3 mm in projection
(1.5 mm in real space) which (a) did nothing or had
a Dalitz pair at decay, or (b) decayed to a negative
plus zero to three positive tracks, or (c) decayed
to one or two positive tracks and possibly a Dalitz
pair.

2. Another negative and zero to three positive
tracks at the production vertex.

3. Nothing else at the production vertex.

4. A A associated with any of the topologies in-
cluded in 1, 2, and 3.

Sixteen rolls of film were scanned twice using
these procedures in which candidates for the decay
modes 2 and 3 were not required to have visible
hyperfragment track. The Argonne scan thus in-
cluded both the A and the 2N scans done by Carne-
gie.

C. Measuring

Acceptable candidates were measured in all
three views on manual measuring machines
equipped with film-plane digitizers. Measure-
ments of a test reticle yielded an rms error less
than 3 pm on the film. The production vertex was
measured for all events. The decay vertex was
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measured if the ,He* track was visible in at least
two views.

It was found necessary to limit the measured
length of track so that the turning angle of the mea-
sured portion was less than about 90°. When this
was not done, the geometrical reconstruction pro-
gram (TVGP) encountered difficulty in fitting a
space curve to the measured points. This difficulty
is apparently related to the large momentum change
along such tracks, as well as to the strong varia-
tion of the magnetic field in the chamber (~30%
variation within the chamber volume). Even with
the turning -angle limitation, the rms deviation on
film of the measured points from the projected
fitted space curve was often much greater than ex-
pected, reaching 10-15 pum for slow pions.

Possible systematic errors from the magnetic
field, fitting programs, or helium density were
checked by measuring the K mass from 7 decays,
measuring the momenta of 7* and u* from K* de-
cays at rest into K, and K, modes, and compar-
ing the momentum of stopped pions as measured
from range and from curvature.®

III. PRODUCTION BRANCHING FRACTIONS
A. Number of n° Events

The principal problems in the determination of
the number of ° decay events stem from the fact

that the ,He* track is very short. In order to en-
sure high detection efficiency for these 0.5-mm
stubs, Carnegie scanners were instructed to re-
cord an event as ,He® if there was even a hint of a
stub at the production vertex opposite the 7~. At
Argonne, all events with a single 77 and no stub
were recorded, while events with stubs were sub-
jected to the scanning criteria outlined in Sec. II B.
These procedures, of course, increased the num-
ber of background events initially included. How-
ever, it was expected that the unique momentum of
the production 7~ would serve to determine a clean
sample. Other criteria which were used to elimi-
nate background were cuts on the ,He* length and
on the angle between the pion and the ,He* (ex-
pected to be 180°). In order to facilitate an under-
standing of potential background problems, events
were included in the sample even if the production
pion momentum was as low as 200 MeV/c.

The important cuts applied to each event at the
TVGP output level are given in Table II. All events
which satisfied these criteria were carefully scru-
tinized for possible associated V’s which were
measured and subjected to a three-constraint A fit
using the program SQUAW. Another source: of
background is caused by K,, and K, decay events.
The background analysis was somewhat different
for the Argonne and Carnegie 7° samples, so each
will be described separately.

TABLE II. Cuts applied to the geometrically reconstructed tracks of the 7° events.

Carnegie Argonne
Parameter 0 cuts Correction 7 cuts Correction
A, =production pion dip [ A l =60° 1.16 | simv,|=0.8 1.25
d P, =production pion momentum dP,=6 MeV/c 1.03+0.02 dP,=6 MeV/c 1.23+0.04
error
Ly =measured kaon length Ly=4cm NA ¢
L,=measured ,He! length L,=<1mm 1.20+0.04 L,<1.5mm 1.0
¢ g =relative azimuth between 70°< ¢ p <140° 2.57 30°= ¢gr=120° 2.0
K~ and production pion
K, =kaonK test? |K,|=2 |k, |=2
f x =kaon FRMSP Fr=20 NA©
f x=pion FRMS? fr=20 1.0 NA°®
¢ r4=relative azimuth between | ¢y —180°] /o =2 1.05+0.02 | ¢rq—180°/0¢=1.5 1.05+0.09
pion and ,He!
An4 =relative dip between pion NA ¢ [Apy—180° /0y =1.5 1.03+0.09
and , He?
dL ;=L relative to expected NA ¢ |L4—0.5 mm]/dL4S2 1.16+0.08

length for ,He?

2This is the TVGP (three-view-geometry program) K test. It is defined so that for stopped tracks it will distribute
with a mean of zero and a variance of unity. Tracks interacting in-flight yield K, > 0.
bPFRMS is the rms deviation of measured track points from the fitted space curve projected onto the film.

©NA means this cut was not applied.
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1. Carnegie Analysis

The exclusion of events having K-7 relative azi-
muth less than 70° (see Table II) was designed to
eliminate the K, background in the region of the
AHe* peak. With a “K test” K, <2 corresponding to
a beam momentum < 125 MeV /¢, the maximum
possible muon laboratory angle in K, decay with
P, >250 MeV/c is 69°. That kaon decay events
get into the sample is due to delta rays, back-
ground bubbles, scanner imagination, and other
sources of apparent “,He* tracks” at the produc-
tion vertex. ‘

To search for contamination from kaon decay,
all accepted events were fitted to K, and K, de-
cay hypotheses. It was found that many did indeed
yield K -decay fits as did some of the events with
fitted A’s. Thus, some of the apparent K-decay
background is actually due to A production events
in which the A decayed to #7° and which accidental-
ly fit K decay. We have no evidence that there is
any other important background.

The background subtraction is made as follows.
Let N, be the total number of events in the sample,

including those fitting A production and/or K decay.

LetN,, N,, and N, be, respectively, the number
of (background) events fitting X decay only, A pro-
duction only, and K decay and A production simul-
taneously. The latter are true A events which hap-

Carnegie Data
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FIG. 1. Distribution in production 7~ momentum of the
Carnegie m%-decay candidates. (a) Raw 0 sample after
the fitted background events were removed. (b) Events
fitting X decay only. (c) Events with fitted A. (d) Events
with fitted A also fitting K decay.

pen to kinematically simulate K decay. Letn,, »,,
and n , be the true numbers of ,He*- n° events, K
decays, and A productions (visible and invisible
A’s). Finally, we define the “raw” 7° sample, N,
to be the events remaining after the fitted back-
ground has been removed. That is,

Np=Ng=(Ng+Ngp+Ny). (6)
Now, we have

Np=ny+n,+n,, (7)
while

np=3WN A +Nygp) (8)
and

My =Ny —Ng, . )

Inserting (8) and (9) into (7) yields
Mg=Nz=3Ny=Ngp—Nyg,

which according to (6) is equivalent to
1=Ng—3N,.

The production pion momentum distributions for
Ng, Ng, Ng,, and N, are shown in Fig. 1.
The single-scan efficiency for these events was

Argonne Data
K™+ He‘—’AHe‘+ T,
— 7 + any
T T T T T

(q)  All Data Passing Cuts
220 .

240- o Co e e
260 °
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(b)
Edited Data

T ~Momentum (MeV/c)

220
240

260 T |

280 1 1 1 L 1
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K- ~Relative Azimuth
FIG. 2. Scatter plot of production 7~ momentum versus
K7~ relative azimuth for Argonne 7% decay candidates.
(a) All events passing cuts listed in Table II. (b) Events
selected from (a) having a clearly visible ,He? track.
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measured to be (70+7)%. Sixteen rolls were
scanned twice and six rolls were scanned once to
give a total scan efficiency of (85+5)%.

The number of stopped K~ in the film was deter-
mined by scanning 905 pictures for beam tracks
leading to any interaction. These pictures were
uniformly distributed throughout the total film
scanned in groups of ~75. All events were mea-
sured, and the beam track and production vertex

were subjected to the same cuts as the ,He* events.

T T T T

(a) K +He®— T~ +,He*
] Raw Data
35| ' -

30 ]

N
&)
I
]

Events/ (4 MeV/c)
nN
o
|
|

o
T
|

10 "‘

0 ] 11 | | |

T T T 1
L K+He%— A+ 7-+He3 |
15 (b) Lop e

Events/ (4 MeV/c)

| 1 ] 1 ] 1

200 220 240 260 280
7~ Momentum (MeV/c)

FIG. 3. Distribution in production 7~ momentum of
combined Argonne-Carnegie m’~decay candidates. (a)
Raw 70 sample from Fig. 1(a) and Fig. 2(b). (b) Events
with visible fitted A passing same cuts as those on (a).

When applied to the 22 rolls, the numbers yielded
a total of (40.2+1.7)x10° stopped K~.

2. Avgonne Analysis

The 7° data with a visible stub passing the cuts
listed in Table II are shown in Fig. 2(a) where the
momentum of the production pion is plotted against
the relative K- azimuth, ¢,,. There is little evi-
dence in the forward direction for K, decays
which would lead to a population of background
with 235 <P, <300 MeV/c. In the backward direc-.
tion, we see an enhancement caused by the fact
that it is easy to imagine a stub when the pion
track lies back along the beam track. These
events were edited by a physicist and those which
contained a definite collinear stub that could be
measured on at least two views were retained.

The results shown on Fig. 2(b) indicate that infor-
mation from the 0.5-mm stub is unreliable when it
lies within 30° of the beam track in either the for-
ward or backward direction. The number of n°
events was estimated from Fig. 2(b) using three
different ¢, intervals between 30° and 150°, 120°,
90° and from Fig. 2(a) using 30° < ¢, <90°. All
four results were consistent.

35 -‘T
K +He* — 7~ + ,He4
A° Removed
30+
p=254,90 £ 0,57 MeV/c
o= 497 £ 048 MeV/c

25—
3
>
g 20
N
~N
2
S15+
>
w

10+

5
1 = 5 1 I I
200 220 240 260 280 300

7~ Momentum (MeV/c)

FIG. 4. Distribution in production 7~ momentum of
combined n’-decay candidates after all background sub-
tractions. The error bars for those bins in the momen-
tum peak include the effects of background subtractions.
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Carnegie Data
K™+ He'—, Het+ -
s+ pppn
10 — “1—_-: L_[ T T T ]
(c)
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:
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-
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T

Events/(4MeV/c)

o
T

J 7 0 4 ]
O200 220 240 260l 200 220 240 260
7, Momentum(MeV/c)

FIG. 5. Distribution in production 7~ momentum for
the Carnegie 7~ -decay candidates. (a), (b), (c), and (d)
are respectively the 770P, 7"1P, 7~ 2P, and 7~ 3P topo-
logies. The open areas correspond to events found only
in the A scan, the heavily shaded to events found only in
the 2N scan, and the lightly shaded to events found in
both scans.

Events with a visible stub and an associated A
were analyzed in the same way to find the appro-
priate background subtraction.

The average single-scan efficiency for this to-
pology was (82 +5)% resulting in a combined effi-
ciency for two scans of (97+3)%.

Beam tracks were counted every twentieth frame
to find the number of stopped K~. One thousand of
these events were measured and subjected to the
same cuts as the ,He* events. This procedure
yielded (31.2+1.0)x10° stopped K~ for the 16 rolls
scanned.

3. Results

The data from Fig. 1(a) and Fig. 2(b) are com-
bined on Fig. 3(a) to give the momentum distribu-

tion of the production pion for 7° candidates from
this experiment. Events with an observed associ-
ated A are shown on Fig. 3(b). After making the
subtraction for A’s decaying into the »7° mode, we
have the final sample of ,He*~ 7° events, with all
background removed, on Fig. 4. We find 93+ 12
events in the momentum peak, where the error in-
cludes uncertainties due to the background sub-
tractions.

To find the production fraction of ,He?, this num-
ber must be corrected for several types of losses.
The corrections for effects of cuts are listed in
Table II. The dip and azimuth angle distributions
were consistent with no losses within the accep-
tance limits. No correction is required for cuts
on the beam tracks since identical cuts were used
on the events in the beam count. A 10% correction
was made for failures in the reconstruction pro-
gram. The combined scan efficiency was (90 + 3) %.

The product of all the correction factors is
(4.59 £0.33) for Carnegie and (3.96+0.59) for Ar-
gonne where the largest portion of the corrections
(3.0 and 2.5) are geometric factors from the dip
and azimuth cuts on the pion track.

The total number of stopped K~ in the entire ex-
periment is (71.4+2.0)x103. The branching frac-
tion for the reaction K~ +He*~ ,He* +7~ with the de-
cay of ,He? to a 7° mode is then (0.540 +0.071)%/
K~ stop.

B. 7 Decays

1. Carnegie Analysis

Events undergoing 7~ decay were originally
sought in the A scan described in Sec. II A. These
events have one to four tracks emerging from the
decay vertex, which is only 0.5 mm from the pro-
duction vertex. It was expected that events could
be systematically missed in the A scan due to ob-
scuring of the ,He®* tracks by one of the decay
tracks. As a test, the 2N scan was made. Figure
5 shows the production pion momentum spectra

TABLE III. Single-scan efficiencies (in %).

Carnegie Argonne
Decay topology A scan 2N scan Scan 1 Scan 2
T 0P (73+10) (76+£10)
T 1P (24£7) (77+9) (84 £8) (89x7)
T 2P 0 (100+15)
T 3P
0 (70£7) (86 %5) (77+6)
1P (57+24)
op (86.£ 15) } (72£10) (70£10)
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versus decay topology for the 7~ events found in

the A scan only, the 2N scan only, and in both scans.

There is evidence that those events having more
than one decay track were, in fact, systematically
missed in the A scan. This effect is seen more
quantitatively in a comparison of the scanning ef-
ficiencies of the A scan with those of the 2N scan
as shown in Table III. Due to this effect, we ig-

nore the A scan for 7~ events when calculating pro-

duction fractions.

For the single-scan efficiency, we use the aver-
age value over all 7~ topologies of (80+6)%. Nine
rolls of this film were scanned twice and 13 rolls
were scanned once to give a combined efficiency
of (86+4)%.

2. Avgonne Analysis

Scanning included all events with two 7~ and so
was not subject to the difficulties of the A scan
discussed above. However, there was frequently
a discrepancy between the two Argonne scans re-
garding the specific topology of a given 27~ event,
e.g., was the ,He® track visible and were there
one, two, or three decay prongs? For this reason,
scanning efficiencies were determined for the gen-

eral 27~ class and not for specific decay topologies.

The single-scan efficiencies were (84+8)% and
(89+7)% giving a combined efficiency of (98+3)%
for this mode. The assignment of events to the
particular 7~ decay topologies listed in Table I
was made when the events were measured.

3. Results

The selection criteria applied to these events
were in general the same as those applied to the 7°
events (Table II). Since events were included even
if the ,He* tracks were not visible, there were no
cuts on L, and ¢,,. Also, since this topology has
no background problem due to K~ decay, the cri-
terion on ¢, was relaxed to 40° < ¢, , <140° and
20° < ¢, <160° by Carnegie and Argonne, respec-
tively. Dip and azimuth distributions were checked
to see that within these limits events were not sys-
tematically missed. We also demanded that the
energy of the decay pion be consistent with the de-
cay of the ,He* either at rest or in flight. The
over-all correction factor for these cuts is 2.15
+0.04 (Carnegie) and 1.76 +0.06 (Argonne). The
total scanning efficiency was (91+3)%.

The combined data for the 770P, 772P, and 7" 3P
decay modes appear on Fig. 6 and the 771P on Fig.
8. We see in Fig. 6(c) that there are no 7"3P de-
cays in our ,He* sample. Figure 6(b) shows that
the number of 772P events with P, >240 MeV/c is
seven, but two of these have pion momenta >4o0
away from the expected value 255 MeV/c. We thus

K™+ He4—°AHe4+ moo
——= 7 >+ pppn

T T T T
10} (a) .
T-OP
5} ’ .
§O I | - !
D
=
< T T T T
ES»—(b) 7-2P .
(=
K4
w
ol =" =4[]
T T T T
(c) 4
5 - 3P
1 1

0 | !
200 220 240 260
T, Momentum (MeV/c)

FIG. 6. Distribution in production 7~ momentum tor
the combined Argonne-Carnegie 1~ -decay candidates.
(a), (b), and (c) are respectively the 770P, 772P, and
7~3P topologies.

take (5+2.2) as the number of 7”2P events and al-
low for an additional (1 1) background events.
Using similar arguments, we count from Fig. 6(a)
(21 £4.6) 7TOP events in the momentum peak and
subtract an estimated background of (2 +1) events.
The number of 771P events from the momentum
projection of Fig. 8 is 72. We remove eight of
these which have pion momenta >4¢ from 255 MeV/
c; six of these on the low side are A background
while the two on the high side of the peak are con-
sistent with ,He* production from in-flight K~ with
beam momentum ~120 MeV/c. We subtract an ad-
ditional estimated background of (3 +2) events
leaving (61+8) 7"1P events.

With 71400 stopped K~ in the film, these num-
bers yield production branching fractions for 7 0P,
771P, and 772P of (0.059+0.016)%, (0.175+0.024)%
and (0.012+0.008) %, respectively. The numbers
quoted are percentages of stopped K~ yielding ,He*
decaying into the corresponding topology. These
and other branching fractions are summarized in
Table IV.

C. Nonmesonic Decays

The nonmesonic decay modes were selected in
A-type scans by both Argonne and Carnegie. The
Carnegie scanning efficiencies were measured to
be (57+24)% and (86 +15)% for the one- and two-
prong topologies; the Argonne single-scan effi-
ciency for both topologies together was (71 +10)%.
The over-all efficiency for the 38 rolls was thus
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TABLE IV. AHe4 production by K~ in liquid helium. The percentages are fractions of
stopped K~ leading to , He? decaying into the corresponding topologies.

Production fraction %)

Decay topology Argonne Carnegie Combined
0 (0.53 +0.11 ) (0.55 £0.10 ) (0.540+0.071)
T 0P (0.032+0.013) (0.081+0.024) (0.059+0.016)
T 1P (0.177+0.032) (0.173+0.032) (0.175+0.024)
T 2P (0.011+0.008) (0.012+0.012) (0.012+0.008)
Total m~ (0.220£0.036) (0.266+0.,041) (0.246+0.030)

Nonmesonic 1P (0.067£0.035)
(0.067%0.035)

(0.134+0.049)

Nonmesonic 2P

Total nonmesonic

7r+

Total all modes (0.88 +£0.12)

(0.057£0.030)
(0.068+0.027)
(0.125£0.040)

(0.01) (0.006£0.006)
(0.95 +0.12 )

(0.061+0.023)
(0.068+0.022) — (0.204+0.066)
(0.129+0.032) — (0.265+0.070)

(0.92 +0.08) — (1.06+0.10)

(88+£3)%. The analysis procedures for these
events were similar to those for the m° events,
and the correction factors to be applied to the raw
data are (4.59+0.33) by Carnegie and (4.16 +0.25)
by Argonne.

Figure 7 shows the production pion spectrum for
these topologies. The number of two-prong events
with P, >240 MeV/c is 13, but one of these has P,
=240.8+ 3.4 MeV/c and is thus inconsistent with
AHe* production. We estimate another (1+1) back-
ground event leaving (11 + 3.6) two-prong decays.
The one-prong distribution is not as clean as the
two-prongs. Of the 15 events with P, >240 MeV/c,
three have (P, —255)>40 and are eliminated as
background. We subtract another (2+ 1) possible
background events to give (10 +3.7) one-prong de-
cays. These numbers yield branching fractions
for one- and two-prong nonmesonic ,He* decays
of (0.061+0.023)% and (0.068 +0.017)%, respec-
tively.

Guided by the analysis of the 7~ decay events,
we expect that the A-type scan was reasonably ef-
fective in finding the one-prong nonmesonic de-
cays, but that the two-prong decays may have been
systematically missed due to obscuring of the ,He*
track by one of the secondary prongs. If so, the
number of two-prong events should be increased
by a factor which can be determined by comparing
the A scan and the 2N scan results for the 770P
and 771P events. Figure 5 shows that this factor
is ~3, so that the two-prong nonmesonic branching
fraction may be as high as (0.20+0.05)%.

D. 7" Decays

One 7* decay event satisfying all cuts was found
in the Carnegie A scan while no such events sur-
vived all the cuts in the Argonne analysis. The one

event has a production 7~ momentum of 254.1+2.6
MeV/c and a decay m* momentum of 90.1+3.4 MeV/
c¢. Assuming the correction factor for this topology
to be the same as for the others in the A scan, this
event corresponds to a branching fraction of (0.006
+0.006)%.

1V. BINDING ENERGY AT DECAY

The decay mode ,He*-~ m"pHe® is the dominant 7~
decay channel. If the proton has sufficient momen-
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FIG. 7. Distribution in production 7~ momentum for
the nonmesonic-decay candidates. (a) one-prong decays,
(b) two-prong decays, and (c) combined one- and two-
prong decays.
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tum to leave a measurable track, and if the momen-
tum of the ,He* at decay is known, this reaction
may be used to determine the ,He* mass. The ,He*
momentum cannot be measured with sufficient pre-
cision to determine if the hyperfragment decays at
rest or in flight. However, the theoretical life-
time of ,He* implies that ~87% will stop before de-
cay. We have, therefore, calculated the mass for
each event assuming the decay occurred at rest.
Events which actually decay in flight and pass the
cuts yield (Monte Carlo) computed masses aver-
aging ~0.79 MeV high with a spread of ~+1.97 MeV.
We expect ~6 events in our sample to be in-flight
decays. For this reason, we correct our computed
average decay mass downward by 0.11+0.10 MeV/
ct.

The decays in which the proton track is visible
are found in the 771P decay topology. A scatter
plot of production 7~ momentum (P,,) versus cal-
culated ,He* mass (M,) for these events is shown
in Fig. 8. All the events with P, <244 MeV/c have
momenta 230 from the value expected in ,He* pro-
duction and are assumed to be background due to
unbound A’s decaying near the production vertex.
The seven events satisfying P,, >244 MeV/c and
M,>3927 MeV/c? are considered bonafide ,He*

7= Momentum (MeV/c)

l

from the P, values. None of these are examples
of ,He®~ 7 pHe® where the He? is the visible track
and the proton is unseen, since the shortest prong
in the group (2 mm) is longer than kinematically
allowed for He®. The possibility that they are
m"pHe® decays in which the proton has interacted
has been considered and rejected on the basis of
cross-section estimates. They are evidently 7~ de-
cays in which the He® system emerged unbound,
and only one proton or deuteron left a visible track.

The 55 events clustered around P,, =255 MeV/c
and M, =3922 MeV/c* were used to calculate M,
with the following result:

M,=3921.85+0.22 MeV/c?.

Using M(He®)=2808.34 MeV/c? (Ref. 7) and M(A)

=1115.59 £ 0.06 MeV/c? (Ref. 6) measured in the

same film, we find this corresponds to a A bind-
ing energy,

BY =2.08+0.23 MeV,

where the error includes small contributions from
the uncertainties in M(A) and M(He®) as well as the
statistical error.

We believe this sample to be relatively free of
background. However, any background which re-
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FIG. 8. Scatter plot of production 7~ momentum versus M, for the 7"1P topology. M, is the mass of ,He! calculated
from the decay products assuming the ,He? decayed at rest and that the final state was 7 He® with the He® unseen.
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mains may be from the reaction
K~ +He*~ A +7~ +He®

near the kinematic limit where the A and 7~ recoil
from each other and the He® does not have enough
energy to leave a visible track. Furthermore, the
most troublesome events are those where the A
opening angle is large, since these can simulate
the ,He* topology even when the A decay vertex is
a few millimeters from the production vertex. To
minimize this type of contamination, we remove
those events from the sample in which the relative
azimuth (¢,) between the two 7~ is <90° when the
relative azimuth (¢,) between the decay 7~ and the
decay prong is >170°. The result based on 46
events is

M, =3921.80+0.24 MeV/c?
which yields
B%=2.1310.24 MeV.

The correction for decays in flight is 0.11+0.10
MeV bringing this to 2.24+0.27 MeV.

The sensitivity of M, to the magnetic field cali-
bration is 0.06 MeV/c? for 0.1% change in the field.
The dependence of M(A) on the magnetic field was
found to be 0.05 MeV/c? for a 0.1% field change,® so
these two effects cancel, making Bf independent of
the magnetic field. Our final result is thus

B} =2.24+0.27 MeV.
V. BINDING ENERGY AT PRODUCTION

Since in this experiment we observe ,He* produc-
tion by stopped K~, the n~ from the production re-
action have a unique momentum. A measurement
of this momentum provides a determination of the
A binding energy at production. We discuss the

|
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K™+ He* — He*+ 7|
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P,- > 246 MeV/c
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FIG. 9. Distribution of the error in the measured
values of P, for n’-decay candidates having P, =246
MeV/c.

event samples used in this determination separate-
ly since there are different background problems
associated with each decay topology.

In dealing with the decay mode 7"1P, we use only
those events having P,, >244 MeV/c and eliminate
those with ¢, <90° when ¢, >170° due to considera-
tions discussed in Sec. IV. These yield a weighted
average momentum of 255.53+0.51 MeV/c.

The sample of 770P events seen in Fig. 6(a) in-
cludes three events with P, <248 MeV/c which are
>30 below the expected value for ,He* production
and are taken to be background. The remainder
are consistent with expectations; however, there
might easily be ~2 remaining background events in
this sample. To include this possibility, we calcu-
late the average momentum both with and without
two background candidates removed. These are
chosen to be the two with the lowest 7~ momenta.
The resulting averages are 254.20+0.78 MeV/c
and 254.45+0.78 MeV/c. To allow for this uncer-

TABLE V. Production pion momentum and binding energy summary.

Event type Argonne Carnegie Combined
Production pion momentum (MeV/c)
0 254.80+£0.43 254.86+0.66 254.86+0.562
T 0P 252.,42+1.58 254.90+0.90 254.32+0.78
T 1P 255.89+0.72 255.16+0.73 255,563+0.51
2P nonmesonic 253.72+1.35 253.69+1.45 253.71+0.99
1P nonmesonic 255.50+1.75 254.59+1.75 255.04+1.24
All types combined 254.89+0.34 254.,85+0.40 254.,91+0.31.
Binding energy (MeV)
B, (production) 1.65+0.39 1.62+0.44 1.68+0.37
B (decay) 2.38+0.34 2.04+0.38 2.24+0.27
Average B, 2.07+0.26 1.86+0.29 2.05£0.22

3This value is from a fit to the combined sample of m° decay events and causes the apparent
discrepancy between the combined result for all types compared to the mean of the individual

Argonne and Carnegie results.
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TABLE VI. Relative decay branching ratios for , He?.

Helium bubble-chamber results

Ratio

This experiment

Ref. 10

Emulsion results

T (Tr" +anything)

2.20£0.39

2.49+0.34

IT'(r~ +anything)

__L(pHe?) 0.06
T'(n~ +anything) 0.8%¢;63

I'(nonmesonic)

T(r +anything) 0.52+0.13 to 1.08+0.26

T(r* +anything)

T(r +anything) 0.03 (one event)

T'(Ap—np)

2T (An—nn) 1.7+£0.9

0.04 (three events)

0.52%0.10

1.0140.122
~1,4b

0.015£0.010°

0.05423:015 to 0,069+0-318 4

=0.02740,011 ¢
0.016+0.013f

1.1%0.4
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tainty in background subtraction, we use a value
254.32+0.78 MeV/c when calculating an average
binding energy at production.

The m~2P decay events on Fig. 6(b) seem to be
too contaminated to be useful for measuring the
production binding energy.

The one-prong and two-prong nonmesonic events
are treated similarly to the 7"0P, allowing for 2
and 1 additional background with production pion
momenta less than three errors from the expected
value for ,He* production. These two modes give
weighted averages of 255.04+1.24 MeV/c and
253.71+0.99 MeV/c, respectively.

The 7° decay events may also be used to deter-
mine the binding energy at production; however,
one cannot just compute a weighted average of indi-
vidual events because the subtraction of unseen A
events is done statistically. To determine the cen-
tral momentum, a Gaussian curve was fitted to the
part of the distribution in Fig. 4 between 236 and
268 MeV/c. In making the fit, the error assigned
to the number of events in each bin included the
effect of the uncertainty in the background subtrac-
tion.

The fit was done in two ways. First, the stan-
dard deviation of the Gaussian, o, was fixed at 3.6

MeV/c on the basis of the distribution of produc-
tion pion momentum errors shown in Fig. 9. In the
second fit, o was left as a free parameter. The
normalization and central value of the Gaussian
were parameters in both fits. The fits yielded cen-
tral values differing by 0.19+0.83 MeV/c. The
normalizations were (86 +11)% and (95 +13)% with
x> of 8.6 and 4.3 for 6 and 5 degrees of freedom,
respectively. The second fit yielded 0 =4.81+0.56
MeV/c. We use the mean pion momentum deter-
mined from the three-parameter fit for the 7° de-
cay events, which is 254.86+0.56 MeV/c.

A summary of results of the average production
pion momenta for the various topologies is given
in Table V. These yield a mean binding energy at
production, B}, of 1.68+0.32 MeV.

We add to this error an amount due to the uncer-
tainty in the magnetic field calibration. We have
checked the magnetic field in several ways de-
scribed in Ref. 6 and find an uncertainty of +0.1%.
We may also use the world average® for M(A), ex-
cluding our value in Ref. 6, along with our mea-
sured derivative 6M(A)/6H, to provide an indepen-
dent calibration of the field. This yields an uncer-
tainty of +0.13% which can be combined with our
result to give an over-all magnetic field uncertain-
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ty of +0.08%. This produces a contribution of 0.19
MeV to the binding-energy uncertainty, giving
finally

B3 =1.68+0.37 MeV.

VI. DISCUSSION OF RESULTS

A. Production and Decay Branching Ratios

The frequencies for stopped K~ producing ,He*
decaying into the various possible decay modes
are given in Table IV. In an earlier helium bubble-
chamber experiment,® the production branching
ratio for ,He* was measured to be (1.8 +0.5)%
based on an analysis of 1141 stopped K~. The re-
sult from this experiment using 71 400 stopped K~
is (0.99+0.09)% per K~ stop.

We find generally good agreement when we com-
pare the relative decay branching ratios with those
of the previous experiment.’* One discrepancy oc-
curs in the 770P mode which we measure to have
a decay branching fraction of (6 +2)% compared to
(2+1)% measured in Ref. 10. This is most likely
due to an arbitrariness in the definition of a prong.
In this experiment, decay tracks shorter than 0.5
mm are likely not to be counted as prongs, which
leads to some reshuffling of events among topolo-
gies. The ratios for I'(,He*~all 77)/T,,, on the
other hand, agree well: (25+3)% from this experi-
ment versus (25+3)% from Ref. 10.

Various decay branching ratios derived from
Table IV are compared with results from other
experiments in Table VI.

The value of I'(7"pHe®)/T'(r~ +anything) has been
measured for the first time in this experiment.
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FIG. 10. Distribution in kinetic energy of the decay
7~ for (a) ,He!— mpHe® events and (b) ,He— 7~ break-
up events. The arrows indicate the maximum allowed
energies for the decay 7~ when the ,He? decays at rest
(R) and in flight (F).

All 770P events were classified as 7 pHe® decays,
while all 772P were classified as breakup events,
since they were found not to fit the 7”"pHe® decay
hypothesis even allowing decay in flight. Those
7~1P events in the mass peak of Fig. 8 were called
npHe? decays, and those outside the mass peak,
but in the momentum peak, were called breakup
events (see Sec. IV).

The energy distribution of the decay 7~ for
n~pHe® events is shown on Fig. 10(a). The shape
of the spectrum agrees with results from nuclear
emulsion.!’ Figure 10(b) displays the 7~ energy
distribution for the breakup events. We see from
the latter figure that ~5 of the breakup events are
apparently from ,He* decays in flight, whereas we
expect only ~1 in this sample. When calculating
the fraction of 7"pHe® events among all 7~ decays,
we have, therefore, enlarged the upper error to
allow for an additional four background events.

The nonmesonic decay events are presumed to
be examples of the induced A decay reactions:

A +n+(pp)—~n+n+(pp)
and
A+p+(pn)~n+p+(pn),

where the particles in parentheses act as specta-
tors.

We may attempt to distinguish between these two
reactions by noting that proton-induced decays will
tend to have fast protons emerging (~400 MeV/c).
The momentum distribution obtained from the non-
mesonic events when the longer prong is inter-
preted as a proton is shown in Fig. 11. The clus-
tering at 400 MeV/c is evident. Spectator nucleons
are expected to be distributed roughly according to
the indicated Fermi distribution. To allow a com-
parison to existing data,'®:!? we count the five low-
est-momentum events as neutron induced, leaving
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FIG. 11. Distribution in momentum of the longer prong
interpreted as a proton from the nonmesonic-decay
events. The Fermi distribution for He? is shown for
comparison. Protons in the shaded region would leave
tracks too short to be detected.
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TABLE VII. Summary of KA parity, hypernuclear state, and capture wave of kaon,

KA parity Even odd
Capture \ Hypernucleus J?
wave at production o* 1+ ot 1+
s Forbidden Allowed Allowed Forbidden
? Forbidden Allowed Allowed Allowed

17 proton-induced decays. Given the two-to-one
ratio of protons to neutrons in ,He*, this arbitrary
separation is equivalent to an induced decay ratio
per nucleon of :

T(Ap~np) _
3T (\n = nn) 1.7+0.9.

The error is statistical only and does not include
any systematic allowance for the crudeness of the
model.

The large momentum transfer in the nonmesonic
decays makes it unlikely that two-body decays will
occur. One model'® predicts the fraction of all non-
mesonic decays into the two-body modes He®*: and
H%p to be 1.5% each. Two emulsion experiments
observe no examples of ,He?~H% but do find ,He*
-~ He%: in the ratios (0.08 +0.04) (Ref. 14) and
(0.14+0.05) (Ref. 15) compared to all uniquely
identified nonmesonic decays of ,He*. We have
found no examples of these modes or ,He*-dd in
our sample.

B. KA Parity

The relative KA parity may be measured by ob-
servation of the reactions?®

K~ +He*~ ,He*+7"~
-~ HY+70,

Since the spin and parity of the K and 7 are 0™ and
He! is 0%, the KA parity is odd if the spin of the
hypernucleus is 0*. This is true even though the
K~ meson may be captured from s or p atomic
states. If, however, the hypernucleus is produced
in an excited 1* state, then no conclusion can be
drawn about the parity unless one can prove that
the initial capture proceeds from an atomic s state.
These statements are summarized in Table VII.

The only evidence on the spin of the hypernucleus
at production is the measurement of the production
ratio of K~ in helium,

T'(pHe*+77)

R= T(,He!*+717)+T(A +He®* +77) *

This ratio was calculated by Dalitz and Downs!” to
be 15% for production of the ground state and 2%

for the excited state assuming atomic s-state cap-
ture of the K~ and an s-wave EN interaction. Us-

ing a different model, Block'® calculated 14% and
15% for ground-state production of ,He* from s-
and p-state atomic orbits and 5% for the excited
state. All of these calculations for the production
of the excited state were done on the assumption
that the excited-state binding energy was B}=0.1
MeV, and the ratio is expected to vary as (B})"/2.
Recent analyses of the AN interaction'® indicate the
excited state is probably bound by more than 1
MeV. This is corroborated by a recent experi-
ment* which reported the observation of a 1.09-
MeV x ray from the deexcitation of ,He* or ,H*
and a possible additional line at 1.42 MeV. Taking
B%=B% -E,=1.22 MeV, the values of R expected
for the excited-state production are ~7% and ~17%
in the two models.

This ratio has been measured by Block et al.’®
to be (20+2)%. We may determine R using our val-
ue for the production of ,He*+7~ along with two in-
dependent measurements, in the same bubble-
chamber film, of the branching ratio for A +He? +
+77: (9.2+0.9)% (Ref. 21) and (11.2+2.7)% (Ref.
22). We find R=(9.8+1.3)% in disagreement with
Ref. 10. The discrepancy comes primarily from
the production branching ratio for ,He*, since one
can infer that Block’s number for the production
fraction A +He® +7~ is (7.2+2.2)%.

The large experimental discrepancy and the
strong model dependence of the theoretical expec-
tation are such as to clearly leave entirely open
the question of whether the spin-1 excited state of
AHe* is produced in helium. Thus, the mere ob-
servation of hypernuclear production provides no
evidence concerning the KA parity. It is shown in
the next section, however, that the present deter-
mination of B, at production establishes with high
probability that the parity is indeed odd, as ex-
pected.

C. Binding Energies

The measurements of ,He* binding energies in
this experiment are of particular interest for two
reasons: It is the first time that they have been
measured at production as well as decay, and
these are the first measurements not done in
emulsion.

The values given in Table V show a binding-
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energy difference
AB,=B% -B%=(0.56+0.46) MeV

in the direction to be expected if some ,He* were
produced in an excited state from which they would
deexcite by y emission in a short time compared
to the weak decay lifetime. If f, is the fraction of
the ,He* events produced in the excited state in the
present experiment, we may estimate its value
from

AL (10)

where AE is the excitation of the excited state.
The data yield f, =(51+42)% and f, =(40+32)%
using AE=1.09 MeV and AE =1.42 MeV, respec-
tively.

If the excited state of ,He* has J=1, the value of
f, is constrained to be zero by angular momentum
and parity conservation, for reactions induced by
K~ interacting from s states (assuming odd KA
parity). Reactions from states of I>1, however,
allow both spin states of ,He* to be produced
(again assuming odd KA parity). The data are con-
sistent with roughly equal amounts of s- and p-
state capture.

In view of the difficulties in making background
subtractions discussed in Sec. III, it should be
noted that the 771P topology by itself yields AB,
=-0.02+0.60 MeV. This topology is kinematically
constrained at both production and decay, in con-
trast to the others listed in Table I, so we expect
background to be minimized here. This result is
consistent with AB,=0 and is 1.9 and 2.4 standard
deviations away from 1.09 MeV and 1.42 MeV, re-
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FIG. 12. The binding of ,He! as determined in this
experiment compared to recent high statistics emulsion
values. The binding determined from the production and
decay reactions in this work are shown separately, along:
with their average. The points labeled C, G, and B are
emulsion values from Ref. a in Table VI, Ref. 11, and
Ref. 25, respectively.

spectively. From this it follows that ground-state
production is favored and that KA parity is odd, in
agreement with the measurements of odd K= (Ref.
23) and even TA (Ref. 24) parities.

It is tempting to try to sharpen these conclusions
about the K~ capture state and the KA parity by
comparing the result of this experiment for B,
(production) with the more precise results of B,
(decay) obtained in emulsion. For example, the
highest precision result to date is that of Bohm et
al.?5; B ,(decay)=2.36+0.04 MeV. Using this value
with our B ,(production), we obtain a difference of
0.68+0.37 MeV. Compared to the value of 1.09
MeV expected for even Pg,, this is actually a less
decisive result than above. When we calculate f,
by Eq.(10), we find f,=0.62+0.34. This (with odd
Py ,) would imply K~ capture in helium predomi-
nantly from states of 7>1.

However, it is risky to use both bubble chamber
and emulsion results without allowing additional un-
certainty for possible systematic differences be-
tween the two techniques. Furthermore, the differ-
ent emulsion results are known to exhibit systemat-
ic deviations among themselves much larger than
their quoted statistical errors. For example, the
same experiment (Ref. 25) yielded ,He* binding en-
ergies from two- and three-body decays, respec-
tively, of 2.29+0.04 MeV and 2.08+0.06 MeV,
whose difference of 0.21+0.07 MeV is incompatible
with zero. A recent study of the range-energy re-
lation in emulsion®® showed that this difference
vanishes if, in the calculation of B,, one uses for
the A mass a value determined from events where
the pion lies in the same range interval as those
pions from the decay of ,He®. These authors® con-
clude that a systematic error of ~0.1 MeV is appro-
priate for binding energies measured in emulsion.

A summary of the most recent high-precision
AHe® results is shown in Fig. 12 along with the re-
sults of this experiment. There are evidently sys-
tematic errors even among the emulsion ,He® re-
sults which are all determined using the same de-
cay modes. Unfortunately, the decay binding re-
sult of the present experiment includes statistical
and systematic errors which are too large to dis-
tinguish between the different emulsion results.

D. Ground-State Spin of AHe*

Although it has long been known that the ground-
state spin of ,He* is zero,”’ the situation for ,He*
is less clear. Dalitz and Liu?® calculated the ex-
pected value of

_I'(,He* ~ ° +any)
" I'(,He'~ 7~ +any)

R,

for assumed ground-state spins zero and one. This
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value also depends on the nonleptonic A decay pa-
rameters, S, and P,.

Block et al.’® measured R, to be 2.49+0.34, and
assuming J =0, concluded that

2
ITf_%ggg = 0.0Itg .3'1’
in agreement with the Al =% rule.

Since the ground-state spin of ,He* has not been
measured and since the Al =3 rule is otherwise
reasonably well founded, it seems useful to turn
the argument around and use AI=3 and R, to deter-
mine the spin. The experimental situation is
shown in Fig. 13. As indicated, the value of q,
measured in Ref. 29 is consistent with either P2/
(P2 +85,2)=0.12+0.02 (al=%) or 0.88+0.02 (Al
#%). The present result of R;=2.20+0.39 is com-
bined with the earlier measurement to give R,
=2.36+£0.26 shown on the figure. If we do not,

a priovi, invoke the AI=3 rule, it is difficult to
distinguish between Py?/(P,? +S,2)= 0.1 and J=0
versus P,2/(P,2+5,%)=0.9 and J=1. However, if
we use Al =%, then®

N
Pl +S® P°+§°
=0.118+0.007,

and the R, measurements clearly favor J=0 for
the ,He* ground state.
Unfortunately, there exists another measurement

r(,He*— 7%+ any)

o~ -
I‘(AHe4—— T+ any)
T T T T T T

T T
3.0 A1 =1/2 N
v

1 1 | | 1 1 1 1 1
) o5 1.0
P3/(sg+p5)

FIG. 13. Decay branching ratio R, vs P2/ (P +Sg).
The circles are plotted at values of R, as determined in
the present experiment and Ref. 10. They are plotted
at both values of P2/ (P, +S,’) consistent with the mea~-
surement of Ref. 29. The curves show the theoretically
expected values of R, as functions of P2/ (P2 + S¢?) for
both possible values of ground-state spin. The arrow
shows the value of Py?/(Py?+S,?) implied by the results
given in Ref. 29 if AI =} is assumed in A decay.

which tends to the opposite conclusion. Ammar 3!
in nuclear emulsion, measured

T'(,He*~ 7° +He?)

T( He'~ 7 +any) =0.7+0.4.

We may combine this with bubble-chamber mea-
surements (see Table VI) of I'(,He* -~ 7° +any)/
r'(,He*—~ 7~ +any) to determine

R = T'(pHe*~ m° +He?)
° r(,He*~7+any) ’

The results for Rj are 0.32+0.19 and 0.28 +0.16
respectively from this experiment and from Ref.
10. These are to be compared to the theoretical
results®® 0.74 and 0.22 respectively for J=0,1
which were calculated assuming Al = 3.

Two independent bubble-chamber results for R,
agree, while the emulsion result leading to the de-
termination of R} is uncorroborated. The probable
conclusion, at this time, seems to be that the
ground -state spin is indeed zero.

That this is so has traditionally been inferred
from charge symmetry, and the fact that the ground
state of \H* is spin-zero. However, it appears
that there are important charge-symmetry-break-
ing (CSB) effects (due, e.g., to Z°-A mixing) which
must be taken into account when discussing the
hypernuclear energy levels. Downs and Phillips®®
have discussed a potential of the form

VCSB (’V) = —Tg’(A +BEA * EN)f('r) )

which will have opposite effects on the binding en-
ergies for J=0 versus J =1 as well as for ,He*
versus ,H% Attempts to understand the light hyper-
nuclei in detail, including such effects, were dis-
cussed by Herndon and Tang.'®* They comment that,
although they have assumed the ground-state spin
of ,He® to be zero in their analysis, this really
needs to be established experimentally. The theo-
retical situation is confused due to uncertainties
about the nature of the charge-symmetry-breaking
forces, three-body forces, and other effects.

E. Summary of Conclusions

The decay branching ratios for ,He* have been
measured and are found to be in reasonable agree-
ment with those found in the previous bubble-cham-
ber work. However, we find a discrepancy of near-
ly a factor of 2 in the production ratio

T'(pHe* +77)
T(,He'+77)+T(A +He®+77) °

We have measured the total rate for production of
AHe* by K~ stopped in liquid helium to be (0.99
+0.09)%.

We emphasize that until now, there has been no
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evidence on the KA parity from hyperfragment pro-
duction, due to complete ignorance of whether the
excited states are produced when the mass-4 hyper-
nuclei are made in helium. However, we are now
able to deduce the KA parity with reasonable cer-
tainty by using our measurement of the average val-
ue of B, at production in conjunction with the re-
cent measurement of the excitation of the excited
state of ,He®. We find the expected result: Pz, is
odd.

It is worth pointing out that there is still some
question regarding the ground-state spin of ,He®.
Although the experimental evidence (assuming Al
=1) seems to favor J=0, the situation is somewhat
confused by Ammar’s emulsion result. This is an
important point, since if J=1, the foundations of
our concepts about AN forces and the properties of
hypernuclei would need to be seriously revised. It
would be desirable to have verification of Ammar’s
measurement of the ,He* decay branching
r'(n° +He?!)/T'(7” +any). It would also be interest-

J. G. FETKOVICH et al. 6

ing to look for y rays from the excited state of ,He*
produced by stopped K~ in liquid helium. Given

odd KA parity and s-wave capture, copious excited-
state production would indicate that J=1 for the
ground state. On the other hand, if J=0 (ground
state), then the (expected small) branching into the
excited state would be a measure of the frequency
of K~ capture from atomic states of />1, since ex-
cited-state production would be forbidden from ini-
tial s states.
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An experiment was done in the external proton beam of the Berkeley 184-in. cyclotron to
measure the production cross sections for pions from various target nuclei, from hydrogen
to lead. The cross-section data are presented and the reaction mechanisms discussed. The
hydrogen production appears to fit the one-pion-exchange model.

I. INTRODUCTION

Pion production cross sections for protons on
hydrogen and other nuclei constitute some of the
basic data for medium-energy physics, equally
important in the theoretical understanding of pion
physics and as input for the design of pion beams
for the new generation of meson factories now
under construction. Many experiments have mea-
sured some of these cross sections; however, no
experiment had been undertaken which covered a
wide range of target materials, production angles,
and pion energies.!”!5 In the present work there
was enough redundancy in the identification of par-
ticles so that counting efficiencies and backgrounds

could be accurately measured and taken into ac-
count in the computation of cross sections, and so
that the proton and electron component in each mo-

‘mentum channel could also be measured. Here we

report measurement of the differential cross sec-
tion for pion production (d%0/dQdE) by 730-MeV
protons on H, D, Be, C, Al, Ti, Cu, Ag, Ta, Pb,
and Th at eleven lab angles in the interval 15°-150°
and at twelve energies in the interval 25-550 MeV.
The vast amount of data represented by this ma-
trix of parameters required automatic data han-
dling and reduction, which was accomplished using
an on-line digital computer, with data reduction
simultaneously done during the experiment. The
experiment used the external proton beam of the



