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Hypernuclear lifetime and partial decay-rate measurements made at the Brookhaven National

Laboratory Alternating Gradient Synchrotron are reported for &He and ~ C. The mesonic and non-

mesonic decays are compared to existing weak-interaction calculations. In particular, the non-

mesonic reaction AN~NN is discussed as an example of a nonleptonic weak process for which cal-

culations have been reported using various effective weak Hamiltonians.

I. INTRODUCTION

The weak decays of hyperons have been discussed ex-
tensively in the literature as examples of nonleptonic
weak interactions. The total rates, the partial rates, and
the spin-dependent features of the decay modes have been
studied. The correct description of these processes re-
quires the development of an effective weak Hamiltonian
which takes into account modification of the weak force
due to the presence of strongly interacting particles. This
paper contains a description of some tests of the effective
Hamiltonian in the context of new measurements of the
lambda-nucleon weak interaction as extracted from hy-
pernuclear weak decay.

A. Physics motivation

Although the weak decay of the lambda hyperon has
been studied for 40 years, the partial mesonic decay rates
are not well understood in terms of the underlying weak
Hamiltonian. The mesonic decay into a pion and nucleon
may be described in terms of the exchange of a 8'boson
between quarks as shown in Fig. 1(a). One expects that a
similar mechanism should also describe the weak interac-
tion of a lambda and a nucleon in which two nucleons are
produced, as shown in Fig. 1(b).

At zero momentum transfer and in the absence of a
strong interaction, the lowest-order weak Hamiltonian
for the quark-quark interactions of Fig. 1 is the result of
the combination of V —3 theory with the Cabibbo hy-
pothesis

GF
Hv ~

= —sinOc cosHcQv ~+c.c,
2

where GF is the Fermi coupling constant, 0~ is the Ca-
bibbo angle which characterizes the flavor mixing, and
the operator Qv ~ is

Qv „=uy„(1—y5)sdy"(1 —ys)u . (2)

This Hamiltonian leads to both AI =
—,
' and AI =

—,
' transi-

tions with comparable strength. It is well known, how-
ever, that both kaon decay and free hyperon decay data
suggest that the AI =

—,
' amplitude is about a factor of 20

stronger than the EI =—', amplitude. The origin of this
empirical "AI =

—,
' rule" is not understood and the deriva-

tion of the complete Hamiltonian, which has the correct
isospin character, is a problem widely discussed in the
literature.

Strong interaction modifications to the V —2 form of
the Hamiltonian in the quark-8-boson description of Eq.
(1) have been discussed by many authors. Gilman and
Wise have discussed soft gluon exchange corrections and
the addition of explicit AI =

—,
' diagrams, such as the type

shown in Fig. 2, in an attempt to explain the observed
enhancement in the AI =

—,
' strength. However, they find

only a factor of 4 enhancement.
An alternative viewpoint for discussing nonmesonic A

decay is the meson exchange description shown in Fig. 3,
in which the meson is exchanged between a weak vertex
and a strong vertex. In meson exchange, the AI =

—,
' rule

is put into the weak vertex Hamiltonian explicitly:
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FIG. 3. Meson-exchange description of the nonmesonic de-
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B. Hypernuclear weak decay
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FIG. 1. Examples of quark How diagrams for (a) mesonic and
(b) nonmesonic decays of the A hyperon.
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where A, and G are empirical constants, 4'z and P are
the nucleon and pion fields, and %z is the A spurion field,
which is used to enforce the AI =

—,
' rule.

The nonmesonic transition can be described with
meson exchange or with the quark language. The AI =

—,
'

rule is not yet fully understood, but progress has been
made using quark models which include strong-
interaction corrections to the weak Hamiltonian. As fur-
ther tests of these calculations, we investigate nonmeson-
ic transition rates obtained from new measurements of
hypernuclear decay.

In most cases, a particle-stable hypernucleus will decay
electromagnetically to its ground state before undergoing
a strangeness-changing weak decay to a normal nucleus.
The aim of these experimental studies is a better under-
standing of these nonleptonic weak interactions.

The predominant decay modes are of two types:
mesonic and nonmesonic. The mesonic modes are
A —+@~ (partial rate I ) and Abner (partial rate
I 0) while the nonmesonic modes are Ap~np (proton
stimulated partial rate 1 ) and An~nn (neutron stimu-
lated partial rate I „). The leptonic and weak radiative
decay modes are orders of magnitude smaller and will be
neglected in this discussion. The mesonic modes are
analogous too free A decay, but are modified in hypernu-
clei because of phase-space changes and Pauli blocking of
the final-state nucleons. ' Conversely, the nonmesonic
modes become available in hypernuclei, and are the dom-
inant decay modes for all but the smallest hypernuclear
systems. An experimental attraction of the nonmesonic
modes is the ease of their identification because of the en-
ergetic nucleons produced in the final state. The total
mesonic decay rate is denoted I, where
I = I + I 0, and the total nonmesonic decay rate is
denoted I „,where I, =I +I „. The sum of all four
partial rates gives the total decay rate I „„&=1/~ for a
particular hypernucleus.

C. Experimental situation

FIG. 2. Strong-interaction corrections to the quark-quark
weak interaction considered by Gilman and Wise. The last
rows shows the penguin diagrams which contribute only to the
AI = —' transitions.

Measurements of hypernuclear decay partial rates are
still quite sparse. In fact, there is no single hypernucleus
for which the complete set of partial rates has been mea-
sured. One or more of the following quantities have been
measured for a few hypernuclei: the lifetime, the ratio of
the neutron and proton stimulated partial rates I, /I
and the ratio of the nonmesonic and the charged pion
partial rates I „ /I . The uncertainties on the mea-
sured values are often quite large as can be seen in Tables
I and II, which show the existing measurements of
I „/I and I „ /I, respectively. A recent measure-
ment of ~ branching ratios by Sakaguchi et al. gives
I 0/I, „~=0.166+0.055 for z C decay and an upper lim-

it of I o/I „„&(0.291 for z'B decay. Table III shows
the existing information on hypernuclear lifetimes. Many
of the measurements are based on very limited statistics,
such as the ~ 0 lifetime measurement (22 events).
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TABLE I. Existing measurements of the ratio I „/I p. These
results were originally quoted as the ratio n = I „/(I p+ I, ).

Hypernucleus

4~He

~He

3 )10
A -40-100

p 43+0.24

0.77~2.0
~ 1.4
0 59+0:17

2. 1 0
+0.45

1.5 —+9
5.7
9

Reference

9
10
11
12
13
14
15
16
17

II. APPARATUS

The experimental apparatus changed slightly between
the & C and &He measurements, which were performed in

TABLE II. Existing measurements of the ratio I „ /I

Hype rnucleus Reference

4~He

4~H

4~'He

pL1

,Li, ,Be
~Be
o ~Be

40( A (100

0.26+0. 13
0.52+0. 10
0.70+0. 19
1.31+0.09
1.2+0.2
1.01+0.12
2.55+0.66
2.4 +0.7
4.3 +1.1

6.6 +1.4
4.8 +1.1

5.3 +1.3
5.9 +1.2
5.5 +0.5
100-200

9
9

18
19
11
20
20
21
13
20
13
20
19
13
15

The nonmesonic weak decay rates of S- and P-shell hy-
pernuclei, such as the &He and z C rates reported in this
paper, are of particular interest in the study of the non-
leptonic weak interaction A+ N ~N +X, since they pro-
vide insight into spin-isospin structure of the Hamiltoni-
an. The seminal works in this interpretation of hypernu-
clear decays were the investigations of hydrogen and heli-
um hypernuclei by Block and Dalitz in the early 1960s.

This paper describes measurements of &He and ~ C
weak decays. The experimental goals were (I) to measure
excitation energy spectra with and without decay product
tags, (2) to measure hypernuclear lifetimes (the A C life-
time result has been previously reported in Ref. 7), and

(3) to detect protons and neutrons from nonmesonic de-

cay and charged pions from mesonic decay in order to ex-
tract the partial decay rates. The apparatus is described
in Sec. II. We report the results in Sec. III. Recent cal-
culations of the effective weak Hamiltonian and its appli-
cation to this problem are reviewed and compared to the
new measurements in Sec. IV.

TABLE III. Existing lifetime measurements.

Hypernucleus Lifetime (psec) Reference

4~H

4~He

~He

16O

ABi

95+20
9p+ 220

264+,'4,

285+ 127

18p+250

200+80
68 +—

107

»00
228+233

14p+ 190

1 8p+ 150

251+190

86+26
1pp+ 100

250+250

2700+500

9
22
23
24
25
28
22
26
28
27
28
22
27
28
29
30
31
32
33

two separate runs. Such changes will be noted where
they affect the performance of the apparatus.

A. Hypernuclear production and tagging

The experiments used the Z(K, vr )AZ reaction to
produce and tag hypernuclear states. K mesons were
produced in a platinum target by 28 GeV/c protons from
the Brookhaven National Laboratory Alternating Gra-
dient Synchrotron (AGS). A K beam was generated
with the Low Energy Separated Beam I (LESB I). The
end of the beam line consisted of a magnetic spectrome-
ter, shown at the bottom of Fig. 4, which allowed event-
by-event evaluation of the incident K momentum. The
K beam had a +2.5% momentum bite, a vr -to-K ra-
tio roughly 10 to 1, and a flux of —1.2X10 K /sec. A
4-gm/cm scintillator target was exposed to the 800
MeV/c K beam to produce AC. A 95.6% pure Li tar-
get was used to produce ~Li, the ground state of which
decays via proton emission to &He. The outgoing vr 's

were then momentum analyzed by a second magnetic
spectrometer (Moby Dick), also shown in Fig. 4.

The incident K 's were identified in hardware using
the 2.77 nsec time-of-flight difference between 800 MeV/c
kaons and pions traversing the 5.2-m Aight path between
the trigger counters S1 and ST1 shown in Fig. 4. Addi-
tional K-~ separation was achieved with the two critical
angle Cherenkov detectors CK and Cm, which identified
kaons entering the beam magnetic spectrometer and
pions leaving the beam magnetic spectrometer, respec-
tively. Identification of the outgoing ~ was accom-
plished by time of Aight between ST1 and the two
counters S2 and S3. The (K,n ) events were dis-
tinguished from K ~p v decays by their kinematic
differences. A muon detector, used for additional separa-
tion of ~ 's from p 's, was situated at the end of the hy-
pernuclear spectrometer system, downstream of S3, dur-
ing the &Li measurement. This detector consisted of a
scintillator preceeded by a 43.5-cm-thick steel slab which
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absorbed pions via their strong interactions; the slab was
not thick enough to stop the 730-MeV/c p 's from the
background decay K ~p v.

Particle trajectories were measured by a set of 18 drift
chambers located at the entrances and exists of both mag-
netic spectrometers. The 576-nsec time window on the
drift chambers resulted in a 30 Jo probability of two or
more hits in the drift chamber at the entrance to the
beam magnetic spectrometer due to high counting rates
in this area. A scintillator hodoscope was located just
upstream of the first drift chamber to give a short time
window coincidence with the correct hit in the first drift
chamber. There were redundant chambers included in

key locations throughout the system, allowing an overall
(K, rr ) reconstruction efficiency of approximately
45%%uo.

Reconstruction of the K and ~ trajectories through
their respective spectrometers allowed the calculation of
the invariant mass of the unobserved strange system.
Hypernuclear states were seen as peaks in these excita-
tion spectra. We achieved a momentum resolution of
bP/P=0. 6% FWHM with the 5.87-gm/cm Li target
using this method.

Sp.

B. Detection of decay products

The target was surrounded by two detector systems
designed to detect hypernuclear decay products (see Fig.
5). Above the target was a neutron counter array which
measured neutron energies by time of Aight. Below the
target sat a m /p spectrometer to detect charged decay
products. The m /p spectrometer used range, energy,
and dF. /dx information to identify rr 's and p's. It also
provided time and trajectory information.

The neutron counter consisted of an array of plastic-
scintillator bars with a layer of thin veto counters mount-
ed along the lower and upstream edges to detect charged
particles which entered the neutron counter array. Parti-
cles which deposited energy in the thick neutron counters
within a 100-nsec gate around the in-beam (K,~ )

trigger, but which did not fire the thin veto counters,
were considered neutrons. Each neutron detector ele-
ment was 183X15X5 cm bar of PILOT F scintillator
connected on each end via a tapered light guide to an
XP2230 photomultiplier tube. The veto detectors were
each 1.0-cm thick and together covered the entire en-
trance face of the array.

The efficiency of the array depended both on neutron
energy and on a threshold cut on the pulse heights. The
neutron counter efficiency was calculated by Monte
Carlo methods and the threshold cuts were calibrated by
using the known average energy loss of cosmic rays. For
the 30—130-MeV neutron kinetic-energy range used in
this work, the average efficiency of the three-layer-thick
array was calculated to be 0.13 for 10-MeVee (MeV elec-
tron equivalent) and 0.16 for 5-MeVee thresholds. The
time-of-Aight resolution of these detectors for pulse
heights typical of neutron interaction was measured to be
0.25-nsec FWHM with the laser monitoring system de-
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FICx. 4. The Low Energy Separated Beam at the Brookhaven
ASS and the hypernuclear spectrometer (Moby Dick). Ele-
ments D3 and D4 are the dipoles of LESB I and Moby Dick
spectrometer, respectively. The quadrupoles are labeled
Q5 —Q1 1; Sl, ST1, ST2, S2, and S3 are timing scintillators. Sp
is the muon tag scintillator.

Veto

FIG. 5. Pion-proton range spectrometer and neutron detec-
tor used to detect hypernuclear decay products shown as setup
for ~ C measurements.
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scribed in Sec. II C. For the z C measurement, the array
consisted of three rows of eight counters mounted 150 cm
above the target while the ~Li experiment, used three
rows of six counters 90 cm above the target, giving solid
angles for the arrays of 0.60 or 0.95 sr, respectively.
With the array in position 90 cm above the target, the en-
ergy resolution varied from 15.5 to 19.4% for neutrons
of energy 30—150 MeV.

The first two scintillator layers of the ~ /p spectrome-
ter were high-quality timing scintillators which gave the
decay time of the hypernucleus (see the following discus-
sion of fast-timing techniques). They were constructed of
PILOT U scintillator and RCA 8575 photomultiplier
tubes. The next 12 scintillator layers were 0.63-cm-thick
slabs of NE102 arranged in three packets of four scintilla-
tors each; see Fig. 5. The total light output of the
charged particles traveling through the range telescope
was read out with 26 PM2412 phototubes. The stopping
layer was obtained from XP2230 phototubes which read
out the individual layers within each packet via BBQ
wave-shifter strips positioned along one edge of each lay-
er. A multiwire proportional chamber (MWPC) contain-
ing two sets of orthogonal planes gave particle trajectory
information. The MWPC measured the quantity cos(0)
with an average of better than 0.01 FWHM, where 0 is
the angle between the particle's trajectory and the axis of
the range spectrometer. The last element in the range
spectrometer was a scintillator used to veto the charged
particles which passed through the entire range spec-
trometer.

The ~ /p spectrometer had an energy resolution of
—15% and a time resolution of -200-psec FWHM. Its
solid angle was 1.76 sr for the 4X12X1 cm AC (scintil-
lator) target and 1.25 sr for the 11X11X3cm3 ~~Li tar-
get. The difference in solid angles between the two exper-
iments arose because the targets were different sizes. The
range spectrometer was calibrated using the known ener-

gy deposition of minimum ionizing pions which passed
through the entire stack and of protons which stopped
through the stack. Charged particles which entered the

/p spectrometer were identified by comparing the
number of slabs traversed (range) with the energy depos-
ited in the last completely traversed layer, AE „,. The
range information was used to give 4E„&, for the particle
under the hypothesis that it was a proton and the quanti-
ty PID=AE„&,—AE „, clearly distinquishes protons
from pions as shown in Fig. 6. For additional m. /p par-
ticle separation, the total energy of the particle E „,was
derived from the total light collected from all but the
stopping layer and compared to the energy E„&„expect-
ed based on the range information. The light from the
stopping layer was ignored to reduce the inAuence of ad-
ditional light from stopped m nuclear absorption.

C. Fast-timing measurements

The measurement of the hypernuclear lifetimes re-
quired accurate timing. The lifetime was measured
directly, using two timing scintillators in the kaon beam
to measure the production time of the hypernucleus and
using the two timing scintillators in the range spectrome-

120

90-
CO

60-
O

C3

30-

0 0.4 0.8
PID (MeV)

FIG. 6 Particle identification plot showing proton and pion
peaks. The horizontal axis is the difference between the mea-
sured energy loss in the ~ /p spectrometer and that calculated
based on the observed range, assuming the particle is a proton.

ter to measure the decay time of the hypernucleus. The
two in-beam timing scintillators ST1 and ST2 measured
15 X 4 X 1.3 cm and 15 X 4 X 1.6 cm and used XP2020
photomultiplier tubes. There are several effects which
limit the timing resolution of scintillation counters, in-
cluding time walk due to pulse-height differences, errors
in time corrections applied to account for the time of
Aight between the timing scintillators and the target,
long-term time drift, and the intrinsic resolution of the
detectors. The time walk was minimized by using Phil-
lips Electronics 715 constant-fraction discriminators to
discriminate the photomultiplier pulses. Errors in the
time-of-Aight corrections were minimized by placing the
timing scintillators as close as possible to the target.

The intrinsic resolutions of the scintillation detectors
were limited by statistical effects in the propagation time
of photons in the scintillator material and electrons in the
photomultiplier tubes. The intrinsic resolution was opti-
mized by maximizing the amount of light which was pro-
duced in the scintillator and transported to the pho-
tomultiplier tubes. All of the timing scintillators were
designed so that the cross-sectional area of the scintilla-
tors matched the active area of the photomultiplier tubes,
and so that no twisted light guides were necessary. The
spectrometer counter scintillators were glued directly
onto the XP2020 phototubes and two timing scintillators
in the range spectrometer were each segmented into
pieces with cross section 4.0X0.63 cm or 4.5 X0.63 cm .

Timing resolution and long-term time drifts were mea-
sured with a laser time-monitor system. A nitrogen laser
emitted a 200-psec long pulse of ultraviolet light (wave-
length =337.1 nm) which was attenuated by neutral den-
sity filters to prevent photomultiplier tubes from saturat-
ing. A quartz optical Aat split the beam into two parts,
one of which was attenuated and directed into a pho-
tomultiplier tube to provide a scintillator-independent
time-walk monitor. The remainder of the beam was fur-
ther attenuated by a rotating variable-attenuator filter
wheel, which rotated between pulses to vary the ampli-
tude of the laser light pulse sent to the scintillators by a
factor of 10. The light-pulse amplitude was varied so
that the time response of the timing scintillators could be
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III. ANALYSIS AND RESULTS

A. Hypernuclear spectroscopy results

The hypernuclear mass spectrum for the Li target is
shown in Fig. 7(a). The mass spectra obtained in coin-
cidence with a decay proton (E ) 30 MeV) or a pion
(E ) 15 MeV) detected in the ~ /p spectrometer are
shown in Figs. 7(b) and 7(c), respectively. The solid
curves are the results of fits which are discussed in the
following sections. The ground state is clearly seen in the
proton-coincident spectrum, Fig. 7(b), while it only ap-

240— LI (K, 7r )~L1 (a)

mapped out as a function of pulse height. Each light
pulse was split and guided to each of the scintillators
through a system of fused-silica optical fibers. The ultra-
violet light excited the scintillation material which, in
turn, produced a pulse of visible light closely resembling
a light pulse produced by a charged particle.

The laser time-monitor system allowed us to measure
the time drifts which occurred over the several weeks of
data collection. Over the 2 week &He run, for example,
the zero time varied by +100 psec without the time-drift
correction, and varied by +20 psec after the time-drift
correction. The lifetime measurements and measured
timing resolution are discussed in Sec. III B.

pears as a shoulder in the pion-coincident spectrum, Fig.
7(c). Some of the coincident m mesons which correlate
to the events in the high-excitation region of Fig. 7(c) are
believed to originate from a background of free-lambda
decays. These free lambdas may be produced through
quasifree production or through the emission of lambdas
from particle unstable resonances. The proton-coinci-
dent spectra are not contaminated by these events since
the free-lambda decays do not produce protons with ener-
gies above the 30-MeV threshold.

We identify the two peaks at 0- and 17-MeV excitation
energy in Fig. 7(b) as the ground state n (p&&z )A(s, &z ) of
&Li and the S-substitutional state n (s&&z)A(s&&z). Figure
7(b) can be compared to the earlier measurements of Ber-
tini et al. shown in Fig. 8. The latter data were also ob-
tained with the (K,m ) reaction but at a momentum
transfer of 50 MeV/c compared to the value of —140
MeV/c in the current work. The lower momentum
transfer only weakly excites the ground state and strongly
excites the S-substitutional state at an excitation energy
of 18 MeV. In addition, the Bertini measurement reveals
a third peak at 8 MeV which they identify as the P-
substitutional state n (p &&z )A(p &&z

). This state is not seen
in the present proton-coincidence measurement spec-
trum, Fig. 7(b). This suggests that the state decays
through A emission. The resulting free lambda cannot
participate in nonmesonic weak decay and thus the ener-
getic proton required for the proton-coincident excitation
energy spectrum is not produced. This is consistent with
the interpretation presented by Bertini et aI. , Majling
et al. , and Auerbach and Giai in which the large
width (I =7—10 MeV) of the 8-MeV state is related to its
particle-unstable character. There is evidence of the P-
substitutional state at 8.5 MeV in the pion-coincident ex-
citation energy spectrum, Fig. 7(c) further confirming the
interpretation that this state breaks up by A emission.

0 =
40 w /coincident protons

20—
O

l6O Li (K, 7r ) ~Li

q = 5OMeV/c n{s, t )A(s, )

0
200 — w/coincident pions (c)—

100—

0 I I I I

—40 -20 0 20 40 60
Excitation Energy (MeV)

~ 120—

c 80-
0

40-

n (p- ~) A(p)

e+o
I I I

0 ~0 Zo &0
Excitation Energy (MeV)

40

FIG-. 7. Comparison of hypernuclear excitation spectra for
ALi. (a) No coincidence, (b) in coincidence with decay protons
E) 30 MeV, and (c) in coincidence with decay pions F. & 15
MeV. The solid line shows the total fit and the dashed line
shows contribution of ground state alone.

FIG. 8. Hypernuclear states observed in ~Li by Bertini et al.
(Ref. 36) in a (A, ~) reaction (50-MeV/e momentum transfer)
with no detection of decay particles.
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200
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O
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We note again that the decay rate measured for events in
the low-excitation region of &Li give the weak decay rates
of ~He because ~Li ground state decays to ~He by emis-
sion of a proton of 1-MeV kinetic energy.

The hypernuclear mass spectra for the ' C target are
shown in Fig. 9. The zC mass spectrum constructed
without a coincident charged-particle requirement,
shown in Fig. 9(a), contains a large background from
K ~p V events in the ground-state region. The kine-
matics of this background reaction was not as cleanly
separated from the hypernuclear production kinematics
as it was for the &Li case. Therefore, this background is
larger in the ' C data than the corresponding &Li data
shown in Fig. 7(a). The AC measurement was also per-
formed without the benefit of a muon detector at the end
of the spectrometer. This background is greatly reduced
when the mass spectra are constructed with the require-
ment of a coincident a decay proton (E ) 30 MeV) or a
decay pion (E ) 15 MeV), as shown in Figs. 9(b) and
9(c). Figure 9(b) shows three identifiable states while Fig.
9(c) shows very little evidence of the ground state and is
mostly a broad structure identified with quasifree A pro-
duction. The decay rates measured for events in the
low-excitation region are the weak decay rates of zC
since the ground state is particle stable. The P-substitu-
tional state is known to decay to ~B+p, whereas the
breakup of the S-substitutional state is predicted to de-
cay to 9~Be.

Background + 1

40 — ———Background + 2

c 20—
O

L

0 I I I

—8 —4 0
I

8
Excitation Energy ( MeV)

FIG. 10. & C excitation energy spectrum in the ground-state
region with pion coincidence including two possible estimates of
background shapes.

B. Charged-particle decay modes of ~Li, &He, and A C

OP

X 40-
CO

c 20
O

I I

~He

Peak in the ~Li excitation energy spectra, obtained in
coincidence with protons or pions in the range spectrom-
eter, were fitted in order to extract the number of events
which produced decay protons or pions for each hyper-
nuclear state. Figure 7(b) shows the fit to the coincident
proton excitation energy spectrum. The fitting function
was a sum of three Gaussians, representing the three hy-
pernuclear states, plus a flat background. Since the P-
substitutional state is not clearly seen in this spectrum,
the separation between the ground state and the P substi-
tutional was set to 8.5 MeV (as determined from the Ber-
tini data) and the rms width of the state was set to 3.5
MeV to be consistent with the experimental resolution of
this work. The results of this fit were the width and posi-
tion of the ground state and S-substitutional state along
with the total counts in each of the three states, as listed
in Table IV. The spectrum was fitted only up to an exci-
tation energy of 20 MeV; states at higher-excitation ener-

gy were not resolved in this experiment. The rms widths
and centroids found for the ground state and S-
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FIG. 9. Comparison of hypernuclear excitation spectra for
~ C (a) no coincidence, (b) in coincidence with decay protons,
and (c) in coincidence with decay pions.

FIG. 11. Proton energy spectra for ~He (top) and zC (bot-
tom) nonmesonic decay.
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TABLE IV. The number of coincident events. The &Li results were extracted by fits to ~Li excita-
tion spectra. The A C results were obtained from the number of counts between cuts in the & C excita-
tion spectra.

~Li data

Centroid
Width
Detected decays
Total decays

Ground state

—0. 1+0.5
3. 1+0.5 MeV
136+20

1730+260

Proton coincidence

p 'p state

8.5 MeV (input)
3.5 MeV (input)
40+16

s 's state

16.8+0.4 MeV
3. 1+0.4 MeV
233+23

Pion coincidence
Ground state

0.1 MeV (input)
3.1 MeV (input)
258 +47
3180+580

,"C data

Detected decays
Total decays

Ground state

114+16
1410+200

Proton coincidence Pion coincidence
Ground state

(37
& 450

substitutional state from this fit to the coincident proton
excitation data were used in the fit to the pion-coincident
ALi excitation energy spectrum shown in Fig. 7(c). The
position and width of the P-substitutional state were
again taken to be 8.5 and 3.5 MeV.

The & C excitation spectra for events with coincident
protons and pions, shown in Figs. 9(b) and 9(c), were ana-
lyzed without fitting peaks to the states. Instead, the
number of counts in the region from —5 to + 5 MeV was
used to extract the number of events from the ground
state. In contrast to the proton-coincident excitation
spectrum, the ground state is only seen as a small
enhancement in Fig. 9(c) and a significant portion of the
counts in this region may be background not associated
with the ground state. Two models of the background,
shown in Fig. 10, were used to determine the number of
pions from the ground state. Subtraction of a Gaussian
background, fit to the quasifree peak, leaves 25 pions
from the decay of the ground state while a subtraction of
a fit of a Gaussian plus an additional Oat background
leaves 5 pions, which is statistically insignificant. At the
95% confidence level, the data give an upper limit of 37
for the detected number of ~ mesons from the ground
state of ~ C.

Figure 11 shows the proton energy spectra, after ener-

gy acceptance corrections, corresponding to the ground-
state excitation regions of the two experiments. The ~He
proton energy distribution shows some evidence of the
peak expected near 75 MeV but there is no sign of a peak
in the & C distribution. This can be understood as arising
from the larger probability for final-state interactions of
the outgoing protons in ~ C (see Sec. III E for a discus-
sion of the final-state interaction effects in. these experi-
ments).

The raw number of hypernuclear decays to protons or
pions must be corrected for acceptance and eKciency in
order to extract partial decay rates. The acceptance of
the ~ !p spectrometer as a function of energy is calcu-
lated with a Monte Carlo program and the resulting
product of efFiciency and solid angles are AA, ,&=1.59 sr
for the ~ C experiment and AA, z= 1.11 sr for the ~He ex-
periment. The tracking efFiciency of the MWPC in the

/p spectrometer was 64% for the ~ C experiment and

C. Detection of neutrons from hypernuclear decay

To determine the number of decay neutrons from &He
and ~ C events using the neutron detector array data,
corrections for the energy-dependent efficiency, acciden-
tal background, and coincident neutron background from

-capture stars had to be performed. This section
discusses these corrections. The final results for the
neutron-stimulated partial rates are given in Sec. III E.

Figure 12 shows the P ' (c/velocity) spectrum for neu-
tral events above a 10-MeVee threshold in the neutron
counter array with excitation energy in the ground-state
region of ~ C. The events with /3 ') 10 give a measure-
ment of the random time background, since true coin-
cidence neutrons in this region would have kinetic ener-
gies less than the detector threshold. The Oat time back-
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FIG. 12. P ' spectrum for neutral events from the A C
ground-state region. The neutron detectors have a 10-MeVee
threshold applied for this spectrum.

89%%uo for the &He experiment; the difference in efficiency
arises because much stricter criteria was applied in the
analysis of the AC experiment. The total number of
events which decayed by emission of energetic protons
() 40-MeV kinetic energy), after acceptance corrections,
are given in Table IV.
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ground determined in this way was subtracted from the
total number of counts in the region with I3

' ( 10, which
contains neutral events with kinetic energies above
threshold. The number of counts in excess of back-
ground was determined as a function of neutron kinetic
energy and an efficiency correction was applied.

For the ~ C ground-state region, the number of neutral
counts in the neutron counters after subtraction of the
random-time background was 40.9 and 17.8 counts for
threshold of 5 and 10 MeVee, respectively. After making
the efficiency corrections, the number of neutrons with
kinetic energy T„)30 MeV which passed through the
neutron detector was found to be 165+54. Taking the
solid angle of the neutron detector into account and as-
suming isotropic distributions gives the total number of
neutrons with T„)30 MeV, N„=3400+1100. The cor-
responding number for the P-substitutional state region is
N„=4800+1200. These numbers include the neutrons
which were created when ~'s from either free- or bound-
lambda-decay stopped and annihilated in the materials
surrounding the hypernuclear production target. These
neutrons cannot be distinguished from hypernuclear de-
cay neutrons. In the z C experiment, however, the mea-
sured ~ branching ratio is quite low and the ~ annihi-
lation background does not make significant background
in the ~ C neutron measurement.

For AHe decay events (events for which the excitation
energy is in the region of the &Li ground state), the num-
ber of neutral counts in the neutron counters after sub-
traction of the random-time background is 18.7 and 9.5
counts for thresholds of 5 and 10 MeVee, respectively.
Since the ~ branching fraction was expected to be
higher for the ~He measurement than for the z C mea-
surement, background neutrons from vr capture were a
potential problem. To reduce this potential background,
the Li target was surrounded by an array of scintillation
counters which served as a charged-particle veto and
only events in which none of these veto counters fired
were used in the neutron partial rate analysis. Although
87% of the solid angle as seen by the target was covered
by this veto, there were still enough m 's produced that
an estimated 19% of the neutron signal seen in the ~He
experiment may be due to ~ annihilation background.
This correction was calculated by combining the mea-
sured ~ rate with the results of a Monte Carlo of the
target geometry. It was found that, of the 9.5+3.0 neu-
tron counts left after the random background subtraction
at the 10-MeVee threshold, 1.8+1.4 of these were due to
neutrons from ~'s which either stopped in the target or
escaped the target veto and stopped in the surrounding
material. The number of neutrons used in the neutron

5200—
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FIG. 13. Time response function measured with the timing
scintillators using the prompt reaction: Li(~,p)X. This spec-
trum was accumulated during the entire 2-week run.

partial rate analysis was then 7.7+3.3. This number is
used, along with correction factors from cuts in the
ground-state &Li excitation spectrum, the neutron detec-
tor solid angle and detector efficiencies, to give total num-
ber of neutrons emitted from the ~He decays in which no
charged particle left the target, X„=3000+1300.

D. Lifetime measurements

The production and decay times of hypernuclei are
measured directly by two timing scintillators in the K
beam and two timing scintillators in the range spectrome-
ter of Fig. 5. The shape and centroid of the time-
resolution function are monitored continuously
throughout the experiment with the "prompt"
Li(m, p)X and ' C(m, p)X reactions utilizing the pion

component of the beam. The resolution function for the
entire 2 week ~He run is plotted in Fig. 13 and has a rms
width 0.=92 psec. This shape is compared with the pro-
ton time-of-flight spectrum from &He decays in Fig. 14(a).
The resolution function has been scaled to match the area
of the decay spectrum which clearly shows the time shift
due to the lifetime of &He. The lifetime spectrum is fitted
to the convolution of the resolution function with an ex-
ponential decay using a fitting algorithm based on pois-
son, rather than Gaussian, statistics. The fit extracts a
lifetime of 256+21 psec with an effective y per degree of
freedom of 0.86. An identical analysis is performed for

z C, the resulting fit, shown in Fig. 14(b), gives a lifetime
of 211+31 psec. In terms of a total decay rate
I „,=1/~, the results are

1 „„&(~He)/I ~=1.03+0.08 (ground-state region),

1 „„,&(~ C)/1 &=1.25+0. 18 (ground-state region),

1 „„,&(z'8) /I ~= 1.37+0.16 (z C P-substitutional-state region),

I „„&(~Z)/I ~=1.31+0.20 (~ C S-substitutional-state region),
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additional phase space increases the mesonic rate faster
than the nonmesonic rate is decreased due to reduced nu-
cleon density, one would expect shorter lifetimes for the
lighter nuclei. Measurements of hypernuclear lifetimes
shorter than the 256-psec ~He lifetime have been report-
ed, as listed in Table III.

E. Partial decay rates
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where I ~ is the decay rate of a free-lambda particle,
I A

=3.80 X 10 /sec (r~ =263 psec). The errors corre-
spond to one standard deviation.

The lifetime was also measured for regions higher up in
the &Li excitation energy spectrum. The lifetime drops at
higher-excitation energy, decreasing from 256+20 psec
for the ground-state region down to 160+20 psec in the
region around excitation energies of 30 MeV. We attri-
bute the shorter lifetimes at higher-excitation energy re-
gions to the breakup of &Li into a lighter hypernucleus
prior to the weak decay. The lifetime of these species
may be shorter than the &He lifetime because all of the
mass 3 and 4 hypernuclei have an open S shell which can
contain a final-state nucleon from mesonic decay. This
e6'ect is enhanced due to increased phase space. If this

FIG. 14. (a) Time spectrum for ~He proton decay (solid his-
togram) compared to the normalized time-resolution function of
Fig. 13 (dashed histogram). The solid curve shows the fit to the
proton time spectrum. (b) Same data for the ~ C decays.

The partial decay rates for &He are calculated from the
total number of decays of each type, divided by the total
number of hypernuclei produced, multiplied by the total
decay rate derived from the lifetime measurements. The
number of &He hypernuclei produced is determined from
a fit to the ~Li ground-state region in the excitation ener-

gy spectrum with no decay coincidence, as shown in Fig.
7(a). The background to the left and underneath the ~Li
ground state in Fig 7(a) is due to K —+p +v decays
where the ineKciency of the muon veto allows a small
portion of the K decays through. Thus, the background
shape underneath the ground state is determined from
the known shape of the excitation energy spectrum for
events in which the muon detector fired. The extracted
number of ~He hypernuclei produced is 7400+1200.

Using the quantities derived in the previous sections,
the results shown in Table V are obtained for the weak
decay rates of &He. The first column shows the results
obtained directly from the measurements of the lifetime,
the neutron branching ratio, the proton branching ratio,
and the ~ branching ratio. In this case the ~ rate is ob-
tained by subtracting the other three partial rates from
the total rate. Since this calculation of I „has uncertain-
ties due to background corrections and a large uncertain-
ty in I 0 due to the propagation of errors in the other
measurements, we have also analyzed the data without
using the measured number of neutrons by invoking the
assumption that I 0/I =0.5. This assumption is

justified if Coulomb efFects can be neglected and if the
AI =

—,
' rule is assumed since the states available to the

decay mode are isobaric analogs of the states avail-
able to the ~ decay mode. The neutron stimulated rate
can then be obtained from

r„=r„.„,—(r, +1.5r

TABLE V. ~He experimental results.

I „„,/I
Data only

1.03+0.08

r,
=0.5

same

With FSI
corrections

1.03+0.08

Previous

experiments

0.44+0. 11

0.14+0.19

0.24+0.06
0.21+0.09
0.45+0. 12
0.54+0. 13

0.87+0.37
1.02+0.28

same

0.22+0.06

same
0.13+0.20
0.37+0.19

same

0.53+0.83
0.83+0.22

0.44+0. 11

0.18+0.20

0.21+0.07
0.20+0. 11
0.41+0.14
0.48+0. 15

0.93+0.55
0.92+0.31

none

none

none
none
none
none

0.077~2.0, Ref. 11, ~ 1.4, Ref. 12
1.2+0.2 Ref. 11, 1.31+0.09, Ref. 20
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The results, which are consistent with the calculation of
I"„using the number of detected neutrons, are shown in
the second column of Table V.

The &He weak-decay widths extracted from the data
must also be corrected for final-state interactions of the
outgoing nucleus from nonmesonic decay with the spec-
tator nucleons. This was done using an intranuclear cas-
cade model to calculate the modification to the number of
detected neutrons and protons due to final-state interac-
tions. A simple model, where the nucleus is a uniform
spherical matter distribution of radius 2.1 fm and the
mean free path for an outgoing nucleon from nonmesonic
decay (energy 10—140 MeV) is 3 fm, was used to estimate
the final-state interaction probability to be 0.3+0.1. The
final-state interaction corrections change the results by
17% or less and are somewhat insensitive to the large un-
certainty we have assigned to the final-state interaction
probability. The final ~He weak decay results are listed
on the third column of Table V. This analysis was done
using the measured neutron branching ratio and does not
assume the AI =

—,
' rule. Only the final-state interaction

corrected results will be used in the discussion, since they
represent the most sophisticated analysis of these data.

The total number of z C ground-state events, unbiased

by coincidence requirements, would have been needed to
extract individual partial rates. However, this number
could not be extracted from the data due to uncertainties
in the contribution of background reactions in the un-
biased sample. Therefore, the individual partial rates for
~ C were not produced but rather I „„&and the two ratios
I „/I and I /I „,presented in Table VI. The results

listed for I „/I have been corrected for nuclear multiple
scattering and charge exchange with an intranuclear cas-
cade calculation ' (the correction increases I „/I by
(20%%uo). The errors in the total width and the fraction
I „/I are dominanted by statistics. Using the average
of the numbers obtained from two background shapes in
Fig. 10 to determine the number of decay n 's, gives
I „ /I =22+ i2.

In this case, the estimated one-standard-deviation er-
rors are mainly due to uncertainty in the background
subtraction. The results can be expressed more clearly as
an upper limit on the inverted ratio, I /I „(0.14 at

the 95% confidence level. This result was obtained by as-
suming a minimal contribution of decay vr s to the
ground-state region from higher-excitation energy events.
Uncertainties in the fraction of ~ decays which result in
neutron coincidences are not significant for the ~ C mea-
surements since, unlike the &He measurements, the num-

ber of ~ decays is much smaller than the number of

neutron-stimulated decays.
Since fewer partial rates were measured for the ~ C de-

cays than for the &He data, the quantity I „= (1.14+0.20)1 ~ was extracted using the value
I 0/I =1.17. This value was calculated by Gal and

is in agreement with more recent calculations by Bando
et a/. The I „result is insensitive to the ratio
I 0/I since the total decay rate is dominated by the
nonmesonic rate. The error on the extracted I „was
computed using a mesonic rate ratio with an assigned er-
ror bar of+1 (I,/I =1.17+1).

IV. DISCUSSION

A. Comparisons to previous experimental results

The &He results are compared with earlier measure-
ments in Table V. The present I „„&/I ~ result is con-
sistent with the previous measurements, but with smaller
error bars. The most significant partial rate measure-
ments for the present experiment are the I, and I mea-
surements, which have not been reported before. The
values for the I, /I ratio and the I „ /I" ratio are
consistent with the older experiments but significantly
improve the world-averaged rates.

The only other lifetime measurement in the same mass
range as ~C is the zO lifetime measurement of Nield
et al. The z O measurement used an ' 0 beam and a
polyethyelene target; K+ emission was used as the hyper-
nuclear production trigger. 4 large background was ob-
served in the experiment due to interactions with drift
chamber windows. After these background events were
identified and subtracted, a total of 22 events were left.
The extracted lifetime from the recoil distance distribu-
tion was r = 86+26 psec or I „„i(~0)/I A: 3 1+0'9 This
rate is more than a factor of 2 larger than the rate mea-
sured for z C in the present work. It seems unlikely that
the lifetime would change so dramatically with such a
small change in mass, but a detailed calculation is need-
ed.

The quantities I „/I and I „ /I have been previ-

ously measured in the mass region 10( 3 ( 12 by
Montwill et al. ' (see Table II). This experiment pro-
duced hypernuclei by the absorption of stopped K 's in
an emulsion stack and the production of a hypernucleus
was determined by the detection of an energetic
Their results for the ratio I „/I agree with the present
results at the extreme of the errors, while their values for

TABLE VI. A C experimental results.

~C state

g.s.
P
S S

Decay
hypernucleus

AB
unknown

1.25+0. 18
1.37+0.16
1.31+0.20

I „ /I

1.14+0.20
1 .04

r /r„.
(0.14 (95% C.L.)
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the ratio I „ /I disagree with the present measure-

ments by a factor of 2 —4.

B. Comparison of the A C and AHe experimental results

A comparison of Tables V and VI shows that there are
significant changes in the decay mechanisms of ~ C and
~He. These can be largely attributed to the changing
number of nucleons available for nonmesonic decay and
to the changing effectiveness of Pauli blocking in
suppressing the mesonic decay modes.

The total nonmesonic decay rate I „drops by a factor
of 2.6 in going from ~ C to ~He, scaling with the number
of nucleons available for nonmesonic interactions. The
~ Bi and z U lifetime data ' indicate, however, that
this scaling appears to saturate for large- 3 nuclei.
Furthermore, a dramatic mass dependence is seen in the

/I ratio, which drops by a factor of 20 in going
from ~C to ~He. This increase in mesonic decay rate
could be partly due to the reduced binding energy and
partly due to the open P shell in &He. The latter could
also change the nonmesonic decay. The nuclear structure
differs between ~ C and &He since we expect a much
larger probability for P-wave A-N initial states in ~C
than in &He.

C. Comparison of the experimental results to calculations

The Hamiltonians used in the calculations of the non-
mesonic decay rates include the meson-exchange and
quark-quark Hamiltonians listed in Eqs. (1) and (3). For
~He, meson-exchange calculations have been performed
by Dubach, Donoghue, Holstein, de La Torre, and Kimu-
ra, Takeuchi, Takaki, and Bando, " and Oset and Sal-
cedo.

Dubach et al. find I „=0.SI ~ by using the exchange
of ~, p, g, co, K, K* mesons to describe the nonmesonic
transition. Takeuchi et al. find the range of values
I „ /I"~=0. 033—+0.450, where the limits correspond to
completely destructive and constructive interference be-
tween the n and p exchange contributions used in the cal-
culation. Both these calculations are able to show con-
sistency with the experimental value for I"„.The Oset
and Salcedo calculation accounts for the effect of pion
propagation through the nuclear medium. They find
I „=1. 1I z for &He. The Dubach calculation finds
I „/I =0.48 for &He, while Takeuchi et al. report a
very small value, , I, /I =0.02, when they choose a
phase between the contributions of ~ and p exchanges
which best describes I „.The other authors do not re-
port a value for I, /I

Several calculations have been reported which predict
the value of the nonmesonic decay rates of z C, which in-
clude meson-exchange calculations by Oset and Salcedo"
(vr exchange only) and Dubach et al. (rr, p, g, co, K, K*
exchange). Oset and Salcedo find I „=1.4I A, and Du-
bach et al. find I, =1.2I z for zC, both of which are
consistent with experiment. A composite approach has
been developed by Heddle, Kisslinger, and Cheung, in
which a one-pion-exchange description of the weak in-

teraction is used for AN separations greater than 1.0 fm,
while at smaller separations the two baryons are treated
as a six-quark state with quark-quark weak interactions
given by the effective Hamiltonians of Gilman and Wise.
In this hybrid quark-hadron model, Heddle et al. find
I „=2.25I ~ for the Gilman and Wise choice of Wilson
coefficients. This corresponds to a AI =

—,
' enhancement

factor of about 3.6 over AI =—', . Heddle and Kisslinger
also point out that a phenomenological choice of the
coefficients which gives a factor of 20 enhancement of
b,I =

—,
' will give I „(&C)=1.281 z, in agreement with

this experiment.
A meson-exchange calculation has been performed for

nuclear matter by McKellar and Gibson (vr and p ex-
change), where they find the value I „ /I A= 1+o ~. The
McKellar and Gibson calculations are an expanded and
corrected version of the earlier one-pion-exchange calcu-
lations of Adams.

All of the ~ C calculations obtain agreement with the
experimental value of I „ /I A=1. 14+0.20. Thus, calcu-
lations of more detailed quantities, in particular I „/I
are very important to differentiate between the models.
Only Dubach et al. report a preliminary value for
I „/I"; their calculation of I „/I „=0.83 is in agreement
with the experimental value of 1.33+o 8, . Any non-
mesonic decay rate calculation whose largest term is
one-pion exchange will tend to predict a I „rate smaller
than the measured value. In these calculations the
S~ D transition dominates due to the tensor character

of the pion exchange and this leads to a small predicted
value for the I „partial rate since the D final state is not
allowed for two neutrons by exchange symmetry con-
siderations. The I „rate can be enhanced by including
the contributions of heavier meson exchanges, as shown
by Dubach et al. This calculation also shows the I, rate
may also be enhanced by (hyper)nuclear structure effects,
for example, initial A-N P-wave states.

A number of calculations of mesonic rates have also
been performed. Dalitz has calculated the mesonic de-
cay rates for ~He, with a result of I (AHe)=0. 22I ~.
This is somewhat less than the experimental value of

I (AHe)/I ~=0.43+0. 10 .

Oset and Salcedo have calculated the total mesonic de-
cay rate in ~He, and they find

I „,„;,(~He)/1 ~=0.6 .

The Oset and Salcedo result can be compared to the mea-
sured value of

Mesonic rate calculations have been performed for ~ C by
Motoba et al. ' and by Oset and Salcedo. Motoba
et al. find

r (,"c)=o.o66r,

and

r,(,"c)=o.96r, .
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They also calculate the mesonic decay of z'B, with the re-
sult that if the ground state of ~B is a —,

'+ state, the
mesonic decay rates are

I ("B)=0.1581

and

I ("B)=0.0801

Given that

r„(,"c)yr, = I. 14+0.2o

and that

then

I (~c,expt)/rA:0. 052+o 035

which is consistent with the Motoba calculation. Oset
and Salcedo find

r „.„„(,"c)zr,=0.4,
which can be compared to the experiment value of
0.11+0.27.

V. CONCLUSIONS

The correct Hamiltonian for weak interactions in the
presence of strong fields has been a topic of great interest
in recent years. It is important for the analysis of meson
and hyperon decays, plays a role in the analysis of CI'
violation, and presumably should explain the origin of

the empirical AI =
—,
' rule.

Hypernuclei provide a convenient laboratory in which
to study the baryon-baryon weak interaction and the as-
sociated effective weak Hamiltonian. The strangeness-
changing process releases up to 176 MeV, providing a
convenient signal for the decay of the strange quark. Of
particular interest is I „,the nonmesonic decay rate for
the process %+X—+N+X, which is not available for
free-lambda decay. Our results for this quantity are in
reasonable agreement with calculations which use an
effective weak Hamiltonian derived from either meson.
exchange between baryons or 8 -boson exchange between
quarks, as long as the isospin structure is adjusted so that
the empirical AI =

—,
' rule is satisfied.

A second important parameter is the isospin-dependent
quantity I, /I which provides additional tests of these
effective weak Hamiltonians. Although not yet well mea-
sured, initial results suggest a value significantly larger
than many current calculations. Additional and more
precise measurements of both these quantities in very
light hypernuclei offer the opportunity to further specify
the features of this Hamiltonians.
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