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We have measured lifetimes ofL hypernuclei over a broad mass range explicitly identifying
L hypernuclear production in thesp1, K1d reaction. The obtained results arets12

L Cd  231 6 15 ps,
ts28

L Sid  206 6 12 ps, andtsLFed  215 6 14 ps. The lifetimes ofL hypernuclei over the mass
region from carbon to iron are found almost constant at about 80% of that of freeL within the statistical
uncertainties. The short-range nature of the nonmesonic weak decay process, which is dominant in
heavy L hypernuclei, is possibly responsible for the observed weak hypernuclear mass dependence.
[S0031-9007(98)07604-2]
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A L hyperon bound in a nucleus eventually decays fro
the ground state either through ap-mesonic or a non-
mesonic weak decay (NMWD) process. Through
p-mesonic process, aL in a hypernucleus decays to a
nucleon and a pion, i.e.,L ! Np, as a freeL does.
However, thep-mesonic decay is strongly suppressed
hypernuclei, except very light ones, due to the small e
ergy release in the process and the Pauli blocking. Inste
the NMWD process, which is the strangeness chang
baryon-baryon weak interaction processsL 1 N !
N 1 Nd, becomes dominant in most hypernuclei du
to the much larger momentum of the final nucleo
,400 MeVyc, than the typical Fermi momentum
,270 MeVyc.

The total decay width of aL hypernucleus,G, is the
sum of the partial decay widths;

Gs 1ytd  Gp 1 Gnm  Gp 1 Gp 1 Gn s1G2p2hd ,

(1)

wheret is a lifetime. Here, theGp andGnm are the partial
decay widths forp-mesonic decay and NMWD, respec
tively. Gp and Gn are the partial widths forL 1 p !
n 1 p and L 1 n ! n 1 n, respectively, andG2p2h is
that of two-nucleon-induced NMWDsLNN ! NNNd.
The branching ratio for the NMWD process alread
reaches to about3y4 by 12

L C [1,2]. Therefore, the de-
cay of heavyL hypernuclei provides us with valuable an
clean information on the NMWD process, henceforth th
baryon-baryon weak interaction and the short-range c
relations in nuclear matter.

However, the understanding of the NMWD process
still in a primitive stage. Although there have been se
eral microscopic model calculations for NMWD processe
which are based on either various meson exchange inte
tions [3–5] or quark-hadron hybrid interactions [6,7], non
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of them have successfully reproduced both the totalsGd
and partial decay widths (Gn andGp) simultaneously and
particularly their ratiosGnyGpd.

So far the experimental data for the partial decay widt
had large errors and provided only limited constrain
Among the weak decay observables, the lifetime can
determined most accurately free from nuclear final sta
interactions and material effects. Therefore its accur
data for heavyL hypernuclei are very much awaited t
understand the NMWD mechanism.

The most reliable measurements of hypernuclear li
times were carried out for relatively light hypernucle
from 4

LH [8] to 12
L C [9] by direct measurements of the

production and decay times of theL hypernuclei. There
have been a few other lifetime measurements for heav
L hypernuclei [10–13]. However, in these measureme
the produced hypernuclei were not explicitly identified
The reliable measurement for heavier hypernuclear li
time would help to see the effect of the nuclear mediu
on the lifetime and to understand NMWD process.

In the present paper, we report on the lifetime measu
ment ofL hypernuclei in the mass range from carbon
iron by the direct time measurement with explicit iden
tification of the producedL hypernuclei. Thesp1, K1d
reaction was employed in the present experiment inste
of the sK2, p2d reaction since it has the advantage
populate bound hypernuclear states [14,15] and give
virtually background-free spectrum [16] particularly fo
heavierL hypernuclei. The experiment was carried o
at the K6 beam line of the KEK 12 GeV PS with
1.05 GeVyc pion beam for three targets: C, Si, and Fe.

The production of hypernuclear bound states by t
sp1, K1d reaction was identified by using the good
resolution, large-acceptance, scattered-particle spectro
ter SKS (superconducting kaon spectrometer), who
© 1998 The American Physical Society 4321
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intrinsic momentum resolution was better than1023 and
whose solid angle was,100 msr [17]. Because of the
good momentum resolution and the cleanness of t
sp1, K1d spectrum, we were able to separate the grou
states of12

L C and 28
L Si reasonably well, even though the

targets were thick.
A schematic drawing of the target region is shown

Fig. 1. A plastic scintillatorsT1d was installed just before
the target to determine the beam timing. Targets we
tilted by about 9±–13± with respect to the beam not only
to minimize energy thresholds for decay protons and pio
but also to make the targets thick along the beam, that
6.4(C), 10.3(Si), and 7.0(Fe) gycm2.

Protons and pions emitted in the weak decay proce
of the L hypernuclei were measured in coincidence wi
K1 detected by SKS by two coincidence detector syste
placed symmetrically above and below the target. Ea
detector system, covering about 15% of the whole so
angle, consisted of a decay product timing countersT2d, a
drift chamber, a range counter, and a veto counter. The c
ter of T2 was located 3.7 cm from the center of the targe

The lifetimes were obtained from delayed timestdd spec-
tra for protons measured in coincidence with hypernucle
production by setting gates on peaks or on a region in t
hypernuclear excitation energy spectrum as follows.

td  sT2 2 TOF2d 2 sT1 1 TOF1d . (2)

T1 and T2 are the timing readouts from the beamsp1d
timing and the decay product (proton) timing counte
whose intrinsic resolutions aresT1 . 50 ps andsT2 .
35 ps [18]. TOF1 and TOF2 are the flight times between
the target and T1 or T2 counters.

In order to determine TOF1 and TOF2, the trajectory
and energy of the flight particle should be measured a
curately. For the trajectory measurement, drift chambe
were installed between the timing counter T2 and the
range counters, as shown in Fig. 1. The spatial reso
tion was about 0.35 mm. For the energy measureme
two sets of range counters composed of 20 layers of sc
tillators with a total thickness of 10 cm were installed. A
typical energy resolution was about 2 MeV for normall

FIG. 1. A schematic view of the coincidence detector syste
used for the lifetime measurements of hypernuclei.
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incident protons of,100 MeV. A veto counter was used
to reject high-energy particles which were not stopped
the range counter. The energy ranges covered were 3
140 MeV for protons and 12–70 MeV for pions.

Particle identification (PID) of decay products was mad
by the DE-range method. The light output from a T2
(6 mm thick scintillator) counter was used forDE. The
PIDs obtained forp andp were good enough, and the in-
termixing betweenp andp groups was less than 2% [19].

Figure 2(a) shows the excitation energy spectra f
12Csp1, K1d12

L C gated with PID windows forp and p.
The solid and dotted lines arep-gated andp-gated
spectrum, respectively. The1s and the1p L single par-
ticle states in thep-gated spectrum were reasonabl
well resolved. The gated region for the delayed tim
stdd determination of12

L C is indicated with an arrow in
Fig. 2(a). Thep-gated spectrum is dominated by the
quasifree pionic decay in whichp ’s are produced from
the decays of unboundL’s. This can be clearly seen
from the rise ofp spectrum aroundBL  0. Similarly
Figs. 2(b) and 2(c) show thep andp2 gated spectra for
28
L Si and56

L Fe. For28
L Si we again gated for the1s L ground

state. For56
L Fe, the ground state peak was no longe

separable, but the hypernuclear bound states were clea
identified and integrated to obtain the lifetime. We not
that theL bound region of56

L Fe is open for particle decay
channels. Therefore, some of theL bound56

L Fe states
first decay through particle emissions and eventually rea
a ground state of a nearby hypernucleus where theL

undergoes a weak decay. TheL hypernuclei reached via
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FIG. 2. The hypernuclear mass spectra for (a)12
L C, (b) 28

L Si,
and (c)56

L Fe observed in coincidence with emitted proton
(solid line) and pions (dotted line). MHY and MA are
the masses of a hypernucleus and a target nucleus. T
horizontal arrows represent the gate for the events used
the lifetime analyses.



VOLUME 81, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 16 NOVEMBER 1998

e
of
,

al

-

d

e

for
]
d
-
s
th
x-

ent
gy,
tor
ed
d.

us
ith

s
ce.
he
ss,
n
s.

s

10 3

10 4

1

10

co
un

ts
/0

.0
25

ns

1

10

1

10

-1 -0.5 0 0.5 1
ns

(a)

(b)

(c)

(d)

R(t)

12
Λ C

28
Λ Si

ΛFe

FIG. 3. The time spectrastdd for (a) the prompt events of
sp1, 2pd, the hypernuclear weak decay events of (b) th
ground state of12

L C, (c) the ground state of28
L Si, and (d) the

whole bound states of56
L Fe are shown.

particle decays will be in the mass region of54 # A #

56. (They are denoted asLFe.) The integrated bound
region is indicated by an arrow. The pion coincidenc
spectrum rises sharply at theL binding threshold, and
very few events remain below the gate channel in t
pion coincidence spectrum. This demonstrates that
integrated region of theL bound states inLFe were
properly selected.

To obtain prompt time response,sp1, 2pd events were
recorded simultaneously withsp1, K1d events. One
proton was identified by the SKS spectrometer through t
same procedure as the kaon, and the other was analy
by one of the coincidence detector systems. Figure 3
shows a typicalsp1, 2pd time spectrum for the12C target.
The timing resolution was about 85 ps ins which was
much smaller than the typical lifetime,t , 200 ps, so
that the error of the measured lifetime was not limited b
this resolution, but by the statistics.
nd

TABLE I. Present results (bold characters) for the lifetimes and the total decay widths ofL
hypernuclei are listed, together with the previous lifetime measurements for the medium a
heavy hypernuclei.

Gate window Number Lifetime G
(MeV) of events (ps) sGLd

12
L C 175–186 323 231 6 15 1.14 6 0.08

,16
L Z · · · · · · 86133

226 [10] · · ·
28
L Si 171–181 527 206 6 12 1.28 6 0.08
LFe 160–185 309 215 6 14 1.22 6 0.08

p 1 209Bi · · · · · · 180 6 72 [12] · · ·
p 1 238U · · · · · · 130 6 42 [12] · · ·
p 1 238U · · · · · · 240 6 60 [13] · · ·
e
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Figures 3(b)–3(d) show the delay time spectra of12
L C,

28
L Si, and LFe, respectively, obtained by Eq. (2). Th
gated excited region for each case and the number
events are listed in Table I. To extract the lifetime
the delay time spectrum was fitted with the statistic
distribution

Dstd 
Z `

0
Rst 2 t0de2t0ytdt0, (3)

which is a convoluted distribution of the exponential de
cay function with a response function,Rstd, which is the
previously mentionedsp1, 2pd time spectrum [Fig. 3(a)].
In the fitting procedure, we used the maximum likelihoo
method with Poisson statistics.

The lifetimestd results obtained from these spectra ar

ts12
L Cg.s.d  231 6 15 ps,

ts28
L Sig.s.d  206 6 12 ps,

and tsLFed  215 6 14 ps,

where the errors are statistical. The present result
12
L C is consistent with the previous one from BNL [9
within 1 standard deviation, but provides a reduce
uncertainty by a factor of 2 due to the improved sta
tistics. In Table I, the present results for the lifetime
and the total decay widths are listed, together wi
the previous measurements [10–13]. We have e
amined, on the systematic errors in our measurem
from the dependence on the decay particle ener
the difference between up and down coincidence detec
systems and the contamination from the higher excit
energy states. No significant systematic error was foun

In Fig. 4, the present results of the lifetimes for12
L C, 28

L Si,
and LFe (closed circles) are compared with the previo
data (open circles) obtained from counter experiments w
explicit identifications of the producedL hypernuclei. The
horizontal error bar for theLFe data represents the mas
range of the hypernuclei where weak decays take pla
One does not, however, expect much variation of t
lifetime in this mass range because the NMWD proce
which is dominant, should not be very sensitive to a
outmost valence nucleon distribution of the hypernucleu
The observed lifetimes ofL hypernuclei, over the mass
range of12 & A & 56, are almost constant (saturated) a
4323
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FIG. 4. The mass dependence of the hypernuclear lifetime
The present results (closed circles) are compared with t
previous ones (open circles). The dotted line represents t
lifetime of a freeL. The dot-dashed line is the calculation of
Itonagaet al. and the dashed one of Ramoset al.

about 80% of the freeL value. The lifetimes of28
L Si and

LFe are slightly shorter than that of12
L C. However, their

differences from the (saturated) constant value are with
experimental uncertainties.

The dot-dashed line in Fig. 4 is the calculated mass d
pendence of the lifetime based on the one-pion and co
related two-pion exchange model of Itonagaet al. [20].
Although light L hypernuclear lifetimes are well repro-
duced up to12

L C, it shows a mass dependence contra
to the present data, significantly underestimating the lif
time for the hypernuclei heavier than12

L C. The dashed
line is the calculation of Ramoset al. [21], which is based
on one-pion exchange model and included two-nucleo
induced NMWD. The calculated values are much small
than the experimental ones even for light nuclei.

Assuming the short rangeness of the nonmesonic we
decay process, which is dominant in hypernuclei ofA $

10, one can employ a zero range approximation for
qualitative understanding. The nonmesonic weak dec
widths will then be proportional to the overlap integral o
wave functions of a nucleon and aL, and the hypernuclear
lifetimes will be almost constant in the mass region beyon
carbon where the overlap integrals almost saturate.
simple discussion of the weak mass dependence was a
made recently by assuming the interaction is sufficient
short ranged and by counting the number ofLN bonds
responsible for the nonmesonic weak decay [22].

The present lifetime data apparently require us to ta
into account the short-range nature of the nonmeson
weak decay, which does not seem to be properly includ
in the current meson exchange model. A better treatme
of the short-range nature of NMWD inL hypernuclei is
very much awaited.

In summary, we have measured lifetimes forL hyper-
nuclei:12

L C, 28
L Si, andLFe. The latter two, which are in the

mass range beyondp-shell hypernuclei, were measured
4324
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for the first time explicitly identifying the producedL hy-
pernuclear bound states. We observe that the lifetim
of L hypernuclei in the mass range heavier than 12 a
almost mass independent. This weak mass depende
should be related to the mechanism of NMWD, which i
dominant in the present mass region, and to the baryo
baryon short-range correlation inside the hypernucleus.
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