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Lifetime measurements of medium-heavyL hypernuclei
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We have measured the lifetimes of the weak decay ofL
12C, L

28Si, andL
56Fe hypernuclei which were produced

via a (p1,K1) reaction at KEK 12-GeV PS. The lifetimes were obtained by direct measurement of the
production and decay time of the hypernucleus using a fast timing counter system whose time resolution was
about 83 ps. Our results for the lifetimes ofL

12C, L
28Si, and LFe are 231615, 206611, and 215614 ps,

respectively. The lifetimes ofL
11B and L

27Al with the application of the gate to thepL state of the formation
spectra ofL

12C and L
28Si were also determined to be 211613 and 203610 ps. From the present work, it was

found that the total decay width saturates according to the hypernuclear mass number even atA;12. This
suggests the importance of the proper treatment of the short range nature of the nonmesonic decay ofL
hypernuclei.

PACS number~s!: 21.80.1a, 13.30.Eg, 13.75.Ev, 21.10.Tg
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I. INTRODUCTION

The weak decay ofL hypernuclei has been studied ov
many years since its discovery in 1952 in an emulsion
periment. Hypernuclei are typically produced in excit
states~or ground states! through the strangeness producti
reaction and can reach their ground state through nuc
emission and/or electromagnetic decay. Eventually, they
decay through weak interaction processes which involve
emission of pions or nucleons.

A freeL hyperon decays mostly into a nucleon and a p
via the weak nonleptonic decay

L→H p1p2137.8 MeV ~63.9%!,

n1p0141.1 MeV ~35.8%!,
~1!

with a lifetime of 263 ps. The branching ratios of the tw
channels are 35.8% and 63.9%@1# and are consistent with
simple calculation from the empiricalDI 51/2 rule. The en-
ergy released in the freeL decay is about 40 MeV and th
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corresponding momentum of a nucleon and a pion in th
center-of-mass frame is about 100 MeV/c.

When aL hyperon is bound in the nucleus, the meson
decay channel is highly suppressed except for the very l
nuclei because of Pauli blocking of the final-state nucle
Nucleon-induced decay, the so-called nonmesonic decay
comes dominant. This channel does not occur in the freL
@2#,

L1p→n1p1176 MeV, ~2!

L1n→n1n1176 MeV. ~3!

The energy release of this decay mode is about 176 MeV
the momentum of each final-state nucleon is about 4
MeV/c, which is much higher than the Fermi momentum.
a result, this decay mode becomes dominant in medium
heavy hypernuclei.

Thus, the total decay width (G) and the lifetime (t) of L
hypernuclear weak decay can be written

G5
1

t
5Gp1Gnm , ~4!

Gp5Gp21Gp0, ~5!

Gnm5Gp1Gn1~G2p2h!, ~6!

whereGp2(p0) is the partial decay width ofp2(p0) mesonic
decay,Gp(n) is that of proton-~neutron-! induced nonmesonic
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decay, andG2p2h is that of the two-nucleon-induced nonm
sonic decay which has been suggested@3# but not yet con-
firmed.

The LN→NN interaction is the strangeness changi
DS51 analogy of the weakNN→NN interaction respon-
sible for nuclear parity violation@4#. In the case of theNN
→NN weak interaction, the parity-conserving part is not o
servable because it is overwhelmed by the strong interac

At present, a direct study of the hyperon-nucleon we
interaction is difficult due to the lack of either a hypero
beam or target and the low cross section, even if the tim
reversed processpn→Lp were to be made possible by ne
facilities @5#. So nonmesonic decay provides the most pr
tical means to investigate the four-fermion weak vertex a
LN→NN weak interaction which occurs only in the nucle
medium.

In addition, one of the most important characteristics
the nonmesonic decay process is the large momentum tr
fer of about 400 MeV/c. Such a large momentum transf
implies that it probes short distances of the order of 0.5
and might, therefore, expose the role of explicit quark
grees of freedom in the nucleus. Furthermore, in investig
ing the nonmesonic decay of hypernuclei, one can exp
the question of whether theDI 51/2 rule that governsp
mesonic decay applies to nonmesonic decays.

The total decay width~or lifetime! is the observable
which can be measured most accurately and interpreted
from the nuclear final-state interaction. The lifetime me
surement can be the starting point for obtaining the vari
observables, e.g., partial decay widths of mesonic or non
sonic decay, the ratio of proton- to neutron-induced nonm
sonic decay rates, etc. In addition, the variation of lifetim
with hypernuclear mass number can provide a qualita
understanding of the nuclear medium effects on the bary
baryon weak interaction.

Table I shows the status of the previous lifetime measu
ments. For light hypernuclei ofA<5, there are old emulsion
data for the lifetimes with large uncertainties. Recen
some counter experiments were performed at BNL@17,16#
and KEK @12,13# for L

4 H, L
4 He, andL

5 He hypernuclei. In the
medium mass region, there are only two sets of data. G
et al. @17# obtained the lifetimes by applying various gat
on excitation energies of theL

12C hypernucleus. The lifetime
of the hypernucleus ofA;16 was measured at LBL@18#
using a16O beam, but the production of a hypernucleus w
not identified explicitly in the experiment. For heavy hype
nuclei with A.200, there exists some lifetime data usi
antiproton or proton beams to measure the delayed fis
fragments. Recently, the lifetime of the hypernuclear fiss
fragments from thep1238U interaction was measured withi
reasonable uncertainties using a proton beam at COSY@22#.
In these measurements for heavy hypernuclei withA.200,
the hypernuclear production was not explicitly identifie
Before the present experiment, there had existed only
measurement in the mass region fromA512 to 200, which
has large errors and could not identify the hypernuclear
mation clearly. The present experiment will provide the lif
times in this region with clear hypernuclear formation sp
tra.
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The goals of this experiment were the precise meas
ment of ~1! the lifetimes of hypernuclei,~2! the branching
ratios ofp2 mesonic decay and proton-induced nonmeso
decay, and~3! to obtain the energy spectra of the proto
from nonmesonic decay. In this paper, the results for li
times will be presented, which may show the mass dep
dence of the hypernuclear lifetime. The lifetimes of t
ground state ofL

12C, L
28Si, and the bound region ofL

56Fe have
been reported@24#.

In Sec. II, the details of the experimental apparatus will
presented. Section III will show the analysis procedures
the lifetime results. In Sec. III, the systematic uncertainties
the present results also will be considered. We will comp
the present measurements with previous results and the
oretical calculations in Sec. IV.

II. EXPERIMENT

L hypernuclei were produced via the (p1,K1) reaction.
The lifetimes of theL hypernuclear weak decay were e
tracted from the distribution of the time differences betwe
beam injection and the emission of protons from the hyp
nuclear weak decay.

The (p1,K1) reaction is suitable for measuring the we

TABLE I. The status of the lifetime mesurements.

A t ~ps! Ref. Expt.

L
3 H 90240

1220 @6# Emulsion
2852105

1127 @7# Emulsion
128226

135 @8# Emulsion
264252

184 @9# Bubble chamber
246241

162 @10# Bubble chamber

L
4 H 180270

1250 @6# Emulsion
3602130

1490 @11# Emulsion
2682107

1166 @7# Emulsion
194226

124 @12,13# (Kstop
2 ,p2)

L
4 He 2282129

1233 @7# Emulsion
245624 @14# (K2,p2)
256627 @13# (Kstop

2 ,p2)

L
5 He 140250

1190 @6# Emulsion
180260

1150 @11# Emulsion
251273

1190 @7# Emulsion
274250

160 @15# Emulsion
256621 @16# (K2,p2)

L
9 Be 201630 @16# (K2,p2)

L
11B 192622 @17,16# (K2,p2)

L
12C 211631 @17,16# (K2,p2)

L
16Z 86226

133 @18# 16O beam,K1 tagging

p̄1209Bi 2502100
1250 @19# Delayed fission

180640660 @20# Delayed fission
e1209Bi 27006500 @21# Delayed fission

p̄1238U 100240
180 @19# Delayed fission

130630630 @20# Delayed fission
p1238U 240660 @22# Delayed fission
p1209Bi 14567623 @23# Delayed fission
4-2
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LIFETIME MEASUREMENTS OF MEDIUM-HEAVY L . . . PHYSICAL REVIEW C 61 054004
decay of medium and heavyL hypernuclei because it ca
produce the deeply bound state of hypernuclei due to
high momentum transfer which is as much as 0.4 GeVc,
while the (K2,p2) reaction populates preferentially the su
stitutional states due to the reaction selectivity. In additi
the (p1,K1) reaction gives a very clean inclusive spectru
because it is free from the decay of beam particles. T
permits us to estimate the yield of hypernuclear formation
the inclusive spectrum rather precisely.

A. General description

TheL hypernuclei were produced via the (p1,K1) reac-
tion using the 1.05 GeV/c p1 beam at the K6 beam line@25#
of the KEK 12-GeV PS. The scattered kaons were tag
using a superconducting kaon spectrometer~SKS! @26# to
identify the production of hypernuclei and reconstruct t
hypernuclear mass spectrum.

Figure 1 shows a schematic view of the beam line sp
trometer and the scattered particle spectrometer~SKS!. The
acceptance of the SKS is about 100 mSr and a good mom
tum resolution of 0.1% full width at half maximum~FWHM!
was achieved at the previous experiment~KEK-PS E140a!
for the hypernuclear spectroscopy@26,27#.

We used natural carbon, silicon, and iron as a target.
placed targets at finite angles to the beam as shown in Fi
The reason for this asymmetric configuration is as follow
~a! in order to increase the effective target thickness for
beam to generate a larger hypernuclear production rate
~b! in order to decrease the path length of the decay prod
in the target material. This will reduce the detection thre

FIG. 1. Schematic view of the K6 beam line of KEK-12 GeV P
and the superconducting kaon spectrometer~SKS!.
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old and the deterioration of the energy distribution. The
angle for the target was about 10o, giving a target about 5
times thicker for the beam than for the decay products.
Table II, the specifications for each target are summarize

Each run typically lasted 2 h and the beam spill was abo
1.7 s out of every 4 s. The typical beam intensity was ab
3.73106 pions/spill. The (p1,K1) event rate at the trigge
level was about 400/spill and most of these events were
lated to the background (p1,p1) or (p1,p) events.

B. Coincidence part: For the detection of the weak decay

The charged decay products of the hypernucleus were
tected by the coincidence detector system which consist
fast timing counters, range counters, and drift chambers.
acceptance was estimated to be about 30% byGEANT-@29#
based Monte Carlo simulation and the detection thresh
was about 30 MeV for protons and 12 MeV for negati
pions. Figure 2 shows a schematic view of the coincide
detector system which is located symmetrically above a
below the target. Table III shows the specifications of ea
detector.

The first element~T2! is the fast timing counter which
determines the timing of charged decay products. T2 is
vided into six segments of plastic scintillator wit
4@W# 3 18@L# 3 0.6@T# cm3 with double-sided readout
The intrinsic time resolution of each segment is about 37
for a 100 MeV proton and about 70 ps for minimum ionizin
particles obtained from a separate test experiment@30# after
time walk correction. ThedE/dx information given by the
T2 counter was used for particle identification.

FIG. 2. Schematic view of the coincidence detector system u
in the lifetime measurement of hypernuclei. The superconduc
kaon spectrometer~SKS! is not shown and is located farther to th
right.

TABLE II. The specifications of experimental targets.

Target Thickness Abundance Nbeam

(g/cm2) ~%! (3109)

12C 6.45 98.89~natural! 272
28Si 10.35 92.23~natural! 1470
56Fe 7.00 91.80~natural! 959
4-3
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The next element@multiwire drift chamber~PDC!# is the
multiwire drift chamber which has six plane
(XX8YY8XX8), whereX is along the beam direction andY is
perpendicular to the beam direction. Each plane has a 4 mm
drift distance and the anode wires of the primed planes
shifted by half a cell size~4 mm! to resolve left/right ambi-
guity. The PDC gives the tracks of the decay particles. T
reaction point of hypernuclear production was determined
the beam line spectrometer and SKS. Since the recoil ve
ity of a hypernucleus is very small, we can assume that
decay of the produced hypernucleus occurs at its produc
vertex. However, the spatial resolution of the production v
tex along the beam direction was as low as a few cm and
decay vertex was estimated by the intersection of the tra
of a decay particle and beam.

The third element is the range counter. The range cou
is divided into four sets. The first two sets (RG1,2) consist
of six layers each 4 mm thick and the other two sets (RG3,4)
consist of four layers each of 6-mm-thick plastic scintillato
The total thickness of the range counter block is 9.6 cm. T
range of the decay particle (RANGE) was determined by the
path length in the range counter after the incident angle
rection. The energy of the incident particle was calcula
from the range after the particle was identified.

The last element~VETO! is to veto the charged particle
which pass through the whole set of the range counter.

The particle identification has been done usi
dE/dx-RANGEanddE/dx-E relations.dE/dx was defined
as the energy deposit in the T2 counter in unit leng
RANGE is the path length in the coincidence detectors a
E was defined as the total energy deposit digitized by ana
to-digital converters~ADC’s! measured in T2 and the rang
counter:

PID15 ln
dE

dx
1 f 1~ ln RANGE!, ~7!

PID25
dE

dx
1 f 2~E!, ~8!

TABLE III. The specifications of the coincidence detectors

Active area Thickness
(cm2) ~cm!

T1 839.6 1.2 Two layers of four segment
T2 24318 0.6 Six segments~4 cm wide!
RG1 34334 2.4 Six layers~0.4 cm thick!
RG2 40340 2.4 Six layers~0.4 cm thick!
RG3 46346 2.4 Four layers~0.6 cm thick!
RG4 52352 2.4 Four layers~0.6 cm thick!
VETO 54354 0.4 —
PDC 26326 4 mma Six planes (XX8YY8XX8)

dt ~FWHM! 200 ps
Ethreshold 30 MeV for proton, 12 MeV forp2

Acceptance 30%

aDrift distance.
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where f 1 and f 2 are the first order polynomials. Figure
shows the scatter plot ofPID1 and PID2 for the hyper-
nuclear bound state events. The events inside the box w
accepted as protons for the lifetime analysis. Figure 4 sh
the projection ofPID1. The shaded section represents t
events remaining after applying thePID2 cut and the events
between the two arrows were accepted as protons. From
figure, the pion fraction in the proton gate is estimated to
less than 2%.

C. Fast timing measurement system

The hypernuclear lifetime is the mean value of the diffe
ences between the production time (tp) and the decay time
(td) of the hypernuclei (Dt5td2tp). The production time
(tp) was extracted from the beam timing (t1) and the flight
time (t f b

) of the beam from the beam timing counter~T1! to

the production vertex (tp5t11t f b
). The decay time (td) was

determined by subtracting the timing (t2) of decay products
at the T2 counter and the flight time (t f d

) from the decay

vertex to the T2 counter (td5t22t f d
). The time resolution is

FIG. 3. The scatter plot of two PID functions. Thex axis is the
PID1 using dE/dx and RANGE and they axis thePID2 using
dE/dx andE. The events inside the box were accepted as proto

FIG. 4. Particle identification plot (PID1) using dE/dx and
RANGE shows proton and pion peaks. The shaded region re
sents the events afterPID2(dE/dx vs E) cut. The events of the
shaded region between the two arrows are accepted as proton
4-4
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due to four terms:s5As t2
2 1s t f d

2 1s t1
2 1s t f p

2 . The two terms

related to the flight time are predominantly determined
the geometry of the timing counter system~flight length! and
the others are the intrinsic resolutions of the timing count
(s t1,2

). The contribution from each term is estimated to

about 70–94 ps in FWHM.
Since we used the leading-edge discriminator, a cor

tion due to the time walk effect was essential to achiev
high time resolution. We corrected for the time walk effe
using the relationdt;(1/Aq21/Aq0), where dt is the
amount of correction, andq andq0 the integrated charge in
the ADC and its mean value@31#.

The beam timing was determined by T1 which consists
two layers~T11 and T12! of plastic scintillators~see Fig. 2!.
Each layer of T1 is segmented into 4 with a size
8@L# 3 1.3(3.5)@W#31.2@T# cm3 for the center~side! two
segments. The center segments have a smaller width bec
of the beam profile thus making the beam intensity ab
0.43106p1’s/s for the side segments and about 0.
3106p1’s/s for the center ones. Each segment has ph
multiplier tubes ~PMTs! on both ends and a three-sta
booster in a high voltage chain is used to avoid the non
earity of PMTs at high beam rates. We constructed T1 fr
two layers of 1.2 cm thickness because the improvemen
the time resolution due to the number of scintillating photo
(Np.e.) for the minimum ionizing particle seems to satura
like s}A1/Np.e. at a scintillator of 1.2 cm thickness.

The intrinsic time resolution~FWHM! of T1 counter is
about 108 ps for the center segments and about 127 p
the side segments at a beam intensity of 23106p1’s/s after
time walk correction and it is about 50% worse than the l
rate incidence@30#. For beam timing, we used the average
the timings of two layers and the beam time resolution (s t1

)
is about 82 ps in FWHM.

The timing of decay products was determined by T2 a
was described in Sec. II B.

D. Time response function of the system

In order to obtain the time response function of the s
tem, we used prompt events from the (p1,pp) reaction
which results from the strong interaction.

TheDt distribution of the (p1,pp) events — the promp
time spectrum — was used for the time response functio
the system. Since most events identified as kaons in the
ger level were protons or pions, we could collect plenty
(p1,pp) events simultaneously with hypernuclear weak d
cay events. The recoiled proton was tagged by SKS and
other proton was detected and analyzed by coincidence
tectors. Since the (p1,pp) reaction is a strong interaction
the (p1,pp) events could give a prompt response.

Since the timing counters are segmented into 8~T1! or 12
~T2!, it is essential to match the relative timing of each se
ment. In addition, as the experiment was performed ove
period of 1 yr, the time drift due to the temperature or oth
environmental changes during the experiment should be
sidered. The long-term time drift was typically a few tens
picoseconds and at most about 200 ps. All these effects w
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corrected using the prompt time spectrum of the (p1,pp)
events. The relative timings of T1~8 segments! and T2~12
segments! was matched mostly every 4 h. Figure 5 shows
typical prompt time spectrum, the resolution of which is 2
ps FWHM.

III. ANALYSIS AND RESULTS

A. Singles spectra

Figure 6 shows the reconstructed hypernuclear mass s
tra of L

12C: ~a! inclusive, ~b! in coincidence with energetic
protons, and~c! with the pions from the hypernuclear deca
The inclusive spectrum shows a constant background le
of about 43 events per 1 MeV but the coincidence spectra

FIG. 5. The time response function of the system which is
tained using the prompt (p1,pp) events. The total resolution is 20
ps FWHM ~85 ps ins).

FIG. 6. The hypernuclear mass spectra forL
12C, ~a! inclusive,~b!

in coincidence with protons, and~c! in coincidence with pions.
MHY2MA means the mass difference between aL hypernucleus
and a target nucleus.BL is the binding energy of aL hyperon.
4-5
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almost background free. Thex axis indicates the mass differ
ence between a hypernucleus (MHY) and a target nucleu
(MA). TheL binding energy (BL) is also shown. The abso
lute scale of the spectra was adjusted so that theL binding
energy of the ground state ofL

12C was 10.8 MeV@27#. The
proton coincidence spectrum shows two clear peaks
MHY2MA5184 MeV (BL511 MeV) and 194 MeV~0
MeV! which are well-known states with a neutron-ho
L-particle configuration of@0p3/2

21sL# and@0p3/2
21pL# of L

12C,
respectively. The core-excited states of11C with the L hy-
peron in thesL orbit @28# could not be resolved due to th
limited resolution. ThepL state was a particle unbound sta
and it is known to decay through proton emission to
lighter L

11B hypernucleus@32#.
For the L

28Si hypernucleus, the measurements were d
in two separated beam cycles; one was run in February 1
and the other in July 1995. Both cycles showed consis
hypernuclear mass spectra. Figure 7 shows the mass sp
collected in February 1995. The inclusive spectrum~a!
shows a constant background level of about 160 events p
MeV and the peak structure is not clean. The mass spec
in coincidence with the energetic protons~b! shows three
peaks at MHY2MA.178 MeV (BL.17 MeV),
.188 MeV (.5 MeV), and.195 MeV (.212 MeV)
with a much smaller background level. Again, as a resul
the limited resolution of the spectrum, the whole structure

L
28Si could not be resolved@27,33#. Figure 7 in Ref.@27#
shows four clear peaks in theL bound region and the whol
mass spectrum ofL

28Si was fitted with five Gaussians. In th
analysis, as shown in Fig. 7~b!, the fitting was done with
three Gaussian functions, considering the first two peak
Fig. 7 in Ref. @27# as one peak and the next two peaks
another peak. However, the configuration of each peak co

FIG. 7. The hypernuclear mass spectra forL
28Si, ~a! inclusive,

~b! in coincidence with protons, and~c! in coincidence with pions.
MHY2MA means the mass difference between aL hypernucleus
and a target nucleus.BL is the binding energy of aL hyperon.
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be assigned assL , pL , anddL states, following Ref.@27#.
The sL state is the ground state ofL

28Si and thepL state
decays through proton emission to the lighter hypernucl
of L

27Al because the proton emission threshold is atBL

.9 MeV. Neutron emission is forbidden because of t
negative reactionQ value. ThedL state is above theL emis-
sion threshold (BL 5 0 MeV!.

Figure 8 shows the mass spectra ofL
56Fe:~a! inclusive,~b!

in coincidence with the energetic protons, and~c! with the
pions from the hypernuclear decay. The inclusive spectr
shows a constant background level of about 50 events p
MeV but the background level of the coincidence spectra
negligible. The spectra in coincidence with protons and pio
show that the region ofMHY2MA,187 MeV corresponds
to the L bound state. In this case, the hypernuclear m
spectrum in coincidence with energetic protons correspo
to L

56Fe states but the coincident protons come not only fr

L
56Fe states but also from the lighter hypernuclei which
produced through particle emission. From a simple estim
using the reactionQ value and Coulomb barrier, the residu
hypernuclei after particle emission can beL

55Fe or L
55Mn.

From now on, for convenience,LFe will be used to represen

all those hypernuclei includingL
56Fe.

B. Lifetime measurements

The hypernuclear decay rate should follow the probabi
distribution

P~ t !5
1

t
e2t/t, ~9!

wheret is the mean life of a hypernucleus andP(t) is the
decay rate at timet. Since the measurement has a finite re

FIG. 8. The hypernuclear mass spectra forL
56Fe, ~a! inclusive,

~b! in coincidence with protons, and~c! in coincidence with pions.
MHY2MA means the mass difference between aL hypernucleus
and a target nucleus.BL is the binding energy of aL hyperon.
4-6
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lution, the actual time distributionS(t) is the convolution of
P(t) with the response functionR(t) of the detector system

S~ t !5E
0

`

P~ t8!R~ t2t8!dt8. ~10!

To zeroth order, the lifetime of the hypernucleus can
determined by the mean difference between the prompt t
spectrum and the time spectrum of hypernuclear weak de
which would be delayed due to the hypernuclear lifetime~the
delayed time spectrum!. Figure 9 shows the comparison o
prompt and delayed time spectra for~a! the ground state o

L
12C, ~b! the ground state ofL

28Si, and~c! the wholeL bound
region of L

56Fe, where the spectrum forL
28Si contains data

taken at the February run~only half of the whole data!. The
differences of the mean values of prompt and delayed t
spectra are 237, 205, and 219 ps, respectively. The
spectrum for each target contains 324, 281, and 428 ev
for the delayed spectrum and 1.73104, 7.83104, and 1.9
3104 events for the prompt spectrum.

The lifetime was extracted by fitting the delayed tim
spectra of hypernuclear decay events with the functionS(t),
considering the lifetime as a free fitting parameter. The
ting was performed with the maximum likelihood fittin
method adopting Poisson statistics for each measurem
which has been shown to produce fewer fitting errors th
the normal least squares method@34#. As a response func
tion, we used the prompt time spectra themselves fr
at
-
-

h

co
is

II
w

in

05400
e
e

ay

e
e
ts

-

nt
n

m

(p1,pp) events which were obtained simultaneously w
those of the hypernuclear production~see Sec. II C!. The
solid curves in Fig. 9 show the fitting results and the reduc
chi squares (x2/n) of the fits are 0.67 forL

12C, 0.90 for L
28Si,

and 0.79 forLFe.
The results of maximum likelihood fitting (t

FIT
) are

FIG. 9. The prompt and the delayed time spectra are comp
for ~a! the ground-state region ofL

12C, ~b! the ground-state region o

L
28Si, and~c! the whole bound region ofL

56Fe.
t
FIT

5230214
115 ps ~with 324 events for the ground state region ofL

12 C!,

5211212
112 ps ~with 263 events for thepL state region ofL

12 C!,

5206210
111 ps ~with 528 events for the ground state region ofL

28Si!,

5204210
110 ps ~with 837 events for thepL state region ofL

28Si!,

5215213
114 ps ~with 428 events for theL bound region ofL

56Fe!,
ting
eri-
as

e-
where the quoted errors correspond to one standard devi
~68% confidence level! and are only statistical. For the life
time analysis of L

28Si, the lifetime was obtained indepen
dently for two separate data sets and the final lifetime ofL

28Si
was obtained by averaging over the two fitting values. T
values for L

28Si were the averaged~or summed! values over
all the silicon data. In the case ofL

56Fe, the value is the
average of those ofL

55Mn, L
55Fe, andL

56Fe. The event sample
for each hypernuclear state was selected with the gate
dition shown in Table IV. The asymmetric gate condition
applied in order to reduce the fraction of other states ofL as
much as possible. The simplified fitting mentioned in Sec.
tells us that the fraction of other states is at most 13%. Ho
ever, the estimation of the fraction depends on the fitt
ion

e

n-

I
-

g

method for the hypernuclear mass spectra. When the fit
was done using all the peaks known from the other exp
ment @27#, the fraction of other states reaches as high
20%.

TABLE IV. The gate condition for each hypernuclear singl
particle state and the fraction of the various states.

Gate window Number 1s 1p Higher
MHY2MA(MeV) of events state state states

L
12C 175–186 (1s gate! 323 97% 3% 0%

188–197 (1p gate! 338 1% 93% 6%

L
28Si 171–181 (1s gate! 527 87% 13% 0%

183–188 (1p gate! 661 1% 94% 5%

LFe 160–185~bound states! 309 — — —
4-7
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C. Systematic uncertainties of lifetime measurements

1. Contribution from the response function

Since the prompt time spectrum of the (p1,pp) events
was used as the time response function of the system
lifetime analysis of hypernuclear weak decay mainly d
pends on the analysis of (p1,pp) events.

The prompt time spectrum is expected to follow a Gau
ian distribution, whose mean is att50 and whose standar
deviation corresponds to the time resolution of the dete
system. However, as shown in Fig. 5, the prompt time sp
trum has a non-Gaussian component, predominantly in
delayed time region.

In order to investigate the source of the non-Gauss
component, we checked the time of flight of the beam. T
time of flight of the beam particles (TOFbeam) is determined
by TOFbeam5t12t0, where t1 is the timing at the T1
counter located at the target area andt0 is the timing at the
BH1 counter in the most upstream section of the beam
~see Fig. 1!. The TOFbeam distribution also shows a non
Gaussian shape and the non-Gaussian component o
prompt time spectrum was strongly correlated with that
TOFbeam. Most of the non-Gaussian component in t
prompt spectrum came from the events ofTOFbeam,0 and
the prompt time spectrum becomes a Gaussian shape fo
events ofTOFbeam.0. TheTOFbeamspectrum of (p1,pp)
events and that of the hypernuclear decay events sho
almost the same distribution. We compared the fitting res
for the events ofTOFbeam.0 and those ofTOFbeam,0.
The results of the fitting to the two separate data sets a
well with each other to within statistical fluctuations.

The timing offset should also be the same for both eve
because the difference in timing offsets directly affects
final lifetimes. In order to confirm this point, we set th
difference in timing offsets as a fitting parameter and p
formed the maximum likelihood fitting. The fitting functio
was

S8~ t !5E
0

`1

t
e2t8/tR~ t2t81t0!dt8, ~11!

where t0 as well ast was a fitting parameter. In order t
avoid the histogram binning effect, the step size in the va
tion of t0 was fixed to 25 ps. The fitting shows thatx2 was
minimized for all sets of data att050. We conclude that the
timing offset of the prompt spectrum and the delayed sp
trum should be same.

From the above investigations, we conclude that no s
tematic differences in the time response of the detector
tem for (p1,pp) and hypernuclear decay events were o
servable and that the systematic uncertainties of the lifet
due to the (p1,pp) events are negligible compared to th
statistical uncertainties.

2. Other considerations

We investigated the other systematics, e.g., the indep
dent lifetime analysis for up- and down-coincidence detec
systems, the dependence of decay proton energy, and
beam momentum dependence of lifetimes. The fluctuati
05400
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shown in these analyses are within statistical ranges. In
dition, since we used the time difference of two distributio
~the prompt and the delayed time spectra! which were mea-
sured at the same time, most of the instrumental errors s
as errors in the relative positions of timing counters would
canceled out.

Since the resolution of the hypernuclear mass spectr
limited due to the use of a thick target, each state ofL could
not be well separated and the fraction of other states in
gate for the variousL single-particle states should be co
sidered. From the chi-square fitting of hypernuclear m
spectra forL

12C and L
28Si, the fraction of the variousL states

was estimated as shown in Table IV. The effect of oth
states should be small, not only because the fraction of o
states was small, being at most; 10%, but also because th
fitting results of each gate are not so different from ea
other ~less than 10%!.

The correction was made by solving following simult
neous equations, with the assumption that the fitting value
higher states~h.s.! ~see Table IV! is affected only by the
lower states:

t15 t̃1sw111 t̃1pw121 t̃h.s.w13,

t25 t̃1sw211 t̃1pw221 t̃h.s.w23,

t35 t̃1sw311 t̃1pw321 t̃h.s.w33,

wheret i is the fitting result for eachi th gate,t̃ j , wherej is
1s, 1p, or h.s., is the real lifetime of each state, andwi j is
the weighting of thej th state (1s, 1p, h.s.! to the i th gated
region listed in Table IV. Table V shows the results of t
corrections. As expected, the correction is much smaller t
the statistical uncertainty.

In conclusion, we cannot find any systematics compara
to the statistical uncertainties. The experimental error le
was predominantly determined by the statistical errors.

IV. DISCUSSION

A. Comparison with the previous experimental results

In Table VI, the present lifetime results are compar
with the earlier measurements. The lifetimes ofL

12C and L
11B

are consistent with the previous measurements of Gr
et al. @17# with much lower uncertainties. The previousL

12C
lifetime measurement was done with theK2 beam at BNL-

TABLE V. The summary of lifetime measurements. The val
for LFe represents the average lifetime ofL

55Mn, L
55Fe, andL

56Fe.

Number Lifetime G

of events ~ps! (GL)

L
12C 323 231615 1.1460.08

L
11B 338 211613 1.2560.08

L
28Si 527 206612 1.2860.08

L
27Al 661 203610 1.3060.07

LFe 309 215614 1.2260.08
4-8
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AGS. It produced a hypernucleus using the (K2,p2) reac-
tion and tagged pions to identify the hypernuclear prod
tion. The hypernuclear mass spectrum was reconstructe

The only earlier measurement in the medium mass reg
for nuclei heavier thanL

12C is the lifetime ofA;16 hyper-
nuclei (L

;16Z) measured by Nieldet al. @18#. They used a 2.1
GeV/nucleon16O beam at the Lowrence Berkeley Labor
tory ~LBL ! Bevalac and a polyethylene target. The produ
tion of low momentumK1 mesons and their delayed dec
after stopping were used as the trigger for the hypernuc
production. They could not reconstruct the hypernucl
mass spectrum and identify the hypernuclear species. T
extracted the lifetime from the recoil distance distributi
which was measured by spark chambers. They had a lo
background events which came from the interaction with
Al window of the spark chamber and also the trigger coun
at downstream of the target. After the subtraction of the la
background, the remaining events constituted only 22 ev
and the lifetime from the maximum likelihood fitting of th
recoil distance distribution wast586226

133 ps, which is much
smaller than the lifetime ofL

12C and L
28Si.

B. Comparison with the calculations

Up to now, three groups have presented the calculat
for lifetimes of variousL hypernuclei. First, in 1985, Ose
and Salcedo@35# made lifetime calculations usingL self-
energies for nuclear matter. They included only one-pion
change for the nonmesonic decay which governs the hy
nuclear weak decay for the medium and heavy mass regi
In order to apply their calculation to the finite hypernucl
they used the local-density approximation and obtained
lifetimes of L

5 He to L
208Pb. Their calculations give muc

shorter lifetimes than the measurements with values ab
60–70 % of the measurements.

Ramoset al. @36# calculated the lifetimes in 1994 base
on Oset and Salcedo’s calculation. They used a one-p
exchange model including the two-nucleon-induced de
mode (LNN→NNN). In LNN→NNN, the strongly corre-
lated two nucleons~mainly proton-neutron pair! and L ex-
change a virtual pion. They gave the lifetimes for mediu
and heavy hypernuclei~from L

12C to L
208Pb). Their calculation

also gave similar values to Oset and Salcedo’s, which w
about 60–70% of the measurement values. However, the

TABLE VI. The comparison with the previous measuremen
The value for LFe represents for the average lifetime ofL

55Mn,

L
55Fe, andL

56Fe.

Present Previous
results~ps! measurement~ps!

L
11B 211613 192622 @17,16#

L
12C 231615 211631 @17,16#

L
;16Z — 86226

133 @18#

L
27Al 203610 —

L
28Si 206612 —

LFe 215614 —
05400
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culations of Ramoset al. yield slightly shorter values than
Oset and Salcedo’s.

Recently, Itonagaet al. calculated the hypernuclear life
time by adopting a one-pion and 2p/r, 2p/s exchange po-
tential for nonmesonic decay, includingp-shell nucleons as
well as s-shell nucleons@37#. They gave the lifetimes of

L
5 He, L

12C, L
28Si, and L

56Fe. Their calculation reproduced th
L hypernuclear lifetimes quite well even though they ga
slightly shorter values forL

28Si and L
56Fe.

C. Lifetimes for the overall hypernuclear mass region

Figure 10 shows the hypernuclear lifetimes for the ove
hypernuclear mass region. The solid circles are the pre
results and the open circles are the results from previ
counter experiments with explicit identifications of the ge
eratedL hypernuclei. The horizontal error bars for theLFe
data represents the mass range of the hypernuclei. The
pernuclear lifetimes are shorter than the freeL lifetime ex-
cept for the very light hypernuclei and are almost constan
about 80% of the freeL value in the hypernuclear mas
region of A;

.12. The lifetimes ofL
28Si and LFe are slightly

shorter than that ofL
12C. However, the differences are withi

experimental uncertainties.
The theoretical calculations are overlaid indicated by

dash-dotted line~the calculation of Itonagaet al.! @37# and
the dashed line~Ramoset al.! @36# in Fig. 10. The calcula-
tions of Ramoset al. show that the lifetime does not chang
very much according to the hypernuclear mass numb
However, their mass number dependence reflects only
overlap area of the wave functions of theL and nucleon
because they used the local-density approximation. The
culations of Itonagaet al. also show a saturation of lifetime
but the effect seems to be a little weaker than for the m
surements. This may indicate that their 2p exchange poten-
tial has a longer range than the actual one.

V. CONCLUSION

We have measured the lifetimes ofL
11B, L

12C, L
27Al, L

28Si,
and LFe hypernuclei. For the hypernuclei withA.12 which

.

FIG. 10. The mass dependence of hypernuclear lifetimes.
open circles represent the data from the previous counter ex
ments and the solid circles the present results. The dot-dashed
shows the calculations by Itonagaet al. and the dashed line show
the calculations by Ramoset al.
4-9
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are in the mass range beyond thep-shell hypernuclei this is
the first measurement which can explicitly identify theL
hypernuclear bound states.

The present results together with the previous meas
ments show that the lifetimes are almost constant at ab
80% of the freeL value in the hypernuclear mass regio
aboveA512. This weak mass dependence should be rela
to the mechanism of nonmesonic decay, which is domin
in the present mass region, and to the baryon-baryon s
range correlation inside the hypernucleus.

Assuming the short range nature of the nonmesonic w
decay process, one can employ a zero range approxima
for a qualitative understanding. The nonmesonic weak de
widths will then be proportional to the overlap integral of t
wave functions of a nucleon and aL, and the hypernuclea
lifetimes will be almost constant in the mass region beyo
carbon where the overlap integrals almost saturate. A sim
discussion of the weak mass dependence was also mad
cently by assuming a sufficiently short range interaction a
i,

ci

.

l.

v-

cl

ev

.
uc

.
uc
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an

ei
P
E
n-
L.
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by counting the number ofLN bonds responsible for the
nonmesonic weak decay@38#.

The present lifetime data apparently require us to ta
into account the short range nature of the nonmesonic w
decay, which does not seem to be properly incorporated
the current meson exchange model.
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