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Lifetime measurements of medium-heavyA hypernuclei
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We have measured the lifetimes of the weak deca§f@f 3°Si, and3°Fe hypernuclei which were produced
via a (w",K™) 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 §C, 3%Si, and \Fe are 23%15, 206+ 11, and 215 14 ps,
respectively. The lifetimes of'B and 3’Al with the application of the gate to the, state of the formation
spectra of°C and 3%Si were also determined to be 2413 and 20310 ps. From the present work, it was
found that the total decay width saturates according to the hypernuclear mass number Aveh?afThis
suggests the importance of the proper treatment of the short range nature of the nonmesonic decay of
hypernuclei.

PACS numbgs): 21.80+a, 13.30.Eg, 13.75.Ev, 21.10.Tg

[. INTRODUCTION corresponding momentum of a nucleon and a pion in their
center-of-mass frame is about 100 MeV/

The weak decay oA hypernuclei has been studied over When aA hyperon is bound in the nucleus, the mesonic
many years since its discovery in 1952 in an emulsion exdecay channel is highly suppressed except for the very light
periment. Hypernuclei are typically produced in excitednuclei because of Pauli blocking of the final-state nucleon.
states(or ground statesthrough the strangeness production Nucleon-induced decay, the so-called nonmesonic decay, be-
reaction and can reach their ground state through nucleocomes dominant. This channel does not occur in the Aree
emission and/or electromagnetic decay. Eventually, they wil[2],
decay through weak interaction processes which involve the
emission of pions or nucleons. A+p—n+p+176 MeV, )

A free A hyperon decays mostly into a nucleon and a pion

via the weak nonleptonic decay A+n—n+n+176 MeV. &)

_ The energy release of this decay mode is about 176 MeV and

- ptm +37.8 Mev (63.9%, (1)  the momentum of each final-state nucleon is about 400
n+7°+41.1 MeV (35.8%, MeV/c, which is much higher than the Fermi momentum. As
a result, this decay mode becomes dominant in medium and

with a lifetime of 263 ps. The branching ratios of the two heavy hypernuclei.

channels are 35.8% and 63.9% and are consistent with a  Thys, the total decay widtH) and the lifetime ¢) of A

simple calculation from the empiricll =1/2 rule. The en-  hypernuclear weak decay can be written

ergy released in the fred decay is about 40 MeV and the

1
I'=s—=I_+Tn, (4)
T
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decay, and’,p,p, is that of the two-nucleon-induced nonme-
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TABLE I. The status of the lifetime mesurements.

sonic decay which has been suggedtgdbut not yet con-

firmed. 7 (p9 Ref. Expt.

The AN—NN interaction is the strangeness changinggH 00220 6] Emulsion
AS=1 analogy of the wealNN— NN interaction respon- 28;‘{’27 (7] Emulsion
sible for nuclear parity violatiofi4]. In the case of théN 128113055 (5] Emulsion
— NN weak interaction, the parity-conserving part is not ob- 264152 [9] Bubble chamber
servable because it is overwhelmed by the strong interaction. Lo

At present, a direct study of the hyperon-nucleon weak, 246" 31 [10] Bubble chamber
interaction is difficult due to the lack of either a hyperon AH 180°7 (6] Emulsion
beam or target and the low cross section, even if the time- 360" 15 (1] Emulsion
reversed procegsn— A p were to be made possible by new 268" 165 [7] Emulsion
facilities [5]. So nonmesonic decay provides the most prac- 19458 [12,13 (Kstop: 7 )
tical means to investigate the four-fermion weak vertex andiHe 228 353 [7] Emulsion
AN— NN weak interaction which occurs only in the nuclear 245+ 24 [14] (K™, m7)
medium. 256+ 27 [13] (Kstop 7™ )

In addition, one of the most important characteristics of3He 140°° (6] Emulsion
the nonmesonic decay process is the large momentum trans- 1807330 [11] Emulsion
fer of about 400 MeW. Such a large momentum transfer 2517330 (7] Emulsion
implies that it probes short distances of the order of 0.5 fm 27439 [15] Emulsion
and might, therefore, expose the role of explicit quark de- 256+ 21 [16] (K™, 7))

g the nonmesonic decay of hypernucll, one can explorec o150 19 (<o)
thg question of whether %/hAI =y1F/)2 rule that governsarp f;B 19zrz2 17,19 (KZm7)
mesonic decay applies to nonmesonic decays. feg 22?321 [1[71’2;5@ 160 p (K ’; )t .

The total decay width(or lifetime) is the observable 2™ 22 cam,® _ tagging
which can be measured most accurately and interpreted fré&" Bi 250" 150 [19] Delayed ffssfon
from the nuclear final-state interaction. The lifetime mea- 18040+ 60 [20] Delayed fission
surement can be the starting point for obtaining the variou§* " Bi 2700500 [21] Delayed fission
observables, e.g., partial decay widths of mesonic or nonmep+ %% 100°55 [19] Delayed fission
sonic decay, the ratio of proton- to neutron-induced nonme- 130+30+30 [20] Delayed fission
sonic decay rates, etc. In addition, the variation of lifetimep+ 238U 240+ 60 [22] Delayed fission

with hypernuclear mass number can provide a qualitativey+2°%Bi
understanding of the nuclear medium effects on the baryon
baryon weak interaction.

Table | shows the status of the previous lifetime measure- The goals of this experiment were the precise measure-
ments. For light hypernuclei dA<5, there are old emulsion ment of (1) the lifetimes of hypernuclei(2) the branching
data for the lifetimes with large uncertainties. Recently,ratios of 7~ mesonic decay and proton-induced nonmesonic
some counter experiments were performed at BNE,16  decay, and3) to obtain the energy spectra of the protons
and KEK[12,13 for 4H, 1He, and3He hypernuclei. In the from nonmesonic decay. In this paper, the results for life-
medium mass region, there are only two sets of data. Gradémes will be presented, which may show the mass depen-
et al. [17] obtained the lifetimes by applying various gatesdence of the hypernuclear lifetime. The lifetimes of the
on excitation energies of thC hypernucleus. The lifetime ground state of’C, 3%Si, and the bound region gffFe have
of the hypernucleus oA~16 was measured at LB[18]  been reportedi24].
using a0 beam, but the production of a hypernucleus was In Sec. ll, the details of the experimental apparatus will be
not identified explicitly in the experiment. For heavy hyper- presented. Section Il will show the analysis procedures and
nuclei with A>200, there exists some lifetime data usingthe lifetime results. In Sec. Ill, the systematic uncertainties of
antiproton or proton beams to measure the delayed fissioe present results also will be considered. We will compare
fragments. Recently, the lifetime of the hypernuclear fissiorthe present measurements with previous results and the the-
fragments from the+ 233U interaction was measured within oretical calculations in Sec. IV.
reasonable uncertainties using a proton beam at C{28Y
In these measurements for heavy hypernuclei with200,
the hypernuclear production was not explicitly identified.
Before the present experiment, there had existed only one A hypernuclei were produced via ther{,K™) reaction.
measurement in the mass region frérs12 to 200, which  The lifetimes of theA hypernuclear weak decay were ex-
has large errors and could not identify the hypernuclear fortracted from the distribution of the time differences between
mation clearly. The present experiment will provide the life-beam injection and the emission of protons from the hyper-
times in this region with clear hypernuclear formation spec-huclear weak decay.
tra. The (7*,K™") reaction is suitable for measuring the weak

145+7+23 [23] Delayed fission

II. EXPERIMENT
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FIG. 1. Schematic view of the K6 beam line of KEK-12 GeV PS
and the superconducting kaon spectroméesxs).

decay of medium and heavi hypernuclei because it can
produce the deeply bound state of hypernuclei due to th
high momentum transfer which is as much as 0.4 @GgV/
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FIG. 2. Schematic view of the coincidence detector system used
in the lifetime measurement of hypernuclei. The superconducting
kaon spectrometdiSKS) is not shown and is located farther to the
right.

old and the deterioration of the energy distribution. The tilt
angle for the target was about®l@iving a target about 5
times thicker for the beam than for the decay products. In
Table Il, the specifications for each target are summarized.

Each run typically lasi 2 h and the beam spill was about
1.7 s out of every 4 s. The typical beam intensity was about
3.7x10° pions/spill. The ", K*) event rate at the trigger
level was about 400/spill and most of these events were re-
lated to the backgrounds(*,=*) or (7 *,p) events.

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

The charged decay products of the hypernucleus were de-

while the (K™, 7™) reaction populates preferentially the sub- tected by the coincidence detector system which consists of
stitutional states due to the reaction selectivity. In additionfast timing counters, range counters, and drift chambers. The
the (7" ,K™) reaction gives a very clean inclusive spectrumacceptance was estimated to be about 30%GEyNT-[29]
because it is free from the decay of beam particles. Thipased Monte Carlo simulation and the detection threshold
permits us to estimate the yield of hypernuclear formation invas about 30 MeV for protons and 12 MeV for negative
the inclusive spectrum rather precisely. pions. Figure 2 shows a schematic view of the coincidence
detector system which is located symmetrically above and
below the target. Table Il shows the specifications of each
. . detector.
~ The A hypernuclei were produced via the-(,K*)_reac- The first element(T2) is the fast timing counter which
tion using the 1.05 Ge\¢/7 " beam at the K6 beam lif@5]  getermines the timing of charged decay products. T2 is di-
of the KEK 12-GeV PS. The scattered kaons were taggedjjged into six segments of plastic scintillator with
using a superconducting kaon spectrome®&KS) [26] to  4r\w] x 1§ L] X 0.6 T] cn® with double-sided readout.
identify the production of hypernuclei and reconstruct theThe intrinsic time resolution of each segment is about 37 ps
hypernuclear mass spectrum. _ for a 100 MeV proton and about 70 ps for minimum ionizing

Figure 1 shows a schematic view of the beam line specparticles obtained from a separate test experirfi@dit after
trometer and the scattered particle spectromé3&S). The  time walk correction. ThelE/dx information given by the
acceptance of the SKS is about 100 mSr and a good momeR- -qunter was used for particle identification.
tum resolution of 0.1% full width at half maximugWHM)
was achieved at the previous experiméREK-PS E140a
for the hypernuclear spectroscof6,27).

We used natural carbon, silicon, and iron as a target. W

A. General description

TABLE Il. The specifications of experimental targets.

S ha t Thick Abund N
placed targets at finite angles to the beam as shown in Fig. aree Icess undance beamn
X ) ! o2 : (glen?) (%) (X10%
The reason for this asymmetric configuration is as follows
(@ in order to increase the effective target thickness for the’c 6.45 98.89natura) 272
beam to generate a larger hypernuclear production rate arfés; 10.35 92.23natura) 1470
(b) in order to decrease the path length of the decay productSge 7.00 91.8Qnatura) 959

in the target material. This will reduce the detection thresh
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TABLE Ill. The specifications of the coincidence detectors. B
£100 |
Active area  Thickness %
(cn) (cm) = ol
T1 8X9.6 1.2 Two layers of four segments o
T2 24x18 0.6 Six segmentg} cm wide .
RG1 34X 34 2.4 Six layerg0.4 cm thick 100 .
RG2 40< 40 2.4 Six layerg0.4 cm thick S
RG3 46X 46 2.4 Four layer$0.6 cm thick -
RG4 52<52 2.4 Four layer$0.6 cm thick 200 = -
VETO 54X 54 0.4 — T L . ! L
PDC 26x 26 4 mnf Six planes XX'Y Y'XX') 06 -04 02 0 02
PID, (arb. units)
ot (FWHM) 200 ps
Etnreshola 30 MeV for proton, 12 MeV form ™ FIG. 3. The scatter plot of two PID functions. TReaxis is the
Acceptance 30% PID; using dE/dx and RANGE and they axis thePID, using

dE/dx andE. The events inside the box were accepted as protons.

@Drift distance.
where f; and f, are the first order polynomials. Figure 3

The next elemenftmultiwire drift chamberlPDCO)] is the
multiwire  drift chamber which has six planes
(XX'YY'XX"), whereX is along the beam direction antds
perpendicular to the beam direction. Each plang &ad mm

shows the scatter plot dPID, and PID, for the hyper-
nuclear bound state events. The events inside the box were
accepted as protons for the lifetime analysis. Figure 4 shows
the projection ofPID;. The shaded section represents the

drift distance and the anode wires of the primed planes arevents remaining after applying tid D, cut and the events

shifted by half a cell sizé4 mm) to resolve left/right ambi-

between the two arrows were accepted as protons. From the

guity. The PDC gives the tracks of the decay particles. Théigure, the pion fraction in the proton gate is estimated to be

reaction point of hypernuclear production was determined byess than 2%.

the beam line spectrometer and SKS. Since the recoil veloc-

ity of a hypernucleus is very small, we can assume that the

decay of the produced hypernucleus occurs at its production

vertex. However, the spatial resolution of the production ver- The hypernuclear lifetime is the mean value of the differ-

tex along the beam direction was as low as a few cm and thences between the production tintg)(and the decay time

decay vertex was estimated by the intersection of the trackdy) of the hypernuclei 4t=ty—t,). The production time

of a decay particle and beam. (tp) was extracted from the beam timing; X and the flight
The third element is the range counter. The range countdime (tfb) of the beam from the beam timing count@t) to

is d_ivided into four sets. T_he first two setR(G1,2) consist  the production Vertext():tl-i-tfb)_ The decay timet() was

of six layers each 4 mm thick and the other two s&&8,4) determined by subtracting the timintp) of decay products

consist of four layers each of 6-mm-thick plastic scintillator.at the T2 counter and the flight timé. () from the deca
The total thickness of the range counter block is 9.6 cm. The g fp y

range of the decay particlRANGE was determined by the vertex to the T2 countertgztz—tfd). The time resolution is
path length in the range counter after the incident angle cor-
rection. The energy of the incident particle was calculated
from the range after the particle was identified.

The last elemenfVETO) is to veto the charged particles
which pass through the whole set of the range counter.

The particle identification has been done using
dE/dx-RANGEanddE/dx-E relations.dE/dx was defined
as the energy deposit in the T2 counter in unit length.
RANGEIis the path length in the coincidence detectors and
E was defined as the total energy deposit digitized by analog-
to-digital converterdADC’s) measured in T2 and the range
counter:

C. Fast timing measurement system

150 -

counts

100

50

dE
PID,;=In— +f,(INRANGB,

7
ax (7
FIG. 4. Particle identification plotRID;) using dE/dx and
dE RANGE shows proton and pion peaks. The shaded region repre-
PID,=— + f,(E), (8) sents the events afté?|D,(dE/dx vs E) cut. The events of the

dx shaded region between the two arrows are accepted as protons.
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due to four termso = \/‘Tt22+ ot +op +op, . The two terms 10000.0
d p e}
related to the flight time are predominantly determined by S s000.0l- R(t)
the geometry of the timing counter systéfiight length and % :
the others are the intrinsic resolutions of the timing counters 8
(o, ). The contribution from each term is estimated to be 6000.01 EWHM =
about 70-94 ps in FWHM. 200 ps
Since we used the leading-edge discriminator, a correc- 4000.0p
tion due to the time walk effect was essential to achieve a
high time resolution. We corrected for the time walk effect 2000.0F
using the relationsdt~(1/\/g—1/\/q,), where 6t is the
amount of correction, and andq, the integrated charge in 0.0, oE 00 o5 7o

the ADC and its mean valug1].

The beam timing was determined by T1 which consists of
two layers(T11 and T12 of plastic scintillatorgsee Fig. 2 FIG. 5. The time response function of the system which is ob-
Each layer of T1 is segmented into 4 with a size oftained using the p_romp‘m(ﬂpp) events. The total resolution is 200
8[L] x 1.3(3.5]W]x1.2T] cn® for the center(side two  PS FWHM(85 psino).
segments. The center segments have a smaller width because
of the beam profile thus making the beam intensity aboutorrected using the prompt time spectrum of the" (pp)
0.4x10°7*'s/s for the side segments and about 0.65events. The relative timings of T®B segmentsand T2(12
X 10" 's/s for the center ones. Each segment has photosegmentswas matched mostly every 4 h. Figure 5 shows the
multiplier tubes (PMTs) on both ends and a three-stage typical prompt time spectrum, the resolution of which is 200
booster in a high voltage chain is used to avoid the nonlinps FWHM.
earity of PMTs at high beam rates. We constructed T1 from

ns

two layers of 1.2 cm thickness because the improvement in . ANALYSIS AND RESULTS

the time resolution due to the number of scintillating photons _

(Np.e) for the minimum ionizing particle seems to saturate A. Singles spectra

like oo y1/N, ¢ at a scintillator of 1.2 cm thickness. Figure 6 shows the reconstructed hypernuclear mass spec-

The intrinsic time resolutiofFWHM) of T1 counter is  tra of }°C: (a) inclusive, (b) in coincidence with energetic
about 108 ps for the center segments and ab+out 127 ps f@kotons, andc) with the pions from the hypernuclear decay.
the side segments at a beam intensity of 20°7"'s/s after  The inclusive spectrum shows a constant background level

time walk correction and it is about 50% worse than the lowgf about 43 events per 1 MeV but the coincidence spectra are
rate incidenc¢30]. For beam timing, we used the average of

the timings of two layers and the beam time resolutioq X 1500

is about 82 ps in FWHM. [ (a) "*C(n* KM 2C

The timing of decay products was determined by T2 and 1000 |
was described in Sec. Il B. B

500
D. Time response function of the system 0 f T

In order to obtain the time response function of the sys- | (b) W/ coincident proton
tem, we used prompt events from ther(,pp) reaction % 50 | Growdsee  § P State
which results from the strong interaction. € >

The At distribution of the ¢r*,pp) events — the prompt 8 '

time spectrum — was used for the time response function of . Ao AN
the system. Since most events identified as kaons in the trig- 0 (o wi coincident pions T

ger level were protons or pions, we could collect plenty of 100

(=" ,pp) events simultaneously with hypernuclear weak de-

cay events. The recoiled proton was tagged by SKS and the 50 |-

other proton was detected and analyzed by coincidence de- [

tectors. Since the#",pp) reaction is a strong interaction, 0Lt

1 L PR P - L

the (=" ,pp) events could give a prompt response. 160 170 180 190 200 210

Since the timing counters are segmented intd B or 12 ot MeMaMeY)
(T2), it is essential to match the relative timing of each seg- |0 20 E|1V|OeV) o 10
ment. In addition, as the experiment was performed over a A
period of 1 yr, the time drift due to the temperature or other FiG. 6. The hypernuclear mass spectra’fi, (a) inclusive, (b)
environmental changes during the experiment should be cofn coincidence with protons, antt) in coincidence with pions.
sidered. The long-term time drift was typically a few tens of M,;,,—M, means the mass difference between aypernucleus
picoseconds and at most about 200 ps. All these effects weemnd a target nucleu®, is the binding energy of & hyperon.
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3000 F (a) si(n K" 22si 1500 [ (a) ®Fe(n’ K*)PFe
2000 | 1000 |
1000 | 500 |
0-\|\\|\|\\||II|I||\I\ > Of‘ '.'.“H"IH"
2 [ (b) w/ coincident protons 2 L (b) w/ coincident protons
=100 | S 40Ff
B [ p, State il R7) i
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FIG. 8. The hypernuclear mass spectra {ffFe, (a) inclusive,
(b) in coincidence with protons, an@) in coincidence with pions.
Myy— M, means the mass difference betweeA éypernucleus
and a target nucleu®, is the binding energy of & hyperon.

FIG. 7. The hypernuclear mass spectra f88i, (a) inclusive,
(b) in coincidence with protons, an@) in coincidence with pions.
Myy—M, means the mass difference between dypernucleus
and a target nucleu®, is the binding energy of & hyperon.

be assigned as,, p,, andd, states, following Ref[27].
almost background free. Theaxis indicates the mass differ- The s, state is the ground state (‘.};FSi and thep, state
ence between a hypernucleus!(y) and a target nucleus decays through proton emission to the lighter hypernucleus
(Ma). The A binding energy B,) is also shown. The abso- of 27Al because the proton emission threshold isBa
lute scale of the spectra was adjusted so thatthiginding  ~9 MeV. Neutron emission is forbidden because of the
energy of the ground state gfC was 10.8 MeV[27]. The  negative reactio value. Thed, state is above thA emis-
proton coincidence spectrum shows two clear peaks afjon threshold B, = 0 MeV).
Myy—M,=184 MeV (B,=11 MeV) and 194 MeV(0 Figure 8 shows the mass spectraicfe: (a) inclusive, (b)
MeV) which are well-known 1states with a neutrcl>£1-hole in coincidence with the energetic protons, aiail with the
A-particle configuration of0pg;s,] and[0pgzpal of C, pions from the hypernuclear decay. The inclusive spectrum
respectively. The core-excited states'o€ with the A hy-  shows a constant background level of about 50 events per 1
peron in thes, orbit [28] could not be resolved due to the MeV but the background level of the coincidence spectra is
limited resolution. Thep,, state was a particle unbound state negligible. The spectra in coincidence with protons and pions
and it is known to decay through proton emission to theshow that the region ofl,,v—M,<187 MeV corresponds
lighter ilB hypernucleug32]. to the A bound state. In this case, the hypernuclear mass

For the ﬁE’Si hypernucleus, the measurements were donspectrum in coincidence with energetic protons corresponds
in two separated beam cycles; one was run in February 199 iGFe states but the coincident protons come not only from
and the other in July 1995. Both cycles showed consistentFe states but also from the lighter hypernuclei which are
hypernuclear mass spectra. Figure 7 shows the mass specgi@duced through particle emission. From a simple estimate
collected in February 1995. The inclusive spectréad  using the reactioi value and Coulomb barrier, the residual
shows a constant background level of about 160 events perdypernuclei after particle emission can eFe or °Mn.

MeV and the peak structure is not clean. The mass spectruffrom now on, for conveniencg,Fe will be used to represent
in coincidence with the energetic protols) shows three all those hypernuclei incIudin§6Fe.

peaks at Mpyy—Ma=178 MeV  (B,=17 MeV),
=188 MeV (=5 MeV), and=195 MeV (=—12 MeV)
with a much smaller background level. Again, as a result of
the limited resolution of the spectrum, the whole structure of The hypernuclear decay rate should follow the probability
283j could not be resolvei27,33. Figure 7 in Ref.[27] distribution
shows four clear peaks in thte bound region and the whole

mass spectrum of®Si was fitted with five Gaussians. In this

analysis, as shown in Fig.(B), the fitting was done with

three Gaussian functions, considering the first two peaks of

Fig. 7 in Ref.[27] as one peak and the next two peaks aswherer is the mean life of a hypernucleus af{t) is the
another peak. However, the configuration of each peak couldecay rate at timé Since the measurement has a finite reso-

B. Lifetime measurements

P(t)= e, ©
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lution, the actual time distributioB(t) is the convolution of

12
P(t) with the response functioR(t) of the detector system, A C

-

o

o
T

-
> b
T

S(t)zfomP(t’)R(t—t’)dt’. (10

counts/.025ns

To zeroth order, the lifetime of the hypernucleus can be
determined by the mean difference between the prompt time
spectrum and the time spectrum of hypernuclear weak decay
which would be delayed due to the hypernuclear lifetithe
delayed time spectrumFigure 9 shows the comparison of
prompt and delayed time spectra f@ the ground state of
12C, (b) the ground state of°Si, and(c) the wholeA bound
region of 3°Fe, where the spectrum fo°Si contains data
taken at the February rujnly half of the whole data The i i
differences of the mean values of prompt and delayed time 1.0 | ﬂ
spectra are 237, 205, and 219 ps, respectively. The time 140 0% 00 05 10 15
spectrum for each target contains 324, 281, and 428 events ns
for the delayed spectrum and X170% 7.8x10% and 1.9
x 10* events for the prompt spectrum.

The lifetime was extracted by fitting the delayed time
spectra of hypernuclear decay events with the funcag),
considering the lifetime as a free fitting parameter. The fit-(z*,pp) events which were obtained simultaneously with
ting was performed with the maximum likelihood fitting those of the hypernuclear productigsee Sec. Il & The
method adopting Poisson statistics for each measuremenolid curves in Fig. 9 show the fitting results and the reduced
which has been shown to produce fewer fitting errors tharchi squares ¢?/v) of the fits are 0.67 fori’C, 0.90 for3%Si,
the normal least squares methi@#]. As a response func- and 0.79 for,Fe.
tion, we used the prompt time spectra themselves from The results of maximum likelihood fittingrLlT) are

100 ¢

10.0 3

FIG. 9. The prompt and the delayed time spectra are compared
for (a) the ground-state region d{fC, (b) the ground-state region of
28si, and(c) the whole bound region ofFe.

7_.=230'1; ps (with 324 events for the ground state region gfC),

=211"12 ps (with 263 events for the, state region of}*C),
=206"13 ps (with 528 events for the ground state region{8i),
=204'19 ps (with 837 events for thep, state region of3°Si),
=215"1% ps (with 428 events for th& bound region of3°Fe),

where the quoted errors correspond to one standard deviationethod for the hypernuclear mass spectra. When the fitting
(68% confidence leveland are only statistical. For the life- was done using all the peaks known from the other experi-
time analysis of23Si, the lifetime was obtained indepen- ment [27], the fraction of other states reaches as high as
A . e 20%.

dently for two separate data sets and the final I|fet|m§ Sf N )
was obtained by averaging over the two fitting values. The TABLE V. The gate condition for each hypernuclear single-
values for 25Si were the averagetbr summedi values ovér particle state and the fraction of the various states.

A

all the silicon data. In the case qrfFe, the value is the Gate window Number 4 1p Higher
average of those oP'Mn, 3°Fe, and3’Fe. The event sample Muyy—Ma(MeV)  of events state state states
fc.)r. each hypgrnuclear state was selectgd with the g_gte c_oq\z 175-186 (5 gate 323 97% 3% 0%
dition shown in Table IV. The asymmetric gate condition is’ 188-197 (D gate 338 1% 93% 6%
applied in order to reduce the fraction of other stated afs 28g; 171-181 (5 gate 527 87% 13% 0%
much as possible. The simplified fitting mentioned in Sec. Il 183-188 (P gate 661 1% 94% 5%

tells us that the frgction of other states is at most 13%. I.-k.)w-AFe 160-185bound statés 309 - —
ever, the estimation of the fraction depends on the fitting
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C. Systematic uncertainties of lifetime measurements TABLE V. The summary of lifetime measurements. The value

L i for ,Fe represents the average lifetime38#n, 3°Fe, andS%Fe.
1. Contribution from the response function A P 9 X A A

Since the prompt time spectrum of the{,pp) events Number Lifetime r
was used as the time response function of the system, the of events (ps (T'y)
lifetime analysis of hypernuclear weak decay mainly de-—
pends on the analysis ofr(",pp) events. fic 323 23115 1.14-0.08

The prompt time spectrum is expected to follow a Gauss- 2AsB_ 338 21%13 1.25-0.08
ian distribution, whose mean is &0 and whose standard ASI 527 20612 1.28:0.08

661 203:10 1.3G:£0.07

.. . . 27
deviation corresponds to the time resolution of the detector AAl
system. However, as shown in Fig. 5, the prompt time spec- AFe 309 21314 1.22-0.08
trum has a non-Gaussian component, predominantly in the

delayed time region. h in th | ithin statistical In ad
In order to investigate the source of the non-Gaussiary, OWN !N NESE analyses are within statistical ranges. In ad-

component, we checked the time of flight of the beam Théiition, since we used the time difference of two distributions

time of flight of the beam particleSTOFycan is determined (the prompt and the_ delayed time sp_e):lmdmch Were mea-
by TOFp...=t;—to, Wheret, is the timing at the T1 sured at the same time, most of the instrumental errors such

counter located at the target area apds the timing at the as errors in the relative positions of timing counters would be

BH1 counter in the most upstream section of the beam ”né:ansﬁﬁi:eedt(r)]gt.resolution of the hvpernuclear mass spectra. is
(see Fig. 1L The TOFyeam distribution also shows a non- yp P

Gaussian shape and the non-Gaussian component of jhited due to the use of a thick target, each staté.afould

prompt time spectrum was strongly correlated with that ofnot be well separated and the fraction of other states in the
TOF, Most of the non-Gaussian component in thegate for the various\ single-particle states should be con-
eam-

prompt spectrum came from the eventsTd Fy.,.<0 and sidered. Frlcz)én thezé:h_|-square fllttmg of hypgrnuclear mass
the prompt time spectrum becomes a Gaussian shape for tRRectra fory'C and\'Si, the fraction of the varioua states

events ofTOF 0. TheTOE spectrum of ¢+ was estimated as shown in Table IV. The effec_t of other
beam™ beam SP @ .pp) Siates should be small, not only because the fraction of other

tates was small, being at mest10%, but also because the
itting results of each gate are not so different from each
e%ther(less than 10%

almost the same distribution. We compared the fitting result
for the events ofTOFye,>0 and those ofTOFye,n<O.

The results of the fitting to the two separate data sets agr : . . .
The correction was made by solving following simulta-

well with each other to within statistical fluctuations. : ; : L
The timing offset should also be the same for both event$_e°us equations, with the assumption that the fitting value of

because the difference in timing offsets directly affects thd1dner statesh.s) (see Table IV'is affected only by the
final lifetimes. In order to confirm this point, we set the ower states:
difference in timing offsets as a fitting parameter and per-

formed the maximum likelihood fitting. The fitting function

was

T1= T1gW11t T1pWio+ 7 s W13,

To= T1sWo1t T1pWoo+ Ty s Wo3,

ocl ,
S/ (t :f _eft /TR t—t'+t dt,, 11 ~ ~ ~
(V) 0T ( o) (19) T3= T1sW31F T1pW3ot 7 s W33,

wherety, as well asT was a fitting parameter. In order to wherer; is the fitting result for eachth gate}j , Wherej is
avoid the histogram binning effect, the step size in the variais, 1p, or h.s., is the real lifetime of each state, amgl is

tion of t, was fixed to 25 ps. The fitting shows that was  the weighting of thgth state (&, 1p, h.s) to theith gated
minimized for all sets of data a§=0. We conclude that the region listed in Table IV. Table V shows the results of the
timing offset of the prompt spectrum and the delayed speceorrections. As expected, the correction is much smaller than
trum should be same. the statistical uncertainty.

From the above investigations, we conclude that no sys- In conclusion, we cannot find any systematics comparable
tematic differences in the time response of the detector syse the statistical uncertainties. The experimental error level
tem for (#",pp) and hypernuclear decay events were ob-was predominantly determined by the statistical errors.
servable and that the systematic uncertainties of the lifetime
due to the @ *,pp) events are negligible compared to the IV. DISCUSSION
statistical uncertainties. ) ) ) )

A. Comparison with the previous experimental results

2. Other considerations In Table VI, the present lifetime results are compared
We investigated the other systematics, e.g., the indeperwith the earlier measurements. The lifetimes\é¢ and ;'B
dent lifetime analysis for up- and down-coincidence detectoare consistent with the previous measurements of Grace
systems, the dependence of decay proton energy, and tle¢al. [17] with much lower uncertainties. The previolﬁ@
beam momentum dependence of lifetimes. The fluctuationkfetime measurement was done with tke beam at BNL-
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TABLE VI. The comparison with the previous measurements. 300
The value for \Fe represents for the average lifetime PMn, Al s free A
55Fe. and®Fe He | ",He
AFE AFe. 3
- §A\B 12Ac Fe
Present Previous D N, % g
results(ps) measurementps) % \\ %
£ 200 | Y
B 211+13 192+22(17,16 S _
ic 231+15 211+31[17,16 | “H "B
a4 — 86" 32 [18]
Al 203+10 e L
Bsi 206+12 — 100
AFe 215-14 — 0 20 40 60

Mass Number

. o FIG. 10. The mass dependence of hypernuclear lifetimes. The
AGS. It produced a hypernucleus using the (7 ") reac-  gpen circles represent the data from the previous counter experi-

tion and tagged pions to identify the hypernuclear producments and the solid circles the present results. The dot-dashed line

tion. The hypernuclear mass spectrum was reconstructed. shows the calculations by ltonagaal. and the dashed line shows
The only earlier measurement in the medium mass regiothe calculations by Ramast al.

for nuclei heavier tharﬁzc is the lifetime ofA~16 hyper-

nuclei (; *°Z) measured by Niel@t al.[18]. They used a 2.1 Oset and Salcedo’s

GeV/nucleon'®O beam at the Lowrence Berkeley Labora- " Racently, Itonagzt al. calculated the hypernuclear life-

t_ory (LBL) Bevalac and+a polyethylene target. The produc+ime by adopting a one-pion and=2p, 27/ exchange po-
tion of low momentunmK™ mesons and their delayed decay tential for nonmesonic decay, includimgshell nucleons as
after stopping were used as the trigger for the hypernucleggell as s-shell nucleong37]. They gave the lifetimes of
production. They could not reconstruct the hypernucleariHe, 12(; 285i and iGFe. Their calculation reproduced the

mass spectrum and identify the hypernuclear species. They hypernuclear lifetimes quite well even though they gave
extracted the lifetime from the recoil distance distributionsjightly shorter values fof%Si and 3°Fe.

which was measured by spark chambers. They had a lot of
background events which came from the interaction with the
Al window of the spark chamber and also the trigger counter o
at downstream of the target. After the subtraction of the large Figure 10 shows the hypernuclear lifetimes for the overall

background, the remaining events constituted only 22 eventdyPernuclear mass region. The solid circles are the present

and the lifetime from the maximum likelihood fitting of the results and the open circles are the results from previous
recoil distance distribution was=86"33 ps, which is much counter experlments_ with exp_I|C|t identifications of the gen-
ller than the lifeti f2c d2*8285_ ' eratedA hypernuclei. The horizontal error bars for th&e
smalier than the liteime of 'L and y"Sl. data represents the mass range of the hypernuclei. The hy-
_ _ _ pernuclear lifetimes are shorter than the fredifetime ex-
B. Comparison with the calculations cept for the very light hypernuclei and are almost constant at
Up to now, three groups have presented the calculationdPout 80% of the free\ value in the hypernuclear mass
for lifetimes of variousA hypernuclei. First, in 1985, Oset €gion ofAZ12. The lifetimes ofy'Si and ,Fe are slightly
and Salcedd35] made lifetime calculations using self- shorter than that of’C. However, the differences are within
energies for nuclear matter. They included only one-pion ex€XPerimental uncertainties. .
change for the nonmesonic decay which governs the hyper- The theorepcal calculanons are overlaid indicated by the
nuclear weak decay for the medium and heavy mass regiongnf"‘sh'dc’tte‘j lindthe calculation of Itonagat al) [37] and

In order to apply their calculation to the finite hypernuclei, e dashed lin¢Ramoset al) [3€] in Fig. 10. The calcula-

: - ; ions of Ramo<t al. show that the lifetime does not change
they used th5e Iocal-dzgnsny app_rommatmp and qbtamed th\E/ery much according to the hypernuclear mass number.
lifetimes of 3He to 3°%b. Their calculations give much

e . However, their mass number dependence reflects only the
shorter lifetimes than the measurements with values abOthverlap area of the wave functions of the and nucleon

60—70% of the measurements. , because they used the local-density approximation. The cal-
Ramoset al. [36] calculated the lifetimes in 1994 based ¢ations of itonagat al. also show a saturation of lifetimes

on Oset and Salcedo’s calculation. They used a one-piof; the effect seems to be a little weaker than for the mea-

exchange model including the two-nucleon-induced decay,iements. This may indicate that their 2xchange poten-
mode ANN—NNN). In ANN—NNN, the strongly corre- (5| has a longer range than the actual one.
lated two nucleongmainly proton-neutron pairand A ex-

change a virtual pion. They gave the lifetimes for medium
and heavy hypernucléfrom %%C to 3°®Pb). Their calculation

also gave similar values to Oset and Salcedo’s, which were We have measured the lifetimes §B, 3°C, 3'Al, 3%Si,
about 60—70% of the measurement values. However, the caknd , Fe hypernuclei. For the hypernuclei wi#r>12 which

culations of Ramost al. yield slightly shorter values than

C. Lifetimes for the overall hypernuclear mass region

V. CONCLUSION
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are in the mass range beyond thshell hypernuclei this is by counting the number oAN bonds responsible for the
the first measurement which can explicitly identify the ~ nonmesonic weak decd8].
hypernuclear bound states. The present lifetime data apparently require us to take
The present results together with the previous measurdnto account the short range nature of the nonmesonic weak
ments show that the lifetimes are almost constant at abo@ecay, which does not seem to be properly incorporated in
80% of the freeA value in the hypernuclear mass region the current meson exchange model.
aboveA=12. This weak mass dependence should be related
to the mechanism of nonmesonic decay, which is dominant
in the present mass region, and to the baryon-baryon short We are grateful for the generous support from the staff
range correlation inside the hypernucleus. members of KEK and the old INS. We also deeply appreci-
Assuming the short range nature of the nonmesonic weafite the continuous encouragement by Professor K. Nakai and
decay process, one can employ a zero range approximatid®rofessor T. Yamazaki throughout this experiment from the
for a qualitative understanding. The nonmesonic weak decaleginning. We very much benefited from discussions with
widths will then be proportional to the overlap integral of the Professor Itonaga, Professor T. Motoba, Professor T.
wave functions of a nucleon and/s, and the hypernuclear Fukuda, and Professor T. Nagae. H.B. acknowledges patrtial
lifetimes will be almost constant in the mass region beyondsupport from the Korea-Japan collaborative research pro-
carbon where the overlap integrals almost saturate. A simplgram of KOSEF and from the Ministry of Education through
discussion of the weak mass dependence was also made the Research Institute of Basic Science of Seoul National
cently by assuming a sufficiently short range interaction andJniversity.
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