
aji,

PHYSICAL REVIEW C, VOLUME 65, 034607
L
13C hypernucleus studied with the 13C„KÀ,pÀg… reaction

H. Kohri, S. Ajimura, H. Hayakawa, T. Kishimoto, K. Matsuoka, S. Minami, Y. S. Miyake, T. Mori, K. Morikubo, E. S
A. Sakaguchi, Y. Shimizu, and M. Sumihama

Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan

R. E. Chrien, M. May, P. Pile, A. Rusek, and R. Sutter
Brookhaven National Laboratory, Upton, New York 11973

P. M. Eugenio, G. Franklin, P. Khaustov, K. Paschke, B. P. Quinn, and R. A. Schumacher
Department of Physics, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213

J. Franz
Department of Physics, University of Freiburg, D-79104 Freiburg, Germany

T. Fukuda, H. Noumi, and H. Outa
High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaragi 305-0801, Japan

L. Gan, L. Tang, and L. Yuan
Department of Physics, Hampton University, Hampton, Virginia 23668

J. Nakano, T. Tamagawa, and K. Tanida
Department of Physics, University of Tokyo, Tokyo 113-0033, Japan

R. Sawafta
Department of Physics, North Carolina A T State University, Greensboro, North Carolina 27411

H. Tamura
Department of Physics, Tohoku University, Sendai 980-8578, Japan

H. Akikawa
Department of Physics, Kyoto University, Kyoto 606-8502, Japan

~Received 11 October 2001; published 15 February 2002!

The L
13C hypernucleus was studied by measuringg rays in coincidence with the13C(K2,p2) reaction.g

rays from the 1/22 and 3/22 states, which are the partners of the spin-orbit doublet states with a predominant
configuration of@12Cg.s.(0

1) ^ pL#, to the ground state were measured. The splitting of the states was found to
be DE(1/2223/22)51152654(stat)636(syst) keV. This value is 20–30 times smaller than that of single
particle states in nuclei around this mass region. Thej L5l L21/2@(p1/2)L# state appeared higher in energy, as
in normal nuclei. The value gives new insight into theYN interaction. The excitation energies of the 1/22 and
3/22 states were obtained as 10.98260.031(stat)60.056(syst) and 10.83060.031(stat)60.056(syst) MeV,
respectively. We also observedg rays from the 3/21 state, which has a@12C(21) ^ sL# configuration, to the
ground state in L

13C. The excitation energy of the 3/21 state was obtained as 4.88060.010(stat)
60.017(syst) MeV. Nuclearg rays with energies of 4.438 and 15.100 MeV had similar yields, which sug-
gests that a quasifree knockout of aL particle is dominant in highly excited regions.

DOI: 10.1103/PhysRevC.65.034607 PACS number~s!: 21.80.1a, 25.80.Nv, 13.75.Ev, 26.60.1c
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I. INTRODUCTION

The introduction of the spin-orbit (l s) force, which is a
short range interaction, resulted in great successes of
nuclear shell model. Before this introduction, the cent
force described by the harmonic oscillator had been una
to explain magic numbers except for 2, 8, and 20. Thel s
force clearly explained not only the magic numbers but a
many prominent nuclear properties. Thel s splitting of
single nucleon states is as large as that of the major s
spacing and plays an essential role in nuclear physics.
0556-2813/2002/65~3!/034607~9!/$20.00 65 0346
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As for L-nucleus interactions inL hypernuclei, the ob-
servation ofL single particle states, first by the (K2,p2)
reaction@1# and then later by the (p1,K1) reaction@2,3#,
clarified the gross structure of the interactions. The cen
force was found to be roughly 2/3 of that of a nucleon. In t
naive quark model aL particle is composed ofu, d, ands
quarks and thes ~strange! quark is considered to contribut
little to the nuclear force. In the one boson exchange~OBE!
model it is understood that the absence of the long-range
pion exchange contribution makes the central force sma
On the other hand, spin-dependent forces are not w
©2002 The American Physical Society07-1
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known. Especially, thel s force in aL nucleus is considered
to be much smaller than that in a nucleon nucleus, altho
no experiment has given a conclusive value. Measureme
theL-nucleusl s splitting has been one of the major objec
in the study of hypernuclei for more than two decades.

This paper is a followup to our recently published pap
@4# which was confined to the derivation of thel s splitting.
In this paper, details of the experiment and analysis are
vided and spectroscopic results for theL

13C hypernucleus are
discussed.

A. Experimental studies

The first indication of a smallL-nucleusl s splitting was
given by the study of the16O(K2,p2)L

16O reaction at the
CERN Proton Synchrotron~PS! @5# in 1978. They observed
peaks with major configurations of@(p1/2)n

21(p1/2)L#01 and
@(p3/2)n

21(p3/2)L#01. The splitting of the two peaks wa
about 6 MeV which is quite close to 6.18 MeV correspon
ing to a splitting between the (p1/2)n

21 and (p3/2)n
21 states in

15O ~core nucleus ofL
16O). This result suggested that th

L-15O l s force was extremely small. Bru¨ckner et al. gave
an upper limit of 0.3 MeV for thel s splitting. However, a
detailed theoretical analysis gave 0.860.7 MeV for the
splitting @6#. Consequently the constraint on the splitting w
weakened. Later Mayet al. measured an energy shi
of a peak atEx;10.4 MeV between 0 and 15° by th
13C(K2, p2)L

13C reaction at the AGS of BNL@7#. Predomi-
nant configurations of the peak were@(p1/2)n

21(p1/2)L#1/22 at
0° and @(p1/2)n

21(p3/2)L#3/22 at 15°. They obtained 0.36
60.3 MeV for the splitting of the 1/22 and 3/22 states in

L
13C. Another study was the observation ofg rays from L

9 Be
excited by the9Be(K2,p2) reaction by using NaI detector
@8#. A peak was observed at 3.07960.040 MeV in theg ray
spectrum and the peak was considered to be due tog rays
from unresolved 3/21 and 5/21 states, which have a configu
ration of @8Be(21) ^ (s1/2)L#, to the ground state~GS! in

L
9 Be. The width of the peak suggested that the splitting w
less than 0.1 MeV, although the possibility thatg rays from
either state were missing was not completely excluded.

On the other hand, data suggesting largerl s splittings
appeared recently. Nagaeet al. observed a series of peak
considered to be associated with states with aL particle in
the s, p, d, and f orbits by the89Y(p1,K1)L

89Y reaction at
KEK-PS @9#. The widths of the peaks seemed to be broa
for larger l states. Since thel s splitting increases almos
linearly with the orbital angular momentum, the peaks co
be interpreted as unresolvedl s doublets with Vl s
;6 MeV by using the Woods-Saxon prescription. This
sult was further supported by the reanalysis of the emuls
data ofL

16O collected by the EuropeanK2 collaboration@10#.
Dalitz et al. assigned configurations of@(p1/2)n

21(p1/2)L#01

and @(p1/2)n
21(p3/2)L#21 to two peaks which were separate

by 1.5660.12 MeV. They derived splitting consistent wit
the L

89Y data.

B. Theoretical studies

Interactions between baryons have been studied by
meson exchange theory combined with phenomenology.
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OBE model of the nucleon-nucleon (NN) interaction was
extended to the hyperon-nucleon (YN) interaction with the
help of flavor SU~3! symmetry @11#. Effective one-body
hyperon-nucleus interactions were constructed based on
OBE models@12,13#. They well reproduce the central part o
the L-nucleus interaction and predict a weakL-nucleusl s
force. For example, thel s splitting of L single particle
states in L

13C was calculated to be 0.56 MeV,Ex
510.56 MeV for (p1/2)L , andEx510.00 MeV for (p3/2)L
@14#.

There has been another attempt to study the short-ra
part of theNN interaction from a standpoint that baryons a
made of quarks and the short range part of baryon-bar
interactions should be understood by quark and gluon
changes. Morimatsuet al. studied thel s force between
baryons within the framework of a nonrelativistic quar
cluster model@15#. Since this model had a strong antisym
metric spin-orbit (ALS) force, which was opposed to th
symmetricl s force, it gave a very smallL-nucleusl s split-
ting. Pirner and Povh also predicted zero splitting for t
L-nucleusl s splitting @16#.

Results given by the recent theoretical studies were es
tially similar to those described above@17–19#. The quark
models tend to predict smallL-nucleusl s splittings com-
pared with those of the OBE models. A new experiment w
a precision of better than 0.1 MeV for thel s splitting was
needed to distinguish the models.

C. L
13C hypernucleus

The 1/22 and 3/22 states inL
13C are ideal states to extrac

the l s splitting. It is well known that the 1/22 and 3/22

states have predominant configurations of@12Cg.s.(0
1)

^ (p1/2)L# and @12Cg.s.(0
1) ^ (p3/2)L#, respectively. The two

states are the partners of thel s doublet states. By virtue o
the 01 spin of the 12C core, the energy difference betwee
the states gives thel s splitting of aL particle in thep orbit.
Recentlyg rays from the 1/22 state to the GS were observe
at 10.95 MeV by using NaI detectors@20#. This was the first
observation of thepL→sLg ray transition.

II. EXPERIMENT

A. Principles

The l s splitting has been measured mostly by using m
netic spectrometers. The best energy resolution that magn
spectrometers have achieved in the study of hypernucle
around 2 MeV@full width at half maximum~FWHM!#. Since
the l s splitting is predicted to be 0–1 MeV, measureme
with a precision of better than 0.1 MeV is necessary. In or
to improve the energy resolution, we measuredg rays from
the 1/22 and 3/22 states atEx;11 MeV to the GS inL

13C by
using NaI detectors. The energy resolution of the NaI de
,tors was about 0.35 MeV~FWHM! for the detection of
11-MeV g rays. It was good enough for the measuremen
the l s splitting with a precision of better than 0.1 Me
given enough statistics. If the splitting is larger than or clo
to the energy resolution of the NaI detectors, one sho
observe two peaks, or a peak clearly broader than the en
resolution, from which one can derive the splitting easily.
7-2
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Even if the splitting is much less than the energy reso
tion, the splitting can be derived as follows. The (K2,p2)
reaction at forward angles is a unique way to selectiv
excite the 1/22 state in L

13C via theDl 50 transition. The
so-called substitutional transition@(p1/2)n→(p1/2)L# is domi-
nant at momentum transfers much smaller than the Fe
momentum. On the other hand the 3/22 state is mainly
excited at larger angles (10–20°) of the (K2,p2) reaction
via the Dl 52 transition. Angular distributions of the
13C(K2,p2)L

13C reaction for the 1/22 and 3/22 states at
0.9 GeV/c, calculated by Motobaet al. with the distorted
wave impulse approximation~DWIA ! @21#, are shown in
Fig. 1. One can simultaneously excite both states in an
periment and control the ratio of the 1/22 and 3/22 states in
an analysis by utilizing the angular distributions. Th
method tells us not only the splitting but also which state
higher or lower energy.

Based on these considerations we designed an experi
to measureg rays from the 1/22 and 3/22 states which were
excited by the13C(K2,p2)L

13C reaction@22#.

B. Experimental setup

The experiment~AGS-E929! was carried out by using th
D6 beam line@23# of the alternating-gradient synchrotro
~AGS! at Brookhaven National Laboratory~BNL!. The K2

beam momentum was 0.93 GeV/c, or close to 0.9 GeV/c
at the target center after energy loss, in order to maximize
production rate of the 1/22 and 3/22 states inL

13C. The typi-
cal K2 beam intensity was about 83104/spill for 531012

protons/spill at the primary target. A spill consisted of 1.4 s
of continuous beam every 4 sec. The typical ratio
(p2m2e2)/K2 was 0.3. The intensity and purity of theK2

beam provided by the D6 beam line greatly exceeded th
available elsewhere.

The momentum of incoming beam particles was m
sured using information from a scintillator hodoscope
cated at the exit of the first mass slit in the beam line a
from two drift chambers@23#. Incoming K2 particles were
identified electrically using a plastic scintillator~BS!, an
aerogel Cˇ erenkov counter, and a quartz Cˇ erenkov counter
~BQC!. The aerogel Cˇ erenkov counter, which had an aerog

FIG. 1. Theoretically calculated differential cross sections of
1/22 ~solid curve! and 3/22 ~dotted curve! states excited by the
13C(K2,p2)L

13C reaction at 0.9 GeV/c.
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block with the refractive index of 1.03, was installed dow
stream of the two drift chambers. The BQC, which was
total reflection type Cˇ erenkov counter, was installed in fron
of the target. The detection efficiency for the incomingK2

particles was greater than 99%. The time-of-flight betwee
scintillator hodoscope in the beam line and a timing coun
at the exit of the beam line was also used to identify
incomingK2 beam particles in the off-line analysis. TheK2

beam was focused on the target in the vertical direction
the last beam line quadrupole magnet. The size of theK2

beam was 5.0 cm~FWHM! in the horizontal direction and
1.1 cm~FWHM! in the vertical direction at the target.

The detector configuration around the target is shown
Fig. 2. The target had four cells with inner dimensions o
cm wide, 1.5 cm high, and 3 cm thick and containing13C
benzene enriched to 99%. Each target cell was made
quartz with a wall thickness of 1 mm. Accordingly, the targ
had some contamination of O and Si nuclei. In the13C ben-
zene, laser dyes were added to make the target scintillat
is known that the (K2,p2) reaction is strongly contaminate
by K2 in-flight decays. The production ofL

13C hypernuclei
was identified by the light output of the scintillating targe
and it was possible to discriminate againstK2 decay events.
Without using this method, the production ofL

13C hypernu-
clei could not be clearly observed at certain angles where
kinematics of theK2 decays was the same as that of t
13C(K2,p2)L

13C reaction. The tagging efficiency for theL
13C

weak decay was greater than 80% by selecting events
higher light output. Four plastic scintillators~DEC! were in-
stalled above and below the target to increase the tag
efficiency for the weak decay by detecting decay partic
from near the surface of the scintillating target. The size
each scintillator was 1532431.5 cm3. Event selection us-
ing the DEC and the scintillating target is described in S
III A and details are given in Refs.@24,25#.

72 NaI detectors (636 above and 636 below the target!
were installed at a distance of 10.5 cm from the target cen
The segmentation was important to withstand high count

e

FIG. 2. The detector system at the target region is shown s
matically. See text for a description of each detector element.
7-3
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H. KOHRI et al. PHYSICAL REVIEW C 65 034607
rates and was also quite convenient to correct forg ray Dop-
pler shift. The size of each NaI crystal was 6.536.5
330 cm3. A 2 in. PM tube~Hamamatsu H1161!, which was
covered with triple magnetic shield cases, was connecte
the crystal through a silicon rubber disk and a light guid
The typical counting rate was 53103 counts/spill. An 11-
MeV g ray is energetic enough to make an electromagn
shower in a NaI crystal. In most cases one detector, ca
the central detector, received the main energy deposit
neighboring detectors had smaller energy deposits bec
only 511-keV annihilationg rays dominantly escaped from
the central detector. For increasing the full energy peak e
ciency, the energy deposit of 0.1–1.2 MeV in each of th
detectors was added up. Since the energy resolution
mainly determined by that of the central detector, NaI det
tors with good energy resolution were installed in the cen
of the NaI array. Eight plastic scintillators~Charge Veto!
were installed on the surface of the NaI array to reject
charged particle background. The size of each scintilla
was 4231031 cm3. When both a charged particle and ag
ray passed through the same element of the Charge Ve
rejected not only the charged particle but also theg ray. Thus
the detection efficiency of the NaI detectors forg rays was
decreased by 10%. The total detection efficiency of the
detectors for 11-MeVg rays was 4.5% most of which wa
determined by the geometry.

p2 particles were identified by using an aerogel Cˇ eren-
kov counter~FAC! with an aerogel refractive index of 1.035
The energy threshold of the discriminator for the FAC w
set higher than the single photon signal in order to supp
the trigger rate. This was necessary since theK2 beam pro-
duced a strong contamination due tod rays in particular at
forward angles. However, the higher threshold decreased
detection efficiency of the FAC to 91% forp2 particles.
Scatteredp2 particles were bent vertically and analyzed
the 48D48 spectrometer with five drift chambers@26,27#.
The efficiency of track reconstruction was 61% for t
(K2,p2) reaction. Scintillator hodoscopes defined the
ceptance which was28 –8° in the horizontal direction an
216–0° in the vertical direction. In Fig. 3, the acceptan
obtained for the13C(K2,p2) reaction is shown. There ar
no unexpected structures due to the inefficiency of detect
The large acceptance was essential to excite the dou
states simultaneously, which enabled us to derive the s

FIG. 3. Acceptance of the 48D48 spectrometer obtained for
13C(K2,p2) reaction.
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ting with a small systematic error. Time of flight@28# was
only used to remove theK2 beam background.

The average live time of the DAQ system was 78
The 13C(K2,p2) data were accumulated by using 1
31010 K2 beam particles in total.

C. Energy calibration of the NaI detectors

The energy calibration of NaI detectors is particularly im
portant for the precise measurement ofg rays. For the energy
calibration in the low energy region, we usedg rays from
22Na sources~0.511, 1.275 MeV!. A 22Na source was sand
wiched between two small plastic scintillators to provide
light signal for a trigger by itsb decay, and they were at
tached to a 3/89 PM tube. For the energy calibration in th
high energy region near 11 MeV, the58Ni(n,g)59Ni reaction
was used. When a neutron emitted by a244Cm-13C source
thermalizes in a moderator and is captured by a58Ni nucleus,
a g ray ~8.999 MeV! from the neutron threshold to the GS
59Ni is emitted. A typical energy spectrum of a central N
detector obtained in the energy calibration run using
58Ni(n,g)59Ni reaction is shown in Fig. 4 where only singl
hit events, which means that there was no signal in nei
boring detectors, were selected to make full energy pe
dominant. A full energy peak at 9.0 MeV is observed se
rated from the 8.5-MeV peak which consists of a single
cape peak andg rays from the neutron threshold to the sta
at Ex50.465 MeV in 59Ni. Since the expected energy of th
reactiong rays is close to 11 MeV, the systematic error co
ing from the uncertainty in the energy extrapolation from 9
to 11 MeV is small. The largest peak at 6.1 MeV, which w
also used for the energy calibration, originates fromg rays
emitted by the 13C(a,n)16O* reaction in the 244Cm-13C
source.g rays with energies of 8.999, 6.129, 1.275, a
0.511 MeV and a pedestal were used for the energy cali
tion under beam-off conditions, and a fit to the five da
points with the same weight was successfully perform
with a linear function for each NaI detector.

Under beam-on conditions, the energy calibration of
whole system was monitored by22Na sources for stability
over more than a few days. In addition, LED light fed into a
NaI detectors was used to monitor the stability over sh
time durations. The gain shift during a beam spill was le

e FIG. 4. A g ray energy spectrum of a central NaI detector o
tained in an energy calibration run using the58Ni(n,g)59Ni reac-
tion. A 244Cm-13C source was used as a neutron source.
7-4
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than 1% in the worst case, which was acceptable for
present measurement.

For g rays from theL bound region ofL
13C, a Doppler

shift correction was performed. A recoil momentum vector
a L

13C nucleus was obtained from the momentum and dir
tion of incomingK2 and outgoingp2 particles. The direc-
tion of an emittedg ray was calculated from a reconstruct
vertex of the (K2,p2) reaction and the position of the Na
crystal which had the maximum energy deposit.

As the final energy calibration, we usedg rays with en-
ergies of 4.438 and 15.100 MeV from12C nuclei excited by
the quasifree (K2,p2) reaction, where the struck neutro
becomes aL particle and comes out of the nucleus free
The energy calibration using knowng rays simultaneously
measured by the13C(K2,p2)L

13C reaction enabled us to de
termineg ray energies with small systematic errors. The e
citation energy of a state was obtained from theg ray energy
by correcting for the recoil ofL

13C hypernuclei due to emit
ting g rays.

III. RESULTS

A. Event selection

Figure 5~a! shows a two-dimensional spectrum deriv
from about 10% of all data taken at 0,up,16°. It shows
the momentum of the outgoing particles versus the lab s
tering angle before event selection. The main feature is
to K2 beam particles that fired the FAC byd rays and were
not rejected by the hardware trigger. Other loci correspon
K2 in-flight decays. The upper decay locus isK2→m2

FIG. 5. Momentum vs lab scattering angle spectra@~a!, ~c!, and
~e!# and excitation energy spectra ofL

13C at 0,up,16° @~b!, ~d!,
and~f!# are shown. Spectra~a!-~b!, ~c!-~d!, and~e!-~f! are before the
first stage of event selection~about 10% of all data!, after the first
stage, and after the second stage, respectively.
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1n̄m (Km2 ,63.5%) and the lower isK2→p21p0 (Kp2,
21.2%!. Since the (K2,p2) reaction is strongly contami
nated by the background described above,13C(K2,p2)L

13C
events are difficult to be clearly observed without the ev
selection. The13C(K2,p2)L

13C events are observed as
small bump on the huge background in Fig. 5~b! which is an
excitation energy spectrum ofL

13C. The excitation energy
was calibrated by using theK2 decay kinematics.

In the first stage, events with at least one 1–20 MeVg
ray, which amounted to about 7% of all data, were selec
After the first stage theKm2 decay andK2 beam events were
suppressed. But theKp2 decay still remained, as shown i
Figs. 5~c! and 5~d!, because ap0 particle decays mainly by
emitting twog rays.

In the second stage, event selection by using the DEC
the scintillating target outputs was performed to remove m
of the remaining background. Events with an energy dep
above threshold either in the DEC or in the scintillating ta
get were selected. The energy threshold of the DEC was
at 2.6 MeV which was lower than the minimum ionizatio
and that of the scintillating target was set at 1.2 times hig
than the minimum ionization peak. This selection tagg
89% of L

13C production events and suppressed theK2 decays
by 90%. In addition, outgoingK2 particles were removed by
using time of flight. Loose vertex cuts of the (K2,p2) reac-
tion for the x and y directions were performed, but that fo
the z direction was not done because it might have cau
low efficiency at forward angles. After the second stage
locus corresponding to13C(K2,p2)L

13C events is clearly ob-
served, and most of theK2 decays disappeared as shown
Fig. 5~e!. In Fig. 5~f! a quasifree peak is clearly observe
although the spectrometer’s energy resolution of about
MeV ~FWHM! could not resolve excited states. The exci
tion energy of 0–25 MeV was selected to purifyg rays from
theL bound region~0–11.7 MeV!, and the energy region o
30–100 MeV was regarded as the quasifree region to
serveg rays from 12C nuclei.

B. Low energy g rays

Figure 6 showsg ray spectra in the low energy regio
obtained in coincidence with the13C(K2,p2) reaction at
0,up,16°, where~a! showsg rays from the quasifree re
gion and ~b! shows those from theL bound region. The
Doppler shift due to the recoil of aL

13C nucleus was cor-
rected for event by event only in Fig. 6~b!.

In Fig. 6~a!, a peak at around 4.5 MeV, which correspon
to g rays from the first 21 state in 12C, is the strongest
feature. The 21 state in 12C is considered to be copiousl
produced by theL escape from highly excited states inL

13C.
It is well understood that neutron pickup reactions, such
the 13C(p,d) reaction@29#, strongly excite the 21 state. As a
result of fitting, the peak position was obtained as 4.4
60.005(stat) MeV which was shifted to higher energy
29 keV. A rate-dependent gain shift is believed to be the m
reason for the apparent energy shift. We used the energy
for the energy calibration to obtain the correct energy og
rays from L

13C hypernuclei. The width of the 21 peak is
7-5
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240610(stat) keV ~FWHM! which is reasonable. Othe
peak structures are thought to be due tog rays from 27Si or
15O nuclei produced by the quasifree process.

In Fig. 6~b!, a peak is observed at 4.9 MeV. Around th
region the 3/21 and 5/21 states, which have a configuratio
of @12C(21) ^ sL#, are expected to occur. Millener predicte
that the splitting between the states should be 74 keV@30#.
The 3/21 and 5/21 states are excited viaDl 51 and Dl

53 transitions, respectively, by the (K2,p2) reaction. Ac-
cordingly, the yield ofg rays from the 3/21 state to the GS
must be much greater than that from the 5/21 state at 0
,up,16°. The 21 peak at around 4.5 MeV is still observe
because of insufficient selection of theL bound region. A fit
to the spectrum was performed using a function consistin
two Gaussians and a linear background in the region fr
1.3 to 7.8 MeV. As a result of the fitting and the final ener
calibration explained in the end of Sec. II C, the excitati
energy of the 3/21 state in L

13C was found to be 4.880
60.010(stat)60.017(syst) MeV. Most of the systematic e
ror originated from the uncertainty of the energy calibrati
using g rays from 12C nuclei. The present measurement
consistent with the excitation energy ofEx54.89
60.07 MeV ~preliminary! obtained by the13C(p1,K1)L

13C
experiment @31#. The width of the 3/21 peak was 220
625(stat) keV~FWHM! which is the same as the width o
the 21 peak in Fig. 6~a!. The Doppler shift correction wa
typically less than 1% of theg ray energy, which made th
width of the 3/21 peak narrower by 60 keV~FWHM!. This
result is consistent with identifying that peak as being due
g rays from L

13C hypernuclei.

C. High energy g rays

g ray spectra in the high energy region obtained in co
cidence with the13C(K2,p2) reaction at 0,up,16° are
shown in Fig. 7, where~a! showsg rays from the quasifree

FIG. 6. Energy spectra of low energyg rays obtained in coin-
cidence with the13C(K2,p2) reaction at 0,up,16°. The quasi-
free region was selected in~a!, and theL bound region was selecte
in ~b!.
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region and~b! shows those from theL bound region. The
Doppler shift due to the recoil of aL

13C nucleus was cor-
rected for event by event only in Fig. 7~b!.

In Fig. 7~a!, a dominant peak at 15 MeV, which corre
sponds tog rays from the 11(T51) state to the GS in12C,
is observed. The 11 state in12C is frequently produced byL
escape from highly excited states inL

13C. A fit to the spec-
trum using the energy resolution assumed by the GEA
simulator resulted in a peak energy of 15.2
60.022(stat) MeV which was shifted to higher energy
189 keV. The energy shift of the peak was also used for
g ray energy calibration. The ratio between the yields ofg
rays from the 21 and 11 states in12C is roughly 2:1. This
value is not inconsistent with the strength ratio of the sta
excited by the13C(p,d) reaction@32#, which suggests that a
quasifree knockout of aL particle is dominant in highly
excited regions.

In Fig. 7~b!, a single peak is clearly observed at 11 Me
and a small bump, which is due tog rays from 12C nuclei, is
also observed at 15 MeV.g rays from the 1/22 and 3/22

states inL
13C are expected to have almost similar yields

considering theoretical differential cross sections and the
ceptance of the spectrometer estimated by the GEANT si
lator. However, there is no other prominent peak than tha
11 MeV. It is natural to think that the observed single pe
might includeg rays from both the 1/22 and 3/22 states,
although this consideration is inconsistent with a previo
result that a peak structure, which was considered to
the 3/22 state, was observed atEx59.9260.13(stat)
60.5(syst) MeV~preliminary! @31#. The energy resolution
and strength ratio between the full energy and single esc
peaks are estimated to be 0.35 MeV~FWHM! and 2:1, re-
spectively, for 11-MeVg rays. The width of the observe
single peak seems quite consistent with the instrume
peak width, which means that the 1/22 and 3/22 states are
close to each other.

FIG. 7. Energy spectra of high energyg rays obtained in coin-
cidence with the13C(K2,p2) reaction at 0,up,16°. The quasi-
free region was selected in~a!, and theL bound region was selecte
in ~b!.
7-6
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D. Splitting of the 1Õ2À and 3Õ2À states

As explained in Sec. II A, the angular distributions of t
13C(K2,p2)L

13C reaction selectively excite either the 1/22

or 3/22 states even if the states are not separated in
energy spectrum ofg rays. It is one of the important advan
tages of our experiment. The events shown in Fig. 7~b! were
subdivided into three spectra in Fig. 8, where the scatte
angles of~a! 0,up,7°, ~b! 7,up,10°, and~c! 10,up

,16° were selected. Full energy peaks at 11 MeV are
tinctly observed in all spectra.

A response function of the NaI detectors for 11-MeVg
rays was obtained by theGEANT simulator which included
the detector geometry and a procedure for adding the e
gies of the NaI detectors. The response function was fol
into the energy resolution of 0.35 MeV~FWHM! which was
estimated by assuming aAEg dependence. Fits to the spect
were performed in the region from 7.5 to 14 MeV using
exponential function for the continuous background and
response function for the peak structures. As a result of
fittings, peak positions of theg rays were obtained a
11.10360.029, 11.01660.024, and 10.98060.032 MeV at
0,up,7°, 7,up,10°, and 10,up,16°, respectively.
The errors are statistical only. The fittings gavex2/N51.27,
0.88, and 0.87, respectively. The surplus at around 10 M
in Fig. 8~a! made thex2/N worse. However, the influence o
the surplus on the result of the peak position must be li
because it is far enough from the peak. The excitation e

FIG. 8. Energy spectra ofg rays from theL bound region
obtained in coincidence with the13C(K2,p2) reaction at 0,up

,7° ~a!, 7,up,10° ~b!, and 10,up,16° ~c!. Dashed and dotted
lines show response functions and exponential backgrounds, re
tively. Solid lines show the total of them.
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gies and systematic errors of the 1/22 and 3/22 states are
derived in Sec. IV.

The splitting of the 1/22 and 3/22 states was extracte
from Fig. 9, where the peak positions ofg rays are plotted as
a function of calculated yield ratio,

R5@N~1/22!2N~3/22!#/@N~1/22!1N~3/22!#. ~1!

N(1/22) andN(3/22) stand for the yields ofg rays from the
1/22 and 3/22 states, respectively. The yields were calc
lated using the theoretical differential cross sections of
two states shown in Fig. 1 and the acceptance of the s
trometer. The solid angles of the angular regions were 1
msr (0,up,7°), 14.5 msr (7,up,10°), and 24.1 msr
(10,up,16°). The right, center, and left closed circles i
dicate the peak positions measured at 0,up,7°, 7,up

,10°, and 10,up,16°, respectively. A fit to the data point
was performed with a linear function by considering the s
tistical errors indicated by bars. As a result of the fittin
a linear function gaveDE(1/2223/22)51152654(stat)
keV for the splitting of L

13C. This splitting will broaden the
peak width of the 11-MeVg rays by less than 5%, which
justifies the fitting with the response function of a singleg
ray for each spectrum in Fig. 8.

IV. DISCUSSION

We obtained the splitting of the 1/22 and 3/22 states as
152654(stat) keV. Different sources of the systematic er
for the splitting are discussed below and their contributio
are summarized in Table I.

In this analysis, we relied on theoretical differential cro

ec-

FIG. 9. Peak positions obtained by fitting theg ray spectra are
shown as a function of yield ratio (R). See text for the definition
of R.

TABLE I. Summary of systematic errors for the splitting.

Effect Systematic error~keV!

Cross section uncertainty 30
Fits to spectra 19
Doppler shift correction 1
Energy calibration of NaI detectors 1
Total 36
7-7
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sections. However, theg ray yield at each scattering ang
was not completely consistent with the calculation. Theg
ray yields in the peak region were 164618 (0,up,7°),
166618 (7,up,10°), and 142621 (10,up,16°).
Whereas the theoretically expected yields were 385 (0,up

,7°), 167 (7,up,10°), and 179 (10,up,16°). If we
assume that these inconsistencies originate from uncer
ties in the theoretical differential cross sections,R in Fig. 9
would vary as 0.7720.31

10.23 (0,up,7°), 0.0120.01
10.01 (7,up

,10°), and20.8220.18
10.05 (10,up,16°). The uncertainty of

R produced a systematic error of 30 keV as the maxim
deviation from the central value for the splitting. This sy
tematic error is the largest one. All possible causes of
inconsistentg ray yield were investigated. But an inconsi
tency of about a factor of 2 remained. The theoretical diff
ential cross section of the 1/22 state at the forward angles
especially sensitive to theK2 beam momentum of aroun
0.9 GeV/c. For example, the differential cross section is e
pected to decrease by a factor of 3 at 1.0 GeV/c @21#. There
is a possibility that a small ambiguity of theK2 beam mo-
mentum in previous (K2,p2) experiments, on which differ-
ential cross sections were adjusted theoretically, might p
duce such a large inconsistency at the forward angles. If
a cause of the inconsistency, the systematic error would
much smaller.

Several fittings with different functions, such as tw
Gaussians and a linear background, and widths were app
to study how the choice of functions can influence the sp
ting, and a systematic error originating from choosing diff
ent fitting functions was estimated to be 19 keV at most.

The influence of the Doppler shift correction was al
studied by using the GEANT simulator, and it was found
be negligible because the NaI detectors installed symm
cally in the vertical direction almost canceled it. The ene
calibration of the NaI detectors affects the splitting very lit
becauseg rays from both the states were measured simu
neously.

The total systematic error of the splitting was estimated
be 36 keV. The final result of the splitting was determined
be DE(1/2223/22)51152654(stat)636(syst) keV. The
l s splitting of a nucleon in thep orbit around this mass
region is 3–5 MeV, thus thel s splitting of aL particle in
the p orbit is about 20–30 times smaller. After the final e
ergy calibration explained in the end of Sec. II C, the ex
tation energies of the 1/22 and 3/22 states were obtained a
10.98260.031(stat)60.056(syst) and 10.83060.031(stat)
60.056(syst) MeV, respectively. The uncertainty of the e
ergy calibration usingg rays from 12C nuclei and the choice
of fitting functions were mainly considered to estimate t
systematic errors. Thej L5l L21/2@(p1/2)L# state appears
higher in energy, as in normal nuclei, which is consist
with theoretical predictions@14,33#. The present measure
ment is consistent with ag ray energy of 10.9560.1(stat)
60.2(syst) MeV in Ref.@20#.

RecentlyYN interactions were refined in both the OB
model @34# and the quark model@35,36#. The strength of a
L-nucleusALS force is different between the models. A
cording to calculations by Hiyamaet al. in the framework of
03460
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the microscopic 3a1L model, theALS force of the OBE
models decreased the splitting ofL

13C by only 20–30%@33#.
The predicted splittings were 0.75, 0.96, and 0.39–0.78 M
by means of Nijmegen model D, Nijmegen model F, a
Nijmegen soft-core models~a–f!, respectively. These calcu
lations systematically show that theYN interaction given by
the OBE models predicts largerl s splittings than the presen
measurement. The state-of-the-art calculation of theYN in-
teraction based on the OBE models is unable to reprod
the present result. On the other hand, in a calculation of
strength of the one-bodyl s force starting from a quark-
based YN interaction, the strength of theALS force
amounted to approximately 85% of that of thel s force @36#.
A calculation using a largeALS force based on the quar
model gave about 0.2 MeV for the splitting ofL

13C @33#. The
difference between these results was mainly due to diffe
strengths of theALS force.

Since the splitting forL
13C is very small, forces besides th

l s force may also contribute to the splitting. It has be
pointed out by Millener that a tensor force makes a sign
cant contribution to the splitting ofL

13C @37#. The nuclearl s
force mixes a smallS51 component into the12C core wave
function, and other forces arise from theS51 component.
His prediction for the splitting ofL

13C was 107 keV, where
the spin-spin force (142 keV), thel s force (1280 keV),
and the tensor force (2215 keV) were considered. The re
sult almost reproduces the present measurement.

A systematic study of lightL hypernuclei shows that the
YN interactions based on the OBE model need to be mo
fied so that a smallerl s splitting, which has been indicate
by the present experiment, can be accommodated@30#. A
new mechanism will be required for the unified understa
ing of the baryon-baryon (NN, YN, andYY) interaction.

V. SUMMARY

We performed the 13C(K2,p2g)L
13C experiment at

0.93 GeV/c at the AGS of BNL to obtain thel s splitting of
L single particle states inL

13C with high precision. We suc-
ceeded in measuringg rays from the 1/22 and 3/22 states,
which have predominantly a@12Cg.s.(0

1) ^ pL# configura-
tion, to the GS inL

13C by using NaI detectors. The splittin
was found to be DE(1/2223/22)51152654(stat)
636(syst) keV which was almost 20–30 times smaller th
that of single particle states in nuclei around this mass
gion. The excitation energies of the 1/22 and 3/22 states
were obtained as 10.98260.031(stat)60.056(syst) and
10.83060.031(stat)60.056(syst) MeV, respectively. Th
j L5l L21/2@(p1/2)L# state appeared higher in energy, as
normal nuclei, which is consistent with theoretical pred
tions. We also observedg rays from the 3/21 state to the GS
in L

13C, and the excitation energy of the state was obtained
4.88060.010(stat)60.017(syst) MeV.
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