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Hypernuclear Fine Structure in KBe
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With a germanium detector array (Hyperball), we observed two y-ray peaks corresponding to the
two transitions (5/2+ — 1/2* and 3/2* — 1/2%) in the 3Be hypernucleus which was produced by
the °Be(K ~, 77 ) reaction. The energies of the y rays are 3029 + 2 + 1 keV and 3060 = 2 = 1 keV.

The energy difference was measured to be 31.43:2

keV, which indicates a very small A-spin-dependent

spin-orbit force between a A and a nucleon. This is the smallest level splitting by far ever measured in

a hypernucleus.
DOI: 10.1103/PhysRevLett.88.082501

Spectroscopy of hypernuclei with keV resolution has
been long awaited for the purpose of studying hypernuclear
structure and hyperon-nucleon interactions. Recently, y
rays from Z\Li were successfully observed [1,2] with a few
keV resolution by using the germanium (Ge) detector array
(Hyperball). The y-ray spectroscopy is expected to reveal
“fine structure” in A hypernuclei, namely, level splittings
due to the spin-dependent AN interactions between a A
and a core nucleus. It is expected that many such energy
splittings are small, of the order of 100 keV or less, due to
probably small spin-dependent AN interactions [3].

The effective two-body AN interaction in A hypernuclei
can be expressed with five terms as [3,4]

Van(r) = Vo(r) + Va(r)snsa + Va(r)lyasa
+ Vn(r)lyasy
+ Vr(r)[3(on?) (oAF) — onop].

As for the four spin-dependent terms, the radial integrals
for spopn wave functions in p-shell hypernuclei, which
are denoted as A, Sy, Sy, and T, can be determined phe-
nomenologically so as to fit low-lying level energies of
various p-shell hypernuclei [3—5]. The sensitivity to each
term depends on the structure of the state to be measured.

Study of the spin-orbit components of hyperon-nucleon
interactions is important to investigate the nature of the
short-range baryon-baryon interaction. In particular, the
characteristics of the AN spin-orbit interactions vary sig-
nificantly in different models of the baryon-baryon inter-
action. One boson exchange (OBE) models [6] and quark
models [7,8] predict similar magnitudes for the symmetric
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spin-orbit (SLS) force [oc Iya(sy + sy)], whereas quark
models predict much stronger antisymmetric spin-orbit
(ALS) force [ Iya(sa — sn)] [7] than OBE models. In
quark models, cancellation between the SLS and ALS
forces results in a very small A-spin-dependent spin-orbit
force [Va(r)lyasa term] and, consequently, a very small
spin-orbit splitting of A single-particle states.

The first indication of a small A spin-orbit force was
given by an '9O(K~, 7 )’O experiment at CERN [9)].
The energy difference between the [(p1/2), !, (p1/2)A10"
and the [(p3/2), ', (p3/2)a]07 states in }\60 is almost the
same as the difference between the p1/> and the p3/, hole
states in 30, which corresponds to a spin-orbit splitting
for the pi/» and p3/» A orbits of less than 0.3 MeV ne-
glecting residual interactions. A small p/>-p3/» spin-orbit
splitting of 0.36 = 0.3 MeV was also obtained by study-
ing the 13C(K ~, 77~)C reaction [10]. On the other hand,
some recent data suggest larger splittings. A recent analy-
sis of old emulsion data on }\60 obtained a large pi/2-p3/2
spin-orbit splitting about 1 MeV [11]. In the ¥ Y(7*,K™)
spectroscopy experiment at KEK [12], double-peak struc-
tures were observed for the A single-particle states in i9Y.
If the double-peak structures are interpreted as due to the
spin-orbit splitting, a large spin-orbit force similar to the
one suggested by the }\60 emulsion data is implied.

It has been pointed out that ?\Be is one of the best hy-
pernuclei to study the AN spin-orbit interaction [4]. The
first excited state (27) of the ®Be core nucleus has an al-
most pure L = 2, § = 0 structure. When a A particle in
the Os orbit in ?\Be is coupled to 8Be(27), the state splits
intoa5/2" and 3/2" doublet due to the A-spin-dependent
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spin-orbit force, Vo (r)Iyasa (see Fig. 1). The other spin-
dependent terms are expected to give small contributions
to this level spacing. Therefore, the magnitude of the
A-spin-dependent spin-orbit force can be obtained by mea-
suring the energy spacing between the two excited states
of ?\Be.

The 7y rays from the excited states (5/2%, 3/2%) to
the ground state (1/2%) of ?\Be were first observed using
sodium iodide (Nal) counters in 1982 [14]. This experi-
ment observed only one peak at 3079 = 40 keV. Since
the cross sections to populate the 5/2% and 3/2% states
are calculated to be almost equal [4,15], it was concluded
that the two transitions were not separately observed be-
cause of the limited energy resolution of the Nal counters
(~160 keV), and an upper limit of 100 keV was set on the
energy spacing of the (5/2%,3/2%) doublet. However, an-
other interpretation that the A spin-orbit force is so strong
as to make the upper state of the doublet unbound is not
excluded. In the present experiment, we measured 7y rays
from ?\Be again but with Ge detectors, having much better
energy resolution than Nal counters.

The experiment (E930) was performed at the
Brookhaven National Laboratory (BNL) alternating gradi-
ent synchrotron (BNL AGS). Bound states of ?\Be were
produced by the °Be(K ~, 77~ ) reaction with a 0.93 GeV/c
K~ beam at the D6 beam line, and y rays were detected
with Hyperball. Except for Hyperball, the setup was al-
most the same as in the previous experiments [16,17] at the
D6 beam line. An 18.5-g/cm? °Be target was irradiated
with 1.9 X 10! K~ during the beam time of about
30 days.

A typical K~ intensity was 8 X 10% per spill of 1.4 s
duration occurring every 4 s. The K~ /7~ ratio of the
beam was typically 6. The incident K~ was identified with
aerogel and total-reflection-type quartz Cerenkov counters
at the trigger level and by the time-of-flight (TOF) method
in the off-line analysis. Particle misidentification was neg-
ligible. For each event, the momentum of the K~ was
analyzed by the beam-line spectrometer. A more detailed
description of the D6 beam line can be found in Ref. [18].

The outgoing 7~ was identified with two aerogel
Cerenkov counters at the trigger level and momentum
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FIG. 1. Level scheme of ®Be and  Be. The excitation energy
of ®Be is taken from Ref. [13].
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analyzed with a dipole magnetic spectrometer. The spec-
trometer is equipped with three drift chambers located
upstream of the magnet, two drift chambers downstream
of the magnet, and TOF counters downstream of them.
After off-line analysis, contamination of other particles
was negligible except for u~ from K~ decay. Details of
the elements of the spectrometer are described in Ref. [16]

Hyperball consists of fourteen Ge detectors having crys-
tals of about 7 cm (diameter) X 7 cm (height). The Ge
detectors were placed at 10 cm from the beam axis and
arranged in barrellike form. They covered a solid angle of
about 20% X 41 srin total and their photopeak efficiency
was 3.7% at 1000 keV and 1.5% at 3000 keV. Each Ge
detector was surrounded by six bismuth germanate (BGO)
counters which were used to suppress backgrounds from
Compton scattering and y rays from 79 decays. Hits in
more than one Ge detector within a 1 us time gate in co-
incidence with the “Be(K ~, 77 ) reaction were required for
data acquisition. A more complete description of Hyper-
ball can be found in Refs. [1,19].

Hyperball was calibrated in the range of 500—6000 keV.
For the energy region below 2000 keV, we used e*e™
annihilation and ®*Co and ®Y sources. For the higher
energy region, we used 6129 keV 60O vy rays, which are
emitted from a 2**Cm-'3C source via the C(a,n)'®O*
reaction, and their single and double escape peaks at
5618 and 5107 keV. We also used 2754 keV 7y rays from
24Na produced by a beam-induced reaction on aluminum
[’ Al(n, «)**Na*]. The energy resolution during beam-on
conditions was measured using four peaks, 511 keV e*e™
annihilation, 1173/1333 keV %°Co v rays, and 2313 keV
“N 9 rays from room background. By extrapolation,
the energy resolution of Hyperball was estimated to be
7.6 keV FWHM at 3000 keV which is the energy region
of our interest. The performance of each Ge detector
was monitored with a ®°Co source embedded in a plastic
scintillator behind each Ge detector. No change was
found in the gain and the resolution between in-beam and
off-beam periods.

Figure 2 shows a reconstructed missing mass spec-
trum for the °Be(K ~, 7~ ) reaction, plotted against the
A binding energy (B,), for events accompanied by
2000-4000 keV vy rays. The absolute mass scale was
calibrated to reproduce 7 and ¥ masses from K~ decay
events. The missing mass resolution was estimated to
be 20 MeV FWHM from 7 and # peak widths for K~
decay events. Although *Be(K ", 7 ~) events include K~
decay backgrounds, the backgrounds are almost com-
pletely eliminated by requiring hits in more than one Ge
detector within the time gates (typically 35 ns) and BGO
timing veto (25 ns). Figure 2 is plotted after the Ge and
BGO timing cuts are applied. We set the mass gate for the
bound region of ?\Be at —21 MeV < —B) < 4 MeV, as
shown in Fig. 2. This gate was determined to maximize
the figure of merit for the 5/2% and 3/2% excited states
of 1Be. The figure of merit was defined as S2/(S + N),
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FIG. 2. Reconstructed missing mass spectrum of the
9Be(K~, 7 ) reaction, plotted against A binding energy By,
for events accompanied by 2000—4000 keV vy rays. The shaded
spectrum shows the expected distribution multiplied by 10 for
the 5/2% and 3/2% states of 3\Be. The hatched region shows
the “bound” region (—21 MeV < —B, < 4 MeV), which was
determined to maximize the figure of merit for the excited
states of 9ABe (see text).

where S is the expected number of events of the 5/27 and
3/2% states of ?\Be within the gate in the missing mass
spectrum, and (S + N) is the number of all the measured
9Be(K~, 7 ) events within the same gate which are
accompanied by 2000—4000 keV vy rays. Here, By of the
ground state of (/)\Be was taken as 6.71 MeV [20], and the
normalization of the expected distribution of the excited
states of ?\Be, shown in Fig. 2, was made using the cross
sections calculated by Motoba [15].

Figure 3 shows 7y-ray energy spectra summed up for
all the Ge detectors. Figure 3(a) is the spectrum for the
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FIG. 3. y-ray energy spectra measured in the *Be(K ~, 7 ")

9ABe reaction; (a) for the bound region (see Fig. 2), and (b) for
the unbound region. A structure at around 3045 keV is observed
only in (a). The inset of (a) shows the simulated peak shape for
a single y-ray peak (for 0.51 ps lifetime) and the fitting result
with two y-ray peaks. Inset (c) shows 2313 keV N room
background peak indicating the in-beam energy resolution.
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bound region (—21 MeV < —Bj < 4 MeV) of ?\Be and
3(b) is for the unbound region (—Bx > 4 MeV). A twin-
peak structure is observed at around 3045 keV only in the
spectrum 3(a). The two peaks are assigned to the two
E2 transitions (5/27 — 1/2% and 3/2" — 1/2%). The
mean energy of the two peaks (3045 keV) is consistent
with the peak energy observed in the past Nal experiment
(3079 *= 40 keV) [14].

To determine the energies of the two peaks, we made
a fit with simulated peak shapes, taking into account the
estimated energy resolution of Hyperball and the Doppler
broadening calculated for various lifetimes of the -
decaying states. The slowing-down process of the recoil-
ing ?\Be was simulated with the SRIM code [21]. It is
noted that the lifetimes of the two states were assumed to
be the same in the fit, while the numbers of counts for
the two y-ray peaks were independently taken as fitting
parameters. As a result, the y-ray energies were found to
be 3029 * 2(stat) * 1(syst) keV and 3060 = 2(stat) *
1(syst) keV, where systematic errors come from the energy
calibration error. The energy difference between them is
31.4f%‘_2 keV. The lifetime of the states was derived to
be 0.51707% ps. In the fitting, two types of background
shapes were tested, a single linear function and two linear
functions having different slopes for the upper side and
the lower side of the peak structure. The errors in the
energy spacing and in the lifetime include statistical errors
and the influence of the different background types.

To investigate the possibility of interpreting the observed
structure as a single broad peak rather than twin peaks,
we made another y-ray spectrum to which event-by-event
Doppler shift corrections were applied assuming that the
v rays are emitted before the slowing down of the recoil-
ing hypernucleus. If the structure is a Doppler-broadened
peak originating from only one state, the Doppler shift cor-
rection should make the structure a single narrow peak.
However, the Doppler-shift-corrected spectrum exhibited a
broad structure. We simulated the Doppler-corrected peak
shapes for various lifetimes of the decaying state. Then
we fitted the Doppler-corrected peak shape and the un-
corrected peak shape to the Doppler-corrected spectrum
and the uncorrected spectrum, respectively. Here, the fit
was performed synchronously with the common parame-
ters, assuming the structure is composed of a single peak.
As a result, the single broad peak interpretation is rejected
at 95% confidence level.

The obtained lifetime converts to a reduced transition
probability of B(E2) = 5.773) ¢*fm*. It is close to the
value of 11.3 ¢ fm* predicted by Motoba et al. [15]. The
number of observed vy rays in the peaks (181i3§ counts in
total) was also in a reasonable agreement with the expected
yield of the E2 transitions considering the detector and
analysis efficiencies. The ratio of the counts for the two
peaks (upper peak/lower peak) was 1.2 * 0.3, which is
also consistent with the calculated cross sections being
almost equal for the 5/2% and 3/2* states of  Be.
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In a recent phenomenological shell-model approach
[22], the energy spacing of the (5/2%,3/2") doublet of
?\Be is expressed as

AE = E(3/2%) — E(5/27)
= —0.036A — 2.463S, — 0.002Sy + 0.985T .

In the present experiment, we cannot distinguish between
5/2% and 3/2% states. If the energy of the 5/2% state
is lower than the 3/2% state, we have —2.4635, +
0.985T = 55 keV, after using A = 619 keV and Sy =
—549 keV taken from Ref. [22]. These parameter values
result after corrections for nuclear size and binding
energy effects to the values which fit the energy spec-
trum of Z\Li [1]. Thus, we obtain Sy, = —22 keV for
T =0, or =14 < Sy < —2keV for a typical value
of 20 < T < 60 keV [23] predicted by OBE model
interactions via G-matrix calculations. If the energy of
the 5/2" state is higher than the 3/2" state, we also
obtain an S, value close to zero, 3 < Sp < 27 keV for
0 < T < 60 keV. The derived S, values are numerically
much smaller than the predictions from the OBE models,
—180 < Sp < —130 keV [23].

A similar conclusion is also derived when our observed
splitting is compared with calculated ones by Hiyama et al.
[24]. They predicted a spacing of AE = 80-200 keV
from a cluster-model calculation using AN interactions
from the Nijmegen OBE models (NSC97a—f, Nijmegen
D, and Nijmegen F). On the other hand, they obtained
a much smaller spacing of 35-40 keV using the form
of the spin-orbit force of the Nijmegen models together
with the relative strength of the quark-model-based SLS
and ALS forces (which give a very small value for Sy).
Our result of a very small spin-orbit force seems to be
consistent with the recent observation of the splitting of
152 = 54 = 36 keV for (pi/2)a-(p3/2)a states in }\3C
[17], which is also much smaller than the calculated value
of 390-960 keV based on the OBE models [24].

Because Sy (o< Iyasy) is rather well determined [22] to
have a much larger numerical value than S, we conclude
that the SLS and ALS components of the AN effective in-
teractions are comparable in strength and are individually
appreciable. Since the energy spacing is small, a contri-
bution of the tensor interaction is not negligible compared
to the spin-orbit force contribution as discussed above. In
order to isolate the spin-orbit force contribution, an inde-
pendent measurement of the strength of the tensor interac-
tion is desirable. The objective of the next running period
for E930 is to measure the ground-state doublet splittings
of }\SN and }\60 which are very sensitive to 7 [3].
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In summary, we measured 7y rays from 1Be produced by
the °Be(K ", 7 ) reaction and observed two 7y ray peaks
corresponding to the 5/2% — 1/2% and 3/2% — 1/27
transitions. The energies of the y rays are 3029 * 2 =
1 keV and 3060 = 2 £ 1 keV, and their energy spacing
is 31.41%2 keV. The lifetime of the y-decaying states is
O.51f8‘_%§ ps which converts to a reduced transition proba-
bility of B(E2) = 5.775% €2 fm*. Our result of a small
spacing gives a very small A-spin-dependent AN spin-
orbit force, which cannot be explained by the existing OBE
models.
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