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Abstract

Inelastic scattering of the neutron-rich nuclééBe on lead and carbon targets has been studied by measuring de-exgitation
rays in coincidence with scatteré®Be. The strong -ray transition from the state &, = 2.68(3) MeV following E1 Coulomb
excitation was observed for the lead target, leading to an assignméht-efl™ for the excited state. The low excitation energy
of this intruder I state and the deduced larg§¢E1; 05“_5_ — 17) value of 0051(13)e2 fm? provide a consistent picture of the

N = 8 shell melting int2Be. 0 2000 Elsevier Science B.V. Al rights reserved.

PACS:25.70.De; 25.60.-t; 23.20.-g; 27.20.+n

The electric dipole (E1) strength in a nucleus is case for some of light nuclei. In particular, a strong
largely exhausted by a giant dipole resonance, which E1 strength is expected if the low-lying intruder pos-
is constructed from a superposition of many particle— itive parity state appears close to the negative parity
hole excitations, and essentially no E1 strength ap- states. The transition between the first excjedstate
pears in low energy region below 5 MeV. It is not the at £, — 0.32 MeV and th%Jr ground state itBe is

a well-known example of this anomaly, representing
- _ one of the strongest E1 transitions ever observed be-
Corresponding author. . . _ tween nuclear bound levels [1]. Such a favoured E1
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bound states. The measurement of the low-lying E1 the Coulomb contribution even with a heavy target

strength has been extended to the continuum excita-such as lead. By exploiting these features, the inelastic
tion of loosely bound neutron-rich nucl&tLi [2—4] scattering incorporating a combination of heavy and

and!!Be [5], where halo neutrons also play an essen- light targets has provided a useful means to populate
tial role to increase the strength. and identify the T state in'’Be.

Recently, the?Be nucleus obtains much attention The experiment was carried out at the RIKEN Ac-
because of the possible shell melting in ftie= 8 iso- celerator Research Facility using the same experi-
tones [6 —8]. An evidence of disappearance of magic- mental arrangement described in Ref. [7]. We mea-
ity in 12Be has been obtained by our earlier study of sured de-excitatiop rays in coincidence with inelas-
proton inelastic scattering ddBe [7]. A knockout re- tically scattered particles. Angle-integrated cross sec-
action of'?Be measured at MSU also showed a strong tions were deduced from the observeeay yields.
indication of the shell melting in its ground state [8]. It A radioactivel?Be beam was produced by the frag-
is expected that the resultant smaller gap between ment separator RIPS [15] via fragmentation reactions
shell andsd-shell brings down the lowest 1state con- of a 100 MeV/u 80 primary beam on a.11 g/cn?
siderably. A unique feature 6£Be is possible strong  °Be target. Two 1 mm thick plastic scintillators placed
correlations of two neutrons outside the core in the 5.3 m apart along the beam line were used to iden-
ground state. These correlations may cause a coherentify secondary beam particles on an event-by-event ba-
effect in the transition amplitudes and help to enhance sis. The resulting beam dfBe had a typical inten-
the low energy E1 strength substantially [9]. sity of 2 x 10* counts per second. The isotopic pu-

Experimentally, an attempt has been made to searchrity was found to be around 96%. THéBe beam
for the low-lying 1~ state in1?Be and an upper limit  bombarded a secondary target placed at the final focal
has been obtained for the E1 strength in the energy plane of RIPS. Two different targets (3B0mg/cn?
range from 0.15 MeV to 2.00 MeV [10]. The candidate thick 298Pb and 898 mg/cn? thick 12C) were used to
of such a state has been observed in the neighboringexcite the projectiles. The beam energies in the middle
isotone MLi [2—4,11,12], though the experimental of the targets were calculated to be 53.3 Me\and
accuracy and the theoretical interpretation of the E1 54.0 MeV/u, respectively, for the lead and carbon tar-
strength are still controversial because the observed Elgets. A measurement with the target removed was also
strength is above the threshold [13,14]. Sikt®e has made to evaluate background contributions.

a higher neutron threshold energy at 3.17 MeV, itis  After passing through the secondary target, scat-
probable that the 1 state appears as a discrete bound tered particles were stopped inaE—E plastic scin-
state. Thus a further experiment to find the state is tillator hodoscope (details are given in Ref. [7]) lo-

strongly encouraged. cated downstream of the secondary target. The iso-
In the present experiment, we have studied inelastic topic identification of the scattered particles was per-
scattering of?Be on lead(Z = 82) and carbor(Z = formed by the time-of-flight(TOF)AE and TOF-£

6) targets at intermediate energies of about 50 MieV ~ methods. The hodoscope with a total active area of
Comparison of the cross section between the high- 1x 1 m? had a finite acceptance up to 6.8 degrees. This
Z and lowZ targets provides a tool to distinguish angle corresponds tg,, = 7.3° for the lead target and
between the EXl = 1) and E2(/ = 2) excitations. Ocm = 13.9° for the carbon target. In the present study,
While the Coulomb excitation cross section sharply we have deduced the angle-integrated cross sections,
rises with increasing target, the relative importance  defined asopp(6em < 7.3°) andoc(fcm < 13.9°) for
between the Coulomb and nuclear contributions varies the respective targets. The overall efficiencies of the
with the transition multipolarity. For an unhindered hodoscope relevant to the angle-integrated cross sec-
E1l transition, the Coulomb contribution dominates tions were estimated by a Monte Carlo simulation,
over the nuclear contribution for a high-target, which took into account the finite size and angular
whereas only a small cross section due to the nuclearspread of the incident beam, the multiple scattering in
interaction is left for a lowZ target. For the case the secondary targets (0.5 degrees and 0.1 degrees in
of E2 excitation, the nuclear contribution becomes r.m.s., respectively, for the lead and carbon targets),
more significant and may become compatible with and the detector geometry. Theoretical angular distri-
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butions calculated with the ECIS79 code [16] were in-
corporated in this simulation to properly evaluate the
effective angular acceptance of the hodoscope. The
calculated overall efficiencies were about 80%.

Fifty-five Nal(Tl) detectors surrounding the target
were used to detect the de-excitatiprrays. The in-
trinsic energy resolution of each detector was typically
7.0% (FWHM) for the 1275-ke\y ray. The absolute
efficiency and the line shape of threray energy spec-
trum were simulated by means of a GEANT code [17].
The total photo-peak efficiencies were calculated to be
7.1% and 5.7%, respectively, for 2.11-MeV and 2.68-
MeV y rays emitted from &2Be nucleus moving with
v/c ~ 0.3. The simulated spectral shape of aay
was used as a fitting function in deducing a photo-peak
yield from the experimental energy spectrum.

Fig. 1 shows the Doppler-correctedray energy
spectra measured in coincidence with scattéf@&k
isotopes. In the figure, the de-excitatipnrays, cor-
responding to the previously knowq‘2—> Oaﬁs tran-

sition in 12Be, are evident at.21(2) MeV for both

the lead and carbon targets. Another peak is clearly
observed at 58(3) MeV for the lead target, whereas
no significant peak is observed for the carbon target.
This yield dependence on the target indicates the dom-
inance of the Coulomb contribution for the 2.68-MeV
y rays. Since only two bound states (2.10 MeV and
2.70 MeV [18]) have ever been known #4Be, it is
likely that the 2.68-MeV peak corresponds to the tran-
sition from the second excited state to the ground state.
The second excited state &Be has been observed
in the vicinity of 2.70 MeV in several reactions such
as 14c4c, 12Be)1%0 [19] and 19Be(r, p)12Be [20],
while no clearJ”™ assignment is given. Occurrence of
the y transition as observed in the present measure-
ment excludes the possibility of the" = 0™ assign-
ment discussed in Ref. [19,20].

In the present study, the measurement was also
performed with a 60.0 MeXu 1%Be secondary beam
incident on the lead target. This was made to evaluate
the contribution from th&%Pb excitation leading to
the 3 state at 2.61 MeV, which is rather close to
the observed -ray energy of 2.68 MeV. Th&’Be +
208pp inelastic scattering provided useful information
on the magnitude of thé%pPb excitation, since it
is almost identical with that for thé?Be reaction,
while the y-ray peaks ofl%Be (such as the 3.37-
MeV peak of the g state) are more separate from
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Fig. 1. Doppler-corrected’-ray energy spectra measured in the
inelastic scattering o¥2Be on the lead (top) and carbon (bottom)
targets.

the 208Pb peak. Fig. 2 (right) showg-ray energy
spectra measured in coincidence with scattéfige
isotopes. In the observedray spectrum without any
Doppler correction (Fig. 2(b)), a clear peak can be seen
around 2.61 MeV, showing that tHf8%Pb excitation
indeed occurred. In contrast, the relevant events are
widely distributed in the Doppler-corrected energy
spectrum obtained with respect to the projectile frame
of 19Be (Fig. 2(d)). When the data from the Nal(Tl)
detectors placed at around®9@ere used, the Doppler-
corrected spectrum yielded a peak around 2.76 MeV
corresponding to th&8Pb y transition. On the other
hand, the?%8Pb peaks were apart from either of the



H. Iwasaki et al. / Physics Letters B 491 (2000) 8—14

T T T T T T

(a) 125, (b) 1080

100

2%ph 370", . 2%pb 370",

50

11

Table 1

Experimental angle-integrated cross sections for the inelastic scat-
tering of12Be on the lead and carbon targets. THe= 1" assign-
ment for the state af, = 2.68(3) MeV is determined by the present
work. The I upper limit is presented for the 1excitation by the
carbon target

JT Ex opp(fem < 7.3°) oc(fem < 13.9°)
[MeV] [mb] [mb]

1 2.68(3) 46.5(11.5) <49

2t 2112) 81.8(12.8) 54.9(7.1)

o

COUNTS/40keV/10° beam
3

E, [MeV]

E, [MeV]

Fig. 2. Left (right) panels show-ray energy spectra measured
in the 12Be (19Be) + 298pp inelastic scattering. The spectra are
normalized by the total number of incident particles. Top (bottom)
panels contain spectra obtained in the laboratory (projectile) frame.
The dotted curves represent simulated spectra for the 2.61-MeV
208pp transition. In these spectra (a)—(d), the data from tHe 90
detectors are excluded (see text).

two peaks from thé?Be excitation as far as the data
with the other Nal(Tl) detectors were used. In the
final analysis for?Be, we therefore excluded the data
from the 90 detectors and obtained the spectra shown
in Fig. 2 (left). The 2.61-MeV peak is also clearly
seen in the laboratory frame spectrum (Fig. 2(a)). As
confirmed in the case dfBe, the2%®Pb peak should
not make any significant contribution to the energy
region around 2.68 MeV in the Doppler-corrected
spectrum ofl?Be. Nevertheless, the spectrum shown
in Fig. 2(c) clearly exhibits a peak at 2.68 MeV,
verifying the assignment that thetransition belongs

to 1°Be.

tion of the inelastic scattering was calculated by the
ECIS code to be incorporated in the efficiency simu-
lation as well as to deduce the transition strength as
discussed later. For th€Be + 2°8Pb scattering, we
took the optical potential parameters as obtained by
the 170 + 298pp scattering at 84 Meli [21], while
for the 12Be + 12C scattering, we used the potential
parameters determined by th&Be + 12C scattering
measured at 57 MeMi [22]. The nuclear contribution
was evaluated by assuming a simple collective vibra-
tion mode withs = §N = 5§, wheresN ands® denote
the nuclear and Coulomb deformation lengths. The un-
certainty of the calculated efficiency arising from the
theoretical angular distribution is negligible, as far as
the transition multipolarity was taken among E1 (M1)
or E2. This was because of the large dimension of the
hodoscope. Note that the excitation via higher multi-
polarity is expected to be negligibly weak. Thus, for
the purpose of the efficiency simulation, we safely as-
sumed E1 multipolarity of the transition to the second
excited state, while E2 multipolarity was obviously
employed for the first excited state o‘lf 2

Table 1 shows the deduced angle-integrated cross
sections. In deducing these cross sections, the photo-
peak yields were extracted after subtracting the esti-
mated contributions from thé&°®Pb excitation. This
was made using the simulated spectra for the 2.61-
MeV 298pp transition as shown by dotted curves in
Fig. 2, which were calculated to match the data on
10Be. The cross sectionp, of 46.5(11.5) mb was
thus obtained for the 2.68-MeV peak &Be. The
quoted error includes ambiguities in the photo-peak

The angle-integrated cross sections for the inelastic yield (21%), the hodoscope efficiency (5%), and the

scattering were obtained from measuyeday yields
after correcting for the detection efficiencies of both
y rays and scattered particles. The angular distribu-

y-ray detection efficiency (10%). Though no signifi-
cant peak of the second excited state was observed for
the carbon target, we could place the dpper limit of
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4.9 mb orvc. The results of the angle-integrated cross ing § = N = §C, the deformation lengths were de-
sections exciting the}Z state are also summarized in duced to be 2.04(16) fm and 1.93(11) fm, respectively,
Table 1. for the data with the lead and carbon targets. Note
We first discuss the spin and parity of the second that both these values are consistent with the result
excited state of?Be, since they have not ever been of 2.00(23) fm obtained by our earlier study on the
clearly assigned. As noted before, the excitation to proton inelastic scattering [7]. In these calculations,
the second excited state is dominated by the Coulomb the nuclear excitation contribution yields 80.3 mb and
contribution. Consequently, the electromagnetic tran- 57.3 mb, respectively, farpp andoc, demonstrating
sition strength can be readily deduced from the exper- that the observed cross sections for both of the tar-
imental cross section if a certain multipolarity is as- gets (81.8 mb and 54.9 mb) are dominated by the nu-
sumed, and the spin and parity of the 2.68-MeV state clear excitation.
are constrained as follows. Utilizing the equivalent Based on the above discussion, we conclude that
photon method based on the first order perturbation the excitation to the second excited state occurred via
theory [23], the corresponding-decay strength was an E1 transition. The spin and parity of the state is
extracted from the experimental cross sectiorb46b then determined to be luniquely. The E1 strength is
to be 0.050 Weisskopf units (W.u.), 11 W.u., and obtained to beB(EL; 0fs — 17) = 0.051(13)e?fm?
11 W.u., respectively, for the cases of E1, M1, and E2 by the ECIS calculation.
transitions. From the compilation of the experimental  The location of the lowest™1 state provides a use-
data in this mass region [24], a value of 11 W.u. for ful measure of the energy difference between thgd

a M1 transition is too large and hence thié = ;* and 21 orbitals,Ae = 6(%+)_€(%*)1 since the main
assignment can be excluded. TEUS the remaining pos-configuration of the 1 state is expected to be the
sibility is J7 =17 (E1) orJ™ = 2" (E2). excitation between f; > and 21, states in a naive

For inelastic scattering with a heavy target like lead, single particle picture. Comparison of the excitation
the Coulomb dominance of the E1 excitation has been energies of the 1 state, Ex(17), amongN = 8 iso-
proved both experimentally [25] and theoretically [26, iones £60:7.12 MeV, 4C:6.09 MeV, 1?Be: 2.68

27], while the dominance becomes much weaker in MeV) depicts the sharp decreaseff(1-) at the Be
the case of E2 transition of light projectiles [28]. Thus

the observed Coulomb dominance already suggests E1
nature of the 2.68-MeV transition and hence the 1 MeV N =7 N =28
assignment for the second excited state. This conclu- 4 —

sion is further substantiated by the ECIS calculation. 2,00 1/2* 600 1-
The deformation lengthwas translated from the mea- 3 T T
sured cross section with the lead target. In the calcula-
tion, the deformation length was taken to be the same 2[—
for the Coulomb and nuclear potentials. The results of
8 were 0.24 fm and 1.56 fm, respectively, for the E1 1 [—
and E2 cases. Using these deformation lengths, we es- 032 1/2- o 1/ ;
timated the cross sections with the carbon target. The O~ g 1/z* 268 17
results were 1.1 mb for E1 and 33.8 mb for E2. The tige 130
experimental upper limit of the cross section, 4.9 mb, —1—
can only be explained by the E1 transition. It should be
noted that the E1 cross section for carbon may be even -2
smaller than the above quoted value (1.1 mb) due to o o o ot
the iso-scalar nature of the nuclear excitation induced ~ | 12 14
12 Be C
by +<C. _al

The significant nuclear contribution to the E2 tran-
sition as expected above can be quantitatively shown Fig. 3. Energy levels in the Be and C isotopes with the neutron
by the ECIS analysis of the/2excitation. By assum-  numberN =7 [29] andN = 8.
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isotone, indicating the drastic narrowing of the shell
gap at'?Be. In Fig. 3, the relevant energy levels are
compared between the Be and C isotopes Witk 7
and N = 8. When one moves frorPC to 11Be, Ae
drops by about 3.4 MeV. A near degeneracy of the
251/ and 1py, orbitals achieved at'Be represents
the N = 8 shell melting [29]. Similarly,E,(17) de-
creases from*C to 12Be. Incidentally the magnitude
of the lowering ofE, (17) is almost identical with that
of Ae inthe N = 7 isotones. This observation strongly

supports that the degeneracy of the two orbitals is pro-

moted in1?Be as well as in1Be. Recently the same
trend of the anomalous reduction af¢ was found
for the N = 9 nucleus'“B in the g-decay study of
14Be [30]. Thus, one can conclude that tNe=8 shell

13

tributions of these excitations. The coefficients are ob-
tained taking into account the small separation ener-
gies of the 1,2 and 21/, states in*?Be. TheB(E1)
value between the two states (1) and (2) is expressed
as

B(EL 0" — 17) = (17 ||0*=Y||o*)|?
=10.63(2s1/2|| 0*7*||1p12)
+0.63(1p1y2|| 0™ |251/2)
+0.45(251,2|| 07=1 | 1p32)*.(3)

We can see in Eq. (3) that the degeneracyf/d and
251/ states indeed enhances tB¢E1) value about
twice more than the single-particle transition rate

melting is a general phenomenon which occurs widely |(251/2| | OAA:l| |ll’l/2>|2~

in the neutron-rich nuclei arourtdBe.

Finally, we discuss the E1 strengtlB(El) =
0.051(13)e*fm?, obtained for the 9 — 1~ transi-
tion, which is the first example of strong low-lying
E1 transition observed in even—even nuclei. In grop-

To make a more quantitative study, a shell model
calculation involving a larger configuration space is
desirable.

There has been so far one theoretical attempt to de-
scribe the low-lying T state in'?Be [31]. This work,

ing for a possible enhancement mechanism, we refer which is based on a two-neutron pairing model [32],

to the prescription of the E1 doorway state [9]. Firstly,
the'?Be ground state is considered a¥Be core and
correlated two neutrons moving outside the core,

|1ZBe: 0%) = a|(1p1/2)?) + B|(251/2)?). @)

In the limit of the complete degeneracy of the two
orbitals, we have the amplitudas = 8 = 1/+/2.
Then a coherent™1 excitation of the correlated two
neutrons [9] is written as a doorway state for the dipole
operator

o= 3

i=1
?Be:1)= %é*zlsze:O*)
=0.63| (zsl/zlpg/lz))
+0.63|(1p1/22s7 3))
+0.45| (zsl/zlpg/lz)), 2)

where N is a normalization constant, and the coeffi-
cients are proportional to the single particle matrix el-
ements of the dipole operatdér=1. In this equation,
the particle—hole excitations are limited to the configu-
ration space op, s orbitals to highlight coherent con-

=

V4

Z
7Y () - >

i=1

N
Z”iylu(”i)§

has predicted the lowest Istate in'?Be at 2.7 MeV
with a somewhat largeB(E1) value of 023¢2fm?.
They also pointed out that the strong correlation be-
tween the(1p1/2)? and (2s1,2)? configurations en-
hances the E1 strength. The deviation of the calcu-
lated B(E1) value from the present experimental re-
sult might be attributed to the extended wave function
adopted for the calculation.

In conclusion, we have studied inelastic scattering
of the 12Be nucleus using lead and carbon targets.
The spin-parity assignment™ = 1~ for the state at
2.68(3) MeV explains successfully the experimental
cross sections of the two targets, excluding other pos-
sible spin-parity assignments. The lagEL; 0 s —

17) value of 0051(13)e?fm? for the 2.68-MeV state
was deduced. The lowering of the intruder dtate ac-
companied with the large E1 strength represents the
characteristic feature of degeneratg;b and 21,2
states, thus indicating the melting 8f = 8 magicity

in 12Be.
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