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Abstract

Proton inelastic scattering study 5fB nucleus has been performed at 43.81eV average energy in inverse kinematics
using a liquid hydrogen target. In the Doppler corregtady spectrum, a single peak with an energy of 1089(15) keV appeared

corresponding to the first excited state!éB. Based on the reaction cross secti,ﬂfn‘,”/ deformation parameter of the transition

is deduced by distorted wave analysis. Comparing it with the electric quadrupole moment of the nucleus, it is shown that the
deformation of the neutron distribution is larg, ~ 0.6), and the neutron effective charge is much smakgr< 0.12) than

usual ¢ 0.5). The small effective charge is interpreted as a consequence of the decoupling of valence neutrons from the core.
0 2005 Elsevier B.V. All rights reserved.
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Nuclei close to the neutron dripline having loosely Very recently, an extremely large,, /M, ~ 4N /Z
bound valence neutrons have been studied intensivelyratio was observed if®C by use of the Coulomb-
because their properties deviate from those of the sta-nuclear interference methdd0], and confirmed by
ble nuclei. One of the most exotic structures in nuclei the comparison of th&(E2) value[11] with the re-
near the dripline is the neutron halo discovered about sult of (p, p’) scattering study12]. In this nucleus,

20 years ago via the determination of the matter radii the neutron effective charge gf = 0.15 was deduced

of nuclei [1]. Since then, it has been shown that— [10]. This value is much smaller than usual in this
although the well-developed neutron halo is a rela- region (e, = 0.5), and can be considered as a clear
tively rare phenomenon—an extended but more lim- indication of the decoupling of the valence neutrons
ited nucleon distribution is quite common for nuclei from the“C core.

with largeN / Z ratios. This large ratio results in a large 17B is another nucleus where a significant decou-
difference in the Fermi energies of protons and neu- pling may take place. The electric quadrupole moment
trons and, consequently, leads to the weakening of the of its ground state was measuredat 38.6+1.5 mb
strong correlation of proton and neutron distributions [13], which is very close to that of th& = 8 isotope
characteristic for stable nucli]. In this way, the halo 3B, in contrast with the results of the shell model cal-
or skin neutrons can be decoupled from the nuclear culations, which—assuming the conventiogai= 0.5
core, and move independently of the rest of the nu- value for neutron effective charge—predict an increas-
cleus. An example for their independent relative mo- ing quadrupole moment with increasing mass. It was
tion is the pygmy dipole resonance where—exploiting proposed that the deviation from the shell model is
the suppressed interaction between the valence nucle-caused by the decrease of the neutron effective charge,
ons in the halo and the core nucleons—the weakly which can lead to a constant or even slightly decreas-
bound neutrons are forced to move independently of ing mass dependence of the quadrupole moment. The
the core via an electric dipole interaction. Such phe- decreased effective charge may be a consequence of
nomenon was observed in several nuclei close to the the decoupling of the valence neutrons from the core
neutron driplineg[3-5]. As a new decoupling feature, [13], but other sources of the deviation can also be con-
the decrease of the neutron effective charge was pro-ceivable. To check whether the shell model describes
posed6]. The loosely bound particles spend an appre- the quadrupole properties of the neutron distribution—
ciable amount of time outside of the core, therefore, considering that neutron skin or halo properties ob-
due to the short range of the nuclear interaction, they served in this nucleugl4] are not included in that
cannot interact with it, and thus, cannot polarize the model—and to exclude other explanations like a de-
core. As a consequence, the quadrupole polarizationcrease of the proton effective charge, which is also
charges in nuclei with an extended neutron distribu- predicted for nuclei far from the stabilifiL 5], exper-

tion are expected to be strongly redu¢é imental information on the quadrupole moment of the

Experimentally, the decrease of the neutron polar- neutron distribution is needed f&fB. Unfortunately,
ization charge can be observed by a comparison of it cannot be measured directly, only the transitional
the intensities of the electric quadrupole processes moment can be determined, e.g., via inelastic scatter-
where either the proton or the neutron quadrupole ing. To deduce the neutron deformation, we studied
properties are dominant. The ratio of the neutron and the inelastic scattering 8fB in inverse kinematics.
proton multipole transition matrix element,,/ M, In the present experiment, we employed the tech-
depends only on the core polarization parameters in nique of in-beamy-ray spectroscopy incorporating
single closed shell nuclef8]. Any change in the inelastic proton scatteringl6] and utilizing a liquid
M, /M, ratio along such an isotopic chain would hydrogen target for enhancement of luminogity].
be a consequence of the changes in the polarizationThe experiment was done at the RIPS] beam-
process, which leads also to the change of the effectiveline of the RIKEN accelerator research facility (see
charges. Recent results show that Mg/ M, ratio in Fig. 1 for experimental setup). ABe production tar-
200 is significantly larger than the corresponding value get of 0.8 cm thickness was bombarded by2hle
in 180 [8]. This suggests that the strength of the core primary beam of 100 pnA intensity and 1X0MeV
polarization is decreased A0 [9]. energy. A secondary cocktail beam containifiB at
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Fig. 1. Schematic view of the experimental setup. The figure is not to scale.

25% was produced after momentum and mass analysis A silicon telescope with layers of 0.5, 2, 2 and
by using a 1.36 gen? thick aluminum wedged de- 0.5 mm thicknesses was inserted in air at about 80 cm
grader at the momentum dispersive focal plane (F1). downstream of the target to identify the scattered par-
In order to have a high beam intensity, the momen- ticles. (The accelerator tube was closed by a thin Al
tum acceptance of the fragment separator was set to aplate of 1.5 mm.) The active area of the silicon de-

maximum value of 6%. In this way, around 200 pps
rate could be achieved féfB. On an event by event
basis, an identification of the incoming beam was
performed by energy-loss, time-of-flight (TOF) and
magnetic rigidity (Bp) measurements. Th8p was

tectors was 48 48 mn? covering scattering angles
between 0-1% The inelastically scatteretdB parti-

cles were stopped in the second and third layers and
could be easily separated by theZ—F method from
other boron nuclei emerging from the liquid hydrogen

determined using a parallel plate avalanche counter target by neutron removal reactions. The separation

(PPAC) with an area of 1% 10 cn? at F1 cover-

was done by requiring rays to be in coincidence with

ing the total momentum range of the secondary beam. the telescope events, and linearizing the gatés-E

The TOF was measured by plastic scintillators of 0.5

mm thicknesses placed at the first and second focal

planes (F2 and F3) while two silicon detectors of 0.35
mm thickness were put at F2 and F3 providing the
energy-loss information. With this method, théB
particles could be fully separated from other beam
species.

The secondary beam hit a liquid hydrogen tar-
get placed at F3 which was 3 cm in diameter and

curves with second degree polynomig8].

For the detection of the de-exciting rays, the
DALI2 setup consisting of 158 Nal(Tl) scintillators
[21] was put around the liquid hydrogen target. The
prompt events were selected by putting a narrow time
gate on the calibrated time spectrum of the Nal(TI)
detectors (see top panel &ig. 2 for the resulting
Doppler corrected spectrum pfrays forl’B). A low
energy continuous background radiation was emitted

24 mm in thickness having an average areal density from the thick Al/Si stack at the downstream direction.

of 190 mg/cn? (the uncertainty of the areal density is
around 10%) and it was closed by 6.6 um thick Aramid
foils [19]. The mean energy of thE'B isotopes was
calculated to be 43.8 MeV taking into account the

It could be eliminated by subtracting background con-
tributions (e.g., target holder windows) estimated from
the data taken without the liquid hydrogen but leaving
the target holder unchanged (see middle panElgf2

incident energy and the energy-loss information. The for background contributions). The bottom panel of
incident beam focusing was monitored by two PPACs Fig. 2shows the subtracted Doppler corrected spectra
placed at F3. The horizontal spot size of the beam was of y rays forl’B. A single peak at 1089(15) keV can

20 mm while the vertical one was 18 mm in FWHM.

be seen in the figure, which corresponds to the tran-

In order to reduce the background events produced by sition between the first excited and the ground state.

the beam particles hitting the target holder were fil-

This energy value is in agreement with the 1070(10)

tered out by putting a gate on the projected image of keV of Kondo et al. reported earligR2] and con-

the beam on the target.

firmed by Kanungo et a[23].
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Fig. 2. Doppler-corrected spectrapfrays emerging fromtH(17B,
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The peak position and its uncertainty was deter-
mined by fitting the spectra with a Gaussian function
and constant backgrounds. The width of the peak was
set to the expected value including the intrinsic reso-
lution and Doppler effect. In order to retrieve the de-
tector photo-peak efficiency, the peak position was fed
into the detector simulation software GEANT24]
and the resultant response curves plus a small constant
background are plotted fRig. 2

The integrated experimental cross section for the
excitation of the first excited state #{B was deter-
mined to bes (0-17°) = 9.4+ 1.2 mb. To derive the

quadrupole deformation parame’(@é”’,), a distorted
wave calculation was performed using the ECIS79
[25] code. The standard collective form factors were
applied in the analysis together with the optical po-
tential parameters determined from the global phe-
nomenological set CH8f6]. The efficiency of the
telescope was simulated by GEANT4 softwé?d]

by using the experimental beam spot size as an input
parameter. The simulated angular dependence of the
efficiency was folded with the angular distribution of
the ECIS curve when calculating the deformation pa-
rameters.

Fig. 3shows the angular distribution of therays
emerging fromtH(*’B, 17B) reaction with respect to
the beam direction. The experimental data can be fit-
ted with an assumption of A¢ = 1 stretched dipole
transition represented by a solid line in the figure
and contradict to a supposeé¥ = 2 quadrupole na-
ture of the transition using realistic parameters dur-
ing the fitting procedure. Therefore, 23" ground
state followed by an B2~ excited state predicted by
all available shell mode]27,28] and AMD calcula-
tions[29] is a natural assumption. In this way, we got

ﬂé”]/ = 0.57 + 0.05 value and deformation length of

§PP' = PP R = 1.76 + 0.15 fm. There can be an ad-
ditional systematic error coming from the uncertainty
in choice of the optical potential parameters. It was
shown for®He that CH89 can reproduce the elastic
scattering data on protons only with a modification by
an additional polarization potentif80]. At the same

17B) reaction can be seen at the top of the figure. The middle spec- time, CH89 was appropriate for fitting the inelastic

trum is taken without the liquid hydrogen, while the spectrum in the
bottom panel is produced by subtracting the two spectra. The solid
line is the final fit including the spectrum curves from GEANT4 sim-

channel of proton scattering d&2% nuclei[9]. Fur-
thermore, in a recent study, CH89 also showed a good

ulation (dashed line) and an additional constant background plotted @greement with the angular distribution of the inelas-
as separate dotted line.

tic scattering data in thep + 18C reaction[12]. In
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Fig. 3. Angular distribution ofs rays emerging fronJrH(”B, 17B) reaction with respect to the beam direction. The solid line represents a fit
with an assumption of a dipole = 1 transition.

any case, the systematic error was checked first witha  The electric quadrupole moment can be written as
phenomenological optical model parameters deduceda sum of the proton and neutron contributions
recently using scattering data on nuclei wih> 23
[31] and found 3% difference for the deformation pa- Q=enOntepQp, 1
rameter. Secondly, the real part of the CH89 optical wheree, ande, are the proton and neutron effective
model parameter set was reduced suggested in Refcharges, whileQ, and Q, are the proton and neu-
[30] by 20% as an extreme change and 15% differ- tron quadrupole moments. This is the spectroscopic
ence was observed in the deformation parameter. Thisquadrupole moment, which can be measured experi-
kind of systematic error leads to& = 0.1 uncer- mentally in the laboratory frame. On the other hand,
tainty. in the case of a deformed nucleus it is instructive to
If we allow different deformations for the protons ~convert the quadrupole moment to the intrinsic frame
and neutrons, the quadrupole deformation parameterof reference determined by the deformation axis of the
deduced is not the deformation of the nucleus any- hucleus, since the intrinsic quadrupole momepX
more. It is an average of the proton and neutron de- can be connected to the geometric properties of the
formations, which depends on the type of the probe nucleus.
used. The(p, p’) reaction is 3 times more sensitive For example Qo, and consequentl®, can be ex-
to the neutron than to the proton deformation, thus, pressed in terms of the rotational model using proton
the deformation value obtained comes mainly from the and neutron deformation parametegs, ,,). Consid-
deformation of the neutron distribution. To calculate ering aJ = 3/2 spin for the ground state &fB, the
the proton and neutron deformations, the above infor- quadrupole moment can be expressed as
mati(_)r_1 shoul_d be combined With the result of a prqbe 3K2—J(J+1)
sensitive mainly to the deformation of the proton dis- O = Qom
tribution like the already measured electric quadrupole

moment13]. = 5\/5—R2(enN,3n +epZBy), (2)
7T
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where R, N and Z are the nuclear radius, the neu- The proton and neutron deformations can be de-
tron and the proton numbers, respectively. The ratio duced to bes, ~ 8, ~ 0.35 from the quadrupole mo-
0./Q, in the rotational model is just the same as the ments calculated in the frame of the shell model. Com-

ratio of the transition matrix elementd,, /M, which paring this data with our results, the calculated proton
in turn can be connected to the characteristic quantities deformation is in agreement with our value deduced
of the (p, p’) probe by the Bernstein formu[&2]. In from the comparison aof”? and Q, while our neutron
this way, we get deformation is more than 50% larger than the calcu-
) lated one. Having such huge a deformation, a strongly
On _NBw _ My by [&(1 bnN> 3 1] reduced neutron effective charge is needed to explain
0, ZBp, M, by|ByR by,Z ’ the low value of the electric quadrupole moment inde-
(3) pendently of the value of the proton effective charge.

Using Eq.(7) and assuming the lowest possible
e, = 1 value for proton effective charge, an upper
limit of ¢, < 0.12 can be given for the neutron effec-
tive charge, which is 4 times smaller than the usual
value characteristic for the valley of stability. This ex-
perimental upper limit fits well the results obtained
from comparison of model calculations with probes

where b, /b, = 3 are the sensitivity parameters for
protons and neutrons of oyp, p’) probe. Combining
Egs.(2) and (3)the unknown deformation parameter
B, can be expressed by the measured quanttiesd
877" as a function of the effective charges e,

by [engppl (1+ M) _ 5\/§Q

_ bNLTR byZ 3R2 ] _Cep—D sensitive to different aspects of nuclear matter distri-
P = by T, 1,7 butions. Ogawa et al. proposegd ~ 0.1 [13] from a
(ep —enz?) €p — 3%n : : .
n 4) comparison of the shell model calculations and their
, ( quadrupole moment measurement, while Kondo et al.
5\/? enZbpsPP by N ~ i I i -
3R7T2Q — anR (1+ bpz) A— Be, de_ducedn,. 0 sgttlng thelr_ deformatlon_length deter
Bp = 5 = —- () mined by inelastic scattering offC against the one
(ep — enﬁ)z €p — 3n calculated from shell mod¢B3]. It is worth mention-

o . . ing that both probes are very sensitive to the value of
For a qualitative analysis of the relations between the . :
: . the proton effective charge, and in the case pt 1
deformation parameters and the effective charges, we

can consider that, is small compared te,, i.e., %e,, gghﬁrg:losf?scg\ll\:aecﬁgrggper limit a, ~ 0.3 for the

can be neglected in the denominators. Actually, this . .
R . Recently, Sagawa et gJ15] has given a simple
approximation is in accordance with the usual assump- N : .
parametrization on the isospin dependence of the po-

tion pf en =0 used in comparison of the transitional larization charges deduced from mean figldandom
matrix elementsd,,, M. In this way, . . )
phase approximation calculations

D 0.07 N—-2Z

Z
Pn~C——=065———~08 (6)  epo=0.825 025
ep p A
Bpep~ A — Be, =0.54— 1.56¢,. @) ( ZN-— z>
+ 7z,

0.12— 0.36—

A A
Eq. (6) shows that the deformation parameggronly ) )
slightly depends on the effective charges and its value Wherez. is 1 for neutrons ane-1 for protons. Using
of 0.6 is relatively large, which is close to the neu- this approximation, the neutron polarization charge

9)

tron deformation observed #§C. Havingg, (conse-  (consequentlye,) is 0.21 for ''B. This effect may
quentlys,), the value of8, (consequently,) can also explain half of thg decrease of the neutron effective
be deduced by the formula charge observed in the present work.

It is interesting to note that in bof¥C and'’B the
(Nb, + pr)(;pp/ = Nby8, + Zb,6,. (8) small neutron effective charge is accompanied with a

large neutron deformation, a feature not observed in
Frompg, ~ 0.6 ands”” =176+ 0.15fm, 8, ~ 0.36 other neutron rich nuclei studied by the same method
andM, /M, ~ 4.0 can be derived. like ?8Ne or3*Mg [34]. The two properties may have
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a common root. BotR®C and!’B have neutron skin
[14]. Applying the empirical relation introduced by
Hansen and Jonsd85], one can estimate the valence
neutron radius if®C and'’B, too, assuming a core
2-neutron (for'®C) and a coret 4-neutron (for'’B)
structure. Knowing the mass radigs, ) and the ra-
dius of the corex.), the radius of the valence neutron
distribution(r,) can be estimated as

r2 =(A—2)/A[r? + 2/A)2]. (10)

From reaction cross section measurements the radii
of the nuclei of interest as well as the radii of their
cores were determindd4]. Consequently, the radius
of the valence neutron distribution can be estimated
to ber, = 4.9 4+ 0.4 fm. Since the neutron radius is
~ 1.2 fm, the ground state of tH€C nucleus can be
modeled as a larger sphere of € core with a ra-
dius of 2.3 fm[14] touching the smaller spheres of the
two valence neutrons of 1.2 fm radius each. Because
the neutrons are on time mirrored orbits, they are ex-
pected to be on the opposite sides of the 8&.
Such an arrangement leads to a shape with abofit 2
axis ratio, which is in a qualitative agreement with the
experimental value of neutron deformation'é€ de-
termined to bes, ~ 0.7 [10]. Although it is less trivial

to give an estimate on the spatial distribution of the
four neutrons, an arrangement with a clogéd= 8
neutron shelk 2 pairs of neutrons outside of it sitting
on the two lowest2 Nillson orbits is in agreement
with the predictions of the AMD mod¢29]. The large
valence neutron radius not only contributes to the in-

creased neutron deformation, but may be responsible

87

per limit on the neutron effective charge gf < 0.12

has been deduced. This value is 4 times smaller than
the one characteristic for nuclei close to stability in
this mass region. It is comparable with the value ex-
pected from the decoupling of valence neutrons from
the nuclear core due to the large isospin and the large
radius of the valence neutron orbits. The increased va-
lence neutron radius may be responsible also for the
large neutron deformation observed in béfic and
17B. The decoupling phenomenon was shown previ-
ously inC, now we proved its existencesfB, too,

and there are suggestions—from a comparison with
shell model calculations—that it takes place also in
158 [33].
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