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Breakup reactions of the one-neutron halo nucléBs on lead and carbon targets at about 70 MeV/nucleon
have been investigated at RIKEN by measuring the momentum vectors of the incBenoutgoing'’Be, and
neutron in coincidence. The relative energy spectra as well as the angular distributions’8kthe center of
mass systeninelastic angular distributiondiave been extracted both for Pb and C targets. For the breakup of
HBe on Pb, the selection of forward-scattering angles, corresponding to large impact parameters, is found to be
effective to extract almost purely the first-ordet Coulomb breakup component and to exclude the nuclear
contribution and higher-order Coulomb breakup components. This angle-selected energy spectrum is thus used
to deduce the spectroscopic factor for tHBe(0") ® 12s,, configuration in'Be which is found to be
0.72+0.04 with aB(E1) strength up tdE,=4 MeV of 1.05+0.06% fm?. The energy weightef1 strength up
to E,=4 MeV explains 70% +10% of the cluster sum rule, consistent with the obtained spectroscopic factor.
The non-energy-weighted sum rule within the same energy range is used to extract the root-mean-square
distance of the halo neutron to be 58 fm, consistent with previously known values. In the breakup with
the carbon target, we have observed the excitations to the known unbound staBes anE,=1.78 MeV and
E,=3.41 MeV. Angular distributions for these states show the diffraction pattern characteristic2ofran-
sitions, resulting in @7=(3/2,5/2* assignment for these states. We finally find that even for the C target the
E1 Coulomb direct breakup mechanism becomes dominant at very forward angles.
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l. INTRODUCTION obtained for one-neutron halo nucféBe [9] and *°C [10
and two-neutron halo nucléHe [11], Li [12-14, and'“Be
Breakup reactions have played key roles in investigating15]. It was found that for these halo nuclei a stroBg

the properties of weakly bound halo nuclei over the passtrength of the order of 1 W.uWeisskopf unit was ob-
decadd1,2]. The breakup reaction on a light target, inducedserved at very low excitation energies of about 1 MeV. How-
predominantly by the nuclear interaction, is characterized bgver, the mechanism for such largé strength was not due
an unusually narrow momentum distribution of a core frag-to a soft dipole resonance, but rather due to a direct breakup
ment and an enhanced reaction cross section, reflecting th@to the continuum, as shown by our earlier study of the
extended neutron halo structure. Indeed, the halo structuf@oulomb breakup of'Be [9]. In the direct breakup mecha-
was first uncovered fot'Li by observing the enhanced in- nism, the observed enhancement of Efestrength is inter-
teraction cross section for this nucle[ and the narrow Ppreted as follows: theB(E1) distribution is described ap-
momentum distribution ofLi following the breakup of!Li ~ proximately as a Fourier transform dR(r), wherer is the
on a carbon targef4,5]. In addition to these techniques, radial coordinate of the neutron am{r) the radial compo-
more recently, the one-nucleon knockout reaction in coincifnient of the wave function of the halo neutrfd6]. The large
dence withy rays from the core fragment has been successvalue of |[R(r)|? at larger in a halo nucleus thus leads to a
fully used to determine spectroscopic factors of halo statekarge E1 strength at low excitation energies. In fact, the

[6]. B(E1) distribution can be used to determiRér) by inverse
The breakup reaction of halo nuclei on a heavy targeFourier transformatiofi9,17).
predominantly occurs as Coulomb break@wulomb disso- In this article, we will show the results of a new, full-

ciation). This reaction is of particular interest due to substankinematical measurement of the breakup reactions'®é
tially enhanced Coulomb breakup cross sections found fowith a heavy targetlead where Coulomb breakup domi-
halo nuclei[7]. This phenomenon was first interpreted as thenates and with a light targétarbon where nuclear breakup
presence of a soft electric dipo(&1) resonancg8], which  dominates. We aim at a comprehensive understanding of the
occurs as a vibration of the core against the halo due to theeaction mechanism of the breakup reactions on both heavy
low density of the halo cloud. More recently, by using kine-and light targets, thereby establishing a way of doing the
matically complete measurements of the Coulomb breakumspectroscopy of halo nuclei by the breakup reactions, for
spectra of electric dipole strengtB(E1)] have been directly both the ground state and excited states in the continuum.
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For the breakup with a Pb target, we focus mainly onsetup. In Sec. IV the results for breakup*de on Pb and C
extracting the Coulomb breakup component by using the intargets are presented with detailed discussions including the-
formation on the scattering angle, which is approximatelyoretical comparisons. Then, in Sec. V, the conclusions are
inversely proportional to the impact parameter of the reacgiven.
tion. The analysis incorporating the scattering angle depen-
dence has been obtained with much more statigticsre
than 30 timesas compared to the previous experimgit Il. EXPERIMENTAL METHOD
The contribution of the nuclear breakup component and
higher-order effects in the breakup with a heavy target have In the current experiment, we made a coincidence mea-
recently drawn much attention. In fact, quite a few theoreti-surement of the momentum vectors of the incomifige,
cal papers have suggested the necessity of careful treatmemgtgoing'®Be, and the neutron to deduce the relative energy
of these contributiong18-2g beyond the direct breakup E , between'%Be and the neutron and the scattering arjle
mechanism based on a semiclassical first-order perturbatiqst the c.m. system of’Be+n. Here we describe the features
theory (equivalent-photon methgdwhich we successfully  characteristic of the invariant mass method which has been

_applied in the analysis of the previous_ ex_perirr{@nlO]. For  .sed to extracE, and the method to extrack
instance, a much larger nuclear contribution than the conven-

tional estimation made by scaling the breakup cross section
with the data obtained with a light target has been suggested
in Refs. [18,19. In this article, we prove that the direct
breakup mechanism with the first-order Coulomb breakup is The relative energyE,. between'®Be and the neutron,
dominant and the small nuclear contribution and higherwhich is related to the excitation ener@y of “Be by E
order effects can be well controlled using the angular distri=E,—S,, can be extracted by using the invariant mass
bution of the center-of-mass system 8Be+n. This tech- method. The invariant magd(}'Be*) of the intermediate
nique will thus offer a powerful spectroscopic tool that canexcited state of'Be is determined by measuring the momen-
extract precisely the halo wave functigir). tum vectorsP(1®Be) andP(n) of the outgoing particle’Be
For the breakup wit a C target, we focus on investigating and the neutron, respectively. Namely,
the excitation of discrete resonant states by using the infor-
mation of the excitation energy spectrum in combination M(*Be’) = V[E(*°Be) + E(n) |- [P(*°Be) + P(n) ],
with the scattering angle. Thereby, we aim at establishing a (1)
spectroscopic method to study the narrow discrete states in
the continuum. Such states are hardly observed in th@shereE(*®Be) andE(n) stand for the total energy of tH&Be

breakup with a heavy target due to the large direct breakugagment and the neutron, respectively. The relative energy
contribution. We also examine the structureless part of thg  petween'Be and the neutron is then determined as

energy spectrum with the scattering angle distribution which
is used to disentangle the reaction mechanism with the light E.ei=M(1!Be") - m(*%Be) - m(n), 2)
target.

%]'he lge nucleus is a suitable test case for these studiedherem(*’Be) andm(n) denote the mass dfBe and of the
since the ground-state properties are well known. For exheutron, respectively.
ample, the one-neutron separation enefjyis precisely The advantage of the invariant mass method is that the
known to be 504+4 ke\[29]. Furthermore, the simple one- €nergy resolution is as good as about a few hundred keV at
neutron halo structure of'Be has an advantage over two- Er=1 MeV. This is due to the fact that the invariant mass is
neutron halo nuclei such &4.i because the reaction mecha- a function of four momenta of the outgoing particles and is
nisms do not suffer from the complexity which may arisenot affected by the widely spread secondary beam. In this
from the two-neutron halo correlations. sense, this method is appropriate for radioactive beam ex-

The breakup reactions dfBe on targets from light to periments. The good energy resolution is also attributed to
heavy mass have been studied by Amntel. [30]. The au- the fact thatE is determined by the opening angle and the
thors used mainly the inclusive neutron angular distributionsrelative velocity between the outgoir@Be and the neutron.
More recently, breakup reactions fbiBe have been studied In this case, the opening angle resolution of 10 mrad and the
at GSl in a full-kinematical way using Pb and C targets andrelative velocity resolution of 1%, which are easily achiev-
at high energy, 520 MeV/nucleof31]. Our present ap- able, can yield a good energy resolution of a few hundred
proach is a full-kinematical one. We can extract the excitakeV atE,=1 MeV. This is different from the missing mass
tion energy spectrum as well as the scattering angle of thenethod, where the resolution is determined by the value of
c.m. (center-of-masssystem of®Be and the neutron. In par- the total mass which is of the order of tens of GeV. Thus, an
ticular, in this paper we emphasize the importance of theenergy resolution of the order of 10 MeV, even with a mo-
information on the scattering angle, which was not discussethentum resolution of the order of 0.1%, can only be
in the GSI data. In addition, we have performed the experiachieved. Further advantages are the kinematical focusing
ment at a much lower energy as compared to the one at GSnd the availability of a thick target since the projectile has a
bringing in additional information on the reaction mecha-rather high velocity of more than G&3or intermediate inci-
nism. dent energies. Relatively small detectors can thus cover most

We organize the paper as follows: Section Il describes thef the acceptance, which is very important in radioactive
experimental method. Section Il describes the experimentdieam experiments as well.

A. Invariant mass method
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FIG. 1. A schematic view of the experimental
setup located at the last focal poii®3) of RIPS.
The setup consists of a beam scintillat&F3,
tracking drift chambers for the secondary beam
particle(BDC), a neutron detector arrgiNEUT),
charged particle veto detectaf¢ETO), a dipole
magnet and an associated drift chamber for a
charged fragmentFDC), and a charged particle
hodoscopgHOD).

Dipole Magnet

It should be noted that there is a possibility that tfge ll. EXPERIMENTS
fragment is produced in an excited state. In this caseray
emission follows the reaction process and has been measured The experiment was performed at the RIKEN Accelerator
in the GSI experimen{31]. The excitation energy in this lRlesearch FacilityRARF). A secondary radioactive beam of
case has to be modified B, =E+S,+E,, whereE, stands Be was produced by _fragme_ntatlon of B0 primary beam
for the energy of the deexcitatiop ray from the daughter at 100 MeV/nucleon in a thick Be target. The secondary
nucleus'®Be. In the current work, we did not useray de- beam was separated using the RIPS fragment sepg&aor
tectors. However, the probability of obtaining an excitedWhere an achromatic wedge-shaped energy degrader was in-
198e, where the lowest excited state is located as high agtalled at the intermediate dispersive focal plane to adjust the
3.37 MeV, is very small for the Coulomb breakup processsecondary beam energies to about 70 MeV/nucleon and to
due to very small virtual photon numbers for this high exci-purify the secondary beam. The typical beam intensity was
tation energy. Since the ratio of the virtual photon number atestricted to about & 10* particles/sec by setting the mo-
higher E, to that at lowerE, is smaller for lower incident mentum slit down tAP/P[<0.1% in order to meet the
energies, this probability is even smaller in our case. In factcounting capabilities of the detectors. The resultiiBe
this contribution is estimated to be less than 3% at thdeam with a purity of about 99% was delivered to the ex-
present incident energy of 69 MeV/nucleon compared to 69perimental setup shown schematically in Fig. 1.
observed at 520 MeV/nucledi31]. The selection of large The 'Be ion bombarded &'Pb target with a thickness of
impact parameters done in the current analysis further re224 mg/cni or "*C target with a thickness of 376 mg/ém
duces this number, leading to a negligible contribution result/n addition, a no-target run was performed to subtract the
ing from the excitedBe states. For the breakup with a light background events generated by materials other than the tar-
target, the GSI experiment found about a 17% contributiorget. The energy of the incideftBe particle was determined

of the non-ground-state component, and thus the treatmefitom the time of flight(TOF), measured with two thin plastic
required additional care. scintillators with a thickness of 1 mm which were placed

4.57 m apart along the beamline. The average beam energy
at the midplane of the target was 68.7 MeV/nucleon and
B. Scattering angle of the center of mass 67.0 MeV/nucleon, respectively for the Pb and C targets.
The position and angle dfBe incident on the target were
The exclusive measurement of an incidétlBe momen- measured with two sets of multiwire drift chambéBDC’s).
tum P(*!Be) in addition toP(*®Be) and P(n) allowed us to  The energy and angle of the incident particle were combined
extract the scattering angteof the c.m. system of’Be+n.  to reconstruct the momentum vector of the projectile—i.e.,
This angle is determined by the opening angle between the('Be).
direction of P(*'Be) and that of the outgoing momentum  The breakup particle$’Be andn were emitted in a nar-
vector of the center of mass obtained By°Be)+P(n). row cone at forward angles with velocities close to that of
Here, the scattering angkis defined in the center-of-mass the 1’Be incident ion. The neutrons were detected by the two
frame of the projectile and target. layers of a neutron hodoscope ar@EUT), which has an
Since we are dealing with a small relative energy of lesdctive area of 214H) X 92(V) cn¥ and a depth of 6.1 cm for
than 5 MeV compared to a total kinetic energy of abouteach layer. The front faces of NEUT were placed at 460 cm
770 MeV, the angle determined in this way represents th@nd 499 cm downstream of the target. The detector covered
inelastic scattering angle 6tBe on the Pb or C target with a an angular range from -7.0° to 19.5° in the horizontal di-
very good approximation. For the Coulomb breakup, theection and +5.6° in the vertical directions. NEUT consists of
scattering angle is directly related to the impact parameter a30 plastic scintillator rodg15 rods for each laygr Each
will be shown for the semiclassical approximation. For thedetector has a dimension of 6.1 ¢@)Xx6.1cm(V)
nuclear breakup, the scattering angle is used mainly to detei 214 cm(H), coupled to two photomultiplier tubes on both
mine the orbital angular momentum transkem the transi-  ends. The front side of NEUT was equipped with a thin layer
tion to a given discrete state and thus can be used to assig plastic scintillators(VETO) set in order to reject the
the spin-parityJ™ of the excited state. charged particle background. The TOF information of the
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neutron was obtained by taking the mean value of the two T T

——— T
timings of the fired detector of NEUT. The horizontal posi- [ "Be+Pb->"Be+n+ (a) ]
tion was obtained by taking the difference of the two tim- 1.5 [ $0°=6=6° n
ings. The vertical position was determined by the position of (o X $0°<0<1.3° ]
the fired rod. The momentum vect®(n) was thus recon- [

structed from the position and TOF information of these de- 1.0
tectors. The momentum resolutiobo) of the neutron in the
projectile rest frame was 1.7% and 2.0% for the Pb and C o
targets, respectively. The intrinsic neutron detection effi- = 0.5
ciency of 13.4% for the threshold energy 6 MeV(etectron '
equivalent was obtained from a separate experiment usings— :
the’Li(p,n)Be reaction at 66.7 MeV. This energy threshold -  0-0
was used to reject all the-ray-related events. ;ﬂ"

The °Be fragment emitted in the reaction was bent by a =3 0.06 [ $0°<0<12° ]
large-gap dipole magnet, was traced by the multiwire drift ™ - $0°£0<0.5° (x4)
chamberFDC) located downstream of the magnet, and pen- ,,g [ J] ]
etrated the hodoscogElOD) which consists of seven plastic 0.04 n
scintillator slats of 1 cm thickness. Particle identification was - o %
performed by combiningA\E and TOF information from the [ 00%000° °
hodoscope with the magnetic rigidity information from the 0.025
tracking. The momentum vector ¢fBe [P(}°Be)] was de- L
duced by the combination of TOF between the target and
HOD (about 4 m and tracking analysis. The momentum
resolutions(1o) of 1®Be for the reaction with the Pb target
were 0.80%, 0.77%, and 0.32%, respectively, for BaeP,,
and P,, which represent the horizontal, vertical, and parallel
momenta. Those for the C target were 0.47%, 0.47%, and FIG. 2. Relatve energy spectra for''Be+Pb at
0.32%, respectively. This difference in the energy resolutior89 MeV/nucleon(a) and for 'Be+C at 67 MeV/nucleon(b).
for the transverse directions according to the target is due tdhese are plotted for the whole acceptance regpen circlegand
the different multiple scattering between the heavy and lighfor the selected forward anglgspen diamonds The data points
targets. are compared to thEl direct breakup model calculation. The solid

The relative energy resolution was determined by a Monté&urves are obtaint_ed with thezis code Wit_hoz2 (spectroscopic factor
Carlo simulation incorporating the momentum resolutions of©" the halo configurationof 0.72, while the dotted curves are
08¢ and the neutron. The relative energy resolutjful obtained with the equwalent photon method V@%FO.GQ. For the
width at half maximum(FWHM)] was thus estimated to be carbon data, two discrete peaks correspondingste1.78 MeV
0_44\§a MeV and 045’% MeV, respectively, for the Pb and 3.41 MeV marked by the arrows are observed.

and C targets. The angular resolution i 1o was 0.41° o o
and 0.48°, respectively, for the Pb and C targets. lected forward angular ranges €°6<1.3°(0°<¢

The geometrical acceptance for tHge and neutron was <0-5°) for the PiC) targets. The angular ranges for the
estimated by a Monte Carlo simulation. Here, events werdhole acceptance are different depending on the target used
generated as a function &, and 6, and the corresponding because the anglé in the projectile-target center-of-mass
acceptance functions for the Pb and C targets were deducd@me is about twice as much as that in the laboratory frame
for these observables. The net geometrical acceptance wi the C target, while they are about the same for the Pb

obtained as a ratio of the breakup events of interest with antRr9et. _
without acceptance correction. The acceptance thus esti- The Spectra for the whole acceptance show conspicuously
mated turned out to be 52% for the Pb target with the energydifferent characteristics depending on the target. A huge
angular ranges of €E,,<5 MeV and 0°<#<6°. The asymmetric peak is seen for the Pb target, while two peaks,
same quantity was 31% for the C target, with the ranges oforresponding to the known states B{=1.78 MeV and
0<E,<8 MeV and 0°< §<12°. 3.41 MeV, are seen on top of the decreasing continuum for
the C target. The breakup cross sections for the whole accep-
tance with E, Iintegrated up to 5 MeV are
IV. RESULTS AND DISCUSSIONS 1790+2Qstaj+110(sysh) mb for the Pb target and
93.3+0.8stad ‘3% (sysh mb for the C targetsee the first
column of Table ). Here, the systematic uncertainty comes
The relative energy spectra for the Pb target and C targehainly from that in the neutron detection efficiency, which
data are shown in Figs(@ and 2b), respectively. There, the affects solely the absolute normalization of the spectrum. A
cross sections for the breakup channel iff®e+n are plot-  minor contribution to the uncertainty is due to the target
ted for the angular range G20<6° (0°<#=<12°) corre-  excitation and due to the events decaying to'flie excited
sponding to the current whole acceptance and for the sestates, which can be significant for the carbon target data.

A. Overview of E spectra for Pb and C targets
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TABLE I. Cross sections of'Be— %Be+n on Pb and C targets B. Pb target data
for E,q<5 MeV. The cross sections calculated for the p&k

Coulomb breakup, and the subtracted cross sectiiFEB: non- Here, below, we discuss in detail the combined results of

first-orderE1l Coulomb breakupare also listed. Since the system- angular dlstrlblutlon and the relative energy spectrum ob-
atic uncertainty inv is for the absolute normalization, the calculated tained for the"'Be breakup on thPT Pb target, used to extract
o, reflects mainly this uncertainty, while the uncertainty in NFCB the pure Coulomb breakup contribution.

is mainly statistical. See also Sec. IV D for a discussion of the

NFCB component. 1. Framework of the analysis

The Coulomb breakup cross section can be factorized into
the E1 transition part(structure pajtand the reaction part.
Pb 1790+ 20stay+110(sys) 1510492 280+ 20 gor tths El ktransitio;:, we anakllyzg r:he data in ftelrlms 01; t.hed
+5.6 0.8 irect breakup mechanism, which has successfully explaine
c 93.3£0 8sta-15.{sys) 12574 808+0.8 the B(E1) dis?ributions for the Coulomb breakupy of F())ne-
neutron halo nuclei at low excitation energi{®10,31. For
These contributions have been estimated and subtracted u§e reaction part, we use two methods the semiclassical
ing the Q-value spectrum reconstructed from all the fourfirst-order perturbation theory of the equivalent photon
momentum vectors of'Be, °Be, and the neutron. The method[34,35 and(2) the quantum-mechanical approach of
events excluded with this procedure were about 4% and 19%istorted-wave Born-approximatigbWBA) using the code
of the total events for the Pb and C targets, respectively. ECIS [3€]. In the case of the equivalent photon method the
The substantially larger cross section for the Pb targe€élouble-differential cross section can be given as
over the C target is a clear indication of the dominance of the 3
Coulomb breakup for the Pb target. The current relative en- do” _ 167 dNe (6, B dB(El),
ergy spectrum observed for the Pb target is consistent with dQdE 9ic  dQ dEg

our previous experimerf®]. The absolute value in the cur- \yhere Ng1(6,E,) stands for the number of virtual photons

rent experiment is about 17% smaller in the central vaIuequth photon energyE, and scattering anglé. HereB(EL) is
This discrepancy of the central value is within the systemaliGye requced transition probability for &l excitation. The

u.ncertainty(.of about 20% of the absolute va]ue in t'he Pre- nhoton numbemlNg;(0,E,) represents the reaction part, and
vious experiment. The current Pb spectrum is consistent wit (E1) represents the, s?ructure art '
the GSI datd31] if one takes into consideration the different In thepDWBA method. we dipscrétized the excitation en-

virtual photon spectra at the two different incident energies. .
The two peaks observed for the current carbon target daty 9 For each energy bin, thB(E1) from the structure

were not observed in the GSI data at 520 MeV/nucl&ii model was integrated to obtain the Coulomb deformation
This fact may be attributed to the different contribution of length parametgﬁc (:'B.R' with deformation par_amete,B
ffmd nuclear radiuR), which was then used as an input of the

the inelastic scattering to these states for different inciden . R .
g ECIS code to obtain the angular distributions. The reaction

energies. The eikonal calculation in R¢B3] suggests that . X S
the diffractive breakup, which contains the inelastic scatterPa't iS also independent of ti#E1) spectrum in this quan-

ing to discrete states, is expected to have a factor of 3-§/M mechanical approach.
larger cross section below 100 MeV/nucleon than at high _ _
energies. In fact, the current cross section is about 3 times 2. Direct breakup mechanism

larger than the value of 32.:6.6) mb reported in Ref[31]. In the direct breakup mechanisii9,16,17,22,28 the

Due to the smaller cross section at higher energies, the peak§E1) distribution contained in Eq3) is described simply
might not have been statistically significant in the GSI ex-py the matrix element

periment. The larger cross section and the better energy reso-
lution at intermediate energies compared to higher energies dB(E1) _
may be better suited for spectroscopic studies of such dis- dE,q -
crete unbound resonance states. ] - )
It should be noted that thenremoval cross section inthe ~ The wave function for'Be in the ground stateb(r), is
1n coincidence measurement with the detectors placed in th@pPresented by the product of the radial p&(t) and the
forward direction adopted in the current and in the quotec@ngular part of the single valence neutron. 'Hie operator
GSI experiments corresponds to the diffractive breakup cros§volvesr, the relative distance between the core and valence
section, while the other component of the reaction, the 1 neutron. The final statég| describes a neutron in the con-
knockout process, is out of the acceptances. Taking into adinuum. The matrix element represents approximately a Fou-
count the fact that the diffractive breakup cross section igier transform ofrR(r). In fact, it is an exact Fourier trans-
expected to be about half of the total femoval cross sec- form if one neglects the interaction in the continuum and the
tion at intermediate energig83], we find that the current final state(q| is assumed to be a simple plane wave. The
cross section is consistent with the value of @9 mb ob-  B(E1) spectrum at low excitation energgmall q) is there-
tained for the!'Be+°Be reaction with no coincidence with fore an amplified image of the density distribution for large
the neutron at a similar incident energy of 60 MeV/nucleonr—i.e., the halo distribution. In other words, tlE& ampli-
[6]. tude at low relative energies is proportional to the asymptotic

Target o (mb) ogr (Mb)  onecg (Mb)

3

2

(4)

(a5 iem)
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Impact parameter b (fm) dB(E1 Ze 2
| — T ED) a?|{q|=rY:["Be(0") ® v2s,| .  (6)
100 30 20 10 dEe) A
3 T T T T T

"Be+Pb->"Be+n+Xx

The comparison of thé&l amplitude(or differential cross
section to the theoretical expectation thus leads to the deter-
mination of the spectroscopic factor for the halo state as was
successfully shown in the previous experiments ‘dBe
[9,17,31, ¥°C [37], and*°C [10].

103 E

3. Angular distribution

Figure 3 shows the cross sections plotted as a function of
the scattering anglé of the °Be+n c.m. system of thé'Be
breakup on the Pb target. Here the angular distributions are
shown for the twde,. energy regions of & E,o <5 MeV (a)
and O<E =<1 MeV (b).

These angular distributions are compared to the calcula-
tions performed with the equivalent photon method and with
the DWBA method(ecis). For both casesB(E1l) has been
calculated according to E@6), with the halo wave function
obtained using a potential model based on a Woods-Saxon
potential with parameteng=1.236 fm anda=0.62 fm. The
experimental value of the binding ener@ was used to

FIG. 3. Angular distributions of thé’Be+n c.m. system scat- giestteo rrrtnel(rj]-ewa\t/k(]-:'efur:,\c/:fil(l)-r??r?ttne Eg;%rr?lﬁ?[;] ngecalgzﬂizgate,
tered by the Pb target for thge ranges of G E,q <5 MeV (a) and . . . .
0<E,y=<1 MeV (b). The solid(dotted curves show the calculated using the same interaction potential.

results with thezcis code(equivalent photon methgdThe arrows N the equivalent photon method the angular distributions
show the grazing angléy, (=3.89). in Fig. 3 have been obtained by integrating B(&1) distri-

bution over the relative energies and by folding with the
experimental resolutions. The cutoff impact parameter for
he calculation of the photon number adopted there is
2.3 fm, as given in Ref[9]. For thekcis calculation, we
assume a purel Coulomb excitation with the optical-model
potential parameters determined by fitting ti@ + Pb elastic
scattering data at 84 MeV/nucledB8]. The values of the
parameters adopted are given in Table II.

The normalization to the experimental data has been ob-
tained by matching the amplitude at the most forward angles
®(r) = a|Be(0") ® 12s,,) + B'Be(2) ® vids) + -+, for the O<E,y<1 MeV data[see Fig. 8)]. Note that the

5) normalization obtained in the analysis shown in Figh)3

(0<E,,<1 MeV) can reproduce the normalization used for

Fig. 3a) (0<E,,=<5 MeV) as well. The resulting¢® turned
wherea? and 52 represent the spectroscopic factor for eachout to be 0.72 when using theeis technique and 0.69 when
configuration in the term expansion. The first term is the halapplying the equivalent photon method. The final determina-
configuration since the-wave valence neutron has no cen-tion on the spectroscopic factor and the discussion on its
trifugal barrier and, combined with the very low binding en- uncertainty will be presented with the relative energy spec-
ergy, represents the halo tail. Hence, B{&1) distribution at  trum below.
low excitation energy is sensitive only to the first term of the Shown in Fig. 3 are the angular distributions character-
wave function, as in ized by a forward peak and a sharp falloff, which can be

da/dQ (b/sr)

0 1 2 3 4 5 6
0 (deg)

normalization coefficient of the halo wave function. Namely,
the Coulomb dissociation probes exclusively the halo part o
the wave function.

One can then relate thB(E1) amplitude to the spectro-
scopic factor of thé'Be single-particle state as described in
Refs.[9,10,31,37. The wave function of the ground state of
1Be can be described as

TABLE II. Optical potential parameters used for theis calculation of the'!Be+Pb reaction at 69 MeV/nucledfirst row) [38] and
those for thet'Be+C reaction at 67 MeV/nuclegisecond and third rowg47,49.

Energy/nucleon \% r, a, w My ay
Original reaction (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)
170 +20%pp [38] 84 50 1.067 0.8 57.9 1.067 0.8
1Be+'2C (set 3 [47] 48 155.9 0.632 0.994 92.66 0.593 1.042
2c+12C (set b [48] 84 120 0.71 0.84 34.02 0.96 0.69
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easily understood in the semiclassical picture. When the TABLE lll. Comparison of spectroscopic factors obtained from
Coulomb excitation occurs with a low-energy virtual photon different reactions. For the Coulomb breakup, Qiuantum me-

as in the case of a loosely bound nucleus, the virtual photoghanica) stands for theecis analysis, while SC(semiclassical

is absorbed by the nucleus at a large impact parameter &fands for the semiclassical equivalent photon method. For transfer
small scattering angles. In fact, the impact paramétés reactions, Ref[40] is a reanalysis of the experiment of RE39].
related to the scattering angleby b=a cot(6/2) =2a/ 6 in For the knockout reaction, Ref42] is a reanalysis of the experi-
this semiclassical treatment, wheaestands for half the dis- M&Nt of Ref.[6] with a corrected eikonal model.

tance of the closest approach. The impact parameter axis in

this relation is shown on the top of Fig. 3. One can see that . E/A 5

even events at large impact parameters of more than 100 fm Reaction (MeV) References @

can contribute to the Coulomb breakup. Coulomb 69 Present 0.72+0.000M)
As for the comparison of the distributions, an overall  preakup

agreement of the calculation with the experimental data has 0.69+0.04(SC)

per—_zn qbtamed at forward angles for both energy regions, 72 9,17 0.80+0.20(SO)

indicating the dominance of thel Coulomb breakup with

the direct breakup mechanism. Between the two models, the 520 (31 0.61£0.0550

guantum mechanical calculation gives a better agreement for Transfer 12.5 [39] 0.77

a wider range of the angular distribution. This may be due to €action

the fact that theecis code incorporates the quantum me- [40] 0.60,0.36

chanical trajectory on the optical potential and the extended 35.3 [41] 0.67-0.80

charge distribution of the target. Knockout 60 [6] 0.87+0.13
In spite of the successful explanation of the data at for- reaction

ward angles, there still remains a deviation at large scattering [42] 0.79+0.12

angles, in particular beyond the grazing anglg (=3.8°).
This can be attributed to a larger nuclear contribution and/or
higher-order effects at these angles. Even forabis calcu-  where the overall agreement with the experimental data is
lation, a slight deviation remains for the angles above 1.3%vident, although a deviation &~ 1-2 MeV can be ob-
for E.q<5 MeV and above 2.8° foE, =<1 MeV. In turn,  served. This deviation may be attributed to a nuclear contri-
the selection of the data at forward angles is proved to béution and/or to higher-order effects in the electromagnetic
very effective to extract the almost purgl Coulomb excitation process. The difference between the calculation
breakup component. This is also supported by an elaboratend data provides a measure of these effects, as will be dis-
theoretical calculation which included all higher-order ef-cussed in Sec. IV D. The dotted curve obtained with the
fects in Coulomb and nuclear excitatiof@l]. There, the equivalent photon method with?=0.69 is also shown in
prediction has been that the pug¢ Coulomb breakup oc- comparison with the data. In this case the deviation is larger
curs within about one-half of the grazing angle. due to the impact parameter cut as can be seen in the angular
distributions of Fig. 3. The integrated cross section for the
pure E1 breakup calculatioecis) and the residual cross

In Fig. 2(a), the relative energy spectrum selected for thesection are listed in Table I.
forward angles(#<1.3°) is compared with the pur&l The integrated3(E1) obtained from the data selected for
breakup of theecis calculation(solid curvg and that of the the forward angles amounts to 1.05+0&&m? correspond-
equivalent photon metho¢dotted curve Since these two ing to 3.29+0.19 W.u forE, <4 MeV. This can be com-
calculations give almost the same results, the dotted curve jgared to theE1l non-energy-weighted cluster sum rule as
hardly appearing in the figure. The angle of 1.3° correspondproposed in Ref[43]:
to 30 fm in the semiclassical framework. This angle-selected _
spectrum agrees perfectly with the calculation and shows B(EL) = (3/4m)(ZeAXr?), (7)
that the selection of the forward angular region is, indeedwhere(r?) represents the mean-square distance between the
very effective to extract th&l Coulomb breakup compo- yalence neutron and core, a@cand A represent the atomic
nent. The spectroscopic factor for the halo ground state ignd mass numbers &Be in thj:ﬂesent case. From the sum

(

thus deduced to be 0.72+0.0Cis) and 0.69+0.04equiva-  yp to E,=4 MeV, we obtain\(r?)=5.77+0.16 fm for the
lent photon methodl which are consistent with each other. .15 neutron. which is consistent with the value of

These values agree well with those obtained from the angula§ 740 4 tm obtained from the GSI experiment.
distribution analysis. The extracted spectroscopic factors are 1o energy-weighteB1 sum rule(TRK sum rulg can be
listed in Table Il and are shown there in comparison with, ritten as
those obtained in other breakup experiments and other ex-
periments using different reactions. ” _ 9 7%e?NZ

The spectroscopic factafa®=0.72 extracted from the fo EXB(El'Ex)dEX:ET%X' (8)
data with the restricted angular range is then used to calcu-
late the spectrum for the whole acceptariosing theecis  The TRK E1 sum for'Be is 38.1¢? fm? MeV, while the
method. The result of this calculation is shown in Figa  observed strengt{from the one-neutron decay threshold en-

4. Relative energy spectra
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5.24 —
e > 1.78Mev  0=6.0°
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4.36 5/2* E g n
) / - 200 .
3.893'967“ —‘3_81 3/2% 3,8107 . | ~—r 3411MeV
341 (5/2.3/2)% Be(z") + n g
~ 3
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2.69 NS
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1.78 (5/2,3 2+ > 10?
R 5/2* c
3
0.32 1/2- 0.504 } .
.32 1/2 10 .
g.s. 1/2* g.s. 1/2* Be(g.s.) + n = 10
"Be(Exp.) "Be(Calc.;+) ‘o
FIG. 4. Experimental and theoretical energy leveld'&fe. The r 3.41 MeV\"‘ >
experimental spectrum is from Rg#5] and includes the present 10°F (XO 1)
spin-parity assignments for the 1.78 MeV and 3.41 MeV states. The N N P A T P
theoretical spectrum for the positive parity states-&e was ob- 0 2 4 6 8 10 12
tained by shell model calculatioriexsAsH) with the WBT interac- 8 (deg)

tions. The energy levels dfBe(g.s) +n and the first excited state of

10
Be+n are also shown. FIG. 5. Angular distributions foE,=1.78 MeV and 3.41 MeV

states. The solid and dotted curves are obtainegldwycalculations
ergy to E,=4 MeV) amounts to 1.52+0.28°fm?MeV, for theL=2 transitions to the 1.78 MeV state wilfi=5/2" and the
which is only 4.@5)% of the expected total TRK sum. In the 3.41 MeV state withJ"=3/2*, where the optical potential param-
present case, however, the cluster sum rule is more appropsters are from thé'Be+"“C reaction[solid curves, seta)] and the
ate for a comparison with the experimental result. The clustet’C+C reaction[dotted curves, séb)]. The calculation assuming
E1l sum (molecular sum S, is defined by subtracting the L=1 is shown by the dot-dashed curve for the 3.41 MeV state ex-

contribution of the core internal motion from the total TRK Citation. In the inset an example of the fitting of the excitation

sum as inf44J: err:ergy spectrum used to extract the cross section at a fixed angle is
shown.
5 = 9 h2e2< NZ NCZC) ©
47 2m \ A A ) spond to the known states #hBe atE,=1.78 MeV (second

' " excited statpand atE,=3.41 MeV, as shown in Fig. #45].
where the suffixc represents core-related quantities. The Ob'§o far, these states have been identified by transfer reactions
served sum exhausts 70% +10% of the cluster sum o

10y 9
2 10p 4 . on “Be [39] and “Be [46]. The 1.78 MeV state has been
2.18€? fm? MeV for the *®Be-n motion. It should be noted assigned to be a7=(5/2,3/2". As for the 3.41 MeV state.

that this value agrees with the spectroscopic factor for th? e spin-parity assignment has been more controversial, with
halo state. The cluster sum may provide an alternative wa ositive-parityd™=(1/2,3/2,5/2" [45] and negative-parity

of extracting the spectroscopic factor for the halo state. .
g b P J7=3/2 [46] assighments.

The angular distributions for the excitation of these states

C. C target data have been obtained by fitting the relative energy spectrum
The relative energy spectra for''Be+C at for each 6 _bin. The fitting_function consists of Gaussians

67 MeV/nucleon shown in Fig.(B) have been investigated COrrésponding to known discrete states ufEje5.24 MeV

in combination with angular distributions. We first describePIUS arbitrary exponential and polynomial functions for the

here the results on the two observed peaks by showing thefePresentation of the continuum background component. One
angular distributions and compare the results with shelfX@mple of the fitting result is shown in the inset of Fig. 5.
model calculations. We then further investigate the angulatVe find that only the 1.78 MeV and 3.41 MeV states have

distribution to extract information on the reaction mechanisnsignificant cross sections amongst the known states.
of the breakup with a light target. The angular distributions thus obtained are shown in Fig.

5. The integrated cross sections up #s12° amount to
10.7+2.1mb and 5.9%1.2 mb, respectively, for the
1.78 MeV and 3.41 MeV states. A systematic uncertainty of
In the relative energy spectrum for thé&Be breakup on  about 20% arising from the ambiguity of the choice of the
the C target, two resonance peaks centered Egf  continuum background function is incorporated in the quoted
=1.29 MeV (E,=1.79 MeV) and E=2.88 MeV (E, uncertainties. We have compared these data with the DWBA
=3.38 MeV) have been observed with significant strengthscalculation(Ecis code using a standard vibrational model.
embedded on the continuum component. These states cori@eth angular distributions follow the patterns characteristic

1. 1.78 MeV and 3.41 MeV states
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TABLE IV. Deformation lengths obtained for the 1.78 MeV and ' ' ' '(u) ' ' ' '(b)
3.41 MeV states with the two different optical potential parameter T "Be+C->"Be+n+X
sets[set(a) and set(b)], compared with shell model calculations ‘> 104 3
with Bernstein’s prescriptiofi51]. The spin-parity assignments of = £,=0.6MeV E,=1.8MeV
J7=5/2" and 3/2, respectively, for the 1.78 MeV and 3.41 MeV 7 _ 3 L=1+2
states have been adopted. 2 L S L=1 T
E -----L=2
State J7 S (fm) . 02 | 1l
)
1.78 MeV 5/2 Expt. [set(a)] 1.27+0.25 g f
Expt. [set(b)] 1.16+0.23 > 10! } -~ L J
Shell model 1.23 S E1 (ECIS) \\‘\
1 1 A | 1 1 1 1 1
3.41 MeV 3/Z Expt. [set(a)] 1.42+0.28 0 2 4 6 8 o0 2 4 6 8
Expt. [set(b)] 1.02+0.20 0 (deg) 0 (deg)
Shell model 1.36

FIG. 6. Angular distributions of'Be on the C target fora)
0.5 MeV=<E,;=<0.7 MeV corresponding to the structureless con-

of L=2 transition. In theecis calculations, we have adopted tinuum and for(b) 1.7 MeV<E,<1.9 MeV corresponding to the
the 5/2 and 3/2 assignments, respectively, for 1.78 MeV region containing the 1.78 MeV state. The dotted, dot-dashed, and
and 3.41 MeV to reproduce the=2 transitions, although the S°id ines represent the componentlof1, L=2, and their sum,
choicé of either the 3/2or 5/2" assignm('ent does not respectively. The calculation of the puEl direct breakup with

2_ i
modify the angular pattern. The assignment in Hoes cal- "=0.72 Is also shown by a dashed curve (@x
culation reflects the agreement with the level order in a shell . ) ) )
model calculation for the positive-parity states as describedeformation lengths are consistent with the experimentally
below (see Fig. 4 Two different optical potential parameter Obtained values, with a better agreement with the results ob-
sets(a) [47] and (b) [48], given in Table II, are adopted for tained using the optical potential parameter (st
extracting the differential cross sections. The calculations are The reasonably good agreement both for the level ener-
in good agreement with the data for both parameter sets. Agies and the transition strengths shows that the shell model

for the 3.41 MeV state, the=1 assignmentJ™=3/2") is describes rather well these positive-parity states with spin
clearly excluded, as can be seen in Fig. 5. assignments of 5/2and 3/2, respectively, for 1.78 MeV

The deformation lengths (=8R) can be obtained from and 3.41 MeV states. ;)I'he main shell model configuration for
the DWBA analysis as well. The results are listed inthe 1.78 MeV state iS°Be(0") ® v1dsy,. ON the other hand,
Table IV. These deformation lengths as well as the experith€ 3.41 MeV state has only a small fraction of the1
mental energies are compared to shell-model calculation f cl)ngle;partlcle component and a larger contribution of the
the positive-parity states it'Be in the p-sd model space Be(g ) ® v2s,» configuration. It should be noted herg that
with the WBT effective interaction9,50. The comparison ~ €ven if the 3.41 MeV state has a large component with the
of the experimental and calculated energy levels is shown iTOBe(Zl) e_xcned core, t_hISO Conilggratlon dgcays into
Fig. 4. The deformation lengths can be obtained by introduc: Be(g.s) since the decay intd®Be(2]) is energetically for-

ing Bernstein's prescriptiof51] bidden(see Fig. 4.
We note here that the inelastic scattering oh=a0 target
_ 47 M, + b M, (10 as in2C rather favors thé =2 excitation because this reac-
3eR b,Z+DbN ’ tion yields, in principle, isoscalar excitations. This may be

here M dM i d i ltinol i the reason for the observations of these positive-parity states
WI ere tp ?I'T1 n are 9{2; on SE neutron t"lﬁ lpote m? X in the present experiment. The inelastic scattering on a dif-
elements. 1he parametars andb, represent tn€ interaction ooy target, such as a proton, would be very interesting to

strengths of the probe partic[e, r?spgctively, for protons angtudy since this would excite states with differdfit A com-
heutrons. We ad(?mp:bnzl since'’C is aT=0 probe as in arison of the transition strengths for the observed 1.78
the case ofx particles, where the same parameters are usedy1ov and 3.41 MeV states probed by a different target

In the vibrational model, the facta is given by would be also interesting since this would lead an indepen-

5 dent determination oM, and M, thereby enabling the ex-
C=1/ L traction of different neutron and proton deformations.
f

wherel; represents the nuclear spin of the final state. With 2. Angular distribution and E1 Coulomb component

these prescriptions, shell model calculations provide the ma- A further investigation of the reaction mechanism of the
trix elementsM,, and M,, from which the theoretical defor- *'Be breakup on the C target based on the analysis of angular
mation lengths have been deduced. The results are presentdidtributions has been performed. These are shown in Fig. 6
in Table IV. In this calculation, we have adopted the conven{or a pure continuum region just above the neutron threshold
tional effective charges of,=1.3e ande,=0.%, which are  (a) and in the region containing the 1.78 MeV stéte. We
commonly used in thesd-shell region[52]. The calculated find that the angular distributions are characterized by a
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strong peak at very forward angles and a diffraction pattern ' ' ' '
at larger angles. These angular distributions are compared to
EcIS calculations with a restriction of excitation multipoles to
L=1 andL=2. The curves labeled=1 in Fig. 6 consists of

a calculation performed usingl Coulomb excitation and
the isoscalar component of the nuclear excitafte8 while

for the L=2 case a vibrational model for Coulomb and
nuclear excitations has been adopted. An overall agreement
of the data with this decomposition is obtained. In Fith)6

we see a dominance of tHhe=2 diffraction pattern, as ex-
pected. The remaining small deviations may be attributed to
contributions from theL=1 isovector nuclear excitation,
higher multiple excitations, or from the events decaying into
the 1%Be excited states. Also shown in Figais the result

of the pureE1l Coulomb calculation with the direct breakup
mechanism assuming a spectroscopic faeter0.72.

As a main result of this analysis we find that the notable
peak at the forward angles is reproduced perfectly by the [ 7. (5 TheE,, spectrum for the Pb targédpen circlesfor
Coulomb breakup. We see the strong forward peak even ighe whole acceptand®°® < ¢=<6°) is compared with the pure first-
Fig. 6(b) which shows the angular distribution for the exci- order E1 Coulomb breakup calculation with?=0.72 (solid line).
tation of the state at 1.78 MeV. This result led us to comparerhe difference between thethistogram represents the non-first-
the relative energy spectrum for the C target at the selectegtder Coulomb breakupNFCB) component(b) The NFCB com-
angular range 0% §=<0.5°. As shown in Fig. @), we have  ponent is compared to the C target data with the scaling fdctor

(v)
,|{ X NFCB in Pb data
0.2 }|{ ¢ C data x2.1 E

do/dE., (b/MeV)

obtained indeed an excellent agreement with Eiedirect =2.1.
Coulomb breakup model even for the breakup with a light
target such as carbon. In the previous breakup experiment dtBe on Pb at

The present work on a light target has demonstrated that2 MeV/nucleon[9], we adopted thé& parameter to be the
the invariant mass spectroscopy in combination with the anratio of the sum of the radii of the target and the projectile,
gular distribution analysis offers a very useful spectroscopigyhich is 1.8. This is based on a simple geometrical argument
tool for a loosely bound nucleus, where unbound states argat the nuclear excitation is a peripheral phenomenon. On
easily populated. In the present analysis, collective modelghe other hand, Ref31] extracted a larger value df=5.4
have been adopted in the calculations for simplicity. It wouldhased on the eikonal calculation. In theoretical works, this
be interesting to compare more elaborate microscopic reagatio varies very much: a simple Serber mof#{] that has a
tion models to the present results. For instance, thels3 target mass dependence giies 2.6 for Pb/C, while
continuum-discretized coupled-chang€DCC) method can  the model in Ref[18], whereAl target mass dependence is
be one of these powerful tools. The present results may Prasuggested, providds=17.

vide a good test of such reaction theories of the breakup of |n the present work, we have extracted the Coulomb

loosely bound nuclei. breakup contribution independently from this scaling factor
by using the angular distribution. Therefore, the extracted
D. Remarks on the nuclear contribution and higher-order pure Coulomb component can be used to estimate the scaling
effects factorI'. Figure 7 displays th&,. spectrum for the Pb target

gnd for the whole acceptan¢®° < §<6°) in comparison

In this section, we make an estimation of the nuclear an dith the extractecE1 pure Coulomb direct breakup compo-
high multipolarities in thé'Be+Pb data. Practically, this es- =L pure Loulon p comp
nent(ecis calculation, solid lingwith the spectroscopic fac-

timation can be used to test the scaling between the nuclear’ "5 . .
breakup component in the breakup on Pb and that on ci‘or a“=0.72. The difference between the data and estimated

Coulomb contribution shown by the histogram provides

which has been conventionally used for the estimation of th%uclear contribution and/or higher-order effects of Coulomb

nuclear contribution. There, the Coulomb breakup spectru reakup. Since this difference represents the remainin
has been extracted by subtracting the nuclear contributior% P- o Prese 9
reakup contribution after subtracting first-order Coulomb

estimated by the spectrum with a light target data as in breakup, we call here this component NFCB, the non-first-
docp do do order Coulomb breakup. The NFCB component amounts to
dE. _ dE (Pb) _FdE, ©), (1) 280+20 mb which is 15.6% of the total breakup cross sec-
¢l el el tion as shown in Table I. Since we had evidence for a Cou-
where the suffix “CD” stands for Coulomb dissociation andlomb breakup component with the carbon target data, the
I' is the scaling factor. This scaling method assumes that thRFCB in the carbon target was also extracted and the result
breakup cross section is an incoherent sum of the Coulomis 80.8+0.8 mb, also given in the same table.
and nuclear diffractive dissociation. This method may be im- The NFCB spectrum is compared with that for the C tar-
portant for an experiment with smaller yields where the anget in Fig. 71b). The C target data are scaled to match the
gular distribution as in the present work is hardly obtainedintegrated cross section fdg=2 MeV, where a good
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agreement in the spectral shape is obtained. With this conprovided the deformation lengths for these states as well. The
parison, we have obtaineld=2.1+0.5, consistent with the energy levels and the transition densities have been com-
value of 1.8 adopted in the previous experiment and with thg@ared to shell model calculations for the low-lying positive
value obtained from the Serber model. This value is alsqarity states of'Be in thep-sd model space with the WBT
consistent with the eikonal calculation which giiés2.4 at  effective interaction. We have found that the energy levels
this incident energy55]. However we find a strong deviation and deformation lengths are rather well reproduced. The
at the resonance region near the 1.78 MeV state, whiese comparison with the shell model calculation also suggests
about 6. The cause of this large deviation cannot be easily"=5/2" and J"=3/2" as preferred assignments for tke
understood. We infer that this may be due to a strong nuclear1.78 MeV and 3.41 MeV states, respectively. The deforma-
and Coulomb interference for this particular resonant statetion lengths are also well reproduced with the shell model
The other possible reason is a higher-order Coulomb excitezalculation with Bernstein's prescription and the conven-
tion effect around this energy region. In any case, the posstional values of effective charges.
bility of mass dependence & for the nuclear breakup cross ~ The angular distributions have been investigated further
sections in Ref[18] can be clearly excluded. Due to the to disentangle the reaction mechanism. We have found that
consistency at the energy region where the structureless difne L=1 Coulomb component is strong at very forward
fractive dissociation dominates, we may adopt the angles in contrast to the=2 pattern in the angular distribu-
=2.1(5) as an estimation of the nuclear contribution at thistion around the 1.78 MeV resonance. In fact, the relative
incident energy. energy spectrum fof#=<0.5° is well reproduced by the pure
The value ofI’=2.1(5) is smaller than that obtained at E1 direct breakup model. This result shows that Coulomb
GSI at 520 MeV/nucleon. According to eikonal calculation breakup occurs at forward angles even on a light target such
[33], the energy dependence Bfcan be understood by the as carbon.
fact that at higher energies the black-disk-like picture is more Finally, we have estimated the nuclear breakup and/or
vague by low NN cross sections. Namely, the Serber-typdigher-order effects by subtracting the calculated phte
picture is to be modified at higher energies. Coulomb component for the Pb target. By making a compari-
son of the subtracted spectrum with the C target, the scaling
factorI' of the nuclear contribution for the Pb target to the C
target is estimated. The scaling factor needed to reproduce
In this paper, we have investigated the Coulomb andhe data atE,=2 MeV has been found to bE=2.1(5),
nuclear breakup of''Be on Pb and C targets at which is consistent with Serber-type models. This value is
69 MeV/nucleon and 67 MeV/nucleon, respectively. Bysmaller thanl'=5.4 extracted from data at higher energies.
measuring the momentum vectors of the incomitige, of  This incident energy dependence can be qualitatively ex-
the outgoing'®Be, and the neutron in coincidence, we haveplained in the eikonal picture.
extracted the relative energy spectra as well as the angular The present work demonstrates that breakup reactions,
distributions of the scattering of th8Be+n c.m. system on both on light and heavy targets, are powerful spectroscopic
both targets. tools for low-lying states of loosely bound nuclei where ex-
The obtained angular distribution of th8Be+n c.m. on  citation above the particle emission threshold is close to the
Pb has been found to be well described by the first-okder ground state. In particular, this work shows that the combi-
Coulomb breakup mechanism, in particular for the very for-nation of angular distribution data with the relative energy
ward angular regions corresponding to large impact paramspectra is very effective for extracting structure information
eters in the semiclassical point of view. The experimentaby disentangling Coulomb and nuclear excitations. It can be
relative energy spectrum selected bor 30 fm (or #<1.3°)  easily foreseen that the study of the inelastic scattering to
is in perfect agreement with the first-order plie Coulomb  states above the threshold with different targets would pro-
calculation with the direct breakup mechanism, leading to aside complementary information on the excitation process
spectroscopic factor of the halo configuratidfiBe(0*) and on the structure of excited states in the continuum. More
® v28,, of 0.72+0.04. elaborate theoretical work on breakup reactions would be
The E1 non-energy-weighted sum, corresponding to thedesirable to construct the spectroscopic properties in a more
integratedB(E1) strength, has been compared to the clustemicroscopic way for the future Rl beam science.
sum rule, leading to a root-mean-square distance of
5.77+0.16 fm for the neutron in its halo state. The energy-
weighted cluster sum rule has been applied to the present Sincere gratitude is extended to the accelerator staff of
case. The energy-weight&d strength has been found to be RIKEN for their excellent operation of the beam delivery.
70% +10% of this sum rule. It is interesting to note that thisFruitful discussions with T. Motobayashi, K. Yabana, M.
value agrees with the value ef=0.724). Ueda, M. Takashina, and K. Hencken are greatly appreciated.
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