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Exclusive measurement of breakup reactions with the one-neutron halo nucleu$Be
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Electromagnetic and nuclear inelastic scattering of the halo nuces have been investigated by a
measurement of the one-neutron removal channel, utilizing a secoftBeybeam with an energy of 520
MeV/nucleon impinging on lead and carbon targets. All decay products!ie, fragments, neutrons, and
rays have been detected in coincidence. Partial cross sections for the population of ground and excited states in
1%Be were determined for nuclear diffractive breakup as well as for electromagnetically induced breakup. The
partial cross sections for ground-state transitions have been differentiated further with respect to excitation
energy, and the dipole-strength function associated solely with transitions of the igla@utron to the
continuum has been derived. The extracted dipole strength integrated from the neutron threshold up to 6.1 MeV
excitation energy amounts to 0.9065)fm?. A spectroscopic factor for the2s,,®'°Be(0") single-particle
configuration of 0.6(5) and a root-mean-square radius of thg,2neutron wave function of 5(#) fm have
been deduced.
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I. INTRODUCTION reactions. These are, for example, the large cross sections
and narrow momentum distributions observed in the nuclear

The investigation of nuclei near the drip lines via breakupone-neutron removal channel. Recently, semiexclusive ex-
reactions at intermediate and high energies has attracted sigeriments of this kind were performed and quantitative in-
nificant interest in the past decade due to the availability oformation on the single-particle structure such as spin assign-
fast radioactive beams produced by in-flight fragmentatiorments and spectroscopic factors was obtained. We refer to
[1]. Such relatively high beam energi@anging from about Ref.[6] for a recent review and to Rdf7] for the case of the
50 MeV/nucleon to 1 GeV/nuclegrare advantageous both one-neutron halo nucleudsBe, which is the object of inter-
from an experimental point of view as well as from theoret-est here. Two processes are considered to be important for
ical considerations. The high beam energies result in shothe nuclear one-neutron removal chann@l: Knockout of
interaction times and small scattering angles, which allowone nucleon by &quasifre¢ nucleon-target reaction, artii)
the use of certain approximations and thus a quantitativénelastic excitation into the continuum or diffractive disso-
description of the underlying reaction mechanisms. Expericiation. So far, experiments have not differentiated the two
mental merits are the possibility of using relatively thick contributions and have deduced nuclear-structure informa-
targets(in the order of g/crf) and kinematical forward fo- tion by comparing the experimental cross section with the
cusing, which makes full-acceptance measurements feasibsim of the calculated cross sections for the two mechanisms
with moderately sized detectors. Thus nuclear-structure inby using an eikonal model. The fact that the two reaction
vestigations of very exotic nuclei at the drip lines are pos-mechanisms result in very different neutron-fragment rela-
sible even if such beams are produced with very low rates iive momentum domains has been exploited in the present
the order of one ion per second. experiment to separate the two contributions.

Depending on their intrinsic structure, some of these Another important subject of the paper deals with a
weakly bound atomic nuclei show the interesting property ofcomplementary process, the one-neutron removal induced by
a very large spatial extension compared to its near neighbotde electromagnetic interaction. Here, the projectile is ex-
[2-5]. Such a halolike low-density tail of the neutron wave cited into the continuum by absorbing a virtual photon gen-
function has a definite impact on the observables in breakuprated by the rapidly changing electromagnetic field of a tar-

get with high nuclear charge. The large radial extension of
the neutron density distribution of halo nuclei results in large

*Email address: t.aumann@gsi.de nonresonant dipole-transition probabilities close to the neu-
"Present address: Saha Inst. of Nuclear Physics, Kolkata-64, Indi&on threshold. This “threshold strength” was observed ex-
*URL: www-land.gsi.de perimentally for several halo nuclei, e.g., for the two-neutron
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halo nuclei®He[8] and 'Li [9—11], and for the one-neutron and_CouI_omb breakufSec. Il Q. The conclusions are sum-
halo nuclei!!Be [12,13 and 1°C [14]. The phenomenon is Marized in Sec. V.
theoretically well understood15-18. The shape of the

excitation-energy differential cross section is thereby directly Il. EXPERIMENTAL METHOD
related to the wave function of the loosely bound valence
nucleon of the projectild12,14,19, and the root-mean- The experimental method consists of producing high-

square(rms) radius of the neutron density distribution may energy radioactive beams and a kinematical measurement of
be extracted from the sum-rule exhaust[@). First exclu- breakup products in secondary targets, allowing the recon-
sive experiments involving fragment-neutrertriple coinci-  struction of the excitation energy by utilizing the invariant-
dences were performed only very recently for the moremass method. The measurement is exclusive or kinematically
tightly bound neutron-rich carbon isotop&€ and!’C[19],  complete in the sense that all projectilelike decay products
demonstrating this method to be a sensitive spectroscopre detected, i.e., reaction products with velocities close to
tool. In the present paper, we discuss the results of an exclibe beam velocity. Targetlike reaction products are not mea-
sive measurement of the electromagnetic dissociation of theured(with the exception ofy rays. A schematic drawing of
halo-nucleus*'Be. The coincident measurement pfrays  the detection setup is shown in Fig. 1. Details of the experi-
allowed for the first time to extract the partial differential ment are described in the following.
cross section related solely to the halo-neutron density, i.e., The secondary beam containif@Be ions with a kinetic
for the v2s,,®1%Be(0") single-particle configuration, pro- energy of 520 MeV/nucleon was produced in fragmentation
viding a spectroscopic factor and the rms radius. reactions of a primary®Ar beam delivered by the heavy-ion
The question arises how precise are spectroscopic factogynchrotron SIS at GSI, Darmstadt. The 720 MeV/nucleon
deduced from reactions with secondary beams. So fari’Ar beam with an intensity of about 1®ions per second
mainly reactions involving the nuclear interaction have beerimpinged on a beryllium production target of 5 gfcthick-
employed, in particular the one-nucleon removal reactiomess. Fragments were selected according to magnetic rigidity
[6]. Recently, a first experiment has been performed investiby the fragment separatdfRS [34] and then transported to
gating the transfer reaction in inverse kinemafi28,21]. In  the experimental area. The settings of the magnetic fields of
case of''Be, spectroscopic factors have been obtained ranghe FRS and the beam-transport line were optimized for the
ing from 0.4 to 0.8 for thev2s,,® 1%Be(0*) configuration.  transmission 0f?0 ions[35,36. Except for two thin plastic
Two major uncertainties arise in the case of transfer reactionscintillation detectors at the middle focal plane of the sepa-
with 'Be: the parameters of the optical potentials usedator and at an intermediate focus in the beam-transport line,
[21,22 and the difficulties in the description of the reaction no additional degrader was inserted in order to produce a
theory[22]. The analysis of transfer data from REZ3] with “mixed” secondary beam containing various isotopes. Cor-
an elaborated reaction model including excitations andesponding to the selected magnetic rigidity, isotopes with
breakup of the halo nucleus as well as the deuteron results gimilar mass-to-charge ratid/Z were transmitted, ranging
spectroscopic factors as low as 0.36 for the halo configurafrom beryllium to fluorine withA/Z from 2.4 to 2.8. Beam
tion [22], much in contrast to the result obtained from theions incident on the secondary target (0.573 g/cHiC or
neutron-removal reactiofi7] which was found to be in 1.820 g/cm "®Pb) were identified uniquely on an event-by-
agreement with the shell-model prediction of Warburton andevent basis. The nuclear chargewas obtained from an
Brown [24,25 of 0.74. The shell model predicts also cor- energy-loss measurement in a Si pin-diode placed about 80
rectly the parity inversion of thé'Be ground state, i.e., the cm in front of the targetposition 2 in Fig. 1; the mass-to-
correct ordering for the £, and Ip,, levels. This level charge ratio was obtained from a time-of-flight measurement
inversion is manifested also in the vanishing of tie-8 using thin organic scintillators, one placed at an intermediate
shell closurg26,27]. Although the shell-model calculations focus in the beam-transport line and the second one about 85
provide a fully antisymmetrized wave function, the harmonicm downstream close to the targgbsition 2 in Fig. 1. The
oscillator expansions usually used are not adequate to depper left inset in Fig. 1 shows the composition of the beam
scribe the halo states. Effective charges, pairing interactionsglentified as described above. The intensity of tHge beam
and coupling to the continuum are all necessary correctiongmounted typically to about 20 ions per second, the accumu-
to the shell mode[28,29. The fact that the electromagnetic lated statistics for breakup on the lead target corresponds to
interaction is well understood and that a quantitative descripabout one and a half day of data taking.
tion of the excitation process with relativistic heavy ions is  The emittance of the secondary beam was defined by two
available[30—32 and established for stable nuc|83] sug-  active collimators limiting the beam-spot size on the target to
gests possible advantages of utilizing this reaction mecha25x 25 mnf. One was placed at the entrance of the experi-
nism for nuclear-structure studies of exotic nuclei and maymental aregposition 1 in Fig. 3 with a diameter of 6 cm,
shed light on the problem sketched above. Remaining uncethe second one was placed 11 m downstream close to the
tainties and dependencies on the parameters used in th@rget (position 2 in Fig. 3 The position of the incoming
reaction-model description are discussed in the paper. particles on the target was measured by a position-sensitive
We have organized the paper in the following way. Sec-Si pin-diode(position 2 in Fig. 1 with a resolution ofo, ,
tion Il describes the experimental setup and details of the=2.3 mm. The nuclear chargé& and the scattering angles
detection scheme. In Sec. Ill, the results are described anaf the outgoing fragments were determined by energy loss
compared with model calculations for nucle@ec. Il B) and position measurements utilizing X485 mn? sized Si
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FIG. 1. (Color onling Schematic drawing of the detection setupt scalablg Shown are the beam and fragment detedtees texy, the
Crystal Ball photon spectrometer, the dipole magnet ALADIN, and the neutron detector LAND. The upper left inset shows the composition
of the mixed radioactive beam impinging onto the secondary targets, which are inserted at the center of the Crystal Ball. The lower right inset
displays the fragment identification for reactions'dBe on a lead target.

pin-diodes placed about 80 cm behind the secondary targeam thickness placed about 13 m downstream from the target
(position 3 in Fig. ). The overall resolution for the determi- (resolutionor,=250 ps). The acceptance for th¥Be frag-
nation of the scattering angle amountedotg=6 mrad in- ments amounted to 100%. The nuclear chatgef the frag-
cluding the multiple scattering in the lead target. In order toments was determined by combining the energy-loss mea-
detect they rays emitted from excited’Be fragments, the surements in the Si pin-diode behind the target and the
target was surrounded by therdCrystal Ball spectrometer, energy-loss information from the ToF wall, while the frag-
consisting of 160 Nal detectof87]. The granularity of the ment mas#\; can be deduced from th&p determination by
detector allows the determination of theemission angle, applying the relatiorBp~A/ZBvy, B and y denoting the
which is used to reconstruct the energy of the photon in theelocity v/c and the relativistic Lorentz factor, respectively.
rest frame of the emitting source on an event-by-event basig\n example for the fragment identification behind the target
The resolution ¢) obtained for the corrected energy of 10% according to charg&; and massA; is shown in the lower

at 3.3 MeV was dominated by the Doppler broadening reright panel of Fig. 1 for the breakup dfBe on a lead target.

sulting from the determination of the emission angle. Since the one-neutron removal is by far the dominating chan-
Behind the target, the fragments were deflected by a largerel, the intensity is shown on a logarithmic scale.
gap dipole magnetALADIN ). The trajectories of the frag- The neutrons stemming from the decay of the excited pro-

ments in the magnetic dipole field were determined by thregectile or from excited projectilelike fragments are kinemati-
position measurements in the dispersive plaxie pne be- cally focussed into the forward direction and were detected
fore the magnet using a position-sensitive Si pin-diode andvith high efficiency in the LAND neutron detectf89]. The

two times behind the magnetic field by large-area (50detector has an active area 0k2 n¥ and was placed about
x50 cnf) fiber detector$38] with a pitch of 1 mm and with 11 m downstream from the target at 0°, thus covering hori-
a distance of abdw2 m between each other. The deflection zontal and vertical angular ranges of abdt80 mrad. This
angle in the dipole field, and thus the magnetic rigidBfyis  angular range is sufficient to provide a 100% acceptance for
determined by these three position measurements. Finallpeutrons emitted from the projectile with kinetic energies up
the velocity was determined via a time-of-fligfifioF) mea- to 5.6 MeV in the transverse direction. The detector consists
surement between a thin organic plastic scintillator placedf 200 individual modules (2 0.1x 0.1 n?) allowing mul-
close to the targetsee aboveand an array of 20 organic tihit recognition, which was, however, not necessary in the
scintillators(ToF wall) with an active area of 2 n? and 5  present experiment. These individual 10 cm thick detector
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modules have a sandwichlike structuedternating layers of

5 mm iron converter and 5 mm plastic scintillat@nd are
read out from the two far-end sides providing time-of-flight
(from the mean time, resolutiosir,z=250 ps) and position
[from the time difference, resolution 7 cm full width at half
maximum(FWHM)] information. The position resolution in
the second transverse and the longitudinal directions are de-
termined by the siz€10 cm) of the modules. The total thick-
ness of the detector of 1 50% iron, 50% plasticprovides

a detection efficiency of 94% for one single neutron with
kinetic energies around 500 MeV.

By measuring the four-momeng of all products of the
decaying system as described above, the excitation energy
E* of the nucleus prior to decay can be reconstructed on an
event-by-event basis by analyzing the invariant mdss
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wherem, denotes theé projectiie rest mass. € enagy it regard to the relative energy betweétBe and the neutron

released byy rays(in the p_rojectile rest framecan be_ SePa- after the decay of'Be as a function of relative enerds,. The
rated to good approximation and the above equation can Bgerqy response of the experimental setup is shown in the lower
rewritten for the one-neutron decay channel, so that the ©Xsanel for three relative energies Bfe=0.5 MeV, 2.5 MeV, and

citation energyE* is given by 4.5 MeV, respectively.

E*=[mﬁc2+mf02+2EnEf(1—Bnﬂf cog 9, ]2 the theoretlc_al cross sections were convoluted with a re-
sponse matrix derived from such simulated spettra.
—myc?+E,, 2)
I1l. EXPERIMENTAL RESULTS AND DISCUSSION

with my sy, Enery, and Byry denoting the ground-state rest
mass, the total energy, and the veloaitic of the neutron

(fragmenj, respectivelyd, s represents the relative angle be-

tween neutron and fragment in the laboratory frame. In casg'e@surement of the one-neutron removal reaction on carbon

of decay to the ground state of the fragment, the excitation‘fﬁnd lead targets. In the.former.cas.e, the reaction is dominated
energy relates to the relative kinetic energy Bs =E* by the nuclear interaction, while in the latter case the elec-

—B,, between the fragment and the neutron, wHggés the trotmag}m?[::c mtleractlon \;]V'HI domTate the Erocess. TZgre?ryl/,
neutron separation energs, =507 keV for 'Be. not only the valence or halo neutron can be removed in the

The acceptance of the experimental setup for the coinci[eaCtion’ but also more deeply bound neutrons might be re-

dent detection of a°Be fragment and a neutron was ob- moved from an inner she.ll, €., from a core state. Com-
tained from Monte Carlo event simulations. Up to relativemonIY’ three different reaction mechanisms are considered to
energies ofE,=5.6 MeV between fragment and neutron, contribute to the one-neutron removal channel.
the efficiency and acceptance is constant (94%) and then
decreases continuously to about 25%Eat;= 15 MeV due 1 , . .
to acceptance losses for the neutron in the transverse direc- '€ aSymmetric response functiéfE) can be well approxi-
tions (see above However, all differential cross sections mated by the relation
(with respect to excitation energyiven in the following f(E)=VE exd(c—E)/b]xerf(E,),
correspond to the relative-energy region with an acceptance
of 100% for the coincident detection of neutron and frag- Ex=(c—E)/\2/o+al\2/b.
ment. Thus, no acceptance correction was necessary for the parameters depending on the relative en&gy were deter-
cross sections up to 6.1 MeV excitation energy. The overalined from a fit to the simulated response:
resolution FWHME,.|) with regard to the relative energy
between%Be and the neutron after the decay tBe is
depicted in Fig. 2. It changes from about 250 keV close to
the threshold to about 2 MeV arouiit),; =5 MeV.

The instrumental response as obtained from the Monte
Carlo simulation is given in the lower part of Fig. 2 for three The solid curves in Fig. 2 display above response function for the
different relative energies. Prior to comparison with the datathree energies shown.

A. Reaction mechanisms and cross sections

The present scattering experiment focuses on an exclusive

c=0.933<E,,—0.185,
b=0.040+ 0.228< E%*15,

rel

o=0.075+0.239< E%682,

rel
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TABLE I. Partial cross sectionéntegrated up td,.;=5.6 MeV) for breakup oft'Be on Pb and C targets populating different stafes

of 1%Be. For the lead target, the electromagnéE®1) contribution is given in addition. The calculated single-particle cross sections for
diffraction (aggf) and electromagnetic breakupEpM) are also given. The spectroscopic fact6&S are given in the last two columns.

OExpt (mb) Tcalculated (MD)
C target Pb target C target Pb target C?s

| Tot. EM oyt o) ol ol Expt. Shell modef
0"  26.91.9 60530) 47732 29.8 5.3 160 786  0.7%) P, 0.615) ° 0.74

2+ 2.2(6) 13(3) 7.63.3 6.6 16.2 0.18
1~ 2.36) 13(2) 7.52.5 5.2 12.4 0.69
2" 1.2(6) 12(3) 9.1(3.3 5.0 11.9 0.58

py 32.61.6) 64332) 501(32)

aShell-model predictions of Browat al.[25,7].
PEvaluated from diffraction cross section.
‘Evaluated from Coulomb breakup.

(i) Electromagnetic dissociation or Coulomb breakup duewvhich was subtracted after proper normalization from the
to the rapidly varying electromagnetic field of a higharget measurement with target. Such background contributions
experienced by the fast moving projectile. The inelastic elecamounted to 25% and 6% for the measurements with carbon
tromagnetic scattering may populate resonant states, the  and lead targets, respectively. The resulting totarémoval
giant dipole resonangeor cause nonresonant transitions into cross sections, integrated up to neutron-fragment relative en-
the continuum. The latter process is especially important foggies of 5.6 MeV, are given in the last row of Table | for the
weakly bound nucleons yielding large dipole-transition ma-yg targets used. The large increase of the cross section by
trix elements close to the neutron threshdfthreshold  4p6yt 4 factor of 20 for the lead target compared to the car-
strength’). Due to the smaller effective charge for higher o, t4rget indicates the dominance of electromagnetically
multipolarities[40], the cross section is dominated by dipole induced breakup in case of the heavy target.

excitations. . L The cross sections are experimentally further differenti-
(i) Nuclear inelastic scattering into the resonant or NON-_ o d according to tha%Be states populated b vzing th
resonant continuum. In case of halo nuclei, this process is .~ . 9 " populated by analyzing the
often considered as a diffractive dissociation or diffraction ofcommdenty-decay transitions of the core fragm_ents. Since
the neutron, analogous to Fraunhofer diffractive scattering of '€ CTystal Ball spectrometer covers the full solid angle, the
light on a black sphere. Since this process corresponds to &'@Y SUm energy can be determined reflecting directly the
elastic scattering of the neutron off the target, this reactiofgxcitation energy of the excited state. Figure 3 shows the
mechanism is frequently referred to as elastic breakup. ~ Doppler-correctedy-sum energy spectrum as measured in
(iii ) Knockout of a neutron from the projectile or inelastic coincidence with one neutron and'@e fragment in case of
breakup. The knockout reaction may be viewed as a quasthe lead target. The spectrum shows the first excitedtate
free (inelastio scattering of the neutron off the target. The at 3.37 MeV and also higher lying states Be at around 6
neutron-target reaction will result in a relatively large mo-MeV excitation energy. The response functions correspond-
mentum transfer to the neutron. As a consequence, the neing to the individualy rays were generated with the Monte
tron will be scattered to large angles or even be absorbed bgarlo codeGEANT [42] in a simulation procedure that took
the target and will thus not appear as a projectilelike fraginto account the Doppler shift. The low-enerdpelow
ment in the forward directioriwith a velocity close to the ~1 MeV) background originates from atomic interactions
beam velocity. In the literature, this process is sometimesof the beam with the lead target, mainly due to bremsstrah-
referred to as absorption or stripping. lung generated by fast electrons. The shape of this low-
Since the present experiment detects coincidences benergy background was obtained from thespectrum in
tween the Be fragment and one neutron in the forward coincidence with the noninteracting beam. The calculated
direction (see Sec. )| only inelastic excitations of the pro- line shapes, together with this background give the fit to the
jectile, i.e., processe$) and(ii), contribute to the measured measured spectrum shown as the solid curve. The intensities
cross section(The probability to detect a neutron from a of the differenty lines were obtained from this fit; the tran-
knockout process in the angular range covered by the LANDGitions which were considered are indicated in the partial
was estimated in Ref11] to be negligible. This is different  level schemd41] shown as the insert in Fig. 3. The partial
from the semiexclusive measurements of one-neutron resross sections populating the individual excited states are
moval reactionssee, e.g., Refl7]), where both knockout extracted from these intensities taking into account the de-
and diffraction contribute. Differential cross sections tection efficiency as derived from the simulation. The result-
do/dE* were measured for carbon and lead targets by aping partial cross sections for breakup dBe populating the
plying the invariant-mass methddee Sec. Il, Eq(2)]. An  different states of!°Be are given in Table | for lead and
additional measurement without target was performed in orearbon targets. Clearly, the dominant contribution to the
der to determine background from nontarget interactionsgross sections stems from ground-state transitions, i.e., from
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FIG. 3. Doppler correctedy-sum energy spectrum measured 02 8
with the Crystal Ball in coincidence with &Be fragment and a
neutron for the lead target. The solid curve is a fit to the experimen-
tal spectrum using response functions generated by GEANT Monte
Carlo simulations. The inset shows a partial level scheméie 01 J
[41] indicating the observed transitions and the population after
breakup. The energy of the levels is given in MeV.
0
th - o 0 1 2 3 4 5
e removal of the &;,, halo neutron, which amounts to 83% E' (Mev)
and 94% for carbon and lead, respectively. The differential
cross sections with respect to excitation enegy[see Eq. FIG. 4. Differential cross sections with regard to excitation en-

(2)] are shown in Fig. 4 for ground-state transitions. Excited-ergy E* for the reaction 520 MeV/nucleon!'Be+C,Pb
state contributions as obtained from the coincidences with —°Be(0")+n for carbon(upper framg and lead(lower framé
transitions were subtracted from the total cross sectiontargets. Contributions populating excited states*®e are sub-

These differential cross sections can thus be solely associat&@cted. The solid curve displays the sum of the nuclear contribution
with excitations of thes, , halo neutron. (open symbolsas obtained from the measurement with carbon tar-

The shapes of the excitation spectra observed for the cafet and a theoretical cross section for the electromagnetic dipole

. . excitations. The normalization of the two contributions was ob-
bon (upper_ frame in Flg'. #and Iegd targetsloyver framg tained by a fit to the experimental data.
are very different reflecting the different excitation mecha-
nisms, i.e., nuclear and electromagnetic excitations. This fact B. Nuclear breakup
can be used to independently extract the nuclear contribution
to the cross section for the lead targste also the following
subsections The solid curve in Fig. 4 displays the sum of

The cross sections for the nuclear induced one-neutron
removal reaction can be calculated using the eikonal ap-
Or?roximation, which is well justified at the high beam energy

the calculated cross section for electromagnetic excitation 1 520 MeV/nucleon used here. The sinale-particle cross sec
the 2s,,, neutron(see below and an assumed nuclear con- . diff knock ' gie-pa .
tions oy, and og, for the two contributing reaction

tribution taken from the measurement with the carbon target, N . . 4

The normalization of the calculation as well as the scalingmeChamsmS’ diffraction ar.1d knockout, respectively, can be
. . . “calculated separate(y#3,44:

factor for the nuclear cross section were determined in &

x2-minimization procedure. The fit results in a ratio i

o(Pb)/o(C) for the nuclear diffraction cross sectiofexclu- Osp :f db [(|(1-SS)|5)—K(1-SS))I?, (3

sively for thes;;, halo neutron of 5.6(4), much larger than

expected from a geometrical scaling for peripheral reactions ook ) 5

with the target radius<2.6), but in good agreement with Osp " :f db ((1-]Sy|*)[S]?). 4

the expectation from an eikonal calculatitgee below. In

the following two subsections, the nuclear and Coulomb Here,( ) denotes a ground-state expectation value &nd

breakup will be discussed in more detail after recallingandS, the profile functions for the core-target and neutron-

briefly the underlying reaction theory as far as it is importanttarget systems, respectively. The quantitksand S, are

for the discussion. expressed as functions of their individual impact parameters
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and are calculated in the eikonal approximation using density
distributions for the target and the core with parameters re-
producing measured cross sections. For'fi@target, a har- ‘
monic oscillator density distributiofd5] with parametera L e

=1.60 ande=1.026 is used, which reproduces the empirical :
rms radius of 2.32 fm 3], the reaction cross section for :

---- nuclear reaction

probability

“_._. 1nnuclear

12C+12C of 8569) mb [46] measured at 790 MeV/nucleon, 10t \ _
and the neutron plus?C reaction cross section of 2(2) ot — 1n electromagnetic
mb [47] within their experimental errors. For the core, the

density distribution of thé%Be ground state is adopted. With [ A% ¢ (f’db o /b)) / o,

the parametera=1.65 anda=0.588 for the harmonic os-
cillator density the interaction cross section for 790 MeV/
nucleon!%Be+ 2C of 81310) mb[2] is reproduced. For the 1072
lead target, a two-parameter Fermi distribut{@®] is used
with parametersc=6.53 and z=0.546 reproducingn
+20%ph cross sections at 549 MeV and 860 MBA7]. In
addition, only free nucleon-nucleon cross sections at 520 0
MeV/nucleon[48] enter the calculation; no real optical po- b (fm)
tential is needed at these high enerdi43| (see also Table _ o
2.2 in Ref.[17] and Ref.[49]). As an approximation, we FIG. 5. DISS.OCIatI(.Jn probabilities for 520 MeV/nucIeEﬂ‘Bg on
make use of the “no recoil limitT44], in which the impact lead as a function of |m|_oact paramg_lErThe _dashed curve displays
parameter of the core is assumed to coincide with the impadf® fotal nuclear reaction probability, while the dash-dotted and
parameterb of the projectile. In this case the core-target solid curves show .the.one'.ne.u”on remo‘(al probability for n“de'?‘r
and electromagnetic dissociation, respectively. The dotted curve in-

profile function can be taken outside the expectation Valu%icates the cross section for electromagnetic dissociation as a func-
and the probability, e.g., for the one-neutron knockout, re

tion of the upper integration limib, normalized to its asymptotic

duces to value. This value reaches 50% for=40 fm.
P(b)=SZ(b)(1—Sa(by)) tations of 1'Be on carbon target yielding’Be and a neutron
in the final state is obtained by integrating the inclusive
:32(b)f d3r| ()2 1—S2(by) 1, (5)  (without condition ony rays invariant mass spectrum. For
¢ . an integration limit of 5.6 MeV for the relative ener@yp to

which no acceptance correction is necesgame obtain a
where ¢p,;(r) denotes the single-particle wave function with ¢ross section of 32(6.6) mb, where the major part,
quantum numbersilj expressed in terms of the relative 26.91.4) mb, yields the core in its ground state. This can be
core-neutron distance. In this representation5, and S;  compared to 29.8 mb resulting from E@) for the diffrac-
have a very clear meaningl—S;) yields the reaction prob- tion cross section. Adding a small electromagnetic compo-
ability of the neutron with the target, whilg, guaranties the nent of 5.3 mh(see the following sectidrresults in a theo-
survival of the core(“*shadowing effect’). The result is a retical cross section of 35.1 mb. From the ratio of
surface-peaked reaction probability as displayed in Fig. %xperimental to theoretical cross section, a spectroscopic fac-
(dash-dotted curvefor the knockout of the &, neutron  tor C?°S=0.77(4) is obtained, which is in good agreement
from Be on a lead target. A similar equation is obtained forwith the shell-model prediction of Browet al. [25,7] of
the diffractive breakup. The total probability for a nuclear0.74, and also with the semiexclusive knockout experiment
reaction of *'Be with the target is shown as a function of at lower energy(60 MeV/nucleon [7]. In Ref. [7] a one-
impact parameter by the dashed curve. The neutron-congeutron removal cross section of 283 mb was measured,
relative-motion wave functionsp,; are calculated in a which includes both knockout and diffraction processes
Woods-Saxon potential with radiug=1.25 fm and diffuse- which are predicted to have similar magnitude at these beam
nessa=0.7 fm. The theoretical cross section is calculatedenergies. By comparison with the eikonal calculation of Ref.
separately for the removal of a neutron with angular moment7] this yields a spectroscopic factor of 0(&3). It was
tum | coupled to a core stat€” with separation energi,,, shown, however, by Esbensen and Bertgel] that the ei-
and is commonly assumed to be a product of a spectroscopional approximation underestimates the cross sections at low
factor C2S and a single-particle cross section given by thebeam energies. At 60 MeV/nucleon the ratio of the cross
sum of Egs.(3) and (4) [50]. The total (inclusive one-  sections calculated in the eikonal model and the full dynami-
neutron removal cross section can be evaluated by summingal calculation is=0.9 [51]. Taking this correction into ac-
over all contributing configurations. count, a spectroscopic factor of 0(19) would be obtained.

At high beam energies the one-neutron removal cross seé consistent result of 0.7Z2) is obtained if the coupled
tion is dominated by knockout, and a small flux goes todiscretized continuum channels calculation of Tostextial.
diffraction as reported in Ref43], while at lower energies, [52]is adopted for the diffraction cross secti@i5 mb, and
e.g., at 60 MeV/nucleon, the two contributions are of similarthe correction to the eikonal calculation is applied for the
size. The experimental total cross section for inelastic exciknockout cross section only. This result compares to (@)77
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we have obtained from the diffractiofplus small electro-  [31] with a minimum impact parameter bf,i,=10.38 fm as
magneti¢ cross section at 520 MeV/nucleon. Note, that atoptained from the parametrization of RE§4]. The influence
this high energy, the difference between the eikonal calculagf this particular choice fob,, is not important and was
tion and the fully dynamical calculations of Ref51]  \erified by a calculation making use of the eikonal approach
amounts to less than 1%. avoiding this parameter, as will be discussed lésere also

For .the 2+ contribution,.a ratio of e_xperil”r_]ental to_cal_cu— the calculated probability for Coulomb breakup as a function
lated diffraction cross section of 0.@3 is obtained, which is f the impact parametds, shown as solid curve in Fig)5

rather large compared to that expected from the shell-mod imilar to the eikonal calculation for the nuclear cross sec-

prediction of 0.1§25], but in good agreement with the lower .
limit of 30% for the excited-state admixture obtained from fuons, the Coulomb breakup cross sections are calculated for

the transfer reaction by Winfielet al. [21]. Two facts, how- individual _ground—stgte sing_le-particle configurations of the
ever, prevent a precise deduction of the spectroscopic factgieutron W't,h a reIatwe-mgtlon wave functiofiy;(r) and

in this case: firstly, the feeding of the' devel by the higher-  corresponding core statd ). In general, more than one
lying 1~ state results in the rather large error of 27% for theconfiguration can contribute, and the cross section involving
extracted direct feeding contribution. And second, dynamicathe core statel() is calculated by summing over the respec-
excitations might be nonnegligible in this very special casetive configurations. In that case, the differential cross section
This is due to the fact that the cross section for the populamight be used to disentangle the different contributingl-

tion of the 2" state compared to the*Ostate is very small ues[19]. The associated spectroscopic fact&&*(17,nlj)
(less than 10% A small contribution of inelastic excitation are obtained experimentally by the ratio of the measured par-
of the 2" state during removal of they, neutron might thus  tial cross sections for the population of core stat€§ ©b-
already contribute significantly to the cross section, asained from they coincidences, and the theoretical cross sec-
pointed out in Ref[7]. The experimental results are summa-tjon with unity spectroscopic factor. The final stagg in the
rized in Table | for the different core states populated. OnQ:ontinuum m|ght be approximated by a p|ane Wé§§,56_|
recognizes that the observed cross sections for the higheyye consider, however, also the final-state interaction be-
lying (17,27) states are somewhat lower than expected fromjween the neutron and the core by taking into account an

theory. The T and 2" states have @3, hole structure and  appropriate optical potential with parameters taken from the
are thus populated by the removal opaneutron from the jiterature[57].

core, while the 8y, halo neutron has to survive this reaction  |n Fig. 4, the experimental differential cross section
as a SpeCtator, which was, however, not taken into account |ﬂo-/d E* popu|ating thelOBe core in its 0’ ground state is

the calculation. The observed reduction of about 50% mighbompared to the result of the direct_breakup model given by

partly be related to this effect. Eq. (6). The plane-wave approximation was considered with
a single-particle wave function calculated for a Woods-Saxon
C. Coulomb breakup potential with radiug (=1.25 and diffuseness=0.7. Prior

. to comparison of the theoretical cross sections for electro-
The large cross sections observed for the electromagnetic X ; .
Qwagnetlc breakup with the measured cross section for lead

dissociation of halo nuclei can be explained by nonresonan[arglet one has fo take into account the cross section for

transitions to the continuum due to a large overlap betweerﬂuclear-induced breakup. This is accounted for by subtract-
the tail of the neutron wave function and continuum wave. P y

functions with large wavelength, i.e., small relative moment ;g a prop_erly scaled cross section measured With the carbon
q (direct-breakup modgl Since' the, effective charg a}arget, whl_ch represents the nuclear breakup; its small elec-
~A~ (with A being the multipolarity gets smallerelztfjr tromagnetic contrlbutlo@see Table)lis taken into account,
higher multipolarities, the breakup process is dominated bhoweve.r, when subtra}ctmg the scale.d cross section. Smce: the
dipole transitions Typ;el and Ba[#0] estimated th&2 con- ¥he_:oret|cal cross section calqulated in eikonal approximation

- y : is in very good agreement with the measurement for the car-
tribution for the Coulomb breakup dfC, for instance, to be bon target(see above we assume that the ratio of cross
more than three orders of magnitude smaller than Efie

. . . " sections for lead and carbon targets as derived from the same
cross section. Quadrupole and higher multipolarities can thu g

Salculation is reliable as well, and thus derive a scaling factor

safely be neglected and the differential cross section can b - : : -
: . . ) 4. A heck of th
factorized into the numbeNg;,(E*) of equivalent dipole 6 5 n independent check of this ratio can be obtained

. - ) . ) from the experiment since the shape of the cross sections for
photons with energ¥* associated with the rapidly varying b P

) . 2 nuclear and electromagnetic-induced breakup are rather dif-
Coulomb field of the target, and the square of the dipolggent gee Fig. 4: the solid curve in Fig. 4 shows the sum of
matrix element$15,53: '

the measured distribution for the carbon target and the elec-
tromagnetic part as calculated by E®), while the indi-
)NEl(E*)E C2s(17 nlj) vidual normalization of the two contributions was obtained
nij by a fit to the experimental data. The scaling factor obtained
from this fit depends only slightly on whether the electro-
XE |<q|(Ze/A)rY#|¢//n,j(r))|2. (6) magnetic part is computed in plane-wave or distorted-wave
m approximation and results in a value of &por 5.64), re-
spectively. In any case, the value is in very good agreement
Ng1(E*) is calculated using the semiclassical approximatiorwith the one derived from the eikonal calculation. This gives

do ) = 1673
dE*( )=\ ohc
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electromagnetic interference might play a role at the lower
beam energy of 72 MeV/nucle¢f8—61], while such effects
are found to be negligibly small at higher beam energies

o Nakamuraet al. 8 (see, e.g., Ref59,60). The continuum dipole strength inte-
A . thiswork grated from the neutron threshold up to an excitation energy
L » of 6.1 MeV amounts to 0.90(&f fm?, much larger than the

\ (g.s. transitions only) .
dipole strength of 0.100(18f fm? [62] observed for the

transition to the first and only bound excited state'iBe,
which represents one of the strongE4t transitions in nuclei
[62—65. The value of 0.90(6)° fm? corresponds to 4.4% of
the classical Thomas-Reiche-Kuhn sum rule for dipole tran-
sitions [66]. For an integration limit of 4 MeV in relative
energy, a value of 0.83(&% fm? is obtained compared to
1.3(0.3e? fm? obtained by Nakamurat al.[12].

The result of the calculations with the direct-breakup
model[Eq. (6)] is displayed in Fig. 6 by the dashed and solid
curves, before and after convoluting with the experimental
s s s ! s response, respectively. The distorted continuum waves were
0 1 2 3 4 5 calculated with an optical potential adopting parameters from

E (MeV) Ref. [57]. The normalization of the theoretical curve was
adjusted by multiplying with a spectroscopic factor of
0.61(5) as derived from the ratio of experimental to calcu-
lated cross section for electromagnetic brealage Table)l

o
(o]
T

dB(E1) / dE (€fm*/ MeV)
o
[e)]

04

02

FIG. 6. Dipole-strength distribution of'Be deduced from the
measurement of the differential cross sectthr/dE* for electro-

magnetic breakup yielding thé&®Be fragment in its ground state . .
(filled symbolg. The open symbols display the result obtained byFIrSt’ we note a remarkable agreement of theory and experi-

Nakamureet al.[12] from a Coulomb-breakup experiment at lower ment conqernlng the Sha_pe. Only mlnor.dlﬁerences Can. _be
beam energies. In the latter case, excited state contributions weRbserved in the peak region. The shape is not very sensitive
not subtracted. The dashed and solid curves display the result of tH@ the optical potential used, as can be seen by comparison
direct-breakup model before and after convoluting with the instru-With the result for plane waveglotted curvé The absolute
mental response, respectively, and after multiplying with a spectrostrength, however, changes significantly resulting in a
scopic factor of 0.61. The dotted curve results from a calculatiorsmaller spectroscopic factor of 0.54 for the plane-wave ap-
using the plane-wave approximation. proximation. In order to check the sensitivity to the param-
eters of the optical potential, we calculated cross sections
further confidence in the procedure and the calculated factatlso with other choices taken from the work of Chadwick
of 5.4 is used in the following analysis of the Coulomb and Young[57] and Bonaccorso and Carstqii7], resulting
breakup cross sections. It is interesting to note, however, thai spectroscopic factors of 0.59 and 0.63, respectively. This
this scaling factor is significantly larger than expected from asmall dependence on the parameters used is incorporated in
frequently used procedure of scaling the cross sections witthe error for the deduced spectroscopic factor of (Gpfor
the radius, which is suggested by a geometrical picture fothe halo neutron in thes3,, orbital coupled to the 0 ground
peripheral reactions. This effect is especially pronounced fostate of the'%Be core.
halolike systems, and is less important for well bound nucle- The calculated cross section, and consequently the ex-
ons, as can be seen from Table | by comparing the two crodsacted spectroscopic factor, depends to a certain extent on
sections for the lead and carbon targets calculated for ththe parameters defining the geometry of the Woods-Saxon
removal of ap neutron yielding the 1 and 2~ excited states potential. Changing the radius parameigand diffusenesa
of 1%Be. from ro=1.25 anda=0.7 tor,=1.15 anda=0.5, respec-
After subtracting the nuclear contribution from the mea-tively, will change the asymptotic normalization of the
sured cross section with the lead target, the dipole strengthingle-particle wave functiotisee Fig. 7 and thus its rms
distribution is derived from the resulting differential cross radius.
section for electromagnetic excitation by dividing out the Since the Coulomb breakup cross section is mainly sensi-
number of equivalent photons. The experimental dipoletive to the tail of the wave function, the spectroscopic factor
strength function for transitions to thé&’Be ground state changes accordingly, e.g., from O(6Lto 0.746) for the
(solid symbol$ is compared to the strength distribution as 2s;,, halo state. The stars in Fig. 7 display the transition
extracted from a measurement at lower beam energy by Ngrobability (for the 2s,,, neutron to the continuum as a
kamuraet al.[12] (open symbolsin Fig. 6. function of the relative neutron-core distance. As is evident
The shapes of the two distributions are in agreement, théom Fig. 7, the Coulomb breakup probes only the
absolute strength, however, differs significantly. This findingasymptotic part of the &, ground-state wave function
might partly be related to the fact that contributions fromwhich does not depend on the exact geometry of the nuclear
excited states were not subtracted in the older semiexclusivgotential(apart from the normalizationThis is further illus-
measurement. Also higher-order effects and nucleartrated by comparing to a Yukawa wave function
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Refs. Ref. 60MeV/nucleon 520 MeV/nucleon
0.2 | [22,23] [21] Refs. [7,48] this work B

10 T M) g FIG. 8. Spectroscopic factors for the; 2@ °Be(0") halo state
: s N derived from different reactions. The open circles connected by the
dashed line indicate the values obtained from different analysis
: TR [22,23 of the %Be(d,p)'Be transfer reactiofi23], while the star
0 5 10 15 20 25 displays the result deduced from the inveréBe(p,d)%Be reac-
r (fm) tion using a 35.3 MeV/nucleort'Be secondary bearfel]. The
open square marks the result derived from the cross section and
FIG. 7. Density distributions of thesz,, halo neutron as a func- €ikonal calculation of Ref.7], while the filled square displays the
tion of the neutron-core relative distance, calculated for two Woodscorresponding value after correction of the eikonal value according
Saxon geometriesolid and dotted curvesand the Yukawa wave to Ref.[51] (see text The results deduced from diffractive and
function (dashed ling The open squares and stars indicate the re-electromagnetic breakuhis work are shown by the filled triangle
gion of the density distribution contributing to the breakup reactionand circle, respectively. The two lines indicate the predictions of the
induced by nuclear diffraction or Coulomb breakup, respectively.Shell model by Brownret al. [25] (solid line) and the variational
The two breakup probabilities are given in arbitrary units. shell model by Otsukat al. [68] (dotted ling.

d(r>10)=NgX2/pexp —rp)lr, (7)  2s,,®'%Be(0") single-particle configuration of N
=1.2(1) and(r?¥2=5.7(4) fm were derived from the dif-

with p=%/\2uB,, andu being the reduced mass, which is ferential Com_JIomb breakup' cross sectipn, respectively. The
determined solely by the neutron separation en@®gyThe  SPectroscopic factors for _thls conflgurat_lon deduced from the
calculation using this wave functiofashed line in Fig. )7  diffractive nuclear scattering cross section _and_from the Cou-
yields the same shape of the dipole-strength distributionlomb breakup cross section are compared in Fig. 8 with those
Consequently, the Coulomb breakup probes the neutron defbtained from other experiments, and with two model pre-
sity at around 10 fm, the value of which we give as thedictions. In case of the se.m|exclu5|ve measurement of the
normalization factoN,=1.2(1) for the Yukawa wave func- One-neutron removal reaction at lower incident eneigy
tion[Eq. (7)]. The corresponding rms radius of the; halo MeV/nucleon), two values are given obtained from the eiko-
wave function, which is as well independent of the choice of?@l calculation(open square{7] and for the corrected eiko-
the potential geometry, amounts (&?)2=5.7(4) fm. Both nal calculation[51], see also Sec. Ill B. The spectroscopic
the value for the asymptotic normalization as well as the rmdactors obtained from the nuclear cross sections measured at
radius are extracted from a calculation including final-stateifferent beam energiefilled square and triangleare in
interaction. The small uncertainties due to the choice of th&¥€Ty good agreement, while the one derived from the elec-

optical potential parameters, as discussed above, are incorpiomagnetic breakugtfilled circle) is about 20% smaller.
rated in the errors. Since the two measurements are complementary and have

For the excited states'2 17, and 27, integrated cross different systematic uncertainties, one may take this as an

sections for the lead target and the electromagnetic contribdPdication that the derived spectroscopic factors are certain
tions are summarized in Table I. It is observed that everPn @n absolute scale, i.e., can be interpreted as absolute
high-lying states around 6 MeV are populated in the CouSingle-particle occupanOC|es W|trl11n a 20%11uncerta|{10ty. The
lomb breakup process with cross sections comparable to t{&Sults deduced from'®Be(d,p)*'Be and *'Be(p,d)**Be
nuclear dissociation. The limited statistics, however, prevent§@nsfer reaction experiments are indicated by the open
the extraction of precise spectroscopic factors for the excite@ircles[23] and staf21], respectively. The three circles dis-
states. Also, we observe a larger sensitivity to the parametefi@y the result of different theoretical analysis within the

of the optical potential used in the calculation, as comparedfamework of distorted-wave Born approximation yielding
to the case of the <, halo state. spectroscopic factors of 0.723] and 0.60[22], and 0.36

[22], the latter one from a more elaborated reaction model
including excitation and breakyg?2]. The uncertainty due to
the choice of parameters for the optical potential of the value

In summary, values for the asymptotic normalization and0.66 (stan deduced from the inverse reaction is indicated by
the rms radius of the neutron-relative wave function for thethe dash-dotted error bésee Figs. 7 and 8 of Rdf21]). The

D. Summary and discussion
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results of both transfer reactions are within their uncertaintiegsurve with the nuclear one-neutron removal probability
in agreement with both values obtained from the nuclear an@dash-dotted curyelt is also interesting to note that only a
the Coulomb breakup reactions, respectively. The lowesmall part of the one-neutron Coulomb breakup cross section
value of 0.36, however, is clearly in disagreement with theresults from the region of impact parameters where nuclear
breakup data and can be discarded, although the underlyirand electromagnetic processes compete: only 10% of the
analysis used a rather elaborated reaction theory. Within theross section is reached by integrating the electromagnetic
apparent uncertainties of experimentally deduced spectr@ross section over impact parameter upbte 13 fm (see
scopic factors, both theoretical models of Broetal. [25]  dotted curvg at this impact parameter, the probability for
and Otsukaet al.[68] indicated by the solid and dotted lines nuclear one-neutron removal is already down by a factor of
in Fig. 8, respectively, are in agreement with experiment2. This sets an upper limit on possible interference effects,
Note, however, that no center-of-mass correction was appliethdependent from the observation of many reaction-theory
to the shell-model values as proposed, e.g., in R6&-71.  calculations indicating that such effects are negligible at high
Applying the corresponding factor of A%/(A—1)>2 beam energy, and in particular for angle-integrated observ-
=(11/10¥ would yield a ratioSeyp/Ssm of 0.86 and 0.68 ables. In concluding this paragraph, we note that the system-
compared to the value of Browmtal. [25,7] for the atic uncertainties in calculating the Coulomb breakup cross
two spectroscopic factors extracted from nuclear and Cousection discussed above seem to be small and cannot explain
lomb dissociations, respectively. We now turn back tothe observed 20% discrepancy between the two spectro-
the observed discrepancy of 20% between the nuclear arstopic factors deduced.
Coulomb breakup data, and discuss in the following possible We now turn to possible systematic uncertainties in cal-
systematic uncertainties, which might explain the observedulating the nuclear cross section. From the fact that the two
difference. spectroscopic factors deduced from the measurement of the
As discussed in several publications, second order effectdiffraction plus knockout cross section at lower incident en-
and nuclear-electromagnetic interference effects can be nergy and the diffraction cross section at 520 MeV/nucleon
glected in case of high-energy electromagnetic excitatiorare in very good agreement, we conclude that the energy-
(see, e.g., Ref§59,60). The influence of the choice of pa- dependence of the cross section as well as the differentiation
rameters for the optical potential needed to account for th&etween the two reaction mechanisms, knockout and diffrac-
final-state interactions is rather small, as discussed abovépn, is well under contro{within the 15% error given for the
and is already included in the error of the deduced spectroexperimental result of Ref7]). One important ingredient to
scopic factor of 0.6(6). Remaining inputs to the calculation the eikonal calculation is the core-target profile function,
are the bound-state wave function, which is a common inputvhich takes into account reactions between the core and the
for both, nuclear and electromagnetic excitations, and théarget leading to reaction channels other than the one se-
minimum impact parametds,,;, in the semiclassical calcu- lected experimentally, namely, th&’Be core in the final
lation of the Coulomb breakup cross section. Sihtie isa  channel. To calculate this quantity, a density distribution of
halo nucleus, the choice of this lower integration cutoff is notthe core is assumed which reproduces the reaction cross sec-
obvious, and a value corresponding to the system@fiés tion of the free®Be nucleus with the target. A slight modi-
derived from stable nuclei might fail. Therefore, we per-fication of this density distribution might result in a sizable
formed, in addition, a calculation using the “soft-spheres” change of the one-neutron removal cross section, as pointed
model[72], which avoids this parameter. Here, the nuclearout, e.g., by Esbensen and Berté&t]. A reduction of the
absorption is properly taken into account by calculating thems radius of the’®Be core density by 10%keeping the
reaction probability within the eikonal model. The resulting harmonic oscillator density distributignhowever, increases
nuclear reaction probability for 520 MeV/nucleoh'Be  the one-neutron removal cross section only by about 5%. The
+Pb is shown in Fig. 5 by the dashed curve. The sameincertainty of calculating absolute cross sections due to am-
densities were used as for the calculation of the nuclear ondsiguities in the core-target profile function are thus rather
neutron removal cross sections. Multiplying the Coulombsmall, at least for halolike wave functions as in the present
excitation probability with the corresponding survival prob- case, and are not likely to explain the observed difference in
ability (no nuclear reactioryields the solid curve. The result the spectroscopic factors.
for the integrated cross section for electromagnetic dissocia- A last possible uncertainty that we like to address. is the
tion is very close to the result we have obtained with a sharparameter dependence in the calculation of the bound-state
cutoff of b,,;,=210.38 fm, which is given by the parametri- wave function, which is used as an input in both calculations.
zation of Beneslet al.[54] (including a small correction for The two reactions, nuclear and electromagnetically induced
Coulomb deflectio30]). A similar conclusion was obtained neutron removal, sample different parts of this wave func-
for the electromagnetic excitation of the giant dipole reso-+ion. This is illustrated in Fig. 7, where the regions of sensi-
nance in stable nuclei in Reff33]. Thus, the halo does not tivity are indicated for the nucledsquaresand electromag-
play an important role for the choice of the minimum impactnetically (starg induced reactions, respectively. The nuclear
parameter. This can be understood by inspecting the reactiaeaction probes the wave function at the surface close to the
probabilities as shown in Fig. 5: the nuclear reaction probcore (close to the binding potentialin fact, the reaction is
ability (dashed curve in Fig.)Ss rather small €10%) in  not sensitive to the inner part of the neutron wave function,
the region where the low-density tail of the halo wave func-which is “shadowed” by the core. For the electromagneti-
tion dominates, as can be seen by comparing the dashedlly induced breakup, the transition probability is largest at
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about a distance of 10 fm from the cadisee stars in Fig.)7  state, populating thé%Be core in its ground state. Small
Here, the sensitivity to the inner part is reduced due to theontributions from the d-,®'%Be(2") configuration, as
nature of the dipole-transition operator weighting the singlewell as removal from more deeply bound states yielding ex-
particle density with the relative distancgsee Eq(6)], thus  cited core states were also observed. Quantitative results for
avoiding the complication inherent in calculating core ab-the E1 continuum strength distribution associated solely
sorption. As a consequence of this different sensitivity, ayith the halo 2,/ neutron could be derived for the first
change, e.g., of the geometry of the bound-state potentiaime. From the dipole-strength distribution, the spectroscopic
might not yield the same change in the calculated cross segactor for the 3,,,%%Be(0") configuration was deduced as
tions. As an example, we calculate the cross sections for gell as the asymptotic normalization and the root-mean-
different parameter set for the Woods-Saxon potential withsquare radius of the core-neutron relative-motion wave func-
a=0.5 andr,=1.15 yielding a wave function with 17% tjon. The spectroscopic factor deduced from the diffraction
smaller asymptotic densitfsee Fig. 7. The cross sections, dissociation cross section is in good agreement with a mea-
and thus spectroscopic factors, change by 13% and 18% f@f,rement of the neutron removal at lower incident energy. A
the nuclear and Coulomb breakup, respectively. Such an egompletely independent extraction of this quantity from the
fect would consequently reduce the discrepancy from 20% t@jipole strength yields an occupancy about 20% smaller than
about 15%, again too small to explain the difference betweeghe one derived from the nuclear processes. Possible reasons
the two deduced values for the single-particle occupancy. were discussed quantitatively and found to be too small to
In summarizing this subsection, we note that several posaccount for the observed difference. This difference thus re-
sible uncertainties in the theoretical estimation of nucleamains to be understood and might reflect the systematic un-
and electromagnetic one-neutron removal cross sectiongertainties inherent in the methods and models used. The
which are discussed quantitatively above, turn out to besery large dipole-transition probability observed close to the
rather small, and are consequently not suitable to explain thgarticle-separation threshold is a direct consequence of the
observed difference of 20% for the deduced spectroscopifalo character of the neutron wave function. The conse-
factors. The discrepancy may reflect the limitations of thequenﬂy |arge Ccross sections in Conjunction with the enor-
single-particle models used. In order to understand this effeGhous sensitivity to the tail of the wave function makes Cou-
guantitatively, theoretical investigations concerning reactionomb dissociation a promising and very efficient
theory are called for, but also a systematic investigation andpectroscopic method to extract quantitative structure infor-
comparison of deduced single-particle occupancies deriveghation on the ground-state configuration of weakly bound

from nuclear and electromagnetically induced breakup reacuclei, if available as secondary beams even of very low
tions is needed. intensity.

IV. CONCLUSION
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