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Exclusive measurement of breakup reactions with the one-neutron halo nucleus11Be
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Electromagnetic and nuclear inelastic scattering of the halo nucleus11Be have been investigated by a
measurement of the one-neutron removal channel, utilizing a secondary11Be beam with an energy of 520
MeV/nucleon impinging on lead and carbon targets. All decay products, i.e.,10Be fragments, neutrons, andg
rays have been detected in coincidence. Partial cross sections for the population of ground and excited states in
10Be 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 halo 2s1/2 neutron to the
continuum has been derived. The extracted dipole strength integrated from the neutron threshold up to 6.1 MeV
excitation energy amounts to 0.90(6)e2 fm2. A spectroscopic factor for then2s1/2^

10Be(01) single-particle
configuration of 0.61~5! and a root-mean-square radius of the 2s1/2 neutron wave function of 5.7~4! fm have
been deduced.

DOI: 10.1103/PhysRevC.68.034318 PACS number~s!: 21.10.Jx, 21.10.Gv, 24.50.1g, 25.60.Gc
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I. INTRODUCTION

The investigation of nuclei near the drip lines via break
reactions at intermediate and high energies has attracted
nificant interest in the past decade due to the availability
fast radioactive beams produced by in-flight fragmentat
@1#. Such relatively high beam energies~ranging from about
50 MeV/nucleon to 1 GeV/nucleon! are advantageous bot
from an experimental point of view as well as from theor
ical considerations. The high beam energies result in s
interaction times and small scattering angles, which all
the use of certain approximations and thus a quantita
description of the underlying reaction mechanisms. Exp
mental merits are the possibility of using relatively thi
targets~in the order of g/cm2) and kinematical forward fo-
cusing, which makes full-acceptance measurements fea
with moderately sized detectors. Thus nuclear-structure
vestigations of very exotic nuclei at the drip lines are p
sible even if such beams are produced with very low rate
the order of one ion per second.

Depending on their intrinsic structure, some of the
weakly bound atomic nuclei show the interesting property
a very large spatial extension compared to its near neigh
@2–5#. Such a halolike low-density tail of the neutron wa
function has a definite impact on the observables in brea
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reactions. These are, for example, the large cross sec
and narrow momentum distributions observed in the nuc
one-neutron removal channel. Recently, semiexclusive
periments of this kind were performed and quantitative
formation on the single-particle structure such as spin ass
ments and spectroscopic factors was obtained. We refe
Ref. @6# for a recent review and to Ref.@7# for the case of the
one-neutron halo nucleus11Be, which is the object of inter-
est here. Two processes are considered to be importan
the nuclear one-neutron removal channel:~i! Knockout of
one nucleon by a~quasifree! nucleon-target reaction, and~ii !
inelastic excitation into the continuum or diffractive diss
ciation. So far, experiments have not differentiated the t
contributions and have deduced nuclear-structure infor
tion by comparing the experimental cross section with
sum of the calculated cross sections for the two mechani
by using an eikonal model. The fact that the two react
mechanisms result in very different neutron-fragment re
tive momentum domains has been exploited in the pres
experiment to separate the two contributions.

Another important subject of the paper deals with
complementary process, the one-neutron removal induce
the electromagnetic interaction. Here, the projectile is
cited into the continuum by absorbing a virtual photon ge
erated by the rapidly changing electromagnetic field of a
get with high nuclear charge. The large radial extension
the neutron density distribution of halo nuclei results in lar
nonresonant dipole-transition probabilities close to the n
tron threshold. This ‘‘threshold strength’’ was observed e
perimentally for several halo nuclei, e.g., for the two-neutr

ia.
©2003 The American Physical Society18-1
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R. PALIT et al. PHYSICAL REVIEW C 68, 034318 ~2003!
halo nuclei6He @8# and 11Li @9–11#, and for the one-neutron
halo nuclei 11Be @12,13# and 19C @14#. The phenomenon is
theoretically well understood@15–18#. The shape of the
excitation-energy differential cross section is thereby direc
related to the wave function of the loosely bound valen
nucleon of the projectile@12,14,19#, and the root-mean
square~rms! radius of the neutron density distribution ma
be extracted from the sum-rule exhaustion@8#. First exclu-
sive experiments involving fragment-neutron-g triple coinci-
dences were performed only very recently for the m
tightly bound neutron-rich carbon isotopes15C and 17C @19#,
demonstrating this method to be a sensitive spectrosc
tool. In the present paper, we discuss the results of an ex
sive measurement of the electromagnetic dissociation of
halo-nucleus11Be. The coincident measurement ofg rays
allowed for the first time to extract the partial differenti
cross section related solely to the halo-neutron density,
for the n2s1/2^

10Be(01) single-particle configuration, pro
viding a spectroscopic factor and the rms radius.

The question arises how precise are spectroscopic fac
deduced from reactions with secondary beams. So
mainly reactions involving the nuclear interaction have be
employed, in particular the one-nucleon removal react
@6#. Recently, a first experiment has been performed inve
gating the transfer reaction in inverse kinematics@20,21#. In
case of11Be, spectroscopic factors have been obtained ra
ing from 0.4 to 0.8 for then2s1/2^

10Be(01) configuration.
Two major uncertainties arise in the case of transfer react
with 11Be: the parameters of the optical potentials us
@21,22# and the difficulties in the description of the reactio
theory@22#. The analysis of transfer data from Ref.@23# with
an elaborated reaction model including excitations a
breakup of the halo nucleus as well as the deuteron resul
spectroscopic factors as low as 0.36 for the halo configu
tion @22#, much in contrast to the result obtained from t
neutron-removal reaction@7# which was found to be in
agreement with the shell-model prediction of Warburton a
Brown @24,25# of 0.74. The shell model predicts also co
rectly the parity inversion of the11Be ground state, i.e., th
correct ordering for the 2s1/2 and 1p1/2 levels. This level
inversion is manifested also in the vanishing of theN58
shell closure@26,27#. Although the shell-model calculation
provide a fully antisymmetrized wave function, the harmon
oscillator expansions usually used are not adequate to
scribe the halo states. Effective charges, pairing interacti
and coupling to the continuum are all necessary correct
to the shell model@28,29#. The fact that the electromagnet
interaction is well understood and that a quantitative desc
tion of the excitation process with relativistic heavy ions
available@30–32# and established for stable nuclei@33# sug-
gests possible advantages of utilizing this reaction mec
nism for nuclear-structure studies of exotic nuclei and m
shed light on the problem sketched above. Remaining un
tainties and dependencies on the parameters used in
reaction-model description are discussed in the paper.

We have organized the paper in the following way. S
tion II describes the experimental setup and details of
detection scheme. In Sec. III, the results are described
compared with model calculations for nuclear~Sec. III B!
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and Coulomb breakup~Sec. III C!. The conclusions are sum
marized in Sec. IV.

II. EXPERIMENTAL METHOD

The experimental method consists of producing hig
energy radioactive beams and a kinematical measureme
breakup products in secondary targets, allowing the rec
struction of the excitation energy by utilizing the invarian
mass method. The measurement is exclusive or kinematic
complete in the sense that all projectilelike decay produ
are detected, i.e., reaction products with velocities close
the beam velocity. Targetlike reaction products are not m
sured~with the exception ofg rays!. A schematic drawing of
the detection setup is shown in Fig. 1. Details of the exp
ment are described in the following.

The secondary beam containing11Be ions with a kinetic
energy of 520 MeV/nucleon was produced in fragmentat
reactions of a primary40Ar beam delivered by the heavy-io
synchrotron SIS at GSI, Darmstadt. The 720 MeV/nucle
40Ar beam with an intensity of about 1010 ions per second
impinged on a beryllium production target of 5 g/cm2 thick-
ness. Fragments were selected according to magnetic rig
by the fragment separator~FRS! @34# and then transported to
the experimental area. The settings of the magnetic field
the FRS and the beam-transport line were optimized for
transmission of22O ions@35,36#. Except for two thin plastic
scintillation detectors at the middle focal plane of the se
rator and at an intermediate focus in the beam-transport l
no additional degrader was inserted in order to produc
‘‘mixed’’ secondary beam containing various isotopes. C
responding to the selected magnetic rigidity, isotopes w
similar mass-to-charge ratioA/Z were transmitted, ranging
from beryllium to fluorine withA/Z from 2.4 to 2.8. Beam
ions incident on the secondary target (0.573 g/cm2 natC or
1.820 g/cm2 natPb) were identified uniquely on an event-b
event basis. The nuclear chargeZ was obtained from an
energy-loss measurement in a Si pin-diode placed abou
cm in front of the target~position 2 in Fig. 1!; the mass-to-
charge ratio was obtained from a time-of-flight measurem
using thin organic scintillators, one placed at an intermed
focus in the beam-transport line and the second one abou
m downstream close to the target~position 2 in Fig. 1!. The
upper left inset in Fig. 1 shows the composition of the be
identified as described above. The intensity of the11Be beam
amounted typically to about 20 ions per second, the accu
lated statistics for breakup on the lead target correspond
about one and a half day of data taking.

The emittance of the secondary beam was defined by
active collimators limiting the beam-spot size on the targe
25325 mm2. One was placed at the entrance of the expe
mental area~position 1 in Fig. 1! with a diameter of 6 cm,
the second one was placed 11 m downstream close to
target ~position 2 in Fig. 1! The position of the incoming
particles on the target was measured by a position-sens
Si pin-diode~position 2 in Fig. 1! with a resolution ofsx,y
52.3 mm. The nuclear chargeZf and the scattering angle
of the outgoing fragments were determined by energy l
and position measurements utilizing 45345 mm2 sized Si
8-2
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FIG. 1. ~Color online! Schematic drawing of the detection setup~not scalable!. Shown are the beam and fragment detectors~see text!, the
Crystal Ball photon spectrometer, the dipole magnet ALADIN, and the neutron detector LAND. The upper left inset shows the com
of the mixed radioactive beam impinging onto the secondary targets, which are inserted at the center of the Crystal Ball. The lower r
displays the fragment identification for reactions of11Be on a lead target.
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pin-diodes placed about 80 cm behind the secondary ta
~position 3 in Fig. 1!. The overall resolution for the determ
nation of the scattering angle amounted tosq56 mrad in-
cluding the multiple scattering in the lead target. In order
detect theg rays emitted from excited10Be fragments, the
target was surrounded by the 4p Crystal Ball spectrometer
consisting of 160 NaI detectors@37#. The granularity of the
detector allows the determination of theg-emission angle,
which is used to reconstruct the energy of the photon in
rest frame of the emitting source on an event-by-event ba
The resolution (s) obtained for the corrected energy of 10
at 3.3 MeV was dominated by the Doppler broadening
sulting from the determination of the emission angle.

Behind the target, the fragments were deflected by a la
gap dipole magnet~ALADIN !. The trajectories of the frag
ments in the magnetic dipole field were determined by th
position measurements in the dispersive plane (x), one be-
fore the magnet using a position-sensitive Si pin-diode
two times behind the magnetic field by large-area (
350 cm2) fiber detectors@38# with a pitch of 1 mm and with
a distance of about 2 m between each other. The deflecti
angle in the dipole field, and thus the magnetic rigidityBr is
determined by these three position measurements. Fin
the velocity was determined via a time-of-flight~ToF! mea-
surement between a thin organic plastic scintillator pla
close to the target~see above! and an array of 20 organi
scintillators~ToF wall! with an active area of 232 m2 and 5
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mm thickness placed about 13 m downstream from the ta
~resolutionsToF5250 ps). The acceptance for the10Be frag-
ments amounted to 100%. The nuclear chargeZf of the frag-
ments was determined by combining the energy-loss m
surements in the Si pin-diode behind the target and
energy-loss information from the ToF wall, while the fra
ment massAf can be deduced from theBr determination by
applying the relationBr;A/Zbg, b and g denoting the
velocity v/c and the relativistic Lorentz factor, respectivel
An example for the fragment identification behind the targ
according to chargeZf and massAf is shown in the lower
right panel of Fig. 1 for the breakup of11Be on a lead target
Since the one-neutron removal is by far the dominating ch
nel, the intensity is shown on a logarithmic scale.

The neutrons stemming from the decay of the excited p
jectile or from excited projectilelike fragments are kinema
cally focussed into the forward direction and were detec
with high efficiency in the LAND neutron detector@39#. The
detector has an active area of 232 m2 and was placed abou
11 m downstream from the target at 0°, thus covering ho
zontal and vertical angular ranges of about680 mrad. This
angular range is sufficient to provide a 100% acceptance
neutrons emitted from the projectile with kinetic energies
to 5.6 MeV in the transverse direction. The detector cons
of 200 individual modules (230.130.1 m3) allowing mul-
tihit recognition, which was, however, not necessary in
present experiment. These individual 10 cm thick detec
8-3
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R. PALIT et al. PHYSICAL REVIEW C 68, 034318 ~2003!
modules have a sandwichlike structure~alternating layers of
5 mm iron converter and 5 mm plastic scintillator! and are
read out from the two far-end sides providing time-of-flig
~from the mean time, resolutionsToF5250 ps) and position
@from the time difference, resolution 7 cm full width at ha
maximum~FWHM!# information. The position resolution in
the second transverse and the longitudinal directions are
termined by the size~10 cm! of the modules. The total thick
ness of the detector of 1 m~50% iron, 50% plastic! provides
a detection efficiency of 94% for one single neutron w
kinetic energies around 500 MeV.

By measuring the four-momentaPi of all products of the
decaying system as described above, the excitation en
E* of the nucleus prior to decay can be reconstructed on
event-by-event basis by analyzing the invariant massM,

M2c25S (
i

Pi D 2

5~mpc21E* !2/c2, ~1!

where mp denotes the projectile rest mass. The energyEg
released byg rays~in the projectile rest frame! can be sepa-
rated to good approximation and the above equation ca
rewritten for the one-neutron decay channel, so that the
citation energyE* is given by

E* 5@mn
2c21mf

2c212EnEf~12bnb f cos~qn f!#
1/2

2mpc21Eg , ~2!

with mn( f ) , En( f ) , andbn( f ) denoting the ground-state re
mass, the total energy, and the velocityv/c of the neutron
~fragment!, respectively.qn f represents the relative angle b
tween neutron and fragment in the laboratory frame. In c
of decay to the ground state of the fragment, the excita
energy relates to the relative kinetic energy asErel5E*
2Bn between the fragment and the neutron, whereBn is the
neutron separation energy,Bn5507 keV for 11Be.

The acceptance of the experimental setup for the coi
dent detection of a10Be fragment and a neutron was o
tained from Monte Carlo event simulations. Up to relati
energies ofErel55.6 MeV between fragment and neutro
the efficiency and acceptance is constant (94%) and
decreases continuously to about 25% atErel515 MeV due
to acceptance losses for the neutron in the transverse d
tions ~see above!. However, all differential cross section
~with respect to excitation energy! given in the following
correspond to the relative-energy region with an accepta
of 100% for the coincident detection of neutron and fra
ment. Thus, no acceptance correction was necessary fo
cross sections up to 6.1 MeV excitation energy. The ove
resolution FWHM(Erel) with regard to the relative energ
between 10Be and the neutron after the decay of11Be is
depicted in Fig. 2. It changes from about 250 keV close
the threshold to about 2 MeV aroundErel55 MeV.

The instrumental response as obtained from the Mo
Carlo simulation is given in the lower part of Fig. 2 for thre
different relative energies. Prior to comparison with the da
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the theoretical cross sections were convoluted with a
sponse matrix derived from such simulated spectra.1

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Reaction mechanisms and cross sections

The present scattering experiment focuses on an exclu
measurement of the one-neutron removal reaction on ca
and lead targets. In the former case, the reaction is domin
by the nuclear interaction, while in the latter case the el
tromagnetic interaction will dominate the process. There
not only the valence or halo neutron can be removed in
reaction, but also more deeply bound neutrons might be
moved from an inner shell, i.e., from a core state. Co
monly, three different reaction mechanisms are considere
contribute to the one-neutron removal channel.

1The asymmetric response functionf (E) can be well approxi-
mated by the relation

f~E!5AE exp@~c2E!/b#3erf~Ex!,

Ex5~c2E!/A2/s1s/A2/b.

The parameters depending on the relative energyErel were deter-
mined from a fit to the simulated response:

c50.9333Erel20.185,

b50.04010.2283Erel
0.415,

s50.07510.2393Erel
0.682.

The solid curves in Fig. 2 display above response function for
three energies shown.
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FIG. 2. The upper frame shows the overall resolution~FWHM!
with regard to the relative energy between10Be and the neutron
after the decay of11Be as a function of relative energyErel . The
energy response of the experimental setup is shown in the lo
panel for three relative energies ofErel50.5 MeV, 2.5 MeV, and
4.5 MeV, respectively.
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TABLE I. Partial cross sections~integrated up toErel55.6 MeV) for breakup of11Be on Pb and C targets populating different statesI p

of 10Be. For the lead target, the electromagnetic~EM! contribution is given in addition. The calculated single-particle cross sections
diffraction (ssp

di f f) and electromagnetic breakup (ssp
EM) are also given. The spectroscopic factorsC2S are given in the last two columns.

sExpt. ~mb! sCalculated ~mb!

C target Pb target C target Pb target C2S
I p Tot. EM ssp

di f f ssp
EM ssp

di f f ssp
EM Expt. Shell modela

01 26.9~1.4! 605~30! 477~32! 29.8 5.3 160 786 0.77~4! b, 0.61~5! c 0.74
21 2.2~6! 13~3! 7.6~3.3! 6.6 16.2 0.18
12 2.3~6! 13~2! 7.5~2.5! 5.2 12.4 0.69
22 1.2~6! 12~3! 9.1~3.3! 5.0 11.9 0.58
S 32.6~1.6! 643~32! 501~32!

aShell-model predictions of Brownet al. @25,7#.
bEvaluated from diffraction cross section.
cEvaluated from Coulomb breakup.
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~i! Electromagnetic dissociation or Coulomb breakup d
to the rapidly varying electromagnetic field of a high-Z target
experienced by the fast moving projectile. The inelastic el
tromagnetic scattering may populate resonant states~e.g., the
giant dipole resonance!, or cause nonresonant transitions in
the continuum. The latter process is especially important
weakly bound nucleons yielding large dipole-transition m
trix elements close to the neutron threshold~‘‘threshold
strength’’!. Due to the smaller effective charge for high
multipolarities@40#, the cross section is dominated by dipo
excitations.

~ii ! Nuclear inelastic scattering into the resonant or n
resonant continuum. In case of halo nuclei, this proces
often considered as a diffractive dissociation or diffraction
the neutron, analogous to Fraunhofer diffractive scattering
light on a black sphere. Since this process corresponds t
elastic scattering of the neutron off the target, this react
mechanism is frequently referred to as elastic breakup.

~iii ! Knockout of a neutron from the projectile or inelast
breakup. The knockout reaction may be viewed as a qu
free ~inelastic! scattering of the neutron off the target. Th
neutron-target reaction will result in a relatively large m
mentum transfer to the neutron. As a consequence, the
tron will be scattered to large angles or even be absorbe
the target and will thus not appear as a projectilelike fr
ment in the forward direction~with a velocity close to the
beam velocity!. In the literature, this process is sometim
referred to as absorption or stripping.

Since the present experiment detects coincidences
tween the 10Be fragment and one neutron in the forwa
direction ~see Sec. II!, only inelastic excitations of the pro
jectile, i.e., processes~i! and~ii !, contribute to the measure
cross section.~The probability to detect a neutron from
knockout process in the angular range covered by the LA
was estimated in Ref.@11# to be negligible.! This is different
from the semiexclusive measurements of one-neutron
moval reactions~see, e.g., Ref.@7#!, where both knockout
and diffraction contribute. Differential cross sectio
ds/dE* were measured for carbon and lead targets by
plying the invariant-mass method@see Sec. II, Eq.~2!#. An
additional measurement without target was performed in
der to determine background from nontarget interactio
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which was subtracted after proper normalization from
measurement with target. Such background contributi
amounted to 25% and 6% for the measurements with car
and lead targets, respectively. The resulting total 1n-removal
cross sections, integrated up to neutron-fragment relative
ergies of 5.6 MeV, are given in the last row of Table I for th
two targets used. The large increase of the cross sectio
about a factor of 20 for the lead target compared to the c
bon target indicates the dominance of electromagnetic
induced breakup in case of the heavy target.

The cross sections are experimentally further differen
ated according to the10Be states populated by analyzing th
coincidentg-decay transitions of the core fragments. Sin
the Crystal Ball spectrometer covers the full solid angle,
g-ray sum energy can be determined reflecting directly
excitation energy of the excited state. Figure 3 shows
Doppler-correctedg-sum energy spectrum as measured
coincidence with one neutron and a10Be fragment in case o
the lead target. The spectrum shows the first excited 21 state
at 3.37 MeV and also higher lying states of10Be at around 6
MeV excitation energy. The response functions correspo
ing to the individualg rays were generated with the Mon
Carlo codeGEANT @42# in a simulation procedure that too
into account the Doppler shift. The low-energy~below
'1 MeV) background originates from atomic interactio
of the beam with the lead target, mainly due to bremsstr
lung generated by fast electrons. The shape of this lo
energy background was obtained from theg spectrum in
coincidence with the noninteracting beam. The calcula
line shapes, together with this background give the fit to
measured spectrum shown as the solid curve. The intens
of the differentg lines were obtained from this fit; the tran
sitions which were considered are indicated in the par
level scheme@41# shown as the insert in Fig. 3. The parti
cross sections populating the individual excited states
extracted from these intensities taking into account the
tection efficiency as derived from the simulation. The resu
ing partial cross sections for breakup of11Be populating the
different states of10Be are given in Table I for lead an
carbon targets. Clearly, the dominant contribution to
cross sections stems from ground-state transitions, i.e., f
8-5
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R. PALIT et al. PHYSICAL REVIEW C 68, 034318 ~2003!
the removal of the 2s1/2 halo neutron, which amounts to 83%
and 94% for carbon and lead, respectively. The differen
cross sections with respect to excitation energyE* @see Eq.
~2!# are shown in Fig. 4 for ground-state transitions. Excite
state contributions as obtained from the coincidences witg
transitions were subtracted from the total cross sect
These differential cross sections can thus be solely assoc
with excitations of thes1/2 halo neutron.

The shapes of the excitation spectra observed for the
bon ~upper frame in Fig. 4! and lead targets~lower frame!
are very different reflecting the different excitation mech
nisms, i.e., nuclear and electromagnetic excitations. This
can be used to independently extract the nuclear contribu
to the cross section for the lead target~see also the following
subsections!. The solid curve in Fig. 4 displays the sum
the calculated cross section for electromagnetic excitatio
the 2s1/2 neutron~see below! and an assumed nuclear co
tribution taken from the measurement with the carbon tar
The normalization of the calculation as well as the scal
factor for the nuclear cross section were determined i
x2-minimization procedure. The fit results in a rat
s(Pb)/s(C) for the nuclear diffraction cross sections~exclu-
sively for thes1/2 halo neutron! of 5.6~4!, much larger than
expected from a geometrical scaling for peripheral reacti
with the target radius ('2.6), but in good agreement wit
the expectation from an eikonal calculation~see below!. In
the following two subsections, the nuclear and Coulo
breakup will be discussed in more detail after recalli
briefly the underlying reaction theory as far as it is importa
for the discussion.
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FIG. 3. Doppler correctedg-sum energy spectrum measure
with the Crystal Ball in coincidence with a10Be fragment and a
neutron for the lead target. The solid curve is a fit to the experim
tal spectrum using response functions generated by GEANT M
Carlo simulations. The inset shows a partial level scheme for10Be
@41# indicating the observed transitions and the population a
breakup. The energy of the levels is given in MeV.
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B. Nuclear breakup

The cross sections for the nuclear induced one-neu
removal reaction can be calculated using the eikonal
proximation, which is well justified at the high beam ener
of 520 MeV/nucleon used here. The single-particle cross s
tions ssp

diff and ssp
knock for the two contributing reaction

mechanisms, diffraction and knockout, respectively, can
calculated separately@43,44#:

ssp
diff5E db @^u~12ScSn!u2&2u^~12ScSn!&u2#, ~3!

ssp
knock5E db ^~12uSnu2!uScu2&. ~4!

Here,^ & denotes a ground-state expectation value andSc
andSn the profile functions for the core-target and neutro
target systems, respectively. The quantitiesSc and Sn are
expressed as functions of their individual impact parame

-
te

r
dσ

 / 
dE

  (
b 

/ M
eV

)

11Be → 10Be(0+) + n

C target

E* (MeV)

dσ
 / 

dE
  (

b 
/ M

eV
)

11Be → 10Be(0+) + n

Pb target

EM + nuclear

nucl. contribution

0

0.005

0.01

0

0.1

0.2

0.3

0.4

0 1 2 3 4 5

FIG. 4. Differential cross sections with regard to excitation e
ergy E* for the reaction 520 MeV/nucleon11Be1C,Pb
→10Be(01)1n for carbon~upper frame! and lead~lower frame!
targets. Contributions populating excited states of10Be are sub-
tracted. The solid curve displays the sum of the nuclear contribu
~open symbols! as obtained from the measurement with carbon t
get and a theoretical cross section for the electromagnetic di
excitations. The normalization of the two contributions was o
tained by a fit to the experimental data.
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and are calculated in the eikonal approximation using den
distributions for the target and the core with parameters
producing measured cross sections. For the12C target, a har-
monic oscillator density distribution@45# with parametersa
51.60 anda51.026 is used, which reproduces the empiri
rms radius of 2.32 fm@3#, the reaction cross section fo
12C112C of 856~9! mb @46# measured at 790 MeV/nucleon
and the neutron plus12C reaction cross section of 209~22!
mb @47# within their experimental errors. For the core, t
density distribution of the10Be ground state is adopted. Wit
the parametersa51.65 anda50.588 for the harmonic os
cillator density the interaction cross section for 790 Me
nucleon10Be112C of 813~10! mb @2# is reproduced. For the
lead target, a two-parameter Fermi distribution@45# is used
with parametersc56.53 and z50.546 reproducingn
1208Pb cross sections at 549 MeV and 860 MeV@47#. In
addition, only free nucleon-nucleon cross sections at
MeV/nucleon@48# enter the calculation; no real optical po
tential is needed at these high energies@43# ~see also Table
2.2 in Ref. @17# and Ref.@49#!. As an approximation, we
make use of the ‘‘no recoil limit’’@44#, in which the impact
parameter of the core is assumed to coincide with the imp
parameterb of the projectile. In this case the core-targ
profile function can be taken outside the expectation va
and the probability, e.g., for the one-neutron knockout,
duces to

P~b!5Sc
2~b!^12Sn

2~bn!&

5Sc
2~b!E d3r ufnl j~r!u2@12Sn

2~bn!#, ~5!

wherefnl j (r) denotes the single-particle wave function wi
quantum numbersnl j expressed in terms of the relativ
core-neutron distancer. In this representation,Sn and Sc

have a very clear meaning:^12Sn
2& yields the reaction prob

ability of the neutron with the target, whileSc guaranties the
survival of the core~‘‘shadowing effect’’!. The result is a
surface-peaked reaction probability as displayed in Fig
~dash-dotted curve! for the knockout of the 2s1/2 neutron
from 11Be on a lead target. A similar equation is obtained
the diffractive breakup. The total probability for a nucle
reaction of 11Be with the target is shown as a function
impact parameter by the dashed curve. The neutron-
relative-motion wave functionsfnl j are calculated in a
Woods-Saxon potential with radiusr 051.25 fm and diffuse-
nessa50.7 fm. The theoretical cross section is calcula
separately for the removal of a neutron with angular mom
tum l coupled to a core stateI p with separation energyBn ,
and is commonly assumed to be a product of a spectrosc
factor C2S and a single-particle cross section given by t
sum of Eqs.~3! and ~4! @50#. The total ~inclusive! one-
neutron removal cross section can be evaluated by summ
over all contributing configurations.

At high beam energies the one-neutron removal cross
tion is dominated by knockout, and a small flux goes
diffraction as reported in Ref.@43#, while at lower energies
e.g., at 60 MeV/nucleon, the two contributions are of simi
size. The experimental total cross section for inelastic e
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tations of 11Be on carbon target yielding10Be and a neutron
in the final state is obtained by integrating the inclusi
~without condition ong rays! invariant mass spectrum. Fo
an integration limit of 5.6 MeV for the relative energy~up to
which no acceptance correction is necessary!, we obtain a
cross section of 32.6~1.6! mb, where the major part
26.9~1.4! mb, yields the core in its ground state. This can
compared to 29.8 mb resulting from Eq.~3! for the diffrac-
tion cross section. Adding a small electromagnetic com
nent of 5.3 mb~see the following section! results in a theo-
retical cross section of 35.1 mb. From the ratio
experimental to theoretical cross section, a spectroscopic
tor C2S50.77(4) is obtained, which is in good agreeme
with the shell-model prediction of Brownet al. @25,7# of
0.74, and also with the semiexclusive knockout experim
at lower energy~60 MeV/nucleon! @7#. In Ref. @7# a one-
neutron removal cross section of 203~31! mb was measured
which includes both knockout and diffraction process
which are predicted to have similar magnitude at these be
energies. By comparison with the eikonal calculation of R
@7# this yields a spectroscopic factor of 0.87~13!. It was
shown, however, by Esbensen and Bertsch@51# that the ei-
konal approximation underestimates the cross sections at
beam energies. At 60 MeV/nucleon the ratio of the cro
sections calculated in the eikonal model and the full dyna
cal calculation is'0.9 @51#. Taking this correction into ac-
count, a spectroscopic factor of 0.79~12! would be obtained.
A consistent result of 0.77~12! is obtained if the coupled
discretized continuum channels calculation of Tostevinet al.
@52# is adopted for the diffraction cross section~115 mb!, and
the correction to the eikonal calculation is applied for t
knockout cross section only. This result compares to 0.77~4!

b (fm)
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ty

nuclear reaction

1

1

n

n

nuclear

electromagnetic

( ∫bdb dσEM/db ) / σEM

10
-2

10
-1

1

0 10 20 30

FIG. 5. Dissociation probabilities for 520 MeV/nucleon11Be on
lead as a function of impact parameterb. The dashed curve display
the total nuclear reaction probability, while the dash-dotted a
solid curves show the one-neutron removal probability for nucl
and electromagnetic dissociation, respectively. The dotted curve
dicates the cross section for electromagnetic dissociation as a f
tion of the upper integration limitb, normalized to its asymptotic
value. This value reaches 50% forb540 fm.
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we have obtained from the diffraction~plus small electro-
magnetic! cross section at 520 MeV/nucleon. Note, that
this high energy, the difference between the eikonal calc
tion and the fully dynamical calculations of Ref.@51#
amounts to less than 1%.

For the 21 contribution, a ratio of experimental to calcu
lated diffraction cross section of 0.33~9! is obtained, which is
rather large compared to that expected from the shell-mo
prediction of 0.18@25#, but in good agreement with the lowe
limit of 30% for the excited-state admixture obtained fro
the transfer reaction by Winfieldet al. @21#. Two facts, how-
ever, prevent a precise deduction of the spectroscopic fa
in this case: firstly, the feeding of the 21 level by the higher-
lying 12 state results in the rather large error of 27% for t
extracted direct feeding contribution. And second, dynam
excitations might be nonnegligible in this very special ca
This is due to the fact that the cross section for the pop
tion of the 21 state compared to the 01 state is very small
~less than 10%!. A small contribution of inelastic excitation
of the 21 state during removal of thes1/2 neutron might thus
already contribute significantly to the cross section,
pointed out in Ref.@7#. The experimental results are summ
rized in Table I for the different core states populated. O
recognizes that the observed cross sections for the hig
lying (12,22) states are somewhat lower than expected fr
theory. The 12 and 22 states have ap3/2 hole structure and
are thus populated by the removal of ap neutron from the
core, while the 2s1/2 halo neutron has to survive this reactio
as a spectator, which was, however, not taken into accou
the calculation. The observed reduction of about 50% mi
partly be related to this effect.

C. Coulomb breakup

The large cross sections observed for the electromagn
dissociation of halo nuclei can be explained by nonreson
transitions to the continuum due to a large overlap betw
the tail of the neutron wave function and continuum wa
functions with large wavelength, i.e., small relative mome
q ~direct-breakup model!. Since the effective chargeZe f f
;A2l ~with l being the multipolarity! gets smaller for
higher multipolarities, the breakup process is dominated
dipole transitions. Typel and Baur@40# estimated theE2 con-
tribution for the Coulomb breakup of19C, for instance, to be
more than three orders of magnitude smaller than theE1
cross section. Quadrupole and higher multipolarities can t
safely be neglected and the differential cross section ca
factorized into the numberNE1(E* ) of equivalent dipole
photons with energyE* associated with the rapidly varyin
Coulomb field of the target, and the square of the dip
matrix elements@15,53#:

ds

dE*
~ I p!5S 16p3

9\c DNE1~E* !(
nl j

C2S~ I c
p ,nl j !

3(
m

u^qu~Ze/A!rYm
1 ucnl j~r!&u2. ~6!

NE1(E* ) is calculated using the semiclassical approximat
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@31# with a minimum impact parameter ofbmin510.38 fm as
obtained from the parametrization of Ref.@54#. The influence
of this particular choice forbmin is not important and was
verified by a calculation making use of the eikonal approa
avoiding this parameter, as will be discussed later~see also
the calculated probability for Coulomb breakup as a funct
of the impact parameterb, shown as solid curve in Fig. 5!.
Similar to the eikonal calculation for the nuclear cross s
tions, the Coulomb breakup cross sections are calculated
individual ground-state single-particle configurations of t
neutron with a relative-motion wave functioncnl j (r) and
corresponding core state (I c

p). In general, more than on
configuration can contribute, and the cross section involv
the core state (I c

p) is calculated by summing over the respe
tive configurations. In that case, the differential cross sec
might be used to disentangle the different contributingl val-
ues@19#. The associated spectroscopic factorsCS2(I c

p ,nl j )
are obtained experimentally by the ratio of the measured
tial cross sections for the population of core states (I c

p) ob-
tained from theg coincidences, and the theoretical cross s
tion with unity spectroscopic factor. The final stateuq& in the
continuum might be approximated by a plane wave@55,56#.
We consider, however, also the final-state interaction
tween the neutron and the core by taking into account
appropriate optical potential with parameters taken from
literature@57#.

In Fig. 4, the experimental differential cross secti
ds/dE* populating the10Be core in its 01 ground state is
compared to the result of the direct-breakup model given
Eq. ~6!. The plane-wave approximation was considered w
a single-particle wave function calculated for a Woods-Sax
potential with radiusr 051.25 and diffusenessa50.7. Prior
to comparison of the theoretical cross sections for elec
magnetic breakup with the measured cross section for
target, one has to take into account the cross section
nuclear-induced breakup. This is accounted for by subtr
ing a properly scaled cross section measured with the ca
target, which represents the nuclear breakup; its small e
tromagnetic contribution~see Table I! is taken into account,
however, when subtracting the scaled cross section. Since
theoretical cross section calculated in eikonal approxima
is in very good agreement with the measurement for the
bon target~see above!, we assume that the ratio of cros
sections for lead and carbon targets as derived from the s
calculation is reliable as well, and thus derive a scaling fac
of 5.4. An independent check of this ratio can be obtain
from the experiment since the shape of the cross section
nuclear and electromagnetic-induced breakup are rather
ferent, see Fig. 4: the solid curve in Fig. 4 shows the sum
the measured distribution for the carbon target and the e
tromagnetic part as calculated by Eq.~6!, while the indi-
vidual normalization of the two contributions was obtain
by a fit to the experimental data. The scaling factor obtain
from this fit depends only slightly on whether the electr
magnetic part is computed in plane-wave or distorted-w
approximation and results in a value of 5.0~4! or 5.6~4!, re-
spectively. In any case, the value is in very good agreem
with the one derived from the eikonal calculation. This giv
8-8
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EXCLUSIVE MEASUREMENT OF BREAKUP REACTIONS . . . PHYSICAL REVIEW C 68, 034318 ~2003!
further confidence in the procedure and the calculated fa
of 5.4 is used in the following analysis of the Coulom
breakup cross sections. It is interesting to note, however,
this scaling factor is significantly larger than expected from
frequently used procedure of scaling the cross sections
the radius, which is suggested by a geometrical picture
peripheral reactions. This effect is especially pronounced
halolike systems, and is less important for well bound nuc
ons, as can be seen from Table I by comparing the two c
sections for the lead and carbon targets calculated for
removal of ap neutron yielding the 12 and 22 excited states
of 10Be.

After subtracting the nuclear contribution from the me
sured cross section with the lead target, the dipole stren
distribution is derived from the resulting differential cro
section for electromagnetic excitation by dividing out t
number of equivalent photons. The experimental dipo
strength function for transitions to the10Be ground state
~solid symbols! is compared to the strength distribution
extracted from a measurement at lower beam energy by
kamuraet al. @12# ~open symbols! in Fig. 6.

The shapes of the two distributions are in agreement,
absolute strength, however, differs significantly. This findi
might partly be related to the fact that contributions fro
excited states were not subtracted in the older semiexclu
measurement. Also higher-order effects and nucle

E (MeV)

dB
(E

1)
 / 

dE
  (

e2 fm
2  / 

M
eV

)

Nakamuraet al.

this work
(g.s. transitions only)

0

0.2

0.4

0.6

0.8

0 1 2 3 4 5

FIG. 6. Dipole-strength distribution of11Be deduced from the
measurement of the differential cross sectionds/dE* for electro-
magnetic breakup yielding the10Be fragment in its ground stat
~filled symbols!. The open symbols display the result obtained
Nakamuraet al. @12# from a Coulomb-breakup experiment at low
beam energies. In the latter case, excited state contributions
not subtracted. The dashed and solid curves display the result o
direct-breakup model before and after convoluting with the ins
mental response, respectively, and after multiplying with a spec
scopic factor of 0.61. The dotted curve results from a calcula
using the plane-wave approximation.
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electromagnetic interference might play a role at the low
beam energy of 72 MeV/nucleon@58–61#, while such effects
are found to be negligibly small at higher beam energ
~see, e.g., Ref.@59,60#!. The continuum dipole strength inte
grated from the neutron threshold up to an excitation ene
of 6.1 MeV amounts to 0.90(6)e2 fm2, much larger than the
dipole strength of 0.100(15)e2 fm2 @62# observed for the
transition to the first and only bound excited state in11Be,
which represents one of the strongestE1 transitions in nuclei
@62–65#. The value of 0.90(6)e2 fm2 corresponds to 4.4% o
the classical Thomas-Reiche-Kuhn sum rule for dipole tr
sitions @66#. For an integration limit of 4 MeV in relative
energy, a value of 0.83(6)e2 fm2 is obtained compared to
1.3(0.3)e2 fm2 obtained by Nakamuraet al. @12#.

The result of the calculations with the direct-break
model@Eq. ~6!# is displayed in Fig. 6 by the dashed and so
curves, before and after convoluting with the experimen
response, respectively. The distorted continuum waves w
calculated with an optical potential adopting parameters fr
Ref. @57#. The normalization of the theoretical curve wa
adjusted by multiplying with a spectroscopic factor
0.61~5! as derived from the ratio of experimental to calc
lated cross section for electromagnetic breakup~see Table I!.
First, we note a remarkable agreement of theory and exp
ment concerning the shape. Only minor differences can
observed in the peak region. The shape is not very sens
to the optical potential used, as can be seen by compar
with the result for plane waves~dotted curve!. The absolute
strength, however, changes significantly resulting in
smaller spectroscopic factor of 0.54 for the plane-wave
proximation. In order to check the sensitivity to the para
eters of the optical potential, we calculated cross secti
also with other choices taken from the work of Chadwi
and Young@57# and Bonaccorso and Carstoiu@67#, resulting
in spectroscopic factors of 0.59 and 0.63, respectively. T
small dependence on the parameters used is incorporat
the error for the deduced spectroscopic factor of 0.61~5! for
the halo neutron in the 2s1/2 orbital coupled to the 01 ground
state of the10Be core.

The calculated cross section, and consequently the
tracted spectroscopic factor, depends to a certain exten
the parameters defining the geometry of the Woods-Sa
potential. Changing the radius parameterr 0 and diffusenessa
from r 051.25 anda50.7 to r 051.15 anda50.5, respec-
tively, will change the asymptotic normalization of th
single-particle wave function~see Fig. 7! and thus its rms
radius.

Since the Coulomb breakup cross section is mainly se
tive to the tail of the wave function, the spectroscopic fac
changes accordingly, e.g., from 0.61~5! to 0.74~6! for the
2s1/2 halo state. The stars in Fig. 7 display the transiti
probability ~for the 2s1/2 neutron! to the continuum as a
function of the relative neutron-core distance. As is evid
from Fig. 7, the Coulomb breakup probes only t
asymptotic part of the 2s1/2 ground-state wave function
which does not depend on the exact geometry of the nuc
potential~apart from the normalization!. This is further illus-
trated by comparing to a Yukawa wave function
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f~r @r 0!5N03A2/r exp~2rr!/r , ~7!

with r5\/A2mBn, andm being the reduced mass, which
determined solely by the neutron separation energyBn . The
calculation using this wave function~dashed line in Fig. 7!
yields the same shape of the dipole-strength distribut
Consequently, the Coulomb breakup probes the neutron
sity at around 10 fm, the value of which we give as t
normalization factorN051.2(1) for the Yukawa wave func
tion @Eq. ~7!#. The corresponding rms radius of the 2s1/2 halo
wave function, which is as well independent of the choice
the potential geometry, amounts to^r 2&1/255.7(4) fm. Both
the value for the asymptotic normalization as well as the r
radius are extracted from a calculation including final-st
interaction. The small uncertainties due to the choice of
optical potential parameters, as discussed above, are inco
rated in the errors.

For the excited states 21, 12, and 22, integrated cross
sections for the lead target and the electromagnetic contr
tions are summarized in Table I. It is observed that ev
high-lying states around 6 MeV are populated in the C
lomb breakup process with cross sections comparable to
nuclear dissociation. The limited statistics, however, preve
the extraction of precise spectroscopic factors for the exc
states. Also, we observe a larger sensitivity to the parame
of the optical potential used in the calculation, as compa
to the case of the 2s1/2 halo state.

D. Summary and discussion

In summary, values for the asymptotic normalization a
the rms radius of the neutron-relative wave function for

r (fm)

4π
r2 ρ(

r)
 (

1/
fm

)
WS ( r0=1.25, a=0.7 )

WS ( r0=1.15, a=0.5 )

Yukawa

10
-3

10
-2

10
-1

0 5 10 15 20 25

FIG. 7. Density distributions of the 2s1/2 halo neutron as a func
tion of the neutron-core relative distance, calculated for two Woo
Saxon geometries~solid and dotted curves! and the Yukawa wave
function ~dashed line!. The open squares and stars indicate the
gion of the density distribution contributing to the breakup react
induced by nuclear diffraction or Coulomb breakup, respectiv
The two breakup probabilities are given in arbitrary units.
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2s1/2^
10Be(01) single-particle configuration of N0

51.2(1) and^r 2&1/255.7(4) fm were derived from the dif-
ferential Coulomb breakup cross section, respectively. T
spectroscopic factors for this configuration deduced from
diffractive nuclear scattering cross section and from the C
lomb breakup cross section are compared in Fig. 8 with th
obtained from other experiments, and with two model p
dictions. In case of the semiexclusive measurement of
one-neutron removal reaction at lower incident energy~60
MeV/nucleon!, two values are given obtained from the eik
nal calculation~open square! @7# and for the corrected eiko
nal calculation@51#, see also Sec. III B. The spectroscop
factors obtained from the nuclear cross sections measure
different beam energies~filled square and triangle! are in
very good agreement, while the one derived from the el
tromagnetic breakup~filled circle! is about 20% smaller.
Since the two measurements are complementary and
different systematic uncertainties, one may take this as
indication that the derived spectroscopic factors are cer
on an absolute scale, i.e., can be interpreted as abs
single-particle occupancies within a 20% uncertainty. T
results deduced from10Be(d,p)11Be and 11Be(p,d)10Be
transfer reaction experiments are indicated by the o
circles@23# and star@21#, respectively. The three circles dis
play the result of different theoretical analysis within th
framework of distorted-wave Born approximation yieldin
spectroscopic factors of 0.77@23# and 0.60@22#, and 0.36
@22#, the latter one from a more elaborated reaction mo
including excitation and breakup@22#. The uncertainty due to
the choice of parameters for the optical potential of the va
0.66 ~star! deduced from the inverse reaction is indicated
the dash-dotted error bar~see Figs. 7 and 8 of Ref.@21#!. The

s-

-
n
.

FIG. 8. Spectroscopic factors for the 2s1/2^
10Be(01) halo state

derived from different reactions. The open circles connected by
dashed line indicate the values obtained from different anal
@22,23# of the 10Be(d,p)11Be transfer reaction@23#, while the star
displays the result deduced from the inverse11Be(p,d)10Be reac-
tion using a 35.3 MeV/nucleon11Be secondary beam@21#. The
open square marks the result derived from the cross section
eikonal calculation of Ref.@7#, while the filled square displays th
corresponding value after correction of the eikonal value accord
to Ref. @51# ~see text!. The results deduced from diffractive an
electromagnetic breakup~this work! are shown by the filled triangle
and circle, respectively. The two lines indicate the predictions of
shell model by Brownet al. @25# ~solid line! and the variational
shell model by Otsukaet al. @68# ~dotted line!.
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results of both transfer reactions are within their uncertain
in agreement with both values obtained from the nuclear
the Coulomb breakup reactions, respectively. The low
value of 0.36, however, is clearly in disagreement with
breakup data and can be discarded, although the under
analysis used a rather elaborated reaction theory. Within
apparent uncertainties of experimentally deduced spec
scopic factors, both theoretical models of Brownet al. @25#
and Otsukaet al. @68# indicated by the solid and dotted line
in Fig. 8, respectively, are in agreement with experime
Note, however, that no center-of-mass correction was app
to the shell-model values as proposed, e.g., in Refs.@69–71#.
Applying the corresponding factor of A2/(A21)2

5(11/10)2 would yield a ratioSexp/SSM of 0.86 and 0.68
compared to the value of Brownet al. @25,7# for the
two spectroscopic factors extracted from nuclear and C
lomb dissociations, respectively. We now turn back
the observed discrepancy of 20% between the nuclear
Coulomb breakup data, and discuss in the following poss
systematic uncertainties, which might explain the obser
difference.

As discussed in several publications, second order eff
and nuclear-electromagnetic interference effects can be
glected in case of high-energy electromagnetic excita
~see, e.g., Refs.@59,60#!. The influence of the choice of pa
rameters for the optical potential needed to account for
final-state interactions is rather small, as discussed ab
and is already included in the error of the deduced spec
scopic factor of 0.61~5!. Remaining inputs to the calculatio
are the bound-state wave function, which is a common in
for both, nuclear and electromagnetic excitations, and
minimum impact parameterbmin in the semiclassical calcu
lation of the Coulomb breakup cross section. Since11Be is a
halo nucleus, the choice of this lower integration cutoff is n
obvious, and a value corresponding to the systematics@54#
derived from stable nuclei might fail. Therefore, we pe
formed, in addition, a calculation using the ‘‘soft-sphere
model @72#, which avoids this parameter. Here, the nucle
absorption is properly taken into account by calculating
reaction probability within the eikonal model. The resultin
nuclear reaction probability for 520 MeV/nucleon11Be
1Pb is shown in Fig. 5 by the dashed curve. The sa
densities were used as for the calculation of the nuclear o
neutron removal cross sections. Multiplying the Coulom
excitation probability with the corresponding survival pro
ability ~no nuclear reaction! yields the solid curve. The resu
for the integrated cross section for electromagnetic disso
tion is very close to the result we have obtained with a sh
cutoff of bmin510.38 fm, which is given by the parametr
zation of Beneshet al. @54# ~including a small correction for
Coulomb deflection@30#!. A similar conclusion was obtaine
for the electromagnetic excitation of the giant dipole re
nance in stable nuclei in Ref.@33#. Thus, the halo does no
play an important role for the choice of the minimum impa
parameter. This can be understood by inspecting the reac
probabilities as shown in Fig. 5: the nuclear reaction pr
ability ~dashed curve in Fig. 5! is rather small (,10%) in
the region where the low-density tail of the halo wave fun
tion dominates, as can be seen by comparing the da
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curve with the nuclear one-neutron removal probabil
~dash-dotted curve!. It is also interesting to note that only
small part of the one-neutron Coulomb breakup cross sec
results from the region of impact parameters where nuc
and electromagnetic processes compete: only 10% of
cross section is reached by integrating the electromagn
cross section over impact parameter up tob513 fm ~see
dotted curve!; at this impact parameter, the probability fo
nuclear one-neutron removal is already down by a facto
2. This sets an upper limit on possible interference effe
independent from the observation of many reaction-the
calculations indicating that such effects are negligible at h
beam energy, and in particular for angle-integrated obse
ables. In concluding this paragraph, we note that the syst
atic uncertainties in calculating the Coulomb breakup cr
section discussed above seem to be small and cannot ex
the observed 20% discrepancy between the two spec
scopic factors deduced.

We now turn to possible systematic uncertainties in c
culating the nuclear cross section. From the fact that the
spectroscopic factors deduced from the measurement o
diffraction plus knockout cross section at lower incident e
ergy and the diffraction cross section at 520 MeV/nucle
are in very good agreement, we conclude that the ene
dependence of the cross section as well as the differentia
between the two reaction mechanisms, knockout and diffr
tion, is well under control~within the 15% error given for the
experimental result of Ref.@7#!. One important ingredient to
the eikonal calculation is the core-target profile functio
which takes into account reactions between the core and
target leading to reaction channels other than the one
lected experimentally, namely, the10Be core in the final
channel. To calculate this quantity, a density distribution
the core is assumed which reproduces the reaction cross
tion of the free10Be nucleus with the target. A slight mod
fication of this density distribution might result in a sizab
change of the one-neutron removal cross section, as poi
out, e.g., by Esbensen and Bertsch@51#. A reduction of the
rms radius of the10Be core density by 10%~keeping the
harmonic oscillator density distribution!, however, increases
the one-neutron removal cross section only by about 5%.
uncertainty of calculating absolute cross sections due to
biguities in the core-target profile function are thus rath
small, at least for halolike wave functions as in the pres
case, and are not likely to explain the observed differenc
the spectroscopic factors.

A last possible uncertainty that we like to address. is
parameter dependence in the calculation of the bound-s
wave function, which is used as an input in both calculatio
The two reactions, nuclear and electromagnetically indu
neutron removal, sample different parts of this wave fun
tion. This is illustrated in Fig. 7, where the regions of sen
tivity are indicated for the nuclear~squares! and electromag-
netically ~stars! induced reactions, respectively. The nucle
reaction probes the wave function at the surface close to
core ~close to the binding potential!. In fact, the reaction is
not sensitive to the inner part of the neutron wave functi
which is ‘‘shadowed’’ by the core. For the electromagne
cally induced breakup, the transition probability is largest
8-11
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about a distance of 10 fm from the core~see stars in Fig. 7!.
Here, the sensitivity to the inner part is reduced due to
nature of the dipole-transition operator weighting the sing
particle density with the relative distancer @see Eq.~6!#, thus
avoiding the complication inherent in calculating core a
sorption. As a consequence of this different sensitivity
change, e.g., of the geometry of the bound-state pote
might not yield the same change in the calculated cross
tions. As an example, we calculate the cross sections f
different parameter set for the Woods-Saxon potential w
a50.5 and r 051.15 yielding a wave function with 17%
smaller asymptotic density~see Fig. 7!. The cross sections
and thus spectroscopic factors, change by 13% and 18%
the nuclear and Coulomb breakup, respectively. Such an
fect would consequently reduce the discrepancy from 20%
about 15%, again too small to explain the difference betw
the two deduced values for the single-particle occupancy

In summarizing this subsection, we note that several p
sible uncertainties in the theoretical estimation of nucl
and electromagnetic one-neutron removal cross sect
which are discussed quantitatively above, turn out to
rather small, and are consequently not suitable to explain
observed difference of 20% for the deduced spectrosc
factors. The discrepancy may reflect the limitations of
single-particle models used. In order to understand this ef
quantitatively, theoretical investigations concerning react
theory are called for, but also a systematic investigation
comparison of deduced single-particle occupancies der
from nuclear and electromagnetically induced breakup re
tions is needed.

IV. CONCLUSION

By using a secondary beam of11Be produced in a frag-
mentation reaction, we have investigated the nuclear
electromagnetic inelastic scattering into the continuum by
exclusive measurement of all decay products, i.e., a coi
dent measurement of the neutron, the10Be core, and theg
rays from excited core states. Differential and integra
cross sections were derived for diffraction dissociation a
Coulomb breakup, differentiated according to the core sta
populated. The dominant contribution to the cross section
found to originate from transitions of the neutron in the 2s1/2
cl
es
n

N.
N

K
to

u
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state, populating the10Be core in its ground state. Sma
contributions from the 1d5/2^

10Be(21) configuration, as
well as removal from more deeply bound states yielding
cited core states were also observed. Quantitative result
the E1 continuum strength distribution associated sol
with the halo 2s1/2 neutron could be derived for the firs
time. From the dipole-strength distribution, the spectrosco
factor for the 2s1/2^

10Be(01) configuration was deduced a
well as the asymptotic normalization and the root-me
square radius of the core-neutron relative-motion wave fu
tion. The spectroscopic factor deduced from the diffract
dissociation cross section is in good agreement with a m
surement of the neutron removal at lower incident energy
completely independent extraction of this quantity from t
dipole strength yields an occupancy about 20% smaller t
the one derived from the nuclear processes. Possible rea
were discussed quantitatively and found to be too smal
account for the observed difference. This difference thus
mains to be understood and might reflect the systematic
certainties inherent in the methods and models used.
very large dipole-transition probability observed close to
particle-separation threshold is a direct consequence of
halo character of the neutron wave function. The con
quently large cross sections in conjunction with the en
mous sensitivity to the tail of the wave function makes Co
lomb dissociation a promising and very efficie
spectroscopic method to extract quantitative structure in
mation on the ground-state configuration of weakly bou
nuclei, if available as secondary beams even of very l
intensity.
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