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An accurate determination of the partial cross sections to four final states in the9Bes15C,14CdX reaction has
been carried out at 103 MeV/nucleon. The cross section of 101s5d mb to the14C 0+ ground state is of special
interest. Relative to the theoretical cross section calculated on the basis of the spectroscopic factor from
effective-interaction theory, this amounts to a quenching factorRs=0.90s4ds5d. Here the first number in paren-
theses is the experimental error, and the second is the error on the theoretical unit(reaction) cross section. The
result gives support to the idea that weakly bound halolike states have quenching factors that approach unity,
in contrast to factors of 0.5–0.6 characteristic of well-bound states in nuclei near stability.
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I. INTRODUCTION

Many-body theory based on the independent-particle shell
model has enjoyed great success in interpreting nuclear
structure. As usually applied, it makes the problem numeri-
cally tractable by introducing truncated orbital spaces. Inside
these, the physical interactions are replaced by effective in-
teractions, tailored to reproduce experimental data, such as
masses and excitation energies. Imposing these restrictions
excludes probability from states at higher energies, thereby
inflating the populations within the truncated model space.
The wave functions now describe quasiparticles, and matrix
elements and occupancies may differ systematically from the
observed values[1]. In the present work, the absolute occu-
pancy of the 1s1/2 neutron halo state of15C is investigated
through a precise measurement of spectroscopic factors in
the reaction9Bes15C,14CdX. This is an especially favorable
case in which the contributions from configuration mixing
are well understood and expected to be small.

II. ABSOLUTE SPECTROSCOPIC FACTORS OF WEAKLY
BOUND SYSTEMS

Experiments on stable nuclei, mainly for cases involving
closed shells, have shown that strength is missing relative to
the predictions of effective-interaction theory. Although a
quantitative description is not yet available, this effect is be-
lieved to be caused by components of the nucleon-nucleon
interaction that are absent in the usual nuclear models, such
as the repulsive hard core and the tensor force terms[2].
Other effects not included in central-field models such as
clustering could also contribute to this effect. We denote the
empirical reduction factor by the symbolRs, which is, of

course, a model-dependent quantity. An illustrative first ex-
ample has been provided by the7Li se,e8pd6He reaction, for
which the sum of the measured spectroscopic factors to the
two lowest states is 0.58(5), in excellent agreement with the
value 0.60 obtained in a variational Monte Carlo calculation
that starts from realistic nucleon-nucleon forces[3]. The
Cohen-Kurath spectroscopic factor based on ap-shell space
and including a center-of-mass correction of 7/6 gives es-
sentially twice this value, 1.16, so that here we haveRs
=0.50. The proton knockout reaction with high-energy elec-
tron beams has been employed over the past two decades to
study absolute spectroscopic factors for proton states in
stable nuclei over a broad mass region[4], and has consis-
tently found similar values forRs, of the order of 0.5–0.6
relative to shell-model and mean-field models that use effec-
tive interactions.

It is only recently that evidence has emerged[5,6] that
nucleon knockout reactions with heavy ions, at intermediate
energies and in inverse kinematics, offer new possibilities for
studying absolute spectroscopic factors. The strength of this
approach lies in the accurate understanding of the(unit)
single-particle cross sectionsssp (i.e., corresponding to a
spectroscopic factor of 1), which serve to convert measured
partial cross sections to experimental spectroscopic factors.
The calculations ofssp rely on the high-energy limit of re-
action theory, based on eikonal methods. These offer formal,
practical, and quantitative advantages over conventional
transfer-reaction approaches[7–9]. The proton states of the
stablep-shell nuclei12C and16O were found by this method
to haveRs values of 0.57(2) and 0.68(4) [5] in good agree-
ment with what had been obtained from these,e8pd reaction.
However, the method is equally applicable to neutron states;
the values for the same two nuclei were 0.52(2) and 0.56(3),
respectively. This is a new result but, of course, what should
be expected from isospin symmetry. The results forRs for the
two radioactive nuclei,8B and9C, were considerably higher,
0.872(12) (weighted average over five measured values) and
0.82(6), respectively[5,6]. The values closer to unity are,
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most likely, associated with the low proton binding for the
two nuclei, 0.14 and 1.3 MeV, respectively. If so, the effect
would not have been observable inse,e8pd work, which
could only investigate more bound stable targets. It is clearly
of interest to investigate other weakly bound cases. However,
although many partial cross sections have been investigated
in knockout reactions[9–11], the majority do not fulfill the
stringent experimental and theoretical requirements for a pre-
cise determination ofRs.

The single-neutron knockout on the nucleus15Cs 1
2

+d lead-
ing to the 0+ ground state of14C presents an almost ideal
case for a precision test. The initial state is halolike with a
neutron separation energy of only 1.218 MeV. Shell-model
calculations indicate very weak configuration mixing for this
state. Thep-sd interaction set given by Warburton and
Brown [12], referred to as WBT, gives a spectroscopic factor
of 0.983, very close to the sum-rule value of unity for a pure
1s1/2 state. Other sets give very similar values. Therefore, the
sensitivity to the structure model should be small. The reac-
tion is also very favorable from an experimental point of
view. The reaction has been studied at 54 MeV/nucleon and
the spectroscopic factors were discussed[13]. The most in-
teresting result was a deviation in the shape of the knockout
momentum distribution, which was attributed to non-eikonal
effects in the diffractive-breakup channel. However, in spite
of this, the integrated single-particle cross section could be
accounted for in eikonal theory. From this work it is also
known that about 25% of the reaction populates excited
states in14C. Determining the intensity of these branches
with a ±10% error will then determine the branching ratio to
the ground state to a comfortable error of ±2.5%. This
branching ratio combines with an accurately determined in-
clusive s15C,14Cd cross section to give the partial cross sec-
tion of interest.

It was decided to perform the precise determination of the
partial cross section at an incident energy of
103 MeV/nucleon. Using a higher energy than in the experi-
ment of Ref.[13] brings experimental advantages, which in-
clude the possibility of using a thicker target and, very im-
portantly, a marked improvement in the acceptance of the
spectrograph, both with respect to angle and transmitted mo-
mentum bite. On the theoretical side, the analysis becomes
safer because the precision of eikonal reaction theory im-
proves with increasing projectile energy, but this no longer
seems an important issue. We note in this connection that
five separate experiments on8B obtained consistent spectro-
copic factors within a range of beam energies from 0.076 to
1.4 MeV/nucleon[6].

III. EXPERIMENT AND DATA ANALYSIS

Two separate experiments were carried out at the National
Superconducting Cyclotron Laboratory(NSCL) at MSU. In
the first, a secondary beam of 103 MeV/nucleon15C was
produced by fragmentation of a 150 MeV/nucleon17O pri-
mary beam on a thick beryllium target and subsequently pu-
rified by magnetic analysis in the A1200 fragment separator
[14]. This beam was transported to the target position of the
S800 spectrograph[15], where it interacted with a

149 mg/cm2 beryllium target. The residues were analyzed in
the spectrograph in coincidence with prompt gamma emis-
sions detected in an array of 11 position-sensitive NaI detec-
tors [16]. The spectrograph was operated in dispersion
matched mode for maximum momentum resolution at the
focal plane. A detailed discussion of techniques and analysis
in this part of the experiment has been given in connection
with a study of other radioactive carbon isotopes[17]. The
inclusive cross section, obtained from the number of detected
residues relative to the number of incident15C projectiles,
was 137.0s71d mb without acceptance corrections. These are
discussed below.

The coincident gamma-ray spectrum, shown in Fig. 1,
was fit GEANT-simulated response functions, which account
for the efficiency of the detector array and distortions in the
response function due to the Doppler effect. Gamma ray en-
ergies for this calculation are taken from previous work[27].
To quantify the accuracy of the simulation, a calibration run
with stationary radioactive sources was carried out; for this,
the simulated data agree in intensity with the actual data at
an uncertainty level of 10%. The fit to the gamma spectrum
also included a previously observed continuum distribution.
The intensity and shape of this distribution are consistent
with measurements[17] of single-neutron removal from12Be
and16C, for which there are no gammas above 1 MeV. Fur-
ther, the fit includes a small contribution from a 0.98 MeV
stationary-source gamma ray associated with a8Li contami-
nation in the target. The fit shown in the figure leads to
apparent absolute(not acceptance corrected) gamma intensi-
ties of 4.32s50d%, 22.4s23d%, and 3.4s10d% for the 0.809,
6.092, and 7.010 MeV peaks, respectively.(The intensities
are reported relative to the number of observed residues).
The input-output intensity balance leads to apparent popula-
tion branches (again not corrected for acceptance) of

FIG. 1. The g-ray spectrum from the reaction9Bes15C,14C
+gdX (filled circles) transformed, event by event, to the projectile
frame at midtarget. The response functions for each gamma energy
arising from this analysis have been obtained in the Monte Carlo
simulation. The approximately exponential component is the con-
tinuum contribution ascribed to neutrons and gamma rays from the
target. Its intensity and shape has been taken from[17]. The inset
shows the simplified level scheme of14C indicating the states popu-
lated in this reaction.
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74.2s25d%, 18.1s23d%, 4.32s50d%, and 3.4s10d% for the 0+,
1−, 0−, and 2+ states, respectively.

During the measurement of the inclusive9Bes15C,14CdX
cross section, the incident beam and the reaction residues are
observed at different field settings and, therefore, different
times. The rate and composition must be carefully monitored
to safeguard against drift. Since the measurement of the in-
clusive 9Bes15C,14CdX cross section represents the most
delicate part of the present high-precision study, it was de-
cided to repeat this at the NSCL’s Coupled-Cyclotron Facil-
ity. As the new setup employed a high-purity germanium
array for gamma detection with a relatively low efficiency at
6 MeV as compared to the NaI array used in the first experi-
ment, and since the run was short, there were not enough
statistics to allow a remeasurement of the branching ratios. A
secondary beam of15C at 103 MeV/nucleon was produced
by fragmentation of40Ar and purified in the A1900 fragment
separator[18]. The secondary beam interacted with a beryl-
lium target with nominal thickness of 376 mg/cm2 located at
the target position of the S800. The target thickness was
determined independently by measuring the magnetic fields
required to bring a30Si beam to the final focus of the S800
spectrograph with and without the target. From the energy
loss, a target thickness of 375s4d mg/cm2 was found. The
S800 was operated in focused mode, which gives a higher
event rate and a more sharply defined beam spot on the tar-
get. Particle identification was achieved by selection on en-
ergy loss versus time of flight to the focal plane of the spec-
trograph. The time of flight was corrected for trajectory
dependence yielding a very clean identification of the14C
events with an error of 2.3% attributed to the selection of the
residues. Other contributions to the error on the inclusive
cross section are 1.5% from the normalization to the incident
beam, 1% from the target thickness, 0.6% from the live time
of the data recording, and 0.9% from counting statistics. The
resulting apparent inclusive cross section for single-neutron
removal was 133.0s41d mb, in agreement with the value
137.0s71d mb obtained in the first measurement. We repre-
sent the two independent results by a weighted average of
134.0s36d mb, and now introduce the corrections for mo-

mentum acceptance. Since the shapes of the momentum dis-
tributions are,-dependent(high , values have broader dis-
tributions), this required use of the coincidence data.

Acceptance corrections for detection of reaction residues
were determined in a Monte Carlo calculation employing the
COSY Infinity code for tracking charged particles through
the S800 spectrograph. Because of the relatively high energy
in this experiment, the angular acceptance is essentially com-
plete, and the corrections depend on the longitudinal momen-
tum distributions in coincidence with gamma rays measured
(and calculated) as in [13] with the ground-state momentum
distribution being obtained as a difference. The contribution
from the continuum distribution in Fig. 1 was extracted by
gating in theEg region between the 0.809 and 6.092 MeV
peaks, where the continuum distribution dominates the spec-
trum. All the momentum distributions were weighted with
factors extracted from the gamma fit. Statistics in the
7.010 MeV peak, associated with the 2+ state, were too small
to yield a momentum distribution, but we assume the theo-
retical ,=2 shape.(For measured shapes fromd-wave re-
moval in the same mass range, see[17].) The resulting ac-
ceptance corrections are 1.4s10d% for the 0+ state(s-wave
removal), 13s8d% for the 0−/1− states(p-wave removal), and
20s10d% for the 2+ state. Applying the corrections to the
measured relative cross sections leads to an acceptance cor-
rection factor of 1.046(20) to the inclusive cross section,
which becomes 140.2s46d mb at 103 MeV/nucleon. The cor-
responding partial cross sections and branching ratios are
given in Table I. We have used the experimental spectro-
scopic factors defined by the results of Table I for calculating
the cross sections and branching ratios that would have been
obtained in the experiment at 54 MeV/nucleon[13]. The
agreement turns out to be very good for the branching ratios.
However, the calculated inclusive cross section comes out as
163s5d mb, less than two standard deviations above the re-
ported 54-MeV value of 137(16). We take this as an indica-
tion of a possible systematic error. The new measurement is
clearly more accurate and should supersede that at
54 MeV/nucleon.

TABLE I. Results for the reaction9Be(15C,14CsIpd+g)X at E=103 MeV/nucleon. The table lists the
orbital angular momenta,, the theoretical spectroscopic factorsS, the single-particle cross sections(in mb)
for the stripping and diffraction dissociation mechanisms, as well as the resulting theoretical partial cross
sectionssth. The experimental branching ratios to individual final levels, combined with the measured total
(inclusive) cross section as discussed in the text, lead to the experimental partial cross sections.

E sMeVd Ip , Sth ssp
str ssp

dif sth bexp sexp

0.000 0+ 0 0.983 62.1 37.3a 112.2 0.718(24) 100.8(44)

6.094 1− 1 1.197 22.6 6.4b 37.2 0.196(24) 27.4(41)

6.903 0− 1 0.457 21.7 5.9b 13.5 0.046(6) 6.5(9)

7.012 2+ 2 0.016 22.8 5.9b 0.5 0.039(12) 5.5(17)

stot 140.2(46)

aThis diffraction-dissociation cross section to the ground state includes a calculated Coulomb contribution of
2.9 mb.
bThe single-particle cross sections to these final states were calculated assuming a13C+ns1sd composite core
[7].
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IV. THEORETICAL ANALYSIS

The calculation of theoretical spectroscopic reference
cross sections combine shell-model theory based on effective
interactions with eikonal reaction theory. For a given final
level identified byIp, the cross section can be be written

sthsIpd = S A

A − 1
DN

S ssps,,Bnd, s1d

where theA-dependent term is a center-of-mass correction
f19g, N is the oscillator quantum number for the orbital in
question,S is the spectroscopic factor, andssps, ,Bnd is the
sunitd single-particle cross section. Since the latter in our
analysis depends essentially on the orbital angular mo-
mentum, and the neutron binding energyBn, we have, for
the 1− and 2+ states in Table I, combined the twoj com-
ponents to give a single spectroscopic factorS. sThe domi-
nant components in the two cases are 88% 0p1/2, and
89% 0d5/2, respectively.d As described in f7–9g, the
single-particle cross sections were calculated in a three-
body eikonal model based on the approximation that the
sA−1d-body residue acts as a spectator, so that it is at most
scattered elastically by the target. The nucleon-residue
relative motion is calculated as an energy eigenstate of an
effective two-body Hamiltonian containing a Woods-
Saxon potential with a depth adjusted to reproduce the
sum of the nucleon separation energy and the excitation
energy of the final state. The residue-core and nucleon-
core interactions are expressed in terms of elasticS matri-
ces.

The elasticSmatrices for the reactions of the nucleon and
the core(reaction residue) were obtained from the eikonal
model by single and double folding, respectively, of the
nucleon-nucleon interaction. The nuclear matter distributions
were assumed to be Gaussian. For the excited states in14C,
the coreS matrix was calculated with the composite-core
prescription[7] to correct for the presence of the halo neu-
tron as a spectator in the reaction residue. Based on a13C
radius of 2.29 fm, this reduces the single-particle cross sec-
tion for the 1− level from 30.9 mb to the value of 29.0 mb
given in Table I. For the ground state, the valuesRC
=2.36s5d andRT=2.37s1d for the matter radii of the core and
of the target, respectively, were taken as the average of(con-
sistent) values obtained from the charge radii[25] corrected
for the proton charge radius of 0.85 fm, and from the inter-
action cross sections[26].

The simple and accurate description of the knockout re-
action is linked to the surface dominance of the reaction
mechanism. The fraction of the neutron wave function
sampled in the reaction can be estimated to be 28%, obtained
as the ratio of the stripping cross section(6.21 mb, discussed
below) to the total reaction cross section for a free neutron,
228 mb. As a result of this surface dominance, treatments
that use a different description of the nuclear interior give
very similar overall results[8]. To allow for a general com-
parison of results from single-nucleon removal studies, a
standard for the core-nucleon interaction is required. The
early, less precise spectroscopic work, see[10], characterized
the shape of the core-nucleon potential well with a fixed set

of Woods-Saxon parameters, referred to as the “standard set”
[5]. However, the recent work on absolute spectroscopic fac-
tors [5,6], requiring an improvement in precision, has relied
on electromagnetic properties such as higher moments of the
charge radii and Coulomb displacement energies for fixing
these parameters in special cases. As such data are not avail-
able for a large number of nuclides, we shall argue here that
a more general approach for precision studies is to use self-
consistent Hartree-Fock calculations to fix the Woods-Saxon
parameters.

Before we discuss Hartree-Fock calculations, it is impor-
tant to consider the three parameters that we wish to fix. The
depth of the nucleon-residue potential well is an important
parameter in surface-dominated processes due to its influ-
ence on the asymptotic behavior of the wave function. This
parameter is fixed precisely by the binding energy of the
single-particle orbit, which is the sum of the neutron separa-
tion energy and excitation energy of the final state(as de-
scribed above). The last two parameters describe the extent
and shape of the distribution, typically defined as a radius
and a diffuseness. However, a numerical study of the sensi-
tivity of single-particle cross sections to these parameters by
means of finite-difference derivatives has revealed that more
natural coordinates for this calculation are the rms radius of
the orbit and the diffuseness of the potential well[9]. Calcu-
lated single-particle cross sections become insensitive to the
diffuseness of the potential once the rms radius is fixed. This
is illustrated in our final calculations below. In these calcu-
lations we fix the diffuseness at a reasonable value of 0.5 fm.

Modern Hartree-Fock(HF) calculations based on Skyrme
parametrizations provide a quantitative agreement with ex-
periment for a number of parameters related to nuclear size.
We use here the recent parameter set SKX[20], which has
been determined from a large set of data on spherical nuclei,
including nuclei far from stability. With this it has been pos-
sible to account for the binding-energy differences between
mirror nuclei [21], interaction cross sections[22], and the
nuclear charge distributions[23]. The good agreement with a
large body of data suggests that the theory will also give a
good description of the radial distribution of individual or-
bits. Due to the strong sensitivity of the single-particle cross
section to the binding energy, if is necessary in the HF cal-
culation to scale the central potential by a number near unity
to reproduce this quantity for the orbital in question. Since
the HF radius is defined with a fixed center of the nucleus, a
conversion is required to find the radius of the single particle
orbit in core-nucleon coordinates. This relation is given by

Rsp
2 = kr2l = S A

A − 1
DkrHF

2 l. s2d

The calculated Hartree-Fock radius for the 1s1/2 state of
15C is 5.01 fm, which translates into a two-body rms distance
of 5.185 fm. With the diffuseness fixed ata=0.5 fm, the rms
is reproduced by the Woods-Saxon parameterr0=1.223 fm.
With this choice we obtain for a 103 MeV/nucleon15C pro-
jectile on a 9Be target a contribution from stripping of
62.1 mb and from diffraction dissociation 34.5 mb. The lat-
ter result is based on a sum rule which assumes no bound
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excited states[28]. This should be an excellent approxima-
tion for 15C since it has only one bound excited state. To this
cross section we must add a small contribution from Cou-
lomb dissociation, calculated to be 2.9 mb[24], leading to
the (unit) single-particle cross section of 99.4 mb given in
Table I. The cross sections for the 1− state are based on an
Rsp of 3.167 fm yielding the Woods-Saxon parameters
(1.402,0.5), which were also used for the two small cross
sections. As a check on the procedure, we calculated the 1s1/2
cross section with the Woods-Saxon diffuseness increased to
a=0.55. The same value forRsp is obtained by choosingr0
=1.113 fm, which leads to stripping and diffraction cross
sections of 62.1 and 34.3 mb, a change of −0.2%.

The precision in the calculation of the theoretical unit
cross sections(given as the sum of the contributions from
stripping and diffraction dissociation) may be estimated from
finite-difference derivatives

dssp

ssp
= 0.44dRsp− 0.04da − 0.31dRC − 0.31dRT, s3d

with the coefficients in fm−1. This shows that the cross
section is insensitive to the choice of the diffuseness pa-
rametera. With estimated errors on the single-particle rms
radius and the diffuseness of 0.1 fm, and with errors on
the radii of0.05 fm, theresulting mean-square error on the
unit cross section is 5%, comparable to the experimental
error. For the more deeply bound 1− state, the relative
error is 8.5%, mainly associated with the radius of the
single-particle orbitalscoefficient 0.85 fm−1d, while the

coefficients describing the dependence on the nuclear ra-
dii are only 0.02 fm−1.

V. CONCLUSION

In order to compare the experimental result for the 1s1/2
knockout to the ground state with effective-interaction
theory, we introduce the quenching factor defined in[5,6],

Rs =
sexp

sth
= 0.90s4ds5d, s4d

where the first quantity in parentheses is the experimental
error sstandard deviationd and the second represents our es-
timate of the uncertainty on the unit cross section. The result
is similar to those for8B and 9C discussed in Sec. II and
confirms that halolike states have quenching factors ap-
proaching unity. This is what one would intuitively expect
for a neutron in a very larges-state halo. As such states
extend far beyond the core of the nucleus, their behavior
must approach that of a free particle.
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