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Absolute spectroscopic factors from neutron knockout on the halo nucleu$C
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An accurate determination of the partial cross sections to four final states IB¢t€C ,2“C)X reaction has
been carried out at 103 MeV/nucleon. The cross section of5)01b to thel*C 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 fae{e0.904)(5). Here the first number in paren-
theses is the experimental error, and the second is the error on the theoreti¢adagtior) 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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[. INTRODUCTION course, a model-dependent quantity. An illustrative first ex-

. . mple has been provided by tfki(e,e’p)®He reaction, for
Many-body theory based on the independent-particle sheff ™! .

: S . hich the sum of the measured spectroscopic factors to the
model has enjoyed great success in interpreting nucle%WO lowest states is 0.$8), in excel?ent agreeF;nent with the
structure. As usually applied, it makes the problem numeri- i A _
cally tractable by introducing truncated orbital spaces. Insid%ﬁ;:esga'?tg ??gﬁln?ga'l?sgcviﬂi}gﬁnwgzgenCfirrlg[@;alﬁ_ﬂzt'on
these, the physical interactions are replaced by effective in: '

teractions, tailored to reproduce experimental data, such a%ohen-Kurath spectroscopic factor based qumshell space

masses and excitation energies. Imposing these restrictioAd Including a center-of-mass correction of 7/6 gives es-

iy . - sentially twice this value, 1.16, so that here we hdke
excludes probability from states at higher energies, thereby ’ - o
inflating the populations within the truncated model space_0‘50' The proton knockout reaction with high-energy elec-

The wave functions now describe quasiparticles, and matriyon beams has been employed over the past two decades to

elements and occupancies may differ systematically from thétggé ﬁﬁiﬂ?tfves}pgctt,rrgz(éoﬂ;sl;aféor%mfogngrﬁ;osncgtnastg S n
observed valuegl]. In the present work, the absolute occu- gle

pancy of the &, neutron halo state ofC is investigated tently found similar values foR,, of the order of 0.5-0.6

through a precise measurement of spectroscopic factors (ﬁlat_lve o s_hell-model and mean-field models that use effec-
ive interactions.

inn9 15~ 14 e i H
the reaction’Be(*°C,**C)X. This is an especially favorable It is only recently that evidence has emerd@d] that

;?;?/vler;l Yjvgécehrsttrc‘)% dcc;rrl]télté?(tpl)%r:egc;;nb%ogzqgglr ation mixing nucleqn knockopt reactio_ns With heavy ions, at int'er_r.n.ediate
' energies and in inverse kinematics, offer new possibilities for
studying absolute spectroscopic factors. The strength of this
Il. ABSOLUTE SPECTROSCOPIC FACTORS OF WEAKLY approach lies in the accurate understanding of (ineit)
BOUND SYSTEMS single-particle cross sections, (i.e., corresponding to a
spectroscopic factor of)Lwhich serve to convert measured

Experiments on stable nuclei, mainly for cases involving,, ia| cross sections to experimental spectroscopic factors.

closed shells, have shown that strength is missing relative 9, .- 1ations ofr rely on the high-energy limit of re-
sp

the predictions of effective-interaction theory. Although a,ion theory, based on eikonal methods. These offer formal
quantitative description is not yet available, this effect is be-, ractical an’d quantitative advantages over Conventional’
lieved to be caused by components of the nucleon-nucleo ansfer-}eaction approachgB-9]. The proton states of the
interaction that are absent in the usual nuclear models, su ablep-shell nuclei2C and®0 were found by this method
as the repulsive hard core and the tensor force tgi2hs to haveR, values of 0.572) and 0.684) [5] in good agree-
Other effects not included in central-field models such as;, .t with what had been obtained from {ieee’ p) reaction.
clustering could also contribute to this effect. We denote thel‘—|owever the method is equally applicable to neutron states:
empirical reduction factor by the symbé&, which is, of the value,s for the same two nuclei were @Z2nd 0.563), ’
respectively. This is a new result but, of course, what should
be expected from isospin symmetry. The resultsRgior the
*Present address: Institut fiir Kernphysik, Technische Universitattwo radioactive nuclei®B and®C, were considerably higher,
Darmstadt, Germany. 0.87212) (weighted average over five measured valuesl
"Electronic address: hansen@nscl.msu.edu 0.826), 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 (r,e’p) 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 reaction$9-11], the majority do not fulfill the
stringent experimental and theoretical requirements for a pre-
cise determination oRs.

The single-neutron knockout on the nuclés(: *) lead-
ing to the 0 ground state of“C 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 1020 30 20 50 60 70
state. Thep-sd interaction set given by Warburton and Doppler Reconstructed Energy [MeV]
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 FIG. 1. The y-ray spectrum from the reactioPBe(*°C,C
1s,,, state. Other sets give very similar values. Therefore, the y)X (filled circleg transformed, event by event, to the projectile
sensitivity to the structure model should be small. The reacframe at midtarget. The response functions for each gamma energy
tion is also very favorable from an experimenta| point of arising from this analysis have been obtained in the Monte Carlo
view. The reaction has been studied at 54 MeV/nucleon angimulation. The approximately exponential component is the con-
the spectroscopic factors were discus§k8l. The most in- tinuum cor?tributi.on ascribed to neutrons and gamma rays from the
teresting result was a deviation in the shape of the knockou@'9et. Its intensity and shape has been taken fibm The inset
momentum distribution, which was attributed to non-eikonalS"oWs the simplified level scheme 8 indicating the states popu-
effects in the diffractive-breakup channel. However, in spitg@t€d in this reaction.

of this, the integrated single-particle cross section could b@49 mg/cms beryllium target. The residues were analyzed in
accounted for in eikonal theory. From this work it is also the Spectrograph in coincidence with prompt gamma emis-
known that about 25% of the reaction populates excitedions detected in an array of 11 position-sensitive Nal detec-
states in'“C. Determining the intensity of these branchestors [16]. The spectrograph was operated in dispersion
with a +10% error will then determine the branching ratio tomatched mode for maximum momentum resolution at the
the ground state to a comfortable error of +2.5%. Thisfocal plane. A detailed discussion of techniques and analysis
branching ratio combines with an accurately determined inin this part of the experiment has been given in connection
clusive (*°C,*C) cross section to give the partial cross sec-with a study of other radioactive carbon isotogé3]. The
tion of interest. inclusive cross section, obtained from the number of detected
It was decided to perform the precise determination of theesidues relative to the number of incidefi€ projectiles,
partial cross section at an incident energy ofwas 137.071) mb without acceptance corrections. These are
103 MeV/nucleon. Using a higher energy than in the experidiscussed below.
ment of Ref.[13] brings experimental advantages, which in-  The coincident gamma-ray spectrum, shown in Fig. 1,
clude the possibility of using a thicker target and, very im-was fit GEANT-simulated response functions, which account
portantly, a marked improvement in the acceptance of théor the efficiency of the detector array and distortions in the
spectrograph, both with respect to angle and transmitted maesponse function due to the Doppler effect. Gamma ray en-
mentum bite. On the theoretical side, the analysis become=rgies for this calculation are taken from previous wiK].
safer because the precision of eikonal reaction theory imTo quantify the accuracy of the simulation, a calibration run
proves with increasing projectile energy, but this no longewith stationary radioactive sources was carried out; for this,
seems an important issue. We note in this connection thahe simulated data agree in intensity with the actual data at
five separate experiments 8B obtained consistent spectro- an uncertainty level of 10%. The fit to the gamma spectrum
copic factors within a range of beam energies from 0.076 t@lso included a previously observed continuum distribution.

._
=
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1.4 MeV/nucleon 6]. The intensity and shape of this distribution are consistent
with measurementd 7] of single-neutron removal frorttBe
1 .
Ill. EXPERIMENT AND DATA ANALYSIS and!eC, for which there are no gammas above 1 MeV. Fur-

ther, the fit includes a small contribution from a 0.98 MeV
Two separate experiments were carried out at the Nationaitationary-source gamma ray associated withiacontami-

Superconducting Cyclotron LaboratoffdSCL) at MSU. In  nation in the target. The fit shown in the figure leads to
the first, a secondary beam of 103 MeV/nucle8@ was apparent absolut@ot acceptance correctegamma intensi-
produced by fragmentation of a 150 MeV/nucleB® pri-  ties of 4.3250/%, 22.423)%, and 3.410% for the 0.809,
mary beam on a thick beryllium target and subsequently pu6.092, and 7.010 MeV peaks, respectivéljhe intensities
rified by magnetic analysis in the A1200 fragment separatoare reported relative to the number of observed resjdues
[14]. This beam was transported to the target position of théThe input-output intensity balance leads to apparent popula-
S800 spectrograph[15], where it interacted with a tion branches(again not corrected for acceptapcef
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TABLE I. Results for the reactiodBe(*°C,C(1™)+y)X at E=103 MeV/nucleon. The table lists the
orbital angular momenté, the theoretical spectroscopic fact@sthe single-particle cross sectiotis mb)
for the stripping and diffraction dissociation mechanisms, as well as the resulting theoretical partial cross
sectionsoy,. 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 (MeV) | 14 Sh U:g g, gg Tith Dexp Texp
0.000 0 0 0983 621 373 1122  071@4)  100.844)
6.094 T 1 1197 226 6% 372  0.19624) 27.441)
6.903 o 1 0457 217 59 135  0.0466) 6.59)
7.012 2 2 0016 228 59 05  0.03912) 5.517)
ot 140.246)

*This diffraction-dissociation cross section to the ground state includes a calculated Coulomb contribution of
2.9 mb.
®The single-particle cross sections to these final states were calculated assUA@ragéls) composite core

[7].

74.225)%, 18.123)%, 4.3250)%, and 3.410)% for the T, mentum acceptance. Since the shapes of the momentum dis-
17, 07, and Z states, respectively. tributions are¢-dependenthigh ¢ values have broader dis-
During the measurement of the inclusi¥Be(*°C,“C)X tributions), this required use of the coincidence data.
cross section, the incident beam and the reaction residues are Acceptance corrections for detection of reaction residues
observed at different field settings and, therefore, differentvere determined in a Monte Carlo calculation employing the
times. The rate and composition must be carefully monitore€€OSY Infinity code for tracking charged particles through
to safeguard against drift. Since the measurement of the inhe S800 spectrograph. Because of the relatively high energy
clusive °Be(**C,C)X cross section represents the mostin this experiment, the angular acceptance is essentially com-
delicate part of the present high-precision study, it was depjete, and the corrections depend on the longitudinal momen-
cided to repeat this at the NSCL's Coupled-Cyclotron Faciltym distributions in coincidence with gamma rays measured
ity. As the new setup employed a high-purity germaniumng calculateglas in[13] with the ground-state momentum
array for gamma detection with a relatively low efficiency at gisyribution being obtained as a difference. The contribution
6 MeV as compared to the Nal array used in the firSt experig.om the continuum distribution in Fig. 1 was extracted by

ment, and since the run was short, there were not enou ting in theE,, region between the 0.809 and 6.092 MeV

statistics to allow a remeasurement of the branching ratios. eaks, where the continuum distribution dominates the spec-
secondary beam ofC at 103 MeV/nucleon was produced o ) :
trum. All the momentum distributions were weighted with

) o e
by fragmentation of %Ar and purified in the A1900 fragment factors extracted from the gamma fit. Statistics in the

separatof18]. The secondary beam interacted with a beryl- _ _
lium target with nominal thickness of 376 mg/¢€iocated at 7.010 MeV peak, associated with thetate, were too small

the target position of the S800. The target thickness walP Yi€ld a momentum distribution, but we assume the theo-
determined independently by measuring the magnetic field€tical {=2 shape(For measured shapes frodawave re-
required to bring &#°Si beam to the final focus of the S800 Moval in the same mass range, $&g.) The resulting ac-
spectrograph with and without the target. From the energgeptance corrections are (18)% for the 0" state(s-wave
loss, a target thickness of 35 mg/cnf was found. The remova), 13(8)% for the 0/1" stateqp-wave remova} and
S800 was operated in focused mode, which gives a highe2d(10)% for the 2 state. Applying the corrections to the
event rate and a more sharply defined beam spot on the tameasured relative cross sections leads to an acceptance cor-
get. Particle identification was achieved by selection on enrection factor of 1.04@0) to the inclusive cross section,
ergy loss versus time of flight to the focal plane of the specwhich becomes 140(26) mb at 103 MeV/nucleon. The cor-
trograph. The time of flight was corrected for trajectory responding partial cross sections and branching ratios are
dependence yielding a very clean identification of #i&  given in Table I. We have used the experimental spectro-
events with an error of 2.3% attributed to the selection of thescopic factors defined by the results of Table | for calculating
residues. Other contributions to the error on the inclusivehe cross sections and branching ratios that would have been
cross section are 1.5% from the normalization to the incidentbtained in the experiment at 54 MeV/nucle@t]. The
beam, 1% from the target thickness, 0.6% from the live timeagreement turns out to be very good for the branching ratios.
of the data recording, and 0.9% from counting statistics. Th&dowever, the calculated inclusive cross section comes out as
resulting apparent inclusive cross section for single-neutrod635) mb, less than two standard deviations above the re-
removal was 133(@1) mb, in agreement with the value ported 54-MeV value of 13716). We take this as an indica-
137.071) mb obtained in the first measurement. We repretion of a possible systematic error. The new measurement is
sent the two independent results by a weighted average efearly more accurate and should supersede that at
134.0036) mb, and now introduce the corrections for mo- 54 MeV/nucleon.
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IV. THEORETICAL ANALYSIS of Woods-Saxon parameters, referred to as the “standard set”
The calculation of theoretical spectroscopic referenc 5] However, t.h_e recent work on absplute s_p(_actroscopic.fac-
cross sections combine shell-model theory based on ef'fectivOrS [5.6], requinng an |mpr_ovement In precision, has relied
interactions with eikonal reaction theory. For a given finalgn electrom'agnetm propert|e§ such as higher m_oments .Of the
level identified byl ™, the cross section ca.n be be written charge radii and (_:oulom_b displacement energies for f|X|ng_
' these parameters in special cases. As such data are not avail-
N able for a large number of nuclides, we shall argue here that
a1 = (m) Sogft,Bn), (1) a more general approach for precision studies is to use self-
consistent Hartree-Fock calculations to fix the Woods-Saxon
where theA-dependent term is a center-of-mass correctiorparameters.
[19], N is the oscillator quantum number for the orbital in  Before we discuss Hartree-Fock calculations, it is impor-
question,S is the spectroscopic factor, and€,B,) is the  tantto consider the three parameters that we wish to fix. The
(unit) single-particle cross section. Since the latter in ourdepth of the nucleon-residue potential well is an important
analysis depends essentially on the orbital angular moparameter in surface-dominated processes due to its influ-
mentum¢ and the neutron binding ener@y, we have, for ence on the asymptotic behavior of the wave function. This
the I and 2 states in Table |, combined the tWocom-  parameter is fixed precisely by the binding energy of the
ponents to give a single spectroscopic fa®ofThe domi-  single-particle orbit, which is the sum of the neutron separa-
nant components in the two cases are 88fpf and tion energy and excitation energy of the final steds de-
89% Qg, respectively. As described in[7-9], the scribed above The last two parameters describe the extent
single-particle cross sections were calculated in a threeand shape of the distribution, typically defined as a radius
body eikonal model based on the approximation that thénd a diffuseness. However, a numerical study of the sensi-
(A-1)-body residue acts as a spectator, so that it is at modtvity of single-particle cross sections to these parameters by
scattered elastically by the target. The nucleon-residuéeans of finite-difference derivatives has revealed that more
relative motion is calculated as an energy eigenstate of afatural coordinates for this calculation are the rms radius of
effective two-body Hamiltonian containing a Woods- the orbit and the diffuseness of the potential W]l Calcu-
Saxon potential with a depth adjusted to reproduce théated single-particle cross sections become insensitive to the

sum of the nucleon separation energy and the excitatiofliffuseness of the potential once the rms radius is fixed. This
energy of the final state. The residue-core and nucleonis illustrated in our final calculations below. In these calcu-

core interactions are expressed in terms of eleStitatri- lations we fix the diffuseness at a reasonable value of 0.5 fm.
ces. Modern Hartree-FockHF) calculations based on Skyrme

The elasticS matrices for the reactions of the nucleon andparametrizations provide a quantitative agreement with ex-
the core(reaction residuewere obtained from the eikonal Periment for a number of parameters related to nuclear size.
model by single and double folding, respectively, of the\WWe use here the recent parameter set JR®, which has
nucleon-nucleon interaction. The nuclear matter distribution§€€en determined from a large set of data on spherical nuclei,
were assumed to be Gaussian. For the excited staté€jn including nuclei far from stability. With this it has been pos-
the coreS matrix was calculated with the composite-core Sible to account for the binding-energy differences between
prescription[7] to correct for the presence of the halo neu-mirror nuclei [21], interaction cross sectior{22], and the
tron as a spectator in the reaction residue. Based &ica nhuclear charge distributiorj23]. The good agreement with a
radius of 2.29 fm, this reduces the single-particle cross sedarge body of data suggests that the theory will also give a
tion for the T level from 30.9 mb to the value of 29.0 mb good description of the radial distribution of individual or-
given in Table I. For the ground state, the valuRg bits. Due to the strong sensitivity of the single-particle cross
=2.365) andR;=2.371) for the matter radii of the core and Section to the binding energy, if is_necessary in the HF ca_\l-
of the target, respectively, were taken as the averageoot culation to scale the central potential by a number near unity

Sisten) values obtained from the Charge ramﬂ corrected to reproduce this quantity for the orbital in question. Since
for the proton Charge radius of 0.85 fm, and from the inter_the HF radius is defined with a fixed center of the nucleus, a

action cross sectiong6]. conversion is required to find the radius of the single particle

The simple and accurate description of the knockout re©rbit in core-nucleon coordinates. This relation is given by
action is linked to the surface dominance of the reaction
mechanism. The fraction of the neutron wave function 5 A 5
sampled in the reaction can be estimated to be 28%, obtained RE,=(r?) = (m)UHQ- 2
as the ratio of the stripping cross secti@?21 mb, discussed
below) to the total reaction cross section for a free neutron, The calculated Hartree-Fock radius for thg,4 state of
228 mb. As a result of this surface dominance, treatment$°C is 5.01 fm, which translates into a two-body rms distance
that use a different description of the nuclear interior giveof 5.185 fm. With the diffuseness fixed at 0.5 fm, the rms
very similar overall result$8]. To allow for a general com- is reproduced by the Woods-Saxon paramegerl.223 fm.
parison of results from single-nucleon removal studies, awith this choice we obtain for a 103 MeV/nucletC pro-
standard for the core-nucleon interaction is required. Thgectile on a °Be target a contribution from stripping of
early, less precise spectroscopic work, 68, characterized 62.1 mb and from diffraction dissociation 34.5 mb. The lat-
the shape of the core-nucleon potential well with a fixed seter result is based on a sum rule which assumes no bound
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excited state$28]. This should be an excellent approxima- coefficients describing the dependence on the nuclear ra-
tion for 15C since it has only one bound excited state. To thisdii are only 0.02 fni?.
cross section we must add a small contribution from Cou-
lomb dissociation, calculated to be 2.9 rfi¥], leading to V. CONCLUSION
the (unit) single-particle cross section of 99.4 mb given in
Table I. The cross sections for thé 4tate 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 calculatedghe 1 o
cross section with the Woods-Saxon diffuseness increased to Ry=—2¥=0.904)(5), (4)
a=0.55. The same value fd, is obtained by choosing, Tth
=1.113 fm, which leads to stripping and diffraction crosswhere the first quantity in parentheses is the experimental
sections of 62.1 and 34.3 mb, a change of -0.2%. error (standard deviationand the second represents our es-
The precision in the calculation of the theoretical unittimate of the uncertainty on the unit cross section. The result
cross sectionggiven as the sum of the contributions from is similar to those forPB and °C discussed in Sec. Il and
stripping and diffraction dissociatigmay be estimated from confirms that halolike states have quenching factors ap-
finite-difference derivatives proaching unity. This is what one would intuitively expect
for a neutron in a very large-state halo. As such states
%9:0-445%{0-045&‘0-315Rc‘0-315RT, (3)  extend far beyond the core of the nucleus, their behavior
Osp must approach that of a free particle.

In order to compare the experimental result for tteg,l
knockout to the ground state with effective-interaction
theory, we introduce the quenching factor defined5yg],

with the coefficients in frit. This shows that the cross
section is insensitive to the choice of the diffuseness pa-
rametera. With estimated errors on the single-particle rms  This work was supported by the U.S. National Science
radius and the diffuseness of 0.1 fm, and with errors orFoundation under Grant Nos. PHY-01 10253 and PHY-00
the radii 0f0.05 fm, theresulting mean-square error on the 70911 and by the United Kingdom Engineering and Physical
unit cross section is 5%, comparable to the experimenta$ciences Research Counc(EPSRG Grant No. GR/
error. For the more deeply bound ktate, the relative MB82141. The authors would like to thank the NSCL accel-
error is 8.5%, mainly associated with the radius of the erator and beam delivery staff as well as the collaborators
single-particle orbital(coefficient 0.85 fnTt), while the from experiments NSCL 98006 and 01013.
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