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Abstract

The structure of the neutron-rich carbon isotopes 181719C has been investi-
gated using one-neutron knockout reactions on a “Be target at approximately
60 MeV /nucleon. Partial cross sections and associated momentum distribu-
tions corresponding to final states of the %!612C residues were measured and
compared with predictions based on a shell-model theory and an eikonal model
of the reaction mechanism. Spectroscopic factors and [-value assignments are
given. The ground-state spins of 17.19C are %+ and -;-+, respectively. Tt is sug-
gested that the accepted one-neutron separation energy for the ground state
of 19C needs to be revised upwards.
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I. INTRODUCTION

Single-nucleon transfer reactions at low beam energies have been of great importance for
understanding nuclear structure since they identify directly single-particle components of
the nuclear wave function [1-3]. The classic tools have been stripping and pickup reactions,
such as the (d,p) and (p,d) reactions, and the analogous reactions for probing proton states.
For medium mass and heavy targets these light ions have a short mean free path inside
the nucleus. The reactions are therefore surface dominated and probe the nuclear wave
function in this region. They can be described as one-step processes involving the transfer
of a nucleon to or from a given single-particle state. The development of theoretical methods
such as the distorted-waves Born approximation (DWBA) has facilitated the use of transfer
reactions to make angular momentum assignments from the shapes of angular distributions,
and to deduce spectroscopic factors from the magnitudes of measured cross sections.

We have recently begun the development of a new technique suited for spectroscopic
studies of rare nuclei produced with low intensity as beams from fragmentation reactions.
The projectile residues formed by removing a single nucleon in the interaction with a light
target are observed in inverse kinematics. The final states of the heavy residues are identified
by their gamma decay [4-8]. The gamma rays tag reactions leading to individual discrete
final levels and allow a determination of differential and integrated partial cross sections. It is
possible to extend this technique to unbound final states by reconstructing the invariant mass
(or other parameters of the intermediate state) from observations of the breakup products,
see the recent work of Chen et al. [9] dealing with proton knockout from 'Be leading to the
unbound systems '°Li and ?He.

The recoil momentum of the heavy residue conveys information equivalent to the “miss-
ing momentum” obtained by reconstructing a reaction with light particles, e.g., the classical
(p,2p) knockout reactions. The shape of the longitudinal distribution identifies the orbital
angular momentum [ of the removed nucleon, while the absolute removal cross section deter-
mines the spectroscopic factors. The transverse momentum components carry essentially the
same information, but they are more sensitive to contributions from the reaction mechanism
such as Coulomb deflection and diffractive scattering.

The principal virtue of our technique for the spectroscopy of rare isotopes is its high
sensitivity, which is of paramount importance in experiments aimed at exploring nuclei at
the limits of particle stability, the so-called drip lines. This is illustrated in the following,
where we present results from reactions with an incident beam intensity of less than one
particle per second. The special experimental strength of the technique lies in the high
energy of the beam particles and the detection of only the heavy residue. The high energy
allows the use of thick targets and gives a strong forward focusing and hence a detection
efficiency close to unity. It also allows the secondary beam and “tertiary” fragments to
be tracked particle by particle, so that there is essentially no background. There are also
important theoretical advantages. The high beam energies invite the use of reaction models,
based on the sudden and the eikonal approximations {5,10). which have high predictive
power. These methods can be used to relate the measured single-nucleon removal cross
sections to theoretical spectroscopic information using, as in our previous work, a fixed set
of theoretical input parameters.




The first applications of the knockout reaction method were aimed at clarifying spe-
cific features of exotic nuclei that are otherwise well understood, such as the [-assignments
and spectroscopic factors for the presumed proton halo states of 252728P (4] and the spec-
troscopic factors linking known states in '“1b12Be [5,6,8], and in '**B [7]. In this paper
we present results for the neutron-rich carbon isotopes '¢17'%C about which much less is
known. However, they have been the subject of a number of recent theoretical and experi-
mental studies [11-25]. We show, in particular (in agreement with [18)), that the *C ground
state is similar to ''Be and has a well developed halo.

- This paper begins with an outline of the essential features of the experimental and
theoretical techniques used. Separate sections then present the results for each projectile,
and detailed discussions of previous experimental and theoretical work are deferred to these
parts of the paper. Finally, the conclusion offers some comments and a perspective on the
potential of knockout reactions for precise single-particle structure studies with beams of
rare isotopes.

II. EXPERIMENTAL TECHNIQUES

The experiments were performed at the National Superconducting Cyclotron Laboratory
(NSCL) at Michigan State University. Radioactive beams of '®'71°C at approximately 60
MeV /nucleon were produced by fragmentation of an 80 MeV /nucleon *2Ne primary beam on
a thick 9Be target. These secondary beams were purified in the A1200 fragment separator
[26] by the combination of magnetic analysis and an intermediate degrader. The resulting
beam was delivered to the experimental setup shown in Fig. 1, consisting of three parts: a
dispersion-matching beam line, a target surrounded by an array of Nal(T1) gamma detectors
[27], and the S800 spectrograph [28] used for detecting the projectile residues from the
reaction.

A. Cross section and momentum distribution of the knockout residue

The A1200 separator has been designed to accept a large momentum bite, up to 3%
in normal operation. One technique for performing high resolution experiments with such
beams is the use of a dispersion-matched system, in which the spread in incident momentum
is compensated by dispersing the secondary beam on the reaction target and using the
magnification of the spectrograph to cancel its dispersion. The S800 spectrograph [28] has
been designed to operate in this way. Due to the large dispersion of the S800, the beam
must be limited to a spread in relative momentum of 0.5%. In this case, it is possible to
study reaction products at a relative momentum resolution of 0.025%. The spectrograph is
characterized by a large angular acceptance, (up to 20 msr solid angle, + 5° horizontal, +
3.5° vertical, dispersive direction) and by a momentum acceptance of + 2.5%. The position
and angles of the fragments were determined by two x/y position-sensitive cathode-readout
drift chambers [29] at the focal plane of the spectrograph.

The incident '%!719C projectiles were dispersion matched and struck a 228 mg/cm? °Be
target. The average beam energies at the target mid-plane were 62 MeV /nucleon for '®!7C



and 57 MeV /nucleon for '*C. The beam intensities were of 100-300 particles/sec for ¥:17C
and of as little as ~ 0.5-1 particles/sec for *C. Since the incident beams usually contain
several products, the intensities of the projectiles of interest were measured in short exposures
with the setting of the spectrograph adjusted to the full beam momenta. After this, long
exposures at appropriately reduced field settings identified the '!'%18C residues. Their full
momentum distributions were reconstructed with the ion optics code COSY INFINITY [30].
The intensities of the beams and residues were normalized using the signals from a beam-line
timer, a scintillator placed at the end of the A1200 separator.

At the focal plane of the S800, a segmented ionization chamber and a 5 cm thick plastic
scintillator measured the energy, energy loss and time-of-flight of the residues. These data
were used for particle identification purposes. The cross sections for one-neutron removal
reactions were calculated as the yield of detected fragments divided by the yield of incident
projectiles, taking into account the thickness and number density of the ?Be target.

The spectrograph acceptance provided complete momentum distributions for the narrow
distributions corresponding to low angular momentum (! = 0,1) of the removed nucleon.
The tails of higher ! distributions were lost, due to both the angular and the momentum
acceptance. Corrections for these losses were obtained with the following procedures. To
estimate losses due to the geometrical acceptance, Monte Carlo simulations of the S800
response were performed. The angular acceptance corrections thus obtained were applied
to the measured momentum distributions. Due to the finite momentum acceptance, the
momentum distributions corresponding to { = 2 needed careful examination, as only the
contribution of the central part was measured. The additional contributions from the {un-
observed) tails, typically a 10% correction, were estimated from the theoretical curves used
to interpret the measured data and described in section IIIB.

The measured cross sections, corrected for angular and acceptance losses, are listed in
Table I and were used to extract the absolute partial cross sections, obtained from the
gamma-ray data as described below. The total error of 12% in the cross sections obtained
for one-neutron removal reactions from the '*'7C projectiles includes uncertainties in target
thickness, incident particle rate, particle identification and acceptance. For the '°C projectile
a total error of 30% was estimated, due to significant fluctuations in the rate of incident
projectiles.

As is pointed out in sections I and I1I, the momentum components parallel to the beam
direction are those that carry a clean signature of the momentum content related to the
single-particle state in question. We show the results in the laboratory system, and the
measured quantity is actually the total momentum, which has been projected onto the
beam axis to give the quantity F; used in the figures of the present paper. Since the
residue’s deflection angle is small, typically a few degrees, the difference between the total
momentum and the parallel momentum is small. The laboratory distributions are broadened
bv the relativistic y-factor, which has to be included in the comparisons with theory.

B. Gamma-ray detection

The excited states of the residues were tagged by an inner ring of 11 ¢vlindrical Nal(T1)
scintillators surrounding the target. Each scintillator was read out by two photomultiplier
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tubes, one at each end, thus allowing the determination of both the energy and the inter-
action point of the photon in the detector. The position information provided by the array
made it possible to correct for the Doppler shift in the energy of the v rays emitted by the
fast (3 =~ 0.34) residues. The back transformation to the center of mass (c.m.) system,
however, does not generate the spectrum that would have been observed from a source at
rest due to the energy dependence of the detection efficiency and, especially, events in which
radiation has escaped from the crystal. Examples of these are annihilation radiation and
Compton-scattered photons. Since the reconstruction cannot identify these features, the
part of the response function that lies below the full-energy peak gets smeared. This may
seem unimportant since the full-energy peaks obviously are reconstructed correctly. How-
ever, an accurate understanding of the measured envelope of the gamma spectrum requires
knowledge also of the shape of the continuum distributions underlying the peaks. For the
decomposition of the measured spectrum, complete response functions were constructed in
a numerical simulation in the following way.

For a gamma ray of a given energy, assumed to be isotropically emitted in the pro-
jectile c.m. system, a sequence of Lorentz-boosted v events with the appropriate angular
distribution was generated in a Monte Carlo procedure. These were subsequently used in
the Monte Carlo code GEANT {31], which simulated the energy deposited in the detectors
as well as losses generated by interactions with chamber walls and detector mounts. One
million events were generated for a given energy. For each event the (random) outcome
was randomly broadened by the energy resolution, which was assumed to scale with the
square root of the energy and was fixed to the measured resolution corresponding to a full
width at half maximum (FWHM) of 7.5% at 1.33 MeV. Based on the spatial resolution of
1.5 cm FWHM, the sequence of simulated - signals were corrected event-by-event for the
Doppler shift to construct the apparent energy in the c.m. system. Histograms of the simu-
lated events created the reference line shapes. The resulting shapes were approximated by
smooth analytical curves (to eliminate statistical fluctuations from the Monte Carlo proce-
dure) and were used for fitting the observed spectra. The reliability of the simulations was
verified by comparing measured and simulated v-ray spectra from (necessarily stationary})
calibration sources. An agreement to within 10% in the absolute intensity was found.

A complication in the data analysis was the presence of a continuum distribution varying
approximately exponentially with energy. We attribute this to neutrons, gamma rays and
charged particles produced in the target and to their secondary interactions with construc-
tion materials and the scintillator. This distribution has been seen consistently in previous
experiments [4,6-8] with an intensity, for gamma energies above 0.25 MeV, of approximately
9% per outgoing fragment. Although it reduces the sensitivity to weak transitions (the 7C
analysis shows an example of this), it does not significantly interfere with the fitting of the
gamina-ray energies and intensities.

The measured branching ratios deduced from the gamma intensities (with indirect feeding
taken into account) are given in Table I. In the case of the reaction of '"C leading to the
first excited level of 'C the momentum distributions of the residues observed in coincidence
with gamma rays corresponded to a mixture of the [ values 0 and 2 This has served to
subdivide the experimental branching ratio further, corresponding to the two [ values. A
similar case was found in "B {7].




III. THEORETICAL ANALYSIS

The application of knockout reactions for spectroscopic studies grew out of studies of
the neutron halo [32], where the large cross sections and narrow momentum distributions
observed in the breakup of neutron halo systems provided evidence for the large size of the
halo. It was shown by Bertsch et al. and others [33,34,10] that the eikonal approximation,
previously used for nucleon-nucleus scattering at high energies, gave a good description of the
cross sections for such reactions on light targets. ;From this also follows that the outgoing
fragment’s longitudinal momentum distribution reflects the momentum content of the wave
function in the volume sampled by the projectile’s interaction with the target [35-37]. The
cross sections and momentum distributions are very sensitive to the angular momentum and
separation energy of the nucleon in the initial state.

More recently it has been shown that there are also appreciable cross sections for the
removal of a nucleon from the occupied non-halo single-particle states in the projectile. An
example of this is furnished by the example of the light phosphorus isotopes, where the
knockout of the halo proton from the ground state constitutes only 30-55% of the total
measured knockout cross section [4]. Even for the very pronounced single-neutron halo
nucleus ''Be, one finds by comparing the original inclusive experiment {38] on the *Be(!'Be,
Be)X reaction at 66 MeV/nucleon with the exclusive measurement with gamma rays in
coincidence [6], that 22% of the cross section populates excited levels of the °Be residues.
The momentum distributions of the heavy residues arising from knockout from deeply bound
states can be calculated using the same techniques as for the halo states.

Similarly, extending the eikonal approximation as applied to halo nucleus ground states
to treat the removal of a non-halo nucleon from the initial state, Tostevin [5] writes the cross
section oy, (I™), for populating a given final state I™ of the residue or core, as

o (1) =ZC’?S(I“,nlj)asp(Sn,nij). (1)

Here C25, the spectroscopic factor for removal of a nucleon with given single-particle quan-
tum numbers (nij), expresses the parentage of this configuration in the initial state with
respect to the specific state ™ of the remaining nucleons. Following nucleon removal this
is assumed to be the final state of the residue, which is therefore assumed to behave as a
spectator particle and to interact at most elastically with the target [39]. The sum in Eq.
(1) is taken over all configurations which have a nonvanishing parentage. The o, are the
single-particle removal cross sections, which are strongly dependent on the orbital angular
momentum { and the neutron separation energy S5,. We discuss the calculation of these
quantities below.

The approach of the present paper and its predecessors has been adopted in recent
work by Sauvan et al. [24], who have measured inclusive one-neutron removal cross sections
and momentum distributions for 23 nuclei in the p — sd shell The results are in good
agreement with calculations based on techniques that are essentially wlentical to those used
here. In particular, the results for the inclusive absolute ¢ross v tims suggest that the
method may actually be more accurate than the £20% conservative estimate proposed in
the following. [t is also interesting to compare this and our results with the measurements




of charge-changing cross sections (o) reported by Chulkov et al. [21]. In their analysis they
obtain total neutron-removal cross sections o_;, by taking the difference between interaction
cross sections o7 and o... While the o7 and ¢, can be discussed in terms of global density
distributions, Chulkov et al. find that the o_;, show a more complicated behavior suggesting
the influence of nuclear structure effects. The present work shows how these can be accounted
for in the one-neutron removal channel through the use of spectroscopic factors calculated
from a many-particle wave function. An example of how these effects can show up in the
two-neutron removal channel is offered by our recent experiment on '?Be [8], where a sizeable
fraction of the one-neutron removal cross section populates the unbound 0ds/, state in '!Be.

A. Theory of the spectroscopic factors of the neutron-rich carbon isotopes

A number of recent papers cited above have discussed the properties of the heavy carbon
isotopes within the framework of particle-core-coupling models, cluster models and global
density distributions. Although such models provide qualitative insight into the structure
and resulting cross sections of the ground states, they do not furnish a unified description
of all states. We have instead relied on shell-model calculations. The natural shell-model
space for these nuclei is the complete set of basis states spanned by the neutrons in 1s,,,
0ds/» and Ods/; (sd-shell} orbits together with protons in Ops;, and Opy s (p-shell) orbits.

The Hamiltonian for the neutrons in the sd-shell is well established by Wildenthal's
USD interaction [40]. The USD two-body matrix elements are assumed to scale with mass
as (18/4)%3 which is about the form expected for a finite range interaction [40}. However,
there may be structure and/or binding-energy considerations which would cause a deviation
from this dependence; the comparisons we make in this work will serve as a test of this
assumption. The p-shell Hamiltonian is also well established [41]. The proton-neutron
(p — sd) part of the Hamiltonian is based upon the work of Warburton and Brown (WB)
[41]. WB considered all of the known data (165 levels) in the mass region A = 10 — 20
which could be associated with the p — sd Hamiltonian. Among the 165 energy-level data
considered were those of *C: %+ and g—+; 18C: 0%, 2+, 3%, and 47; 7C: %+; BC: 0F and 27;
and 1°C: 17

P

Two types of p — sd Hamiltonians were developed: (1) WBT was modeled on a set
of two-body matrix elements (TBME) obtained from a bare G matrix, and (2) WBP was
modeled on a one-boson exchange potential (OBEP) which includes the one-pion exchange
potential (OPEP) (fixed at its known strength) and a long-range (monopole) interaction.
For input to the shell-model calculations, WBP and WBT are expressed in terms of TBME.
Both mass-dependent and mass-independent TBME were studied, and the latter gave the
best agreement with the 165 energy data. For WBT, 28 linear combinations of the 35 p — sd
TBME were adjusted to fit the data. For WBP, ten parameters associated with the strength
of the OBEP terms were varied. The root mean squared (rms) deviations for the 165 p — sd
data were 389 keV for WBP and 330 keV for WBT. Comparisons between the predictions
made with WBP and WBT will give an indication of the theoretical error in these type of
calculations. WBP is an evolution of the Millener-Kurath potential model for the p — sd
interaction which was developed earlier {42].

The WBP and WBT interactions have been used to predict many properties of nuclei



in the A = 10 — 20 mass region [43,6,8]. In general, the wave functions and spectroscopic
properties with WBP and WBT are similar, but there are differences in the energv-level
details, especially when the levels are spaced more closely than the 350 keV rms deviation
established in their derivation. In the present context, the calculations provide both level
energies and the required spectroscopic factors C?S. These are presented in Tables I and I
and discussed in detail in the following sections.

For both "C and "*C there is a triplet of low-Iying levels with spin-parity ¥, ¢™ and
5t

5. The ordering of these levels differs between WBP and WBT. WBP gives for '7C: %+

(ground state), 2" at 0.03 MeV and } " at 0.30 MeV; and for 'C: 1* (ground state), 3% at

0.19 MeV and 37 at 0.62 MeV. WBT gives for !7C: 5" (ground state), 37 at 0.08 MeV and

%J’ at 0.27 MeV: and for °C: %Jr {ground state), %+ at 0.5 MeV and %+ at 0.40 MeV. The
present experimental results give ¥ for the 7C ground state and 17 for the C ground
state. Thus the WBP interaction is favored in this respect. However, it does not rule
out WBT since the required levels associated with the experimental spins are within the
nominal 350 keV deviation expected. Details about the wave functions will be discussed in
section [V. The WBP interaction will be used for the spectroscopic factors. Generally, the
spectroscopic factors obtained for WBP and WBT are very similar, and we will comment on
any important differences. The spectroscopic factors between the low-lying positive parity
states are related to pickup from s- and d-orbitals. Pickup from the p-orbitals leads to
negative parity states at excitation energies above the neutron-decay threshold, and are
thus not observed in the present experiment. ;

B. Theory of the single-particle cross sections

The cross sections o, in Eq. (1} were calculated in the eikonal model [5]. The same input
parameter set was used as in the reported analyses of Refs. [4,6-8]. The calculation of each
single-particle cross section assumes that the removed nucleon is described by a normalized
single-particle wave function with quantum numbers (nlj) moving with respect to the core
of remaining nucleons in state ¢ = I™. Such configurations are written |¢5,,), where J is the
magnitude and M the projection of the projectile’s ground-state total angular momentum,
J=I+j].

Since only the residue is detected, and not the neutrons, these single-particle cross sec-
tions are a sum of the contributions from removal of the neutron due to elastic breakup
(diffraction dissociation) and absorption (stripping) [39], o5, = o5/ + o5, These two con-
tributions are computed separately, as integrals over the projectile’s center of mass impact
parameter, using [5]

1 1 c c [y c
ol = —— [ [%( ol 101 = SeSP1650) = 30 18Gar (1L = SS)1050 | (2)

and

str__ 1 ¢ __ 2 2
7 = g7yt ] 0wl - SIS l65) 3)
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Here the quantities S; and S, are the elastic S-matrices, or profile functions [44,45], for the
core-target and removed neutron-target systems, expressed as functions of their individual
impact parameters. These are calculated using the optical limit of Glauber theory [46).
The neutron-core relative motion wave functions |¢,,) are calculated in a Woods-Saxon
potential with radius and diffuseness parameters 1.25 and 0.7 fm. The depth of the potential
was adjusted to reproduce the separation energy of the nucleon in the (initial) state with
given nlj. In those cases where a more strongly bound nucleon is removed from a system
which also binds a weakly bound and delocalized neutron, this few-body composite structure
of the residue upon &; was taken into account explicitly, as in [5].

Equation (3) allows a simple interpretation. It is the integral over impact parameter, and
average over M substates, of the joint probability of the core being left intact by the reaction
(given by the quantity |Sc|?) and of the neutron being absorbed (given by the quantity
(1 —{Sa/*)). The diffractive cross section, Eq. (2), is derived within the spectator core plus
nucleon model by using closure to eliminate the necessary integral over all continuum final
states of the dissociated core and nucleon. The second term in Eq. (2) arises because we
assume that the dominant bound states contribution from this closure relation is due to the
bound state ¢53,, of the core-nucleon effective Hamiltonian which has maximum overlap with
the initial state. Contributions from any other bound states supported by the core-nucleon
Hamiltonian take the form of inelastic amplitudes, are small, but will add terms to Eq. (2)
which would reduce the calculated diffractive cross section. For halo states, Egs. (2) and
(3) make roughly equal contributions to the single-particle cross section. For more strongly
bound states the contribution from Eq. (2) is typically a factor of 2-3 smaller than that of
Eq. (3) and may be smaller. It will be interesting to test this assumption experimentally.

The essential parameters in the calculation of the functions & are an effective nucleon-
nucleon interaction and the rms matter radii of the assumed Gaussian matter distributions
for the core and target nuclei. The *Be matter radius was taken as 2.36 fm. The effective
interaction, also assumed a Gaussian, used the free nucleon-nucleon cross sections [47] and
the real-to-imaginary ratio for the forward scattering amplitude tabulated by Ray [48] for
100 MeV nucleons. The interaction range, of 0.5 fm, was chosen [5] so that the calculated
reaction cross sections are consistent with measured values. Specifically, calculated reaction
cross sections for the C-1%C and ?"Al-'2C systems at 83 MeV /nucleon {49], and for the
proton—?Be system at 60 MeV /nucleon [50], were consistent with experiment.

The point-particle rms matter radii for the carbon isotopes were first reported in [51,52!;
we use here the results of the recent paper by Ozawa et al. [17]. Our results are not very
sensitive to the matter radius; for 'C an overall increase of 10% reduces the calculated cross
sections for removal of the halo or of more bound neutrons by 8% and 16%, respectivelv. The
calculated single-particle cross sections, defined as the sum of the stripping and diffraction
dissociation contributions, are given in Table I. The use of alternative microscopic descrip-
tions of the neutron-target interaction, and corresponding &;,, has been shown to calculate
very similar oy, [53].

Theoretical calculations of the longitudinal momentum distributions of the core frag-
ments were made in a simpler model, based on a black-disc approximation. In this, & and
S, are assumed to be unity outside of a cutoff impact parameter and zero inside [36]. These
impact parameter cutoffs were chosen to reproduce core-target reaction cross section sys-




tematics [49] and the neutron-target reaction cross section of 306 mb at 60 MeV /nucleon.
(The corresponding values are 286 and 298 mb when calculated for 62 and 57 MeV. respec-
tively, with the parameters used for the partial cross sections. The widths of the momentum
distributions are insensitive to the precise choice of target radius.) The neutron relative
motion wave functions were calculated in a Woods-Saxon potential, as above. In this model
the profile functions affect the limits of impact parameter integrations, and the momentum
distribution takes the form of a one-dimensional Wigner transform of the wave packet pro-
duced in the reaction [36]. The integrated cross sections obtained with this procedure agree
well with those calculated using the more realistic profile functions. Test calculations show
that the shapes of the momentum distributions are much less sensitive to the choice of the
impact-parameter cutoff than are the absolute values of the cross sections. In the following,
we present these calculated shapes scaled to fit the observed intensity, the idea being that
the shape, taken separately, is the quantity that carries information on the /-assignment.
The absolute value of the partial cross section then leads to the spectroscopic factor.

An alternative treatment, by Bonaccorso and Brink, has also been applied to the longi-
tudinal momentum distributions of neutrons from the breakup of halo states [54-56]. They
use a serni-classical (constant velocity, straight line) approximation for the relative motion
of the core and target, with a lower impact parameter cutoff, but a (nonsudden) quantum-
mechanical treatment of the interaction of the neutron with the target. The treatment,
which deals with the diffractive and the stripping parts in a consistent way, gives an ex-
cellent description of the angular distribution of neutrons following the breakup of !!Be
[54]. The breakup contribution to the heavy residue longitudinal momentum distributions
discussed in the present paper can be inferred from that of the neutron in the rest frame
of the projectile. For (‘!Be, °Be,,) breakup it was found [6] that the resulting shapes are
essentially indistinguishable from those of the eikonal calculation. A recent application to
the carbon isotopes [56] reported cross sections somewhat larger than those given in Table
I, however, depending on the chosen set of optical parameters for the n+°Be system, the
agreement is better. Bonaccorso finds {57} for the case of °C at 60 MeV/nucleon and an
assumed neutron separation energy of 0.5 MeV single-particle cross sections, given as (strip-
ping, diffraction in mb), of (100, 76) in agreement with our (99, 71) for the ground state. For
an assumed [ = 2 cross section to a 1.62 MeV excited level, she finds (21, 11) as compared
with our values of (25, 11). Reference [56] reports an interesting feature arising from the
inclusion of the spin-dependence of the neutron interaction in the analysis. It turns out
that different momentum signatures arise from the breakup of the Ods/, and 0ds/, spin-orbit
partners. The present data are not good enough to reveal this effect, but this prediction
should certainly be kept in mind and investigated in future experiments.
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IV. RESULTS AND DISCUSSION
A. The projectile 6C
1. Previous theoretical and ezperimental work

The structure of the low-lying levels in '°C has been investigated [58-61] in the reactions
"C(t,p)'®C and "C(t,py)'9C. Tilley et al. [62] discuss properties and the level scheme, to
which we return in section IV B. The structure of °C is expected to correspond to *C
® '®0. Since C is a near-magic nucleus, the simplest conjecture is that the neutron pair
of 1°C should be similar to that of O, which has a relatively pure s2+d? two-particle
configuration with spectroscopic factors [63] C*S(1sy;) = 0.38 and C2S(0ds;.) = 1.44, and
where the missing part is a 4p-2h collective contribution. The wave functions in Ref. [63]
were later used in the study of the mirror nucleus ®*Ne [64] and successfully reproduced the
observed Coulomb energy shifts. When the LSF model [63] is applied to '8C, the s? and d2
components are about equal and the spectroscopic factors would be about C2S5(1s,,) = 0.93
and C*S(0ds2) = 1.07 [65]. As discussed in the next section, the origin of the difference
between the 'O and 'C spectroscopic factors is mainly in the change in single-particle
energies.

The experimental situation for the next lighter N = 10 isotone '“Be is interesting but
less clear experimentally. The breakup reaction to 2Be [66] leads to a narrow momentum
distribution indicating a halo structure, presumably arising from a substantial s> component.
The same is suggested by the beta-delayed neutron decay of *Be, which shows [67,68] an
almost superallowed branch (logft =~ 3.7) to a 17 state (not directly observed) at 1-2 MeV
excitation energy. The theory of the “Be beta decay has been discussed by Timofeyuk
and Descouvemont [69]. A recent 2n pairing model calculation [70] suggests, somewhat
surprisingly, a negative-parity ground state of '*Be and spectroscopic factors of 0.9, 0.6,
and 0.5 for single-neutron breakup to the 1™ ground state, the %+ and %+ s— and d-states,
respectively.

2. Present shell-model results

For O, WBP and WBT are equivalent to the sd-shell USD results with C2S(1s;,y) =
0.30 and C?S(0ds/2) = 1.58 (with the remaining in C2S(0d;;;) = 0.12 leading to a state
at high excitation energy). For *C, WBP gives C2S(1s,/2) = 0.60 and C2S(0ds/2) = 1.23,
and WBT gives C*S(1s,5) = 0.78 and C25(0d5/2) = 1.07. One reason for the difference
can be related to the °C spectrum with the %Jr excited state at 0.38 MeV with WBP and
at 0.66 MeV with WBT, compared to the experimental energy at (.74 MeV; and on this
basis the WBT results are preferred. The spectroscopic factors depend upon the spacing
of the single-particle energies and, in particular, the crossing of the single-particle energies

between 7O (where the 1 is 0.87 MeV above the 2") and " C. which gives rise to the large
change between '*0 and '°C.
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3. Ezperimental results and discussion

The neutron knockout reaction on '®C (neutron separation energy S, = 4.25 MeV [71])
leads to the two (only) bound levels of °C, the 1* ground state and the 5" state at 0.740
MeV [72]. The latter has a long half-life (2.60 + 0.07 ns), which combined with the high
velocity of the residues causes the v rays to be emitted at a mean distance of 34 cm from the
center of the detectors, which are only 20 cm long. This means that the Doppler correction
scheme described in section II B fails. In fact, most gamma rays are emitted outside of the
apparatus reducing the detected intensity. Fig.2 shows the v-ray spectrum measured in
coincidence with C residues without the Doppler back-correction.

Fortunately, accurate estimates of the continuum distribution are available from our
previous experiments on ''Be [6] and '?Be [8]. In the latter case, the only + has an energy
of 0.320 MeV and provides, after normalization to the same number of outgoing residues,
an excellent estimate of the continuum distribution in the 0.740 MeV region. (The more
indirect estimate of [6] agrees well with the '®C and '“Be results.) Above this, the two agree
in shape and intensity to within 15%. The '®C data in Fig. 2 show a clear excess above the
2Be background in the region 0.5-0.8 MeV. A simulated response curve of the Nal array to
the isomeric decay was generated in a Monte Carlo procedure in which the gamma events
were assumed to appear downstream along the beam axis with the appropriate exponential
distribution. The response was then simulated by the GEANT code, as before. The resulting
efficiency turned out to be reduced by a factor of 4 as compared to instantaneous emission.
A combined fit to the components in Fig. 2 gave an absolute branch of 30 + 10% to the
excited g+ state with the error determined by the statistics alone. However, this result
is almost certainly an underestimate, corresponding to an overestimate of the detection
efficiency. This is because the simulation did not include the size and divergence of the
incoming beam and the angular spread of the outgoing residues, nor did it include the way
that these affect the absorption of the low-energy gamma rays emitted in the backward
direction. We take this analysis as providing a semi-quantitative but direct indication of the
contribution of the appearance of the d? component in the *C ground state. The statistics
in Fig. 2 are insufficient to permit an extraction of the momentum distribution to the excited
level, but since the assignments in the '»C nucleus are well established, this is probably of
little importance.

A more accurate estimate of the branching ratio was obtained from the measured inclu-
sive longitudinal momentum distribution of the residues shown in Fig. 3. Experience from
previous experiments has shown that the theoretically calculated momentum distributions
lead to shapes that are well reproduced by experiment. As these, furthermore, are very
different for s— and d-state knockout, it is easy to arrive at the overall fit (envelope) shown
in the figure. The criterion adopted to fix the limits of the fit was to consider the momentum
acceptance range of £2.5%. The geometrical loss for the inclusive spectrum was estimated
to be 2% by the method described in section II A. The extrapolation of the envelope gave
momentum acceptance losses of 4%. Both corrections were applied to the measurement to
give the total {inclusive) cross section of 77 + 9 mb reported in Table [. This agrees reason-
ably well with the inclusive one-neutron removal cross section of 65 £ 6 mb for '*C recently
measured at 55 MeV/nucleon by Sauvan et al [24] and their calculated value of 75 mb
is essentially identical with ours. The resulting intensity of the broad {d wave) component
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gave 58 + 6% excited state contribution to the cross section. This is twice the value obtained
from the analysis of coincident gamma rays and suggests that the simulation of the delayed
events overestimated the ~ detection efficiency.

Table [ compares the measured partial cross sections with the theoretical results obtained
as the product of the spectroscopic factor and the single-particle cross section as discussed
in section III. For the case of 15C, it was also necessary, as in (8], to take into account the
radial mismatch factor arising from the difference in single-particle potential between the
two nuclei. This is not included in the shell-model calculations used here. The effective
neutron separation energies (to which the wave function must be adjusted) are for %16,
respectively, 1.22 and 4.25 MeV for the s—state and 0.48 and 4.99 MeV for the d-state. In
the table the correction has been included in the theoretical partial cross sections with the
values 0.897 and 0.948. We see that the non-overlap effect is less important for the ! = 2
state, which is already spatially constrained by the angular momentum barrier. For the
direct comparison with the shell-model occupancies of the '5C neutron pair, we divide the
experimental cross sections by the corresponding single-particle cross sections and mismatch
factors and obtain spectroscopic factors C’QS;‘IP corresponding to the quantities defined in
[8]. The resulting values and experimental error limits are 0.56 + 0.10 (%Jr) and 1.28 + 0.20
(g+). They are in excellent agreement with the theoretical spectroscopic factors 0.60 and
1.23, respectively.

B. The projectile 1'C
1. Previous theoretical and experimental work

The levels of '"C have been studied in the multi-nucleon transfer reaction
BCa(*0,""C)*Ti by Fifield et al. [73]. The lowest state, interpreted as the ground state,
has a neutron separation energy of 0.729 £ 0.018 MeV [71] based on this and a previous
measurement. Fifield et al. found a cross section five times larger to a level at 0.395 MeV.
The analysis by Warburton and Millener [74] interprets this as the %+ state, expected to be
favored in a two-step transfer reaction; see for example [75]. Their analysis of the beta de-
cay data for "N [76,77] supports this conclusion and allows the %+ ground-state assignment
to be “eliminated model-independently”. Of the remaining likely spin-parity assignments
for the ground staie, %+ and %+, they prefer the latter, but both remain “quite possible”.
Several theoretical papers [19,22,23] have dealt with the one-neutron removal reactions on

e,

2. Present shell-model results

As discussed in section [IT A, the WBP and WBT interactions both present a triplet

of low-lving states for !"C. The present experimental results are in agreement only with

the spectroscopic factors based upon the %+ ground state. The WRBP interaction gives a
%+ ground state and this will be used for further comparisons. However, for the given

spin-parity of %+ the spectroscopic factors are very similar between WBP and WBT.
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The %+ state is a deformed component of the (0ds;,, 15,/2)* configuration. It is related
to the (2 = %+ Nilsson orbital, but is also influenced by the low-lying nature of the seniority-
three %+ component of the (d;/;)}® configuration for the three neutrons. A similar situation

occurs for *' Ne which has a %Jr ground state in agreement with the USD interaction [40]. The
sd-shell USD value for the *'Ne to ?*Ne spectroscopic factor is C25(0d3/5) = 0.028 compared
with the experimental upper limit of 0.03 [78]. This indicates that the Ods/, single-particle
component is very small.

The %+ seniority-three neutron configuration appears at 0.096 MeV in Q. The USD

spectroscopic factor for pickup from this %+ state to the ground state of 'O is C25(0dy /) =
0.013. This state is indeed populated very weakly in the '*O(d, p}!°0 reaction [79] and the
observed angular distribution is characteristic of a multi-step process. With the WBP in-
teraction, the largest components of the 17C %+ state are 32% for [(0ps/2)®, (0p1/2)?%, (0ds/2)?]
and 31% for [{0ps;2)®, (Op1/2)?, (0ds/2)?, (151/2)"], with the remaining 37% in small compo-
nents. As in the ?!Ne and 'O examples above, the Ods/» component is small resulting in
C?*5(0d3/2) = 0.035 for the '"C %+ state to the 'C 0% ground state. As discussed in the
next section, the strongest sd spectroscopic factors are to the excited 2% state in '*C. The
consequences and interpretation of this unusual situation will be discussed.

3. Fzperimental results

The Doppler-corrected y-ray spectrum from the decay of the %C residues produced in
one-neutron knockout reactions from '"C is shown in Fig. 4. The simplified level scheme of
18C, based on [61,62], is sketched in Fig. 5. The gamma peak at 1.77 MeV arises in the decay
from the first 2% level at 1.77 MeV to the %C ground state. The broad peak near 2.3 MeV is
assumed to represent decays from the three (unresolved) levels near 4.1 MeV to the 27(1.77
MeV) state. The background was parameterized as an exponential, as in Fig. 2 and Refs.
(6,8]. The total experimental spectrum was fitted with the individual response functions
obtained from the Monte Carlo simulations superimposed on the background. This leads to
the branching ratios b.,, given in Table I. The branch to the ground state of 19 + 9% was
obtained from an intensity balance; since this relatively large cross section disagrees with the
shell-model calculations, we have examined whether the number would be consistent with
zero. From the following analysis we conclude that there is definitely a substantial branch
to this state.

An alternative explanation for the relatively strong cross section to the ground state
would be the presence of unobserved ~ rays, which would distort the intensity balance. Two
possibilities were examined. The first would be a small direct branch to the ground state
from the J = 2 level near 4 MeV. An upper limit of 2% was estimated as shown by the
dashed curve in Fig. 4. This is consistent with shell-model calculations. Another possibility
would be that part of the intensity in the broad peak near 2.3 MeV would arise from a state
of this energy decaying directly to the ground state. (No such state is known or expected
[62].) Such a v ray clearly would not be in coincidence with the 1.77 v ray, while the
other 2.3 MeV v rays are followed by this to 100%. We have examined this possibility by
searching for triple coincidences (residue-y-v) in the data. With a gate on E, ~ 2.3 MeV the
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spectrum, shown as an inset in Fig.4, was obtained and fitted with the response function
for the 1.77 MeV v ray and an exponential background. The result was then compared on
a quantitative basis with an event-by-event simulation generated with a + ray from the first
excited level at 1.77 MeV produced simultancously with a v ray from one of the three levels
at £ ~ 4.1 MeV. The ratio between the experimental intensity for the coincident events and
the intensity obtained in the simulation was 105 £ 15%. The error limit would atlow for at
most a 5% (absolute) feeding of the ground state via such a mechanism, rather unlikely in
the first place. These results support the level scheme assumed in the right side of Fig.5
and the branching ratios for the knockout cross section given in Tables I and II.

Yet another experimental effect that, at least in principle, might call the normalization
into question and explain the enhanced cross section to the *C ground state would be the
presence of the spin-parity %+ state of 17C as a contaminant isomer in the beam. This state
has a reaction cross section that goes predominantly to the ground state of the residue; see
Table II. We saw in connection with the analysis of the '®C experiment in section IV A 3 that
a half-life of a few ns gave a mean flight path for the residues of 0.34 m. A half-life that were
a factor 100 or more longer would allow isomers produced in the primary production target
of the A1200 fragment separator to reach the experiment. Since the position of the %+ state
is unknown but presumably low in energy, such a long half-life is entirely possible. However,
as will be discussed below, the momentum distribution belonging to this component would
have a very characteristic [ = 0 shape in contradiction with the experiment, which gives
[ = 2, as shown in Fig.5. Hence also this explanation can be excluded.

The inclusive longitudinal momentum distribution of the %C residues was measured and
found to be consistent with earlier measurements [11,15]. The estimated angular accep-
tance correction was 3.6%. ;From the - coincidence information, the distribution could
be separated into three components corresponding to feeding of the ground state, the 2+
level, and the 4.1 MeV group of levels. In view of the relatively large error on the intensity
of the ground-state branch, obtained by subtracting an 81% correction from the inclusive
spectrum, we have verified that the shape remains stable within the error limits given. The
reason for this is that the shapes for the excited levels are very similar, all three being
dominated by ! = 2 components. The distributions were fitted with theoretical momentum
distributions as described in section [II B assuming [ = 0,2 components, in the momentum
range corresponding to the +£2.5% instrumental momentum acceptance. The most interest-
ing result was found for the distributions to the excited states, which are an admixture of
s— and d-waves, with a dominant d-wave character in both cases (92 £ 8% for the 4.1 MeV
group of levels, and 74:£10% for the 2% state). This is the second case of a cross section with
mixed /-values observed in our experiments. (The reaction *Be(*B." B,,}X was found [7] to
be predominantly { = 0 with an 11 + 3% [ = 2 admixture.) Finally. the cross section to the
18C ground state is essentially [ = 2. The total inclusive cross section. after extrapolation of
momentum acceptance losses {estimated to be 2.4%), is 115 £ 1.1 mb. about two standard
deviations above the value of 84 +£9 mb measured [24] at 49 Me\ /nucleon. The information

supplied by the momentum distributions has made it possible 1o subdivide the measured
cross section to the 1.77 MeV level into the { components given in Tables | and II. We now
compare this evidence with the theoretical calculations.

The literature basically leaves two options for the '7C spin. |~ and | . as summarized
in the previous subsection. The absence of an [ = 0 reaction to the O ground state is
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basically enough to fix the spin as %+. This is actually the assignment that we propose and
the one used in the discussion of the structure and spectroscopic factors in Table I. However,
to demonstrate that the spectroscopic factors measured in the present work allow on their
own a unique determination of the spin, we show in Table I1 the predicted cross sections and
branching ratios for assumed spin-parity assignments of }* and 3*. The former is clearly
excluded by the predicted dominance of s-wave knockout to the ground state with only
weak branches to the excited states, both contradicted by experiment. Calculations for the
case J™ = %+, also listed in Table 1I, are also in disagreement with experiment, which has
the main cross section to the 1.77 MeV 27 level and smaller branches to 0 and ~ 4.1 MeV.
The pattern predicted for an initial spin-parity of g+ 1s exactly opposite. Only the J™ = %+
assignment for '7C explains that the main part of the cross section goes to the 1.77 MeV 2+
and about half as much to the 4.1 MeV group. Contrary to the statement made in [24], an
I = 2 momentum distribution and the inclusive cross section are insufficient for determining
the ground-state spin and parity of 1'C as J™ = %+. The only remaining difficulty is that the
cross section to the ground state of '®C of 22 mb is roughly one order of magnitude larger
than expected. It has been argued above that this does not appear to be an experimental
problem.

It is probably useful at this point to sum up in simple language some of the structural
information conveyed by the '"C results in Table I. We may think of the %+ ground state
as having three components, of which the main one is 0ds;; ® [Od§/2]2+. This accounts
for the dominant I = 2 knockout to the 2* state. The smaller [ = 0 component to the
same state arises from a small admixture of 15,7, ® [Odg /2]2+. There is excellent agreement
between experiment and theory for both components. The predicted small cross section to
the '°C ground state comes from a small amount of Ods/; ® [0dZ 5]o+ in the '"C ground state
and a simple explanation for the experimental result would be that theory for some reason
underestimates this component. There are, however, other possibilities.

Our theory for calculating the cross sections, outlined in section IHIB, assumes explicitly
that the only reaction mechanism is the direct removal of a bound nucleon from a core of
nucleons, which is otherwise a spectator. It is, however, possible to have contributions from
other (higher order) mechanisms, such as the collective contributions, of order 10 mb, invoked
to account for part of the (}'Be,'°Be) cross sections in [6]. Another possibility, recently
investigated by Al-Khalili [80] is to allow the nucleon-target interaction to induce transitions
between different single-particle states or between different m components of the same state.
This mechanism, for the main 0d5/2®[0d§/2]2+ component discussed here, requires a spin-flip
0™ recoupling of the two unstripped neutrons, and is estimated to contribute less than 1 mb.

C. The projectile '°C
I. Previous ezxperimental and theoretical work

The isotope '°C occupies a position in the nuclear chart sinnlar to that of ''Be, and it
has attracted much interest as a possible second candidate for a well dexeloped one-neutron
halo state. This was suggested by the low adjusted value [71{ of 1t~ une-neutron separation
energy, 5, = 0.16+£0.11 MeV. This number represents the weighted average of measurements
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carried out at Los Alamos and GANIL [81,82]. The value of 0.24 MeV often encountered in
the literature includes, in addition, two earlier and less precise measurements by the same
groups in the weighted average. The adjustment [71] normally excludes such results from its
recommendation. Indirect evidence discussed below suggests that a value larger than 0.16
MeV, i.e,, 0.5-1.0 MeV, is required to interpret the data in a consistent way.

Several previous experiments have investigated the structure of C by measuring the
longitudinal momentum distributions of the core fragments ¥C [11,15]. The narrow widths
observed in these experiments resemble those found for 'Be and were suggestive of a
halo structure. They were, however, wider than the adjusted neutron separation energy
value would allow, which prompted speculations that the C ground state is dominated by
complex-structure components. Bazin et al. [11}, however, pointed out that the momentum
distribution in the Coulomb breakup of !*C could be understood if the neutron separa-
tion energy was about 0.6 MeV. An experiment by Marqués et al. [12] observed neutrons
from '°C breakup reactions in which neutrons were detected in coincidence with charged
fragments with charge five and lower. They found a broad component in the angular distri-
bution, which they associated with nucleus-nucleus collisions. A narrow component with a
Lorentzian width parameter " of 55 MeV /c was taken as evidence for a halo neutron present
as a spectator in the collision.

A recent experiment on the Coulomb dissociation of C on a lead target by Nakamura
et al. [18] represents a decisive step forward. They found that the angular distribution of
the decaying '*C+n system required a neutron separation energy S, of 0.53 = 0.13 MeV
and also that with this energy they could understand the differential cross section as a
function of the relative energy of the dissociation products, which was not the case for a
value of 0.16 MeV. The absolute Coulomb cross section (neglecting possible contributions to
excited levels, discussed below) leads to a spectroscopic factor of 0.67, thus showing that the
dominant character of the '°C ground state is 1s;,®0*. Since this analysis does not correct
for branches to excited states, which are expected to be present, also for the Coulomb part
of the cross section, the results should be taken as qualitative.

Interaction cross section measurements have also been reported for *C on 2C at 960
MeV/nucleon [17]. The analysis of these data in a few-body Glauber theory approach has
shown [20] that the measured o; are consistent with a J* = 1™ 1°C ground state, while

excluding J™ = %+ and J* = %+ assignments. In particular, the ¢; datum was found to
be consistent with a dominant 1s;,» ® 0% configuration for separation energy values ranging
between 0.12 and 0.65 MeV, with spectroscopic factors between 0.7 and 1.0. This result is
consistent with the separation energy value found from the Coulomb dissociation experiment

[18] and with the results reported below.

A number of papers have discussed the structure and reactions of °C, primarily in the
light of particle-core coupling models [13,14,16,19,56,22,23,25|. We mention in passing an
attempt by Smedberg and Zhukov [19] to account for a perceived difference in longitudinal
momentum widths observed at 77 MeV /nucleon [11] and at 910 MeV /nucleon [15]. They
invoked an additional reaction mechanism involving an unspecified intermediate resonance
just above the '®C+n threshold. This hypothesis does not find support in the present work,
where we analyze 62 and 910 MeV /nucleon data in more detail below. In another analysis,
Kanungo et al. [25] found it difficult to reconcile the 'C momentum distributions at the
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two energies with the measured interaction cross section. As a remedy they proposed that
the core of °C is considerably larger than that of free 3C.

2. Present shell-model results

In the following we compare with shell-model calculations [40], which predict the presence
of three bound states above the ground state of ¥C. There are two 2% levels at 2.1 MeV
(observed experimentally at 1.62 £ 0.02 {73]) and at 3.4 MeV. A 0% level at 4.0 MeV, just
below the neutron threshold of 4.2 MeV, is expected to decay by a cascade of 1.6 and 2.4
MeV « rays, and it has a large [ = 0 spectroscopic factor that would contribute noticeably
to the Coulomb cross section. There are two more states (2+, 3%) close in energy, near 4.9
MeV, which we include in the analysis, observing that the calculations tend to overestimate
the level energies by several hundreds of keV. The lowest levels in *C are predicted to be
(%J’,O‘OO), (%+,0.05), (27 ,0.40) with energies in MeV. We take the spin-parity assignment for
the ground state to be established by the Coulomb dissociation experiment [18]. It will be
seen below that the same conclusion can be reached independently from our data. With the
WBP parameters [40] we obtain the spectroscopic factors given in Tablel, where we leave
out the 3.4 MeV level for which the spectroscopic factors are small (total 0.10 for [ = 2).

As discussed in section III A, the WBP and WBT interactions both present a triplet
of low-lying states for C. The present experimental results are in agreement only with

the spectroscopic factors based upon the %+ ground state. The WBP interaction gives a°

§+ ground state and this will be used for further comparisons. However, for the given

spin-parity of %+, the spectroscopic factors are very similar between WBP and WBT.

With WBP the largest component of the °C %+ state is 48% for
[(Ops/2)®, (Op1s2)?, (Odss2)?, (Ls1y2)!] with the remaining 52% in smaller components. The
((Ods2)*, (151,2)'] configuration appears at an excitation energy of 1.33 MeV in 2!0 with
the USD interaction [40], and may be associated with an experimental state observed at the
same energy [75]. In the framework of WBP (and WBT) its energy is lowered in °C due to
the 1.6 MeV downward shift of the 1s;,, state relative to Ods/; between 7O and '5C.

3. Ezperimental results

In spite of the low intensity of the incident **C (~ 0.5-1 particles/sec), enough information
was collected in different reaction channels to confirm that its ground state is a well developed
halo state. We discuss this evidence in the following, first the <y-coincidence information
leading to the ground state partial cross section and exclusive momentum distribution,
second the inclusive momentum spectrum, and, third, the exclusive cross section for Coulomb
dissociation to the '®C ground state. We demonstrate that the evidence combines to give a
consistent set of parameters for the halo state.

The -ray spectrum in coincidence with projectile residues had too little statistics for it
to be analyzed with the peak-fitting procedure used in the case of '"C. Instead we used all
gamma rays above 0.25 MeV as a tag identifying y-coincident events and applied a correction



based on the average gamma efficiency to the residual noncoincident events. (This was the
experimental approach taken previously in our work on the phosphorus isotopes [4].) The
branching ratio listed in TableI and the ground-state momentum distribution shown in Fig. 6
were then obtained as follows.

The gamma spectra from (**C,'*C) and (*?Be,''Be)}, which have no + rays above 0.74 and
0.32 MeV, respectively, and also the previous analysis of the {}!Be,'°Be) reaction [6] indicate
the presence of a structureless continuum distribution that depends approximately exponen-
tially on the energy. With an integral cutoff at 0.25 MeV, the intensity of this per fragment
is approximately 9% for the three cases, and the corresponding coincident momentum dis-
tribution is very similar to that of the inclusive spectrum. The average detection efficiency
for the excited levels was calculated in the GEANT Monte Carlo simulations and gave for the
1.6 and 2.4 v rays the efficiencies ¢, = 23% and ¢, = 22.6%, respectively. Assuming that
the states near 4 MeV decay through the 1.6 MeV state, the cascade detection efficiency is
around 41%. The total efficiency was then estimated to be 38%, using the relative inten-
sities predicted by theory. With these values, the resulting branching ratio to the ground
state was 56 + 9%, consistent within the error with the result that would be obtained if the
theoretically predicted levels near 4 MeV were not populated, i.e., if they were above the
neutron threshold. The branching ratio has been corrected for the momentum acceptance of
the spectrometer, which eliminates the “tails” of the momentum distributions, especially for
the [ = 2 component. The corrections are based on the theoretical momentum distributions
for a neutron separation energy of 0.8 MeV and assumed the theoretical branching ratios
of the excited states. This leads to the partial cross section of 148 + 50 mb, a large value
typical of a halo state.

The analysis based on integral-bias gamma tagging also leads to the ground-state mo-
mentum distribution shown in Fig. 6, narrow and consistent with an s—state halo structure.
The calculations are based on the black-disk model discussed above. Together with the
large partial cross section this proves the ground-state spin-parity of '°C to be J* = %+’ in
agreement with the analyses of {18,17,20]. The width of the momentum distribution is quite

sensitive to the separation energy; a least-squares adjustment suggests a value S,, = 0.8+0.3
MeV.

An alternative way of testing the dependence on the assumed value of S, is to fit the
inclusive momentum distribution, i.e., without the gamma coincidence requirement, of the
'8C residues. For this analysis we assume the theoretical spectroscopic factors given in
Tablel. The adjusted momentum distributions for the assumed values S, = 0.5 and 0.8
MeV are shown in Fig.7. The result of the least-squares analysis was S, = 0.65 + 0.15
MeV, which gives a branching ratio to the ground state of 48 + 2% in good agreement with
the 56 + 9% obtained in the gamma coincidence analysis. This result is in quantitative
agreement with the coincidence analysis of the ground state momentum distribution.

Another inclusive spectrum of the projectile residues has been obtained for '°C on a 2C
target at 910 MeV /nucleon in a GSI experiment [15]. This distribution is close to identical
to that of Fig. 7, and both are marginally consistent with that given by [11], which has much
poorer statistics. For this result, adjustment of a theoretical momentum distribution similar
to that in Fig. 7 leads to a somewhat lower branch to the ground state, 10% as compared
with the 48% found at our energy in the same analysis. The smaller value is to a large extent
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accounted for by smaller nucleon-nucleon cross sections and real-to-imaginary amplitudes
at the higher energy. An analysis for 910 MeV/nucleon on a carbon target and with the
theoretical spectroscopic factors of Tablel reduces the theoretical ground-state branch to
40% from the 46% obtained for a beryllium target at 57 MeV /nucleon. We conclude that
the experiment of Baumann et al. [15], is entirely consistent with ours.

Finally, data that we had taken for reactions of °C on a Au target were also used to
provide a constraint on the parameters. We found an inclusive (*C,'®C) cross section on
the gold target of 1.35£0.18 b at 56 MeV /nucleon, which is close to the value of 1.34 +0.12
b observed in the (**C,'®C+n) channel on a lead target at 67 MeV /nucleon [18]. In order
to compare more precisely, we add an (unobserved) absorptive part assumed to be 0.15 b to
the cross section of Nakamura et al. [18] (their estimate) and we scale their Coulomb part
of the cross section with the inverse of the beam energy and with the square of the target
charge number. This yields an equivalent cross section of 1.53 = 0.14 b under our conditions
in excellent agreement with our value of 1.35 £ 0.18 b. Since our experiment observed
gamma rays in coincidence with the projectile residue, we could use the gamma-ray tagging
method described above for finding that 85 + 7% of the total cross section connects to the
ground state corresponding to an absolute value of 1.15 + 0.18 b. The contribution from
the continuum distribution is considerably higher from a gold target than from a beryllium
target, especially at low energies. For this reason we increased the bias setting for the tag
to 1 MeV. The background yield was then 12% as could be deduced from the Au(!°C,!3C)X
data (it would have been 4% with a Be target} and the detection efficiency was estimated
(in the same fashion as for the beryllium target) to be €,y = 24.3%. The deduced ground-’
state cross section could now be compared with theoretically calculated single-particle cross
sections based on the assumption that nuclear and Coulomb contributions are additive. The
nuclear part was calculated as in [5] and the electromagnetic part as in [83].

It will be clear that the neutron separation energy and the ground-state spectroscopic
factor both must be considered unknown parameters. We use the data discussed above to
place constraints in the S,—C?S plane as shown in Fig. 8, where the boundaries corresponding
to the five sets of input data indicate limits corresponding to plus or minus one standard
deviation. Two cross-hatched areas represent limits on S,,. One is from the analysis of
the momentum width shown in Fig.6 and the other from the differential cross section f—i‘%
as a function of the center-of-mass deflection angle [18]. Two other regions of the $,-C?S
plane, marked with vertical and horizontal lines, denote limits obtained from the absolute
partial cross sections on beryllium and gold, respectively. The Coulomb cross section is
based on our value; the result of Nakamura et al. would place the curve slightly higher but
still within the error band. Four of the allowed bands point to a single consistent solution
corresponding to a neutron separation energy of 0.5-1.0 MeV and a spectroscopic factor of
0.5-1.0 (theoretical value 0.58). This allows the conclusion that the ground state of '*C has
a well developed halo, similar to that of !'Be. The fifth band, representing the direct mass
measurement. does not allow a solution consistent with the other experimental input.

Since the lack of precise knowledge of the '*C mass has been a main obstacle to our
understanding of this case, it should be clear that it would be extremely valuable to have
an accurate direct measurement. Still, it is probably useful at this point to summarize the
indirect evidence. The analysis based on integral gamma tagging (Fig. 6) is free from evident
systematic errors, but suffers from low statistics. This leads to the rather imprecise value of
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the neutron separation energy, S, = 0.8 £ 0.3 MeV, which, nevertheless, has heen used for
the analysis of the cross sections in Tablel. The values obtained from the analysis of the
inclusive momentum spectrum (Fig. 7), 0.65+0.15 MeV, and from the Coulomb dissociation
experiment by Nakamura et al. [18], 0.53 £0.13 MeV, are both more appealing. They suffer,
however, from uncertainties concerning the contributions from excited levels, which were
taken from theory in the former case and neglected in the latter. The absolute nuclear and
electric cross sections of Fig. 8 are again consistent with the three values given here, and
all approaches give definitely larger values for the separation energy than the 0.16 & 0.11
MeV based on the direct mass measurements. It would probably be premature to propose
a combined value at this moment.

V. CONCLUDING REMARKS

In this and previous papers we have demonstrated that knockout reactions offer a very
promising spectroscopic tool that can test nuclear structure theory in considerable detail.
This technique also has the high sensitivity that is a prerequisite for experiments with beams
of rare isotopes. QOur best example of this, so far, is Fig. 8, for which the main part of the
data was obtained in reactions induced by an incident (secondary) beam of !°C of slightly less
than one atom per second. (The results for *°F recently presented by Sauvan et al. [24] used
a similar beam intensity.) This information has been sufficient for determining the spin and
parity of the ground state and for showing that it is a neutron halo state with a spectroscopic
factor approaching unity. This is the second established case of a pronounced single-neutron
halo beyond ''Be, although B and 'C might also be considered as qualifying for this
epithet. All the measurements reported here have been limited by counting statistics and
by the mediocre resolution of the Nal(Tl) gamma detectors. Very soon better measurements,
based on a more powerful radioactive-beam facility and on segmented germanium detectors,
should become possible.

Theory is the second essential ingredient in the kind of studies presented here. One can-
not overestimate the importance of basing experiments and analysis on rigorous theoretical
models with a predetermined set of parameters and, if possible, offering a clear choice of
alternatives. In the field of exotic nuclei, where out of necessity only a limited amount of ex-
perimental information is available, there is clearly a danger in working from flexible models
that can be tailored to the needs of each individual nucleus and that, seen in isolation, may
seem plausible. We have used a version of the many-particle shell-model that accounts very
well for both single-particle and collective variables, and we demonstrate in Table I how
a combination of [-assignments and spectroscopic factors can provide very detailed tests
of nuclear structure. In the case of 1C we can firmly retain a %+ spin-parity assignment,
cf. the predictions for the excluded alternatives given in Table II. Note also that the ex-
periment successfully confirms the predicted 20% admixture of [ = 0 in the predominantly
I = 2 knockout, to the 2% level. An interesting open theoretical problem is how the knock-
out reactions should be applied to nuclei with strong permanent quadrupole deformations.
Recently, Sakharuk and Zelevinsky [84] performed a first investigation of this problem with
a simplified theory and applied the results to the reaction (**Na.?*Mg). The effects are very

pronounced, especially for Nilsson states with low values of the projection quantum number
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Q2. The momentum distributions to members of the **Mg ground-state rotational band vary
in shape and intensity with spin and suggest a rich source of information that calls to mind
the “fingerprints” seen in transfer reactions at low energy on rare-earth nuclei [1].

The absolute precision of the method still is an open question. We have, until now,
investigated /- values and spectroscopic factors in about 20 partial cross sections for proton
and neutron removal reactions in the p- and sd-shells, and seem to find consistent results.
In a previous paper 8], we have offered preliminary estimates of the experimental and
theoretical errors and arrive in both ways at a relative value of £20%. It remains to be seen
whether this holds (or improves} as more evidence accumulates, or whether there will be a
need for fine-tuning the theory. Our current impression is that the knockout reactions show

promise of becoming an interesting precision complement to the classical pickup reactions
at low beam energies.

A more fundamental question is why there is such good agreement between experimental
and theoretical cross sections. The connection between the two is provided by equation
(1), which supplies the heuristic link between two seemingly unconnected theories. The
spectroscopic factors are defined in a severely truncated Hilbert space with nucleons assumed
to be the fundamental building blocks. These are subject to effective interactions, which take
values adjusted to compensate for the neglected degrees of freedom. The reaction theory
used for calculating the stripping and diffraction dissociation cross sections also, as it seems
successfully, starts from a picture of quasi-free nucleons, generally believed to be valid at
very high energies. Essential input parameters are nucleon densities and free nucleon-nucleon
scattering cross sections. In the present work, this version of Glauber theory is applied well
below the energy at which it is usually assumed to become a good approximation. In both
calculations we have relied on pre-existing parameter selections and have obtained good
agreement on an absolute scale.

[t is tempting to speculate that this agreement is not a mere coincidence. The reason
could be that the reactions are surface-dominated [5,53), and that they sample predominantly
the nuclear exterior. In this region, where the density is low, we may expect the nucleons of
the effective-interaction theory to have properties close to those of a free nucleon. To give
a rough quantitative scale for the average size of the exterior sampled in the experiments,
consider, for the case of a beryllium target, the ratio of a typical single-particle stripping
cross section of about 30 mb to the free-neutron reaction cross section at the same energy of
300 mb. This means that the observed cross sections represent the outer 10% of the single-
particle wave function. The same argument is the key point in the analysis of the momentum
distributions [35-37], namely that the reactions sample just the momentum content of this
external region and are blind to contributions from the (unexplored) interior. As was alluded
to in the introduction to the present paper, the dominance of the nuclear surface is a general
characteristic of nuclear spectroscopy via transfer reactions at lower energies. The same
effect appears in a slightly different disguise in experiments designed to draw inferences
about reactions of astrophysical interest by measuring asvmptotic normalization coeflicients
of single-particle wave functions at large distances, as in [85] and other work cited therein.
In contrast to this, experiments with electrons and other purelv electromagnetic probes can
give information relating to the nuclear interior. Dieperink and de Witt Huberts [86] find
that the general occupancy of single-particle proton orbitals below the Fermi surface, as
determined from the charge densities, is only 75+ 10% rather than unity and that for (e,e'p)
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single-proton removal reactions, the reduction can be even more drastic. For the nucleus
most relevant to those discussed in the present paper, '*C, the spectroscopic factors to the %_

and 1~ states of ''B are only 65% and 50%, respectively, of the values predicted by a shell-
model calculation similar to the one used here. One may speculate that these differences
are connected with nuclear-matter effects that are not directly relevant to nuclear shell
structure. In this connection it is suggestive that the experimental charge density for the
451/ proton in the outer 5-8 fm of *®*Pb seems to be above or close to the theoretical single-
particle density while it is below elsewhere [87]. The question as to what precisely are the
quantities determined in our experiments and why the approach works so well is clearly one
that deserves further study.

The experiment involving the excited level of **C showed that isomeric states produced in
the knockout reaction can give rise to experimental complications and serves as a reminder
that it may be prudent (as well as rewarding) in general to carry out a separate search
for possible unknown isomers in the outgoing residues (what one could call the “tertiary
beam”). The presence of isomers in the secondary beam from fragmentation has already
allowed Grzywacz et al. [88] to discover a number of interesting new isomers. This suggests as
another possibility the use of the techniques discussed in the present paper for investigating
spectroscopic reactions of isomers. If the outcome of the reactions were sufficiently different,
the presence of two species in the beam may not be an unsurmountable obstacle, provided
that the ratio of the intensities were known from direct experiments.
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FIGURES

%} Dispersion matched beamline 5800 spectrograph

FIG. 1. Experimental setup. The dispersion-matched beam line delivers a secondary beam
of radicactive ions on the target arrangement shown schematically in the inset. The target is
surrounded by an array of 38 Nal(Tl) detectors, 20 cm long and 5 cm in diameter, which detect
gamma rays in coincidence with projectile-like fragments measured in the S800 spectrograph.
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FIG. 2. Laboratory system -y-ray spectra from Be(!6C, 1C++)X (filled circles) and ?Be(!?Be,
1Be4++)X (open circles), normalized to the number of projectile fragments. The solid lines are
simulated response functions for the 0.74 MeV v ray from the decay in flight of *C* and for the
0.32 MeV v ray from ''Be*. The inset shows experimental y-ray spectra from 'Be and °C for
E, > 1 MeV. The “tails” above the -y lines, the only discrete lines present, are the continuum
distributions discussed in the text.
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FIG. 3. Inclusive longitudinal momentum distribution of the C fragments produced in
one-neutron removal reactions of '°C on a ?Be target. The experimental errors are smaller than the
size of the points. The full-drawn line is a fit with the short-dashed lines showing the individual
theoretical components. The thin lines indicate the error limits allowed by the fit. The broad
component corresponds to 58 + 6% d-wave and the narrow one to 42 F 6% s-wave.
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FIG. 4. Doppler-corrected y-ray spectrum measured in Be(}7C, 6C+~)X. The black curve is
a fit to the spectrum using an exponential curve for the background and response functions {(grey
curves} for each of the y-ray transitions shown in the simplified level scheme of Fig. 5. The dashed
line corresponds to an estimated upper limit of 2% for the direct transition from the J = 2 level at
3.99 MeV to the ground state. Inset: v spectrum gated on the transitions between the levels at ~

4 MeV and the 27 level at 1.77 MeV. The spectrum was fitted using the same procedure described
above.
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FIG. 5. Partial longitudinal momentum distributions corresponding to the states indicated

in the simplified level scheme of ®C. (a), (b): The solid curves are the calculated momentum

distributions with a mixture of s— and d-waves shown as dashed and dot-dashed lines, respectively

(8% s and 92% d in (a), 26% s and 74% d in (b)). {c): The solid curve is the calculated momentum
distribution of a pure d-wave.
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FIG. 6. Longitudinal momentum distribution corresponding to the ground state of the !8C
residues after one-neutron removal from '*C on a 9Be target. The coincidences with v rays have
been used to correct the inclusive distribution for contributions from excited levels. The momentum
distribution corresponding to the extracted separation energy S, = 0.8 MeV is represented by the
solid line. The dashed lines represent the momentum distributions corresponding to separation
energies of 0.5 and 1.1 MeV. The dot-dashed curve is calculated for a d-state for a separation

energy of 0.8 MeV.
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FIG. 7. Inclusive longitudinal momentum distribution corresponding to ®2C residues after
one-neutron removal from '°C on a “Be target. The solid lines represent the calculated inclusive
momentum distributions corresponding to S, = 0.5 and S, = 0.8 MeV obtained as a least-squares
fit assuming the branching ratios given by the theoretical spectroscopic factors of Tablel. These
values represent approximately the +1o limits of the allowed interval and correspond to a x? of 8
and 9, respectively for 14 degrees of freedom. (For §, = 0.3 and S, = 1.1 MeV x? increases to 18
and 14, respectively.) The dashed lines labeled with s and d represent the contributions from the
[ = 0,2 excited states for S,, = 0.8 MeV. Their contributions for S, = 0.5 MeV would be almost
identical.
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FIG. 8. Permitted regions in the space of spectroscopic factor and one-neutron separation
energy for the ground state of °C. The hatched areas result from different information: measured
nuclear and Coulomb breakup cross-sections (onuct, Tcout) and momentum distribution analysis

(d‘%’“). Also shown are the result from the Coulomb dissociation experiment in [18], deduced from

j—g, and the separation energy value in [71]. A consistent description of the experimental results is

given for values of C2S between 0.5 and 1 and of S, between 0.5 and 1 MeV. Note that this graph
does not display the two analyses of inclusive momentum distributions discussed in the text.
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TABLES

TABLE 1. Partial cross sections ¢ (in mb} and branching ratios b (in %) for the various
final states I™ in the residues produced in "Be(!®'7C,'%16C)X at £ = 62 MeV/nucleon and in
"Be(1°C,'8C)X at E = 57 MeV/nucleon. The theoretical cross sections oy, are calculated from Eq.
(1) using the WBP spectroscopic factors C2S and the single-particle cross sections o,,. For 6C
the values of oy, include overlap factors of 0.897 and 0.948, respectively (see text). The neutron
separation energy of 'C was assumed to be 0.8 MeV.

E[MBV] Im { Cc%s Tsp Tth Texp by, bexp
(8¢, 150) 0.0 1" 0 060 64 34 3246 44 4246
0.74 3" 2 1.23 37 43 4547 56 58+6
T ot 77 7719
(*'C,1%C) 0.0 0* 2 0.03 53 2 22+11 2 19+9
1.77 2t 0 0.16 75 12 1647 12 14+6
2 1.44 37 53 44411 53 384-8
sum 65 60+12 65 528
4.1% 2,3(+) 4+ 0 0.22 50 11 242 11 242
2 0.76 29 29 3147 22 2745
sum 33 33+7 33 29+5
Giot 100 11514
(1°C,13C) 0.0 o 0 058 136 79 148450 46 56+9 .
1.6° 2+ 2 0.48 34 16
4.0° 0t 0 0.32 15 14
4.9° 2t 3+ 2 2.44 26 63
sum 93 116445 54 44411
Ttot 172 264180

2The components of this group have been analyzed together. We identify them with three states
predicted by theory in the range 4.9-5.7 MeV. The main contributions were given by at least two
components.

bAll excited states in 8C were analyzed as one group (see text). The energy 1.6 MeV for the 2%
is the experimental value; the WBP calculation gives 2.16 MeV
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TABLE II. The reaction *Be('"C,'®C)X at E = 62 MeV/nucleon, for a '"C ground-state spin

+ +
J" =537 or 17 gee Table L.
2 2

Jw(l?c) E[MEV] Im 4 C%S Osp Tth Texp bth(%) be::p(%)
st 0.0 0+ 2 070 53 37 2241l 35 1949
1.77 2+ 0 010 75 8 16+7 7 1416
2 0.22 37 8 44411 7 388
sum 16 60+12 14 5248
4.1% 2,308) 4% 0 039 50 20 242 19 242
2 116 29 34 3147 32 2745
sum 54 337 51 2045
Orot 107 115+14
1 0.0 ot 0 064 148 95 22411 57 1949
1.77 2+ 2 039 37 14 60+12 9 52:+8
3.03 0+ 0 020 59 17 - 10 -
4.1% 2,3(+) 2 1.39 29 40 3347 24 29+5
Ttot 166 115414

*The components of this group have been analyzed together. We identify them with three states
predicted by theory in the range 4.9-5.7 MeV. The main contributions were given by at least two
components.
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