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The momentum distributions of the residual nuclei after one-neutron removal have been measured in coin-
cidence with gamma rays identifying the distributions associated with the excited and ground state levels of
these residues. These differential partial cross sections map the momentum content of the removed-nucleon
wave functions and their description provides an exacting test of the reaction dynamics. Momentum distribu-
tion data when populating th&C and %Be ground states show a low-high momentum asymmetry that is
incompatible with the hitherto used eikonal descriptions. A fully dynamical coupled discretized continuum
channels description of the elastic breakup mechanism is shown to provide an understanding of this new
observation which is most pronounced for weakly bousdiave, nuclear halo states. This interpretation is
clarified further by an analysis of the momentum distributions as a function of the angle of detection of the
heavy ground state residues.
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[. INTRODUCTION The measured partial cross sections to individual final
states and their distribution as a function of final momentum
Cross sections for one-nucleon removal reactions frongomponent in the beam directiotig/dp;, identify both the
secondary beams of short-lived exotic nuclei, by a light targrbital angular momenta of the removed nucleons and their
get nucleus, are measured to be large. With the advent Qfsectroscopic factors. A review of the analyses to date, at
measurements in which these heavy fragments, followingeam energies less than 100 MeV/nucleon, can be found in
nucleon removal, are detected in coincidence with depet (7] and the most recent analysis, of silicon and sulphur
excitation photons it has become clear that a large fraction %otopes, in Ref[8]. A very recent applicatiori9] of this

observed cross sections results from transitions in which th?echnique to data at higher energies, between 250 MeV/

projectile residue is left in an excited state. Such measure- : :
: : - nucleon and 2 GeV/nucleon, where the reaction theory input
ments of the ground and excited state partial cross sections

have been shown to provide an efficient and effective tool fof> 0N @ yet stranger footing, derives spectroscopic factors for

studies of the evolution of the dominant single-particle state rot(?n remov_al n excellgnt agreement with those of Fhe
in rare nuclei[1—6] at beam energies of the order of 50 (&€ P) reaction[10], while extending the spectroscopic
MeV/nucleon or greater. The advantages of reactions using Rossibilities also to_ neutron removal and to unstable species.
light absorptive target, such d8e, are twofold. First it en- A récent systematic study of a large numberpfd-shell
sures the reaction is dominated by the nuclear interaction anféticlei, where the core states were not identified, adds further
avoids ambiguities due to the long-standing theoretical probsupport to the value of the techniqii#l]. However, the
lem of the simultaneous treatment of both nuclear and Coumethod is most powerful when the different core state con-
lomb reaction mechanisms. Second, the use of a Jow tributions are resolved.
nuclear target introduces spatial localization of the reaction The ground state of'Be has a well-developed neutron
at the nuclear surface. Use 8Be in particular, with no halo with a neutron separation eneigyof only 0.503 MeV
bound excited states, essentially presents a black absorptiead a wave function dominated by &} neutron single-
disk to the incident core of nucleons. The requirement ofparticle component. A recent experiment by Aumagiral.
core survival, at near to beam velocity, then dictates thafl] studied the’Be(*'Be,'%Be+ y)X one-neutron removal
those contributing core-target paths are highly peripherateaction at 60 MeV/nucleon. A subtraction procedure was
with the result that the removed nucleon’s wave function isused to construct the cross section for those events without a
probed at and beyond the surface of the projectile. This ig°Be decay photon in coincidence, corresponding to the
then a very similar situation to that in low-energy light-ion ®Be(g.s). Significantly, the resulting parallel-momentum
transfer reactions on medium mass nuclei where the shodistribution of the ground state to ground state partial cross
mean-free paths of the ions lead to strong surface localizasection, do/dpy, showed a marked low-high momentum
tion. asymmetry with a low momentum tail to the measured dis-
tribution. Such a feature is incompatible with the straight-
line, constant velocity assumptions made in the eikonal
*Permanent address: Nuclear Physics Division, BARC, Trombaytheory used in Ref.1] and elsewhere for the analysis of such
Mumbai 400 085, India. systems and which lead to symmetric distributions about the
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momentum corresponding to the beam velocity. This sug- A. Cross section and momentum distribution
gests that the analysis and our understanding of these data of the knockout residue
w:st:c?ufénst?ggént%fﬁggg rrr:l(ra:htamsnzj IS ;.t'” mcpm%lete._ The A1200 separator has been designed to accept a large
; . ymmetry under diSCUSSIOn Nere i3, o noym bite, up to 3% in normal operation. Alternatively
that seen in theexclusivemomentum distributions to the . : . . . .
ground states of the residues. Low momentum tails can als'ct) is possible to perform high reso_lutlon_experlments with
be observed in inclusive momentum distributidid], but SUCh_a beam throu_gh_the_z use ofad|sper5|pn-matched system.
there they almost certainly originate, not from intrinsic core!n this the spread in incident momentum is compensated by
state asymmetries, but from the overlapping core final statdiSPersing the secondary beam on the reaction target and
distributions with differentp centroids. In the exclusive YS9 the magnification of the spectrograph to cancel its dis-
measurements to daf@] only the two ground state transi- Persion. The S800 spectrografts] has been designed to
tions discussed here have revealed significant asymmetry RPerate in this way. Due to the large dispersion of the S800,
the py distribution. the beam must be limited to a spread in relative momentum
In this paper we show that an understanding of the obof 0.5%. In this case, it is possible to study reaction products
served ground state to ground state momentum distributiogt a relative momentum resolution of 0.025%. The spec-
asymmetry is provided by using a fully dynamical descrip-trograph is characterized by a large angular acceptanmc®
tion of the elastic breakup component of the cross section. 20 msr solid angle;=5° horizontal, = 3.5° vertical, disper-
preliminary analysis of this effect was reported in Ré2].  sive direction and by a momentum acceptance 0.5%.
The observations fot'Be are also confirmed in a precise The position and angles of the fragments were determined by
new experiment ort°C, with S,=1.218 MeV. The low ly- two x/y position-sensitive cathode-readout drift chambers
ing states of'°C and their spectroscopy are rather well de-[19] at the focal plane of the spectrograph. The resulting
termined empirically. Two analyses of th&C(d,p) *°C reac-  beam of 5C was cleanly identified on an event-by-event
tion, at 16 and 17 MeV, derive spectroscopic factors of 0.9%asis with a typical intensity of 90 particles per second. The
and 1.03 for the 1/2 ground state neutron orbitfl3,14. A reactions took place in a secondary target of 228 m@/cm
third 14-MeV experiment and analysis of Gossal. [15]  °Be at a mid-plane energy of 54 MeV/nucleon. The resolu-
derivesS=0.88, but using a more extended neutron boundijon and intensity of the incident secondary beam was moni-
state potential geometry, with Woods-Saxon parametgrs tored in short exposures with the setting of the spectrograph
=13 fm, a;=0.7 fm, which will enhance the calculated adjusted to the full momentum of tHéC beam. After this,
cross section and so reduce the extracted spectroscopic faeng exposures at an appropriately reduced field setting iden-
tor. The '°C case is therefore a very useful test case with aified the 14C residues. Their full momentum distributions
relatively pure single-particle ground state. were reconstructed with the ion optics codesy INFINITY
A second new feature of this paper is an investigation of20]. The intensities of the beams and residues were normal-
the dependence of thiw/dpj cross section distributions on ized using the signals from a beam-line timer, a scintillator
the angle of the emerging core particle. We show here thaslaced at the end of the A1200 separator.
this additional differential cross section, and the quantum At the focal plane of the S800, a segmented ionization
mechanical elastic breakup calculations, suggest different achamber and a 5-cm-thick plastic scintillator measured the
gular distributions from the contributing stripping and elasticenergy, energy loss, and time of flight of the residues. These
breakup reaction mechanisms. Consequently, although thgata were used for particle identification purposes. The cross
observed asymmetry is expected to be most important fogection for the one-neutron removal reaction was calculated
weakly bound and halo states, the results discussed have sigs the yield of detected fragments divided by the yield of
nificance beyond halo states in the clarification of the twaoincident projectiles, taking into account the thickness and
mechanisms contributing to single-nucleon removal reacnumber density of théBe target. The spectrograph accep-
tions. tance provided a complete momentum distribution for the
narrow distributions corresponding to thg=0 state compo-
Il. EXPERIMENTAL TECHNIQUES nent, and th(_a corrections for the angular and the m.om_entum
acceptance in thgy=1 orbital angular momentum distribu-
Measurements of the one-neutron-removal reactions frortion were small. The procedure has been discussed in Ref.
15C were performed at the National Superconducting Cyclo{6]. The absolute partial cross sections were obtained from
tron Laboratory(NSCL) at Michigan State University. Ara- the gamma-ray data as described below. The error of 12% in
dioactive beam of°C was produced by fragmentation of an the total one-neutron removal cross section includes uncer-
incident 80-MeV/nucleort®0 primary beam on a thicRBe  tainties in target thickness, incident particle rate, particle
target. The secondary beam was purified in the A1200 fragidentification, and acceptance. In the following, the momen-
ment separatdrl6] by the combination of magnetic analysis tum distributions are shown in the laboratory system, and the
and an intermediate degrader. The resulting beam was delivaeasured quantity is actually the total momentum, which has
ered to the experimental setup, shown in R6f, consisting  been projected onto the beam axis to give the quamjty
of three parts: a dispersion-matching beam line, a target suused in the figures of the present paper. Since the residue’s
rounded by an array of N@ll) gamma detectorEl7], and  deflection angle is small, typically a few degrees, the differ-
the S800 spectrograghi8] used for detecting the projectile ence between the total momentum and the parallel momen-
residues from the reaction. tum is small. The laboratory distributions are broadened by
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the relativisticy factor, which has to be included in the com- V

. . . , .
at — 7.01 4
parisons with theory. 1) o T— so0 'Be(13C,14C+y)X
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B. Gamma-ray detection = ] ]
D
The excited states of the residues were tagged by an inne_§_
ring of 11 cylindrical Na(Tl) scintillators surrounding the &
target. Each scintillator was read out by two photomultiplier %
tubes, one at each end, thus allowing the determination oiC

2
both the energy and the interaction point of the photon in theg 10 ]
detector. The position information provided by the array 3
made it possible to correct for the Doppler shift in the energy<
of the y rays emitted by the fastd=0.33) residues. The
energies of up to four hits in separate detectors were adde &
independently to the spectrum, so that summing of coinci-=  10° 4
dent lines in this large detector was greatly reduced. The ]
back transformation to the center of magm) system,
however, does not generate the spectrum that would haw
been observed from a source at rest due to the energy depe
dence of the detection efficiency and, especially, events in
which radiation has escaped from the crystal. Examples of FIG. 1. Center-of-mass systemray spectrum fron?Be(**C,
these are annihilation radiation and Compton-scattered phd“C+ )X (filled circles and its decomposition into individual line
tons. Since the reconstruction cannot identify these featureghapes obtained in the Monte Carlo simulation. The 0.81- and 6.09-
the part of the response function that lies below the full-MeV gamma rays are in cascade and give rise to a sum line at 6.90
energy peak gets distorted. This may seem unimportant sind4eV. There is no crossover. Since the spectrum was analyzed on
the full-energy peaks obviously are reconstructed correctl;}.he basis of individual hits in the detectors, t_hls sum Iln_e is much
However, an accurate understanding of the measured env¥eaker than the {.01-MeV gamma ray, which we attribute to a
lope of the gamma spectrum requires knowledge also of thbnown 2 !evel in C..Thelz appr0)<.|mately exponential component
shape of the continuum distributions underlying the peaks's the continuum cqntrlbu_tlon ascribed to neutrons and gamma rays
For the decomposition of the measured spectrum, completféom the target. Its intensity and shape has been taken fronj &ef.

response functions were constructed in a numerical simulgg|ateqd background is attributed to neutrons, gamma rays,
tion in the following way. ~and charged particles produced in the target and to their sec-
_ Fora gamma ray of a given energy, assumed to be isotrasngary interactions with construction materials and the scin-
pically emitted in the projectile c.m. system, a sequence Ofjators. Its intensity for gamma energies above 0.25 MeV is
Lor_entz-boosted/ events with the appropriate angular distri- approximately 9% per outgoing fragment and the same for
bution was generated in a Monte Carlo procedure. Thesge two isotopes. It has been included with the same absolute
were subsequently used in the Monte Carlo 0GHeNT [21],  intensity per incident fragment in the analysis of the
which simulated the energy deposited in the detectors as Weé}amma spectrum shown in Fig. 1. The measured branching
as losses generated by interactions with chamber walls andtios deduced from the gamma intensiti@gth indirect
detector mounts. One million events were generated for feeding taken into accounare given in Table I. Those for

given energy. For each event tirandom outcome was ran-  the previously reported'Be experiment can be found in
domly broadened by the energy resolution, which was astgpje | of Ref.[1].

sumed 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 se- The data for the momentum distributions to the ground
quence of simulateg signals were corrected event by eventand 6.09-MeV 1 states of'“C are shown in Fig. 2. These
for the Doppler shift to construct the apparent energy in theare each the sum of cross sections from two distinct reaction
c.m. system. Histograms of the simulated events created thmechanisms. The first, stripping, involves the removed
reference line shapes, which were used for fitting the obnucleon being absorbed by the target and hence being re-
served spectra. The reliability of the simulations was verifiednoved from the forward-going beam—the inclusive cross
by comparing measured and simulateday spectra from section for target excitation. The second, diffraction dissocia-
(necessarily stationarncalibration sources. An agreement to tion or elastic breakup of the projectile, describes the sepa-
within 10% in the absolute intensity was found. ration of the neutron from the core by the neutron- and core-
A complication in the data analysis was the presence of #garget tidal forces, the target remaining in its ground state.
continuum background distribution varying approximately Both of these processes must therefore be calculated and
exponentially with energy. This has been discussed in Reftannot be individually identified from the measurements
[6], which shows results from the isotopé&Be and 1°C,  made only of the residue.
which have no gamma rays above 0.8 MeV. This projectile- The single-particle stripping contribution to the cross sec-

nsity

o

T .
Energy [MeV]

Ill. REACTION THEORY MODELS
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TABLE 1. Cross sections(in mb), theoretical and deduced spectroscopic factors for the reaction
9Be(15C,C(1™))X at E=54 MeV/nucleon. The!®C ground state spin i§”=3". The division of cross
section between the stripping and diffraction dissociation mechanisms is also shown. The lower entries in the
table show eikonal calculation$) for the ground state transition when using the Woods-SaXag.s)
single-particle wave function and the JLM neutie optical potential, andii) the ground state and™1
transitions when thé°C single-particle wave functions are calculated from the SkyrmédeE text The 1~
and 0 final state results were calculated assumintj@+n(1s) composite coré3].

E[MeV] K lo osp(Str) o5 p(diff) Osp Texp C?Sexp C?sy,
0.00 0 0 91 56 14%  109+13  0.74-0.09 0.98
6.094 T 1 23 8 3f 22+3 0.72£0.10 1.18
6.903 0 1 22 7 29 3+1 0.10+0.03 0.46
7.102 2 2 23 7 3@ 3+1 0.10£0.03 0.02
Trot 137+ 16
0.00 0" 0 63 67 130 109+13  0.84r0.10 0.98
0.00 0" 0 76 45 12§ 109+13  0.90+0.10 0.98
6.094 T 1 21 7 28 22+3 0.79+0.11 1.18

&Cross sections from the Glauber model potential and WS single-particle wave functions.
PCross sections from the JLM potential and WS single-particle wave functions.
Cross sections from the Glauber model potential and HF single-particle wave functions.

tion, ogy(str), was discussed by Hussein and Mc\@g] . . ANt
and Hifner and Neme$23] in the spectator core model and few-body formalisms applicable to the stripping part of the
an expression given within the eikonal limit. This still repre- Cross section have been proposadeview has been given
sents one of the only practical ways to calculate this incluby Ichimura[25]) these have not led to practical implemen-
sive cross section with respect to target excitations. Théations. In the present work all calculations of the stripping
transfer to the continuum based approach of Bonaccorso ariéirms will use the eikonal formalisii26,6].

Brink [24] has much in common with the eikonal approxi-

1.2 T r

*C+’Be
1 _

0.8 .

06 |

04

Cross section (arb. units)

1 e
| 6.09MeV ¥

A 54 MeV/nucleon

4.4 4.45

45

4.55 4.6

p,("“C) (GeVrc)

FIG. 2. Distributions with the parallel momentypp of the cross
section to the ground state &fC (circles and in coincidence with
the 6.094-MeV gamma raftriangles. (The latter contains a 10%

contribution from feeding via the 6.90-MeV level. Coincidences
with the 0.81-MeV gamma ray show this contribution, within the

experimental errors, has the salge-1 shape.Acceptance correc- ’ ! £
tions are discussed in Rdi6]. They amount to a factor 2 at the tively simple and transparent physical inputs. They have
edges of the figure. The dashé&ls) and dot-dashed (1) curves
are the results of the eikonal-model calculations with the peakween different models.
heights and positions adjusted to the dé&fde theoretical 1T peak

has been centered 0.008 GeVéwer than that of the ground state.
The calibration was not precise enough to permit a discussion of the
absolute position of the peaks relative to beam velgchiie solid
curve for the ground state transition is the result of the CDCchere to calculate the single-particle removal cross sections

analysis discussed in the text.

mation for the stripping term. Although quantum mechanical

Practical methods for calculations of the diffraction disso-
ciation (or elastic breakupcomponento(diff) of the neu-
tron removal cross section are much better developed, since
this is an exclusive process. These include the coupled dis-
cretised continuum channgl€DCC) [27] and eikonal meth-
ods (used herg time-dependen{28,29, distorted waves
Born approximationDWBA) [30] and numerous first- and
higher-order semiclassical formulatiof28,31. We will
show that for the nuclear breakup of the weakly bound pro-
jectiles discussed here the DWBA approximation is not suf-
ficiently accurate and that reliable calculationsoqfy(diff)
require a higher-order treatment. Use of the CDCC approach
includes such higher-order effects. Most importantly it guar-
antees a complete dynamical description of the energy trans-
fer between the c.m. and internal degrees of freedom of the
reacting projectile, expected to be vital for the study of finer
details of the momentum distributions of the residues.

To date, at the fragmentation beam energies of interest
here, ~50 MeV/nucleon and greater, theoretical analyses
have, almost exclusively, exploited the sudden/adiabatic plus
eikonal approximations. These lead to considerable practical
simplifications and to calculation schemg6] with rela-

been very successf{24,26,32,33 with good agreement be-

A. Eikonal model cross sections

The eikonal reaction theory of Refi3,6] has been used

Tspl = Tsp(Str)+ og(diff) ] shown in Table I. The removed
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nucleon-core bound state wave functions are calculated in single-particle bound states. This common choice has al-
Woods-Saxon potential well with conventional radius andlowed a systematic study of the many measured transitions
diffuseness parameters 1.25 and 0.7[6h The depth of the without parameter variation in individual cases, and has led
potential is adjusted to reproduce the physical separation efe a consistent overall agreement of theoretical shell model
ergy of the nucleon from the projectile for each residue finaland experimentally deduced spectroscopic facf@is It is
state. The neutron- and core-target interactions are calculatediso clear, however, that the absolute nucleon removal cross
by single and double folding, respectively, of the effectivesections will be sensitive to these bound state wave func-
Gaussian nucleon-nucleon interaction 8] assuming tions. To gain an insight into this sensitivity in tHéC case,
Gaussian matter distributions for the core and target. We asve have also recalculated the reaction using single-particle
sume root mean Squared mass radii of 2.30, 2.28, and z.zﬁa\/e functions from a Skyrme Hartree_Fo(j-HF) calcula-
fm for '*'C and '%Be. For the transitions to the excited tjon [37]. It was necessary to scale the central HF potential,
final states of the'‘C core, in which a more tightly bound by a number near unity, to ensure agreement with the empiri-
core neytron |?3 removed, th€C core is itself treated as a cal separation energy for each orbftag]. In the surface and
composite, of “C and the weakly bound-wave valence g regions, of importance to nucleon removal reactions, this
heutron, as was discussed in R]. wave function is very similar to that calculated in a modified
Based on theB(E1) distributions calculated from the \yoods-Saxon geometry of radius 1.27 fm and diffuseness
ground state single-particle wave functions, upper bounds 0f 50. The smaller diffuseness reduces the rms radius of the

the Coulomb dissociation contribution to the ground state to] g grpital and hence the calculated neutron removal cross
ground state cross sections are estimated to be less than d9:tion to 121 mb. The 1 state cross section is less af-

mb for 'Be and 4 mb for'°C, compared to the measured fgcteq being reduced by only 2.5 mb.

cross sections of 2¢31) mb and 10913) mb, respectively. The different eikonal model cross sections are collected in
These small Coulomb contributions will not be consideredrapie | and give an overview of the model sensitivities in the
further in this paper. calculated os,. The resulting experimental spectroscopic

As has been noted earligt2], the eikonal modebspare  taciors to the lowest two states are in reasonable agreement
relatively insensitive to the details of the assumed nucleonyiin the theoretical shell model values from the WBP inter-
target interaction, provided they give consistent nucleonycion[39]. The radial mismatch factors, which account for
targgt reaction cross s_ectlon_s. Howeve_r, the division qf CrOSfhe change in average potential for the neutron in the projec-
section between the diffractive and stripping mechanisms igje and residual nuclef4], are within 2% of unity for the
sensitive to the choice of potential. A realistic description of1 - - gnd 2" states and so have no implications in this
the refractive(rea) content of the neutron-target optical po- c4se We will return to a discussion of the ground state spec-
tential is therefore rather essential for a quantitative study ofroscopic factor in Sec. V. The experimental cross section to
the relative contributions from the stripping and elasticy,e 6. 903-MeV 0 state falls short of that expected theoreti-
breakup mechanisms. The optical limit profile function forcally, but a discussion of the spectroscopy of these higher

the nucleon-target system constructed above is less 0bViging states is not the priority of this work and will not be
ously appropriate for comparisons with the CDCC Ca|CU|a'entered into here.

tions which also, for practical purposes, require specification
of a neutron-target optical interaction. We therefore make use
of the better theoretically founded microscopic effective
nucleon-nucleus interaction of Jeukenne, Lejeunne, and Ma- The shapes of the measureid/dp; distributions for
haux[34] (JLM), shown to provide a good overall descrip- nucleon removal from*>C leaving *“C in its ground or
tion of a large body of nucleon scattering data from light and6.09-MeV 1" levels are shown in Fig. 2. As was discussed
medium mass nuclei at these enerdi@s]. So, in the CDCC in the introduction, a characteristic of these reactions is their
calculations, the neutron interaction with the target is calcusurface dominance, evident from the facts ttathe calcu-
lated from the same target density, the mid-point local denlated stripping cross sections shown in Table | are much
sity approximation/35], and the JLM effective interaction. smaller than the free neutron-target reaction cross section,
We apply the conventional scalings, 1.0 and 0.8, to the rea=300 mb, and(ii) the momentum components associated
and imaginary strength85] of the calculated interaction. To with the inner lobe of the 4 neutron wave function
allow a more direct comparison with these calculations, theare absent from the ground state momentum distributions in
eikonal calculations were repeated with this neutron interackFig. 2[40].
tion, the neutron-target profile function being calculated us- Eikonal estimates of theo/dp, are also shown by the
ing the exact continued phases method of R&6]. These dashed and dot-dashed curves, based here on profile func-
eikonal calculations are also shown in Table | for the groundions with sharp cutoff radii, chosen to reproduce the free
state transition only. The more refractive and less absorptivaeutron-target and core-target reaction cross sections. The
nature of the JLM optical potential is reflected in the reducectalculations assume, as is us{él], that the stripping and
stripping and enhanced diffractive cross section contributionsliffractive cross section components have the same shape.
with the JLM interaction, shown in Table I. The experimental distribution to the 6.09-MeV™ llevel

We note that, being consistent with earlier analyfdess], agrees well with the eikonal calculatidqdot-dashed curye
we have used a fixed Woods-Saxon potential geometry, withVhile the eikonal calculatiofdashed lingclearly identifies
radius 1.25 fm and diffuseness 0.70 fm, to generate théhe “C(g.s) distribution as due ts-state nucleon removal

B. Parallel momentum distributions

024607-5



J. A. TOSTEVINet al. PHYSICAL REVIEW C 66, 024607 (2002

' ' ' ' ' method[27] to calculate the elastic breakup components of
R tr i the 1°C and!'Be nucleon removal cross sections. The CDCC
£ approach calculates a three-body solution of the Stihger
5 081 i equation, an approximate description of the projection of the
fe] I .
& full many-body wave function onto the ground states of the
5 06 1 i target and core nuclei. The targeis assumed here to have
5 04 | spin zero and no explicit target excitation is included, so
o effects of target excitation on the elastic breakup enter only
w F . . .
8 02 | 1 through the complex effective interactions of the core and

1 valence neutron with the target. HeRes the position of the
L c.m. of the core and neutron relative to the target argithe

-50 0 50 100
p, (MeV/c)

-100 position of the removed-neutron relative to the core.

The core patrticleg in the present case are spinless, and

FIG. 3. Comparison of the measured parallel momentum distrif® neutron has spisand projections. These particles are
butions, in the projectile rest frame, for populating tHe(g.s) ~ @ssumed structureless. The total angular momentum of the

(open squarésand 1%Be(g.s) (filled diamonds in nucleon removal ~ Projectile ground state ik with projectionM, in which the
from 1°C and ''Be at 54 and 60 MeV, respectively. The lines are arelative orbital angular momentum of the two constituents is
guide to the eye. The filled circles show the result of scaling the o and their separation energy§g(>0). The incident wave
width of the 1°Be distribution by the square root of the ratio of the number of the projectile in the c.m. frame of the projectile

separation energies in the two cas¢6l.218/0.503). and target i<, and the coordinate axis is chosen in the

: ; : o : incident beam direction.
its failure in detail is quite apparent. The ground state datd"®
show an increased width and an excess of intensity at low In the CDCC wreatment .Of '.[he breakup .Of neutron-core
momenta when compared to the eikonal theddashed systems one couples the incident projectile in spin state
curve, as was seen also for théBe data[1], shown by the (I,M), in all orders, to selecteq break.up copﬂgurauons
filled diamonds in Fig. 3. The width of the calculated eikonal (!",M") of the core and neutron, with relative orbital angular
distribution has been shown to retain a very small sensitiviynomentuml. This continuum of breakup states, in each sig-
to the details of the profile functions us@d2] but cannot hificant spin-parity excitatiorl’, is further grouped into a
lead to asymmetry. numberN(l') of representative energy intervals or bins. In
Our concern is this observed asymmetry. These first indieach bini, representing states with wave numbers on the
cations of a systematic departure from the eikonal theory argyterval [k;_;—k;], a square integrable bin staig,,«
evident only because of the exclusive character and qualit (; (1s)1") is constructed43] as a weighted superposition
OI] thetga:a:hshownbm Flg(.j 2 and R?ﬂ]éé(”a Fig. 3 we also  f the scattering states in that interval. In the present appli-
S zv‘{lBa f'IFSC? 3. served asymmﬁ ries™D (open squares  carions, orbital angular momentta5 are included and lead
an e (filed diamond$ must have a common origin y, conyerged results. In eadh channel, A'=10 bins were

since their ground state distributions, and their a:ssociateE]oSed This CDCC model space. for tA2€ case. is shown
asymmetries, are essentially identical when the widths of thechehatically in Fig. 4 Thpe wi,dths of the bir,ls in each

distributions are scaled by their ground state bound-neutrof}

asymptotic wave number. The filled circles, obtained Whenchannel, extending up to the maximum relative energies in-

the width of the !'Be distribution is rescaled by dicated, are chosen so that each bin spans an equal relative

v1.218/0.503, are essentially identical with those forVave number interval.

the '°C. This scaling is what the simplest sudden approxi-

mation model would predict if the boungistates were ap- A. Construction of continuum bin states
proximated by Yukawa wave functions. N . .

A feature of the semiclassical eikonal approximations is_ For each of theM(’) b”.’ mtgrvals, W'th W'qt.hAk‘
that they are implicitly energy nonconserving. The calcula-— LKi ~ki-1], the representative bin state is, explicitly,
tions do not treat energy sharing between the center of mass AT -
and relative motion degrees of freedom of the neutron and dg (N=[YI(N@X] mrun(r)/r. (1)
core or the momentum transfers involved in the deflection of
the core from its assumeg@ikona) straight line path. A re- Each radial functioru,, is a square integrable superposition
sult is that the calculated distributions must be symmetriavith weight functiong,,(k),
about the momentum corresponding to the beam velocity.

That the experimental asymmetry is pronounced for the halo 2 [k

states suggests that the phenomenon is associated with the u,(r) =/ f 9.(K)f(k,r)dk, )
elastic breakup mechanism and that there is a need to go NSk,

beyond the eikonal theory.

of the scattering statefs,(k,r), eigenstates of the+n rela-
IV. COUPLED CHANNELS BREAKUP CALCULATIONS tive motion Hamiltoniaan. The normalization factor is

— ki 2 :
In the present work, we exploit the fully quantum me- N“_fkiﬂ'g“(k)l dk. Thef, are defined here such that, for

chanical coupled discretized continuum chann@®CC) r—o,
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| B. Three-body breakup observables
--------------- 30 Mev -- The relationship of the CDCC coupled channels bin state
24 MeV 0 inelastic amplitudeé’,‘\;,,\ﬁ(ga) to the physical breakup tran-
20 MeV sition amplitudesT . (k,K) from initial statel,M to a
1 — f three-body continuum final state is discussed in detail in Ref.
A\ A . This is needed to make predictions for the detection
[43]. Th ded t k dict for the detect
\\ \/ geometries considered here, since each detector configura-
—\ S tion and detected fragment energy involves a distinct final
(NN S state c.m. wave vectd, breakup energy,, and relative
Z . -
==, | £ IEg motion wave vectok.
HE e Y The three-body breakup matrix can be written
j T R . (2m)¥* .
5/2+ 0.480 ',,/,’:, 0.480 T().:M(k,K): ” E (_I)I(Ivso_“rM/)
1/2+ -1.218 1222 1218 av
15 . -
c s p d T 9 X expfi 8,(K) X Y] (K)gu(k) Ty (@, K).
FIG. 4. Diagrammatic representation of the CDCC model space (4)

calculation for'°C. The left side shows the physical bound states ) ) . o
and continuum and the right hand side the included continuum binkiere ,(K) is the neutron-core relative motion phase shift in

(10) in eachn+ *“C partial wave. The dashed arrows are represenexcitation state’, and theTM,M(a,}Z) are interpolated from

tative of the one-way couplings included in the DWBA. The solid the coupled channef%f,, (IZ ) on the choserX, and ¢
arrows show representative couplings for the full CDCC calcula- TMATe “ Ke

tions which connect all bins, including diagonal bin couplings, with grid. Specifically,
two-way couplings to all orders. Relativewaves were found to 5
make negligible contributions. Tyrm(a,K)

=exp(i[M—M'1¢)[ 75y (K)/YN,], (5)

where the value of the bracketed term on the right hand side
is interpolated from the coupled channels solution. The num-

wherek belongs to bine andF, and G, are the regular and ber of bin states used to describe ed¢hexcitation must
irregular partial wave Coulomb functions. So theare real allow an accurate interpolation of these amplitudes. The sum
when using a reat+ n two-body interaction. Energy conser- " Ed. (4) is taken over all bin states which containk.

vation connects the wave numbefs, of the c.m. of the The three-body amplitudes, Ef), are used to compute

Lo : : the triple differential cross sections for breakup in the labo-
fragments in bin stater and the corresponding bin state ex- X
o . - - ) ratory frame. If the energy or momentum of the core particle
citation energies, = (¢,/Hp|b,). For nons-wave bins we js measured then the relevant cross section is
used g,(k)=1. For the swave bins we usedy,(k)=k

which aids the interpolation of the three-body transition am- d3o 27pp 1
plitude near the breakup threshold. dE.dQ.dQ, - 52K (21+1)
0

These bin stateéa provide an orthonormal relative mo-
tion basis for the coupled channels solution of the three-body
c+n+t wave function. The bins and their coupling poten-
tials ($,|U(r,R)| ¢ ) are constructed, and the coupled equa- _
tions are solved, using the coupled channels ceriesco ~ Where p(Ec.Qc,(1,) is the three-body phase space factor

> ol . . [45]. The data under discussion here are the parallel momen-
[44]. HereU(r,R) is the sum of the interactions of the core tum distributions for the heavy core fragments and the cross

and neutron with the target,_ which are expanded to m.umpOlesections must be integrated numerically over all directions of
orderg. The coupled equations solution generdféective e nobserved neutron. The cate/d p, differential cross
two-body transition amplitudes 7y,,,(K,), already sections are computed by writing, aftef),, integration, in
summed over projectile-target partial waves, for populatinghe laboratory frame

each bin staté’,M' from initial statel,M, as a function of

the angle of the c.m. of the emerging excited projectile in the do 1 d’o

c.m. frame. These amplitudes are expressed in a coordinate d_f%_ mep, dE.dQ. @
system withx axis in the plane oK, andK . For a general

x-coordinate axis the coupled channels amplitudes must suland then integrating over the required angular acceptance
sequently be multiplied by expM—M']dy), with ¢« re-  and/or perpendicular momentum components of the heavy
ferred to the chosenr axis. residue.

f o (k,r)—[cosd,(k)F|(kr)+sins,(k)G,(kr)], (3)

xEM I Tom(K,K)|2p(Ec,Qc,Qp), (6)
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C. CDCC model space . o
The details of the model space parameters used in the = 600 | C+Bo
CDCC calculations are as follows. Partial waves up to
Lmax=200 and radiiR up to R¢,,,=50 fm were used for
the computation of the projectile-target relative motion wave
functions. The continuum bins were calculated using radii
<rpip=50 fm.
In the final calculations presented, see Fig. 4| allates
up to and includingy waves (=4) were included. Addition
of =5 relative motion bins changed the calculated inte- 27
grated elastic breakup cross sections for both @ and 0 (oo . : .
HBe cases by less than 1 mb. The bin state discretization a4 445 o 4.5 s \;"55 46
was carried out up to maximum relative enerdy,ay Py [ Clas)] (GeVic)
=20 MeV insandp waves, 24 MeV ind waves, and 30 FIG. 5. Calculated elastic breakup componentdef/dp; for
MeV in f and g waves. The number of bins in eatlton-  15c+ 9Be— 4C(g.s. )+ X at 54 MeV/nucleon from the CDCC as a
figuration was 10 with equally spac&gdfrom k=0 toknax.  function of the maximum angle of detection of tf@ residue in the
In the case of the DWBA cross sections quoted below theaboratory frame. The solid circles, scaled to the 0.5° acceptance
calculations used the same model space, however, the groundrve, show the results of the eikonal calculation which coincide
state was coupled to each bin state in first order only. Calcuwith the CDCC distribution for extreme forward angles of the resi-
lations used potential multipoleg<4 in constructing the dues.
coupling potentials and coupled equations set. ) _ )
The core-neutron potentials used to construct the grounfesidues, as would be expected. The integrated elastic
and continuum states were the standard spin-independeRf€akup cross section from the CDCC is 56 mb, which com-
Woods-Saxon potential wells with radius parameter 1.25 fnpares with the value 67 mb computed in the eikonal model,
and diffuseness 0.7 fm discussed earlier in Sec. lIl. Inithe Table I, with the same interactions. The corresponding
=1,=0 states the well depth was chosen to reproduce thQWB_A calculation, in which all bin-bin and_ higher-order
ground state neutron separation energies of 1.218 and 0.5¢8uplings are removed, generates an elastic breakup cross
MeV for 1°C and ''Be, respectively. The same potential was S€ction qf 65 mb. The calculations féﬂB_e are qualitatively
then used in all configurations, except that the potentials in Very similar. For the''Be case the elastic breakup cross sec-
the p waves in *Be, and in thed waves in 5C, were ad- tions obtained are 115 m€DCC), 185 mb(DWBA), and
justed to reproduce the single bound excited states at 0.327 mb(eikona). These cross section values are tabulated in
MeV (py,,) and 0.74 MeV (s, in the two systems. These 1able Il. . _ .
bound channels were included as an additional state in the 10 help clarify the relationship of the calculated and mea-
coupled channels calculations, together with the ground stafeHred cross section asymmetry to the angle of acceptance of
entrance channel and the 50 bin state configurations. THE&€ detected core fragments, we calculate the core angle dif-
inclusion of these single excited bound states had negligibléerential cross sections and momentum distributions
influence on the breakup distributions and cross sectionglo/dpyd{2. We consider the core fragments emerging in the
The CDCC calculations are carried out assuming a grountPoratory angle intervals 0-1, 1-2, 2-3, and 3—4 degrees
state spectroscopic factor of unity. about_the beam direction, both from the CDCC and from the
The interactions used for the core-target systems wer8XPerimental data. Thé'Be data of Ref[1] have also been
those which calculate the optical limit profile functions usedré@nalysed in this differential form. Since the experiments
in the eikonal calculations of Sec. IIl. Similarly, the potential did not use tracking of the incoming projectiles, tfrens)
of the neutron with théBe target is the JLM interaction as resolution on the deflection angle was only 0.43°. Our choice

400

200

Cross section [mb/(GeV/c

was used in the eikonal calculation, also in Sec. IlI. of one degree angular intervals here and in subsequent fig-
ures has been made to avoid contributions of this experimen-
V. RESULTS tal resolution in the comparisons. The results for the differ-

ential cross sections are shown in Fig. 6. The corresponding

Figure 5 shows the calculated elastic breakup componergxperimentalda/dpdQ for the *¥C(g.s) and '°Be(g.s)
of do/dp, from the CDCC, for °C+ °Be— '“C(g.s.)+ X at  transitions are shown by the solid symbols in Figs. 7 and 8.
54 MeV/nucleon, as a function of the maximum angle of These show clearly that, as well as the expected fall of cross
detection of the'“C residue in the laboratory frame. The section with angle, there is both a broadening of the momen-
cross section is that measured in a forward angle cone. Agum distributions and a shift in the peak positions toward
parent is that the calculated cross section distribution isower momenta with increasing scattering angle. We will re-
asymmetric, the asymmetry developing with the angle of theurn to calculations of these angle dependent distributions.
detected residues until the full cross section is obtained at In Fig. 6 the experimental ground state partial cross sec-
about 4°. The solid circles, which have been scaled to th&ons in each angle interval are shown by the solid histo-
0.5° acceptance curve, show the results of the eikonal calcigrams, for both the'®C (uppe) and *'Be (lower) induced
lation, the dashed curve from Fig. 2, and coincide with thereactions. These sum to the measured ground state nucleon
CDCC distribution for these extreme forward angles of theremoval cross sections of 109 and 203 mb, Table II. The

024607-8



SINGLE-NEUTRON REMOVAL REACTIONS FROMSC . . . PHYSICAL REVIEW C 66, 024607 (2002

TABLE Il. Calculated and measured neutron removal cross sectinmab) and deduced spectroscopic
factors for the reaction$Be(*°C,**C(0",g.s.)X at E=54 MeV/nucleon and®Be(*'Be,°Be(0",g.s.)X
at E=60 MeV/nucleon. All calculations use the JLM neutrti®e optical potentials calculated from the
target matter density discussed in Sec. lll.

Projectile Model os(diff) osp(Str) Tsp Texp C?Sexp

5¢c(1/2h) cDCcC 56 (63?2 119 10913 0.92+0.11
Eikonal 67 63 130 0.840.10
DWBA 65

Be(1/2Y) CcDCC 115 (982 213 20331 0.95-0.15
Eikonal 127 98 225 0.960.14
DWBA 185

&Cross sections from the eikonal theory.

elastic breakup components to these differential cross seemerging at angles greater than 2° will be dominated by
tions predicted using the CDCC are shown by the dashedlastic breakup events, artil) that the stripping contribu-
histograms and filled squares in the figure, summing to théions, estimated as the difference between the experiment
values 56 and 115 mb, as stated above. This suggests that thied the CDCC, are more forward angle focused. The figure
cross section differences, 53 and 88 mb, are attributable talso shows that, at the most forward angles, the stripping and
the stripping process in the two cases, to be compared witblastic breakup contributions to the cross section are pre-
the eikonal calculation estimates of 63 and 98 mb. Theséicted to be approximately equal, a long standing expectation
revised calculated cross section values, and their implicafrom eikonal model calculations at the energies involved
tions for the experimentally deducédC and ''Be ground here[26]. Although in principle calculable, at present we do
state spectroscopic factoG?Sexp, are collected in Table Il. not know the theoretically predicted stripping cross section
Within the 1o~ experimental errori;zsexpfor 15C is consis-  contributions as a function of core angle. It would be inter-
tent with unity, and for''Be is consistent with the earlier esting to compute this angular distribution for comparison
analysis of Aumanret al. [1]. with the expectations of Fig. 6.

Evident from Fig. 6 is the generic nature of tHeC and The results in Fig. 6 also suggest that we should reason-
1Be results, the differences being essentially in the crosgbly compare the largest angier/d p d() data of Figs. 7
section magnitudes, driven by the neutron separation eneand 8 directly with the CDCC calculations, assuming they
gies in the two cases. We note also tfiathe CDCC calcu- arise from the diffraction dissociation mechanism alone. This
lations predict that the measured cross sections for residués done in the lower (3-4°) solid lines in Figs. 7 and 8,

revealing excellent agreement with the widths, magnitudes

= ; N - and the shifted peak positions of the experimental differential
60 ] C 54 MeV/nucleon 1 distributions. The conclusion here is that the CDCC calcula-
40 [ . — Experiment tion correctly predicts the breakup contributions into this
—_ ————— 1 --—- CDCC ST , .
-E o0 [ e h _10° | C+ Be, 54 MeV/nucleon _4°
g S
5 o T, S
5 0 1 2 3 4 S Ly
o 125 ; . ; &
%) T 11 o
S 100 Be 60 MeV/nucleon - E
© 1 10*
75 I 1 g
50 F—— 8- 1 8
25 | - - —i—_l _____ ] s 10°
0 1 1 1 1
0 1 2 3 4 4.4 4.44 4.48 4.52 4.56
Laboratory angle interval (degrees) p,(“C(gs)) (GeVic)
FIG. 6. Measured partial cross sectidsslid lineg for popula- FIG. 7. Measured differential parallel momentum distributions

tion of the “C(g.s) (uppe) and '°Be(g.s) (lowen for residues (solid symbol$ of the '4C(g.s) in each of the laboratory angle
emerging in the laboratory angle intervals indicated, from @ intervals indicated, from th&C+ °Be reaction at 54 MeV/nucleon.

+ %Be and*'Be+ °Be reactions at 54 and 60 MeV/nucleon, respec-The solid curves are the CDCC elastic breakup calculations supple-
tively. The angle interval size of 1° has been chosen to avoid conmented, in the case of the 0-3° intervals, by the stripping cross
tributions of the experimental angular resolution in the comparisonsection contributions required in Fig. 6. The latter have been added
The CDCC elastic breakup calculations are shown by the dashedere assuming the same parallel momentum distribution for the
lines and filled squares. stripping components as for the CDCC calculation.
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”Be+gBe, 60 MeV/nucleon ”Be+gBe, 60 MeV/nucleon

do/dp,dQ [mb/(sr GeV/c)]
)

do/dp,dQ [mb/(sr GeV/c)]
a

10° | . . . Al 10° . . . Al
323 327 331 335 3.39 323 327 331 335 3.39
p,(“Be(gs)) (GeVic) p,(°Be(gs)) (GeVic)

FIG. 8. Measured differential parallel momentum distributions  FIG. 10. As for Fig. 8 except that the stripping contributions to
(solid symbol$ of the 'Be(g.s) in each of the laboratory angle the 0—3° angle interval curves have now been assumed to have the
intervals indicated, from the''Be+ °Be reaction at 60 MeV/ parallel momentum distribution given by the eikonal calculation
nucleon. The solid curves are the CDCC elastic breakup calculaand which is assumed independent of the angle of the residue.
tions supplemented, in the case of the 0—3° intervals, by the strip-

ping cross section contributions required in Fig. 6. The latter haVeCDCC calculation which, among other processes, takes into

been added here assuming the same parallel momentum distributign S
S . account energy and momentum conservation in the deflec-
for the stripping component as for the CDCC calculation.

tion of the core fragment. The agreement with the data is
. excellent overall for both'®C and 'Be induced reactions.
angle interval. Its correct treatment of energy and momentun:}he solid curve for the angle inclusive ground stpedis-

conservation in the three_—body dy_namlcs also reF)romjc?ribution in Fig. 2 is the appropriate sum of these calcula-
naturally the observed shift and width of the large angletions roviding an excellent description of the measured
do/dpdQ distributions, responsible in large part for the » P g b

asymmetry in the data. asymmetry and width of the distribution.

. N . If one uses instead the eikonal strippipg distribution
For the three smaller angle intervals the situation is a “ttleshapes, shown in Fig. 2 fdfC and in Ref[1] for “Be, we

more complex since we need to add an appropriate CrO%btain the revised theoretical distributions shown in Figs. 9

section contribution due to the stripping mechanism. Like the L L
stripping cross section angular distribution itself, the shape nd. 10. There s little to choose between ‘h‘? fiatistri- .
utions with the two choices, however, using the elastic

of the stripping components to thekr/dp d{) distributions S 5
as a function of core angle are not known. Two availablebreakuP(CDCC) distribution does lead, for botH°C and

options are to assum@) the same distribution as generated

by the CDCC calculation, ofb) to apply the distribution
calculated from the eikonal model at all core angles. In Figs.

7 and 8 the curves on the intervals from 0—3° are obtainec
when those stripping contributions indicated in Fig. 6 are
added assuming these have the same shape as from tk=

L2
>
15 9 ’ ' @
10° | C+Be 54 MeVinucleon g y° S
= rs)
S E,
3 =
5 10° <]
3 3
[S
- 4
a 10
-o\
o 0
% \ ) 43 44 45
5 10 p, (GeV/c)
4.4 4.44 4.48 452 4.56 FIG. 11. The nucleon-removal parallel momentum distributions
p,(“C(as)) (GeVic) do/dp;, for the '*C+ °Be reaction at 54 MeV/nucleon to thHéC

ground state, shown on a more familiar linear scale. The solid
FIG. 9. As for Fig. 7 except that the stripping contributions to curves assume the stripping contributions have the same form as
the 0—3° angle interval curves have now been assumed to have tiieat calculated using the CDCC. The dashed curves assume the
parallel momentum distribution given by the eikonal calculation, stripping contributions have a parallel momentum distribution at all
shown in Fig. 2, and which is assumed independent of the angle aingles of the residue given by the eikonal calculation shown in Fig.
the residue. 2.
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2000 PR NP SR TS ground state residues show a low-high momentum asymme-
1600 | O-1 \ 1 b 12 o\ ] try that is incompatible with earlier eikonal model descrip-
1200 | 1 sl 3 ] tions. CDCC calculations of the elastic breakup component
600 | ] of the reaction mechanism have been performed in both
800 400 | ] cases. We show how the CDCC approach is able to calculate
400 © 1 200} ] the more general differential observables required to inter-

pret the data.

Our partial cross section results, summarized in Tables |
and Il, show that the calculated absolute neutron removal
cross sections and the deduced experimental spectroscopic
factors show rather modest dependence on the details of the
theoretical model. Moreover, the use of improved theoretical
inputs, such as the CDCC elastic breakup treatment, the JLM
. N neutron-target effective interaction, and of Skyrme Hartree-
%32 325 33 335 34 %52 325 83 33 34 Fock neutron single-particle form factors f&iC, each move

p, (GeVrc) the calculations toward a better agreement with the predic-

tions of structure theory and the measurements in this impor-
FIG. 12. The nucleon-removal parallel momentum distributionstgnt test case.

do/dpy, for the 'Be+ °Be reaction at 60 MeV/nucleon to tHéBe We show that the asymmetries observed in tHe
ground state, shown on a more familiar linear scale. The solidg,q 11ge parallel momentum distributions arise in a natural
curves assume thg stripping contributions have the same form %ay from the CDCC theory with its exact treatment of the
that calculated using the CDCC. The dashed curves assume thg oq_yody breakup reaction dynamics. A detailed description
stripping contributions have a parallel momentum distribution at all ¢ 16 gy ailable data is obtained, however, our lack of a fully
angles of the residue given by the eikonal calculation. dynamical description of the inclusive target excitation
1 ) o , ) (stripping component of the cross section leads to assump-
Be, to an improved description of the data in the mid-anglgjons having to be made regarding the shape of the parallel
region of 1-3°, particularly in the peak positions. This is momentum distribution, with angle, for this process. There
shown in Fig. 11 for*C and Fig. 12 for*'Be, where the are indications from the data that this distribution must have
angle-dependerdo/dp; are presented on a linear scale andy similar shape to that from the CDCC.
where the _stripping cont_ributions have been added assuming Avrising as they do from the elastic breakup mechanism,
CDCC (solid curves or eikonal(dashed curvesshapes. The  the physical effects discussed here are most pronounced for
small but significant differences in the momentum distribu-nalo states. It will be important, however, to take these de-
tions highlight the level at which the reaction mechanism isyijations from eikonal theory into account in transitions that
now being probed when the data are exclusive and of SUfﬁrequire an accurate adjustment to mixget 0 and 2 momen-
cient quality to make differential cuts. To carry the analysisy;m profiles, such as have been observed in Ris6].
further will require a more dynamically complete description yrthermore, the present analysis establishes that the reac-
of the target excitatiofistripping process to supplement that tjon mechanisms in nucleon removal reactions can be under-
provided by the CDCC for the elastic break(ufiffractive)  stood in considerable detail and accurately described. This is
mechanism. an essential step in their use for mapping single-particle
strength and the evaluation of structure theories in hitherto
VI. CONCLUSIONS inaccessible regions of the nuclear chart.

32 325 33 335 34 32 325 33 335 34

100

do/dp, [mb/(GeV/c)]

S0 |

In this paper we have examined in detail the integrated
and differential cross sections, with respect to both parallel
momentum and angle of the emerging heavy fragments, of This work was supported by the Engineering and Physical
neutron-removal reactions from the single neutron halo nuSciences Research Council, UK, Grant No. GR/M82141 and
clei 1°C and 'Be. A new experiment for thé°C case is also by the National Science Foundation under Grant Nos. PHY
reported. The momentum distributions of th&C and 1%Be 0110253 and PHY 0070911.
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