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We analyze the recently obtained new data on the partial cross sections and parallel momentum distributions
for transitions to ground as well as excited states of tf@ core, in the one-neutron removal reaction
I7au(tC,1%Cy) X at the beam energy of 61 MeV/nucleon. The Coulomb and nuclear breakup components of
the one-neutron removal cross sections have been calculated within a finite range distorted wave Born approxi-
mation theory and an eikonal model, respectively. The nuclear contributions dominate the partial cross sections
for the core excited states. By adding the nuclear and Coulomb cross sections together, a reasonable agreement
is obtained with the data for these states. The shapes of the experimental parallel momentum distributions of
the core states are described well by the theory.
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The usefulness of the single nucleon transfer reactions idence on the value[13]. So far, most of the studies of the
probing the single-particle structure of the stable nuclei iga,by) type of reaction have been reported for tHBe 8],
well establishedsee, e.g.[1-4]). The theory of these reac- %Be [9], B [10], and ¢"1€ [11] projectiles on a light
tions developed within the framework of the distorted wave®Be target. Therefore, for these cases the breakup process is
Born approximationfDWBA) has been widely used to ana- governed almost entirely by only the nuclear interaction be-
lyze the absolute magnitudes and shapes of the measurggleen the projectile fragments and the target; the Coulomb

cross sections to make the angular momentum assignmenbsr,eakup contributions are almost negligible for these

and deduce the spectroscopic factors for the ground as well o tions.

as excited states of the residual nuclei. However, the transfer Using the framework of the post form distorted wave

reactions are not yet routinely used in probing the structure, approximation, a theory for the Coulomb breakup re-

of exotic nuclei near the neutron and proton drip lines. Al-_ . -
X . . . actions has recently been develoddd]. The finite range
though the first theoreticdb] and experimentg6] studies effects are included in this theory, which can be applied to

of the feasibility of such investigations have already been” .
reported, some formidable difficultiésee, e.g[5]) still per- projectiles of any core fragment-valence neutron angular mo-

sist in the application of this method to probe the exoticmentum structure. This theory has been applied rather suc-
nuclei. cessfully to investigate the inclusive data for the breakup of

Recently, an alternative new and more versatile technituaIO nuclei on heavy targets at bgarn energies below 100
to investigate the spectroscopy of nuclei near the drip lind€V/nucleon[14]. A recent study within this theorjl5] of
was developedi7—11]. In this method one nucleofusually the A(a,bvy)X type of reaction involving halo projectile nu-
the valence or halo onés removed from the projectil@) in  clei on a?%%Pb target, reveals that the characteristics of this
its breakup reaction in the field of a target nucleus. The stateeaction are different in a Coulomb dominated process as
of the core(b) populated in this reaction are identified by compared to those in the nuclear dominated one. In the
their gamma §) decays, whose intensities are used to meaformer case, transitions to the excited states of the core frag-
sure the partial breakup cross sections for these states. Theent are found to be very weak, which has been confirmed
signatures of the orbital angular momentuth associated in a recent measurement of tH&’Au(**B,%By)X reaction
with the relative motion of different core states with respect{10]. The pure Coulomb breakup cross sections decrease
to the valence nucleofiemoved from the projectijeare pro-  strongly with the increasing separation energy and trsue
vided by the corresponding parallel momentum distributionsof the core-valence neutron relative motion.
also measured in this experiment. Our aim in this Rapid Communication is to investigate the

The practical experimental advantages of this methodpne-neutron removal reaction of tha,by) type induced by
such as large partial cross sections for the excitation of varia nonhalo nucleus on a heavy target. We would like to see if
ous bound states of the core fragment, the possibility of usthe predictions of the pure Coulomb breakup reaction in this
ing thick targets, and the strong forward focusing of the recase are different from those described above. In this con-
action products, make it possible to work with the hightext, the’C is interesting in many respects. The ground state
energy projectiles of low beam intensities. This is in contraspf this nucleus has a spin parity & [11,16, which means
with the existing situation in the case of transfer reactionsthat the relative motion of thé®C(g.s)-valence neutron sys-
Furthermore, while in the latter case the angular distributiongem has ar value of 2. This makes it an unlikely candidate
of the ejectile lose their characteristidependence at high for having a halo structure even though the corresponding
energies[12], the parallel momentum distributions of the one-neutron separation ener@E) is only 0.729 MeV. Due
core states in the breakup reactions still show strong depeite its nonhalo nature, the breakup of this nucleus is expected

0556-2813/2001/63)/0516015)/$20.00 63 051601-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

V. MADDALENA AND R. SHYAM PHYSICAL REVIEW C 63 051601R)

I [11]. The Doppler correcteg-ray spectrum from the decay

of the 8C residues produced in this reaction is shown in Fig.

1. It shows feeding to the same states as those seen in the
experiment with a®Be target. The partial cross sections
(PCS for transitions to these states, extracted from the ab-
solute y branching ratios, are shown in Table I. It can be
seen that the PCS to the excited states are quite substantial,
which is contrary to the results of the measurements per-
formed [10] with 1B (a one-neutron halo nucleusn the
same target and beam energy where no transition to the ex-
cited core statetof °B) was observed.

In the theoretical analysis of the data, we assume that the
nuclear and Coulomb breakup cross secti@agculated with
different theories can be added and that the Coulomb-
nuclear interference term can be neglected. Since this reac-
e S U S — tion is essentially inclusive in natur@s the measurements
500 1000 1500 2000 2500 3000 are performed only for the heavy fragmgrthe nuclear par-

Ecm. [keV] tial cross sectionéNPC) have a contribution from both elas-

FIG. 1. Doppler-correctedy-ray spectrum measured in tic (also known_as_diffraction dissociatipand inelastidalso
197AU(YC, 18C+ y)X. The black curve is a fit to the spectrum using KNOWN as  stripping or - breakup-fusiprbreakup modes
a single exponential curve for the background and Monte Carld17,18. Cross sections for both these modes were calculated
simulated response functiofdashed curvedor each of they-ray ~ [19] within an eikonal modef20—-23 where the core-target
transitions. The spectrum was fitted using the procedure describe@nd neutron-target interactions are treated in the black disc
in [11]. approximation and the optical limit of the Glauber theory
[19,24,29, respectively. The data of Refs’—11] have been
ﬁnalyzed within this model. For the semiclassical methods to

to occur in regions around the distance of closest approacli. lcul h I break ) fer th
Therefore, nuclear breakup cross sections are likely to bg&'culate the nuclear breakup cross sections, we refer the
Ireader t0[26].

important for this case even if the measurements are per- Th Coulomb break . h b |
formed on a heavy target. Moreover, the excited bound states € pure Coulomb breakup cross sections have been cal-

of 16C can have configurations in which the relative motionctated by using a theory formulatédl4] within the frame-

between the excited core fragment and the valence neutr ork of the_ post f_orm distorted \_Nave_Born approximation
has anl value of zero. This implies that the partial cross WBA). Within this theory, the triple differential cross sec-

sections for these states $iC may have larger values even t!on for the reactiona+t—b+c+t, wherea is the projec-
in a Coulomb dominated breakup process. tile, t the target, and (charged coreandc (valence neutron

Motivated by these facts, we undertook the analysis of th&'® the breakup fragments in the final channel, is given by

¥7Au(t’C,'Cy) X reaction at the beam energy of 61 MeV/
nucleon, which was measured in the same experiment in 3
which the data were taken on®8e targef{11]. The detailed d°a
description of the technique and data analysis is presented in dE,dQ,dQ,

o
2

Intensity [Counts]

3

2
:_ﬁ: p(Ep, 2,00 |Biml% (1)
a Im

TABLE I. Calculated partial cross sections to the final state$®6fin the one-neutron removal reaction
of C on a'%Au target at the beam energy of 61 MeV/nucleer, and oy represent the partial cross
sections due to Coulomb and nuclear breakup processes. The latter is the sum of the cross sections obtained
in diffraction dissociation PD) and stripping §tr) mechanismsl™ and E, represent the spin-parity and
excitation energy of the core states, respectively.

17 E, I c?s oc O'BD o oN Oin C?S. oy, Texp
(octon)
(MeV) (mb)  (mb) (mb) (mb) (mb) (mb) (mb)
o* 0.0 2 0.03 148 38 75 113 261 8 1126
2+ 1.77 0 0.16 110 57 106 163 273 44
2 1.44 32 22 52 74 106 153
sum 142 79 158 237 379 197 1636
2,37 4" 4.1 0 0.22 32 31 69 100 132 29
2 0.76 10 15 40 55 65 49
sum 42 46 109 155 197 78 25
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where p(Ep,Q,.) is the appropriate/14] three-body 120 - T
phase space factor. The reduced amplit@dgis defined as 80 | E,=4.1MeV ]
A
o . T 40t ,
Imm:z'f drxh * (k.1 ke (D ko), (2) s 1 Tt N .
£ 400 = f
8 E, = 1.77 MeV
where a
© 200 | ]
B | TN
lef drie” ke @y (r)U(r)Yim(ry), (3 0 == : . SIS
1600 | E,=0.0 MeV 4
I=V2I+1. (4) 800 | E .
In EqQ. (2) x's are the distorted waves for relative motions of 0 : RS
5.2 5.3 5.4 55

the center of mas&.m) of a andt, and fragmenb andt,
respectively.k,, Ky, andk. are the Jacobi wave vectors  FIG. 2. Comparison of the pure Coulomb breakup calculations
associated with the relative motions @f b, andc, respec- and the experimental data for the partial parallel momentum distri-
tively. The charged fragmetttinteracts with the target by a butions of the'®C core states with the excitation enerdgy,J as
point Coulomb interaction, and hengyé‘)(kb ,r) is a Cou- indicated. The dotted and dashed lines represent the results of the
lomb distorted wave with incoming wave boundary condi-calculations performed wits-wave andd-wave configurations for
tion. The structure functio@, involves the radial part of the the core-valence neutron system, respectively, while the solid line
wave function (1)) for the relative motion of thé-c system ~ represents their sum.
and the corresponding interacti®dy(r,). For further theo-
retical details and definitions of other variables, we refer theare quite substantial. This is in sharp contrast to the results
reader to[14]. It may be noted that Eq2) treats the inter- seen in the case of such a reaction studied with halo nuclei
action V. to all orders. An alternative theory of Coulomb having ans-wave corég.s)-neutron relative motion in their
breakup has also been developd] within the framework ground states. It is interesting to note that the nuclear partial
of an adiabatic model. The expressions for the breakup antross sections are quite large. For the ground stat®of
plitudes, within this theory, are similar to those of the finite NPC is of the similar magnitude as the corresponding Cou-
range DWBA theory, although the two have been obtainedomb partial cross sectiofCPQ. However, for the excited
from quite different assumptions. In the studies of breakustates, the NPC dominates the CPC. This can be understood
reactions carried out so far, the two theories produced almogtom the fact that Coulomb breakup cross sections decrease
identical results in most of the casfist]. strongly as the value of SE increases, while nuclear breakup

In calculations of both nuclear and Coulomb partial crosscross sections have a weaker SE dependence. Furthermore,
sections for populating a given final core fragment state, thes expected the cross sectionslte0O states are larger in
projectile ground state is described as having a configurationomparison with those with=2.
in which a valence nucleon, with single particle quantum The sum of the NPC and CPC is in reasonable agreement
numbers (lj) (see, e.g., Ref.14]) and an associated spec- with the data for the excited states. However, for the ground
troscopic factor C2S), is coupled to the specific core state state, the theoretical partial cross section is more than an
(1™). The total cross section in each case is the foyid] of ~ order of magnitude smaller than the corresponding experi-
the cross sections calculated with configuratighaving mental value. A similar observation was also made in the
nonvanishing spectroscopic factprorresponding to all the analysis of the experimental data or'Be targef11]. A J™
allowed values of the channel spin. assignment of eithet ™ or 2* to the ground state ot’C

We assume the ground state"(0of ¢C is to arise from  could enhance the partial cross sections to the ground state of
the removal of the valence neutron from the configuration'®C, as it brings in thd =0 component to this transition.
(0d3,®07", SE = 0.729 MeVj of the 1'C ground state. For However, the presence of this component has been ruled out
the excited 2 state at 1.77 MeV, two configurations, in [11] from the measurements of the corresponding parallel
(0dg,®2", SE= 2.499 MeV), and (1s,,®2", SE= 2.499 momentum distribution, which is found to be broad and
MeV) are considered. For the group of excited states near 4 dimilar to the distribution of ah=2 state. This excluded the
MeV (2,37),4"), we assume the configurationsd®17, J"=3" assignment to the¢"’C ground state. At the same
SE = 4.829 Me\} and (1s,,®17, SE = 4.829 Me\). The  time, withJ™=3", the calculated partial cross sections were
corresponding spectroscopic factoiG2g) are taken from found to be in disagreement with the dafd]. It has been
[16]. In each case, the neutron single particle wave functiortoncluded11] that only with the assignmedf'=3* for the
has been calculated in a central Woods-Saxon well of radiuground state of-’C can the trend of the experimental partial
1.25 fm and diffuseness 0.7 fm. The depth of this well iscross sections for the excited states be explained.
adjusted to reproduce the corresponding value of SE. In our case the situation is similar. Of course, here the

Our results for the partial cross sections are shown irdata for the parallel momentum distribution corresponding to
Table I. It is evident that the theoretical partial cross sectionshe ground state of°C have larger statistical errofsee Fig.
(even the pure Coulomb breakup onés the excited states 2), which may not allow an unambiguous assignment of the
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| value to this state. However, with tli& value of 3* for  culations, as the shapes of the corresponding PMDs are not
the ground state of’C and the corresponding spectroscopicdifferent from those of the Coulomb ones shown in this
factors [16], the pure Coulomb partial cross sections arefigure.
found to be 690 mb, 40 mb, and 89 mb corresponding to the In summary, we investigated the role of the Coulomb and
states with excitation energies of 0.0 MeV, 1.7 MeV, and 4.1nuclear breakup mechanisms in the one-neutron removal re-
MeV, respectively. Looking at the data, these cross sectiongiction **’Au(*’C,%Cy)X studied at the beam energy of 61
on their own, rule out this assignment of the spin-parity toMeV/nucleon. Partial cross sections and parallel momentum
the 1’C ground state. Consideration of the nuclear partiadistributions were measured for the ground as well as excited
cross sections will worsen the comparison with the data evehound states of the core fragmeliC, by detecting the core
further. On the other hand, with"= 2", the theoretical par- residues in coincidence with therays emitted in the decay
tial cross section for the transition to the ground stateof the excited core states. Substantial partial cross sections
(~170 mb) is closer to the data. However, the cross sectiowere found for the excited core states, which is in contrast to
to the group of states at 4.1 MeV is predicted to be largethe results seen in the case of the similar measurement per-
than that to the 1.77 MeV 2 state, which is in disagreement formed with the one-neutron halo nucletf8 on this target.
with the pattern of the experimental data. Therefore, our cal- An important observation of our study is that while for the
culations also suggest that the most suitable spin-parity agxcitation of the core ground state the nuclear partial cross
signment for the ground state 6fC is 3+, sections are of the similar magnitude as the Coulomb ones,
Thus, the discrepancy between theoretical and experimerthey dominate the calculated cross sections for transitions to
tal cross sections for the transition to the ground stat¥@f the excited states. The sum of these two cross sections,
cannot be resolved by a different spin-parity assignment teveighted by the spectroscopic factors taken from RE]
the ’C ground state. Furthermore, the theories of the Couéwhich is based on &' spin-parity assignment for the
lomb and nuclear breakup reactions used here are quite rground state of’C), is able to provide a good description of
bust; they have been used earlier to explain successfully thiéie experimental data for the partial cross sections for tran-
Coulomb and nuclear dominated data as discussed abow&tions to the excited states of the core. The dominance of the
Although it is desirable to calculate both these cross sectionguclear breakup effects in these déi@ken on a heavy tar-
on an equal footing within the same quantum mechanicaget) is reminiscent of the similar observations m4de] in
theory, which would also include the Coulomb-nuclear inter-the case of the breakup of stable nuclei. This supports the
ference terms, yet this is unlikely to explain the observed ¥act that'’C is not a halo nucleus even though it has a small
order of magnitude difference between the data and the cabne-neutron separation energy. However, the theory is un-
culations for the'®C ground state transition. To solve this aple to describe the data for the transition to the core ground
problem, a couple of possibilities are discussed in REf].  state. Similar observations were made earlier in the measure-
They essentially try to invoke mechanisms which go beyondnent of this reaction on dBe target. This situation cannot
the simple direct Qne—neutron removal process assumed e remedied by a different spin-parity assignment for'ff@
the present analysis. If the" state lies very close to thg" ground state.
ground state of'C, then the coupled channel calculations ™ 1 shapes of the parallel momentum distributions are
for the breakup process may help in resolving this d'Screpdescribed well by the theory. For the excited states an ad-

ancy. However, such calculations, which are difficult to PEmixture of thes-wave andd-wave configurations with spec-
form at these high energies, have not yet been carried out. : . : :
troscopic factors as given above is necessary to explain the

The parallel momentum distribution®MD) of each of shapes of the observed PMDs. Our work underlines the need

the 16C core states are shown in Fig. 2. In this figure we havle:for 2 broper guantum mechanical calculati £ th |
shown only the pure Coulomb calculations. As stated earlie Proper guantum | : ulation ot the nuciear
I?_nd Coulomb-nuclear interference breakup terms.

the data have large statistical errors for the ground state tra
sition. Even then, it appears to be a broad distribution which  The authors are thankful to other members of the experi-
supports ad-wave relative motion for the cofg.s)-neutron  mental group, namely, T. Aumann, D. Bazin, J.A. Caggiano,
relative motion. For the excited states, the momentum distriB. Davids, T. Glasmacher, P.G. Hansen, R.W. Ibbotson, A.
bution data can only be understood by a combination of théNavin, B.V. Pritychenko, H. Scheit, B.M. Sherrill, M.
swave andd-wave distributions, which have narrow and Steiner, and J. Yurkon, for their valuable collaboration dur-
broad widths, respectively. However, the difference in relaing the experiment and for letting us use the data presented
tive contributions of these components for the excited statef this paper. Thanks are also due to Alex Brown for provid-
at 1.77 MeV and 4.1 MeV should be noted. This can being the spectroscopic factors and to Jeff Tostevin for the
attributed to the relative difference in the spectroscopic faceikonal model code used here to perform the nuclear breakup
tors forl =0 and 2 configurations in two cases. The fact thatcalculations. One of the autho{®.S) would like to express
with values ofC2S (as given in Table)lthe shapes of the his sincere thanks to Pawel Danielewicz for his kind hospi-
experimental PMDs are described rather well by the theorytality in the theory group of the Cyclotron Laboratory of the
provides further support to the assignment of a spin-parity oMichigan State University and to Gregers Hansen for several
3% to the 1'C ground state, as these spectroscopic factors aneery useful and illuminating discussions. This work has been
based upon this assumption. This conclusion is unlikely to beupported by the U.S. National Science Foundation under
affected by the inclusion of the nuclear breakup in the cal-Grant No. PHY-0070818.
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