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Initial state dependence of the breakup of weakly bound carbon isotopes
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The one-neutron nuclear breakup from the carbon isotdp@sand 1’C, is calculated as an example of
application of the theory of transfer to the continuum reactions in the formulation which includes spin cou-
pling. The effect of the energy sharing between the parallel and transverse neutron momentum distributions is
taken into account, thus resulting in a theory which is more general than sudden eikonal approaches. Both
effects are necessary to understand properly the breakup from not too weakly Ibsundrbitals. Breakup
which leads the core into an excited state below particle threshold is also considered. The core-target interac-
tion is treated in the smooth cutoff approximation. By comparing to presently available experimental data we
show how to make some hypothesis on the quantum numbers and occupancy of the neutron initial state.
Possible ambiguities in the interpretation of inclusive cross sections are discL88866-28189)05910-3

PACS numbes): 25.70.Hi, 21.10.Gv, 25.60.Gc, 25.70.Mn

[. INTRODUCTION at GANIL [11] did not seem to support the presence of a
halo, while very recently rather large interaction cross sec-
In last ten years since the advent of radioactive beamgions have been measured at RIKEN]. One of the follow-
(RIB’s) [1] a new phenomenon called “nuclear hal¢2] ing sections is devoted to a brief review of the structure
has appeared in nuclear physics. There is a halo on a nucleaslculations so far published.
as 'Be when the last neutron or the last couple of neutrons, In this paper we study the nuclear breakup¢ and*’C
as in Li, are very weakly bound and in a single particle using the theory of transfer to the continujiB-20. In
state of low angular momentuits or p). Then the single [14,15 we have shown that it is well adapted to describe the
particle wave function has a long tail which extends mostlyhalo breakup and we found that our calculations were in
outside the potential well. Because of these characteristiogood agreement with experimental breakup cross sections
the reactions initiated by such nuclei give large reactio21] and the parallel momentum distribution width32].
cross sections and neutron breakup cross sections. Also tAde transfer to the continuum formalism can deal with any
ejectile parallel momentum distributions following breakup initial binding energy and angular momentum state. It is
are very narrow, typically 4045 MeV/c. There are also valid in the intermediate energy domainE;{.=10
some candidates for a proton halo, such®&s[3-5. But —100A MeV) since it treats the relative nucleus-nucleus
because of the Coulomb barrier which keeps the wave funcscattering semiclassically. The neutron transition amplitude
tion localized at the interior, there is still not clear experi-is, however, treated quantum mechanically. Therefore the
mental evidence for this phenomenon. method is of intermediate complexity between the DWBA
More recently another radioactive nuclet®C has been approach introduced if23] and simplified in[24] and the
produced but the presence of a halo is still under discussioreikonal-type of approaches used by several autf2is-34
There is a number of experimental and theoretical studies db treat the special case of halo breakup. Our approach con-
this nucleus whose results point to a complex picture of itgains several improvements with respect to previous breakup
structure. Because of the presencedofomponents in the theories in particular insofar as the calculations of the neu-
neutron wave function the reaction mechanism is rather mortson and ejectile parallel momentum distributions are con-
complicated than for a simplehalo state and therefore it is cerned. One is the introduction of spin coupling factors dis-
more important to be able to disentangle structure effectsussed below. Also we treat consistently the absorption and
from effects due to the reaction dynamics. elastic breakup of the neutron on the target via an unitary
Two sets of experiments from MSU &;,.=77 and optical modelS-matrix. Since we do not make the sudden
88A MeV have given rather large nuclear and Coulombhypothesis our formalism is more general than some eikonal
breakup cross sections and narrow parallel momentum dignodels while reducing to an eikonal form in the limit of zero
tributions [6,7]. Consistent results were obtained from abinding energy, as was shown(ih5]. Furthermore we intro-
RIKEN experiment8] of Coulomb breakup. A distribution duce and study the effect of a smooth cutoff approximation
similar in shape to the MSU distribution but wider has beenin the treatment of the ion-ion scattering.
measured at GSJ9] in a nuclear breakup experiment at
910A MeV. On the other hand a GANIL experiment based
on the core-breakup reaction mechanism &,
=30A MeV gave a narrow neutron angular distribution We do not give details of the theory here but use its main
[10]. The first measurement of the interaction cross sectionfinal formulas. The theory of transfer to the continuum treats
on equal footing the elastic breakup of the neutron and its
absorption from the elastic channel by the target via an op-
*Electronic address: ANGELA.BONACCORSO@PI.INFN.IT  tical model final state wave function which depends on an
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unitary neutron-targes-matrix. TABLE I. CoefficientsD; ;..
The neutron breakup probability distribution in the pro- _
jectile reference frame is Ji |,,E I+ 1
. b2 2
IK;
—~—2 (1S 2+ 1= KS) D) (2]1+1) 1 1 -t
f 2 lilf If(ll—"_l)
X(1+R)By, . @y .1 -1 1
2 (I +1) (h+1)(1;+1)

It is obtained from a quantum mechanical transition am-
plitude [16] which represents the overlap between the neu-
tron momentum distributions in the initial and final state ji=lhi==
when the projectile core is at a distanddrom the target.
The projectile-target relative motion is treated semiclassi-
cally by using a trajectory of the center of the projectile
relative to the center of the targs(tt) =d+ vt with constant
velocity v in thez direction and impact parameteiin thexy _ _ ‘
plane.(S; ) is the energy averaged and spin dependent opti- Flen==Flkulimy)F(ke I mko)
cal modelSmatrix which describes the neutron target inter-where
action. Then the first term in Eq2.1), proportional to|1

=
|_\

—ji=li+5

2 2

The explicit form ofR is R= Dj. i, F(ef) whereD
given in Table | and

]i,IS

—(S; )|? gives the neutron elastic breakup or diffraction, _ 2kp dP(X)
i . 5 FKL7Y)= =5~y — v
while the second term proportional to-1(S; )|* gives the yPi(X) dX

neutron absorptiorior stripping by the targetB, | is an From Table | we see thdd.

elementary transfer probability which depends on the ener,
giese; ande;, momentay; andk;, and angular momenta
and|; of the initial and final neutron single particle states,
respectively, and on the incident energy per particie?/2

at the distance of closest approath

J i, has a negative sign for the

spin-flip transitiong;=1;,* 3—j¢=I1;+ 1 and a positive sign
for the opposite situatiop=1;=3—j;=1;*3.

Equation(2.1) is more general than the breakup probabil-
ity discussed if15] because it includes spin. We use it in
this paper to check the sensitivity of the breakup cross sec-
tions and parallel momentum distribution widths to changes
in the initial spin of the neutron. For example in the case of
a d state both 15, or 1ds;, orbits could be occupied. The
derivation of the above equations has been given by Hashim

o g2 ) ) and Brink [36] in the case of bound-state to bound-state
where M, ;. = 1/(V) [gdxe P (X + Bx*) P, (X;+BX®)  transfer and was extended by [Us8] to the final continuum
and X;=1+2(k,/v)% X;=2(k,/k;)®>—1, Bi=27y/dy;, case.
and Bi=27/dk¢. k;=(es—&;—1mv?)/(hv) and k,= (g5 Finally the cross sectiofl4,15 is given by an integration
—g;+3mv?)/(Av) are thez components of the neutron mo- over the core-target impact parameter
mentum in the initial and final state, respectively?=k?
+y?=k5—k? is the magnitude of the transverse component doyp —CZSJ ddd ( ) (d)
k, =ifn of the neutron momentum in the initial and final dk; Pel
state.k, is conserved during the breakup process and it is
purely imaginary because the neutron which in the initialThe total breakup cross section is obtained by integrating
state has negative enerf85] is emitted through a potential over dk;. C?S is the spectroscopic factor of the neutron
barrier. Because of this it holds alkg>k; . It is straightfor- ~ single particle wave function in the initial state. The factor
ward to see from the definitions of these kinematical vari-P¢(d) =|S|? is the core survival probability in the elastic
ables that they satisfy the neutron energy and momenturshannel written in terms of th&matrix for the core-target
conservation. The effect of their variation on the reactionscattering. Since the conditions for the semiclassical approxi-
mechanism will be discussed in the following. mation to the relative ion-ion scattering apply for the reac-

In Eqg. (2. Ris a dynamical factor which depends on tions discussed in this paper, we use the following param-
several variables of the transfer reaction, namelyQhalue  etrized form which has already been discusse[Bifi:
and the incident energy. In the case of nucleon transfer for a
given channel specified by(;) this factor weighs the se- Pei(d)=exp(—In2 exd (Rs—d)/a]). (2.4
lectivity with respect to the four possible transfers:

e —2nd

h
—ICil* 5=
k 2nd

e M, (2.2

|f I|

(2.3

When the breakup probability is not too peaked as a func-
tion of d, the above form gives a better approximation to the
ji=1 +£—>j — +} cross section than the strong absorption limit usefl.
i~ i—2 f—If

2’ This happens if the decay parametgof the breakup prob-
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& FIG. 1. Initial state momentum distributions,

Eq. (2.5, as a function ok,, the neutron parallel
momentum component in the initial state. For an
s state withp=6.5 fm, full curve peaked dit;
=0. For ad state: dot-dashed, dotted, and thin
solid curves are ap=6.5 fm, 6 fm, 5 fm, re-
spectively. The dotted line is,, the neutron par-
allel momentum component in the final state; the
dashed line ik;, the neutron total final momen-
tum and the solid line ig, the neutron transverse
momentum componenta) E;,.=20A MeV, (b)
Einc=88A MeV.

15

1.0

|#(ky)P(tm™)

0.5

BN

0.0 L AR NN IS

0.0 - ||||\|4|||| i
15 -15 -1 -0.5 [} 0.5 1 15
ky (fm™)

~1.5 -1 -05 0 05 -1
k, (fm™)

ability is not very small, corresponding to a not too smalltions, expressed in the definition bf andk,, make a selec-
initial binding, and when the initial angular momentdpis  tion on the part of the initial distribution which can be
different from zero. The strong absorption radil®,  sampled by the reaction. Also, in the present approach in
[14,15,37 is defined byP,=1/2 anda is a diffuseness pa- order to realize the best energy matching conditions for each
rameter whose values will be discussed in the following. ~ Possible final energy of the neutron, the reaction mecha-
Equation(2.3) gives the final neutron parallel momentum Nism shares the total momentukp between the transverse
distribution which is related by momentum conservation tomomentum componeny; and the parallel componerk;,
the measured ejectile momentum distributds). thus allowing the interferenckef. also Eq.(3) of [14]] be-
tween the two corresponding distributions. The fadtr,
in Eq. (2.2) shows explicity how the interference comes
about. As a consequence the measured parallel momentum
We discuss now in more detail the relation between oudistribution might look deformed as compared to the original
model and sudden eikonal approaches. In this paper our maparallel momentum distribution of the neutron in the initial
interest is to clarify the effect of a time dependent approacistate of the projectile.
on the shapes and widths of the neutron and of the ejectile In order to clarify the importance of the energy sharing
parallel momentum distributions following one-neutron between the parallel and transverse components of the neu-
breakup. The range of validity of the sudden approximatiortron final momentum, we show in Figs(al and 1b), corre-
in such a context has recently been discusse[B8). The sponding to an incident energy of R0MeV and 8&\ MeV,
discussion and the results presented there suggest that itrgspectively, the following kinematical variables as functions
best suited for incident energies larger thanA5MeV, for  of k; the neutron initial momentum with respect to the pro-
very weak neutron binding and low initial angular momen-jectile: k,, the neutron final parallel momentum component
tum statesl(=0,1). Under the original Glauber terminology with respect to the target, by the dotted likg; the magni-
the same approximation is often called adiabatic because tHgde of the total neutron momentum corresponding to each
internal relative motion of the particles is considered slowneutron final continuum energy , by the dashed linej the
with respect to the relative motion of the colliding nuclei. In neutron transverse momentum component, by the solid line.
this sense it has been used #8,38,39 where it was found The minimum values ofk; correspond tos;=0 MeV.
appropriate to reproduce several other measured quantiti€dearly values of all parameters corresponding to values of
such as the ejectile angular distributions following neutrone;<<0 are not accessible by breakup reactions but they would
breakup and the absolute cross sections at relativistic enerather correspond to transfer to a final bound state. In both
gies. figures there is a region corresponding to very small values
Under the suddertor adiabati¢ hypothesis the parallel of # in which k,~k;. This is the region of validity of the
momentum distribution of the neutron in the projectile issudden eikonal approximation. In fact in such conditions
frozen during the reaction and its shape should be reflectesince the transverse component of the neutron momemtum
by the final measured distribution. The available neutron fiis very small, the total momentuiky is all converted into
nal energy is all converted into parallel momentum. Interfer-parallel momentunk,. In [14] we showed indeed that the
ence effects with the transverse distribution are in this wayonditionk,~k; was necessary to obtain the eikonal form of
neglected. The sudden hypothesis means also that the whdlee breakup amplitude. In the same figures we show the ini-
momentum distribution in the initial state is sampled duringtial s andd distributions of the parallel neutron momentum
the reaction, while in our approach the kinematical condi-as a function ok;. They are obtained from

A. Relation to sudden approaches
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[Bi(p. k)P =31 2C,Y, i (k) K (70)[2 B. Spin effects

To understand the sensitivity of the calculated spectra to
e 27 the initial state spin we show in Fig(8 the neutron parallel
27p Py, (X0), 29 distribution after breakup from ads, orbital at Ej,.

=88A MeV. In Fig. 3b) we show the distribution after

which is the one-dimensional Fourier transform of thebreakup from an initiatls, instead. In both figures the dotted
asymptotic part of the initial state wave functi¢ns,35  line is the elastic breakup, from the first term of £2,.1), the
used to get Eq(2.1) [15]. C; are the initial wave function dashed line is the absorptidor stripping from the second
asymptotic normalization constants given in Tablely, are  term of Eq.(2.1). The solid line is the sum of the two giving
modified Bessel functions of the second kind. The I_Iegendréhe inclusive spectrum. It is interesting to notice that the

: . _ _ absorption spectrum is very similar in the two cases. This is
polynomial Py and its argumenk; have already been de due to the fact that at high energies the absorption depends

fined. The initial distribution depends om which is the  ainly on the imaginary part of the neutron-target optical
neutron distance from the projectile center in g plane  stential while it is rather insensitive to the spin-orbit real
perpendicular to the relative velocity axis between the tWoystential. The elastic breakup gives instead different spectra
ions which is chosen as thedirection. The thick solid§  gepending on the initial spin. As a consequence the neutron
distribution and dot-dashedd( distribution) lines are ob-  {ransyerse distributions should also be different, and an ex-
tained atp=6.5 fm, which is close to the strong absorption perimental measure of them would help determine the total
radius value in the case of tHéC+°Be reaction. In heavy- angular momentum of the initial state, as has been already
ion collisions the strong absorption radius is energy depengone in[41]. Clearly, interference and spin effects will show
dent and it decreases increasing the beam energy. For thig pest in the data when just one initial angular momentum
reason we show also by the dotted and thin-solid linesithe gtate is responsible for the measured breakup.

distributions calculated =6 and 5 fm, respectively. In | poth cases the initial symmetricdidistribution which

this case the distributions are wider. This is one of the orif1as two peaks in Fig.(b) has undergone a distortion be-
gins for a possible widening of the widths when the incidentcayse of the reaction mechanism. The distortion is different
energy increases. The initial distributions also get wider bytor the two initial stateg;=I;+%. This is a quantum me-
increasing the absolute value of the initial binding. Thereforespanical effect, due to the dependence of the spin coupling
the eikonal approximation is best justified in a rangekpf  factors on the reactio® value and then to the final neutron
~0 values and for initial distributions, such as the 0 one,  energy. It does not have a simple classical interpretation but
concentrated in such a region. Figur@)lshows that such a e can explain the origin of it in our formalism. In the sum
range increases by increasing the incident energy. On thgyer final angular momentg in Eq. (2.1), all states with
other hand Fig. (& shows that at incident energies aroundjf:|f+% are favorite with respect to thig=1;— % for each

20A MeV an important part of the initial neutron momen- | hecause the neutron-target spin-orbit interaction is larger
tum distribution corresponding th; values from—< 0 the Jarger the angular momentum, and then the elastic scat-
about—0.5 fm™* would not be kinematically allowed. Thus tering probability proportional td1—(S;)|* is largest. For
using the frozen limit would give too wide momentum dis- the same reason the neutron leaves the projectile more easily

tributions and too large breakup cross sections. This is COMt it is i . 1 X
. . . . fitis in a jj=I1;—3 state corresponding to a smaller
sistent with the recent discussion|[id4]. Ji=li—s b 9

Figures 2a) and 2b) show the neutron parallel distribu- neutron-core spin-orbit interaction. On the other hand the

tion after breakup from d orbital withe;=—1.86 MeV, in dependence of the spin coupling factyr; =2j +1/(2)(1

the projectile reference frame, for the two initial beam ener-.+ R) in Eq.(2.1) on the neutron final energy is such that the

. S P =+ 3 states are more favorite at high neutron energy in a
gies usgd n Flgs_. @ and 1b). Such distributions are c_al— .Jsfpin Z‘Iipztransitionjizli—%—>jf=|f+% v?/hile they are m%)r/e
culated in the spln-_lnd.epe.ndent approach. The solid line favorite at lower neutron final energy in a no-spin-flip tran-
the total breakup distribution obtained from the sum of theSitiorl such as — |-+ L —i.—|.4 2 The behavior of. : as
elastic breakup(dotted lin@ and absorption(dot-dashed F=liTa=l=hir e 1=

line). In both cases the distributions are deformed with re-

~[Cil?

spect to the initial symmetrical one. In particular it is inter- TABLE II. Initial state parameters.

esting to see in the case &;,,=20 MeV that elastic —

breakup dominates at small initi] while absorption of the ~ Projectile |eil le/

neutron on the target is responsible for the long tail at large (Mev) (fm=*?)

k, in both cases. The total widths are very different. At a7 0.73 1.06 0.110 0.105

Einc=20 MeV we gethiAk,;=142 MeV/c while at Ej, 250 2 60 0.500 0.470

=88A MeV we geth Ak, =177 MeVl/c, also the deforma- g 0'24 0'65 0'038 0'035

tion effects are less evident in the latter case. The strong ' ' ' '
L 0.50 0.89 0.078 0.074

asymmetry of the distributions can therefore be seen as a 1.86 1.94 0.336 0.314

consequence of the behavior pfas a function ok; shown 2'12 - 0 '390 -

in Fig. 1(a). This shows that the beam energy dependence of
the widths is due in part to the different range of kinemati-nitial state By 1ds), 1da,
cally accessible variablds, k,, and 7.
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g L L distribution in the projectile reference frame for a
P L C d state atd=6.5 fm ande;=—1.86 MeV in
3 ol ol 15C. (a) E;{,c=20A MeV, (b) E;,;=88A MeV.
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a function ofk; is shown in the two small figures on top of culations give a series of possibilities in which the wave
Figs. 3a) and 3b) in the case of;=4. Notice that at ank,  function is as or d state coupled to the'0or 2" states of the
the F,_; coefficients satisfyF|_; +F,_; =2l¢+1. Such core[45,46. In [9] dynamical core polarization calculations
spin coupling effects, depending on the reactpualue, are  are reported which give a 1/2ground state with 40% occu-
a generalization of those known in transfer between boun@ancy for *C(07)®2sy,, the rest of the wave function is

states and discussed among otherf3®,37,43 given by the'®C(2") ® 1ds, configuration. Ir(6,7,9,4§ *'C
was also studied. The ground state of this nucleus could be
IIl. STRUCTURE OF HEAVY CARBON ISOTOPES 0*® 1d3/2 [7,9], but the shell model calculation qUOted[ﬂi

suggests also the possibility

The carbon isotopes with mass numBer 17—-19 belong
to the category of 8—1d shell nuclei whose structure is 0.16X (2" ®2s,/,) +1.58X (2" ®1ds)).
only partially understood at present. In a simple central plus
spin-orbit potential of independent particles the last neutron In all cases if the last neutron is in a pure single particle
in 1% should be in a ds, state but more accurate shell state, the possibilities=0 or ;=2 andds, or ds, should
model calculation$43] and relativistic mean-fielf44] find  be easily distinguished by comparing theoretical calculations
that the last occupied orbit is &g, state with spectroscopic to the experimental data for one neutron breakup. However
factor 0.58 giving a 1/2 ground state. Coupled channel cal- as we have mentioned above both states could be only par-

10:
o - _
E N
8 :— \
: E \
~ 2 \
x E 111 1 |\|T T el I
] ° -1 -0.5 (l) 0.|: = 1|. -1 -0.5 0 0.5 1
- (@) do/z (b) FIG. 3. The neutron final parallel distribution
00— in the projectile reference frame fordstate at
I Einc=88A MeV. (@ dsp, ji=li—1/2; (b
N dspp, ji=1;+1/2. Top figures give the corre-
g w0 — sponding spin coupling coefficients,_; for I
hs - =4. Solid line j;—j;=1;+1/2, dashed lingj;
- 20—
< L
d Y S | U | Y A .
. Y 2 2 A U | I A 2
S C
o 10—
L L e N N
0 _l £kl 1 | L1 | 11 | 1 ||l| ||V|| 1 | L | L1 | 1 ||||
-1 -0.5 o 0.5 1 -1 -0.6 0 0.5 1
k; (fm™) k, (fm™)
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tially occupied and coupled to ground state or to core excited TABLE Ill. '°C results a;,;=88A MeV with sharp cutoff.
states. Inclusive experimental data can contain contributions

from several core excited states which can eventually be digzil fiAky T1n

criminated by ay-ray experiment like the one described in (MeV) (MeVic) (mb)

[47]. _Such a situation is quite common in rleavy—lo,r} mducedol24 28 109 100 441 a7 -

reactions. For example, in the case of a “normal” nucleus

like “°Ar we showed in[20] that there are several possible 87 130 120 270 6355
1.86 65 171 160 94 32 29

initial states corresponding to core excited states, all contrib=
uting to the experimental spectrum. In particular we showedhitial state 2y, 1ds, 1dg, 25y, 1dgp 1dgp
that initial states of different angular momenta lead to differ
ent shapes for the ejectile inclusive spectra and that the ex-

perimental spectrum was indeed dominated by the contribustudied by several authors, including us. In particular, as has
tion from a 1ds,, coupled to a core excited state. This wasbeen suggested 25,40, it is possible that it will be nec-

due to the spin coupling effects. essary to modify the parametrization of the presently avail-
able n-°Be optical potentials which were fitted mainly on
V. RESULTS low or very high energy free particle cross sections. We es-

timate that this modification could reduce the cross sections
As an application of our theory and in the attempt to shecbn °Be up to about 30% of the values shown here, still
some light on the'®C and nearby isotope structure we haveleaving them within the experimental uncertitude. On the
made some sample calculations and a preliminary comparther hand the results discussed for the other targets should
son with presently available experimental data. The follow-be unaffected since the calculated free neutron cross sections
ing quantities have been investigated) One neutron agree well with the known experimental data.

nuclear breakup cross sections frafiC on °Be, *°C, and The cross section values and momentum distribution
208ph targets and’C on °Be. (i) neutron parallel momen- widths for the reaction off°C on °Be atE;,.=88A MeV
tum distributions for the same reactions. are shown in Table Il where the sharp cutoff approximation

The initial state parameters are given in Table Il. Et@  to Eq.(2.3) was used wittRs=1.4(AX>+AY?) fm. In Table
two initial binding energies are considered. The first is thelvV we give the values obtained by the smooth cutoff ap-
known neutron separation energy, the other takes into agroximation Eq.(2.4) with a=0.6 fm. All values in the
count the extra binding due to the first excited stat&at tables are obtained by setting the initial state spectroscopic
=1.77 MeV. Previous experimental and theoretical infor-factor S equal to one. Separate contributions from elastic
mation on'’C can be found irf48]. In the case of°C we  breakup and absorption are also given. Our sample calcula-
consider four possible initial binding energiese; tions have shown a smooth variation of the breakup cross
=-0.24 MeV and—0.5 MeV are two possible neutron sections witha, a further increase of its value up to 0.7 fm
binding energies close to the values from mass evaluatiogives a negligible increase in the cross sections of about 1%.
[49,50 and breakup experimen{g,8] discussed in the lit- Therefore the variation in the values of Tables IIl and IV
erature;—1.86 MeV and—2.12 MeV are the correspond- gives an estimate of the possible incertitude in the treatment
ing binding energies of a single particle state coupled to thef the core-target interaction. It appears that an increase of
2" excited state of-8C which hasE* =1.62 MeV. 50% in the absolute value of the initial binding gives a de-

The optical potentials used to calculate the neutron-targatrease in the breakup cross section of 50—-60% while the
S matrix are the same used[ib5], namely Refs[51,52 for  widths increase by less than 30%. The differences between
°Be, 12C, and?%pPb, respectively. For each fixed initial state the results in the case of an initid, or ds,, both taken at
the breakup cross section absolute values are sensitive the same binding energy, are instead of the order of 10%.
both the neutron target optical potential and to the core surfhe effect of the smooth cutoff is negligible in the case of an
vival probability. This effect has been carefully analyzed in as state with very small binding. This is because the free-
series of publicationgl5,25,33,40and it is at present being particle limit to halo breakup discussed[it5,26 applies in

TABLE IV. 1°C results atE;,.=88A MeV with smooth cutoff and &S=1. Using 0.6< (0" ®2s,,)
+0.4% (2" ®ds) ), we geto;,=200 mb andiAk;=40 MeV/c, while oy,=150=40 mb[53], T'ey,
=42+4 MeV/c [7].

|8i| hAkl (O'el U'abs) T1n

(MeV) (MeV/c) (mb)

1o.24 29 141 132 (194 248442 (42 63105 (34 5387
(2)0.50 41 157 148 (129 173302 (3150 81 (27 4972
M1.86 68 197 177 (53 83136 (18 33 51 (15 2944
(@2.12 — 216 — — (16 31 47 —
Initial state X, 1dg, 1dgp A 1dgp, 1ds,
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TABLE V. 'C results atE;,;=84A MeV with smooth cutoff and &S=1. Using 0.16& (2" ®2s,,)
+1.58% (2" ®ds) we geto,=96 mb andiAk;=142 MeV/c, while 01,=60+20 mb[53] and T'ey,
=145+5 MeV/c [7], 01,=129+22 mb[54], Toy,=141+6 MeVic [9,54.

|eil hAky T1n

(MeV) (MeV/c) (mb)

0.73 45 152 142 238 65 58
2.50 71 191 171 127 48 40
Initial state 5., 1dg;, 1ds 251y 1ds, 1dgp,

this case. In the other cases one sees that the importance gfectrum widthlo,=69+3 MeV/c [9]. Actually we find

the smooth cutoff increases with the binding energy. To givehe best agreement with the shape of the tails of the spectrum
an idea of the sensitivity of the breakup cross section on theom [7] if we take 30% ofs state and 70% ofl state, in
strong absorption radius we have variBg to the values option (2) for the separation energies of Table Ill. Clearly
Rs=7 fm, 7.5 fm, 8 fm, and 8.5 fm obtaining for the cross because of the present incertitude on the neutron separation
section the following values respectively,=270 mb, 214  energy of 1% we conclude that the state can be present
mb, 184 mb, 153 mb, for an initiat-state with binding with 30—60 % occupation in thé°C ground state.

—0.5 MeV, and smooth cutoff wita=0.6. In [9] it has been suggested that possible discrepancies in

To complete the discussion dfiC we have calculated the the measured widths from different laboratories could origi-
nuclear diffraction component of the breakup, due to the firshate from an incident energy dependence of the reaction
term of Eq.(2.1), atE;,.=67A MeV for the *C and?®®Pb  mechanism. We have discussed in detail such a dynamical
targets used in the exclusive RIKEN experim¢8f. The  effect in[15,16 and in the first part of this paper. It is how-
measured cross sections [B] are 82-14 mb and 1.34 ever puzzling that the discrepancy in the measured widths
+0.12 b, respectively. The value on tH&C target is sup- from °C breakup does not seem to be present in the case of
posed to be due only to the nuclear elastic breakup, while thé’C discussed in the following. A possible explanation has
value on the lead target is mainly due to Coulomb breakuprecently been proposed [B5].

In [8] a spectroscopic factor of 0.67 is extracted for the The results for '’C breakup atE;,,=84A MeV are

0" ®2sy,. Also the analysis 112,39 of the measured in- shown in Table V. The values in the table are again obtained
teraction cross section suggests a rather largemponent.  with unity spectroscopic factors and smooth cutoff. At the
In particular the authors of12] found their experimental top of Table V are reported the values for the cross sections
results consistent with a configuration having 46%" (0 and the widths of the parallel momentum distribution ob-
®2s;,,) and 54% (2 ®dsg)). tained summing the and d contributions, both coupled to

Using the option(2) for the separation energies of Table the core 2 state, which means initial separation energy of
IV, which means 0.5 MeV for the state and 2.12 MeV for 2.50 MeV, using instead the spectroscopic factors quoted in
the d state, we find a good agreement with the RIKEN ex-[7], namely 0.1& (2" ®2s,,)+1.58%X (2" ®ds). Some
perimental results if we assume a spectroscopic factor of 0.6xperimental values frorfi7,54,53 are also given. Our re-
for the s state and of 0.4 for the state and sum both con- sults are consistent with both experiments. From the results
tributions. Then we obtainr, =93 mb on ?C and oy, given in the table we see that the breakup from an initial pure
=273 mb on the lead target. Our estimate for the Coulomlid,,® 07" state, with binding—0.73 MeV, and the breakup
breakup of thes state on lead i$rco,=1125 mb, such that from the state 0.18 (2% ®2s,,,)+1.58< (2" ®ds;,) both
in the latter case our total exclusive breakup cross section igive reasonable agreement with the widths of the present
oot=1398 mb. Following the prescriptiofil4,15,37 R;  data although the shape of the experimental specfitif)
=1.4AY3+AY¥ fm, we tookRy=6.9 fm for the'°C tar-  seems to agree better with the calculation of the latter case,
get andR,=12 fm for the ?°%Pb target. It is interesting to when the core is excited. Our cross sectign=93 mb is in
notice that we extract the same spectroscopic factor from thgood agreement with the recent result from M&y,=60
light and heavy target data, thus showing that our model and-20 mb [53] which was obtained in an exclusive-ray
the choice of parameters used, suchRas are appropriate experiment in which the core breakup from the gtate was
for the description of the nuclear part of the breakup crossdentified. On the other hand it seems possible that adding to
section both on a light as well as a heavy target. the calculated cross section for the OX@" ®2s,)

With the same spectroscopic factors and combination of +1.58< (2" ®ds,) configuration a contribution of about
andd states, the results at 88MeV are given at the top of 50% from the H5,®0%, a better agreement with the experi-
Table IV. The cross section value is in good agreement withmental inclusivd 9] cross section value could be obtained.
the recent measurements from M3),= 15040 mb[53]
and it is consistently smaller than that from the relativistic
energy GSI experiment;,=233=51 mb[54]. Our width
is in good agreement with the MSU valuEq,,=42 In this paper we have applied the transfer to the con-
+4 MeV/c [7] but, as expected it is smaller than the GSltinuum theory in the formulation which includes spin to the

V. CONCLUSIONS

054604-7



ANGELA BONACCORSO PHYSICAL REVIEW G50 054604

study of the breakup of two weakly bound carbon isotopespectrum of thed;, breakup should show a characteristic
for which thed orbital is important. The present theory can asymmetry which does not seem to correspond to the MSU
be viewed as a generalization of sudden eikonal theoriedata nor to the GSI spectrum. New data from M&3] will
which are obtained from our formalism taking the limit of soon be available which hopefully will help clarify the situ-
zero initial neutron binding energy. The utility of a time- ation.

dependent approach with spin coupling in the treatment of Our model takes into account the fact that breakup reac-
breakup fromd orbitals of not too weak binding has been tions are sensitive only to the outermost tails of the single
clarified. particle initial state wave functions which we take as Hankel

Some hypotheses on the occupancy of sket shells in  functions. It would be very important to check with more
19C and!’C have been formulated by comparing some of therefined structure calculations whether our hypothesis on the
existing experimental data with our theoretical calculationsoccupation of thes andd states are correct. It would also be
Our conclusion is that int%C the breakup neutron occupies very useful to make other experiments, like tre¢ays ones
the d state with 40—70 % probability while thestate has a of [47,53 in which breakup from initial core excited states
30-60% occupation probability. The present incertitude orcan be measured. Finally we have suggested that a study of
the neutron separation energy does not allow any definitthe neutron transverse distribution from the experimental
conclusion. Thes state is coupled to the ground state whenpoint of view, as already done i1], could help resolve
we get the best agreement with the data, therefore the totabme puzzling cases with the help of spin dependent reaction
19C spin should be 1/2 The extreme characteristics of the models like the one discussed here which contains also in-
state are responsible for the large neutron breakup cross sdetference effects between the parallel and transverse mo-
tion and narrow ejectile parallel momentum distribution. ~ mentum distributions.

For 1'C, on the basis of the available experimental spec-
tra, the breakup from the @,®0*) configuration seems to
show up less than the breakup of tid states coupled to the
core 2". In the two cases where the resulting spectra have | wish to thank P. G. Hansen and A. Mengoni for com-
similar widths, however, due to the spin coupling effects, themunicating their recent results.
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