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Within the pure Coulomb breakup mechanism, we investigate the one-neutron removal reaction of the type
A(a,by)X with 'Be and '°C projectiles on a heavy target nucletféPb at the beam energy of 60 MeV/
nucleon. Our intention is to examine the prospect of using these reactions to study the structure of neutron-rich
nuclei. Integrated partial cross sections and momentum distributions for the ground as well as excited bound
states of core nuclei are calculated within the finite-range distorted-wave Born approximation as well as within
the adiabatic model of the Coulomb breakup. Our results are compared with those obtained in the studies of the
reactions on a light target where the breakup proceeds via the pure nuclear mechanism. We find that the
transitions to excited states of the core are quite weak in the Coulomb dominated process as compared to the
pure nuclear breakup.
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I. INTRODUCTION momentum| associated with the relative motion of core
states with respect to the valence nuclé@moved from the
The single-nucleon transfer reactions, induced by light aprojectile are provided by the measured parallel momentum
well as heavy ions, have been established as a useful tool dhistributions[12].
probing the single-particle components of the wave functions This method improves the experimental conditions for
of stable nucleisee, e.g.[1-4]). The theory of these reac- working with projectiles of low beam intensities because of
tions developed within the framework of the distorted-wave(i) large partial cross sections for transitions to various bound
Born approximation(DWBA) [5] has been widely used to states of the core fragment, even in experiments done with
analyze the absolute magnitudes and shapes of measurbigh-energy projectilegji) possibility of using thick targets,
cross sections and to deduce the structure information inand(iii) strong forward focusing. These features may be con-
cluding angular momentum assignments, occupation prokrasted with those of the corresponding transfer reactions. In
abilities, and spectroscopic factors of the ground as well aaddition, while, in the case of transfer reactions, the angular
excited states of the residual nuclei. distributions of the ejectile lose their characteristic
Nonetheless, transfer reactions are not yet routinely uselddependence at high energids], the longitudinal momen-
in probing the structure of exotic nuclei near the neutron andum distributions of the core states in the breakup reactions
proton drip lines, even though the first theoretical feasibilitycontinue to show a strong dependencel.on
study[6] for such investigations with transfer reactions and Most of the studies of thea(by) reaction performed so
the first experimental resulfg] for the *Be(p,d)'°Be reac- far involve a light °Be target, where the breakup process is
tion have been already reported. With the currently availablgoverned almost entirely by only the nuclear interaction be-
experimental techniques, the measurements of these reagveen the projectile fragments and the target. Since this re-
tions involving drip line nuclei are performed in the inverse action is essentially inclusive in natuas the measurements
kinematics with low-intensity projectile beams. This puts se-are performed only for the heavy core fragmettie nuclear
vere experimental restrictions as the corresponding cross separtial cross sections have contributions from both elastic
tions are usually low. Furthermore, the theoretical analysis ofalso known as diffraction dissociatipmand inelastic(also
these data in terms of the DWBA gets complicated as th&nown as stripping or breakup-fusiprbreakup modes
usual well-depth search method to calculate the wave fund-14,15. Several attempts have been made to calculate the
tion of the transferred particle becomes unreliafié and  elastic and inelastic nuclear breakup cross sections of halo
the methods such as Skyrme Hartree-Fock theory need to meiclei and they were either based on the semiclassical meth-
invoked[6] for a proper description of these wave functions.ods [16] or on the eikonal approximatiohl7—20. The
Recently, an alternative new and more versatile techniqguagment-target interactions are dealt with differently in
for investigating the spectroscopy of nuclei near the drip linethese two approaches that could be important for the light
has been developgé8—11]. In this method, referred to as the targets[21]. Data of Refs.[8—11] have been analyzed in
(a,by) reaction in the following, one nucleofusually the terms of an eikonal mod¢R2] with core-target and neutron-
valence or halpis removed from the projectiléa) in its  target interactions treated in the black disc approximation
breakup reaction within the field of a target nucleus. Theand in the optical limit of the Glauber theory, respectively. In
states of the core fragmefi) populated in this reaction are order to extract unambiguous spectroscopic information
identified by their gammay) decay. They-ray intensities from the @,bvy) type of measurements performed on a light
are used to determine the partial breakup cross sections target, it is quite desirable to develop the calculations of
different core states. The signatures of the orbital angulanuclear breakup reactions within the DWBA theory as has
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been done for the breakup of stable projectj23,24.
However, currently a full quantum-mechanical theory of
the pure Coulomb breakup reaction, formulated within the
framework of the post-form distorted-wave Born approxima-
tion, is well established and has been applied successfully to
investigate the breakup of halo nuc|&5]. Finite-range ef-
fects are accounted for in this theory that can be applied to
projectiles of any ground-state orbital angular-momentum
structure. Moreover, an alternative theory of the Coulomb
breakup reactions within the framework of an adiabatic
model has also been formulatg2b]. The expressions for the
breakup amplitude within this theory are very similar to
those of the finite-range DWBA theory, although the two t
have been derived under quite different assumptions. In the FIG. 1. The three-body coordinate system. The charged core,

adiaba.tic model, it is assumed that the excited states of t_h?alence neutron, and target are denotedby, andt, respectively.
projectile are degenerate with the ground state. In the studies

of the breakup reactions done so farhere the core frag- Il. FORMALISM
ments were assumed to remain in their ground skatbs ) )
two theories produced almost identical resys]. How- We consider the reactioa+t—b+c+t, where the pro-

ever, with the excitation of the core, the one-neutron separd€Ctile @ breaks up into fragments (charged and ¢ (un-
tion energies increase significantly. It would, therefore, betharged in the Coulomb field of a targdt The chosen co-

interesting to see if the two models lead to different results inordllnate system is shown |n. Fig. 1. The position vectors
these cases. satisfy the following relations:

There are no adjustable parameter in either of the theories

: . m
of pure Coulomb breakup reaction. Assuming that the pro- r=ri—ar;, a= ¢ , (1)
cesses, in which the mutual excitation of the target nucleus M+ My
takes place due to the Coulomb interaction, contribute neg-
. . . . . . _ m
ligibly, the inelastic _breakup_m_ode is absent in the pure Cou fe=yr t o, o= t L y=(1-ad). (@
lomb breakup reactions. This is an added advantage as there My +mg

is some ambiguity regarding the calculation of this mode that
dominates the partial cross sections for the excited core The starting point of both the finite-range distorted-wave
states in the nuclear breakup procf23]. Born approximatiofFRDWBA) and of the adiabatic model

In this paper, we present calculations of the pure Coulomi®f the Coulomb breakup is the post formmatrix of the
breakup contributions to the partial cross sections and longiceaction given by
tudinal momentum distributions of the ground as well as
excited states of the core fragmentSBe and '8C, in the
(a,by) type of reacztoigFr)w induced b¥*'Be and'°C projectiles,
respectively, on a**Pb target at the beam energy of 60
MeS/nuclegn. We assumegthat the states of theggore frag- XDF(EIVpdr)W (&, r,1). ()
ments are the same as those seen in the similar reactions ) _ .
studied on the’Be target. Our aim is to determine if there The functionsy are the distorted waves for the relative mo-
are quantitative differences in thelative populations of the ~tions of b and ¢ with respect tot and the center of mass
core states in the pure Coulomb breakup mechanism, d§-M) of theb+t system, respectively. The functiods are
compared to those observed in the pure nuclear breakup er“—e internal-state wave functions of .the concerned p.artlcles
cess. We shall also look at whether there are differences i}ha}_)depend on the internal coordinatgs The function
the predictions of the finite-range DWBA and adiabatic mod-¥a *(£a.r1.1i) is the exact three-body scattering wave func-
els of the breakup reactions leading to the core excited state80n of the projectile with a wave vectd, satisfying outgo-

We want to make it clear from the very beginning that it ing boundary conditions. The vectokg andk. are the Ja-
is not our intention to imply that the nuclear breakup contri-cobi wave vectors ofo and c, respectively, in the final
butions are negligible for the reactions investigated by usc¢hannel of the reaction. The functidf,(r;) represents the
Our results should be viewed as complementing contribuinteraction betweeb andc. In the case of the pure Coulomb
tions from the nuclear breakup process; in any completdreakup, the functiony{ (ky.r) is taken as the Coulomb
theory both contributions must be considered on an equalistorted wavefor a point Coulomb interaction between the
footing. charged coreb and the targetsatisfying incoming wave

In the next section we briefly present the formalism of theboundary conditions, and the functiold (k. ,r) is just a
Coulomb breakup reactions. The results of our calculationplane wave as there is no Coulomb interaction between the
and discussions are presented in Sec. Ill. A summary and thHarget and the neutral fragmeait
conclusions of our work are given in Sec. IV. In the distorted wave Born approximation, we write

T=f dédrydrx$ ™ (kp ,1)PF (&) xE* (Ke o re)
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‘l’gﬂ(fa,flyfi)=‘Da(§a,f1))(§+)(ka,fi)- (4)  necessarily restricts the relative motion betwéeand c in
the projectile tos-state only. Even for such cases, this ap-

The assumption inherent in E@}) is that the breakup chan- proximation may not be valid for heavier projectiles and at
nels are very weakly coupled and hence this coupling needsigher beam energigsee, e.g9.[28]). The Baur-Trautmann
to be treated only in the first order. In Ed) the dependence approximation is justified if the c.m. of the+c system is
of ®, onr, describes the relative motion of the fragmebts shifted towarcb (which is indeed the caseiifi,>m.). How-
and c in the ground state of the projectile. The function ever, since; occurs in association with the wave veckgy,
x{7(kq,r)) is the distorted scattering wave describing thewhose magnitude is quite appreciable at the higher beam
relative motion of the c.m. of the projectile with respect to energies, the neglected piecerofii.e., @ r1) may still con-
the target, satisfying outgoing wave boundary conditions. Itribute substantially.
may be noted that the particular case of the pure Coulomb In the FRDWBA theory, the Coulomb distorted wave of
breakup of a projectile involving one uncharged fragmentparticleb in the final channel is written g25]
where the choice of the coordinatenay appear more natu-
ral to describe the relative motion between the projectile and Xf)_)(kb ,r)=e‘i“K'r1X§,_)(kb o). (9)
the target, follows from this expression as discussed below.

The integration over the internal coordinagsn the T Equation (9) represents an exact Taylor series expansion

matrix gives aboutr; if K= —ini is treated exactly. However, instead of
. . ) . doing this we employ a local momentum approximation
f dEDy (&p) D¢ (§c)¢a(§a,f1)=l%ﬂ (Imjepeljme) (28,29, where the magnitude of momentufnis taken to be
X(jpmol #liama)i' @a(ry), (5) 2m
| K(R)=/77z[E-V(R)]. (10
with
D, (r)=uy(r)Yim(ry). (6) Here m is the reduced mass of the—t system,E is the

energy of particleb relative to the target in the c.m. system
In Eq. (6), | (the orbital angular momentum for the relative andV(R) is the Coulomb potential betwednand the target
motion between fragmentsandc) is coupled to the spin of separated bR Thus, the magnitude of the momentunis
¢ and the resultant channel spifs coupled to the spif, of  evaluated at some separatiBrthat is held fixed for all the
the coreb to yield the spin ofa (j,). The T matrix can now  yalues ofr. The value ofR was taken to be equal to 10 fm.

be written as For reactions under investigation in this paper, the magnitude
of K remains constant for distances larger than 10/ 25.
T=> (mjeaeclj ) Gomen) i ameadi'T Bim(Kp Ke 1Ka), Due to the peripheral nature of the breakup reaction, the
Imju regionR=10 fm contributes maximally to the cross section.

() In fact, the calculated cross sections change by only about
5% if Ris varied from 5 to 10 fm and with a further increase

where in R the change is less than 1%. Furthermore, the results of
. _ the calculations for these reactions, at the beam energies un-
I Bim(Kp ,Ke;Ka) = f drydrix % (kp,r)e ke e der investigation, are almost independent of the choice of the
direction of momentunK [25]. Therefore, we have taken the
XVbc(rl)ul(r1)Y|m(F1)Xg+)(kauri) , directions ofK andky, to be the same in all the calculations

presented in this paper. It may be remarked here that in Ref.
(®) [30] an approximation similar to Eq9) was applied to the
. . . N Coulomb distorted wave of the incident channel. That proce-
with Bim _belng the reduced m_atrl)_< and W'thl = 21+1. dure brings in two difficulties. First, the choice of the direc-
Equation (8) mvo!ves a S|x'—d|mensu.)na| integral that tion of the local momentum is somewhat complicated as di-
makes the computation ¢, quite complicated. The prob- o tiong of both the fragments in the final channel will have
lem becomes more acute because_ t_he mtegr_and has a pro_dﬂ?“oe brought into consideration. Second, the procedure may
of three scattering waves that exhibit an oscillatory behavio roduce a deviation from the exact DWBA approximation.
asymptotically. Therefore, approximate methods have bee On substituting Eq(9) into Eq.(8), we obtain the follow-
used, such as the zero-range approximatiRA) (see e.g., ing factorized form of the reduced ,amplitude:
[1,2,4]), in which the producV(r,)®,(r1) is replaced by a
delta function, or the Baur-Trautmann approximat{@7],
where the projectile c.m. coordinate is replaced by that of the iﬁan?DWBAz
core-target systeni.e., ri=~r). Both these approximations
lead to a factorization of the reduced amplitude into two

fdrle_i(7k°_“K)“Vbc(f1)U|(f1)Y|m(F1)}

independent parts, which reduces the computational com- X fdrixg)*(kb,ri)e‘5kc-rixg*)(ka,ri)}.
plexity. However, the application of both these methods to
the reactions of halo nuclei is questionab®s]. The ZRA (11
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This amplitude differs from those in earlier studj@g] since The triple-differential cross section of the reaction is
it includes the interactioV, to all orders. given by
Recently, an alternative theory of the Coulomb breakup
has been developed within the adiab&8®) model[26,31]. d*c 2w 5
This theory assume®) that one of the fragmentghe va- m:ﬁ_vap('zb'gb*ﬂc)% Biml* (14

lence nucleonis neutral so that the projectile interacts with

the target only through the Coulomb interactig, of the  \where p(E,,Q,,0.) is the appropriaté25,34 three-body
core fragment and the target nucleus, @ndthat the relative  phase-space factor.

excitation energ¥, of theb—c system is much smallerthan = on substituting the Coulomb distorted waves
the total incident energy so th&j,. can be replaced by the

constant separation energy of the fragments in the projectile Xff)*(kb r)=e TP (1+iyp,)e ki Fy
ground state. Followingii) the continuum spectrum of the

b—c system is assumed to be degenerate with the ground X[=iny,Li(keli+kp.r)], (15
state. Under the above assumptions, the wave function _

W (&,,rq,r;) is found[31] in the form X (kg r) =€ ™0 (1+ipy)elka i Fy

TRy, = Dyl a, T e ke, ) (12 e ditan e ] (9
into Egs.(11) and (13), one gets for the triple differential

It is clear that substitution of E¢12) into Eq.(3) willleadto  cross section
a factored forn{similar to Eq.(11)] of the reduced breakup
amplitude. However, one limitation of this procedure should d3c 2
be brought into attention. For larger valuesref the wave  GE 40, dO, ﬁ_UaP(Eb'Qb’Qc)
function W (AP vanishes due to the presence of the factor
®,(ry), whereas there may still be contributions to the 412 .
breakup from this region. It has been arg(i2€] that due to X (27— 1) (€27 a—
the presence of the interactiox,(r,), the post-form-
breakup amplitude may not be sensitive to the domain where (17)
w{HAD is inaccurate. However, since the wave functions for
the relative motion of the fragments for-0 values have a N EGs.(15—(17), #'s are the Coulomb parameters for the
large spatial extension, the application of this model to sucfeSPective particles. In Eq17), | is the bremsstrahlung in-
cases may test the need for the nonadiabatic corrections {89ral[35] that can be evaluated in the closed form:
the theory.

The reduced amplitude in the adiabatic model is given by

11247, |Z,|%
plIF4m 121

) dD
I=—i B(O)(&) (= mamp)

x=0

T pAD_ —i(kg—aky).r °
| Bim Jdrle WVype(r)U(ry) Yim(ra) X Fa[1—i 72 1—i7y:2:D(0)]+ Z_i’)
x=0
8 fdrixé‘>*<kb,ri>e—i5kc'“x;+’(ka,riﬁ (13
><2F1[_i77a1_i77b;1§D(0)]}, (18

It is obvious that this amplitude differs from that of the
FRDWBA, Eq.(11), only in the form factor partthe first of ~ where
the factor$, which is evaluated here at the momentum trans-
fer of (k.— ak,). Equation(13) can also be obtained in the B 4 2 i
DWBA model by making a local momentum approximation B(x)= K20 rar T L (K™~ 2K kg = 2xk,) e
to the Coulomb distorted wave in the initial channel of a _
reaction and by evaluating the local momentumRat o X (k%= 2k.kp—2xky)' 7], (19
with the momentum direction being the same as that of the
projectile. In both of the theories, the Coulomb interaction 2k2(Kakp+ Ko . Kp) — 4(K.Ka+ xky) (K. K+ XKp)
between the fragmentsand the target is treated nonpertur- (X)= (kZ—2k.ky— 2xky) (k2= 2k.kp— 2xky)
batively. The adiabatic model does not make the weak cou- (20)

pling approximation of the DWBA. However, it necessarily

requires one of the fragmen(is this case) to be neutral. In  with

contrast, the FRDWBA model can, in principle, be applied to

the cases where both of the fragmehtand c are charged k=ky—ky,— ke (21
[28]. Furthermore, calculation of the nuclear breakup in the

adiabatic model is not as comparatively trividll—33, as it  The factorZ, contains the projectile structure information
is in the case of FRDWBA. and is given by
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TABLE I. Calculated partial cross sections to the final states of
Z|=J drir2j (kar)Vue(rou(ry), (22)  1%e in the Coulomb breakup of'Be on the?%®Pb target at the
beam energy of 60 MeV/nucleoh” represents the spin and parity

with k1=|ykc— aK|, and k1=|kc—aka| for the cases of of the populated states of théBe core.

FRDWBA and adiabatic model, respectively.

| E | C2S O_FRDWBA CZS~ O_FRDWBA
The total pure Coulomb one-nucleon removal cross sec- M XV c b Cb
tion for a givennlj configuration of the valence nucleon is (MeV) (mb) (mb)
obtained by integrating Eq13) over angles and energy of g+ 0.0 0 0.74 1536.48 1137.00
fragmentb and over angles of the valence nucleon. Harig, o+ 3.368 2 0.20 2.09 0.42
the principal quantum number athdandj are as defined in - 5.956 1 0.69 2.45 1.69
Eq. (5). _ o _ 2- 6.256 1 058 2.07 1.20
For calculating the total cross section into a given core- sum 6.69 331

fragment final state, the projectile ground state is described
as having a configuration in which a valence nucleon, with

single-particle quantum numbensj and an associated spec- figuration for these states. The one-neutron separation energy
troscopic factoiC?S, is coupled to a specific core state des-for the ground state of'Be, with the configuration in which
ignated withj,, in Eq. (5). The total cross sectioa is the  °Be remains in its ground state, is taken to $g=0.504

sum [8,22] of the cross sections calculated with configura-MeV. For an excited state, the respective separation energy
tions (having nonvanishing spectroscopic facjorsorre- (SE) is assumed to be the sum §f and the excitation en-

sponding to all the allowed values of the channel gpin ergy of that state with respect to the ground state.
In each case, the neutron single-particle wave function is
lIl. RESULTS AND DISCUSSIONS calcul_ated in a central Woods-Saxon we]l of ra_dius.1.15 fm
and diffuseness 0.50 fm. The depth of this well is adjusted to
A. Excitation of the bound states of *®Be in the Coulomb reproduce the corresponding value of SE. By this procedure
breakup of *'Be the root mean squakems) radius of the ground state étBe

The one-neutron removal reaction of the typeCOmes out to be 2.91 fm for the assumed rms radius of the
9Be(11Be,1%Bey) X has been studied recenfl§] at the beam Be core of 2.28 fm. _ _ .
energy of 60 MeV/nucleon. Partial cross sections have been Our results for the partial cross sections are shown in
measured for four states of the core fragmé}ﬂe: 0+, 2+’ Table 1. It is evident from this table that in the case of pure
1-, and 2. The data were analyzed in terms of an eikonalCoulomb breakup of a projectile with a halo ground state,
model of the nuclear breakup reactiof9,27], with the  Mmost of the cross section goes to the ground statg (@ the
spectroscopic factors taken frdi86]. It has been concluded Core. The sum of the partial cross sections corresponding to
in this study that about 22% of the total partial cross sectiorfll the excited states is less than 1% of that to the ground
went into the excited states, and that the ground statégsg  State. This is in sharp contrast to the observations made on
consists of an admixture of thesland 0d single-particle lighter targets where partial cross sections corresponding to
neutron configurations with the spectroscopic factors of 0.74ll the excited states represent about 22% of the total. While
and 0.18, respectively. there are no experimental data on the core-excitation reaction

We have calculated the pure Coulomb partial cross sednduced by*'Be on a heavy target in the vicinity d*%b,
tions oc to the four °Be final states in the the measuremen{87] of the (a,by) type of reactions with
208pp 118 198ey) X reaction at the beam energy of 60 MeV/ B projectile on**’Au gold target at the beam energy of 60
nucleon. The ground (0) and excited(3.368 MeVj (2+) MeV/nucleon may be used to test our results. In this experi-
states were assumed to correspond to the configuratioffgent, No core-excited transitions were seen. Therefore, this
[1s,,7®07 (1%Be)] and [0ds,v®27(1°Be)], respectively, |ends support to our finding that i(a,by)X type of reac-
where v represents a relative neutron state. The correspondlOnS, involving projectiles that have a predominantave
ing C2S values for these two configurations were takaf] neutron-halo ground state, transitions to the excited states of
to be 0.74 and 0.20, respectively, i.e., the same as those usitf core corresponding to the nonzekwalues of the
in [9]. The excited T (5.956 Me\} and 2~ (6.256 Me\j ~ heutron-core relative motion, are quite weak in the pure Cou-
states were assumed to stem from the configuration@mb breakup reaction as compared to those in the nuclear
[0psr® 1~ (1%Be)] and [Opa,r® 2 (°Be)], respectively, —Preakup process.

with the correspondin@?S values of 0.69 and 0.58. These The suppression of the cross sections to the higher states
states could, in principle, also result from the stripping of ac@n be traced back to the strong dependence of the Coulomb

1p4), neutron from the'®Be(0") core of the !'Be ground breakl_Jp Cross sec_tions on SE. The latter enters in the corre-
. 90 3y — 14 — sponding expressions through the momentknjsee Eq.
state,  producing [1s,©°Be(z) 11 and  [1s (21)]. As was shown in[38], the modulus square of the
®°Be(3) 12~ types of Be* core. In the nuclear breakup bremsstrahlung integrdlrises very steeply als approaches
case, the cross sections to &nd 2~ states calculated with zero, which happens as SE goes to zetd? (is infinite for
the latter configurations were four|®@2] to be about 10 k=0). At larger values of SKi.e., largerk) the rate of the
—15% smaller than those obtained with the preceding onesirop of |I|? becomes less drastic. This is reminiscent of the
We have carried out our calculations with the former con-behavior of the virtual photon numbers in the
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theory of Coulomb excitatiofsee, e.g.[39]). The value ok ~ __ 6000 —————— 121 Be(1) x 1pv

is very small for SE equal &, and larger for SE corre- £ Eeioo)_(’)‘ fnséf\zl" 10 | E596 A ]
sponding to excited states. This explains the reduction in theg 4000 -~ . sl ]
partial cross-sections to the excited 8tate of'°Be core as & ol e\
compared to that to its ground state. This also explains why%“ 2000 r .

the cross sections to the excited states do not differ muctg 4T ]
from each other. It may be useful to recall that, due to the ® 0100 T e 00 2200 1'00 6 700
centrifugal barrier, the breakup cross sections for non- 10 i . g 12— :
s-wave projectiles are lower than those for tawave ones. ) "Be(2") x 1dg,v 10l Be(27) X 1pg,v

In case of the nuclear breakup, the dependence of the cros § 8 [ E=337MeV 1 E, =6.26 MeV
section on SE is comparatively weakgt6,40,41. This € 6t ,," ool 8T o]
could be understood from the fact that nuclear breakup cros: 7 / \ 6 /2 N
sections are sensitive to thee- ¢ relative wave functions at T 4r m ] 4t v
shorter distances that do not change much with changes ii 3 5 L A\ o X .

the value of SE. 200 -100 0 100 200 -200 -100 O 100

It should be interesting to compare the calculated pure Pz Pz
Coulomb partial cross section for tHé’Au[ 2B, *B(g.s)]X

reaction, with its experimental value given in RE7]. We FIG. 2. Partial-longitudinal-momentum distributions for the in-

erformed our calculations with the configuratiiss dicated states of%Be fragment in the pure Coulomb one-neutron
P 9 12 removal reaction of'Be on a?%Pb target at the beam energy of 60

3—(13 3-(13 14
®h2 ( B?] and[0d5,2v®'2 (™B)] for the B groufnd Statle.' I MeV/nucleon. The solid and dashed lines represent the results ob-
The resulting cross sections were summed up, after multip Yfained within FRDWBA and adiabatic models, respectively. The

ing them with the corresponding spectroscopic factors Ofgre yalence neutron configuration considered for each state is in-
0.663 and 0.306taken from[36]), respectively, to obtain @ gicated in the respective boxes.

value of 401 mb for the pure Coulomb partial cross section
for this reaction. The corresponding experimental value is . . .
638+45 mb. The differencepbetwegen tﬁe calculated puréonsistent with the experimental value of (476) MeVic
Coulomb and experimental partial cross sections sugges&€en in the measurements or’@e target[9]. This recon-
that the nuclear, and Coulomb-nuclear interference termfrms that LMDs are independent of the reaction mechanism
could contribute up to 4650 % in this reaction. This is an and provide a very clean way of determining the existence of
interesting finding that underlines the need for extending th gtlo structure in nuclei. The LMDs for the excited states of
FRDWBA theory to include the nuclear breakup effects. It B€ are broad, which is also consistent with the observa-
should be stated here that the partial Coulomb cross sectioi@ns made in[9]. This indicates that the respective states
obtained within the adiabatic model are only a few percenfl@ve a nonhalo structure.
larger than those of the FRDWBA theory and show charac-
teristics similar to those in Table |. B. Excitation of the bound states of*éC in the Coulomb

The longitudinal momentum distributioisMD ) for each breakup of *°C

of the °Be core states are displayed in Fig. 2. The solid and Table 11 displays results of our calculations of the pure

dashed lines represent the results of the FRDWBA and adigsoylomp partial cross sectiong for transitions to ground
batic model, respectively. We note that while for the ground,;,q three excited bound states dfC core in the

state of the'®Be core the results of the two theories are 208p(19C, 18C) X reaction at the beam energy of 60 MeV/
almost identical, they differ quite a bit from each other for ,,,cleon. ’These states have recently been $¢&hin the
the excited states. It is for the first time that such big differ-gBe(lgc,lscy)X reaction at the same beam energy.

ences are seen between the predictions of the two theories for 14 states of thdéC core(with excitation energies of 0.0

the momentum distributions. , MeV, 1.6 MeV, 4.0 MeV, and 4.9 Me\are assumed to have
Although due'to unavailability of the experimental data o configurations| 18,,v®0" (15C)], [0ds,r® 2" (X6C)],
for these cases it would be premature to comment upon the

suitability of either theory for these excited states, a few TABLE II. Calculated partial tions to the final states of
speculative remarks can still be made. It is not unreasonablg, .. - acuiated partia’ Cross Se;; ions 1o the Tinal states o
; : : . X ; C in the Coulomb breakup of°C on a2%%Pb target at the beam
to think that the adiabatic assumptidas discussed in the
. . energy of 60 MeV/nucleon.
previous sectionmay come under severe pressure for the
excited states. Due to their n@awave nature, the wave - 2 2
. . . | EX | C S Oc C S Oc
functions for the excited-state neutron-core motion peak at

- - . L (MeV) (mby) (mb)
larger values in the space, yielding possibly a significance
to the regime where the asymptotic form of the adiabati@0* 0.0 0 0.58 993.2 576.1
wave function[Eqg. (12)] becomes inadequate. It would, 2* 1.6 2 0.48 8.80 4.22
therefore, be interesting to investigate the importance of the* 4.0 0 0.32 13.38 4.28
non-adiabatic correctior[83] to the theory, for these cases. 2+ 3* 4.9 2 2.44 1.08 2.87
The full width at half maximum(FWHM) of the calcu- sSum 23.26 11.37

lated LMD for the ground state of’Be is 44 MeV¢ that is
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& 2000 | { 20} 1 2 16000 | 0.5 MeV ]
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_8. 4 \‘ 10k ,/' “ i 5.95
B 4+ /, \ T ' /_/\
© ,,’ \‘
1 1 L /A 1 1 N
9200_100 0 100 200 0'51200 -100 O 100 FIG. 4. Partial-longitudinal-momentum distribution for the
p, (MeV/c) p, (MeV/c) ground state of®C in the pure Coulomb one-neutron removal re-

action of °C on a ?°%Pb target at the beam energy of 60 MeV/
FIG. 3. Partial-longitudinal-momentum distributions for the in- nucleon for the core-valence neutron separation energies of 0.5

dicated states of®C fragment in the pure Coulomb one-neutron MeV, 0.8 MeV, and 1.1 MeV, as indicated. The solid and dashed
removal reaction of°C on a?%Pb target, at the beam energy of 60 curves represent the results of the FRDWBA and adiabatic models,

MeV/nucleon. The solid and dashed lines represent the results otsespectively, in each case.

tained within the FRDWBA and adiabatic models, respectively. The .
core-valence neutron configuration considered for each state is in- |t Should be mentioned here that one of the reasons for the

dicated in the respective boxes. uncertainty in the value d, in Ref.[11] is the fact that, due

to the low beam intensity in this experiment, the statistical

errors associated with the measured LMD for the ground
[1s1p®0" (**C)], and [0ds,r®17(*%C)], respectively. state of 1°C are large. The data do not allow to distinguish
The correspondin€?S values were takef36] to be 0.58, petween the nuclear breakup calculations of the LMD done
0.48, 0.32, and 2.44, respectively, which are the same agithin the rangeS,=800+300 keV. The difference in the
those used ifi11]. The value ofS; for the ground state was peak value of the nuclear LM)11] calculated withS,
taken to be 0.530 MeV. We see that in this case too the=1100 keV and 500 keV is only about 1.6. In contrast, the
ground state of*®C is predominantly excited. The partial peak values of the corresponding pure Coulomb LMD calcu-
cross sections to the excited states are somewhat larger thkated with the same values 8f, differ by a factor of about 4,
those seen in the case YBe, since the excited Ostate of as can be seen in Fig. 4. This result is unlikely to be altered
18C core can have aswave neutron relative motion. Yet, by the presence of the nuclear breakup effects, as they tend
these contributions represent no more than about 2% of th® show up in the tail regions of the LMDs. Thus
cross section to the ground state. A[*C,**C(g.s.)]X type of reactions on a heavy target may

The LMD for each of the'C core states is shown in Fig. offer a better chance to put more definite constraint on the

19
3. The solid and dashed lines show the results of the FRD¥&!U€ ofS, for ~°C. _
WBA and adiabatic models, respectively. In this case too we Further insight into the value d8, from these reactions
note that the predictions of the two models differ for the €8N be ob_talned from the full width at half maximum of the
excited states of the core, while for the ground state the}MD' In Fig. S, Welghow the!_Sn dependence Of. the FWHM
agree very well with each other of the LMD for the “°C(g.s.) in the same reaction as in Fig.
The value ofS, for '°C is still an unsettled issue. The 4. It can be seen that FWHM increases from 42 Meo

. . .about 65 MeV¢ as S, increases from 500 keV to 1100 keV.
weighted average of the atomic mass measurements carri

out at Los Alamos and GANII[42,43 suggests a value of breeall/l?pr)ligc;g ic;f rté}gtisz{;e;péc;rllglrg FWHM in the nuclear
0.16+0.11 MeV. However, from the analysig4,45 of the

data on the Coulomb dissociation &iC, a higher value of
0.530 MeV has been extracted. The interpretation of the re-
cent datd 11] on the °Be(*°C,*®Cy) X reaction also suggests  In this paper we calculated the pure Coulomb breakup
a higher value of 0.80.3 MeV. Obviously, any conclusion contributions to the partial cross sections and to the longitu-
drawn from the breakup data strongly depends on the reaelinal momentum distributions for the ground and excited
tion mechanism and on the theory used for the calculation oftates of the core fragments observed¥#Pb(!Be,}°Bey) X

the breakup cross sections. With this precaution, we wouldnd 2°Pb(*°C,'8Cy)X types of one-neutron removal reac-
like to show here that the pure Coulomb breakup has somgons, at the beam energy of 60 MeV/nucleon. These reac-
advantages over the nuclear breakup process in this regardions have recently been studied at the Michigan State Uni-

IV. SUMMARY AND CONCLUSIONS
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75 - y y We found that in reactions of the typ&(a,by)X on a
-0 [°C +™Pb = ®C(g.s) +n +°Pb | E_eavy target, the core ground state is predominantly excited:;
igher energy states account for only a few percent of the
&5 | | total cross section. This finding is in contrast to the results
9 Eteam = 60 MeV/nucleon obtained on similar reactions on a light target, where about a
® 60 | * quarter of the total breakup cross section could be due to
2 * transitions to core excited states. Our finding is supported by

= 55 | y 1 a recent measuremel®7] of the **’Au(**B,*By) X reaction
= ¢ at the beam energy of 60 MeV. The reason for this difference
L 50 ¢ . 1 is attributed to the fact that pure Coulomb breakup cross
. sections drop very strongly as the separation energy in-

sro 1 creases. On the other hand, the nuclear breakup cross sec-
0 . . . tions decrease slowly with increasing SE. Therefore, such
0.4 0.6 0.8 1.0 1.2 reactions on a heavy target are potentially a more useful tool
S, (MeV) for investigating the properties of the ground state of the core
fragments.
FIG. 5. Full width at half maximum(FWHM) of the A rather interesting result of our study is that the finite-

longitudinal-momentum distribution ot®C(g.s) (shown by solid  range DWBA and the adiabatic theories of Coulomb breakup
circleg as a function of the core-valence neutron separation energijagd to very different longitudinal momentum distributions
in the same reaction as in Fig. 4. The FRDWBA and adiabaticfor the excited states of the core fragments. It is probably the
model results are indistinguishable from each other. first time that such a large difference is seen in the predic-
tions of two theories for the momentum distributions. This
versity but on the light®Be target; hence, these data areShould provide some impetus to look for the nonadiabatic
dominated by the nuclear breakup effects. One of our aim§Orrections to the adiabatic approximation that may come
was to see in which way the Coulomb-dominated reactiorinder some pressure for the excited states. .
mechanism was different and could supplement the conclu- Coulomb-dominated breakup reactions may provide a bet-
sions derived from the pure nuclear breakup studies of th&r way for resolving the uncertainty associated with the one-
nuclei. The advantage of the pure Coulomb break up procediutron separation energy ofC. The peak value and the
is that the corresponding theory has no freely adjustable pdull width at half maximum of the longitudinal momentum
rameter, and assuming that the mutual excitation of the targélistributions for the ground state 6fC core are more sen-
by the Coulomb force is negligible, the inelastic breakupSitive to the one-neutron separation energy in the Coulomb
mode does not contribute to this process. breakup process than in the nuclear breakup. In the latter
As in the previous studig€0,9,11, we assumed that the Case, the dppendence could be so _wgak _that the data with
coupling between the core states is weak and that there is dnited statistics may not allow to distinguish between the
dynamical excitation of these states. Thus, the reaction cay@lues of these quantities calculated with quite different one-
only populate those core states that have a nonzero spectfdeutron separation energip].
scopic factor for a given neutron-core configuration in the

projectile ground state. We employed both the finite-range ACKNOWLEDGMENTS
DWBA and adiabatic model of the Coulomb breakup theory
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