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Energy dependence of breakup cross sections of the halo nucleiB and effective interactions
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We study the energy dependence of the cross sections for nucleon rem8Rapaijectiles. It is shown that
the Glauber model calculations with nucleon-nucléematrix reproduce well the energy dependence of the
breakup cross sections 8. A distorted wave Born approximatiofWBA) model for the breakup cross
section is also proposed and results are compared with those of the Glauber model. We show that to obtain an
agreement between the DWBA calculations, the Glauber formalism, and the experimental data, it is necessary
to modify the energy behavior of the effective interaction. In particular, the breakup potential has a quite
different energy dependence than the strong absorption potd&{#H56-28188)04001-1

PACS numbgs): 25.60.Gc, 21.30.Fe, 24.10.Eq, 27.20.

[. INTRODUCTION cellent lecture note$2], the z integration can be done by
parts, and the potential U in E@L) will only appear in the
The study of breakup reactions with halo nuclei is one ofexponential phase. This procedure is valid if the excitation
the main tools for understanding their structure. The meapotentialU is the same as the absorptive potential appearing
surements of the width of the momentum distributions ofin the eikonal phases. This is the case for example in the
fragments, the magnitude of the total reaction cross sectiongg|culation of total reaction cross sections. However, it is not
and single- and double-nucleon removal cross sections have general premise. For example, in inelastic excitations of
been of n_1ajor usefulness to unravel their internal propertieg rf5ce vibrations, the absorptive potentia),., causing the
(for a review, see, e.gl1]). These measurements have beenyhase shifts in the elastic channel is not the same as the
carried out at relatively high energies, in the beam energy, o action potential,, which leads to surface vibrations,
range of 30-1200 MeV/nucleon. although (in some modelsthey can be related by deriva-

The Glauber formalism is the major theoretical approad}{ves. But, even in such situations, the energy dependence of

in use to analyze these measurements. This formalism is w IOth otentials are roughlv the same. However. while the
established and yields very reasonable results for the reac-"". P ire roughly : . '
tions involving stable nuclei at high energies. In particular, sexcitation potential is related to a few reaction channels, the

direct connection of the quantum-mechanical breakup amp"gbsorptlve potential carries information @l channels

tudes and semiclassical calculations can be done in th@hich may lead to the absorption of the scattering waves.
Glauber formalism in a very intuitive wa2]. Thus, one expects that a difference in the energy dependence

In perturbation theory the transition amplitude is given byof the inter.a_ction and the absorptive should be manifest in
some sensitive cases.
Tri=(:V U] ¥T), (1) A good place to look for a deviation from the Glauber
theory is the breakup reactions involving halo nuclei. This is

where (¢;|({(#¢]) denotes the initialfinal) internal wave because the energies involved in the breakup are basically

function of the nuclei®~ (¥ ") is the incoming(outgoing the separation energies of the valence nucleons, while the

scattering wave of the center of mass, dhds the interac- core nucleons which are also relevant for the absorptive part

tion potential. The Glauber formalism uses eikonal waveof the potential have much larger separation energies. Also,

functions for the scattering waves. The proddct* - " is  the spatial distribution of the valence and core nucleons are

then simply a plane wave displaced by(eikona) phase very different so that they influence differently on the ab-

which is directly proportional to the integral of the absorp- sorptive (for which all nucleons participateand the excita-

tive potential along the beam direction, thexis. tion (for which only the valence nucleons participapeten-

The use of eikonal wave functions is a crucial step in thetial.

Glauber formalism. Indeed, as shown by Glauber in his ex- In Sec. Il we illustrate the connection of the Glauber for-
malism and the nucleon-nucleon cross sections. We apply
the theory to the calculation of proton removal cross sections

*Electronic address: bertu@if.ufrj.br from B projectiles at several bombarding energies. In Sec.
"Electronic address: Paolo.Lotti@pd.infn.it Il we develop a distorted wave Born approximation
*Electronic address: sagawa@Uu-aizu.ac.jp (DWBA) formalism for the stripping reactions. In Sec. IV
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we show how to relate the DWBA calculation with the 00— T
Glauber formalism, using effective interactions. Our conclu- '
sions are presented in Sec. V.

II. GLAUBER MODEL AND NUCLEON-NUCLEON
SCATTERING AMPLITUDES

In the Glauber theory, after theintegration, the remain-
ing integrals in Eq(1) can be easily related to the concept of
impact parameter and to absorption and survival probabili-
ties. For example, simple manipulations show that the
nucleon removal cross sections in high-energy collisions are

100F

Cross section (mb)

described in the Glauber theory by 0: C NN
100 1000
o= 24 db b[1—exp —2 Imy,)]exp —2 Imy), Energy (MeV/nucleon)
(2 FIG. 1. Proton removal cross sections & projectiles on car-

bon targets as a function of the incident beam energy. Data points
where Im stands for the imaginary part(c) denotes the are from Ref[4]. Solid line is a calculation based on a model by
valence(corg particles, andy are the eikonal phases given Hansern[5]. Short-dashed line is a calculation based on the Glauber
by [2] model, Eq.(2). Dashed line is simply the short-dashed line down-
shifted by a factor of 0.83.

1 0
xi<b)=—ﬁf dz' u(r’), 3
m distribution from a Woods-Saxarspin-orbit potential

. o R o s : model for a proton in thep,, orbital (the parameters are
wherev is the projectile velocityy’ = yb“+2", andU is given in Sec. IV. For the core {Be) density we use the

the optical potential for the system composed of the particl . ;
i (=v,c) and the target. The term inside the brackets in qurou2r1d-25tate ) oéen5|_ty parametrized  ap(r)=po[ 1
(2) can be interpreted as the probability that the valence’ CF*/@°1exp(7a’), witha=1.77 fm andc=0.327 fm. The
nucleons will be removed in a collision with impact param- rgsult of the calcglanon is shown by the short-dashed line of
eter b, while the exponential term outside brackets is theFig- 1. The experimental data are from Reffl. Although the
probability that the core nucleons will survive. This product Magnitude of the cross section is a little overestimated, we
integrated over all impact parameters gives the cross secticige that the energy dependence follows very closely that of
for (valencé nucleon removal. the experimental data. The dashed curve is the calculation
A great simplification introduced by Glauber was to relaterenormalized to the lowest energy experimental data point.
the optical potentials to the nucleon-nucleon cross sectiondn fact, the reasonably good agreement between the energy
This can be done easily by noticing that the optical theorendependence deduced from the Glauber theory and the experi-

for the forward nucleon-nucleon amplitude yield&s3] mental data on the total nuclear cross sections, and nucleon
5 removal cross sections, is well established, both for stable
and unstable nuclei.
t =0)=- f(6=0° o . .
nn(a=0) 2u ( ) Also shown in Fig. 1(solid curve is the model developed

" by Hanser[5]. In his model, the nucleon removal cross sec-
v onn(E) [1—ia(E)], (4)  tion is forced to have the same energy dependence as the

2 total nucleon-nucleon cross section. The total reaction cross
h is th | | " % th section has a slightly different energy dependence than the
wheréayy IS the nucleon-nucléon Cross section ants € 100 nycleon removal cross section. This can be best seen
real-to-imaginary ratio of the nucleon-nucleon scattering ams;

! . . from the Glauber theory. The calculation of the total reaction
plitude. With the assumptions that only very forward angles . 4 . . :
ross section amounts in replacing the integrand in(Bdoy

are involved, and that the nucleon-nucleon interaction is o 1 Y h is the eikonal oh
very short rangéi.e., ad-function interactiol, one can con- [1—exp(=2 Imxaa)], where nowy,, is the eikonal phase

struct optical potentials for the nuclear scattering in terms ofor the collision of the prqjectil@ and th? targed. In fagt,
the folding integralg2,3] we see that the Hansen’s model predicts a rather different

energy dependence of the proton removal cross section. The
3 data favor the calculation following E@R).
Ui(R):tNN(qZO)f pi(rpa(R=r)d"r, ©) From a general point of view, the energy dependence of
the total and the nucleon removal cross sections are directly
wherep; andp, are the ground-state densities of the projec-related to the underlying optical potentials for the reaction.
tile i, and the targef, respectively, an® is the coordinate From the above discussion we can see that these optical po-
separating the center of mass of the two nuclei. tentials should have a similar energy dependence as the
As an application of this model, let us consider the protomucleon-nucleon cross section. To study this idea further, let
removal cross sections GiB projectiles in reactions with us formulate a DWBA model for the breakup cross section.
carbon targets. For the valence nucleon we get the densiffhe use of an effective nucleon-nucleon interaction, the
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M3Y interaction, will serve as guide to understand the linklf we now integrate over,,, we can use the fact that the
between the optical potentials and the nucleon-nucleon crossund-state wave function is peaked at smgllvalues, so

sections.

IIl. DWBA BREAKUP AMPLITUDES

Let us consider the general case of the stripping of the

projectilea incident on targef:

a+A—b(a—x)+B(A+Xx). (6)
The Hamiltonian for the system is
H=Ha+ HA+TaA+VaA=Hb+HB+TbB+VbBI (7)

The transition matrix element for this reaction is given by

T=(V" (Kp,rpp) dp(S) Pa(£,S,Fxa) [Updl
X W (Ka,lap) bal S, Sc.Tbx) Pa(€)), €)

where ¢,y ,da, g are eigenstates adfl,,Hy,,Ha,Hg,
respectively, i.e Hada=epdba, Hada=€,0,, etc., V= are
distorted waves of the particlea and b, ie., (Taa
+U,0) ¥, =(E—€e,—€n) ¥, . The internal coordinates of
a, b, andx, respectively, are denoted lsy (i=a,b,x), rj;
are the relative coordinates of particieandj, and¢ is the
internal coordinate of particlé.
We use the coordinate relationship

m

A m
Myg=lpxt+ | —
bB bx Mg

#’) fox,  (9)

Fxas Taa=Txa™t

and we integrate over the internal coordinagteof A

‘/’X(SXarxA):J dédg(£,5¢,Txa) PalE), (10
and over the internal coordinates lofandx,
fdsbdsxqﬁé‘(sb)tﬁx(sx,rm)%(so,sx,rbx)
:Cbx(ﬁa(rbx)‘yx(rxA)a (11

where|C,,|? is the spectroscopic factor.
We get for the transition-matrix element

_ Ma
T= CbXJ' darbXdSrXA\Pb * ( kb ,rbx+ m_BrXA>

XU (1) Ul ) ¢a<rbx>‘P;(ka,rxA+ E—Zrbx).
(12
The potentialJ,, for the breakup channel is given by
Upu(rxa:Tox) = Upal(rpa) + Uxa(rxa) =Uaa(ran)

=Upa(rxat o) +Uya(rya)

my
_UaA rxA"*_m_rbx : (13)
a

that
3 —% Ma
d rbx\I,b kbvrbx+ mBrxA Ubu(rxAirbx)

+ M
X ¢a(rbx)q,a ka It Hrbx

a

_ Ma
%\I,b *(kb, m_BrxA>\P;(ka:rxA)

X f dgrbxubu(ranrbx)d’a(rbx)- (14)

We now define a “transition,” or “excitation,” potential
as

Uex(rxA)zf dsrbxd)a(rbx)ubu(rxAvrbx)a (15
so that
m
T= Cbe’ dgrxA\Pk;* ( Ko, _ArxA)
Mg
wa(rxA)Uex(rxA)\P;r(kayrxA)- (16)

The above equation is our main result. It givestimeatrix in
terms of the scattering waves of partiele b, andx, and a
“transition” potential U.,. This potential contains the infor-
mation on the structure of particke

If we are only interested in particlle, assuming that the
particlex is not observed, we can use the closure relation

S VOV = d ), (1)

to obtain
2
Ma
2_ 2| 43 —%
S P10 [ a3 . e

X[Uedrxa) |2 ¥ 5 (Ko Txa)l?, (18

The calculation becomes very transparent if we use eikonal
functions for the distorted waves:

Ma
g
B

\If;r:exn:ika-rxA'HXa(rxA)]r

_ . Mp .
¥, =ex Im_Bkb'rXA+|Xb
(19
with the eikonal phases given by

mp B 1 foc U
Xb mBrXA - ﬁvb

ZxA

bA<_rxA)deA!
B

1 ZXA ! !
Xa(rxA):_h_Ua fﬁanA(rxA)deAa (20
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wherer, ,= \/bX2A+ z’XZA. Note that, since only the moduli of 1 )
the ¥’s enter into Eq(18), we get Uex= (237 F1)(20.41) S%JUex(rxAﬂ
2 R:(Tby) . 2
2 TI?=[Cu? f A1 }aSa(1 xa) Su( ) |Uex(T a2, =z f o|3rbx’rTbx Y10 Ubu(Txarfox)| » (25)
X X
(21)
whereR;(r)/r is the radial part of the single-particle wave
where function ;. The cross section is
_ 2 Jm Ma " ldz 2mk2,
S =R 7 ), ™ Vol g "xa) I7ua o= 31Cul?[ db b SybIZb), (@29

2 [z , , where S,,=S,S, (we neglect the small dependenceSy,
Sa(rxA) :exi{ﬁva f Im UaA(rxA)deA} (22) on Z) aneé) 2

— o0

. Emally, the cross section for removal of partisldrom a fe%(b)=f dz24 (Vb7+ D). 27)
is given by —w
m,my Ky Ekx,spinsl-”z Now we need to determine the optical potentials to pro-
E— k_a (20,+1)(23,+1)" (23 ceed with the calculation. Usually these optical potentials are

obtained from elastic scattering experiments. But, for un-
stable nuclei the situation is quite different. One generally
has to construct these optical potentials theoretically from
It is worth mention that we call Eqs(21)—(23) the effective nucleon-nucleon interactions. Among these, one of

DWBA approximation, and we compare it to the Glauberthe most popular. is the M3Y interactio_n, whif:h ha:; been
model described in Sec. II. Eikonal wave functions are weliSh0Wn t0 work quite reasonably for elastic and inelastic scat-
known as proper solutions of the Schdinger equation for tgring of heavy ions at low and intermediate energy colli-
the scattering of high-energy particles. They simplify enor-Sions[8,9] _ o

mously the numerical calculations, replacing the sum over !N its simplest form the M3Y interaction is given by two

partial waves by a much simpler integral. One should noflirect terms with different ranges, and an exchange term rep-

confuse the Glauber model with the use of eikonal approxif€sented by @ interaction:

mations. The Glauber model describes the high-energy scat-

tering of composite particles in terms of cross sections for its t(s)=A
constituentysee Sec. )l Glauber has also shown how the

multiple scattering of the constituentashich we will not

discuss hereaffects the cross sections of the composite obiwhere A=7999 MeV, B=-2134 MeV, C=-276
jects in the high-energy limit. It is noted that several authoravieV fm3, B;=4fm™%, and8,=2.5 fm L. The real part of
have recentlysee, e.g[6,7]) investigated the inclusive frag- the optical potential is obtained from a folding of this inter-
mentation cross sections of halo nuclei in the Glauber modedction with the ground-state densities of the nuclei:

for Li projectiles.

and we shall assume tha{~v,, valid for high-energy col-
lisions and small binding energies of the incident projectile.

e~ B1S e~ Bos
+B
Bis Bos

+Cd(9), (28

IV. WAVE FUNCTIONS AND EFFECTIVE INTERACTIONS Ui (R) J d*r1d%r2pa(ra)pj(r2)(s), (29
The ground-state wave function 88, in a given mag-

. i with s=R+r,—r,. Thei i i -
netic substateM , is taken as th's ro—ry e imaginary part of the optical poten

tial is usually parametrized to be lh=AUp;3y, with A
=0.6-0.8.
d,;M)(rbX): E (imIM, | M>¢jm(r)||xMx>v (24) The M3Y interaction(28) has been modified to account
m,Ma for the energy dependence on the beam energy. However, for
the energy range of 550 MeV/nucleon, only a small en-
where|I,M,) is the wave function of théBe (I7=3/2"), ergy dependence was introducg®] as a variation of the
and ¢; , is the single-particle wave function of the proton exchange term.
j™=3/2", coupled to a total angular momentudfi=2". To study the breakup ofB projectiles, we will use the
Thus, the potentiall, in Egs. (15)—(18) and (21) depends form given by Eq(28) for the M3Y interaction with the/Be
on the initial orientation o B and the target, which means and ®B densities as in Sec. |, and a proton Gaussian density
that Eq.(23) carries an average over the magnetic substatesf radius equal to 0.7 fm. The radial wave function of the
of these nuclei. proton, R;,, was obtained in a Woods-Saxeapin-orbit
Using the properties of the Clebsch-Gordan coefficientspotential, i.e.,V(r)=Vo1—F¢{l-S)(ro/r)d/dr]f(r), with
and the orthogonality of the core wave functions, we get forf (r)=[1+exp((r —R)/a)]"! with parameters V,=
the spin-averaged potenti@nd a spin zero target —44.66 MeV,a=0.56 fm, r;=1.25 fm, R=2.391 fm, F,
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FIG. 2. Excitation functionF,, [see definition in text; Eq27)], FIG. 4. Proton removal cross sections® projectiles incident
as a function of the impact parameter. on carbon targets as a function of the incident energy. Dotted line is

the result of a DWBA calculation with the folding potentials with

—0.351 fm, which reproduces the binding energy M3Y interaction. For the dashed line the effective interaction was
=0.138 MéV of 8B. The spectroscopic factor is taken, as taken with the same energy dependence as the nucleon-nucleon
unify ' ' scattering amplitude. The solid line is the result obtained with a fit

In.Fig 2 we plot the functior,,(b), which contains the for the energy dependence of the breakup potential, different from

. (D), . X )
information not only of the ground-state wave function of thethalt of the absorption potential. For detalls, see the text
8 . . . .
B, but also on the effective interaction. In Fig. 3 we plot the .

profile functionS,,(b), which depends only on the effective energy dependence_ as in Ede) and_(5). It should be no-
interaction. We have calculated it for the energiesA ticed that the pott—:_-ntlewexm Eq. (16) is not the Same as the .
=30, 150, 300, 800, and 1200 MeV, respectively. The magpotennals appearing in the phase of the scattering waves, in
nitude of the cross section is proportional in the area belo he sense that.'t does have neither the same magnlt.u(je, nor
S.5(b) X Fob). Since F., does not depend on the beam he same spatial dependence. If we take, aIFhough it is not
energy, the energy dependence is solely du€n Since gﬁfaeiflsig’etf?g;s??nfenrzg?gg?sendence as iBge can
the M3Y interaction does not depend on the energy, the en-
ergy dependence is a consequence offthefactors in the 5
denominators appearing in E@2). This causes the nuclear _ . .
transparency, described by the fac®y,, to increase for UE.s)= I2t0 onn(B)[1-Ta(B)]t(s), (30
smallb as the beam energy increases. As a consequence, the
cross sectionfncreasewith energy. A comparison with the wheret,=421 MeV is the volume integral of the M3Y in-
experimental data in Fig. €otted curve shows the depar- (eraction. Note that Eq30) gives the same removal cross

ture of the calculated cross sections from the experimentalg iion as the M3Y interaction faE= 30 MeV. Inserting

data at large energies. _ o _this resulf{Eq. (30)] in Eq. (29), we can determine the imagi-
It is clear that we have to modify the effective interaction nary part of the optical potential automatically.

in Eq. (29) so as to incorporate the energy dependence. A \ye repeat the calculation for the proton removal cross

simple way to do that is to make ER9) have the same sections offB using the effective interactiof80) in Eq. (29)

and the calculated cross sections by Ef) are shown in
Fig. 4 (dashed ling We see that the energy dependence of
the cross section changes drastically and follows more
closely the trend of the experimental data.

As mentioned above we do not need to assume that the
absorption potential and the excitation potential have the
same energy dependence. It is reasonable to assume that the
absorption potential follows the receipt of EQ9), with t
given by Eq.(30), since this has the same energy dependence

] occurring in all calculations based on the Glauber formalism

30 MeV/nucl. ] . . .

] for total reaction cross sections, which are known to agree
1 reasonably with the experimental data. Thus, we change the
] excitation potential to adjust its energy dependence to the
5 10 15 data points. We find out that a simple energy dependence of

b [fin] the form t(E,s)<E~%2°t(s), for E<200 MeV, andify,
«constt(s), for E=200 MeV, reproduces the trend of the

FIG. 3. Nuclear transparency function for the proton removal ofexperimental data, as we show in Fig. 4 by the solid line,

8B projectiles at several energies incident on carbon targets. with a normalization factor which best fits the data.

1.0

[ 1200 MeV/nucl.

Sab

0.0'..”...
0
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V. CONCLUSIONS of halo nuclei but also for their excitations to bound states.
More studies with halo nuclei are needed in order to clarify
%he role of effective interactions in the construction of optical

potentials, and of their connection to nucleon-nucleon scat-
é[ering amplitudes.

In summary, it is found that the energy dependence of th
experimental removal cross sections % can be obtained
by Glauber model calculations with the nucleon-nucle¢on
matrix. We have studied also the relation between th
Glauber model and the DWBA formalism. The DWBA ap-
proach to nucleon removal cross sections in general agrees ACKNOWLEDGMENTS
with Glauber calculations if the optical potential in the elas-
tic channel has the same energy dependence as the breakupThis work was supported in part by the INFN/Italy, the
potential. For halo nuclei this is not necessarily true, as we~APERJ/Brazil, the University of Padova/ltaly, and in part
have shown for the breakup of tf& nucleus. This finding by the MCT/FINEP/CNP(PRONEX/Brazil under Contract
might have important consequences, not only for the breakupo. 41.96.0886.00.
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