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We study dynamic polarization potentials for a halo nuclBide scattered by &°C target in the eikonal
approximation. We use a realistic, six-nucleon wave functiofHs to include both the halo-neutron and the
core-nucleon excitations on an equal footing. We discuss the energy dependence of the polarization potential in
relation to that of the nucleon-target optical potential. The imaginary part of the polarization potential changes
a sign(negative to positive with increasing eneygyround the incident energy of 200 MeV/nucleon, which
gives different contributions, depending on the energy, to the elastic differential cross section as well as the
reaction cross section.
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A halo nucleus is characterized by one or two weaklythe nuclear force in the elastic scattering at medium energies
bound neutrons surrounding a core nucleus. The halo padf 50—800 MeV/nucleon, to investigate their effects on the
extends to large distances beyond the radius of the core. Thigastic scattering differential cross section and the reaction
unusual structure offers a variety of new phenomena of keebross section, and to clarify the characteristics of the DPP in
interest. One of the important consequences is that the hal@|ation to the underlying nucleon-target potential. To
neutrons can easily be excited to continuum states. This imgchieve this goal, we can exploit the predictive power of the
plies that, in the scattering of the halo nucleus, virtual and/ogy, initio calculation which is free from energy-dependent,

actual excitations to the continuum states occur with higrhdjustable parameters. We expect that we can determine the

probability and as its result produces a strong effect on the;nqe of validity of a CDCC calculation which assumes a
optical potential for the halo nucleus. The deviation of a

. . . ._7rigid core. As a prototype of the analysis we consider the
nucleus-nucleus optical potential from its folded potentlal,el_|e+12C case because of the following reasofide is a

with the exchange due to the antisymmetrization between th\(iz‘vell-known halo nucleus, the scattering data are available at
nuclei being neglected, is called a dynamic polarization po- ’ 9

tential (DPP) [1]. The necessity of the DPP is in fact well 40 MeV/nucleon, the sophisticated wave functions which

known for weakly bound projectiles likeLi and “Li [2,3]. take into account various correlations such as short-range

: : 4
What is challenging is that the continuum states play a pri&nd tensor correlations are available for btte and‘He

mary role as only a few or no bound excited states exist fof9]: and in addition a globap-**C optical potential10] is
the halo nucleus. The importance of the DPP has long beedvailable as a function of energy.
recognized in other fields such as atomic physics, where the Let o be the(translation-invariantintrinsic wave func-
dipole excitation to discrete states plays a key role to protion of the projectile’s ground state. The projectile’s wave
duce a long-range potential. Some progress on the dipoliinction after colliding with the target is given in the eikonal
polarizability for halo nuclei has recently been mddes],  approximation by
but no systematic analysis for the DPP due to the nuclear it (1)
force has been done yet. 0
The recent elastic differential cross section datefléé  whereb is the impact parameter perpendicular to the beam
+1%C at 38.3 MeV/nucleoii6] has clearly shown the impor- (z) direction ands; is the projection onto they plane of the
tance of the DPP. The DPP f6Li and ’Li scatterings were nucleon coordinate relative to the projectile’s center-of-mass.
successfully accounted for by continuum-discretizedin Eq. (1) yyt is the phase-shift function calculated from the
coupled-channel@CDCC) calculationg[3], in which the ex-  nucleon-target optical potentid:
citation energy of the continuum state was relatively low. For 1
the DPP of a halo nucleus, however, the excitation energy __* 5
must be extended further, and moreover even the excitation xnr(b) = f_w dz Wyr(b+ 22), (2
of the core part may produce a sizable contribution to the _ o ) o
DPP as the beam energy is usually around a few hundre‘dherev is the |nC|denF velocny.of the prOJectlle-_targe_t rela-
MeV/nucleon. In fact we have analyzed thée +'°C elastic ~ tive motion. The_ elast|cl scattering can be described in terms
scattering data in the eikonal approximation using a nucleonf the phase-shift function(b):
12C optical potential as a basic inp{if], and obtained a EX0) = (0 1= NTOH) |y (3)
satisfactory fit[8] to the experiment by aab initio calcula-
tion which employs a realistifHe wave function generated This phase shift contains the effect of couplings to various
from a variational Monte Carlo methd®]. inelastic channels including the continuum states. On the
The purpose of this study is to assess the relative imporeontrary, the phase shifi(b), corresponding to the folded
tance of the halo-neutron and core-nucleon excitations due tootential, is given byxy(b) =(¢|Z; xnt(b+s)|1k) and con-
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tains no coupling effect. Thus the phase shift responsible for ‘ E = 800 MeV
the DPP,xppp is defined byyppp=x—x:- A relationship be-
tween these various phase shifts and the corresponding pcE -
tentials is the same as E(R), and it is straightforward to )
invert the phase-shift function to obtain the potenfial].

)

Hm

_|
=
7
)
3
=3
®
3
@
~—+
=0
o)
o
o)
o
S
0]
o)
-
w
—_
o
o
@
%)
c
=
)
o
o
—
o
-
o
c
=
o
c
=
S
o
%)
@
QO
Probability

the inversion is consistent in the eikonal approximation. See.c -
for example, Ref.[12] for other sophisticated inversion
methods.

The matrix element of Eq(3) contains a multidimen- |
sional integration over all the internal coordinates of the pro- 0 2 4 8 10 12
jectile nucleus. Being a formidable task, a real application of b (fm)
the formula has so far been severely limited in spite of the
fact that the eikonal approximation is valid and acceptable at FIG. 1. The reaction probability ofHe incident on’*C as a
intermediate and high energigs3—15. However, it is now function of the impact parametek is the bombarding energy per
possible to evaluate the phase-shift function accurdty nucleon. The solid line corresponds to the halo-neutron excitation,
even for sophisticated wave functions by Monte Carlo inte-and the dotted line to thtHe-core excitation.
gration.

The DPP of®He contains the contributions of excitation  To see a qualitative feature of the DPP, we recall that the
and breakup processes of both the core and halo nucleons. Aeading term of the DPP is given §i4]
the core part ofHe is considered approximately the same as i
4Het [17], we may decompose the DPP phase-shift into two Xopeb) = E<¢0| E xnt(b+ ) = x¢(b) 2|¢O>, (6)
parts: j

E =50 MeV

Reactio

xope®He b) = xppe(*He b) + xppe(2n,b). (40  Thus xppp is proportional to (i/2)(Vo+iWg)2=-VoW,
+(i/2)(V3-WB) if Vyr is assumed to be of form
aqvo+iW0)f(r). This simple argument suggests that the real
(imaginary part of the DPP has the same sign &g\,
2-V2). We will confirm later that this rule proves right.
We do not use the above approximation but calculate the

The center of mass of thtde core actually fluctuates around
that of ®He, so its impact parameter is not necessarily equ
to b but has some distribution around it. Here we simply
assume thajppd*He ,b) is given by x(*He b) - x;(*He ,b)
from the “He wave functionyppg(2n) is defined by the dif- . . A
ference, xppe ®°He) - xppe*He). The decomposition is thus phase-shift function accurately in this paper. .
model-dependent but appears reasonable for a qualitative es- we flrsit (b)dZISCUSSG the reaction cross sestlonR_
timate of each contribution. The full phase shift ftHe is =Jdb (1.__|ex | ).’ ?f H? by decomposing the “reaction
thus written as a sum of the folding term and the two DPPProbability,” 1-|eXH9P2, into four terms:

terms 1- |eiX(6He)|2 = (1-Py) + P{(1 - |gxore2]2)
x(®He,b) = x¢(°He b) + xppe(*He,b) + xppe(2n,b). (5)

As V1 we use the central part of the global optical potential , ‘ 4

[10] unless otherwise stated, ignoring the difference between ~ Py(1 — |exore27)2)(1 — |e'XDPP( He)|2),

p-12C andn-'°C interactions. This potential is determined by 7

the Dirac phenomenology and gives a good fitp®°C ;

elastic scattering data. The incident enep®r nucleon E,  where P;=|eX("9|2 is the survival probability of the inci-
considered in the present study covers 50, 100, 200, 400, antbnt flux against the absorption of the folded potential. The
800 MeV. The real part of/\ changes its sign: It is attrac- reaction cross section calculated from the first term is called
tive below 300 MeV with its depth decreasing as the energyan optical-limit valueo;. The above decomposition is made
increases, and becomes repulsive in its interior region abov® emphasize the relative importance of the two DPP terms.
300 MeV. The real part of the volume integral Figure 1 shows the second and third terms, multiplied by
=[drVyr(r)/A (in units of MeV fn?) changes from =328 to  2#b. The contribution of each term 1oy, is listed in Table I,

43 askE changes from 50 to 800 MeV. On the contrary, thewhich confirms that, aside from the leading term, the
imaginary part is always absorptiypegative with its depth  2n-DPP term is a main contributor @ but the other terms
increasing as the energy increases. Reflecting that a pigslay a minor role. A remarkable point is that the-RBPP
production threshold for a nucleon incident on a nucleus igerm gives a positive contribution g at lower energies but
around 250 MeV, the depth of the imaginary potential be-a negative contribution at higher energies. That is, the
comes very large above that energy: The imaginary pat of optical-limit approximatiorunderestimatethe reaction cross
changes only a little around -116 up E=200 MeV but section below E=200 MeV but overestimatesit above
jumps to —242 and —374 at 400 and 800 MeV, respectively200 MeV. The overestimation by the optical-limit approxi-
It is noted that the energy-dependence @f°Ca and mation has been emphasized by several autfi®s21], but
p-2%%Pb optical potentialg10] is similar to that ofp-2C  our statement here is more general. This behavior is deter-
except for 200 MeV. mined by the sign of 1}€orr?V|2, Whether|gXopr2V|2 js

+ (1 - [ehorel ) 2
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TABLE |. Reaction cross sections &He incident on2C in Real
units of mb.E is the bombarding energy per nuclear; corre-
sponds to the last term of Eg7). The calculated reaction cross
section for*He+2C atE=800 MeV is 516 mb. The measured in-
teraction cross sections BE&=790 MeV are 722+6 and 503+5 mb
for 8He and*He, respectivelyj18].

0 e —==
10+ /,- E = 800 MeV
-20 —

-10 E = 200 MeV
-20 -

Dynamic polarization potential (MeV)

E (MeV) OR 0% oppe2n)  oppe*He) o Y R

50 1279 1193 +84 +6.0 -4.0 -10 ‘/ E =50 MeV

100 955 906 +48 +1.0 -0.5 20 T T T | T | 1
200 686 700 -11 -3.0 -0.1 1 2 8 " 6 7 8
400 708 766 -52 -5.0 -1.4

800 737 811 -71 0.7 21 FIG. 3. The same as Fig. 2 but for the real parts.

than that of*He and has a longer range for all the energies

less than 1 or not depends on the sign of the imaginary padonsidered here. The latter feature is related to the halo struc-
of the -DPP. As discussed later, it becomes negative ature of ®He. The effect of the halo-neutron excitation to the
lower energies, so 1/€xoPr21|2 hecomes positive, whereas 2n-DPP is quite large at 50 and 800 MeV. Another remark-
the situation turns out to be opposite at higher energies. able point is the energy-dependence of the DPP. The magni-

Before discussing the DPP, we compare thevalue at  tude of both thé’He and*He DPPs becomes smallesttt
E=800 MeV to that calculated by a full Glauber model. We ~200 MeV, which is understood from the fact that the trans-
repeated the calculation of Ré¢f.6] using the parameters of parency of the-1°C interaction reaches its maximum around
the nucleon-nucleon profile function averaged by the protorthat energy[22]. The imaginary part of the DPP is negative
and the neutron. The wave function HC was given by a below 200 MeV, but turns out to be positive above
microscopic 3-cluster model. Therg values obtained by 200 MeV. The relationship betwedryr and the sign of the
this fully microscopic calculation are 743 and 509 mb for DPP, stated below Eg6), well explains this energy depen-
SHe+'2C and“He+'“C, respectively, in a good agreement dence. Figure 3 shows the real part of the DPP. The two
with those listed in Table I. This confirms the soundness otharacteristic points mentioned above for the imaginary part
the present approach. apply to the real part as well. The sign change of the real part

Though the*He-DPP term has a negligible contribution to of the DPP is also understood from the rule except for the
oR, it may not necessarily mean that the core excitation playpotential near the origin at lower energies.
no active role, but simply mean that the reaction cross sec- The elastic differential cross section &ie +°C is shown
tion does not reflect the DPP at short distances. As(Bg. in Fig. 4 atE=40 and 400 MeV. The solid line represents the
shows, the reaction probability for tttele-DPP term is mul-  cross section calculated with the full phag€He), the dot-
tiplied by P, which is almost zero for such a geometry thatted line the cross section calculated by turning off the halo-
®He and'“C strongly overlap. Figure 2 displays the imagi- neutron excitation, namely, with the phasg(°He)
nary part of the DPP ofHe (solid line) and of*He (dashed + xppe *He), and the dashed line the one obtained by neglect-
line), respectively. The difference between them is the
2n-DPP due to the halo-neutron excitation. Two characteris- 1°'

6 10°

tic points are noted: One is that the DPP®bfe is stronger ' E 400 MoV
10
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r (fm) FIG. 4. The elastic differential cross sections in Rutherford ratio

for ®He+12C scattering. Thep-2C optical potential is taken from
FIG. 2. The imaginary parts of the dynamic polarization poten-Ref. [23] for 40 MeV/nucleon or from Ref. [10] for
tials for ®He and*He incident on'?C. E is the bombarding energy 400 MeV/nucleon. The phase-shift function usedyiiHe) (solid
per nucleon. The solid line is fdiHe and the dotted line fotHe. line), x;(®He) + xppe(2n) (dashed ling or x¢(°He) + xppe(*He) (dot-
The difference between them is the polarization potential due to théed line), respectively. The experimental data are taken from Ref.
excitation of halo neutrons ifHe. [6].
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ing the core excitation, i.e., with the phasg(®He) polarization potential changes a signegative to positive

+ xppA2N). The calculation reproduces the experimental datawith increasing energyaround 200 MeV/nucleon. Because
reasonably well. The effect of including the DPP reduces thef this energy-dependence the optical potentiafiéé tends
cross section at 40 MeV, while then:DPP enhances the to be more absorptive than the folded potential at lower en-
cross section at 400 MeV because it has a positive imaginaryrgies but less absorptive at higher energies. Thus the
part. Comparing the relative importance of the two DPPs, weyptical-limit approximation underestimates the reaction cross
see that the halo-neutron excitation generally gives strongejection at lower energies but overestimates it at higher ener-
effects than théHe-core excitation. The core excitation pro- gies. The real part of the polarization potential also changes
cess nevertheless becomes significant at larger angles; evgniign at least near the surface; repulsive to attractive around
at 40 MeV, to neglect the core excitation results in 20-40%300 MeV/nucleon. The effect of the halo-neutron excitation
overestimation of the cross section at the angle of 20° —30%g |arger than that of théHe core excitation but the latter still

In conclusion we have studied the dynamic polarizationyies a significant contribution to the elastic differential
potential due to the nuclear excitation for a halo nuckis cross section at large angles.

incident on*?C at medium energies. Both the halo-neutron

and the core-nucleon excitations are taken into account by One of the authorgB.A-l.) is supported financially by
using the realistic wave function generated from a variationalSPS(the Japan Society for the Promotion of Scienfw
Monte Carlo calculation. The polarization potential has beerForeign ResearcherdNo. P03023. This work was in part
calculated from the nucleon-target optical potential in thesupported by JSPS Grants-in-Aid for Scientific Research
eikonal approximation. We find that the imaginary part of the(Nos. 14540249 and 15003023
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