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Nuclear induced breakup of halo nuclei
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We investigate the validity of approximations that are sometimes made in calculating the nuclear induced
breakup of halo nuclei. We find that a truncated coupled-channels calculations, in which the nuclear couplings
between continuum states are ignored, gives almost the same result as a first-order calculation. However, the
couplings are much too strong to justify these approximations. This is demonstrated in the frozen limit of a
semiclassical description, where one can compare to exact results. We find in this limit that the one-neutron
removal cross section df:Be obtained in the approximate treatment is much larger than the exact result. This
trend is also indicated at low energy by comparing a perturbative calculation of the brea¥®pathe result
of a more realistic treatment, which evolves the wave function of the valence proton essentially to all orders in
the target fields[S0556-281®9)01406-5

PACS numbd(s): 24.10—i, 25.60—t

[. INTRODUCTION wave function essentially to all orders in the fields from the
target.
In analyzing nuclear reaction cross sections of halo nu-
clei, the approximations that are commonly employed for
tightly bound nuclei may become unreliable. For example,
Al-Khalili et al. [1] have recently pointed out that the total We consider a halo nucleus interacting with the nuclear
reaction probability cannot be calculated to the needed accypotential of a target nucleus. We adopt a semiclassical de-
racy by the commonly employed folded optical potential. Inscription, assuming that the projectile-target center of mass
this paper we discuss the limitations of some of these apmotion is given by a classical trajectoryt). We can then
proximations and point out why they fail. focus on the quantal description of the relative motion of a
The analysis is by far simplest at high beam energieshalo nucleon and the core in the field from the target. Let us
where the eikonal approximation can be used. Then all crosgssume for simplicity that the halo-core Hamiltonian has
sections can be expressed in terms of probabilities calculateshly one bound state, the ground st so that all excited
at fixed impact parameter, with the probabilities expressiblestates|k) belong to the continuum. In this section we also
as simple integrals over the trajectories. We shall study variassume that the collision timeis so short that the effect of
ous approximations and compare their predictions in the frofinite excitation energies of the haldE,, can be ignored
zen limit, where one ignores the effect of finite excitation during the collision, i.e.7AE,— 0. We refer to this approxi-
energies. mation as the frozen limit. The effect of interactions with the
The description of breakup reactions at low beam energietarget on the halo state can then be calculated in the eikonal
is much more difficult because one cannot ignore the finiteapproximation, which provides the exact solution in this
excitation energies. Some authors have adopted a couplelimit.
channels approach, which is the conventional method used to In the eikonal theory cross sections are expressed as inte-
describe low-energy, heavy-ion reactions of ordinary nucleigrals over impact parametbrof reaction probabilitie®(b),
For halo nuclei, this requires a discretization of continuume=2=bdbP(b). The probabilities are extracted from the
states[2—4]. One approach is the method of coupled dis-eikonal wave function, given by ex{|0), where y is the
cretized continuum channe(€DCC), which was developed eikonal phase. It depends on all the coordinates, but we will
in the 1970s in light-ion studies; see REZ] for a review. It only treat the halo nucleon and the core explicity xp,
was realized that the couplings among continuum states, as; y.. The eikonal phase will be calculated from the target
for example, in deuteron breakup reactions, have a strongptical potentialsU,; and U, (acting on the halo nucleon
influence on the calculated results. However, suchand the core, respectivelpas
continuum-continuum couplings were completely neglected
in recent studie$4] of the breakup of halo nuclei. 1 (=
We will demonstrate that it is unrealistic to ignore X(b’r“C):TJ dt {U,[r(t)—ro]+Uclrt)—r.l}.
continuum-continuum couplings when dealing with halo nu- -
clei. This is most easily done at higher beam energies where (1)
the eikonal approximation is reliable. To test the approxima-
tion at low energies, we have also performed dynamical calt depends on the relative position of the halo nucleon and
culations, where we follow the time evolution of the halothe core, rpc=r,—r¢, i.e., rp=r,(1—1/A) and r.=

Il. EIKONAL THEORY
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—rnc/A, whereA is the mass number of the halo nucleus.part that is determined by the core-target interactipp,
The dependence on the trajectory is indicated by the impadnay fulfill the latter condition becausge= —r,./A; so the
parameteib. dependence on, is reduced by the total mass numizeof

A number of cross sections are measured in halo nucleuge halo nucleus. The part that is determined by the halo-
reactions. Very important is the total reaction cross sectiofiarget interactiony,, is more critical.

oRr, associated with the probability The eikonal phasg,, is large inside the target nucleus and
it is small only in the tail of the target field. The approxima-
Pr=1—la,/?, 2 tion (9) may therefore be reasonable for distant collisions of
) i _ tightly bound nuclei in which the density overlap is small.
wherea, is the final amplitude of the ground state, When one of the colliding nuclei is a halo nucleus, on the
_ i other hand, some part of the extended halo will be traversed
ap=(0[e'|0). 3)

by the target nucleus and it will feel the much stronger part

For halo nuclei with a single bound state, two other cros£f the target field. This situation is best described by B4.
sections can be measured. The diffraction dissociation crodénereas Eq(9) is a poor approximation. An extreme view is
section is the cross section that the nucleus breaks up, lealfe black disk approximation which is sometimes used to

ing the halo nucleon in a continuum state and the core intacF.'“Strate characteristic features of reactions with halo nuclei

Here we need the amplitudeg for populating a continuum  L8J- Thus, if the imaginary part of the nucleon-target interac-
state|k). The full expression in the frozen limit 5] tion goes to infinity inside the target, the amplitu@ewould
go to zero but the amplitude) would approactag~1—v,

a,=(k|e'X—1]0), (4)  wherev is the fraction of the halo density that is traversed by
the target.
from which one obtains the diffraction dissociation probabil- ~ Al-Khalili et al. [1] found it necessary to use the full ei-
ity konal expressior{3) rather than the folding model expres-
sion (9) to calculate the reaction probabiliBg . Their analy-
o 2_ ix_ 112 _ ix_ 2 sis of high-energy experiments showed that total reaction
Pait Ek [l*=(0] [e*=1]" [0)=|{0le=1]0)I" cross sections of halo nuclei are typical 5-10 % larger in the
(5)  folding model than those obtained from the full eikonal ex-
o o pression. This difference translates into an even larger differ-
~ Another cross section is the so-called stripping Cross seGnce between the rms radii that can be extracted from the
tion which is calculated from the halo stripping probability gata. Similar discrepancies between the reaction cross sec-
_ iv12 12 tions of 1Li, calculated from the eikonal expressi®) and
Psi(b)=(0] [e™*(1~]e™%) |0). ©) the folding model9), have actually been noted earl[ét8].

It is determined by the imaginary parts of the eikonal phaseg_he nuclear part of these cross sections are compared in Fig.
and represents the probability that the halo nucleon is ab3 Of Ref.[7] and Table 3 of Refl8]. o
sorbed whereas the core fragment remains intact. Finally, the ' x is small, one can expand the exponentials in €.
total one-nucleon removal cross section, which requires oni§nd obtain the result of first-order perturbation theory. If the
that the core be left intact, is the sum of the stripping and th&PSOrption is significant, it may be better to make an expan-
diffraction cross sections. The probability for this is sion in (x — xo) , wherey, is defined in Eq(8). This leads to

the improved first-order expression

P_n(b)=Pg{b)+ Pgyi(b)

. . Pii=(0l |x—xol* [0)e~2 'm0, (10
=(0] |e"s|? 0)~[(0le T |02 (7) |
which is proportional to the mean-square fluctuatioryadh
lll. FURTHER APPROXIMATIONS the halo ground state. It represents the semiclassical analog

. ] . . . of the distorted wave Born approximati¢d®WBA) in the
The basic problem is to find a reliable way to trgalitis  frozen limit.

an ordinary function in the coordinate space representation
but a nontrivial matrix in any other representation. The most

drastic approximation is to keep only the ground-state to V. COUPLED-CHANNELS APPROACH

ground-state matrix element jp, In the coupled-channels approach, one solves the set of
coupled equations
XO(b):<O|X(bvrnc)|O>v (8 2%
which is exponentiated to get the ground-state amplitude th=<O|U|0)aO+Ek (0]Ulk)aye ™K,
ag=e'xo, (9)

; dak_ i oot ’ ot
We shall refer to this approximation as the folding model |ﬁﬁ—(k|u|0>a0e ° +§ (k|UK e,
because the eikonal phase is here determined by the total (11
interaction being folded with the ground state density of the
halo. This would be a reasonable approximationyif y,  whereU=U,+ U is the total interaction, anflw,- is the
+ x. were small or a slowly varying function af,.. The energy difference between the states considered. Note that
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the complete solution to these equations reduces to th@/oods-Saxon well with depth 51.5 MeV, a radius of 3 fm,

simple amplitude$3) and(4) in the frozen limit, where the and a diffuseness of 0.52 fm.

hw's are set to zero. The neutron interaction with the target is also simulated
If we ignore all continuum-continuum couplings, and alsoby a Woods-Saxon potential, with radiRg,= 3 fm, diffuse-

the diagonal ground-state interaction, the coupled equationsessa,,;=0.69 fm, and optical potential depth,+iW, with

(1) reduce to the following form in the frozen limit: numerical values discussed below. Assuming a straight-line
q q trajectory for the relative motiorr,(t)=b+vt, the eikonal
in S0 S 0UKay, ik = (k| U[0)ay. phase is
dt K dt
12 oo =xf? [ FE 1+ e —Rusan
The exact solutions to these equations can be derived from (18)

the expressioné3) and(4) simply by expanding'~ in pow-

ers of y. All one has to realize is that the phase shift operatowherer =/(b—r,, )?+2Z° is the distance between the va-
X, according to Eq.(12), is only allowed to connect the lence neutron and the target, and the strength parar)aﬁ’t)er
ground state to continuum states and vice versa. The grounik defined as

state amplitude one thus obtains is _
©0)_ Uo+iWg
“ 2)n Xn - TRM. (186)
2_‘, Gy o048, (13
n=0 We have defined the strength parameter in this way to make
where clearer the magnitude of the controlling parameter in the ap-
proximations. It corresponds to the phase associated with a

deeply penetrating neutron trajectory since the integral in Eq.

5X2:; (0] xIk)(k| x|0)=(0[ x*|0)— (0| x|Or)>. (18) has a value between zero and roughly two.
(14) We will consider three examples, two at lower energy,
with a real and a complex neutron-target interaction, respec-
Note thatsy? and sy can both be complex quantities. tively, and one relevant to high-energy experiments, with a

One might want to keep some effect of the diagonal coupurely imaginary interaction. For the two lower-energy cases
plings. This can be done for example by assuming thawe take the velocity in Eq. (188 corresponding to a beam
(k|U|k)=(0|U|0) for all channels. The effect would then be energy of 60 MeV/nucleon and a typical potential depth of
an overall factoe'™o on all amplitudes. Including this factor Uo=40 MeV. This yieldsy{”’=1.8, showing immediately

one obtains, for the total reaction probability, that a perturbative treatment is invalid when penetrating neu-
. tron trajectories are significant. We also consider the effect
P{F9=1—|cog oy)|? exd —2 Im(xo)]. (15  of the absorptive part of the neutron-target interaction. At

beam energies of 40—60 MeV/nucleon, the imaginary part of
The amplitudes for populating continuum states will bethe potential is typically 1/3 of the real part, and we therefore
determined by odd powers af, and one obtains, similarly, cgnsider the complex streng;ﬁo)—l.8+ 0.6.. At high en-
(= 8x?)" sin(5x) ergies, the real part of the interaction is small and the imagi-
ak—l<k|x|0>2 Sx)" = i(K[x|0) X (16 ~hary eikonal phase is related to the nucleon-nucleon cross
o (2n+1)! ox section o,, and the target densityp, by x
. . . . =(i/2)annf pi(r)dz. For beam energies in the range of 250
Including again a common diagonal matrix elemggtone  MeV/nucleon, this gives the resut{®”’~0.6 for our small
obtains the following expression for the elastic breakuptarget, which we take as our last case.
probability: The phase shift associated with the core-target interaction
sin(Sx) is calculated, for simplicity as it was done in REf], in the
X
ox

? folding model approximatior8):

OC:<O|XC(b_rCL)|O>! (19

Pe=((0] [x|? [0)—](0]x|0)|?)

xexg —2 Im(xo)]. (17
where

This is the result one obtains in the frozen limit from the
truncated coupled-channelec) treatment used in Ref4].

It reduces to the first-order expressid) when dy is smalll. Xc(b_ru):J dr’ pc(r') xn(b—re —ry). (193

The core density is here parametrized agr)=pg[1l
+ a(r/a)?]exd — (R/@)?], with «=0.61 anda=1.79 fm, and

Let us now compare the numerical results that one obtaini is normalized to reproduce the mass number of e
in the frozen limit from the different approaches and choosecore. The phase shifq. is implicitly contained in the ex-
the 1'Be—1%Be+n nuclear induced breakup on a light target pressions given in the previous sections, where it is part of
as an example. The valence neutron is bound by 0.5 Me¥he diagonal phase shifly= xoc+ xon . Note thaty, is pro-
and the ground-state wave function can be determined from jportional to the strength parametgf;o), according to the

V. COMPARISONS IN THE FROZEN LIMIT
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T I T T T T TABLE I. Nuclear induced breakup cross sections fdBe,

E obtained in the frozen limit from the different reaction models dis-
- cussed in the text, namely, the eikonal approximation, the truncated
Al °o coupled-channels calculatiofTr. CCC), and the improved first-
10 3 3 order calculation(Im. Pert. Th). Results are shown for different
- ] phase shift strengtrpéﬁ) associated with the neutron-target interac-
L - tion. The contributions from strippingof,) and diffraction disso-
gy (52 L _ ciation (og) to the total one-neutron removal cross section ()
o E 3 are shown, together with the total reaction cross secti@p),(
C 7] which includes a 1341 mb cross section from core absorption. The
3l T last line gives the results obtained from the folding model, E8js.
10 = and (9).
i ] Tsir T giff O—n OR
. . Model X (mb) (mb) (mb) (mb)
0 5 Y 20 25 Eikonal 18 0 269 269 1610
Tr. CCC 1.8 0 432 432 1773
FIG. 1. Calculated diffraction dissociation probabilities for Im. Pert. Th. 1.8 - 462 - -
11Be—1%Be+ n, as functions of the impact parameter, and obtainedgikonal 1.8+ 0.6 121 159 280 1621
from a purely real neutron-target interaction as explained in thery. ccc 1.8-0.6 88 445 533 1875
text. The solid curve is the result of the full eikonal expression, Edym. Pert. Th. 1.8 0.6 B 471 _ _
(5), the dashed curve is the result of the truncated coupled-channell:;~‘1konal 0.6 121 25 145 1487
approach, Eq(17), and the open circles are the improved firs’[-order.l_r cce 0.6 88 48 136 1477
results, Eq(10). ' :
Im. Pert. Th. 0.6 - 47 - -
Folding model 0.6 - - 183 1524

construction(19), (19a9. Note also that the cross sections
discussed in the previous sections are sensitive only to the

imaginary part ofyo.. We shall therefore always adopt the that the transverse density of the haig, (b), is low and

®—0 @ i
strength)_( n _9'6' vyhen .callculatmg»((,?.. i , essentially constant over the target. We can then neglect the
The diffraction dissociation probabilities we obtain for the goond term in Eq(5) and estimate the first term by

purely real eikonal phase(,ﬁo)=1.8, are illustrated in Fig. 1
as functions of impact parameter. It is seen that the pertur-
bative resulfopen circles, Eq(10)] is essentially identical to .
the truncated coupled-channels residashed curve, Eq. Pdiﬁ(b)NPm(b)J dr, [exn(r)—1]2, (21)
(17)], except for some deviation at smaller impact param-
eters. This is not surprising because the fracti¢b) of the
halo neutron that is penetrated by the target is quite small a4ere we have also ignored the core-target interaction. The
the larger impact parameters. The quanily’ defined in  expression shows that the diffraction dissociation probability
Eq. (14) is therefore dominated by the first term, which ef- at |large impact parameters is qualitatively governed by the
fectively is proportional tor(b). From the explicit expres- transverse density of the halo and the diffractive scattering
sion for the phase shift, E¢18), one can make the estimate cross section of free neutrons. The assumption that the trans-
verse density is constant is not realistic in practice. Thus the
eikonal result shown in Fig. 1 is enhanced by 20% compared
Sx?~ w(b) (x\V)2 (200 to the estimatg21).
Since the impact parameter dependence is mainly gov-
Thus, whenv(b) is sufficiently small,5x will also be small ~ erned byv(b) at largerb and core absorption at smallerit
and Eq.(17) reduces to the perturbative res(li0). More- is sufficient just to compare the cross sections that one ob-
over, the same argument shows that the impact parameté’iins in the different approaches. Results for different
dependence of these probabilities is also governeg(by at  choices of the phase shift streng(t[;P) are shown in Table I.
largerb. The choiceXﬁ0)=1.8+ 0.6 is probably the most realistic at
The solid curve in Fig. 1 is the exact result in the frozen40—60 MeV/nucleon. In fact, the results we obtain in this
limit, given by Eq.(5). It is also effectively proportional to case in the eikonal approach are in good agreement with the
the fractiony(b) of the halo that is penetrated by the target,results shown in Fig. 2A of Ref5], at 40 MeV/nucleon on
when v(b) is small and the second term in E¢) can be a light target. The truncated coupled-channels approach, on
ignored. This explains why the exponential falloff in Fig. 1 is the other hand, gives a much larger one-neutron removal
the same in all three cases. The dependence on the strengtfoss section, almost by a factor of 2.
Xff’) is, however, much more complicated for the exact result The comparison may not seem so bad for a purely imagi-
and the resulting dissociation probability is reduced to abounary interaction, withy(”’=0.6; the one-neutron removal
60% of the perturbative result. cross sections shown in Table | are almost identical in this
It is interesting at this point to make contact to the scat-case. However, the diffraction dissociation cross sections dif-
tering of free neutron§9]. This can be done if we assume fer by almost a factor of 2. It is also noted that the perturba-
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tive result is almost identical to the diffraction dissociation 12071 — T T T 7
probability obtained in the truncated coupled-channels ap- = .
proach, for all three choices Q(fﬁo) shown in Table I. The 100

above comparisons clearly show that neither the perturbative
nor the truncated coupled-channels approach is reliable in
describing the breakup of halo nuclei, at least when the fro-
zen limit applies.

A purely imaginary neutron-target interaction is relevant
to breakup reactions at very high energies, as employed in
the work of Al-Khalili et al.[1]. In Table | we also quote in
this case the one-neutron removal cross section and the total
reaction cross section that we obtain from the folding model,
Eqgs.(8) and(9). They are about 40 mb larger than the results 20
we obtain in the eikonal approximation. This difference is
consistent with the results shown in Fig. 8 of Rdf], which
confirms the interpretation given there, namely, that the fold-
ing model is unreliable when used to extract rms radii of halo 0. m. (deg)
nuclei from reaction data. Our reaction cross sections are
larger than those given in RdfL]. That is caused by the fact FIG. 2. Differential cross sections for tf&— "Be+ p breakup
that we have not fine-tuned the target interactions to be corfit 26 MeV on a*Ni target, as functions of théB center of mass
sistent with a high-energy experiment on'3c target. We scattering gngle: T_he top thln curve is the result of the flrst_-order
refer to our earlier works], where we applied more realistic Coulomb dissociation, obtained from tlel andE2 strength dis-

interactions and achieved good agreement with measurér—ibUtionS calculated in Ref{12]. The next thicker curve is the
ments using the eikonal approximation result of a dynamical calculation, which includes @, E1, and

E2 Coulomb fields to all orders. The thickest solid curve includes
in addition the effect of the nuclear multipole fields=€0, 1, and
2) on the valence proton, and the dashed curve is the separate con-
V1. DYNAMICAL CALCULATIONS tribution from diffraction dissociation. The result of a measurement
[10Q] is also shown.
The description of breakup reactions of halo nuclei is
much more difficult at low beam energies, and few experi-
ments have been performed. One example iSSthéreakup  considered an extension to higher orders of the first-order
on a *®Ni target at 26 MeV, which was measured at Notre DWBA calculation reported by Nunes and Thompgad],
Dame[10]. The breakup probability was found to be much since we adopt the same proton-target interaction and in-
smaller than expected from a calculation of the first-ofler ~ clude all angular momentum states upl t96.
andE2 Coulomb dissociation. The results of our calculations are shown in Fig. 2, as
Attempts to explain the small breakup probability havefunctions of the classicdlB center of mass scattering angle.
recently been made, based on the first-order DWBH and ~ We also indicate our interpretation of the measurenat
on the truncated coupled-channels apprdagdhBoth calcu- in terms of a differential cross section. It is seen that the
lations showed that nuclear induced breakup plays a signififirst-order Coulomb dissociatioftop thin curve, which is
cant role in the vicinity of the kinematic region of the mea- based on calculateB1 andE2 strength distribution§12],
surement. Moreover, they also showed that the commonlgxceeds the measurement by almost a factor of 5. In the
used multipole expansion of the Coulomb field from the tar-dynamical calculation, which includes 0, E1, andE2
get, which assumes that the distance from ¥Beprojectile  fields to all ordersthe next thicker curve the discrepancy
to the target is larger than the distance to the valence protowith the measurement is reduced to a factor of 2.4. This
in 8B, is not valid in this case. Both features are very unfor-reduction is partly caused by higher-order Coulomb pro-
tunate because they destroy the simple connection betwe@esses but also by the fact that we here have used the correct
electric multipole strength functions and breakup probabili-multipole expansion of the Coulomb fields from the target
ties that is commonly used in first-order calculations; thiswhich act both on the proton and on tfBe core.
makes the interpretation of the measurement much more dif- The thickest solid curve in Fig. 2, which has a minimum
ficult. near 48° and peak at large scattering angles, is the result we
In order to test these theoretical results, we have perebtain when we also include the nuclear multipole fields (
formed a dynamical calculation, where we followed the time=0—2) from the target on the valence proton. The result is,
evolution of the valence proton wave function, essentially tato some extent, similar to the DWBA resiFig. 3 of Ref.
all orders in the Coulomb and nuclear fields from the target[11]) in the angular range below 50°. This confirms that the
Our calculation is similar to those we performed at 46.5nuclear induced breakup does play an important role in the
MeV/nucleon on a Pb targél2]. There we used a straight- vicinity of the measurement. Our result has two contribu-
line trajectory and included thEO, E1, andE2 fields from tions, from stripping and diffraction dissociation, and the
the target. Here we use a Coulomb trajectory, and include idashed curve shows the separate contribution from diffrac-
addition the associated nuclear multipole fields=0, 1, and tion dissociation.
2) from the proton-target interaction, whereas the nuclear While there is still some discrepancy with the measure-
core-target interaction is ignored. Our calculation may bement, maybe a factor of 2, we shall here focus on discrepan-

o]
(=]

[=]
[=]

do/dQ (mbisr)

40
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cies with the DWBA calculation. The main difference ap- VIl. CONCLUSIONS
pears to be the magnitude of the peak at large scattering The picture that emerges from our investigation is that

e o e pertubalon heoy and fo he coupe-channel sproch
) . . L that ignores continuum-continuum couplings are unreliable
flrst-orde'r perturbation t.heory. This mterpreta’uon IS in accoryhenit comes to a quantitative description of the nuclear
dance with the comparisons made in the frozen limit in the,q,ced breakup of halo nuclei. The two methods give simi-
previous section, where the discrepancy with the exact eikagyy resylts for diffraction dissociation; so not much is gained
nal result was of similar magnitude. Thus it appears thatpy solving the truncated set of coupled equations. Moreover,
although the breakup prObablllty is Sma”, the nuclear field |&he breakup probabi”ties are Often much |argm to a fac_
way too strong to allow a perturbative treatment of thetor of 2) than those obtained from other methods which are
breakup of weakly bound nuclei, such & and ''Be. expected to be more reliable, namely, the eikonal approxi-
It is more difficult to compare to the truncated coupled-mation at high energies and the dynamical calculations at
channels approach because the results that were publishedv energies.
(see Fig. 10 of Ref[4]) are limited to final states waves. The nuclear induced breakup may take place at large dis-
Anyway, even with this limitation on the final states, the tances because of the extended nature of a halo, but the
calculated peak at large scattering angles has the same magyclear interaction of the halo nucleon with the target is
nitude as our peak. In fact, from the comparison of results irmuch too strong to justify the perturbative or the truncated
the frozen limit presented in the previous section, we expecgéoupled-channels treatment.

that a truncated coupled-channels calculation, in which one Thjs work was supported by the U.S. Department of En-

ignores the couplings between continuum states, should n@kqgy Nuclear Physics Division, under Contracts No. W-31-
differ much from a perturbative treatment. 109-ENG-38 and DE-FG-06-90ER-40561.
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