PHYSICAL REVIEW C, VOLUME 62, 027603

Inequality for approximate halo nuclear cross sections
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It is shown that the “folding model” approximation to Glauber’s theory of the high-energy scattering of
composites of strongly absorbed particles always overestimates the reaction cross section.

PACS numbse(s): 25.60.Dz, 03.65.Nk, 03.65.Sq, 24.10.

In collisions between nuclei at incident energies aboveand a similar formula foc1(bc) in terms ofVe1. Herev

100 MeV per nucleon it is a good approximation to treat thejs the incident projectile speed ard 5]. , and b¢ are the
internal degrees of freedom of the nuclei adiabaticétg-  impact parameters of the projectile center of mass and of its
zen and to use straight line trajectories for the motion of theconstituent bodies, that is, their coordinates transverse to the
individual nucleons. The approach based on these two apfirection of the incident projectile momentum; similarky,
proximations is often referred to as Glauber thefityand 7. andz are their coordinates along the direction of the
has been widely usd@]. However, in practical applications jncident momentum.

of the theory further approximations are often made. In par-  The state vecto, describes the ground state of the pro-
ticular the “folding model” approximation, which ignores jectile in its rest system and is a function of the relative
certain correlation effects in multiple scattering terms, is fre-coordinates of the valence particles and the core together
quently used. This approximation has been sh¢@#5] to  yith the internal variables of the latter. In the models used in
have serious shortcomings when a loosely bound neutropy] g is explicitly antisymmetric in the valence particles
halo nucleus is involved as one partner in the collision. Toyyt not in the valence and core particles. It is basic to the
reproduce the experimental fragmentation cross section datgyea of a halo nucleus that such an approximation is a good
the improved calculations of3,4] required significantly  starting point.

larger halo radii than those deduced using the “folding \ye shall compar&s(b), Eq. (1), with the expression
model,” because the improved calculations reduced the con-

tribution of the valence halo particles to the calculated reac- & .

tion cross sections. Itis showrrj1 here that this is a very general Se(b)=exixp(b)], ©
result.

We use a generalization of the formalism [ef], pp.
1844-1846. We consider the scattering of a projeétitmn-
sisting ofn—1 valence nucleons and a cde The valence yp(b)= < D,
nucleons and the core interact with the target through poten-
tials V1 and V¢, respectively. In4] these potentials are
themselves given explicitly in terms of the nucleon-nucleonWe will refer to the approximation in E¢4) as the “folding
interaction and the target and core densities, but this detail igodel” [5].
not necessary here. Because the terrEJ”;llXNT(bj) is a one-body operator in

If we assume that the internal coordinates which describéhe valence-particle coordinates, the second term on the right
the configuration of the valence particles relative to eacthand side of Eq(4) can be expressed in terms of the one-
other and to the core are frozen during the collisiadia-  body matter density associated with the valence particles. If
batic approximatiop and that the valence particles and thein addition V1 and V1 are approximated in terms of an
core travel on straight line trajectoriésikonal approxima- average nucleon-nucleon scattering amplitude and the target
tion), then the projectile-target elast® matrix is given by  matter density, in the standard way associated with Glauber
[4] microscopic scattering theory, we find tH&t(b) reduces to

the “static density” or “optical limit” expressions given in
n-1 [4] in terms of the matter density of the projectile and the
xcr(be)+ 2, )(NT(bj)} ‘ d>0> (1)  target. We shall not need these expressions here, however.
=1 A consequence of the upward concavity of the exponen-
tial function is the inequality

where

n—-1

Xct(be) + ;1 xnt(bj)

<Do>- (4)

expi

Sp(b)=<‘1>o

where
expy=1+y, yreal (5)

xnr(by)=— _J dzVr( m) ) [[6}, Eq. (4.2..30]. From this follows the inequality of expec-
hv) tation values:
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(expY)=(1+Y), (6) (Polexplixp)|Po)=exp(Poli xp|Po), (12)
whereY is a Hermitian operator. If we s&t=F—(F), we  where
obtain
n-1
(expF)=exp(F), 7) XP:XCT(bC)+jZl xnt(bj). (13

whereF is any Hermitian operator. In the field of statistical
mechanics this inequality is usually referred to as Peierls
inequality (or theorem [7]; it seems to have been first given

by Delprwk an.d Moliee .[8]' A ! . hold. Of course in the case of halo nuclei the halo particles
The mequahty(?) applies tOSP(b) and.Sp(b)., defined in .are not strongly localized in space. The two sides of the
the previous section, when the interaction with the target ignequality are therefore very different and the static density
p_urely a_bsorptive(very nearly true for a coII|S|on_at suffi- approximation will seriously overestimate the reaction cross
ciently high energy with a nuclear targeThe potentiald/yt  gaction.
andVcr are then purely imaginary arsh(b) andSp(b) are Higher-order terms in the expansion of the exponentials in
purely'reai. Eq. (12) provide corrections for multiple scattering and in-
Taking terference effects which are particularly important if the pro-
jectile constituents lie in each other’'s “shadowl]. The
n—1 “folding model” calculates these effects using scattering
i ) phases averaged over the ground state spatial probability dis-
F=i) xer(be)+ j§=:1 Xnr(by) ® tribution of the core and valence nucleons. This is not unrea-
sonable for the contribution from a compact massive core,
we obtain but for valence nucleons which can roam over a large vol-
ume it will produce inaccuracies. Our quantitative discussion
here closely resembles the qualitative suggestiofl of for

The inequality arises because of the spatial extension of the
probability density|®,|2. When all the internal coordinates
of the projectile are completely localized tleguality will

Se(b)=Sp(b), ©) the source of the improvements identified 84].
Note that calculations using either the more complete Eq.
and hence that (1) or (folding mode) Eqgs.(3) and(4), can both be regarded
as based on an adiabatic treatment of the internal variables of
1Sp(b)|=|Sp(b)]. (100  the projectile. The implications of adiabaticity for the reac-

tion cross sections of light nuclei were studied[i®2,13.

Note that the result in Eq10) may not be valid when the There the probability distribution for the projectile coordi-
interactions between the constituents of the projectile and theates and blac_k disk reaction probabilities for its constituents
target have real parts_ For instance, for pure|y m and We-re handled na purely classical way. It was -fOUnd that the
Ver, |8e(b)| =1, so in this case the inequality in EQ.0) is adiabatic eff_ect reduceq the c_alculated reaction probability
reve'rsedsince|s’p(b)|<1 always. compared with geometrical estimates. Calculations based on

An immediate deduction from Eq10) is that for purely Eq. (11) and either Eq(1) or (3) include quantum mechani-

absorptive two-body interactions and a given projectile waval effects which are not included in the work of Nishioka

function the “folding model” will always underestimate the and Johnsopl2,13. The inequality proved here relates to a

: : : i between two reaction cross section estimates
transmitted amplitude at each impact parameter and hence§pPmparison . . S ’
will always overestimate the total reaction cross section both of which differ from the estimates of Nishioka and

Johnsor{12,13 and include additional physical effects.
The results of this work have important implications for
o the interpretation of high-energy nuclear reactions in terms
or(P)= ZWJ db b[1—[Sp(b)|?]. (11 of the structure of halo nuclei. Our results confirm and make
0 rigorous the conclusions from the work [&-5,14 that the

. L folding model may be seriously misleading for nuclei with a
There will therefore be a tendency for projectile sizes to bg,5jike structure.

underestimated. This was just what was found by direct cal-

culation in[3-5]. A particularly clear example of the effect This work was mainly carried out while R.C.J. was on
within the context of a simple model f@p, can be found in leave at NSCL, Michigan State University. He wishes to
[10], Secs. 2.1-2.4. The inequality) was also used implic- thank Professor Gregers Hansen and Professor Alex Brown
ity in [9] in a discussion of the effects of the compositefor making this possible and for the warm hospitality he
nature of hadrons on high-energy hadron-nucleus total crosgeceived from them and their colleagues. R.C.J. is grateful

sections. for useful discussions with Dr. J. A. Tostevin and Dr. J. S.
The result of this paper is that, for purely imaginary Al-Khalili on the interpretation of their work. Both authors
Xxct(bc) and xnr(b)), are grateful to Professor L. Bruch for supplying Ref].
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