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We test the utility of an effective nucleoiNj-*?C profile function in calculating nucleu$C optical phase
shift function in the Glauber theory. A calculation of the complete Glauber amplitude is performed by using
wave functions for*He and®He projectiles, leading to the reaction and elastic differential cross sections in
good agreement with experiment. By relating t&%C profile function to theNN profile function, we derive
a new, simple formula to calculate reaction cross sections which requires only nuclear densities as an input. By
applying this formula to various combinations tfe, ®He, °Be, 2C, and ?’Al, we can reproduce cross
sections measured at 800 MeV/nucleon to much higher accuracy than the optical limit approximation.

PACS numbgs): 24.10-i, 21.10.Gv, 21.30.Fe, 25.66t

The matter distribution in a nucleus is a basic quantity forwhereb is the impact parameter, argy( 6) is the projectile
nuclear models. Since reaction cross sections at energies @hrge} wave function with its center-of-mass motion being
more than a few hundred MeV/nucleon reflect the geometriremoved. () is the two-dimensional coordinate ofth
cal size of the nucleus, the discovery of cross section enparticle of the projectile(targe}, relative to its center of
hancement for nuclei near the neutron drip I[i¢ has re- mass, which lies on the plane perpendicular to the incident
vived much interest in the determination of the matter sizemomentum of the projectile. The total reaction cross section
Compared to a charge distribution extracted from electrors obtained by subtracting the elastic cross section from the
scatterings, the matter size or distribution is more difficult tototal cross sectionsg=fdb (1—|e'*(?)|2). Readers may be
determine reliably because the reaction involves strong intereferred to[10,11] for the multiple scattering theory formu-
actions. lation of the reaction cross section.

Because of its simplicity the optical limit approximation  The optical phase shift functiofl) is a key quantity to
(OLA) of the Glauber theor}2] has routinely been used as a calculate both the elastic scattering amplitude and the reac-
convenient tool for the extraction of the sizes of unstabletion cross section. Its calculation is complicated and often
nuclei as in the case of stable nudlg]. Several authors have approximated to first order in the cumulant expangi®has
shown, however, that a treatment beyond the OLA is neces-
sary for a quantitative analysis of the reaction cross sections
[4—325] as wgll as the elasticyscattering cross sectfang] for elxora® = exp{ - f f dr dspp(r)pr(S)I'nn(é— +Db) (,
loosely coupled nuclei such as halo nuclei because breakup (2
effects are not properly accounted for in the OLA. Little
progress has so far been made to calculate physical obsenwherer andsare the three-dimensional coordinates such that
ables in the Glauber theory by using microscopic wave functheir two components perpendicular to the incident momen-
tions. Extending our recent analy$® for N-target systems, tum of the projectile coincide witl§ and 5, respectively.
we propose in this Rapid Communication an effective Table | compares the reaction cross sections calculated in
method to calculate the phase shift function and demonstratiie OLA with experiment. The parameters Bf, at 800
its predictable power by comparing it to existing data. WeMeV, taken from[5], are consistent with those of the sys-
derive a simplified formula for the phase shift function, tematic analysis of10]. The Coulomb effect on the reaction
which necessitates only the nuclear density other than theross section is ignored. The densities*bie, °Be, 1%C, and
NN profile functionI"yy. The reaction cross sections calcu- 2’Al were taken from Table 2 of Ref5]. The density offHe
lated by this formula are found to be much closer to experiwas taken from a microscopic calculatifit?], and fitted by
mental values than those by the OLA. a sum of Gaussiang(r)=3}_,C;exd — (r/a;)?], where

The Glauber theory provides us with an excellent frameC,=0.242375, C,=2.54536% 10 2, C3=1.3300797
work to describe the high energy reaction in various fields ofx 1073, C,=5.6344048& 10 ° in units of fm 3, anda,
physics. The nucleus-nucleus elastic scattering amplitude is 1,414 237,a,=2.314 934,a,=3.79652,a,=5.773 427 in
specified by the optical phase shift functigb) defined by  units of fm. The OLA cross sections are larger than the mea-

sured cross sections. In consistency with other calculations
the difference is rather modest for stable nuclei but becomes
eY®=(yo0o| [T T (A—Tyn(&— 5+ b)) ¢hobo), fairly large in the halo nucleus ofHe: it is about 10% for
tePjeT 12C and?’Al targets. This overestimation of the cross section
@) by the OLA tends to predict smaller radii for halo nudléj.

Considerable efforts have been directed toward going be-

yond the OLA. No correlated motion of wave functions

*Permanent address. shows up in the OLA. The use of a wave function is certainly
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TABLE I. A comparison of the theoretical reaction cross sec- TABLE Il. A comparison of the theoretical reaction cross sec-
tions, in units of mb, with the interaction cross sections measured atons, in units of mb, on*?C target with the interaction cross sec-
800 MeV/nucleon1]. The phase shift functions are calculated in tions measured at 800 MeV/nucleghl. The phase shift function is

three different approximatior{€gs.(2), (8), and(9)]. calculated by Eqs(3) or (5). The wave function ofHe is obtained
by a microscopiex+ n+n three-cluster modglL8], whereas that of
Target/projectile “He He °Be 2c “He is assumed to be given by the simplest shell model. See also
Be Eq.(2) 488 716 805 L3}
Eq.(8) 461 660 765 Projectile Eq.(3) Eq. (5) Exp.
Eq. (9) 453 672 765
Exp.  485-4 672+7 7555 “He 514 494 5035
12¢ Eq.(2) 520 782 854 896 °He 736 7 7226
Eq.(8) 490 707 804 856 jBe 814 806-9
Eq.(9 487 732 813 856 c 869 856-9
Exp. 503t5 722t6 806-9 856+9
27p| Eq. (20 800 1165 1218 1265

Eq.(8) 760 1049 1156 1217 total cross section ol T scatterings. The@+ °C elastic dif-
Eq.(9) 760 1096 1170 1219 ferential cross section &f,=800 MeV [15] was fitted by
Exp. 780-13 1063-8 117410 two terms: the parametets (fm?), w;(fm~?), a; are 52.89,
0.25378, —0.111682 for j=1 and —18.78, 0.46576,
0.014 9455 foij =2, respectively. The fit to the angular dis-

important. We have recently proposed a method of calculatlribution is very good up to about 22°. The reaction cross
ing the optical phase shift function completdl§] and ap-  section at 800 MeV is predicted to be 249 mb. No experi-
plied it to the analysis of +®He scatterings by using micro- mental data are available at 800 MeV, but there are two data
scopic ®He wave functions. The calculation has reproduced 16,17 at about 870 MeV. Though they seem to disagree
very well the angular distribution measured at 717 MeV withWith each other, our prediction is very consistent with 255
no adjustable parameters, leading to the conclusion that tH&P, which is a value extrapolated using the cross section
size of ®He is about 2.51 fm. Though this method can (262 mb of Ref.[17]. We performed a complete calculation
straightforwardly be applied to calculate Ed) for a general  0f Eq. (3) for “He+*°C and °He+**C systems by using the
case, it would require enormous computer time when onga@me®He microscopic wave functiofi.8] as in Ref.[9]. As
uses microscopic wave functions for both the projectile andeen in Table II, both ofHe+'?C and °He+'°C reaction
the target. It is, therefore, undoubtedly necessary to furthe¢r0ss sections are in excellent agreement with the experi-
develop an effective method where one can avoid heav{nent. A theoretical prediction fofHe+*“C and °He+**C
computational loads, keeping high accuracy. To this end wécatterings at 800 MeV/nucleon will be shown later. Figure 1
consider the nucleon-targeNT) scattering as an elementary compares*He+'°C elastic differential cross section at en-
vehicle in the Glauber theory, assuming the target as a sca@'gy of 342 MeV/nucleon with experiment. Since mo
terer, and introduce a profile functidiyy for the NT scat-  +*°C elastic scattering data &, =342 MeV are available,
tering. In this formalism the various effects such as the Fermive determined thd'y; as follows. First we calculated the
motion, Pauli correlations, short range dynamic correlationsp+'°C elastic scattering cross section in the OLA by using
etc., would be automatically included to some extent in théhe *?C density and thd'yy parameters at 325 MeY10].
NT amplitude. Al-Khalili et al. [6] started from theNT s  Then we corrected this OLA cross section by examining the
matrix in order to calculate the phase shift function in theextent to which thep+*2C data measured at 398 Mg20]
few-body approach. Other authdik3,14] usedp+4He pro- differ from the OLA cross sections calculated at the same
file function to calculatep+°C, p+20, and “He+1?C  energy. Finally this corrected elastic cross section was con-
elastic differential cross sections by assumingcluster —sidered “experimental” and used to determine thigy at
model for °C and '%0. Contrary to these studies, we will 325 MeV. Despite this unsatisfactory determinationlqfr
use a full projectile wave function. the agreement between theory and experiment is very reason-

The optical phase shift function is now calculated by ~ able, even better than the phenomenological fitlef].

It is interesting to see how good the OLA is at this stage.
We approximate the right-hand side of E8) as

ei}(b):<¢0|i];[P (1-T\r(&+b)|¢o), ©)

eiXou\(b):exp(—J dr pp(r)Ty(&+b) | (5)
wherel"yt+ may be parametrized as
The reaction cross section calculated with this equation,
e wjb? (4) listed in Table Il, is only a few percent smaller than the
’ reference value with Eq3). The o value for ®He+*°C is

717 mb, much closer to the experimental value of ¥B2
and the parameters;, w;, anda; can be determined by mb than 782 mb obtained by E() of the usual OLA. This
fitting the experimental elastic angular distribution and theencourages us to calculate reaction cross sections for other

k .
1_|a]‘
FNT(b):jgl (?“’iai
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FIG. 1. Elastic differential cross sections fe+12C at en- 0¢.m.(deg)

ergy of T,=1.37 GeV. TheN-'2C profile function was determined
as explained in texig;(fm?), ;(fm~?), a; are 32.0, 0.25, 0.10 for
j=1, and —3.7, 1.25, 0.28 fofj =2, respectively. The data are
taken from[19].

FIG. 2. Elastic differential cross sections in Rutherford ratio for
SHe+ *°C and “He+°C at energy of 800 MeV/nucleon. The solid
curves are obtained by calculating the complete Glauber ampli-
tudes, while the dashed one is the approximation with(Eyg.

nuclei by using densities even when wave functions are not
available. The examples dBe and *2C projectiles are in- b
cluded in Table 1. The cross sections calculated by Gy. el et )ZEXF{_J' dr pp(r)
improve much better than those calculated by E).(see
Table ).

In the case wherBl T scattering data at a given energy are X { 1- exp( - f dspr(s)I'nn(E— n+ b)) ] }
rich enough to determine théy;, our method can thus de- )
scribe very well the reactions of various projectiles on that
target at the same incident energy per nucleon. This serves to
exam_ine projectile wave functions with the_ reservation thatrhis formula is very appealing because it requires only the
the high energy reactions of the type considered here probgansities of the projectile and the target. If the integral of
primarily the nuclear surface region. In such a case where NB T\ is small enough compared to unity, then E8) re-
appropriate data are available, however, we cannot determing,-es to the usual OLA formula of EQ), otherwise the
thel'y7, and one may think that the method would not work. effect of multiple scatterings of the projectile nucleon with
To overcome this difficulty, until the data become availablee target is included to some extent. Since the role of the
and to make the method more widely applicable, it is usefulygjectile and the target is interchangeable in the calculation
to relate thely to the elementary functiohiyy as described  of the elastic scattering amplitude as well as the reaction

below. . . . _ cross section, it may be possible to symmetrize @).as
Since thel'y is such that its Fourier transform gives the ¢g|1ows:

NT elastic scattering amplitude, we express it in terms of
Inn by

. 1
e'Xeff(b)=exp{ —=| drpp(r)
FNT(b):1_<60|i1_[T (1=Tyn(b=m))6o).  (6) Zf o

1_9XF< - f dspr(s)I'nn(E— n+ b))”

X
The use of the cumulant expansion leads to a very simple
calculation of the optical phase shift function. By approxi- 1
mating the right-hand side of E¢) as xexr{ - —f dspt(9)
2
FNT(b>~1—exp( —f dspr(9Twn(b—m) |, (7) y 1_exp( _f dr po(N) T 71— £+ b))”_

and substituting it into Eq(5), we obtain (9
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The reaction cross sections calculated with E). or its  complete Glauber amplitude, a good agreement between
symmetrized form(9) are listed in Table I. We see that Eq. theory and experiment has been obtained for the reaction
(8) or Eq.(9) produces only a little difference. This formula cross section as well as the elastic differential cross section.
gives the reaction cross sections which are much closer tbhis will provide us with the possibility of examining pro-
experiment than the OLA; the deviation from experiment is jectile wave functions, in particular, near the surface region
at most, only a few percent, so that the formula can be mor@dainst high-energy scattering data. A simple formula for the
reliably used than the OLA. It is gratifying that the density, "€action cross section has been derived by relating the
which reproduces the charge radius, reproduces the reacti&yclgon-target profile function to the r_lucleon-nucleon profile
cross section consistently with experiment. Figure 2 display&nction. Many examples have confirmed that the formula
SHe+12C and “He+ 1%C elastic scatterings at 800 Mev/ 9ives more accurate cross sections than t_he c.olnvenuonal op-
nucleon. The cross sections at small angles are significanty?g""I limit approximation. Because of its simplicity we hope
enhanced compared to the Rutherford cross sections. THBat the present approach will be applied to high energy re-
difference in diffraction patterns between the two cases i€ctions of complex systems encountered in other fields of
due to the different kinematics and the different structure ofPhysics as well.
®He and*He as well. The dashed curve represents the cross We thank Dr. K. Arai for providing us with the density of
sections calculated by the optical phase shift function of Eq®He and Prof. L. Ray for useful correspondence. This work
(9), and follows very well the solid curve of the full calcu- was in part supported by a Grant-in-Aid for Scientific Re-
lation at small angles. search(No. 10640255 of the Ministry of Education, Sci-

In summary, we have demonstrated the utility of an effecence, Sports, and Cultufdapan. One of us(B.A.) thanks
tive nucleon-target profile function in the calculation of the the Egyptian Ministry of Education for support through Sci-
projectile-target optical phase shift function. Combining thisentific Channel. He is also grateful to Prof. M.M. Sherif and
profile function with the formulatio9] of calculating the Dr. O.M. Osman for their encouragement.
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