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12C.17C elastic scattering at intermediate energies
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A microscopic study of’C-2C elastic scattering at 1.016, 1.449, and 2.4 GeV has been made within the
framework of the Coulomb modified Glauber model. The elaStiatrix element has been evaluated consid-
ering the first two terms of the nuclear phase expansion series and using the realistic densities for the colliding
nuclei. The effect of the phase variation of thé& scattering amplitude on the calculated elastic scattering
differential cross sections has been studied. We find that a very good description of the experimental data at
1.016 and 1.449 GeV is achieved by considering the second order term of the phase expansion series and the
phase variation of th&lN scattering amplitude. However, at 2.4 GeV, although the second order phase term
provides some improvement over the optical limit calculation, still the theoretical situation remains unsatis-
factory.
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[. INTRODUCTION good approximation. Therefore, it is not unreasonable to ex-

pect that the inclusion of some higher order terms in the

Over the past 15 years or more, the Glauber multiple scafCMGM scattering calculation may improve the theoretical
tering model[1-3] has been applied by many authors to Situation at relatively higher energies.

analyze elastic scattering differential cross sections for the |t may be mentioned that recently, EI-Gogayal. [10],
12C.12C system at low medium energig$—8]. Since evalu- in an attempt to improve upon their earlier stydy], have

. . : - - reported a full Glauber series calculation of elastic scattering
ation Of t_he full G"’.’“ﬂber amp_ht_u_de with realistic desgnpnons differential cross sections for some light heavy-ion systems.
for colliding nuclei is a prohibitively complex task, in most The calculations have been made using a single Gaussian
of these applications, the so-called optical limit approxima-model for the densities of the colliding nuclei in order to be
tion (OLA) has been employed to evaluate the Glauber elasable to perform a full Glauber series calculation incorporat-
tic Smatrix element. In this approximation only the leading ing the c.m. correlation in a consistent manner. Their results
term in an expansion of the nucleus-nucleus phase-shifor 12C-12C scattering at 1.016 and 1.445 GeV show notice-
function is considered. This term depends upon the one-bodgble disagreement with experimental data especially at large
densities of the colliding nuclei while the neglected termsmomentum transfers. However, this disagreement may be
depend upon the two-body and other higher order densitie4@rgely due to the use of the single Gaussian model density,
It is found that the OLA gives a reasonably satisfactory acWhich is quite unrealistic fort?C for describing large mo-
count of the experimental data provided that the calculation§1€ntum transfer observables.

- 1 B
are made in the Coulomb modified Glauber mo@\IGM) In this work we undertake a study_é%(;— °C elastic scat-
in which the conventional Glauber model is suitably modi-t€ring at 1.016, 1.449, and 2.4 GeV in the CMGM consider-

fied to account for the deviation of the colliding particle ing the first two terms of the expansion of the nuclear phase-

. . . - shift function. The calculations have been performed usin
trajectories due to the Coulomb fidld,9]. More specifically, the realistic ground state density f8fC and pinvoking the 9

transferg(see, e.g., Ref.7]). This trend of the predictions of 12~ 12 - :
. ; of the 12C-12C elastic scattering data at 1.016 and 1.449 Ge\V.
the CMGM calculation may be understood by noting that atHowever, at 2.4 GeV, despitg significant improvement, the

lower energies the inpUNN total cross sectiondyy) is quite : . : :
large. Due to this, the OLA phase-shift function is highly theoretical situation cannot be described as satisfactory.

absorptive at lower energies. Moreover, the relatively large Il. FORMALISM

Coulomb repulsion at lower energies keeps the nuclear over-

lap region confined to large impact parameter values. Conse- According to the Glauber multiple scattering model the
quently, the scattering is sensitive mainly to the very low-elastic Smatrix elementS(b), in the impact parameter
density regions of the colliding nuclei in which case thespace for the collision of a projectile nucleus of mass number
contributions of the neglected higher order terms may bdB from a target nucleus of mass numiéedescribed, respec-
negligibly small. As the energy increasas,, decreases, tively, by the ground state wave functiods, and ¥, is
making the OLA phase-shift function less absorptive. Alsogiven by (see, e.g., Ref§3,12,13)

the Coulomb repulsion effect weakens. As a result, the scat- A B
tering now becomes sensitive to the inner surface region also _ /

wherge neglecting the higher order terms in the phgse-shift Se'(b)_< oo .1:[1 ,1:[1 [1-T(b SJFS‘)]WO(DO)'
function expansion, as is done in the OLA, may not be a (1)
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whereb is the impact parametes;, andsj’ are, respectively, In the above expressiors,g)(q) and Fﬁf()B)(ql,qz) are the
the projections of the target and projectile nucleon coordi-one- and two-body form factors of the targgirojectile
natesr; and rj’ in the impact parameter plane, ahds the  nucleus,

nucleon-nucleon profile function, which is the two dimen-

sional Fourier transform of théNN scattering amplitude i

f(q) 9 P FA(B)(q):f dre' pap)(r), (8
It is well known that evaluation 0%, (b) as given by Eg.

(1) is a difficult task for realistic descriptions of colliding 2) _J QT4 0p.rp) (2)

nuclei. However, there exist several schemes in the literature Fam)(O1.02) = | dradrpei 8 t2p (ry,r2), (9)

to evaluate it approximatelj12—15. Here we follow the

method developed by Franco and Varfia], which seems Where pag)(r) and ik (r1,r,) are the ground state one-
more appropriate for the present study. In this method onand two-body densities of the targprojectile nucleus,
introduces a nucleus-nucleus phase-shift functiptb)  f(q) the NN scattering amplitude, and the momentum

through the relation transfer.
_ The quantityf(q) is one of the main ingredients of the
Se(b)=ex® (2)  Glauber model calculation and it is related to til profile
function I'(b) that enters into the expression f8g(b) as
and expandg(b) as given by Eq.(1) as
S f —ikfdbqbrb 10
x(0)= 3 xu(b). (3) (@)= | dbetT(b). (10

] ] ) ] ) It is generally taken to be of the forfil6]
The first term in this expansion, namely;(b), gives the

so-called OLA. It depends upon the one-body densities of ikoyn(1—iany)
the colliding nuclei and it is this term that has been used in f)=—7—¢
most of the applications of the Glauber model to heavy-ion
scattering at medium energies as stated before. The next tefghere oy is the NN total cross sectiongyy is the ratio of
x2(b) depends upon the two-body densities and we will in-the real to the imaginary parts 6§0), andByy and yyy are
clude it in the present analysis. These terms may be eXhe slope and phase variation parameters, respectively. At
pressed afl13,19 present our knowledge of the phase variation parameter that
o introduces an overat|-dependent phase in the scattering am-
ix1(b)=—ABI'(b), (4) plitude is very poor, therefore in scattering calculations it has
been mostly ignored or treated in a phenomenological man-
ner.

—(BNN-%—inN)qZ/Z, (11

_ 1 AB
ix2(b)=— E[ABF(b)]2+ 5 [(B=1)Gxn(b)+(A-1)

Ill. EVALUATION OF S (b)
XG(b)+(A—=1)(B—1)Gyy(b)], 5
120)+( ! 1G2Ab)] ® In this work we will evaluateS,(b) as given by Egs.
(1)—(3) by considering only the first two termg, and y, of

where
the expansion fol(b) as given by Eq(3). To evaluatey,
_ 1 (= and y, one needs the nuclear form factdfsg)(q) and
F(b)=mJ dqqh(gb)f(q)Fa(a)Fg(a), (6) Ff()B)(ql,qz). For a light nucleus such a$C the former
0 may be obtained from the charge form factor after applying
12 corrections for the finite charge distribution of the proton. It
- is convenient to use the form factor in the following sum-of-
Gib)= 27-rik) quldqze B G CEY Gaussian parametrization form: ’
X F(a1,02)Fa(— 01— 0p), (7 Ny 5
Fo(@=2, c,je ™%, v=AB, (12
1\2 =
Goyb)=|=— dg,d —i(artap).-by f
21(b) 27-r|k) f Ga062€ (auf(a;) wherec,; andb,; are the fitting parameters, amd, is the
2) number of Gaussian terms required to reproduce the realistic
X FA(ql+q2)FB (_ql!_qZ)! (7b) form factor.
) As regards the nuclear two-body form factor
1 - F) it differs from th duct of tw -bod
_ i1+ )b »(91,0,), it differs from the product of two one-body
GaAb) 27rik) f dadage™ T (g,)T(a2) form factorsF,(q,)F,(g,) because of the presence of cor-

@ @ relations in nuclei. Generally speaking, three types of corre-
XFR(d1,92)Fg’ (=01, —d2). (79 Jations have been discussed in connection with nuclear scat-
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tering, namely, center-of-mags.m), Pauli, and dynamical are(i) the parameters; andb; of the sum-of-Gaussian pa-

short-range correlationg17]. Their effects on nucleon- rametrization of the'?C form factor given by Eq(12), (i)

nucleus and nucleus-nucleus scattering have been studied fye oscillator model constamif,l for 12C, and(iii) the NN

or light nuclei the c.m. correlation is most important. Con- _ _ i i

sidering only this correlation the two-body form factor mayThe values ofc; and b, used in the calculation are,
=1.494,b,=0.741 fnf, c,=—0.494, andb,=0.417 fn?.

be written aq15] These values have been taken from R&k| and they repro-

01O duce the'?C nuclear form factor up to momentum transfer
Fi2(01,0) =9X% S ) F,(Q)F,(d2), v=A,B, q=2.7 fm ! very nicely. Fora, we use the value 0.38 fid
Mv (13  as given in Ref[19].

As regards theNN scattering parameters, namebyy,
whereaf,,v is the oscillator constant of the nuclear harmonicayy, Bun, and yyn, the first three can, in principle, be
oscillator model. Substituting Eq&l1)—(13) in Egs.(4)—(7), obtained fromNN scattering experiments. The last one,
closed expressions fgy; and x», which determineS,(b), namely, the phase variation parameigp, gives an overall
can be derived easily. g-dependent phase to the scattering amplitude and presently

little is known about it. Therefore, in most earlier studies it
has been ignored to make the Glauber calculation parameter
IV. CALCULATION OF CROSS SECTION free. One of the aims of the present study is to highlight its
importance in Glauber calculations in the energy range under
"Lonsideration.
The values of the quantityyy have been calculated us-
g the parametrization of,, and o, in the energy range
of about 10-1000 MeV/nucleon as given in RgI0]. The
Kb’ = 7+ (72 +K2b?) 12, (14) values ofoyy SO obtained are very closely the same as used
by Hostachyet al.[21] from whose work we take the values
whereK is the c.m. momentum of the nucleus-nucleus sysof the parametetry .
tem andy=2Z,Zge?/hv is the Sommerfeld parameter with Coming toByy, it is not a very well determined quantity
Z, (Zg) as the targetprojectile charge number and the  in the energy range under consideration. Some autisess,
projectile velocity. e.g., Refs[7,22)), in their analyses of elastic scattering dif-
Next, the diagonaB-matrix elemens, in the angular mo- ferential cross-section data, have assumed it to be zero. On
mentum representation is obtained fr@g(b’) using Eq. the other hand, the value @y at 210 MeV/nucleon, taken

To calculate the elastic scattering differential cross sectio
in the CMGM we, following Ref[7], replaceb in Sy (b) by
b’, which is the distance of closest approach in Rutherforqn
orbits and is given by

(14) and the correspondended« (1 +1/2): as the simple average @, and 8,,, for the spin indepen-
dent part of theNN scattering amplitude as determined by
S1=Sel(b") kb =y [ 2+ (1 + 1722112 (159  wallace[23] from the phase shifts, is 1.24 fmSchwaller

. . . . . . et al.[24] have given a plot o3y as a function of incident
Finally, the elastic scattering differential cross section for the, | -jeon kinetic energy in the energy range 0.15-2.0 GeV

12C-12C system is calculated using the expression for tWaom which it follows that Byn=08f? at 200 MeV/
identical bosons: nucleon. Charagi and Gupf{@0] in their analysis of the
do 12C-12C total reaction cross section in the energy range
d—Q=|F(0)+F(7T— 6)|2 (16)  0.01-1.0 GeV/nucleon have takefyn=0.42 fnf. Ray
et al.[25] has determine@,, and B, from the phase shifts
with of Arndt, Hackman, and RopdAHR) [26] in the energy
range 0.1-2.2 GeV from which it follows that the values of
P - ' By at 0.1, 0.15, and 0.2 GeV are 0.51, 0.58, and 0.62 fm
F(0)=Fcou(6)+ RE (21+1)e?7(1—-S)P,(cosb), respectively. In view of this we performed exploratory cal-
1=0 culations with different values oByy at the energies con-
17 cerned. It is found that a value ¢fy\=0.85 fnf gives sat-

where 6 is the scattering angles .o, the Coulomb ampli- isfactory results in the energy range of our interest. This

tude, ando, the Coulomb phase shift. suggests that perhaps the energy dependengggfs quite
weak in this energy region. Therefore, in this work, we have

usedByn=0.85 fn?, which is very close to the value given

by Schwalleret al.[24]. The values of the parameterg,

ann, and By that have been used in our calculation are
The formalism discussed in previous sections will now belisted in Table I.

applied to analyzé?C-°C elastic scattering data at 1.016, It may be mentioned that the approximation fgfy) by

1.449, and 2.4 GeV. The reason for the choice of this data sé¢ihe Gaussian form generally used at intermediate energies for

is that the OLA does not give satisfactory results at thes@umerical convenience has been borrowed from the descrip-

energies. The input required for calculating the cross sectionson of NN scattering at high energies where the small angle

V. RESULTS AND DISCUSSION
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TABLE I. Values of NN scattering amplitude parameters. nificant effect on the calculated cross section especially at
. larger angles. The solid lines show the calculated cross sec-
Eiap (GeV)  Ejgp/nucleon(MeV) oy (Mb)  ann Bun (MY tion without the phase variationy(y=0), while the other

1.016 84.7 60.1 1.33 0.85 curves show the results for different values gfy in the
1.449 120.7 4253  1.34 0.85 range—0.7-0.7 fnf. We note that foryy> 0, the calculated
2.4 200 3093 0.96 0.85 curve goes down relative to thg,=0 case with increasing

vnn, and for yyny<O0 the calculated curve goes upward as
the absolute value ofy increases. In summary a decrease

scattering is peaked in the forward direction so that the slop8 the value ofyyy pushes the calculated curve upward and
parameter can be determined to a good degree of accuraé%]_so fills the minima. We further note that consideration of
At low intermediate energies the Gaussian parametrizatiofh€ phase variation helps little in getting an improved theo-
may not work as well as at high energies, causing soméetical situation as far as the calculation of the cross section
ambiguity in the determination g8y . However, the study in the optical limit approximation is concerned. Calculations
of Rayet al.[25] shows that the spin independent part of theat 1.449 and 2.4 GeYhot shown give similar results.
NN amplitude generated from the AHR phase shifts can be In Fig. 2 we show the effect of including the second order
described by the Gaussian parametrization reasonably well ghase-shift functiony,(b) on the calculated cross section at
momentum transfers less than 1.5—2.0 frdown to at least 1.016 GeV. The dotted curve shows the calculated cross sec-
100-MeV incident nucleon energy. tion in the OLA[i.e., considering onlyy;(b)] with yyn

In Fig. 1 we present a study of the effect of introducing =0. The dashed curve shows the effect of includipéb) in
the phase variation of thBIN scattering amplitude on the the analysis still withyyy=0. It is seen thaty,(b) has a
calculation of the scattering cross section in the optical limitlarge effect on the calculated cross section. It causes the the-
approximation. The importance of the phase variation inoretical curve to fall below the experimental values and
Glauber model calculations at higher energies was first highmakes it more oscillatory. However, the decreasing trend of
lighted by Franco and Yip16] who found that its consider- the calculated cross sections at larger angles is similar to the
ation greatly helps in reproducing alpha-light ion elastic scatexperimental one. Next, the phase variation parameter is var-
tering data atE;;;,=1.05GeV per nucleon withyyy ied to find that a very good fit to the data is achieved with
=0.4 f?. Later, Lombard and Maillef27] and Auger and yyny=—0.7 f? as may be seen from the solid curve. Thus,
Lazard[28] who analyzedp-“He elastic scattering data at it may be said that consideration of both the second order
1.0 and 0.8 GeV, respectively, also found that consideratiophase-shift function and the phase variation are important for
of the phase factor withyyy~0.25 fn? considerably im- a satisfactory description dfC-1’C data at 1.016 GeV. It
proves the theoretical situatidit may be pointed out that may be clarified that the value ofyy found here need not
although the authors in Refi27,28 have applied an overall necessarily be the same as one would obtain from the Gauss-
phase factor withyyy~0.4 fn?, the effective value ofyyy ian parametrization of thBIN amplitude generated from the
in their calculation is about 0.25 firas has been clarified in phase shifts. This is because N scattering measurements
Ref. [29]). Existence of such a phase factor has also beedetermine the scattering amplitude, at best, only to within an
demonstrated using a simgN potential mode[29]. From  overall g-dependent phase factor as pointed out by Franco
Fig. 1, it is seen that the phase variation that has been igand Yin[16]. This is the reason that an overgldependent
nored in some earlier studigsee, e.g., Ref.7]) has a sig- phase factor was applied in R¢28] to the NN amplitude

o ,\ ....................... 126 120
fom h =1.016 GeV

Semm—-
-

e

_____
——

s 01 | P Voo e _ FIG. 1. Effect of phase varia-
g s i TS, tion of the NN scattering ampli-
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3 i tion of 2C-1C elastic scattering
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wromrns gy = 0.70 fm? { GeV.
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1 120 120
E,,,=1.016 GeV]
FIG. 2. ¥2C-12C elastic scatter-
i . ing differential cross sections at
£ 01} ' 1.016 GeV. Dotted curve: optical
£ 3 limit calculation ignoring the
o s o
ke L phase variation. Dashed curve:
-8 [ calculation with y,(b) but ignor-
| With 3, 7y=0 ing the phase variation. Solid
001F —— With 5, 7,q=-0.7 fm? R— curve: calculation including both
C without 0 \ the second order phase-shift func-
[ otz o™ tion x,(b) and the phase varia-
F ® experimental data tion.
0.001 M | M 1 M ] n ) 1
0 5 10 15 20
8. m (deg)
generated from the phase shifts. the calculated cross sections wifl3(b), keepingyyn=0

In Fig. 3 we show the calculated and experimental crossdashed curve agrees with the experimental data quite sat-
sections at 1.449 and 2.4 GeV. The descriptions of the curvesfactorily except in the region of forward angle minima. Our
are the same as in Fig. 2. It is seen that at these energies alattempt to get still better agreement with the data by varying
the second order phase-shift function affects the calculategly helped only a little as is evident from the solid curve,
cross section significantly. As a matter of fact at 1.449 GeVwhich is calculated withyyy=—0.1 fnf. At 2.4 GeV, al-

@ e 2¢.'%¢
1L 7N S _ Ej,=1.449 GeV
5
E
o]
3
©
S I B Without 1, 1,qy=0
-=== With %, 1y=0
——— With %, 1,=-0.1fm?
® experimental data
1 1 1 1 L 1
P 12 12 FIG. 3. Same as in Fig. 2 but
1k 78 U c-*C at lab energies 1.449 and 2.4 GeV.
i ; : E =24 GeV
= 01F
[o]
£
o] .
35
B
©
-------- without ,, v, =0
ootgp ¥ . with Xg YNN=0
———With 1, 7,,=0.05 fm?
® experimental data
1 I 1 " | " 1 " 1 1

0 2 4 6 8 10 12
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though inclusion ofy,(b) with yyn=0 brings the theoreti- corrected higher order phase-shift functions.
cal curve much closer to the experimental data, the theoret- The results of the present analysis suggest that the phase
ical situation is still quite unsatisfactory. In this case also,variation parametetyy, decreases as the projectile energy
variation of vy helped little in getting convincingly better per nucleon decreases. It has the value of 044t GeV
agreement with the experimental data as is evident from thgL6], 0.25 fnf at about 0.8 Ge\25,26, and assumes negli-
solid curve that corresponds tgyy=0.04 fnf. Any other  gible values at about 0.2 GeV, where it appears to change
larger or smaller value is found to deteriorate the situation.sign to remain negative down to about 80 MeV. However,
The good agreement between the presently calculateshore studies at other energies in this energy range are
cross sections and the experimental data at 1.016 and 1.4#@eded to arrive at a definitive conclusion on this matter.
GeV, but not similar agreement at 2.4 GeV, may be inter- It is generally believed that théC nucleus is deformed in
preted as follows. At 2.4 GeV, which corresponds to 200its ground state. This aspect has been ignored in the analysis
MeV/nucleon, the inputryy is much smaller than its values presented above. The effect of deformation'éd-°C scat-
at the two lower energies. Because of this t@-1%C system  tering can, in principle, be studied in a realistic way within
is more transparent at this energy than at 1.016 and 1.44@®e framework of the Glauber model using the angular mo-
GeV. At the lower energies the system is transparent only fomentum projected wave function of the microscopic de-
a small range of large impact parameter values correspondermed model for*?C. However, this is a computationally
ing to the overlap of the surface tails of the two colliding difficult task as is evident from the work of Abgrall, Labar-
nuclei and is opaque for smaller impact parameter values. Atouque, and Morani®2] who used such a description HiC
the higher energy the system remains transparent even fto analyzep-12C elastic scattering data at 1.0 GeV. Interest-
relatively smaller impact parameter values. Therefore, théngly, their results fop-12C scattering show that the elastic
scattering at 2.4 GeV is expected to be more sensitive to thecattering and to a lesser extent the transition to the
details of the interior region than at the lower energies. Now2 " (4.44-MeV) state are only weakly affected by the multi-
if the higher order phase-shift functions neglected in thestep contributions. In view of this we do not expect that the
present analysis were important for relatively smaller impactonsideration of the ground state deformation'éE in a
parameter values, their omission would manifest at theealistic way would substantially affect the findings of the
higher energies but not at lower energies. This appears to h@esent study.
the reason for the some disagreement between the presentin summary, we have made a microscopic study of
calculation and the experimental data at 2.4 GeV. It is hoped?C-1°C elastic scattering data at 1.016, 1.449, and 2.4 GeV
that the consideration of the higher order phase-shift funcwithin the framework of the Coulomb modified Glauber
tions that are relatively difficult to evaluate with realistic model using realistic densities of the colliding nuclei. A good
densities would improve the theoretical situation at this endescription of the experimental data at 1.016 and 1.449 GeV
ergy. The higher order phase-shift functions, which depends found by considering up to a second order term in the
upon the expectation values of the products of sevEi®l nuclear phase-shift expansion series and the phase variation
with respect to the ground state densities of the collidingof the NN scattering amplitude. At 2.4 GeV, however, al-
nuclei, can be more efficiently evaluated using the methodhough consideration of the second order phase brings theory
developed by Yin, Tan, and Ch¢80] and Zhong31], used much closer to experiment, noticeable discrepancies still
in Ref.[10]. Since the method is applicable to uncorrelatedexist, suggesting the importance of the neglected higher or-
densities, the higher order terms can be evaluated in terms dr phase shifts at this energy. The present study also sheds
appropriate uncorrelated densities and applying the prescrigome light on the energy dependence of the phase variation
tion given in Ref.[13] to finally obtain the c.m. correlation parameter.
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