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The reliability of the models describing the final-state interactionseie’() scattering at high proton
energies is an important issue in view of the experiments planned at CEBAF. One of the most popular
approaches adopted, the Glauber method, involves the linearization of the wave equation for the ejected proton
traveling through the residual nucleus. We have studied the consequences of such an assumption for the case
of the 12C(e,e’ p)*B* reaction at high proton momenta by comparing the results with the predictions obtained
when the second-order differential equation for the proton wave is solved exactly for each partial wave. We
find that the two methods give well-correlated angular distributions for momenta in the range 1-a&4 GaV/
for kinematics relevant to the transition to the eikonal regime.

PACS numbgs): 25.30.Dh, 11.80.Fv, 24.10.Eq, 24.10.Jv

In the experiments planned at CEBAF concerning , 2
(e,e’p) scattering[1], where the proton momentum can be f dr do €9} (r,0)W (1,0)| =S)(0), (2
larger than 1 Ge\d, a central issue is the reliability of mod-
els describing the final-state interactioffsSl) between the which is traditionally identified as the “distorted” spectral
outgoing proton and the residual nucleus. For example, ajensitySP [11] at the missing energy corresponding to the
moderate missing momenta, (p,=p—0q, wherep is the  knockout holea.
outgoing proton momentum arglis the momentum trans-  |n the framework of the distorted-wave impulse approxi-

ferred to the target by the electporan accuracy within  mation(DWIA) [7,8] the scattering wave functiog!™) is a
10% is required to unambiguously identify exotic effects like solution of the Schmdinger equation
color transparencj?], if any.

The most widely used approach to the problem of FSI at h? )
high energy is the Glauber approximatig®], since there is a ( “5m Y tVx=Ecmx, (©)]

long well-established tradition in the analysis of proton-

nucleus elastic scatterinig,5]. In particular, in that contextit wherem is the reduced mass of the proton in interaction with
has been shown that the validity of such an approach cathe residual nucleus,,, is its kinetic energy in the c.m.
arise from a nontrivial cancellation among the leading corsystem, and/ contains a local equivalent energy-dependent
rections to the lowest-order theof§]. However, the gener- optical potential effectively describing the residual interac-
alization to the €,e'p) scattering is not straightforward be- tjon.

cause the initial proton state and, in general, the kinematics Equation(3) can be solved for each partial wave gff)

are quite different. up to a maximum angular momenturg,,{p), Where a con-

In the impulse approximation, the basic ingredient ofyergency criterion for the partial-wave expansion is satisfied.
completely exclusived,e’p) reactions is the scattering am- The boundary condition is such that each incoming partial
plitude [7,8] wave coincides asymptotically with the corresponding com-

ponent of the plane wave associated with the proton momen-
o G (=% n tum p. Typically, this methodfrom now on method)l has
Ja(@=| drdo e 7 (r,0)3*(qr,0)¥,(ro), (1) peen applied tod,e’p) scattering for proton momenta be-
low 0.5 GeVE andL,,,<50[8]. In the kinematics explored

h (-) W ibe th ttering- _state!n this yvork a maxi'mum_maxz 120 has been used.
wherey"  and¥, describe the scattering- and bound-state At higher energies the Glauber methf8] suggests an

wave functions of the nucleon knocked out from a hole with it r f thod Il of solvina Ed.(3

guantum numbersg, respectively. Usually, the current op- alternative Wa% rom now on metho ) ot solving 9.
~L . S . . by linearizing it along the propagation axas

eratorJ* is approximated by a nonrelativistic expansion in

powers of the inverse nucleon mass, thus introducing uncer- D

tainties which become more important with increasing en- r=z—+b, 4
ergy[9,10]. However, our interest is not focused on the com- P

parison with experimental data, but on the analysis of the 2

scattering wavey(™). Therefore, we have considered the szﬁ_z (5)
simplified picture where we retain just the longitudinal com- gz’

ponent ofJ* in the leading ordeo(1) of the nonrelativistic )
approximation and we neglect the nucleon form factor. The ( J +p2) :<i ip)(i—ip)zZip(i—ip) 6)
cross section becomes, therefore, proportional to 7% Jz 9z dz '
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whereb describes the degrees of freedom transverse to the 0.8

motion of the struck particle with momentum With this ) C ]

approximation Eq(3) becomes o071 -7 - Tt

( g 1 Y - .

-— = Ip) =—Vy. (7) C ]

0z 2ip 05 [ ]

g . . . . : h :

The boundary condition is of incoming unitary flux of plane 04 — 7

waves. r ]

Both methods | and Il solve the Schiiager equation for 0.3 [ 3

the nucleon scattering wave. Relativistic effects are correctly r 1

taken into account only in a proper calculation of the kine- 0.2 L ';0‘ ' '2‘0' * ‘(‘)‘ ' ‘2‘0‘ ' '4‘0' L

matics. In the case of the application of the Glauber approach i i U (MeV)

to unpolarized proton-nucleus scattering, this approximation

does not seem to produce relevant consequgdces). Nev- FIG. 1. The distorted spectral densiy,, as a function of the

ertheless, because of the previously mentioned differencedepth U of the real part of the optical potential for th&C
the generalization to thee(e’p) should be testef,12,13.  (€.€'P)"'Bsy, reaction at the outgoing proton momentys1.4

The eikonal approximation is supposed to reproduce th&€V/c and at the missing momentupy,= 0. The dashed line cor-
exact solution of Eq(3) for p,<q, and in general its reli- r_esponds to the dept?W=0 of the imaginary potential, the solid
ability increases with the ejectile ener§g], ideally in the € 10 W=50 MeV, the dotted line t&V=100 MeV.
limit where (™) is expanded on an infinite number of partial
waves. On the other hand, method | can be considered relirary parts of the average proton-nucleon forward-scattering
able only for nucleon energies such that the conditioramplitude, which is expected to be small in the considered
L ma Riarget P is satisfied. kinematics[16)].

In a previous work[14] we have analyzed the spectral  In Fig. 1S_, is calculated by method | as a function\sf
densityS> of Eq. (2) for the Y%C(e,e’p) !By, reaction in - for p,,=0 and p=q=1.4 GeVt, where the elementary
parallel kinematicsf alongq). In the range ¥ p<2 GeVkt cross section for the rescattering of the ejectile is predomi-
and forL =120 we found a good correlation between thenantly inelastic. The three curves corresponde- 0, 50,
predictions of methods | and Il, thesmal) discrepancies and 100 MeV, forU ranging continuously from—50 to
being ascribed to the impossibility of taking into account in+50 MeV. The U=0W=0) point corresponds to the
Eq. (7) the interference between the incoming and the replane-wave impulse approximatioPWIA) result, where
flected flux. The consequent overestimationS@f with re-  any rescattering between the ejectile and the residual nucleus
spect to method | was found to be related to kinematics anié neglected. The middle curvé\(=50 MeV) shows an av-
proportional to the absorption strength of the optical potenerage 40% damping with respect to the PWIA result in
tial. agreement with the observation of the NE18 experiment in

In the present work we have extended the calculationshe context of a semi-inclusivee(e’p) reaction at small
up to p,g=4 GeVk by improving the numerical precision p,, [17]. It is evident that the sensitivity to both the sign and
of the FORTRAN code. We have considered the the magnitude of the real part of the potential is very small
12C(e,e’p)1'B* reaction in the so-called perpendicular ki- but for huge values ofJ>W, which are forbidden by the
nematics, wherg and g are kept constant and the angle mainly absorptive character of the proton-nucleon amplitude
between their directionsy, is allowed to vary. The bound at these kinematics. Therefore, in this work we will Wse=
stateV , in EqQ. (2) is a solution of the Woods-Saxon poten- 0.
tial of Comfort and Kargd 15] with the quantum numbers Equation(7) produces by definition results that only de-
of the s wave. For the sake of simplicity, the contribution to pend onV through the ratio//p. If V is a linear function of
V coming from the Coulomb potential has been neglected t@ (as suggested by the Glauber modalconstant absorption
avoid numerical problems related to the high angular mois produced at any value of momentum transfer, provided
menta required. Therefore, in proper terms the results prehatp=q andp,,=0 (i.e., smally). In Fig. 2 we show that
sented here refer to thee,’'n) reaction.V is an optical the same property holds, with a good approximation, also for
potential of the simple form method |. The distorted spectral density is given as a func-

tion of p=q for p,=0 and the choicdJ=0, W=p50/
1 1400 MeV,which produces ap=qg=1.4 GeVE the 40%
V(r)=(U+iW)mE(U+iW)p(r), (8)  absorption observed in the NE18 experiment. The flat curve
shows that this damping remains constant down to very low
values ofp=q (p=qg=0.4 GeVE). However, the choice of
with R=1.2xAY® fm anda=0.5 fm. The nuclear density an absorption-dominated potential is reasonable only in the
p(r) defined in Eq(8) is normalized such thai(0)=1. kinematical region where the elementary proton-nucleon

At the nucleon energies here considered, the parametessattering amplitude is dominated by inelastic processes, i.e.,
U,W can only be guessed. According to the Glauber modefor p=1 GeVk [16]. Only above this threshold, which is
the imaginary part should scale &~p/10 MeV, while  anyway relevant to the kinematics explored at CEBAF, our
U/W should equal the ratio between the real and the imagieonsiderations can be applieffor applications of the



53 (e,e’p) REACTION AND THE TRANSITION TO THE ... R565

047 e GE T T T T
= E ] 210 B X -
o = £ 2F E
£ 0465 : : s 0’ E
°s 046 L = S 10 F =
2 g 3 v 070 4
g = -SE E
0.455 : ] 0% E
045 [ = 10 F -
F 3 0 -1E 3
T 0445 |- & 10 &
E ] 10 9; =
044 3 10_ ;_ _;
C i -10F E
0435 £ = 10 .r E
E ] 10 E . E
0.43 T b bbb b b4 Bl b b b by k3
0 02 04 06 08 1 12 14 0 2 4 6 8 10 12 14 16
p=q (GeV/c) v ¥ (deg)
FIG. 2. The distorted spectral dens8§,, as a function op=q FIG. 4. The same as in Fig. 3, but fpr=q=4 GeVEk.
for the C(e,e’'p) B4y, reaction atp,=0 and with the optical
potential depthd) =0, W=p50/1400 MeV. tions (PWIA), which is of course identical in both methods.

The solid and the dashed lines are the results of method | and

Glauber approach toee(e’p) reactions at lower energies see I, respectively. The two angular distributions are rather well
Refs.[18,19). Since the NE18 observation of a roughly correlated in all the kinematics here explored, except in the
g-independent 40% damping at small, is reproduced by diffraction minima forp=q=1.4 GeVE. We have checked
both methods | and Il with the optical potential of @)  that these discrepancies are smoothed with incregsigg
and withU=0, W=p50/1400 MeV, we adopt this choice in until they almost disappear pt=q=4 GeVEL, as it is clear
the following also for the calculation of the angular distribu- in Fig. 4. In any case, through all the kinematics considered
tions. the oscillatory patterns are very close to each other across a

In the pure Glauber theoy is not a free parameter and remarkably large range of variation in size.
would result in a larger value. As previously mentioned, the It must be noticed that the rich diffractive pattern of the
increase oW leads to a larger discrepancy between the reangular distributions is partially due to the nontrivial struc-
sults of methods | and II, but the overall agreement is not todure of the PWIA contribution, which itself contains many
much spoiled 14]. However, thewW-value suggested by the local minima. We have already shown in a previous work
Glauber model produces a sensibly larger absorption thafi4] that if the Woods-Saxon bound stale, is substituted
observed in the NE18 experime(for more details on this by a pure harmonic oscillator, so to produce an exponentially
topic see Refg.18,20-22). decreasing angular distribution in PWIA, the results of both

In Figs. 3 and 4 the distorted spectral denéﬁgi,z is methods | and Il still show an oscillatory pattern at large
shown as a function of for q=p=1.4 and 4 GeW, re- angles due to FSI. Thus, the natural interpretation is that the
spectively. Because of the large range of angles considere€liffractive minima, which are reminiscent of the angular dis-
several diffraction minima are explored while the size of thetribution for elastic proton-nucleus scatteririg], derive
distribution falls down by many orders of magnitude. Thefrom the fact that the ejected proton is testing coherently the

dotted line represents the result with no final-state interacresidual nucleus. This is peculiar of a completely exclusive
reaction, where the residual nucleus does not fragment.

Energy-integrated distributiongi.e., for a semi-inclusive

N L R R (e,e’p) reaction[20,23) are by definition less sensitive to
':g 10 £ E the structure of the recoilingA(—1) system, thus leading to
oL 10 F - very different angular shapes.
4 100 E We have shown that for thé’C(e,e’p)1!B ¢, reaction
100 E and for outgoing proton momenta in the rangel[i<4
sE GeVlc (relevant to the planned experiments at CEBAlke
10 SE E eikonal approximation to the scattering wave of the ejectile
10 & = produces FSI effects very similar to the ones obtained when
10 E 4 the complete second-order differential equation is solved ex-
10750 3 actly up to 120 partial waves. The angular distributions are in
0 9:_ 3 good agreement up to very large angles, where the absolute
S il i B size can fall down by many orders of magnitude. The ob-
0 5 10 15 20 25 30 served oscillatory pattern can be interpreted as a coherent
7 (deg) diffractive scattering between the ejectile and the residual

nucleus. Therefore, completely exclusi 'p) reactions
FIG. 3. The distorted spectral dens®j,,, as a function of the b y ved'p)

angle y betweenp and q for the °C(e,e’p)''B 4, reaction with are best suited to verify this prediction.

p=q=1.4 GeVE. The dotted line shows the PWIA result. The ~ We would like to thank O. Benhar, S. Boffi, S. Jeschon-
solid and dashed lines are the results of methods | and II, respetek, N. N. Nikolaev, and S. Simula for many stimulating
tively (see text discussions.
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