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Angular distributions for knockout and scattering of protons in the eikonal approximation
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The advent of new electron accelerators with few-GeV beam energies makesdhg) (reaction a prom-
ising tool for investigating new aspects of the electromagnetic interaction. To this purpose it is crucial to set the
scale of final-state interactior(§SI) at high ejectile energies. Usually, the problem is faced by mutuating
well-established results of the Glauber method in the framework of elgsii (scattering. Since the gener-
alization of this eikonal approximation to the,e'p) case is not straightforward, we have analyzed the
constraints which make the comparison a meaningful one, usingXbg,e’'p) B¢, and B4 »(p,p)
reactions with outgoing-proton momenta of 4 Ge\4s a test case. The FSI dominance at large deflection
angles produces in the distributions a universal behavior resembling the coherent diffractive scattering between
the ejected proton and thHeesidual nucleus. Because of the selected sensitivity of #ye’(p) distribution to
different theoretical ingredients depending on different values of the deflection @rgi@nsverse missing
momentum), it is argued that the previous comparison with elastic proton scattering may represent a conve-
nient tool to disentangle effects due to tti@rd electromagnetic vertex frortexotic) effects related to the
propagation of the struck hadron through the nuclear medi68556-28136)01412-4

PACS numbe(s): 25.30.Dh, 25.40.Cm, 11.80.Fv, 24.10.Eq

I. INTRODUCTION But the generalization to thee(e'p) scattering is not
straightforward, mainly because the kinematics and the state

With the advent of new electron accelerators, whose bearof the initial proton are completely different. Moreover, the
energy will range from the few GeV of CEBAF to the 30 validity of this eikonal approximation, based on a completely
GeV of the planned ELFE setyf], experiments with elec- nonrelativistic formalism, arises from nontrivial cancella-
tromagnetic probes are expected to reveal new physics, pations among the leading corrections to the lowest-order
ticularly on processes likee(e'p) scattering[2]. Large theory of elastic scatterinid4] and cannot be simply gener-
missing momenta of the residual nucleus will be availablealized to the inelastic case.
where the details of long-range correlatiqdsie to the cou- Therefore, after a short review on the general formalism
pling between the motion of the emitten proton and collec4in the framework of the distorted-wave impulse approxima-
tive surface modes of the residuaind of short-range corre- tion (DWIA) (Sec. I)), the constraints which make the com-
lations (due to the strong nucleon-nucleon interactiame  parison between FSI in exclusive,&’p) and elastic p,p)
expected to show up in the low and high missing-energyscattering possible, are addressed in Sec. lll. First, the dif-
spectrum of the residual, respectivgB~8|. In addition, be- ferences between the two reactions and the choice of the
cause of the high momentum and energy transferred to theroper form of the optical potential for distorting the
target, new and unexplored features of the electromagnetisutgoing-proton wave function are discussed. Second, the
hard interaction should appear, which are related, for exrestrictions on the kinematics and the approximations re-
ample, to a proper treatment of relativistic dynamics andquired to produce similar angular distributions are analyzed.
off-shellnesq9]. Finally, the subsequent propagation of the Finally, the selected sensitivity of the results fa € p)
hadron inside the nuclear medium, usually denoted as finakcattering to different choices of potentials for the scattering
state interaction&~SI), is also a central ingredient of models states are considered in Sec. IV. It is shown that at large
aiming to describe exotic effects like color transparefid)},  angles(large values of transverse missing momgtite FSI
if any. are the dominant contribution and produce a typical diffrac-

However, while the paucity of data still prevents one fromtive tail very sensitive to the nuclear surface.
putting stringent constraints on the various models for dy-
namical correlations and/or reaction mechanisms at the inter-
action vertex[3,4], the problem of FSI at high projectile Il. GENERAL FORMALISM
energy is usually faced by mutuating well-established results
obtained in the framework of elastic proton scattering. In  For the scattering of an ultrarelativistic electron with ini-
fact, the Glauber approximatioiil] has been extensively tial (final) momentunpg(p.), while a nucleon is ejected with
used in the past years in the analysis of data fgp] scat- final momentump’, the sixfold differential cross section in
tering on complex nucl€il2,13. the one-photon exchange approximation refdds16|
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do et 1 pend on the order reached in the nonrelativistic expansion
dpldp’ mm(ﬁoofoo'*‘ p1af11+ posforicos and become more important with increasing enei@yL8].
€ ere But our interest is in the analogies between the phenomenol-
+p1_1f1_1C0820), (1) ogy of FSl in (p,p) and (e,e’p) scattering. Therefore, we

have concentrated on the properties of the scattering wave
where Q%=¢?— w? and g=pe—pg,0=P.— P are the mo-  xL.) and we have considered the simplified picture where we
mentum and energy transferred to the target nucleus, respegstain just the longitudinal componedy in the leading order
tively. The quantitiep, .\, are expressed on the basis of o(1) of the nonrelativistic expansion and we neglect the
unit vectors nucleon form factor. Consequently, the cross section be-

I 1 comes proportional to
60:(1!0101Q1 ejj_:(O;: \/%,_ \/;l,o), (2) . 2
drdo €% xg,* (1,0) dea(1,0) =S2(0),  (5)

which define the longitudinal0) and transversex 1) com-

ponents of the nuclear response with respect to the polarizavhich is traditionally identified as the “distorted” spectral

tion of the virtual photon exchanged. The matrix elementsdensitySE, [19] at the energi of the residual nucleus with

pyn describe the electrodynamics of the leptonic probea hole with quantum numbees

while f,,, depend o, w,p’,cosy=p’-g/p’q, and the de- In the framework of the distorted-wave impulse approxi-

pendence on the angte, between the’,q) plane and the mation (DWIA) [15,16 the so-called spectroscopic ampli-

electron scattering plane, is explicitly put into evidence. tudes¢Ea,x(E;) are approximated by the solutions of eigen-
The structure function§,, . are defined in terms of bilin- value problems with single-particle local energy-dependent

ear products of the basic ingredient of the calculation, thepotentials of the Woods-Saxon type. To take into account the

scattering amplitudgl16] nonlocality of the original Feshbach potential, these eigen-
functions are multiplied by the appropriate Perey faffdy.
_ iq A As for the hole state, in this paper we have considered the
= 1q-r .M .
W@ f dr e (Wy|J,-e{[¥y), ® potential of Comfort and Karf21] for *2C with the quantum

‘numbers of thes3 shell. The scattering wave functigid ) is

which involves the matrix element of the nuclear charge . - .
- a solution of the Schdinger equation

current density operatar, between the initialf¥;), and the
final, |¥;), nuclear states. A natural choice foF;) is sug- 52
gested by the experimental conditions of the reaction select- ( - 2—V2+V
. ) . : m

ing a final state which behaves asymptotically as a knocked

out nucleon and a residual nucleus in a well-defined stalyherem is the reduced mass of the proton in interaction with
with energyE and quantum numbees By making the same  tne residual nucleu£, ., is its kinetic energy in the center-
assumption for the initial state, the two specific channels cagt.mass (c.m) system andv contains a local equivalent

be projected out of the entire Hilbert space by applying &nergy-dependent optical potential effectively describing the
suitable projection operatdi6] to |¥;) and|¥;). As are- rasidual interaction.

sult of space truncation, the scattering amplitude is expressed gquation (6) can be solved for each partial wave of
in q one-body representation in termg of an appropriate ef)-((—) up to a maximum angular momentum,..(p'), which
fective (one-body charge-current density operatdi [16]:  satisfies a convergency criterion. The boundary condition is
such that each incoming partial wave coincides asymptoti-
J :f drdo el @y L% (r, Jeffan r o)[S.(E) Y2 cally Wlth the corresponding component of the plane wave
\(@) 7 Xea (10)d, & deal1 o) So(E)] associated to the proton momentupi. Typically, this
4 method (from now on methodA) has been applied to

Here S,(E) is the spectral strength associated with the re-(e’e p) scattering with proton momenta below 0.5 GeV/

. . and L <50 for a large variety of complex optical poten-
nmuoc\f::]s?rocesii Ztn tZie :rf]‘g:\?:ttli%r; i?eggyg:];?e _r('je:'?:ﬂemtials, including also spin degrees of freedpb®]. At higher
Feshb ’ﬁsEa tical tgnti | referred to the r i%y I pt th energies the rescatterings of the outgoing proton on the spec-

es ‘T’IC (_O)p. cal potential reterred fo the residual at tn€ eng i " icleons cannot be realistically described by an effec-
ergy E; xea' is eigenfunction of the optical potential at the e mean-field potential. In general, in this energy domain
energyE+ » and has the boundary conditions of an incom-,4th coherent and incoherent scatterings of the struck par-
ing wave. The use of an effective current operator in (Eiq ticle must be treated on the same footif@g]. In other
takes into account effects due to truncation of the Hilbertyq qs incoherent scatterings leading to a loss of proton flux

space and guarantees the orthogonality betweden and st not be averaged in the imaginary part of the optical
W) [17]. ) ) o ) potential. Instead, Eq(6) should be replaced by a wave
However, the orthogonality defect is negligible in the gquation which includes explicitely the degrees of freedom
standard kinematics fore(e’p) reactions and" is usually  of the spectator nucleons. The Glauber metfi follows
replaced byJ, [17], which in turn is approximated by a this prescription, because the wave function of the struck
nonrelativistic expansion in powers of the inverse nucleorproton is obtained by computing the reaction matrix element
mass by means of a Foldy-Wouthuysen canonical transforfor a certain configuration of the spectator nucleons and by
mation [16]. Thus, uncertainties are introduced which de-successively averaging over all the possible configurations.

X=EcmX; (6)
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However, for exclusived,e’p) reactionswhere the specta- dynamics takes place in the transverse plane with respect to
tor nucleons are in a well-defined statehas been shown the propagation axig. On the contrary, a fully relativistic
[22] that the two methods are formally identical. Therefore,description, for example, of both the bound state and the
the use of DWIA at high proton energies, but limited to electromagnetic vertej23,9,18,23, seems to play a signifi-
exclusive proton emission, is well justifiedor a general cant role in €,e’p) processes and the different kinematical
discussion on the limits of both the DWIA and the Glauberconditions do not allow for a straightforward generalization

method in semi-inclusiveg;e’p) reactions see Ref22]). of the previous results.

The Glauber approach suggests an alternative (frayn In fact, in (p,p) reactions the angular distribution of the
now on methodB) of solving Eq.(6) by linearizing it along  scattered proton is caused by “soft” diffractive proton-
the propagation axig: nucleon interactions, assuming that rare hard collisions at

very large angles are negligible. le,€’p), on the contrary,

! angular distributions of the emitted-proton momentipm
FEZFH). (78 with respect to the direction of the momentum transfare
possible even in a complete absence of proton-nucleon re-
sidual interactions, because of the Fermi motion of the struck

V2~ 7 (7b) proton when considered in its initial bound state.
7%’ Moreover, at increasing energies the physical picture
implemented by the Glauber method describes a series of
52 J J f‘soft” resc_atte_rings betvyeen the targ_et nucleons and the pro-
(_2+p'2) :(_+ip,)(__ip,) jectile, which is approximately considered on shell. Elastic
9z 9z 9z scattering can be due to diffractive regeneration of the on-
P shell projectile flux. Also inelastic intermediate states can
=2ip’- (E_ip’), (70 play a role, but still they are considered on stigb]. In the

case of proton knockout, the energy and momentum trans-
whereb describes the degrees of freedom transverse to thfgrred tp the target can become very high and the electro_-
motion of the struck particle with momentupi. With this ma.lgnet]c hard vertex can produce a ha}dron whose nature is

approximation Eq(6) becomes quite dl_fferent from the one of a physical protor_1._l_:0r_ ex-

ample, in models of color transpareri@6] the possibility is

open for the hard production of a hadronic object whose

(i—i ,) —LV ) formation length is bigger than the nuclear size: this ejectile

Jz P X_Zip’ X is simply unable to further interact during its propagation

through the nuclear medium and transforms into an on-shell

The boundary condition is of incoming unitary flux of plane proton well outside of the nuclear surface. Also from the
waves. phenomenology of inclusive electron scattering the sugges-
tion is put forward that intermediate states with small-mass

Ill. COMPARISON BETWEEN (e,e’'p) off-shell nucleons are produced by the electromagnetic inter-

AND (p,p) SCATTERING action[27].

To describe this “exotic” behavior of the ejectile it is
ecessary to keep under control the details of its whole scat-
tering wave function. Despite the ambiguities in the optical
rE)o'[entialv at smallr (related to the limits of models for the

Before addressing the main goal of this paper, i.e., to tesﬁ
the reliability of the Glauber method in exclusive,é'p)
reactions and to deduce information on FSI by compariso

with elastic (,p) scattering, it is useful to note that methods nucleon-nucleon interaction at very short distancdbe

A andB, even if they both solve the Schiimger equation . ) . .
for the nucleon scattering wave, have been traditionally ap\—NhOIe spatial range of~ '(r, o) enters the scattering ampl

. ; . . tude of Eq.(4), or alternatively the distorted spectral density
plied to very different reactions and at dn‘ferent.energyOf Eq. (5). Instead, specific assumptions in the Glauber ap-
and to point out the conditions required to allow for a meanfﬁoach allow for the calculation (.)f the angular distributic_)n
ingful comparison for elastically sgattered protons Wl_thOl_Jt the need of knoyvlng

' all the details of the projectie wave function

Y (r)=V(r,6) [11]. Experimental results give information
on the asymptotic angular distribution of the scattered-proton

Solving the Schrdinger equation(6) for the scattering flux with respect to the incoming one, i.e., give an experi-
state implies that the dynamics is calculated in a nonrelativmental check only for theoretical calculations of the ratio
istic formalism. Relativistic effects are correctly taken into |W(r—o,8)/¥(r—,180) 2.
account only in a proper calculation of the kinematics. In the Nevertheless, the comparison with experimenta)pj
case of the application of the Glauber approach to unpolarangular distributions has been quite successful for a large
ized proton-nucleus elastic scattering, this approximatiorselection of target nucl¢il3]. While in the case of the only
does not seem to produce relevant consequeft2d3, available data for €,e'p) at high energies, taken by the
even if the energies involved would requisepriori a fully =~ NE18 collaboration[28], the application of the Glauber
relativistic treatment. This fact originates from a nontrivial model in its most straightforward form leads to an overesti-
cancellation among higher-order corrections to the lowestmation of the damping of the outgoing-proton flux at small
order theory{14] and from the observation that the relevantangles. Several interpretations have been proposed to ac-

A. Differences
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count for this discrepancj29—-32 and an analysis of the amplitude, which is expected to be small above the inelastic
intrinsic limitations of the Glauber approach has been carriedhreshold[33].

out in Ref.[22]. Here, we would like to focus on the features  As it is suggested by Ed8), the Glauber approach pre-
of the distorting potential/(r). Since the Glauber approach dicts Wecp’ as far as the proton-nucleon total cross section
itself is equivalent to the eikonal approximation of method(and, consequently, the damping of the proton ffloan be

B only for a certain class of potentials, a preliminary require-considered constant for different choicespdt=q, i.e., for
ment for any meaningful comparison is the proper choice obmall angles. We checkg84] that the same property holds,

V(r) in Eqg. (6) and Eq.(8). with a good approximation, also for methéd even below
the inelastic threshold. However, in order to reproduce the
B. Choice of the distorting potential NE18 data, a smaller proportionality factéf/p’ seems to

be required with respect to the one indicated by the Glauber
model. Various interpretations have been suggested to ex-
r’blain this discrepanc}29—-32, whose discussion is beyond

In the Glauber modeV(r) is determined in a parameter-
free way starting from the elementary free proton-nucleo

scattering amplitudes at the considered enef@¥]. In the scope of this paper. Here, we adopt the chditep’

DWIA calculations of €.e'p) in quasielastic conditions, "t with a proportionality factor such as to reproduce the NE18
has usually a Woods-Saxon form whose parameters are flxedja

by fitting the phase shifts and the analyzing power of elastlcie @, I.e.,W=50p'/1400 MeV. This choice is equivalent to

. ; X . i taining the full Glauber method, but assuming a smaller
gzg::sg&l(]p,p) scattering on the corresponding residual proton-nucleon cross section in nuclear matter than in free

: : . space.
In order to set up a potential which can be equivalently P

used with method#A andB, the energy range available to the

final proton has to be selected. The reliability of the eikonal C. Analogies

approximation is supposed to increase with increasing ejec- For the 12C(e,e’ p) !B ¢y, reaction at proton momenta in
tile energy[11], ideally in the limit wherey™) is expanded  the range &p’<4 GeVk we already checke[B4,35 that
on an infinite number of partial waves. On the other handpoth methodsA and B give quite similar angular distribu-
methodA can be considered reliable only for nucleon ener-jgng forsle/z- Particularly atp’ =4 GeVk [34] the agree-

gies such that the conditidnn,,> RiageP” IS fulfilled, with  men is impressive and suggests that the eikonal approxima-
Riarget the radius of the target nucleus. Therefore, we havgjg of Eq. (7) is reliable at these energies. A common

selected outgoing-proton momenta in the intermediate rang@ature of both methods is that at small anghegwhich
lsp's4 Ge\/jc and we have solved Eq(6) up 10 correspond to missing momena,=p’ — 4= Prorm, With
Lm_ax= 120, which mqtches the convergency criterion r€-peemi the Fermi momentum of the target nuclettse distri-
quired.V(r) has the simple Woods-Saxon form bution is qualitatively dominated by the contribution when
no FSI are taken into account, i.e., in the so-called plane-
wave impulse approximatiofPWIA). With a good approxi-

V(I =U+W) —n o~ RIa mation the total result reproduces the single-particle momen-
tum distribution of the struck proton when in its bound state
=(U+iW)p(r), (9 and an additional constant damping. After that threshold,

usually around the first diffractive minimum of the distribu-
with the parameters adjusted for th®C nucleus, i.e., tion, the situation changes completely. By schematically re-
R=1.2xA® fm anda=0.5 fm. The nuclear density(r)  writing Eq. (5) as
defined in Eq(9) is normalized such that(0)=1. No spin-

orbit contribution is taken into account because of the knock- S2,(q) ~ |PWIA+FSI2
out from thes shell of *°C.
At the nucleon momenta considered here, the elementary =|PWIA|?2+|FSI?+ 2RePWIA-FSFF), (10)

proton-nucleon scattering amplitude is dominated by inelas-

tic processes and(r) is supposed to be mostly sensitive to the qualitative picture emerges where fo§~ Prermi the re-

the imaginary well depthW [33]. However, no phenomeno- sults start becoming sensitive to the interference between
logical phase-shift analysis is available beyond the inelastipwIA and FSI and for large angle®£> pPrerm) the |FSI|?
threshold, which could constraid and W. In a previous contribution dominates producing an oscillating diffractive
paper [34] we showed that theS),, of Eq. (5) for the  pattern which is completely different from the one showed in
12C(e,e’'p) reaction atp’=gq=1.4 GeVt and in perpen- PWIA (see Fig. 3 of Ref[35]). In other words, for very large
dicular kinematics(i.e., for y#0) shows a rather clear in- values of transversg,, the process can be factorized into the
sensitivity to the sign and magnitude Of for different test  virtual-photon absorption on a free proton and the subse-
choices of U,W), but for huge valuedJ>W which are quent coherent diffractive scattering of the struck proton
forbidden by the mainly absorptive character of the protonwith the residual nucleus. Since the diffractive pattern at
nucleon amplitude at these kinematics. Our conclusion wadarge angles is reminiscent of a similar trend in the proton-
therefore, that fop’ =1 GeVk and confining to perpendicu- nucleus elastic scatterin@?2], it is quite natural to select this
lar kinematics one could safely uge=0. Our choice is not kind of kinematics and to try to deduce information on FSI
in contradiction with the Glauber model, where the ratioby comparison between the two different reactions.

U/W should equal the ratio between the real and the imagi- An expression for§,p) scattering similar to the distorted
nary parts of the average proton-nucleon forward-scatteringpectral density of Eq5) can be written as
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DD
S (q) o~ EI T T T ‘ T T T LA T 1 171 T g
2 2 1 1
c =1 |
E‘Z J drdO-X?(r’a-)¢Ea(r10)¢Ea(r10)Xl(r10-) 2 10—2? _§
Ea S 10 & E
2 fg 10 :4%— 4
=| | drdoxf (r,0)p(Nxi(r,0)| , (11 S 10 E
B(/) 10 < =
wherey; ,xs are the distorted wave functions for the incom- -l ig 75 :
ing and outgoing proton flux, respectively, and the sum runs m> 10 87
over all the possible discrete statés, with energyE and 10 9 E
guantum numbers, that the intermediate proton can form 10-1o§ E
with the target. The(r) is, in principle, the diagonal part of 1041? T

the density matrix; in practice, it is approximated by the 1 2 3 4 5

nuclear density of the target. Equati¢hl) is the simplest P (fmM™")

expression that can be conceived to build the cross section

for (p,p) scattering. Many other corrections have been pre- FIG. 1. The solid line represents the distorted spectral density

sented in the literaturgl3], which would correspond to fur- S, in the eikonal approximation for th&C(e,e’p)*'B,, reac-

ther improvements in the treatment of FSI in E§), and tion at p’=g=4 GeVk for various values of transverse missing

therefore are disregarded. momentum and for a purely imaginary optical potential with depth

Assuming the validity of the eikonal approximation, the W=50p"/p, MeV, with p,=1.4 GeVt. The bound state is derived

dens|typ(r) becomes propor“onal to the potenMr) en- from the pOtential of Comfort and Kal[[ﬂl] The Short'dashed .Iine

tering Eq.(8), whose solutions; , x; are shovys the result when the furthe_r approximation of Et_ﬁ) is
applied(see text The long-dashed line refers to the transition prob-
ability SPP of Eq. (13) (see text for the 1B (p,p) By, reac-

Xi(r):eipi.reXF( sz o(r, ,Zi')dz{), tion in the same kinematics.

(=

with large values of transverse missing momenta

. +oo o Pm=p’ —q. In Fig. 1 theSPP of Eq. (13) is shown by the
xi(r)=e'Pr eXF(CL p(r.,z;)dz |, (12)  long-dashed curve for théB,(p,p) reaction atp;=4
GeVic.

whereC is a constant factor relating(r) to p(r) andr, By applying the same eik,onal approximation to the dis-
describes the degrees of freedom in the transverse plane witA't€d spectral density for(e’p), Eq. (5) becomes
respect to the propagation axs,z; , which are taken par-
allel to the momentap; ,p; of the incoming and outgoing gP (g)= fdnﬁ 1/2(r)e—i(p’—q>~r
protons, respectively. su/2 s

Since at high proton momenta the angular deviation from N
the initial trajectory is usually small, the integrals in Efj2) “ N4
can be computed in the average directon=(z/ +z{)/2. XeXF{CJZ p(r,,2")dz )
Therefore, Eq(11) becomes

2

2

2 Ewasm(r)eipm'fexp(CL wp<ri,z'>dz')

SPP(qg)= f drp(r)e‘(pf”i)"exp{ (_‘,J:rmp(rL ,z’)dz’)

Efdrp(r)e"’m'rexp(crmp(g,z’)dz’)

(15

The first difference between E¢l5) and Eq.(13) is thez
' dependence of the integral involving the optical potential. If
in Eqg. (15) p,, is chosen to be perpendicularzpthe Fourier
(13 transform will be largely unaffected by tteedependence of
the integral andD,, can be approximated by

2

2

: C(+=
Slelz(CI)zU df(ﬁsl/z(f)e_'pm'reXF(Ef_ P(U,Z’)dz’)

which produces the same results of the Glauber standard e
(14 (16)

pression11]
+ oo
1—exp(Cf p(I’L,Z')dZ') .
In Fig. 1 the solid and short-dashed curves representlsy.

Here,p,,=p;— p; represents the difference between the finaland Eq. (16) for the C(e,e’p)''Bg, reaction at
and initial momenta of the proton, respectively, and is perp’'=q=4 GeVk, respectively. The similarity of the two
pendicular to the average propagation atisThus confirm-  curves confirms the insensitivity to the longitudinal position
ing the previous qualitative findings, a meaningful compari-of the knockout point. It must be stressed that this is jus-
son with the g,e’p) case is possible only for kinematics tified only for p,,Lz. Assuming that at high energies and

f dbe~Pm'b
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FIG. 2. The distorted spectral densitgl, for the FIG. 3. The distorted spectral densitgs, for the
12C(e,e’ p) By, reaction in the same kinematical conditions as in °C(e,e’p) 1B, reaction in the same kinematical conditions as in
Fig. 1. The dashed line corresponds to the solid line in Fig. 1. The=ig. 1, but with a variable imaginary depth of the optical poten-
upper (at y~6° solid lines are obtained when reducing the well tial. The dashed line is obtained wit/=150 MeV, which corre-
radius of the optical potential by 17% and 8%; the lower one whersponds approximately to the solid line in Fig. 1. The upper and
increasing it by 8%. lower (at y=0° solid lines correspond t@V=100 and 200 MeV,

respectively.

momenta thes, , is less sensitive to the details of the bound

state ¢, and is dominated by the exponential factors, athis purpose. From previous comments, it could be equally
very close similarity can be recovered between @) and  convenient to analyze the angular distribution for completely
Eq. (16). The corresponding long- and short-dashed curvegxclusive reactions, because FSI can significantly “distort”
in Fig. 1 show, after the threshold of the first diffractive the PWIA result. Moreover, from the comparison with the
minimun where the|FSI|? contribution in Eq.(10) starts diffractive tail of the corresponding elastip,{p) distribution
dominating, the same universal angular pattern, thus corfurther insight into the reaction mechanism of tteard
firming the previous assumption on the FSI dominance aglectromagnetic vertex could be gained.

large energies.

The situation can be summarized as,follows. In the ab- IV. PROPERTIES OF ESI
sence of exotic effects, the FSI for the,¢’p) reaction be- FOR LARGE-ANGLE DISTRIBUTIONS
come dominant approximately beyond deflection angtes _ o
such that the missing momentusy exceeds th@ge,m of the It has already been observed that in the angular distribu-

target nucleus. The angular distribution for large values otion for (e,e’p) scattering a special role is played by the
transversep,, is completely different from the PWIA result Premi Of the target nucleus. In fact, for angles corresponding
and shows the same universal diffractive pattern of the disto transverse missing momenta larger tipag, the relation
tribution of protons elastically scattered by the same residudfSE>PWIA holds and the shape of the curve is determined
nucleus and at the same energy and momentum. by the rescatterings of the hit hadron.

Therefore, since no information was put inside the matrix In Fig. 2 the SJ,, is shown by the dashed line for the
elements of Eq(15) about the interaction vertex, any devia- *°C(e,e’p)''B, reaction atp’=q=4 GeVkt with the
tion from the previous picture has to be ascribed to the debound state taken from the solution of the Woods-Saxon
tails of the (hard virtual-photon absorption in nuclear me- potential of Comfort and Karp21] and with the optical po-
dium and to the modifications that can induce on the struclential described in Sec. Il B. The solid curves are produced
hadron. For example, it has been argui8é] for (e,e’p) by varying the well radiuR of the optical potential. The
that, because of inelastic corrections, at increasing energy @mall-angle part of the distributiofaround the first mini-
rise of the nuclear transparency is to be expected, that woulshum and following secondary maximum, i.e., for
be hardly distinguishable from effects like color transpar-p,=2pgemi» Which is aroundy=6° for p’' =4 GeVk) is
ency. Since this kind of inelastic corrections is one of thenot very much affected, while the large-angle diffractive pat-
higher-order ingredients adopted to improve thgn) elastic  tern is significantly modified both in the size and in the fre-
cross section of Eq11) [25], the comparison between the quency of the secondary maxima. On the contrary, no sig-
two reactions in the kinematics specified above could be ofificant change is observed when keeping everything fixed
much help. In general, the signature of any possible colobut the imaginary deptWV in Eq. (9), as is evident from Fig.
transparency phenomenon in haejd’p) scattering is that 3. Assuming that the residual nucleus can be represented, in
the nuclear response should look more similar to the PWIAa simplified picture, as a “nuclear lens,” from Fig. 2 it can
result. The traditional strategy has been so far to search fdye deduced that modifying the size of the lens changes the
variations of the nuclear damping in the outgoing-protondiffractive shape of the beam of particles scattered at large
flux, particularly at small missing momenfa8]. However, angles. However, the average slope, which can be identified
very precise and unambiguous results must be obtained s the tangent to the distribution in the secondary maxima, is



54 ANGULAR DISTRIBUTIONS FOR KNOCKOUT AND ... 3123

between the directiop,, and the nuclear surface. The dif-
fractive pattern can, therefore, be interpreted as the quantum
interference between the fluxes emerging from these two re-
gions. In fact, from Fig. 2 it turns out that the finer details of
the oscillations in momentum space are sensitive to the
nuclear sizeR, or equivalently to the relative distance be-
tween the two regions, which is much bigger than their size
a.

LN L L L L L L B L O
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From this picture the findings in Ref37] are confirmed
that, by a suitable modification &,a in the optical potential
in a way compatible with the constraints dictated by phase-
10° shift analysis, most details of final-state rescattering in
Y R A A WA WA R B (e,e'p) at large angles can be effectively reproduced by a
2 4 6 8 10 12 14 mean-field optical model.

¥ (deg) Finally, it must be stressed that for all these results it is

_ 5 crucial that the residual nucleus be in a well-defined state.
. FIG. 4 The distorted spectral densityg;, for the  Only in this case its internal structure can be coherently
%C(e,e' p) 1By, reaction in the same kinematical conditions as in tested by the ejectile. Energy-integrated distributidiitee
Fig. 1. The dashed line corresponds to the solid line in Fig. 1. Thesemi-inclusive é,e'p) reactiong22,30,39) can test by defi-

lower (at y~ 10°) solid line is obtained when reducing the diffuse- nition only the average behavior of the emitted proton, thus
ness of the optical potential by 50%; the upper one when increasin%ading to very different angular shapes '
it by 50%. .

<o

not modified. Moreover, a regular oscillatory pattern is due

to interference among the fluxes of particles scattered by a

discrete(periodica) structure of scatterers, typically point- V. CONCLUSIONS

like sources or a lattice. Diffraction from a continuous struc- It has been shown elsewherf84,35 that for the

ture would cause a distribution with a single central max"lzC(e,e’p)”le,z reaction at proton momenta<lp’<4

p | : e
follows betwean the sructLre of Scatierers and the nucleorEEV (feIeVant (0 the planned experimens at CEBARe
- ) . . . eikonal approximation to the scattering wave of the ejectile
inside the residual nucleus. But in the formalism leading to

Eq. (5) there is no signature of the many-body aspect of th roduces angular distributions very similar to the ones ob-
g . 10 Sig : y-body asp ained when the complete second-order differential equation
residual interaction. The optical model is, in fact, a mean-

. T . is solved up to 120 partial waves. Assuming this approxima-
f|eld. apprOX|m6}t|on to the problem of FSI with smoothly tion as a reliable one, it has been here demonstrated that the
varying properties.

However, the diffusenessof the Woods-Saxon welkee large-angle part of this distribution and the corresponding

Eqg. (9)] is the only parameter that introduces into the prob-One for MBS”Z(p’p)MB.Sl’Z elastic scattering have a univer-
Ien.1 a dimensional length of the order of the nucleon SiZesal feature corresponding to a coherent diffractive scattering

which is in turn very similar to the range of nucleon-nucleon?! the outgoing proton from th&'B gy, excited nucleus. This

correlations. Inspection of Fig. 4 Whefﬁ@l is calculated in is due to the dominance of FSI in this kinematical region.
- Nsp ' FIg- 4, 12 ) Because of the nontrivial differences between the two reac-
the same conditions as in Fig. 2, shows that varyangot

| dif he si b | h | ¢ htions, the comparison is meaningful only for missing mo-
only modifies the size, but also the average slope of tg,ani, \ith a large transverse component with respect to the

angular distribution. The dashed line here corresponds to thr‘ﬁomentum transfeq. With these constraints, it is argued

dashed line in Fig. 2. It is evident that Iarge-gngle emission%at it may represent a more convenient tool to disentangle
are Iargely_affected by the nucleon-nucleon interactions takéffects due to thénard electromagnetic vertex frofexotic
ing place in the nuclear surface. Also the short-distanc

fruct f the int | | di o tant. b Sffects related to the propagation of the struck hadron
S ru(i‘lurelo en ;ahrna nL:c ear rtne. Ium 1S :)mpor an_d uAhrough the nuclear medium. While the small-angle part of
small VOIUMES In thé nuclear interor can bé CONSIAereqy,, yisyinytion is affected mainly by the single-particle mo-

rough_ly isotropic and una_lble to select a preferred .dire(.;tioqnentum distribution of the emitted proton when in its bound
(as it is usually assumed in the local-density approximation state (already accessible in PW)A the large-angle part

. _By combining the previous observations abOL_‘t the S€NSlshows a marked sensitivity to the dimensional parameters of
tivity of the results toR anda, we can deduce first that a

- : . . the well of the residual potential, particularly to its surface
small spatial region of siza on the nuclear surface is re-

ible for th I f the | e distrib thickness which is related to the dimensional scale of the
sponsible for the overall feature of the large-angle distribUsp it range nucleon-nucleon interaction.

tion in momentum space. Second, in E@3) the surface

oscillations ofp(r) produce high-frequency components in

momentum space, among which only those closptare ACKNOWLEDGMENTS
emphasized in the Fourier transform. This corresponds to
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