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Systematic study of Coulomb distortion effects in exclusivée,e’p) reactions
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A technique to deal with Coulomb electron distortions in the analysisegd’) reactions is presented.
Thereby, no approximations are made. The suggested technique relies on a partial-wave expansion of the
electron wave functions and a multipole decomposition of the electron and nuclear current in momentum
space. In that way, we succeed in keeping the computational times within reasonable limits. This theoretical
framework is used to calculate the quasielasée(p) reduced cross sections for proton knockout from the
valence shells if%0, 4°Ca, °°Zr, and 2°%b. The final-state interaction of the ejected proton with the residual
nucleus is treated within an optical potential model. The role of electron distortion on the extracted spectro-
scopic factors is discussef50556-28187)03604-2

PACS numbgs): 25.30.Fj, 21.10.Jx, 21.60.Jz, 24.10.Eq

[. INTRODUCTION mental point of view, the CERES meth@8l] was developed
in an attempt to obtain absolute occupation numbers from
For a long time it has been recognized that the exclusivexperimental data. The model uses only relative spectro-
(e,e’N) reaction in the quasielastiQE) region is a power- scopic factors and allows us to account, in an approximate
ful tool for studying the single-particle motion inside the Way, for the strengths at high missing energies, not acces-
nucleus, and is a testing ground for the different availablesible for experiment. With this method, theB2 occupation
nuclear models. One of the principal interests in the excluumber in?*Pb is found to be 1.57(10).
sive (e,e’N) reaction is to extract the nucleon spectral func- Although the advantages of the quasielasé@(N) pro-
tion P(|5,E) from the cross section. This spectral function cess to study spectroscopic factors are widely recognized, the

be | d he ioi bability of . extraction of these factors from experiment is still not free of
can be interpreted as the joint probability of removing aambiguities. For example, depending on the model used in

nucleon with momentunp from the target nucleus and to the analysis of thé°®Ph(e,e’p) reaction, the spectroscopic
find the residual system at an excitation enegyRelated to  factor for the transition to the ground state /Tl (3s1/2
these spectral functions, spectroscopic factors, and occuppele) varies from 0.409] to 0.71[10]. A reliable determi-
tion numbers are often studied. They are a measure for theation of spectroscopic factors requires an accurate knowl-
validity of the independent particle mod@PM). The spec- edge of the ¢,e’N) reaction mechanismphotoabsorption
troscopic factorS,j(E) gives theprobability of reaching  mechanism, final-state interactiofFSl) of the ejected
the single-particle state specified by the quantum numbensucleon with the residual nuclepand the exact treatment of
nljm in the residual nucleus at an excitation enefgyThe  the Coulomb distortion of the scattered electrons, especially
occupation numbeN,;, gives the number of nucleons in for heavy nuclei.
the single-particle stataljm in the target nucleus and in- In this paper we present results from systematic calcula-
volves an integration of the spectroscopic factors over theions of (g,e’p) cross sections for a number of even-even
complete excitation energy randg]. In the IPM the states target nuclei and various kinematical conditions and confront
above(undej the Fermi level are completely emptfilled)  them with data taken at NIKHEF. The extracted spectro-
and the total holgparticle strength is situated at a fixed scopic factors are compared with the corresponding values
single-particle energy. The deviation from futho) occu-  deduced within other theoretical approach&8—13. Much
pancy for the orbits belowabove the Fermi level is a mea- attention is paid to the effect of electron distortion on the
sure for correlations neglected in this mean-field approach.calculated cross section. It is pointed out that, especially for
The occupation probabilities in even-even nuclei havescattering off heavy nuclei, an exact treatment of these ef-
been calculated within several theoretical frameworks. Mosfects is highly needed in order to reproduce the shape of the
models go beyond the mean-field approach and partially aaneasured cross sections and, consequently, to obtain reliable
count for short- and/or long-range nucleon-nucleon correlaspectroscopic factors.
tions [1—6]. Occupation probabilities for the single-particle  This paper is organized as follows. In Sec. Il the theoret-
states which considerably deviate from the IPM value werdcal formalism for the €,e’N) reaction is outlined. The deri-
obtained. Moreover, it is demonstrated that the singlevation of the cross section is divided in two subsections
particle hole strength is fragmented over a broad range afeating the electron and the nuclear aspect of the’(N)
energy. In particular, occupation numbers for the protorreaction. The technical details are dealt with in the Appen-
3s1/2 orbit in ®Pb have been calculated varying from dix. The numerical details of the adopted approach are dis-
1.42[3] to 1.66[7] pointing towards a strong depletion of cussed in Sec. Ill. The formalism is applied to electroinduced
this hole state in the ground state @¥Pb. From an experi- one-proton knockout reactions from a number of medium-
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heavy target nuclei in Sec. IV. Finally, some conclusions are z
drawn in Sec. V.

II. FORMALISM

A. Cross section

In this paper we describe the process in which an electron
with four momentumk(e,IZ) and spin polarizatiormSk is

scattered from a target nucleus at rest with a rest mass
M, . The detected electron is characterized by its four mo-

mentumk’(e’,k’) and spin polarizationmsk,. The energy

transfer to the nucleus=e— €' is supposed to be sufficient
to eject a nucleoN (proton or neutropwith four momen-

tum pN(EN,ﬁN) and spin projection’nSN out of the target T
nucleus leaving the residual nucleus with four momentum

ps(Eg ,|5B). The differential cross section and the Feynman
amplitudem;; for this process are related as

d*o T E 5 25 s
de/dQedQNdEN_(zﬂ_)SE |pN| Ni,f |mfi| (w N

—E,—EN—Egt+Myt+Mgp). (1)

Throughout this paper we adopt natural and unrationalized FIG. 1. Kinematics for the,e’N) reaction in the CDWBA.
Gaussian ¢=e?) units. In this relationSy stands for the

separation energy of a nucleon out of the target nucleus and The Feynman amplituden;; can further be rewritten as
E, denotes the excitation energy of the residual nucleus. Thtsllows:
rest masses of the ejected nucleon and the residual nucleus

are given byMy and Mg. The anglesQ¢(6.,¢,) and

_ . 1[0 -1 . .

Qn(On,¢n) specify the scattered electron and ejected mﬁzﬁf dq{ —(felpel =D i){fal pruc(@in)
nucleon with respect to the chosen reference frame. At this |l
point this reference frame is not further specified. The sum 1
2, implies a summation over all final statéslectron and t = (—1)"q<fe|‘]e|‘)\q(—ﬁ)|ie)
nucleaj and an average over the initial staiefectron and w—=|q[*+in[r==1
nucleaj. We only have to sum over these final states which
satisfy the energy conservation relation. X(Fnl Inuct (A } : ©)

In the Born approximation the transition amplitudg; {folJruel M ”

can be written in terms of matrix elements of the electron

J¢ and nucleady,, charge-current four vector in momentum The spherical components of the electron and nuclear current

space in the following way: operators are taken with respect to the rotating reference
frame q,Yq,2q) [Fig. 1 (@)]. In this way the third compo-
nent of the current operator is directly related to the charge
operator through the charge-current conservation relation.

1 . 1 .
M=~ ZWZJ dqu_ la|2+i n% {feldar,.(—alie) B. The leptonic part
In this section we elaborate on the electron matrix ele-
ment(fe|Je|’#(—ﬁ)|ie> in the expression for the Feynman
amplitude. The relativistic electron charge-current operator
in coordinate space reads

X(F ol I e D) ). 2

The initial and final electron states are denoted|iy and
|fe>_. The target nucleus an(_j final nuclear state consisting of a ng( M=— e@,eT(;)@,e( r,

residual nucleus and an ejected nucleon are represented by R e (4)
|in> and|fn>- Jel(r):—e\PeT(r)al[/e(r),
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with We(r) the electron field operator in coordinate space. ASsuming a central potentiad=V(r), the electron wave
The initial and final electron wave functions are defined acfunctions are evaluated by a phase shift analysis based on a
cording to partial-wave expansion. Indeed, the Dirac Hamiltonian

[A=a-k+V(r)] commutes with the angular momentum
operatorsJ? and J, and with the operatoK = 8{c- L +1}

S e : _ A
(rlig=W(r), (3 put not with the orbital momentum operafof. As such, we
derived a complete set of operators with common eigenfunc-

tions represented b¥<,(r):

(rlfe =), (6)
and stand for four-dimensional Dirac spinors. They are solu- HW L m(r) = eWim(r),
tions of the stationary electron Dirac equation jz‘l’ijm(F):j(j + 1)‘I’ijm(F)a 10
[a-(—iV)+Bmet VIWE, (N=eVE, (1), (7) D) =m0,
a-(—1 = =eV¥; , ~ ~ > ~ >
€ kmsk kmsk K\I’ijm(r): - K\Pijm(r).
wh_ereme is th_e rest mass 01_‘ _the electron avids the scat-  \ne can construct the partial WaVEéijm(F) as
tering potential. The additional quantum numbmiSk
uniquely determines the electron wave function. . -
Dealing with high-energy electrons the electron mass can ~ ~ .- [Gi (/T INTA QL ,0)
be neglected with respect to its total energy and the Dirac ~ Vijm(r) =¥ jm(r)= i[Fe (AT (O, o) 11
equation can be written down in the ultrarelativistic limit 1 T2t
(e=|K|). In the Dirac-Pauli representation for theand 3 i
matrices and in the absence of an external poteMtighe wit
solutions of Eq(7) are given by
I=j—1/2, if k=—(j+1/2),
L X220y I=j+1/2, if k=j+1/2.
> N e Sk oo
Ve o (r)=ugkmg)eT=—f . . elkr, _
s T V2 (o k)/|k|Xrlr/|52k(Qk) We introduce the common notatidn
)
The spinorsy,,“ () can be expressed in terms of the Pauli o (12)
S —il oy —isl
spinors and the matrix elements of the Wigr@? matrix, I=j—2=l=j+2.
ie., _
The spherical spin-orbit eigenspind#)(Q, ,o) is defined
in the following way:
X ()= 2 X @)D, (91,60 (9
A Q0= 2 (I 1/2mgljm) Y i (20) xmd( ).
The angles), = (6, ¢\) specify the momenturk with re- e (13)

spect to the chosen reference framey(z). The Wigner

112 : -
D™(Ry) matrix represents the rotation of the referencegych partial wave11) can be easily proved to satisfy the
frame &y,2) over the Euler angle® = (¢x.0.0) in the  gigenvalue equationd0) under the condition that the radial
basis spanned by the eigenvectors of the operdbrand  electron wave function§{; (r) and F{;(r) are solutions of
S,. the following second-order differential equations:

(d?/dr®)Gf; (r)+[(dV(r)/dr)/[E~V(r)]](d/dr)Gf(r)
H{E=V()]?=[x(k+1)/r?]+ («/r)[(dV(r)/dn)/[E=V(r)]]}Gf(r)=0,

(d27dr?)F{S (r)+[(dV(r)/dr)/[E—V(r)]](d/dr)Ff(r)
H{E=V()]1?=[x(k—1)/r?]= («/1)[(dV(r)/d)/(E—=V(r)]}Ff(r)=0.

(14
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For each partial wavlj the second-order differential equa- At this point only the scattering potentil remains to be
tion for G (r) has to be solved numerically. For the regular specified. In general the central Coulomb scattering potential

i -
solutions one imposes the following boundary conditions: generated by protons is given by

limGf(r)=0, 1 .
r—0 V(r)=—47-rZaFJ p(r’)r’zdr’—47-rZaJ p(r’)r'dr’,
0 r
o d (23
lim—Gfi(r)=0, for|>0, (15
rodr Y

with p(r) the nuclear charge density normalized according to
and one obtains the corresponding solution f{'-)ﬁ(r) 47 fp(r)r2dr=1. In the forthcoming discussion we have

through the relation taken this charge density to correspond with a homogeneous
_ spherical charge distribution & protons within the nuclear
Gﬁ(r)=(l—I)Fﬁ(r). (16)  radiusR.

By switching off the scattering potenti&l one can easily

The asymptotic behavior of the radial electron wave func-Verify that the solution(21) coincides with the free electron
tions for Coulomb potential scattering are given byWave function(8) since the differential equatiori$4) reduce

(k=|K|) to the differential equations for the spherical Bessel func-

a tions. In this way a sensitive testing case for our numerical
L SiMKr— /24 880 _ 1ok approach is found. . .

lim G5 (r)=(1—1 )sw{ r— lj 7in(2kr)] , We want to stress that the problem of Coulomb distortion

foso k of the initial and final electron in the electron scattering pro-

(17 cess is solved to all orders. Earlier work in this field by Boffi
et al. [11] handled the electron distortion in an approximate

sir[kr—ﬁr/2+ 5‘?—'_6“"”_ 7in(2kr)] way through a high-energy expansion of the electron wave
limFf(r)=— k] functions combined with an expansion in power<Zef. The
r— DWEEPY code[11] used in the analysis of the NIKHEF data

(18 adopts this approximate treatment of electron distortion. To
e c(tot) , __lowest order inZa it was proved that electron distortion
The phase shifsy; reflects the influence of the scattering offects could be approximated by an effective momentum

potentialV. It consists of two parts, i.e., the Coulomb phaseapproachEMA). This means that the plane wave in E8)
shift of and an additional phase shiff;“. For a Coulomb  has to be replaced by

potential generated by the protons in the nucleus, the Cou-
lomb phase shift is defined according tp= —Ze?)

. keff ot -
iker - Aik®Mr
ot=arg (1+1+i7). (19 7% E @49
Due to the fact that the scattering potendalis spin inde- ith
pendent, one can easily verify that the total phase shift is wit
independent, i.e.,
. 3Za) -
5je,e(tot): 5Iej,e(tot): 5?_,]_5('[00 . (20) Kkeff= ( k+ ﬁ) €. (25

. . g(i) -y .
Finally, the electron wave functlowkmSk(r) is expanded Clearly this approach is very easy to handle and worth com-

in terms of the partial wave?/fjm(F) paring with the complete distor.ted wave approach so that its
degree of accuracy can be estimated.

Ve ()= as v (). (21)
S fjm 1m C. The nuclear part
In a previous pap€rl4], we have shown that at low val-
ues of the missing momentum, meson-exchange currents
(MEC) and long-range effects only slightly affect the calcu-
lated (e,e’'p) cross section. As we will restrict ourselves to

The initial and final electron wave functions have to satisfy
the outgoing () and incoming ) boundary conditions,
respectively. Knowing the asymptotic behavior of the radial

. .. emg (*) .
electron wave functions, the coeff|C|era§Jmk are fixed QE (e,e’p) reactions at low missing momenta only the one-
by body part of the nuclear four current is retained. Hereby we
adopt the operator as dictated in the nonrelativistic impulse
+ 4 - ee(tot) — approximation:
a =¥ DY (R—=i'e T (1= )Y, (24 PP
Ijim Mg, s s \/E |
r= eGL(r,w)8(r—r,), 26
(i /2mjm. 22 prucl()= 2, eGe(r,@)a(r—ry) (26)
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o eGiE(F,w) o L state is Qenotgd bt,. The particle—hole state in the coupled
(D= > —oy LVid(r=r)+8(r=r)vi] scheme is defined according to
i=1---A i
eGy(rho) . . . . C;0IM)= 2 (jn=mpim|IM)(— 1)~ ™ ph~(w)),
———8(r—r)VXai|. fpm

This nuclear charge-current four vector refers\tmoninter-  wijith the uncoupled particle-hole state defined as
acting pointlike nucleons with madd;. To correct for the

finite extent of the nucleons, the Sachs electromagnetic form- Iph™ (w))=c, (€p)Chlin), (29
factorsGg andGy, are introduced.

As for the electron wave functions, the final nuclear waveand w=e,—¢€,. The operatorsc™ and ¢ denote single-
function is determined through a phase shift analysis after aparticle creation and annihilation operators. The radial wave
expansion in partial waves. The final nuclear state is taken téunctions for the bound hole states are solutions of the
be a linear combination of one-particle—one-hole excitationsSchralinger equation with a Hartree-Fock potential gener-
|C;wIM) out of the A-particle ground statdi,) with  ated with an effective interaction of the Skyrme ty(SkxE2
C={h,p}. The hole staté is characterized by the quantum [15]. The continuum particle states are evaluated within an
numbersn;,,ly,,in, and energye,. The continuum particle optical potential model(OPM) [11]. The physical radial
state is specified by the quantum numbprs(l,j) and the wave functions are regular in the origin and behave asymp-
energye,=Ey—My . The isospin nature of the particle-hole totically (r—) according to

== 2un Sin(kpr_|7T/2_ 7]|n2kpr+5lr}x€p(tot))

¢p(r) - , €p>0 ,
mKp r (29)
r—oo
¢h(r) — O, eh<0,
|
where 7 and the momenturk,=|k,| stand for D. The Feynman amplitude
5 As the initial and final electron wave function and the
Ko=2une€p final nuclear state are expanded in partial waves, it is com-

mon to decompose the electron and nuclear charge-current
with uny=My(A—1)/A the reduced mass of the nucleon,  operators in the Coulomb, electric, and magnetic multipole

(30 operators of rankiM (q=1q):

(Z=1Dapy 1 . . N
Tk Tﬁ'M<q>=af dry x[j5(an Vs, (20)1-3(0),
P

The complex phase shifts caused by the nuclear and Cou- ma - M - o
lomb part of the optical potential are denoted Jiﬂfp and TJMg(q):j drjy(ar) Yy, () - 3(r),
ol (5;}’6p(t0t)= 5:}'6"-!- al).

Given the asymptotic behavior for the radial single- v coul :f > Y (O > 2
particle wave functions and imposing that the ejected wm (@) drja(anYam(Q)e(r), (32

nucleon wave function satisfies the incoming boundary con-

ditions, the final nuclear staté,) is given by with the vector spherical harmonics defined according to
N WM L(Q)= > (LMUINIMYY y (Q)e (33)
fo)= 47i' \| =——(jpmpjm|IM ALY L LM, A
|f0) |i%n| % ™ 2MNkp<Jh him[IM) AN

ande,(A=0,+1) the standard spherical unit vectors corre-
sponding with the unit vectorsé( ,éy ,éz) in the (X,y,2) ref-
X|(Inin.1j); @I M). (31  erence frgméFig. 1(a)].

Accordingly, in momentum space the charge-current op-
In order to derive this expression the target nucleus is conerators can be written as
sidered to be a spherical nucleus in #ife=0" ground state.
In addition, the residual nucleus is described by a pure hole o\ LIy * coul
stateh with respect to this target nucleus groun)é stgte. p(q)_47TJ2M Y ou o) Mol a),

1 ) 7i6n,ep(tot) %
X(Im; z mg[jm)e"; Yim, (2n)
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ELECTRON PART NUCLEAR PART

Ri’?‘llj"’ (6’ el; q) 1/2 < jl < jl,max
?j1j2(6’ 5l§ q) 0 <L < Lpax

RIZ;%2(€7 € q) Gmin < ¢ < gmax

Leou(C;quwl)
La(C;qwl) 0< L < Liax
‘Cmag(C; qu) Grain < ¢ < Gmax

FIG. 2. Schematic representation of the
CDWBA approach for the exclusiveefe’p)
Cross section.

integral over ¢
sum over L and j,

4

CDWBA
mg;

R Jar—el na : proach is that the momentum dependence of the nucleon
(@)=~ \/%JEM PI[TIw(A@) FATIRA ) 1D (Rg) form factors can be handled exactly.
- (34) Here we will solely calculate the unpolarize&, ¢’ N)
cross sectiorfl) so we need to evaluate

> > mglA (36)

mg Mg , Mgm
S s’ | Blsy

with J=2J+1 and the Euler angleR,=(¢q,0y,— bq) -
defined in Fig. 1a). > Imgi|2=
It is well known that when neglecting electron distortion nf
effects, the differentiald€,e’N) cross section can be written
in terms of four structure functions containing all the nuclearThe summation over the initial and final states involves a
information_ In SUCh a distorted wave born approximationsum over the |n|t|a| and ﬁnal e|eCtI’0n p0|al’izati0ns a.nd a
(DWBA) approach each structure function is multiplied with SUm over the polarizations of the recoiling nucleus and the
an analytical factor containing the leptonic information. This€jected nucleon. In the appendix this Feynman amplitude is
is no longer valid in the Coulomb distorted wave born ap-further worked out. Summarizing from the appendix, one can
proximation(CDWBA) approach as the electron part can nostate that the calculation of the,e'N) cross section is re-
|0nger be Separated from the nuclear part_ Consequenﬂyj,UCEd to the evaluation of a |arge number of |ept0niC radial
when accounting for Coulomb distortion effects one has tdntegralsRy; ,(€,€’;q) and a set of reduced transition ma-
perform a multipole expansion for both the electron andtrix elementsZ(C;gwJ) containing all nuclear information.
nuclear charge-current operators. We stress that the technique developed here can be easily
Combining Egs.(3) and (34) and applying some basic extended to polarization processes.
properties of the WigneDJ(R%) matrices the Feynman am-

N| =

plitude my; reads asd,q“=w*—q°) IIl. NUMERICAL PROCEDURE
(4m)3 (= _ In order to derive the exclusivee(e’p) cross sectiorfl)
mfi:L% (—1)ML—3(217) 0 dq| (fl E’&i“tq)lle) in the CDWBA we need to evaluate the Feynman amplitude
- m;; discussed in the previous section and the appendix. The
o coul _ q° o ma ) numerical procedure is schematically sketched in Fig. 2.
X(Fo M (@)]in) = m{“eWL’MﬂQ)“& From a numerical point of view the evaluation of this tran-
® sition amplitude is cumbersome as it involves an integration
x(fn|T’L"l“ﬁgL(q)|in>+<fe|TE',\j'L(q)|ie> over the completey range and two infinite sums, i.e., the

sum over the different multipolaritids in the multipole ex-
pansion of the leptonic and hadronic current and the sum
over the angular momentuim originating from the partial-
wave expansion of the scattered electron state. Angular mo-
The superscripeé andn refer to the electron and the nuclear mentum selection rules make sure that the other summations
multipole operators. We have deliberately chosen to workn the equation$A3) and(A10) have a finite range for fixed
out the leptonic and nuclear matrix elements in momentunvalues ofj; andL.

space. Earlier electron distortion calculations by éiral. When accounting for electron distortion effects, the inte-
[10] and Udaset al.[12] evaluate the transition matrix ele- grandum in the integral ovey peaks at the effective momen-
ments in coordinate space. In order to make their calculagym transferqeff:“Zeff_ |2'eff|_ As the EMA is only an ap-
tions feasible the nucleon form factors are evaluated at thgroximation of electron distortion effects the integrandum is
asymptotic valueﬁz k—K'. The major advantage of our ap- spread around this value and the integratiog Bpace has to

X(Fal TR (@i} . (39
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be performed in an intervalgmin,dmax] around g It is constant*q—w kinematicsthe energy-momentum transfer is
worth noting that in the absence of electron distortion efkept fixed and the proton angular distribution is measured.
fects, the integral oveq vanishes and the standard DWBA The missing momentum is defined positive when the ejected
expressions are retained. The integrandum then reduces tgpeoton lies in the half plane of the initial electron momentum
6 function representing the momentum conservation relatiomnd bordered by the momentum transfer. In the other half
q=|k—k'|. plane the missing momentum is negative.

The finite extent of the nucleus puts a constraint on the Most of the experimental data are presented in terms of
number of multipolarities. which have to be retained in the the reduced cross section extracted from the measured cross
multipole expansion of the nuclear current given in Bf).  section in the following way Bm=Pml. Pp=1Pp):

In the calculations we systematically observe convergence A
when including multipolarities up td ,,~29R, whereR ( E )= d*o
denotes the radius of the considered target nucleus. In a simi- Pm(PmEx PpEpTep de’'dQ.dQdE,
lar way the number of electron partial waves which contrib-

ute to the €,e’'p) cross section, is restricted by an upperWith oe, the off-shell electron-proton cross section. We

limit j, max It can be easily verified that the electron partial Stress that only in the plane-wave impulse approximation

wavesG;(r) andF(r) corresponding with large values for (PWIA) the reduced cross section coincides with the nucleon
lj are negligible for values af within the nucleus range. For SPectral functionP(p,,E,), i.e., the probability to eject a

that reason, these electrons can cause no nuclear transitiofé\cleon with momentunp,,, from the target nucleus while
Consequently, to a required accuracy, only a finite number ofaving the residual nucleus at an excitation endfgy As
the electron partial waves contributes to the electron scattef00n as the FSI, electron distortion, and many-body nuclear
ing cross section. The number of electron partial waves accurrent effects come into play this quantity can no longer be
tually contributing to the cross section depends also on théterpreted as the nucleon spectral function. In comparing
electron energy. The higher the electron energy the mor@Ur (e.e’p) results with the available data we have divided
partial waves will be required. The numerical evaluation ofthe calculated cross sections with tbel prescription[16]
the (e,e’p) cross sections is getting complicated due to thefor oep. The same procedure was applied to the experimen-
large number of electron partial waves to consider. This is 48l cross sections presented in this paper. Moreover, the cal-
result of the long-range character of the Coulomb interactionculated curves are scaled with a spectroscopic factor which
The limit Z—0 (equivalent with turning off the electron dis- accounts for the fragmentation of the single-particle strength.
tortions can be considered as a severe test of the accuracy of The results of our model calculation are compared with
the numerical techniques and a convergence test for the elethe predictions from three other model calculations. First, we
tron partial waves. FoZ=0, the electron wave functions confront our results with the nonrelativistic CDWBA model
reduce to plane waves. Accordingly, the DWBA cross secOf Boffi et al.[11]. This model is at the basis of tiaveEpy
tion should be retained. As will be demonstrated in the forth-code often used in the analysis of the NIKHEE €' p) data.
coming sections, our code has been checked to comply with! the latter model the FSI is treated in a nonrelativistic op-
this requirement. tical potential calculation similar to ours. In contrast with our
Another important feature of our CDWBA approach is model, the bound state wave fgnctions are calculated in a
that the radial integral®,; ; (A4), which are the heart of Wood-Saxon well. The rms radius of the bound state wave
nction is fitted to reproduce the shape of the measured
duced cross section and the well depth is adjusted to repro-

(37

our numerical procedure, do not depend on the scatterin
anglesé, and 6,. Consequently, our numerical procedure isd th . tallv ob d " |
optimized for calculating theg( e’ p) cross section for these uce the expenmentally observed separation energy. In our
specific kinematical conditions where the electron and protor?aICUIat'on’ we use the bound state wave fpnctlons as ob-
scattering angles are varied and the other electron characté ined from a Hartree-Fock calculation with a density-

istics are kept fixed. The complete missing momentum rang ependent effective Interaction. A(_:cordmgly, inour ap-
of the (e,e'p) cross section for proton knockout from the proach the spectroscopic factor is the only parameter

different hole states can then be calculated with a stored sgtd]lJSt?d to the data. Conceming the treatment of electron
of radial integrals. distortion effects the two models are very different. Whereas

in our calculation Coulomb electron distortion effects are
treated to all orders, the CDWBA model of Bofét al.

IV. RESULTS implements electron distortion effects within the high-energy
expansion as briefly mentioned in the theoretical discussion
of Sec. I B. In comparing the results obtained with these two

erponrelativistic models one can study to what extent an exact
treatment of electron distortion effects is required in the
analysis of €,e’p) reactions.

N9 Our results for the reduced cross sections and the corre-

sponding spectroscopic factors are also confronted with the

completely relativistic calculations of Jiet al. [10] and

Up to now, most of the high-resolutiore,e’p) experi-
ments performed at NIKHEFAmsterdan), Saclay, Mainz,
and MIT-Bates have been carried out by using either parall
or constant]— w kinematics. Both correspond with in-plane
experiments: the ejected proton is detected in the scatteri
plane spanned by the initial and final electron.parallel
kinematicsthe proton is detected in the direction of the mo-
rr)entum transfer.' By varying the mcommgand outgoing | giaset al. [12]. In line with our approach, the two models
€' electron energies or/and the scattering argledifferent 51 je the electron distortion in an exact distorted wave cal-
values for the momentum transfer=k—k’ and conse- culation. The main difference with our model occurs in the
quently the missing momentupy,= 5p—6 are reached. For description of the photoabsorption process and the initial and
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TABLE I. Kinematical conditions for the considered reactions.

N

-
(=

e (MeV) o (MeV) pPm (MeV/c)

1%0(e,e’p)? 455.8 115 —177--- 265
“Cafe,e’'p)® 460 114 —225... 285
907r(e,e'p)°© 346.5 81 27.-- 168
°Zr(e,e'p)°® 350.7 114 62 -- 298
208p(e,e’p)¢ 4123 113 —50--- 300 1

Pm [(GeV/C)®)

-
(=]

%Referencd 17].
PReference$18,19.
‘Reference$20,21]. - PR S U RS R
dReferencd9]. :

final nuclear system in thee(e’p) process. Jiret al. and
Udias et al. work in a totally relativistic framework. The
bound state wave functions are calculated from the Dirac
equation with a scalar and vector potential which are param- 10
etrized fits to relativistic Hartree potentials. The wave func-
tion of the knocked out nucleon is the solution of the Dirac
equation with a relativistic optical potential. Two different
prescriptions for the relativistic nuclear current operator are
considered. They are referred to as tttd andcc2 current ' - [

. 10 1
operators and follow the conventions of REE6]. 200  -100 0 100 200

P, (MeVic)

P [(GeVIE)®)

A. Parallel kinematics

In this section we deal with the quasielasti&d’ p) reac- FIG. 3. Comparison of the DWBAdashed lingand CDWBA
tion from 0, “°Ca, °°zr, and 2°%b in parallel kinematics. (solid line) results for proton knockout from®0 for parallel kine-
In Table | we specify the studied kinematical conditions.matics. The curves are multiplied with the appropriate spectro-
They all correspond with measurements performed at thecopic factors from Table Il. The data are from Réf7].
NIKHEF electron accelerator. Theee’'p) cross section for
these different target nuclei are calculated in the CDWBAfactors obtained within the nonrelativistic CDWBA model of
framework as outlined in the previous sections. The FSI othe Pavia groupl1] as reported in Ref17]. Comparing the
the ejected proton with the residual nucleus is handled withimesults presented in this work and the predictions outlined in
an OPM. For the medium-heavy nucléfCa, °Zr, and Ref. [17], a similar degree of agreement with the data is
208pp the potential as derived from the Schwandt parametrireached. The extracted spectroscopic factors agree within
zation[22] is considered. This optical potential is known to 10%. From Fig. 3 it is clearly seen that the calculated re-
provide a good description of the elastip,p’) scattering duced cross sections reproduce the measurements very well
data over a large range of target mass and incident protoand electron distortion effects, although small, improve the
energies. The target nucled® is out of the range of nuclei agreement with the data especially for knockout from the
used in the parametrization of this global optical potential.1p3/2 orbit in 1¢O.
Therefore, for the'®O(e,e’p) calculations, we adopt the op- ~ We also performed calculations for electroinduced one-
tical potential which is directly extracted from a recent proton knockout from the d3/2 and z1/2 shell in *°Ca.
analysis of elastic’®O(p,p’) scattering data all,=100 The results are plotted in Fig. 4. Electron distortion effects
MeV and use the parametrization quoted as “WS” in Ref.seem to follow the same pattern as observed for electron
[17]. In order to study the effect of Coulomb distortions the scattering from'®0, but the effect is now more pronounced.
(e,e’p) predictions from the DWBA and CDWBA model From the *°O(e,e’p) and *°Ca(e,e’p) results one can al-
are compared. We stress that these two models only differ iready trace the main effects of electron distortion on the
the way the Coulomb distortions are described. In thgeduced cross section in parallel kinematics.
DWBA they are completely neglected, whereas in the (i) Electron distortion shifts the reduced cross section to-

CDWBA they are treated exactly. wards higher missing momenta. This can be explained by
The CDWBA reduced cross sections for electroinduced
proton knockout from the [1/2 and P3/2 shell in %0 are TABLE Il. Spectroscopic factors for thé°0(e,e’p)**N reac-

confronted with the NIKHEF data in Fig. 3. The DWBA and tion.
CDWBA curves for each state are multiplied with one and _ ;
the same spectroscopic factor. This spectroscopic factor is Ex (MeV)  CDWBA (this work ~ CDWBA
extracted from a least-square fit of_ the _CDWBA reducedlpl/2 0 0.66 0.64
cross section to the data. The multiplication factors as exs

. . . 1pap 6.3 0.54 0.51
tracted from our calculation adopting the WS optical poten-

tial are given in Table II. Table Il also lists the spectroscopic®Referencd 17].
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the two complete relativistic calculations by Jmal. [10]
and Udaset al.[12].

Comparing the spectroscopic factors for proton knockout
from the 1d3/2 shell two main features can be observed.

(i) The spectroscopic factors obtained with the nonrelativ-
istic models are in very good agreement with each other but
are considerably smaller than the relativistic values obtained
with the cc2 nuclear current operator.

(ii) The spectroscopic factors extracted within the relativ-
istic models seem to be very sensitive to the prescription for
the off-shell nuclear current operator. Tb€2 current opera-
ST I U NN S tor results in a spectroscopic factor for thd322 state that
' differs with more than 20% from thecl result. Theccl
current operator is obtained from tle2 current operator
using the Gordon decomposition and should produce similar
results for on-shell nucleons.

The appreciable difference between the relativistic and
nonrelativistic approaches is rather surprising considering
that the proton kinetic energies dealt with are typically of the
order of 100 MeV. According to Jirt al. [23] and Udas
et al.[12,24] the noticeable difference between the relativis-
tic and nonrelativistic spectroscopic factors is caused by the
AT IS S S stronger absorptive part in the relativistic potentials. Even

200 -100 O 100 200 300 though all optical potentials reproduce the elastic proton-
p,, (MeVic) nucleus scattering data to a more or less similar degree, the
guenching of the reduced cross section due to the final-state

interaction of the ejected proton with the residual nucleus

FIG. 4. Comparison of the DWBAdashed lineand CDWBA  can differ by 15% adopting a relativistic or nonrelativistic
(solid line) results for proton knockout fronf°Ca under parallel optical potential. This can be attributed to the behavior of the
kinematics. The curves are multiplied with the appropriate spectrooptical potential in the nuclear interior. One could however
scopic factorgsee Table Il). The data are from Ref19]. doubt whether the interior part of the optical potential can be

constrained in elastic proton scattering processes that are
P - ical surface events.
considering that a virtual .photon exchangeq bfatween thg/pHedayati—Pooet al. [25] attribute the difference between
electron and the nucleus will carry a momentqff instead  he relativistic and nonrelativistic spectroscopic factors to the
of q (q*™>q). From Eq.(25) and the definition ofp,, one  nuclear current operator. They show that the nonrelativistic
deduces that this shift will be decreasing with increasingreduction of the relativistic transition amplitude results in an
Pm- effective nonrelativistic current operator which depends on

(i) The shape of the reduced cross section is mainlythe strong scalar and vector potentig§] for the bound and
modified at the minima and maxima. Clearly, electron dis-the continuum single-particle states. Instead of using this
tortion not only manifests itself in an effective momentum medium-modified nonrelativistic nuclear current, we adopt
shift but also in a focusing effect of the electron beam ontathe standard nonrelativistic nuclear current operator in our
the target nucleus. calculations. In our opinion, this is justified as long as the

The curves in Fig. 4 are scaled with a spectroscopic factosensitivity of the relativistic results to the choice of the rela-
obtained from a least-square fit of the CDWBA results to thetivistic nuclear current operator is not cleared up.
data. In Table 11l we compare the spectroscopic factors from Concerning the spectroscopic factors obtained for proton
our analysis with those obtained from the nonrelativisticknockout from the 21/2 shell(see Table I}, the different
analysis with theoweepy code[11] and those extracted from models give very different predictions. In conformity with

e
o
N

-
o

Pm [(GeVICY®)

10

102

P [(GeVIE)®

10

LR RLL

TABLE lIl. Spectroscopic factors for thé°Ca(e,e’p)*K reaction. The spectroscopic factors between
brackets are obtained with tlegel nuclear current operator instead of t&2 operator usually adopted in the
relativistic calculations.

E, (MeV) CDWBA (this work) CDWBA? rel. CDWBAP rel. CDWBA®

1d, 0 0.60 0.65 0.80 0.760.60
251 2.522 0.48 0.51 0.75 0.6144)
%Referencd 18].
PReference 10].

‘Referencd12].



55 SYSTEMATIC STUDY OF COULOMB DISTORTION ... 1991

104 10 % TABLE IV. The missing momentum corresponding with the
% E T =100 MeV first peak in the p1/2 reduced cross section for the different ap-
S - e proaches.

[} ‘.

= L Pm (MeVic) Pm (MeVic)

& 5 T,=70 MeV T,=100 MeV

PWIA 61 61
3 DWBA 50 56
E EMA 66 77
g ; CDWBA 61 66

10 10

kinetic energies. Including FSI effects which are equivalent
to going from a PWIA to a DWBA approach, a shift towards
lower p,, is noticed. This shift, opposite to the shift due to
electron distortion, can be easily explained on the basis of an
effective proton momentum. The ejected proton feels an at-
tractive potential(real part of the optical potentialwhich
causes the detected proton to have a smaller asymptotic mo-
’ mentump, than the momentunp)gff of the initially struck

T fsp (X107) proton. Table IV also shows that this shift towards lower

' Pm is increasing with decreasing proton energy. The latter is
easily explained as the real part of the optical potential in-
P (MeVic) Pm (MeVic) duces a shift in the average measured proton momentum
approximately given by11]

N\~
EA NN

TTTTTIR:
LI TURLLALL |

If., (x107)

-2
1 0 L ' 1 I 1 0 L I 1
0 100 200 0 100 200

FIG. 5. Effect of Coulomb distortion on the reduced cross sec- R
tions for proton knockout from the three valence shellS'%8r at ppeﬁ”
T,=70 MeV andT,=100 MeV. The dashed line stands for the
DWBA result, the dotted line the EMA result and the solid line the
complete CDWBA calculation. where(V) is the average value of the real part of the optical

potential over the interaction region.
the calculation of Udhset al. we describe rather poorly the The inclusion of electron distortion effects in the model
reduced cross section aroupg =0, especially in the nega- shifts the reduced cross section towards highgr The shift
tive missing momentum region. This results in a spectro-obtained from the EMA is larger fof ,=100 MeV than for
scopic factor which is not very reliable. However, it has to beT,=70 MeV since for the latter the reduced cross section at
stressed that, in contrast with what was done in the analysithe peak position corresponds to a smaller momentum trans-
of Ref.[18], no attempt has been made to improve the resultéer. The complete CDWBA calculation produces more than
by adjusting the parameters of the optical potential and/or byust a shift towards highep,,. The focusing of the electron
adjusting the bound-state wave characterigtioss radii and beam in the vicinity of the target nucleus strongly modifies
binding energies the maxima and minima of the reduced cross section with

The next target nucleus we considered8r. The calcu- respect to the DWBA results. Since the extracted spectro-
lations cover knockout from the different valence shells inscopic factors are sensitive to the behavior of the reduced
%zr for two different proton kinetic energiesT (=70 and  cross section at the peaks, an accurate prediction of this fo-
100 MeV). We investigate to what extent the reduced crossusing effect is extremely important for an accurate deduc-
sections for knockout from the outermost shellstion of these quantities.

(2p1/2,2p3/2,1f5/2) are affected by electron Coulomb dis- In Fig. 6 the CDWBA results are confronted with the
tortion effects. Secondly the results of the complete calculadata. The different curves are multiplied with the spectro-
tion are confronted with the available data. In Fig. 5 thescopic factors that are determined from Te=70 MeV data
reduced cross sections derived within the DW@Bglecting  (Table V). First, it is clear that foiT,=70 MeV the calcu-
electron distortion and the complete CDWBA framework lated cross sections are in very good agreement with the data.
are compared with the predictions adopting the EMA. On the other hand, for th&,=100 MeV data the shape of

The gross features which were pointed out in the previoushe measured reduced cross sections is not well reproduced
sections again show up. For the two proton kinetic energiedyy the CDWBA calculations and, as such, the extracted spec-
electron distortion shifts the reduced cross section towardsoscopic factors cannot be considered as reliable. This con-
higher missing momenta. However, this shift is less pro-clusion agrees with the findings of den Herder in R&0].
nounced in the CDWBA calculation than in the EMA ap- In Ref.[20] it was shown that a slight reduction of the depth
proach. In Table IV we list the missing momenta corre-of the central imaginary part of the optical potential resulted
sponding with the first maxima in the reduced cross sectioiin a much better agreement with the dataTge=100 MeV.
for knockout from the p1/2 orbit for the different steps in With this modified optical potential an equally good fit of the
the formalism. We note a general behavior for the two protorelastic proton scattering data was obtained. This indicates

E .
1+ E§<v>) P, (39
p
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10 F FIG. 7. Convergence check of the CDWBR®Pb(e,e’p) cal-
F culation in parallel kinematics. The electron wave functions are
r described by spherical Bessel functions. For the dotted, dot-dashed,
.2/ and dashed line electron partial waves ud £030,40, and 50 are
10 ¥ considered. In the insert the DWBA calculatisolid line) is com-
o pared with the CDWBA calculation when convergence is reached
i (dashed ling
-3 s,
10 F o I,=70MeV tion in the nuclear interior. Given the uncertainties in the
s optical potential, this behavior is not very accurately deter-
I 8 T,=100 MeV mined. As the 15/2 single-particle wave function is more
104“”,, NP T TN surface peaked, this also explains why thi/P reduced
0 50 100 150 200 250 300 cross section is not that sensitive to the depth of the imagi-
P, (MeV/c) nary part of the optical potential. Clearly, the sensitivity of

FIG. 6. Comparison of the CDWBA calculation with the
NIKHEF data for proton knockout fron?%Zr [20] (solid line:
T,=70 MeV; dotted-dashed linef ;=100 MeV). The curves are
multiplied with the spectroscopic factors derived igy=70 MeV

(Table V).

the reduced cross section to the parametrization of the optical
potential is a general weakness of CDWBA models but does
not affect the general conclusions with respect to the role of
electron distortion on the reduced cross section.

The spectroscopic factors extracted from our
%zr(e,e’p) calculation are systematically larger than the
values obtained by den Herdg20]. This deviation can be
partly attributed to the fact that in R4R0] a different opti-

that low-energy ,p’) reactions are rather insensitive to the cal potential is considered. Furthermore, the analysis per-
depth of the imaginary part in the nuclear interior. Theformed by den Herder accounts for electron distortion effects
(e,e’p) results, however, are sensitive to this part of thejn an approximate way, thus overestimating the focusing ef-

optical potential. The second maximum in the Peduced
cross section reflects the behavior of the &ngle-particle

fect of the electron beam.
The electroinduced one-proton knockout reaction from

wave function in the nuclear interior. Since the overlap is20%p js the ultimate testing case to study electron distortion
taken with the continuum wave functions, the second maxieffects. The 82 protons iR°®Pb generate a strong Coulomb
mum is sensitive to the shape of the continuum wave funcpotential felt by the initial and final electron. We have cal-

TABLE V. Spectroscopic factors for th&zr(e,e’p)®Y reac-

tion.
CDWBA CDWBA
E, (MeV) (this work) (this work) CDWBA?
(T,=70 MeV) (T,=100 MeV)
2Py 0 0.42 0.31
2psp  1.507 0.51 0.36
1fg,  1.745 0.52 0.44
8Referencd 20].

culated the?*®Pb(e,e’p) reduced cross sections for proton
emission from the 81/2, 2d3/2, 2d5/2, 197/2, and h11/2
shells.

As the effect of Coulomb distortions increases with pro-
ton numberZ, we consider’®®b the ideal target nucleus to
illustrate the numerical accuracy of our technique. The con-
vergence rate for the electron partial waves is illustrated in
Fig. 7. Convergence is reached for50 and the code is
verified to produce gradually converging results, which is not
evident, considering the large number of partial waves that
has to be considered. The convergence tests were performed
with electron wave functions of the spherical Bessel type.
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TABLE VI. Spectroscopic factors for th&®®b(e,e’ p)2°'Tl re-
action.

=
o .
A

35,

N

[y
(=)
LILRLLLL MU RLLLL B BLR UL IR

—y
o

E, CDWBA
(MeV) (this work CDWBA? rel. CDWBA® rel. CDWBA®

P [(GeVIE)?)

3s;, O 0.51 0.40 0.71 0.700.65
2dy, 035  0.54 0.46 0.7%0.66
2dg, 1.67 041 0.39 0.60
1hy, 1.35  0.43 0.42 0.64

10-1 'R USSR T ST W W T O T A Y T B A I 197/2 347 021 019 030

-100 0 100 200 300
3 “Referencd9].
bReferencd 10].
‘Referencg12,27.

P [(GeVIC)®]

maximum of the 31/2 reduced cross section are listed. The
numbers clearly demonstrate that the final-state interaction of
the ejected nucleon with the residual nucleus causes a small
shift of the reduced cross section towards highgr Elec-
tron distortion effects also show up in a shift towards higher
pm- The EMA again overestimates this feature compared
with the complete distorted wave calculation. Moreover, in
the CDWBA model, the shift ip,, related to electron dis-
tortion is more pronounced for the first than for the second
peak. This can be easily understood by considering that the
two peaks in the 81/2 reduced cross section correspond
with different values for the momentum transfgr The fo-
cusing of the electron beam onto the target nucleus is re-
flected in an enhancement of the cross section at the peak
positions with respect to the EMA cross section. The relativ-
istic calculation by Udas et al. [12] predicts a relative en-
A hancement which is somewhat larger than our estimate. Nev-
Sl I B ertheless, it is clear that the two complete distorted wave
0 100 200 300 calculations do not reproduce the strong focusing effect of
Pn (MeVic) electron distortion as observed with theweepy code
[28,29. The CDWBA model of the Pavia group predicts an
enhancement for the first peak in the13 reduced cross

FIG. 8. The reduced cross sections for electroinduced one- . .
0,
proton knockout from the valence shells #Pb for parallel Kine- section of about 20% due to the focusing of the electron

matics. The dashed, dotted, and solid curve give the DWBA, EMA,beam onto the nucleus. This model accounts for electron

and CDWBA results. The calculations are compared with the dat&iisto_rtion_ effects up to second order in the high-energy ap-
from Ref.[9] and are multiplied with the spectroscopic factors from proximation. It has_ to b_e stressed that ape}rt from the treat-
Table VI. ment of electron distortion effects, the Pavia and our model

are very similar. Accordingly, the procedure of treating elec-

According|y, when convergence is reached the resu|tinér0n distortion effects is the Only plausible explanation for
cross section should coincide with the one obtained in dhe considerably different spectroscopic factors extracted
DWBA approach, provided that similar model assumptiongwith the two models.

with respect to the bound state wave functions and the FSI

are adopted. In the insert of Fig. 7 it is verified that our TABLE VII. The missing momentum and the value of the re-
CDWBA code bears this thorough test. duced cross section relative to the DWBA result corresponding with

dthe first and second peak of the132 reduced cross section. The
corresponding values obtained by dslet al.[12] and Giustiet al.
[28,29 are listed between brackets.

LULL IELL ELL AL WAL IR L

10 -4 Ll 1 ) I Lt 1 I Ll 1 I Ll 1 ..‘
-100 0 100 200 300

P [(GeVieY®)

Figure 8 shows a comparison of the CDWBA reduce
cross sections with the DWBA and EMA results. All curves
are multiplied with the spectroscopic factors as listed in
Table VI. The spectroscopic factors are derived from a best

fit of the CDWBA curve to the data. The data are well re- ]E:’rnst(Mg\e/é?n d focusing effect
produced in the CDWBA, e_spec!ally for the posm_pg side. . peak peak first peak second peak
We remark that electron distortion effects considerably im-

prove on the agreement with the data. Besides a shift towardswIA 0 2.04

higher p,,,, the minima and the maxima of the DWBA re- DWBA 3 195 1.00(1.00;1.00 1.00(1.00; 1.00
duced cross section are strongly modified when includingema 32 209 0.96 1.04
electron distortion effects in the model. CDWBA 24 200 0.991.08:1.2) 1.08(1.14:)

In Table VII some characteristics of the first and second
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3s1/2 shell in2%%b for constantj— w kinematics €=412.3 MeV, 10
=444 MeVk, w=113 MeV). The dotted-dashed, dashed, dotted, -300 -200 -100 0 100 200 300
and solid line represent the PWIA, DWBA, EMA, and CDWBA Pr (MeV/c)
results. The curves are not multiplied with a spectroscopic factor.
. . L FIG. 10. The reduced cross section for proton knockout from the

_ Summarizing, the effect of Coulomb distortion in parallel 3s1/2 shell in 2%%b for constantj—w kinematics.Upper figure
kinematics can be understood in terms of a shift of the re__ ;53" \1ay q=350 MeVk, w=113 MeV: bottom figure
duced cross section towards highggr and a small enhance- __ 415 3 MeV,’q=600 MeV/C,’a)=113 MeV. The dashed and
ment of the reduced cross section que to the focusing of th§olid line represent the DWBA and CDWBA results. The curves are
electron beam onto the nucleus. It is also demonstrated thap, multiplied with a spectroscopic factor.

electron distortion effects become more important for
heavier nuclei and need to be treated in a complete distorted |n going from the EMA to the CDWBA, a strong en-

wave calculation in order to extract reliable spectroscopithancement of the €/2 reduced cross section around

factors. pm=0 MeV/c is observed. From the previous consider-
ations, this can be ascribed to a smatiéf value than the

B. Constant§— kinematics one adopted in the EMA approach and the foEu5|ng _effect of
the electron beam onto the nucleus. For congani» kine-

We find that for constanf—  kinematics electron dis- matics it is therefore more difficult to disentangle the differ-
tortion effects act in a different way than for parallel kine- ent contributions from electron distortion as the momentum
matics. This is illustrated in Fig. 9 where we investigatetransfer shift and the focusing effect both might cause either
electroinduced proton knockout from thesl32 shell in  an enhancement or quenching of the reduced cross section.
29%p for quasielastic kinematicp{~q). In this calcula- In order to give a complete picture of the role of Coulomb
tion, the electron energy is the same as the one for the padistortion on the exclusivee(e’p) reaction, the?°®Pb re-
allel kinematics case considered in the previous section. Thg,ced cross section for constagt- » kinematics is also
EMA no longer causes a shift of the reduced cross sectiogy,gied for nonquasielastic kinematics. Two different kine-
towards highemp,, but now results in a strong quenching of matics are considered, one in the low-energy-p,) and
the reduced cross section aroupd=0. The peak of the gne jn the high-energyy< pp) side of the quasielastic peak.
reduced cross section pt,=0 in Fig. 9 coincides with the The results are plotted in Fig. 10.
reduced cross section for parallel kinematicpat=0 dis- The reduced cross sections show a specific pattern regard-
played in Fig. 8. Moreover, the reduced cross section in parng electron distortion effects. The DWBA results are shifted
allel kinematics aroungp,=0 shows a strong dependence towards higher (lower) missing momenta forg<p,
ong, i.e., the slightest modification ef considerably affects q>p,). This feature can be easily explained within the
the value for the reduced cross section. Consequently, a difz\A. We stress that this EMA shift is only a first estimate
ferent prescription ofj" than the one extracted from Ed. of the role of electron distortion on the exclusive,é’p)

(25 can cause a considerable modification of the EMA reyeduced cross section for nonquasielastic kinematics. It is
duced cross section at,=0 for constany— » kinematics. clear from Fig. 10 that a complete distorted wave calculation
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is required to completely account for electron distortion ef-

fects. £
<08 |-
V. CONCLUSIONS a
o . Sos - B g
We have analyzed the quasielast& g’ p) reaction from 3 -
various target nuclei. A technique is presented to deal with 5 04 = o
Coulomb distortion effects in an exact manner keeping the 0%’ ' o
computational time within reasonable limits. We presented = 4, |
results for reduced cross sections as a function of missing
momentum, corresponding to proton knockout from the out- o U L Lol !
ermost shells in®0, 4%Ca, °°zr, and 2°%Pb considering two 10 102

different types of kinematical arrangements.

For parallel kinematics, Coulomb electron distortion
causes a shift of the cross section towards higher missing
momenta. This shift can be partially reproduced by the use of FG. 11 Spectroscopic factors derived from thie, e’ p) reac-
an effective momentum transfer. Furthermore,the focusingq, (o the ground state of the residual nucleus. The black squares
effect of the electron beam onto the nucleus mainly affectgve the results within the presented model, whereas the open
the maxima and minima of the reduced cross section. It hasguares are the values obtained with thesepy code[11] which
been shown that in order to extract realistic spectroscopifcorporates electron distortion effects in an approximate manner.
factors an accurate determination of this effect is highly
needed. ment of electron distortion by the Pavia groid] tends to

The role of electron distortion in thee(e’p) reaction for  gverestimate the focusing effect of the electron beam onto
constantg— w kinematics was investigated on the basis ofthe nucleus and produces in this way smaller spectroscopic
the one-proton knockout reaction from thel# shell in  factors than our values.
208ph . For quasielastic kinematics the focusing effect and the
eﬁecti_ve momentum transfe_r effect caused by Coulomb (_alec- ACKNOWLEDGMENT
tron distortion are reflected in an enhancement, respectively,
qguenching of the DWBA reduced cross section around This work has been supported by the Fund for Scientific
pm=0. For non-quasi-elastic kinematics, electron distortionResearch—Flande(EWO).
effects cause a shift of the DWBA reduced cross section
towards higher or Iower missing momentum depending ON APPENDIX: FEYNMAN AMPLITUDE IN THE CDWBA
whether we probe the high- or low-energy side of the quasi-
elastic peak. In this appendix we work out the CDWBA Feynman am-

The spectroscopic factors extracted in our model agreplitude (36) for the electroinduced one-nucleon knockout
within 20% with the corresponding spectroscopic factors deprocess. Combining Eq$32) and (35) with the expressions
rived from an analysis applying the CDWBA code of the for the electron charge-current four vectdy, the distorted
Pavia group. As can be seen from Fig. 11, we mostly obtairelectron wave function1), and the distorted nuclear wave
larger values. This can be partially attributed to the way offunction (31) and applying some basic properties of the
treating electron distortion effects. The approximate treatWigner D matrices, the summatiof86) can be rewritten as

mass number A

o0 2
LEM‘, (—1)ML(47T)3J0 dgALm, (Mg mg;mymg ;ee’;q) (A1)

L

1
=D

mg mpm
S s hilsy

with

2

. TR | o I e a
ALML(mSkmS,mthN,ee’,q)—S E?\;IJL(mskmsvGEIvQ)NEOEML(mhmstqu)_ q,uq,u—+|77

XN %y (MM wi0) +E f'ML(mskmS;ee’;q)NE'_ML(mthN;w;q)}. (A2)

{&€ Tla?_(mskms ye€';q)

For the derivation of this expression we have chosen the reference foame)(and the electron and nucleon scattering
angles according to the definitions fixed in Figb)l The electron parté reads
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|
cou (mskms ;e€';q)

. X e . e (tot) | cee(tot),. |A2 : . (_1)L
(mgmg;ee’;q) | =— = i(6; +6 Ji—L__2_(_1)i1tm N
M 5 Ms 7711212 1§|z e''%,; o i m( 1)1 Ms(1,01/2mg [joms ) —=

mag(msm €€’;q)
K S L]
><<j1_(l\/IL_|'msk)J'stk“-_ML><I1(ML+msk_ms)]-/zms“lML'I'msk>YI1(Ml_erskfmS)(Qe)
[1+ (=) IIREN (e.€'0)
1 '
XE [14+(— 1)('1“2*'-)]73,_]1]2(6,6 :q) ' (A3)
[1- (=12 DRI (e,¢';q)

The radial integralgzulj2 in this expression are evaluated in the following way:

R (€€'ia) RET (€ €50)
RE (€€ | =(—1)" (= 1) (11| Rei,(e€sa) |, (A4)
RIT 1, (€.€5q) IR(T1,(€:€70)

wheren stands for (;+1,+L)/2 in the Coulomb and electric radial integrals and fgr{l,+ L —1)/2 in the magnetic radial
integrals. It can easily be verified that in the chgg, satisfied;+1,+L even(odd) thanl,,I, satisfied;+1,+L even(odd).
Moreover Ry ; ;. (€,€';q) can be evaluated with either of the two choicksl() or (I1,12) since for both sets the same result
is obtained. The initial and final radial electron partial waves occur in the expressions for the radial irR@gqglls,,z given

by

RE )= | ariuanies) (6

© L1l [YLI (12220 )+ Ff (DFE (0((1012)]4] 1YL [(1,1/2)2)],
(A5)
R, (€0€ Q)_IJ deL(qf)[G|ljl(f)F|2,2(F)<(|11/2)11||(YL®5)L||(E1/2)J'2>
—F (. (NGEL(N((1112)]4]|(Y @) ]|(122/2)]2)], (A6)
RE)j1n,(€€50)= f \/—JL 1(qN)[G 111(r Fii, (D112l [(Y - 1©0)|(12112)] )
_F|1jl(r)G|€j (N(1,12)1][(Y_12 ) ]| (151/2)],5)]
f \/—JL+1(qf)[G|l,l(f 2,Z(r)<(|11/2)11||(Y|_+1®(T L||(|21/2)J2>
—F|1,1(f)G|2,2(f)<(|11/2)J1||(YL+1®5)L||(|21/2)J'2)]- (A7)
The following reduced matrix elements are useful in the evaluation of these integrals
i V= (1)1 ,2)]1[]2 ji L2 \[1+(=1)httre
(L 12)j][YLU[(121/2)j )= (= 1))+~ anl-12 0 U 5 :
L, 12 j, .
: > . s onn . \/ﬁ LI,(ly L |
((11272)ja]|(YL®0),|(121/2j2) = 1] ILz 112 2 (-1)h J:_Wz(g 0 ;) (A8)

The nuclear part\Vin Eq. (A2) is written in terms of the reduced matrix elemenig,, Lej, and Ly, defined as
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Lol C;qwd) = (0 [[MFUQ)|[(Injn.1j); @),
Le(C;qwd)=(0*||TF )| (Ihin.1j); @),
Emag(C;qw\]):<0+||Tg’ma§(Q)||(|hjh,lj);w*]>- (A9)
We get
NP (Mymg ; 0;0)
el ) . T netoy (-1t
N (Mimssoiq) | = > 470~ €% " Y 1 () ——(jnmpjm|L — M ){Im,1/2mg_|jm)
mag jmmy Z'U“Nkp : L N
NL*ML(mhmsN;w;q)
£:ouI(C;qu)
x| —La(Ciqul) (A10)

—Liad C:qol)

At this stage we described the,&’'N) process in its most general form. All approximations with respect to the photoab-
sorption mechanism and the final-state interactié8l) of the ejected nucleon with the nucleus are contained in the matrix
elementsL;q,(C;qol), L¢(C;qwl), and Li,f C;qwl). Moreover, besides the fact that we consider the ultrarelativistic
limit, electron distortion effects are accounted for exactly. For the one-body nuclear current operator of the impulse approxi-
mation (26), these reduced matrix elements are evaluated in[R6f.
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