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Relativistic corrections in (g€ p) knockout reactions
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A comparison between nonrelativistic and relativistic descriptions of ¢h&' p) reaction is presented. We
use the nonrelativistioweepy code and develop a fully relativistic model starting from the effective Pauli
reduction for the scattering state and the relativistic mean field theory for the bound state. Results for the
160(e,e’p) differential cross section and structure functions are compared in various kinematic conditions. A
limit in energy of the validity of the nonrelativistic approach is established. The effects of spinor distortion and
of the effective momentum approximation for the scattering state are discussed. A satisfactory agreement with
data of differential cross sections, structure functions, and polarization observables is achieved.
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[. INTRODUCTION of these approaches include also an exact treatment of the
Coulomb distortion of the electron wavd®,11]. Also
Exclusive (,e’'p) knockout reactions represent a very RDWIA analyses were able to give a good description of the
clean tool to explore the single-partickSP aspects of experimental momentum distributions. Thus, the shape of the
nuclear structure revealing the properties of proton-holaistributions in DWIA and RDWIA calculations are similar,
states contained in the hole spectral funcfibr4]. while the spectroscopic factors, obtained by scaling the cal-
Several high-resolution experiments were carried out atulated cross sections to the data, are in RDWIA about 10—
Saclay[1,5] and NIKHEF[6]. The analysis of the missing 20 % larger than in DWIA analyses, and thus closer to the-
energy and momentum dependence of the experimental croggetical predictions. The difference was attributed to the
sections allowed to assign specific quantum numbers angjativistic optical potential, which leads to stronger absorp-
spectroscopic factors to the peaks in the energy spectrumjon. The nucleon-nucleus interaction exhibits characteristic
The calculations for this analysis were carried out with thengnlocalities which arise quite naturally in the Dirac ap-
programbweepY [7], within the theoretical framework of & 5540k and whose effect was not included in standard non-

ng\r/w\;ﬁal\atlwsr?c ?,'St?rted wave ,'m‘;‘gie ?jp%roxl'magonrelativistic DWIA calculations, but can be accounted for in
(. .)' where final-state '“tefac“or.( ) and Cou om the nonrelativistic treatment by a renormalization of the scat-
distortion of the electron wave functions are taken into ac-

count. Phenomenological inaredients were used to com utering wave function. The so-called Darwin normalization
y 9 9 PU ctor [16], that essentially changes the Sdfinmer wave

bound and scattering states. The outgoing nucleon scattenqgnction into the upper component of the Dirac wave func-

wave functions are eigenfunctions of an optical potential deiion, increases the absorption due to FSI and produces a

term'?‘ed th_rough a fit to.elastlc nucleo_n-ngcleus scatterin uenching of the calculated cross section by about 15%, with
data including cross sections and polarizations. Bound-stat]

. ! corresponding enhancement of the spectroscopic factor in
wave functions were calculated with a Woods-Saxon well, P 9 P P

where the radius was determined to fit the experimental mo@greement with the results obtained in RDWIA.
P New data have recently become available from TINAF.

mentum distributions and the depth was adjusted to give th?he cross section for quasielastip-Shell proton knockout

experimentally observed separation energy of the bound finq.las been measured and the response functions and the asym-

state. This theoretical approach was able to describe, with r%etry have been extracted in tHéO(e,e’p) reaction at

high degree of accuracy, in a wide range of nuclei and iq‘our-momentum transfer squar€f=0.8 (GeVk)? and en-

different kinematics, the shape of the experimental momenérgy transfer~439 MeV[17]. In the same kinematics also

tum distributions at missing-energy values corresponding t?’rst olarization transfer measurements have been carried
specific peaks in the energy spectrum. In order to reproducé P

the size of the experimental cross sections, the normalizatiofut for the *®0(e,e"p) reaction[18]. The polarization of the

of the bound-state wave function was fitted to the data anéjected proton in thé*C(e,e’p) reaction has been measured

identified with the spectroscopic factor. These values, howat Bates witlQ?=0.5 (GeVk)? and outgoing-proton energy

ever, are smaller than those predicted by many-body theoF,=274 MeV[19].

ries. The analysis of these new data in kinematic conditions
Similar models based on a fully relativistic DWIA inaccessible in previous experiments, wh&@é was less

(RDWIA) framework were developed in more recent yearsthan 0.4 (GeV¢)? and T, generally around 100 MeV, re-

[8-15. In these approaches the bound nucleons are deguires a theoretical treatment where all relativistic effects are

scribed by SP Dirac wave functions in the presence of scalararefully included. Indeed these recent data are well de-

and vector potentials fitted to the ground-state properties afcribed by RDWIA calculationfl15,17-19.

the nucleus, and the scattering wave function is solution of Fully relativistic models based on the RDWIA have been

the Dirac equation with relativistic optical potentials ob- developed by different groug8—15. It was shown in Ref.

tained by fitting elastic proton-nucleus scattering data. SomgL3] that the hadronic part of the relativistic transition ampli-
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tude can be written in terms of Schiinger-like wave func- analyses carried out withweery and in RDWIA. In fact,
tions for bound and scattering states and of an effectivéhe two types of calculations make generally use of different
nuclear current operator which contains the Dirac potentialsoptical potentials and bound state wave functions, and the
In this way, complications due to the solution of the Dirac difference due to the different theoretical ingredients cannot
equation can be avoided and spinor distortion can be ad attributed to relativity. The main aim of this paper is to
counted for solving a relativized Sclinger equation, of the make clear the relationship between the DWIA approach in
same type as that solved in ordinary nonrelativistic DWIADWEEPYand RDWIA treatments. A fully relativistic RDWIA
calculations with nonrelativistic or relativistic equivalent po- treatment of the &e’p) knockout reaction has thus been
tentials, but Dirac scalar and vector potentials appear in théeveloped. The effective Pauli reductidd3] has been
nuclear current operator. This so-called effective Pauli reduc@dopted for the scattering state. For the bound state the nu-
tion does not represent an approximation. It is in principlemerical solution of the Dirac equation has been used, as in
exact and can be considered an alternative fully relativisti¢his case it does not represent too difficult a problem. Vari-
approach. ous computer programs are in fact avallable,' able to explain
This approach was adopted in Rdf0,21] with an effec- the global and SP properties of a nucleus within the frame-
tive momentum approximatiofEMA) to incorporate spinor work of a relat|V|st|_c mean-field the_ory._ For the scattering
distortion into the effective current operator. In this approxi-State, where a partial-wave expansion is performed, the ef-
mation the momentum operators in the tesmp, appearing fectlv.e.Paull .reductlon appears _S|mpler and.more erx]bIe,
in the lower components of the Dirac spinor and in the ef-2nd it is equivalent to the solution of the Dirac equation.
fective current operator, are replaced by their asymptotic valF™om this point of view, our relativistic approach does not
ues. This model contains approximations, but accounts fofOnt&in approximations, since the Satiirger-like equation
all the main relativistic effects and is able to give a good!S Solved for each partial wave starting from a relativistic
description of the most recent experimental results. Th@Ptical potential and without assuming the EMA prescription
spectroscopic factor extracted in comparison within the effective current operator. _
160(e, e’ p) data for Ip-shell proton knockout is the same as In ord_er to compare the numerical results of this RDWIA
in other RDWIA analyses, i.e., O[17]. model with the results o_|t>WEEPY we have adopted for thg
Both nonrelativistic DWIA and RDWIA models are able Pound state the normalized upper component of the Dirac
to describe, with a good degree of accuracy, the'(p) data splngr.and for the scattering state th(_a solution of thg same
at low energies, but the nonrelativistic DWIA approach iSSchrcdlqger—equwalent_optlca_l potential of the re_Iat|V|st|c
more flexible. Some relativistic corrections can be includedf@lculation. Different kinematics have been considered for
in a nonrelativistic treatmeri22,23, but a fully relativistic '€ comparison, with the aim to investigate the relevance of
model is needed for the analysis of the data at higher energ_latlwsnc effects not mcl_uded IDWEEPY in dlffere_nt situ-
gies that are now becoming available. It is thus important tglions, at low energy, in the kinematical region where
establish a clear relationship between the nonrelativisti®VEEPY was extensively and successfully applied, and at
DWIA treatment that was extensively used in the analysis of '/9N€r energy, where relativistic effects are more evident, in
low-energy data and RDWIA treatments, in order to under-order to establish the limit of validity of the nonrelativistic
stand the validity of the nonrelativistic model. approach. e o L
Relativistic effects as well as the differences between 1Ne relevant formalism is outlined in Sec. II. Relativistic
relativistic and nonrelativistic calculations have been widely@"d nonrelativistic calcuLatmns, of the cross section and re-
and carefully investigated in different papers where RDWIASPONS€ functions for_thé O(e,e’p) reaction are compared
treatments have been developed. The differences, howevdf, Sec. lll, where various _relat|V|_st|c effect.s are |nvest|g.ated.
were usually investigated starting from the basis of a relativEVen though the comparison with experimental data is not
istic model where terms corresponding to relativistic effectdN® main aim of this work, in Sec. IV we check the reliability
are cancelled, such as, for instance, the lower components f#f OUr approach in comparison with data. Some conclusions
the Dirac spinor and the Darwin factor, or where nonrelativ-2¢ drawn in Sec. V.
istic approximations are included. Although very interesting,
these investigations do not correspond to the result of a di- Il. FORMALISM
rect comparison between RDWIA and the DWIA calcula-
tions carried out with the progranweepry, that was used in
the analysis of low-energy data. In factveePy is based on In the one-photon exchange approximation, where a pho-
a nonrelativistic treatment where some relativistic correcton is exchanged between the incident electron and the target
tions are introduced: a relativistic kinematics is adopted andhucleus, the coincidence cross section of thge{(p) reac-
relativistic corrections at the lowest order in the inversetion is given by the contraction between the lepton tensor,
nucleon mass are included in the nuclear current operatatependent only on the electron variables and completely de-
[24-24, which is derived from the Foldy-Wouthuysen trans- termined by QED, and the hadron tensor, whose components
formation[27]. The Darwin factor can be simply included in are given by bilinear products of the transition matrix ele-
a nonrelativistic treatmeiL6], but it was not explicitly con- ments of the nuclear current operator. According to the im-
sidered in the data analyses carried out VoheEPY. pulse approximation, in which only one nucleon of the target
Only indirect comparison between relativistic and nonrel-is involved in the reaction, the nuclear current is assumed to
ativistic calculations can be obtained from the available datde a one-body operator.

A. Relativistic current
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In RDWIA the matrix elements of the nuclear current orbit potentials, which are functions of the scalar and vector

operator, i.e.,

J/‘=f dr W (r)J* expliq- r'w;(r), D

are calculated with relativistic wave functions for initial
bound and final scattering states.

We choose the electromagnetic current operator corre-

sponding to thecc2 definition of Ref.[28], i.e.,

~ K
JH=Fi(Q) ¥ +in Fa(QM) ot a,, @
where "= (w,0q) is the four-momentum transfeQ?=q?
— w?, F, andF, are Dirac and Pauli nucleon form factors,
is the anomalous part of the magnetic moment, ard

=i/2[ y*,v"]. Current conservation is restored by replacing

the longitudinal current by
r=32=250

3

In our reference frame the axis is alongq and they axis
parallel togXxp'.
The bound state wave function

(4)

is obtained as the Dirac-Hartree solution from a relativistic
Lagrangian with scalar and vector potentials. Several com-
puter codes calculating the ground and excited state proper-

ties of nuclei are easily available in the literat(iz9,3q.

The ejectile wave function is obtained following the direct
Pauli reduction method. It is well known that a Dirac spinor

©)

v,
v
can be written in terms of its positive energy componént
as

V.

(T.p '\lf 1
E+M+S-V *

(6)

whereS=S(r) andV=V(r) are the scalar and vector poten-
tials for the nucleon with energg. The upper component
¥, can be related to a Schtimger-like wave functionb by
the Darwin factorD(r), i.e.,

V. =D(r)®, (7)
E+M+S(r)—V
p(r)= SO ®

The two-component wave functio® is solution of a

potentialsS andV and are energy dependent.

Inserting Eq.(7) into Eq. (6) and using the relativistic
normalization, we obtain the wave function for the knocked
out nucleon

o "
— E'+M
Vi=W{y’= \/ 2E/ o-p VDd¢| 5P

L\ C
E'+M 1
where
C(r)=E'"+M+S(r)—V(r). (10

If we substitute Eqs(2), (4), and (9) into Eq. (1), we
obtain the relativistic nuclear current

[E'+M 1
JO= ST fdr(b?(\/B)T{Fl ui—iU'VEUil
K ) 1 .
oy Fe| i V) ot oav | fexplia:th,
E'+M 1
=V a5 | 09 S
« 1
TignFe oXquito(o-V) Soui—iwoy,

(11)

1
+i(a'~V)a(0'><q)vi ]exp{iq'r},

where the operatop has been replaced by the gradient
—iV, which operates not only on the components of the
Dirac spinor but also on exjg-r}.

B. Nonrelativistic current

In nonrelativistic DWIA the matrix elements of the
nuclear current are

¥om [ arelwig eianem, a2
where the bound and scattering states are eigenfunctions of a
Schralinger equation. In standard DWIA analyses phenom-
enological ingredients are usually adopted fbr(r) and
®;(r). In this work and in order to allow a comparison with
RDWIA calculations, we employ fo,;(r) the upper com-
ponent of the Dirac wave function; and for ®(r) the
Schralinger-like wave function that appear in the relativistic
current of Eq.(11).

The nuclear current operator is obtained from the Foldy-
Wouthuysen reduction of the free-nucleon Dirac current

Schralinger equation containing equivalent central and spinthrough an expansion in a power series dfl1i.e.,
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Ill. RELATIVISTIC EFFECTS IN THE  1%0(e,e'p)
Jh=2 It - (13 REACTION

o The reaction'®O(e,e’p)'°N has been chosen as a well-
In the progranDWEEPY the expansion is truncated at secondsuited process for testing the relativistic program and inves-

order (N=2). tigating the differences with respect to the nonrelativistic
programbWEEPY [7]. A large experience concerning theoret-
C. Cross section and response functions ical calculations is available on this reaction and a consider-

The coincidence cross section of the unpolarize/(p) able amount of experimental data at different energies and
reaction is written in terms of four nuclear structure func-Kinematics has been published, including polarization mea-

tions f,, [3] as surements. o _ .
The relativistic bound-state wave functions used in the
go=0mE' [P [{poof 0ot p11f 117 porf 01 COS calculations have been obtained from the prograyax of

Ref. [30], where relativistic Hartree-Bogoliubov equations
are solved. The model is applied in the mean-field approxi-

whereay, is the Mott cross section and the out of plane matiop to the _descript_ion of ground-state properties of
angle between the electron-scattering plane and ghg'Y ~ SPherical nuclei[31]. Sigma-meson, omega-meson, rho-

plane. The coefficients,,. are obtained from the compo- Meson, and photon fields contribute to the interaction and
nents of the lepton tensor and depend only on the electroff'@ir potentials are obtained by solving self-consistently
kinematics. The structure functiorfs, . are given by suit- Klein-Gordon equations. Moreover, finite range interactions

able combinations of the components of the nuclear curreri"® included to describe pairing correlations and the coupling
as to particle continuum states. The corresponding wave func-

tion for the nonrelativistic calculation has been taken as the
foo=(3°(30 T, upper component of the relativistic Dirac four-component
spinor with the proper normalization, i.e., normalized to one
f12= (I N+, in the coordinate and spin space. This is not the best choice
for DWEEPY, but the same theoretical ingredients are to be
fo= _2\/5 Re{(JX(JO)TH’ used if one wants to make a clear comparison between the
two approaches.
— (vt — x0T The relativistic nuclear current was taken as in E2).
f1 1= ") —(I(I)"), (15 [28]. This expression is not only more fundamental than the
where the brackets mean that the matrix elements are avepiher forms recovered from the Gordon decomposition, but it
aged over the initial and summed over the final states fulfill /S also similar to the nonrelativistic current useweepY,

+p1*lfl*l COS 2&}, (14)

ing energy conservation. where the relativistic corrections up to ordel\{llz/ are ob-
In the following we use a different definition of the struc- tained from a Foldy-Wouthuysen transformation applied to
ture functions, that is the interaction Hamiltonian where the nuclear current has the
same form as in Eq2). The Dirac and Pauli form factofs,
R.=(2m)%f g9, Ry=(2m)%f1, andF, are taken in both calculations from REB2].
The outgoing-proton wave function is calculated by
(2m)3 means of the relativistic energy-dependent optical potential
RLT:WfOlv Ryr=—(2m)%f1_;. (16)  of Ref.[33], which fits proton elastic scattering data on sev-

eral nuclei in an energy range up to 1040 MeV. The program

If the electron beam is longitudinally polarized with he- GLOBAL of Ref. [33], W.hICh ger_1erates the_ scalar and vector

licity h, the coincidence cross section for a knocked ou components of the Dirac optical potential, has been used.
' tleferent fits, available from the code, were explored. The

nucleon with spin directed alorgcan be written a$3] Schralinger equivalent potentials calculated in the same pro-
1 gram were used for the nonrelativistic calculation. The com-
== o1+ P.5+h(A+P' -9, (17) pa_rison between the resu_lts of the_: two approaches is not re-

=2 stricted to the cross section, but involves also the structure

functions, which can be experimentally separated and show a
whereoy is the unpolarized cross section of E@4), P the  (jfferent sensitivity to the treatment of the theoretical ingre-
induced polarizationA the electron analyzing power, aRd dients and to relativistic effects.
the polarization transfer coefficient. We choose for the PO- A kinematics with Constantc( w)' or perpendicmar kine-
larimeter the three perpendicular directiohsparallel top’,  matics, was chosen as convenient for the comparison, but
N alonggxp’, and T=NXL. The corresponding polariza- some calculations were performed also in parallel kinemat-
tion observables can be written in terms of new structurgcs. In both kinematics the incident electron energy and the
functions, which contain explicitly the polarization direction outgoing proton energy are fixed. In the kinematics with con-
of the emitted nucleon. In coplanar kinematiaa<0,7),  stant @,w) the electron scattering angle is calculated by im-
only PN, Pt andP'T survive[3]. posing the conditiorg/=|p’|. Changing the angle of the
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40

40

outgoing proton, different values of the recoil or missing
momentump,,, with p,,=q—p’, can be explored. In parallel
kinematicsq is parallel or antiparallel t@’, and different
values ofp,, are obtained changing the electron scattering
angle, and thus|.

The beam energ¥, was fixed in the present work at 2
GeV, in order to minimize the effect of the Coulomb distor-
tion, which is included in the relativistic program only
through the effective momentum approximat[@&7]. Calcu- 0500 h00 500400 00 00 hoe 300 400
lations were performed for an outgoing proton energy up to Pm [MeV/c] Pm [MeV/c]
400 MeV. The missing momentum was explored in a range
up to ~400 MeV/c.

L fm3
R, [fm3

Ry [fm

Ry [fm?

-5 -5

A. Relativistic vs nonrelativistic results
In this section the results of the comparison between the

DWIA calculations performed witrbweepy and RDWIA 10

: ; . . To= 100 MeV
calculations are discussenWEEPY is based on a nonrelativ- | | | | I’ | €
istic treatment, but does already contain some relativistic 0 100 200 300 400 0 100 200 300 400
corrections in the kinematics and in the nuclear current Pm [MeV/c] Pm [MeV/cl

through the expansion in . Therefore, the results of
DWEEPY cannot be obtained from the relativistic program  FIG. 1. The structure functions of tH€O(e,e’p) reaction as a
simply by dropping relativistic effects, such as the lower function of the reco.il momenturpm for. the transition to the 172
components of the Dirac spinor and applying the proper norground state of®N, in a kinematics with constanti(w), with Eq
malizations. Here the comparison is done between the resulig2000 MeV andT,=100 MeV. The solid lines give the RDWIA
of the two independent programs. In the first place Weresult, the dotted lines the nonrelativistic resultDufEEPY.
checked the numerical consistency of the two programs and
verified that they give the same result in the same situatiorthe cross section at positive and negative valuepgf
i.e., when all the differences are eliminated. This numericalvhere the mismatch between the two structure functions
check gives us confidence that we are not interpreting thedds up on the one side and compensates on the other side.
contribution of different ingredients as a relativistic effect. Large relativistic effects are also found &, which is
The comparison between the results of the new RDWIAgnyhow much smaller than the other structure functions and
program anweEPY is shown in Figs. 16, for the structure gives only a negligible contribution to the cross section. As
functions and the cross section of th#(e,e’ p)**Ng s re-
action in a kinematics with constar, ), at three values of
the proton energy, i.eT,=100 MeV, 200 and 300 MeV. & [
It is clear from these figures that the differences rapidly «» _,
increase with the energy. Moreover, the relativistic result is >~ 10
smaller than the nonrelativistic one. This is a well-known £
effect, which was found in all the relativistic calculations and =
which is essentially due to the Darwin fac{di6] of Eq. (8). o
In addition, the relativistic calculations include the typical © w0t
normalization factor E+ M)/2E [see Eq(9)], which has the
value 0.95 at 100 MeV and decreases to 0.87 at 300 MeV.
A significant difference is found for the transverse struc-
ture functionR; even afT ,=100 MeV, where a reduction of s
about 15% is obtained with respect to the nonrelativistic cal- 10
culation. The reduction grows up to about 25% at 200 MeV,
and 40% at 300 MeV. The difference is sensibly reduced,
mainly at lower energies, by including in the nuclear current -
the terms to the order W° [25]. 158
Only small differences are found for the longitudinal . L
structure functionR, at all the considered proton energies. _400 —200 0 200 200
Its size, however, decreases when the energy increases ar p [MeV/c]
therefore its contribution to the cross section becomes less ™
important. FIG. 2. The same as in Fig. 1, but for the cross section of the
Large differences are generally found for the interferencetép(e,e’p) reaction. Positivénegative values ofp,, refer to situ-
structure functiorR . The combined relativistic effects on ations where the angle betweeh and the incident electrok is
Ry and R_t are responsible for the different asymmetry in larger(smalley than the angle betweepandk.

Te= 100 MeV
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— 40 — 40 - 40 . %0
E E € E
Yy t Y y— Y—
= 30r — — 30l — 30t
o oF o? °
20f 20}
107— 10L
Py FA P S oY A I om| ol il 18
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
P, IMeV/c] Pm [MeV/c] Pm [MeV/c] Pm [MeV/¢]
- 2_ - 2 = 1= 5 1
£ £ £ £ o,
h = 0 - = = ol —
5 E v 5 £-1F el
ha X [ ..t o« o
_2_
—4 -3
sl To= 200 MeV -4F Tr= 300 Mev
o b b b v b b b MTEVESl ATSTETAE ATAVEErE A
0 100 200 3(|)0 400 0 100 200 300 400 o 100 200 300 400 -5 0 1 CI)O 2C|)0 300 400
P [MeV/cl Pm [MeV/cl Pm [MeV/c] Pm [MeV/c]
FIG. 3. The same as in Fig. 1 &,=200 MeV. FIG. 5. The same as in Fig. 1 @,=300 MeV.

relativistic effects increase with the energy, the conclusion otlinal R, and the transverse structure functi®q survive.
this comparison is thabweery can be used with enough The results are shown in Figs. 7 and 8. Also in this case
confidence at energies around 100 MeV, and, with some camall differences are found f&, , while Ry is significantly
tion, up to about 200 MeV. Higher-order terms in the nuclearreduced in RDWIA. The reduction increases with the outgo-
current can account for a part of the difference in this kine-ing proton energy, and, at a given valueTf, is larger at
matic region. A fully relativistic calculation is anyhow con- positivep,,, when the momentum transfer decreases. This is
venient at 200 MeV and necessary above 300 MeV. Thisnainly due to the fact that the leading term of the spin cur-
result is in agreement with the old one of REZ5], where  rent, proportional tog, is the same in the relativistic and
the validity of the relativistic corrections to the nuclear cur- nonrelativistic expressions.
rent, calculated as an expansion oM1ivere discussed and
an upper limit of|g| ~600 MeV/c was stated for the nonrel- g parwin factor and spinor distortion of the scattering state
ativistic calculations.

A calculation was performed also in parallel kinematics at
T,=100 and 200 MeV. In this kinematics only the longitu-

In this section we shall discuss the effect of the optical
potential in the Pauli reduction of the four-component Dirac

— N'_| %
b B 10 =
—4 r
L‘g 10 E : : .o
bo bo 10_5 =
10°F a
i 6
L 10 |
r - Te= 300 MeV
10°F C
-7
10
10_7 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1
—-400 -200 ] 200 400 —400 -200 0 200 400
Pm [MeV/c] Pm [MeV/cl]
FIG. 4. The same as in Fig. 2 @,=200 MeV. FIG. 6. The same as in Fig. 2 @,=300 MeV.
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40

— 60 — 40 —
" L " t )
E [ T,=100 MeV E E
o *r & o
20
0 ! el [, RN i 09§ ol Loyl — ol Ly 1S Ly
—400 —300 —200 —100 0 100 200 300 0 100 200 300 400 0 100 200 300 400
P [MeV /] Pm [MeV/cl Pm [MeV/c]
— 60 5
Lt ——
£ Log Ov
b L = -3r
40 E_sL[
o o ~©
9
[ -12F
20 Te= 100 MeV
L -15
_18_
o L o o ] . Py I N W DY) I PR I
— 400 —300 —200 ~100 0 100 200 300 0 100 200 300 400 0 100 200 300 400
p.. [MeV/cl Pm [MeV/cl Pm [MeV/cl

FIG. 7. The longitudinal and transverse structure functions of
the %0(e,e’ p) reaction as a function of the recoil momentyry
for the transition to the 1/2 ground state of®N, in parallel kine-

FIG. 9. The structure functions of thH8O(e,e’p) reaction as a
function of the recoil momenturp,, for the transition to the 1/2
ground state oft®N, in the same situation as in Fig. 1. The solid

lines give the RDWIA result, the dotted lines the calculation with-

matics withEy=2000 MeV andTl',=100 MeV. Positivenegative g ) ! g )
out the Darwin factor and spinor distortion, and the dashed line the

values ofp,, refer to situations wherép’|>|q| (|p’|<|q|). Line

convention as in Fig. 1.

spinor for the scattering state. We do not discuss the corr
sponding effect on the bound state, as in our calculations thﬁl
bound-state wave function is taken directly from the solution

of the relativistic Dirac equation.

R, [fm’

20

40

30

20

T,=200 MeV

s | s
200 400

Pm [MeV/c]

-200 0

|
200 400

P [MeV /¢l

FIG. 8. The same as in Fig. 7 @,=200 MeV.

EMA.

lower component of the Dirac spinor. The distortion of the

escattering wave function, which is calculated through a par-

al wave expansion, is always included in the calculation
and affects in a similar way the relativistic and nonrelativis-

. . . .. tic result.
The effect of the optical potential on the Pauli reduction is

twofold: the Darwin factoD(r) of Eq. (8), which directly
multiplies the Schrdinger-equivalent eigenfunction, and the
spinor distortionC(r) of Eq. (10), which applies only to the

The Darwin factor gives a reduction of about 5—-10 % at
100 MeV, which confirms the qualitative prediction of Ref.
[16]. On the contrary, spinor distortion produces an enhance-
ment of the cross section, so that the combined effect of the
two corrections is in general small. Moreover, it decreases
with the energy. The result is qualitatively in agreement with
the ones of Refd.12,21].

In Figs. 9 and 10 the comparison between the two results
is shown in the kinematics with constang,f) at T,
=100 MeV, for the structure functions and the cross section,
respectively. The effect is always small. Spinor distortion
enhances the cross section at high and negative recoil mo-
menta, but this effect seems absenpgt>0 or it is pushed
to very high momenta.

The effect is larger ofR_ than onRy. Thus, at higher
energies, wherd&R; becomes larger thaR, , the effect of
spinor distortion on the cross section decreases.

C. Effective momentum approximation

In this section the validity of EMA is discussed. This
prescription, which consists in evaluating the momentum op-
erator in the effective nuclear current using the asymptotic
value of the outgoing proton momentum, simplifies consid-
erably the numerical calculations, avoiding the evaluation of
the gradient in Eq(11). It is exact in plane wave impulse
approximation(PWIA), where the scattering wave functions
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FIG. 10. The same as in Fig. 9, but for the cross section of the
60(e,e’p) reaction.
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FIG. 11. The reduced cross sectiom,{) of the %0(e,e’'p)
reaction as a function of the recoil momentpm for the transitions

. . ] o to the 1/2 ground state and to the 3/2excited state of'>N, in
are eigenfunctions of the momentum, but in DWIA it disre- yarajiel kinematics withE, =520 MeV andT,=90 MeV. The data

gards the spreading of the distorted proton wave function iyre from Ref.[34]. The solid lines give the RDWIA result, the
momentum space due to FSI. dotted lines the nonrelativistic result Dfveepy.

This approximation was used in some relativistic calcula-
tions, and in particular in the model of Ref20,21] for  predictions of our relativistic approach in comparison with
bound and scattering states. Since in our approach theata that have been already and successfully described by
bound-state wave function is taken directly from the solutionother theoretical models.
of the Dirac equation, we investigate the validity of EMA
only for the scattering state. A. The %0(e,e'p) reaction

We have to notice that in our calculations EMA does not _
change the nuclear current operator, which is calculated with LOW-énergy data are presented in terms of the reduced
the cc2 formula and therefore does not depend on the moCross section 3], which is defined as the cross section di-

mentum. The only dependence is contained in the Pauli reXided by @ kinematic factor and the elementary off-shell

duction of the scattering wave function. electron-proton scattering cross section, usually, of Ref.

The effect of EMA in our RDWIA approach is shown in [28]. In Fig. 11 thelﬁreduced cross sections measured at
Figs. 9 and 10, where the structure functions and the crody/KHEF [34] for the “O(e,e’p) knockout reaction and for
section calculated with EMA in the kinematics with constantt€ transitions to the 1/2ground state and the 3/2excited
(q,0) at T,=100 MeV are displayed and compared with thes;ate of *°N are displayed and compared with the re_sults
exact result. At 100 MeV the difference is indeed sensibleZ1Ven by our RDWIA program and bywEEPY. The experi-

but it rapidly decreases with the energy. At 200 MeV it is Ment was carried out in parallel kinematicsTat=90 MeV.
much smaller, and becomes really negligible at The relativistic results are lower than the nonrelativistic

~400 MeV, and therefore at the energy of the TINAF ex-ONes and the corresponding spectroscopic factors are ap-
periment. This behavior can be understood if one considergroximately 10% larger than those deduced from nonrelativ-
that distortion effects decrease with the energy, so that aptic analyses. Thus, the normalizatipectroscopicfactor,

high energy DWIA approaches the PWIA result, whereapplied in Fig. 11 to the calculated results in order to repro-

EMA is exact. duce the size of the experimental data, is 0.70 for RDWIA
and 0.65 fomweePY. The same value is adopted for the two
final states.

IV. COMPARISON WITH EXPERIMENTAL DATA . .
As we already stated in Sec. lll, only small differences are

In this section we shall discuss the comparison of oufound at this proton energy between the two models. Thus,
RWDIA results with experimental data. Data are available athe results of the two calculations are almost equivalent in
low energies, wher®WEEPY was extensively and success- comparison with data, which are reasonably described by
fully applied, and, more recently, at higher energies, wherdoth calculations. A better agreement is found for the 1/2
other RDWIA calculations have given an excellent agreethan for the 3/Z state. In any case, it is not as good as in the
ment. Even though a precise description of experimental datBWIA analysis of Ref.[34] performed withbweepy. This
is not the main aim of this work, it is interesting to test theresult is expected, as we already claimed that the theoretical
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FIG. 12. The cross section of tH€O(e,e’p) reaction as a func-
tion of the recoil momentunp,, for the transition to the 1/2
ground state off>N in a kinematics with constani(w), with Eg
=2445 MeV andT,=433 MeV. The data are from Refl7]. The _ )
solid line gives the RDWIA result with the EDAD1 optical poten- the 3/2 excited state of*>N are displayed and compared
tial, the dotted line the RDWIA result with the EDAI-O optical with the results of our RDWIA model. The experiment was
potential. carried out in a kinematics with constang, ), with Eg

=2.4 GeV andw~439 MeV. Only RDWIA calculations are
ingredients, bound state, and optical potential, used in thehown in the figure, since we know from the investigation of
present calculation do not represent the best choice fopec. lll that at the proton energy of this experiment relativ-
DWEEPY, but are here adopted in order to allow a comparisoristic effects are large and a relativistic analysis is necessary.
between the relativistic and nonrelativistic approaches. In order to study the sensitivity to different optical potentials,

In Figs. 12—15 the cross sections and the structure fundve compare in the figures results obtained with the EDAD1
tions measured at TINAR7] for the 1%0(e,e’p) knockout ~and EDAI-O fits of Ref.[33]. Only small differences are
reaction and for the transitions to the 1/ground state and given by the two optical potentials. The agreement with data

FIG. 14. The same as in Fig. 12, but for the transition to the
3/2 excited state ofSN.
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FIG. 13. The same as in Fig. 12, but for the response functions FIG. 15. The same as in Fig. 13, but for the transition to the
of the %0(e,e’p) reaction. 3/2” excited state of°N.
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FIG. 16. The induced polarization of the emitted proton for the

12c(e,e'p) reaction as a function of the recoil momentyay for
the transition to the 3/2 ground state of’B in a kinematics with
constant §,), with Eq=579 MeV andT,=274 MeV. The data

FIG. 17. The components of the polarization transfer coefficient
Pl andP'T for the 1°O(e,e’p) reaction as a function of the re-
coil momentunp,, for the transition to the 1/2ground state of°N
in the same kinematics as in Fig. 12. The data are from [Ré&].

are from Ref[19]. The solid line gives the RDWIA result with the The solid lines give the RDWIA result with the EDAD1 optical
EDAD1 optical potential, the dotted line the RDWIA result with the potential, the dotted lines the RDWIA result with the EDAI-O
EDAI-C optical potential, and the dashed line the result with theoptical potential.

EDADL1 optical potential and after removing the negative energy

tsinthe b d state.
components in fhe hotind state confirmed in Fig. 16 by the dashed line which gives a

is satisfactory and of about the same quality as in othepmallerPN. A slightly higher polarization is obtained in Ref.
RDWIA analyses, but for the interference structure function[12] with the nuclear current written in trecl form accord-
R. 7 for the 1/2 state at intermediate missing momenta. Aing to Ref.[28].

better description of data might be obtained with a more The components of the polarization coefficiePt-and

careful determination of the theoretical ingredients. P'Twere measured at TINAF18] for the 160(é,e'5)

It is interesting to notice that the spectroscopic factor ap- . "
plied to all the calculations in Figs. 12—15 is the same, i o reaction and for the transitions to the 1/ground state and

. 5 .
0.7, as that found in the comparison with NIKHEF datathe 3/Z excﬂgd state_ of N'_ The expenm_ent was performed
shown in Fig. 11. A spectroscopic factor of about 0.7 was the same kinematics as in ReL7], that is the one of Figs.

also obtained in previous RDWIA analyses of the same-2—15. The experimental data are compared with our
TJINAF data[17]. RDWIA calculations in Fig. 17 for 1/2 and in Fig. 18 for

the 3/2 state. The two curves in the figures show the results
obtained with the EDAD1 and EDAI-O fits. Both results are
in satisfactory agreement with data.

B. The ?C(e,e'p) and °0(e,e'p) reactions

The induced polarization of the outgoing protBf was

measured at Bates for thEC(e,e’p) reaction[19]. Data
were taken in a kinematics with constang,®) at Eg
=579 MeV andw~290 MeV. In Fig. 16 these data are dis- N order to clarify the differences between the usual non-
played and compared with our RDWIA calculations. Resultg€elativistic approach and a relativistic description of exclu-
obtained with the EDAD1 and EDAI-C optical potentials are Sive (€,e’p) knockout reactions, we have performed a fully
compared in the figure. The EDAD1 curve gives a betterrelativistic calculation and compared it with the non-
description of the experimental data at high values of theelativistic results of th@wEEPY code, that was successfully
missing momentum, but both calculations are in fair agreeused to analyze a large number of experimental data. The
ment with data. With EDAD1 potential, we also plot results transition matrix element of the nuclear current operator is
after eliminating the negative energy components in thevritten in RDWIA using the relativistic bound state wave
bound state. functions obtained in the framework of the mean field
As already shown in Ref12] the polarizationPN is en-  theory, and the direct Pauli reduction method with scalar and
hanced by the presence of the negative energy componentsctor potentials for the ejectile wave functions. Correspond-
of the relativistic bound state wave function. This result isingly, the nonrelativistic DWIA matrix elements are com-

V. SUMMARY AND CONCLUSIONS
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use of a nonrelativistic approach at energies higher than
those generally considered up to few years ago, and to clarify
the possible relativistic effects arising also at lower energies.
We have used the new RDWIA amiveEePY codes to per-
form calculations for several kinematic conditions. The rela-
tivistic results are always smaller than the nonrelativistic
ones and the difference increases with energy. The transverse
and interference structure functions are particularly sensitive
to relativistic effects, much more than the longitudinal struc-
ture function.Rt is sensibly reduced even at low energy:
inclusion of higher order terms in the nonrelativistic nuclear
current can reduce the difference, but a fully relativistic cal-
culation is necessary abovg~ 200 MeV.

The effect of the scalar and vector potentials in the Pauli
reduction for the scattering state has been discussed. These
potentials appear in the relativistic treatment and are absent
in the nonrelativistic one. The combined contribution of the
reduction due to the Darwin factor and of spinor distortion,
which enhances the effects of the lower components of the
Dirac spinor, is always small.

The validity of EMA in the scattering state of relativistic
calculations has been studied. The differences with respect to
the exact results are sensibleTg=100 MeV, but rapidly
decrease with the energy and become negligibleTat
~400 MeV.

We have tested our new RDWIA calculations in compari-
son with experimental data that have already been described

The main aim of this paper was not to make a preciséby other models. The agreement is satisfactory and compa-
analysis of the existing experimental data, but to discuss theable with other relativistic analyses.
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