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Meson exchange currents in a relativistic model for electromagnetic one nucleon emission
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We analyze the role of meson exchange curréMECS) in photon- and electron-induced one nucleon
emission reactions in a fully relativistic model. The relativistic mean-field theory is used for the bound state
and the Pauli reduction for the scattering state. Direct one-body and exchange two-body terms in the nuclear
current are considered. Results for tH€(y,p) and °0(y,p) differential cross sections and photon asym-
metries are displayed in an energy range between 60 and 196 MeV. The two-body seagull current affects the
cross section less than in nonrelativistic analyses. In the case dfGlie,n) differential cross section, MEC
effects are large but not sufficient to reproduce the data. MECs have a small effexeop) (calculations.
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I. INTRODUCTION to the DKO. MECs are found to produce an enhancement of
the DKO cross sectiongl7]. The importance of MEC in
One nucleon knockout reactions are a primary tool to exproton photoemission was also studied in RéB] for the
plore the single-particle aspects of the nucleus. Several medC(y,p) reaction at intermediate energy.
surements at different energies and kinematics have been |sobar currentIC) effects in photonuclear reactions were
performed in a wide range of target nuclei, which stimulatedstudied in Ref[20], where a microscopic calculation includ-
the production of a considerable amount of theoretical calcuing both nuclear correlations an excitations showed that
lations. . _ICs are small except at large momentum transfer. The model
The validity of the direct knockoutDKO) mechanism is  \yas then extended to include also MEC and applied to pro-
clearly established for exclusive,@’p) reactiong1]. The- g, capture [, y) in Ref.[21] and suggested that the DKO is

oretical models based on the nonrelativistic and relativistiG,o 1ost important contribution to this reaction. The role of
d!storted wave |mpulse. approxmatm@WlA? are able to MEC andA excitations in f/,p) reactions was analyzed in
give an excellent description of data in a wide range of nu- !

clei and in different kinematics. In contrast, the reactionRef' [22], Wher_e also short-range correlations were consid-
mechanism of photonuclear reactions has been the object ]red. Largg d|fferences _betwgen DKO cross sections and
a longstanding discussiofi]. On the one hand, the DKO ose obtained ywt_h the inclusion of MECs were found for
mechanism, with a suitable choice of the theoretical ingredi!arge proton. emission angles. ) )

ents adopted for bound and scattering states, was able to '€ relativistic approach was first applied tp,f) reac-
describe §,p) cross sections for photon energies u tions in Ref.[23], where also MEC were considered, and in
~100 MeV [2]. On the other hand, the fact that the transi- R€fs. [24,28 within the framework of DKO. The DKO
tions with neutron emission are of the same order of magnimechanism was able to reproduce t®(y,p) data atE,
tude as those with proton emission addressed to a reactigh 60 MeV [25]. The same approach was then extended in
mechanism where the transferred momentum is shared b&ef.[26] to a much wider energy range and showed that the
tween two nucleons. Indeed, the quasideuteron mi&ied] DKO is the main contribution to the cross section for miss-
was applied with some success to photoreactions at low arl#g momentum values up tp,=500 MeV/c, while MEC
medium energies. Various corrections were included in th@nd IC are expected to give important effects for larger miss-
DKO model[6,7], but were unable to give a consistent de-Ng momenta.

scription of (y,p) and (y,n) data. The effects of MEC and IC ing,e’p) reactions at quasi-

In recent years, tagged photon facilities were deve|ope@|astic peak were first presented within a nonrelativistic
and produced data with high-energy resolution and a cledfamework in Ref[27], where a small contribution of MEC
separation between different states of the residual nucleu@d a reduction due to IC were obtained. In contrast, in Ref.
[8—13. For the (y,p) reaction, various analyses in different [28], important effects on the interference response functions
theoretical approaches suggest that the DKO contributioM/ere found out. Moreover, the effects were dependent on the
may be a small fraction of dafa4—16, thus indicating that ~shell considered. The sensitivity of polarization observables
a prominent role is played by more complicated mechanismgp MEC and IC in é,e’ 5) was studied in Ref.29], where a
such as meson exchange currgiM&Cs) and multistep pro- moderate dependence on MEC was predicted onlyat

cesses due to nuclear correlations. =200 MeV/c. In Ref.[30], MEC and IC effects ond,e’p)
Nonrelativistic DWIA calculations with ingredients for are generally small.
bound and scattering states consistent wétfe(p) reactions Different fully relativistic DWIA (RDWIA) models were

are unable to describey(p) data[17,18. A reasonable developed in recent years by different groups and success-
agreement is obtained when the MEC contribution is addefully applied to the analysis ofg(e’p) data[31-34. In a
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recent papef35], we have compared nonrelativistic and rela- cluded. The nuclear initial staté¥;) is the many-body
tivistic calculations for the %,N) knockout reactions in independent-particle model wave function, i.e., a Slater de-
order to clarify the relationship between the DWIA and terminant, where only correlations due to the Pauli principle
RDWIA approaches for ¢,p) and (y,n), and to study the are included. For exclusive processes where only one
relevance of the DKO mechanism in nonrelativistic and relanucleon is emitted, and under the assumption that only the
tivistic calculations. In this work our interest is focused onobserved channel contributes to the scattering wave function,
the role played by MEC in¥,N) and in (e,e'p) reactions we can assume that only one nucleon undergoes a transition
within the framework of RDWIA. and that the residual nucleus is a pure one-hole state in the
The RDWIA treatment is the same as in RE85]. The  target. Then, the matrix elements in Ed) are given by the
relativistic bound state wave functions are solutions of asum of two terms, for the one-body and the two-body current
Dirac equation containing scalar and vector potentials obeperators, as
tained in the framework of the relativistic mean-field theory.
The effective Pauli reduction has been adopted for the Out-(qlf“#|qfi>z<x(*)(1)|jM(lb)|\pﬂ(1)>
going nucleon wave function. This simple scheme is in prin-

ciple equivalent to the exact solution of the Dirac equation. A B .

The resulting Schidinger-like equation is solved for each + 2’1 NP (2)]j#(20) [P 5(1) W ,(2)
partial wave starting from relativistic optical potentials. The “

same spectroscopic factors obtained in RE34,36 by fit- =V (L)W 4(2)), (2
ting our RDWIA (e,e’p) results to data have been applied to

the calculated ,N) cross sections. where (7 is the distorted wave function of the emitted

Results for'“C and *°O target nuclei at different photon nucleon, and¥,g are single-particle bound state wave
energies have been considered. The one-body part of thanctions.
relativistic current is written following the most commonly  |n the first term the interaction occurs, through a one-body
used current conservinfec) prescriptions for the €,e'p)  current, only with the nucleon that is ejected; and the other
reaction introduced in Ref37]. The ambiguities connected nucleons behave as spectators. This term corresponds to the
with different choices of the electromagnetic current cannobkKO mechanism and gives the RDWIA. In the second term
be dismissed. In thee(e’p) reaction the predictions of dif- the interaction occurs, through a two-body current, with a
ferent prescriptions are generally in close agreeni88l.  pair of nucleons. Only one nucleon is emitted and the other
Large differences can however be found at high missing monucleon of the pair is reabsorbed in the residual nucleus. For
menta[39,40. These differences are increased #N) re-  the nucleon that has not been emitted a sum over all the
actions, where the kinematics is deeply off shell, and highegingle-particle states is performed in the calculations.
values of the missing momentum are probed. At present, there is no unambiguous approach for dealing
The two-body part of the current is constructed startingwith off-shell nucleons. Here, we discuss the three cc expres-
from the pseudovectofrN Lagrangian as in Ref§41,42. sions for the one-body curref37,43,44
As a first step, in this paper we include in the two-body
current only the term corresponding to the sea@udintac} K _
diagram with one-pion exchange. Thus, we consider only a j41=Gm(Q?) YM—WFz(Qz)P“,
part of the contribution of MEC. This contribution, however,
should be able to understand the relevance of the two-body
currents in a relativistic approach also in comparison with o 2 . K 2 _uv
previous nonrelativistic calculations. Jeez=FA(QO) " i 5 Fa( Q%) 0™,
The formalism is outlined in Sec. Il. Relativistic calcula-
tions of the C(y,p) and®O(y,p) cross sections are pre- P
sented in Sec. Ill, where also MEC effects on then) and jEa= |:1(Q2)
(e,e’p) reactions are discussed. Some conclusions are
drawn in Sec. IV.

i
m—i_mGM(Qz)Uﬂquv (3)

Where&#:(w,q) is the four-momentum transfe@2=|q|2

Il. FORMALISM —w?, P*=(E+E',py+p’), E' andp’ are the energy and
momentum of the emitted nucleor,is the anomalous part
The matrix elements of the nuclear current operator, i.€.of the magnetic momenE, andF, are the Dirac and Pauli
nucleon form factorsG,,=F;+ kF, is the Sachs nucleon
= (Wl 4| y), (1) magnetic form factor, anat“*=(i/2)[ y*,y"]. These expres-
sions are equivalent for on-shell particles due to Gordon
represent the main ingredient of the cross section and contaidentity, but they give different results when applied to off-
all the physical information that can be extracted from theshell nucleons.
reaction. The two-body current is due to meson exchanges between
The nuclear current operator can be expanded into onawcleons. We have considered in this paper only the seagull
body, two-body, and higher-order components. In this papediagram. The corresponding current is written in momentum
one-body, j“(1b), and two-body,j*(2b), terms are in- space a$41,42
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£2 o are obtained from the lepton tensor components and depend
Jh=— FS—Z\P(1)yﬂy5\1f(1)\lf(2)k2y5\lf(2), only upon the electron kinemati¢&,46).

mz In case of an incident photon with energy,, the (y,N)

cross section can be written in terms of the pure transverse
t ot response, i.e.,
73 6160 (11X 1), 616+ (1-2), 4
k2_ mﬂ. 2772a .
whereFs=GR—Gg, f%/(4m)= = i Uy_E_freCE LES 12
s=Gg—Gg, 7)=0.079,m =140 MeV is the Y

pion mass, and is the isospin wave function. We have per-

formed calculations with the cutofA =1250 MeV in the . .
the interference transverse-transverse response is also non-

pion propagator. : C
Current conservation is restored by replacing the Iongitu-Zero and appears in the definition of the photon asymmetry

dinal current and the bound nucleon energy[8Y]

where «=1/137. If the photon beam is linearly polarized,

fi_
A=— 11 (13)
w f11
Jr=07=20, (5)
ld The response functions are given by bilinear combinations of
the nuclear current components, i.e.,
E=V|pal’+M?=\p'—q*+M?. (6)

foo=(I°(IO),

f12= (IO +(I (T,

The bound state wave functions,

ua(B)) @

Vg = ( bois)
o

for=—2\2Rd (I (I)")],
are given by the Dirac-Hartree solution of a relativistic La- fr_=(IINN = (NI, (14)
grangian containing scalar and vector potentials.

The ejectile wave function is written in terms of its posi- where (- --) means that average over the initial and sum
tive energy component following the direct Pauli reductiongver the final states is performed fulfilling energy conserva-

schemd45], i.e., tion.
X+ IIl. RESULTS AND DISCUSSION
— .n'
X= L)H ' (8) The results of this section have been obtained with the
M+E'+S-V same bound state wave functions and optical potentials as in

Refs.[34,35, where the RDWIA one-body analysis was suc-
whereS=S(r) andV=V(r) are the scalar and vector poten- cessfully applied to reproduce,e’p) and (y,p) data.
tials for the nucleon with energlf’. The upper component  The relativistic bound state wave functions have been ob-
X+ is related to a Schrbnger equivalent wave functio®s  tained from the code of Ref47], where relativistic Hartree-

by the Darwin factoD(r), i.e., Bogoliubov equations are solved in the context of a relativ-
istic mean-field theory that satisfactorily reproduces single-
X+=\VD(r)®y, 9 particle properties of several spherical and deformed nuclei
[48]. The direct Pauli reduction is applied for the scattering
S-V state which is calculated by means of the energy-dependent
D(r)=1+ M+E' (10 and mass-number-dependent complex phenomenological op-

tical potential(EDAD1) of Ref.[49]. The EDAD1 potential
@, is a two-component wave function that is the solution ofiS obtained from fits to proton elastic scattering data on sev-
a Schidinger equation containing equivalent central anderal nucléiin an energy range up to 1040 MeV. Since there is
spin-orbit potentials obtained from the scalar and vector pol'© Unambiguous prescription for handling off-shell nucleons,

tentials. we have performed calculations with different cc expressions
The coincidence cross section of thed’ p) reaction can for the one-body current. The Dirac and Pauli form factors
be written in terms of four response functiofs., as are taken from Ref.50].
o=0wfeE'|P'| {poofoot pP1af11F pPosforcO D) A. The (y,p) and (y,n) reactions
+p1_1f1_1c0429)}, (11) The analysis of §,p) reactions has been the object of a

longstanding discussion about the reaction mechanism.
where oy, is the Mott cross sectiorf,. is the recoil factor Many nonrelativistic calculations in different theoretical ap-
[1,46], and ¥ is the out-of-plane angle between the electronproaches suggested that MEC akdexcitations should play
scattering plane and they,@’) plane. The coefficientg,, a prominent role. On the contrary, the RDWIA approach
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1°0(y,p)*Ny s, reaction as functions of the proton scattering angle 1°0(y,p)**N, ¢ reaction as functions of the proton scattering angle
at E,=60 MeV. The data are from Ref9] (black squargsand  at E,=60 MeV. The data are from Ref9] (black squareésand
from Ref. [51] (open circles Solid lines represent the DKO from Ref.[51] (open circles Dashed, solid, and dotted lines rep-
+SEAG results, dashed lines the DKO results, and dotted lines theesent the DKQ SEAG results, with ccl, cc2, and cc3 prescrip-
SEAG results. tions for the one-body current, respectively.

o . . . at large angles, where the SEAG contribution becomes
seems to indicate that the DKO mechanism is the 'ead'n%egative.

process, at least for low photop e_nergies and missing.mo- The sensitivity of the ¢,p) calculations aE =60 MeV
menta up t0=500 MeVic. Our aim is to study whether this 14 gifferent cc prescriptions for the one-body ‘current is pre-
conclusion is correct investigating the effects of the seagullgnteq in Fig. 2, where results for the DKGEAG contri-

(SEAG) current on the cross section. The comparison bepytion are displayed. As we already pointed out in ke,
tween the DKO- SEAG, DKO, and SEAG results is shown (546 gifferences are given by the three expressions of the
n Fig. 1 Igr the cross section and photon asymmetry of the)ne_hody current at the considered photon energy. These dif-
O(7,p) Ny, reaction ate,=60 MeV. The cc2 current  ferences are somewhat reduced when the seagull current is
has been used and the spectroscopic fagfpr;) =0.71 has  added, but remain anyhow large. The calculated cross sec-
been applied34-36. As it was already known from previ- tions are strongly enhanced if we use ccl; this is probably
ous analyse$26,35, the one-body term provides the main due to an overestimation of the convective current contribu-
contribution to the cross section and can satisfactorily reprotion for an off-shell nucleon. Results with cc3 are lower than
duce the data, at least for small angles. The pure contributiothose with cc2, but the difference decreases with increasing
of the two-body term is one order of magnitude lower thanphoton energy. Large differences are obtained also for the
the one-body one, but their interference is large. The totaphoton asymmetry at large scattering angles. In Figs. 3 and 4
result is enhanced above the data and the shape is slightlye comparison between the DRCSEAG and DKO results
affected. The SEAG contribution is sizable but is less than iris shown for the cross section and the photon asymmetry for
previous nonrelativistic calculatiof&7]. It has been pointed energy ranging from 80 to 196 MeV. The seagull contribu-
out in a nonrelativistic approacf?2?] that the SEAG term tion enhances the cross section at all the considered photon
overestimates MEC. A substantial reduction is obtainecenergies. Thus, the experimental cross sectiong at80
when the pion-in-flight diagram is added, while thecurrent  and 100 MeV, which are already reproduced by the DKO
is important only with increasing photon energies. If theseresult, are overestimated, while a better agreement with data
results were confirmed in relativistic calculations, the pion-is found atE,=150 and 196 MeV. In order to draw definite
in-flight term would reduce the contribution of seagull andconclusions in comparison with data, however, it would be
bring the calculated cross section in Fig. 1 closer to the DKQuseful to check the relevance of the pion-in-flight contribu-
results and also to the data. tion, and also of the IC, which should play a significant role
The photon asymmetry aE,=60 MeV is shown in above 150 MeV. For the photon asymmetry in Fig. 4, the
the lower panel of Fig. 1. The differences between thedifferences between the DKOSEAG and DKO results in-
DKO+ SEAG and the DKO results are generally small, butcrease with the scattering angle and with the photon energy.
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FIG. 3. The cross section for th€O(y,p)**Ng s reaction as a FIG. 4. The same as in Fig. 3, but for the photon asymmetry.

function of the proton scattering angle at a photon energy ranging

from 80 to 196 MeV. The data at 80 and 100 MeV are from Ref.q¢ripe the data aD2=0.8 (GeVk)? from Jefferson Labora-
[51. The data at 150 MeV are from R¢&2]. The data at 196 MeV' 141y (3l aly [57,58. Both nonrelativistic and relativistic
are from Ref[53]. Solid lines represent the DKOSEAG results (e,e'p) analyses were performed including the one-body
and dashed lines the DKO results. current only. In fact, the two-body diagrams were not ex-

) ] pected to give an important contribution, at least over the
In Fig. 5 the cross section and the photon asymmetry for th@yp|ored kinematics conditions.

12C(y,p)''By. reaction atE,=58.4 MeV are presented.

The spectroscopic factoZ(p2)=0.56 has been applied. 12C(yp)11B
Also in this case, the DK® SEAG results are greater than _ ’ g
the DKO ones. However, the most apparent feature is tha‘i
none of them can reproduce the data. This fact was alread'§
found out in Refs[26,35, where it was suggested that a & 1o
better agreement might be obtained with a more clear deter
mination of the '2C ground state, which should take into
account its intrinsic deformation. Results for neutron photo- '
emission atE, =60 MeV are displayed in Fig. 6. The same
spectroscopic factor as in they,p) reaction has been ap- - | ‘
plied. The fact that the ratio between experimentalp) and
(,n) cross sections is comparable to unity has been tradi-
tionally interpreted as a signal of the dominance of a two-
body mechanism in they,n) reaction. We see that results
with DKO+ SEAG are greatly increased with respect to the
DKO ones, but this enhancement is still insufficient to repro-
duce the magnitude of the data. These results seem to indi  °f
cate that more complicated effects are needed to reproduc

the data, such as, e.g., a rescattering procks20,22,56 -05

I I
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B. The (e,e’p) reaction

The study of the exclusivee(e’p) knockout reaction for
Q2_$0-4 (GeVk)?* was successfully performed in the theo-  FIG. 5. The cross section and photon asymmetry for the
retical framework of nonrelativistic DWIA. In more recent 12C(y,p)'B, reaction as functions of the proton scattering angle

years different models based on a fully relativistic approachit E,=58.4 MeV. The data are from Rd54] (black squaresand
were developed. These models were able to successfully déem Ref.[8] (open circles Line convention as in Fig. 1.
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FIG. 7. Upper panel shows the reduced cross section for the
16, ’ 15 H —
FIG. 6. The cross section and photon asymmetry for the O(&:€'P) Ny reaction atE,=90 MeV constant proton energy

160(7,n)150915.reacti0n as functions of the neutron scattering anglein the center-of-mass system in parallel kinemafig8]. Lower

at E,—60 MeV. The data are from Ref11] (black squaresand panel shows the cross section for the same reaction, b@?at
Y . _ 2. . . . .
from Ref.[55] (open circles Line convention as in Fig. 1. =0.8 (GeVk)* in constant ¢,») kinematics[57]. Solid lines rep-
resent the DKQ- SEAG results and dashed lines the DKO results.

In Fig. 7 the °0(e,e’ p)**Ny ¢ reaction is considered. In framework. In previous relativistic and nonrelativistic DWIA
the upper panel the reduced cross section data measuredcaiculations the DKO mechanism was clearly established for
NIKHEF [59] in parallel kinematics with a proton energy of quasifree ,e’p) reactions in comparison with data, and
90 MeV in the center-of-mass system are compared with oupnly a small contribution is expected from two-body cur-
DKO+SEAG and DKO calculations. The cc2 prescription rents. Various nonrelativistic calculations give different re-
for the one-body current has been used and the spectroscogiglts, but confirm that the contribution of MEC ie,€'p) is

factor isZ(p3)=0.71. In the lower panel the same reaction "0t very important. Nonrelativistic analyses of,f) reac-

is studied at the JLab constard, &) kinematics[57]. As it tions generally indicate a prominent role of MEC. Their con-

was already found in Ref34], the DKO calculation gives tribution is important to reproduce the data and affects the
good descriptions of the data in both kinematics. A inghtShape and size of the calculated cross sections at all the pho-

enhancement is due to the seagull current and is visible onl§P" €N€rgies. 'r';‘ contrast, lRD\g/'A E?Iculatpns suggest tr;‘t
at higher values op,,. This result is consistent with usual 1€ DKO mechanism is already able to give a reasonable

expectations for which quasifree electron scattering is almogtdreement with data and MEC seem to be required only at
unaffected by MEC. Pm=500 MeV/c. Thus, our aim was to study the relevance

We have also performed calculations for the transition t®f tWo-body currents in comparison with DKO within a fully
relativistic framework.

§ . . 5 . . .
the p? first excited state of°N at the same kinematics as in The nuclear current operator is expanded into one-body

Fig. 7, but we have not found any appreciable difference,,q two-body components. The one-body term gives the
with respect to thep; state. We have also calculated the DKO contribution. For the two-body term we assume that
response functions measuredftD(e,e’p)°N at JLab[57]  only a pair of nucleons are involved in the reaction: one is
and the polarization observables from MIT-Baf&®] on  emitted from a specific state and the other one is reabsorbed
12C(e,e’p)B and JLab[58] on ®O(e,e’p)!N. MEC in the nucleus, i.e., the residual nucleus is a one-hole state in
might be expected to give a more significant effect in thethe target.

induced po|arization' but we have not found any Signiﬁcant In the transition matrix elements of the nuclear current

difference with respect to our RDWIA results of Refs. Operator the bound state wave function is obtained in the
[34,36. framework of the relativistic mean-field theory, and the di-

rect Pauli reduction method with scalar and vector potentials

IV. SUMMARY AND CONCLUSIONS is used for the ejectile wave functions. In order to study the

ambiguities in the one-body electromagnetic vertex due to

In this paper a first step has been made to study the role ake off shellness of the initial nucleon, we have performed
MEC in (y,N) and (e,e’p) reactions in a fully relativistic calculations using three current conserving expressions.
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As a first step, we have considered in this paper only th@ne-body current are generally found in thg§) cross sec-
contribution to the MEC due to the seagull diagram. We havdion also when the seagull current is included.
discussed the effect of this term on the,f) reactions for For the (y,n) reaction, the dominant contribution of a
photon energies up to 196 MeV. As in previous RDWIA two-body mechanism has been traditionally claimed to ex-
analyses, the DKO term provides the main contribution tgPlain the magnitude of the experimental cross section. Our

the cross section and is in satisfactory agreement with th DWIA r.es.ults are greatly increased Whe!‘ th(_e SEAG con-
. ibution is included, but the enhancement is still insufficient
data, at least for small energies and angles. The pure SEA

. ller than the DKO Th | off h reproduce the data. This seems to indicate that more com-
term is smaller than the one. The total eflect enhancegicateq effects are needed to reproduce the data. A careful

the cross section, but less than in nonrelativistic calculationsyng consistent analysis of these mechanisms in a relativistic
On the other hand, in nonrelativistic calculations the pion-inframework would be important and helpful to clarify this
flight diagram reduces the effect of the seagull current, whileyuestion.
the A excitation is important only with increasing photon = We have also performed calculations for theg( p) re-
energies. In the case of our RDWIA calculation, we expect action at different kinematics. Also in this case, the seagull
similar result. The inclusion of all MEC contributions should diagram enhances the RDWIA results, but, in contrast to
have a more limited but still visible effect on the cross sec y,p), the effects are generally small and visible only at high
tion, while I1C should become important at increasing photormissing momenta. Thus, the comparison with data that were
energies. already well reproduced by the DKO model, is practically
Large ambiguities to the different prescriptions for the unaffected.
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