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Relativistic analysis of the 2°%Pb(e,e’p)2?°’Tl reaction at high momentum
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The recent?®Pb(e,e’p)?°’TI data from NIKHEF-K at high missing momentunp>300 MeVk) are
compared to theoretical results obtained with a fully relativistic formalism previously applied to analyze data
on the low missing momentunp(,<300 MeVk) region. The same relativistic optical potential and mean-field
wave functions are used in the twg, regions. The spectroscopic factors of the various shells are extracted
from the analysis of the lowe;, data and then used in the high; region. In contrast to previous analyses
using a nonrelativistic mean-field formalism, we do not find a substantial deviation from the mean-field
predictions other than that of the spectroscopic factors, which appear to be consistent with both low- and high-
pm data. We find that the difference between results of relativistic and nonrelativistic formalisms is enhanced
in the p,,<0 region that will be interesting to explore experimentally.

PACS numbsd(s): 25.30.Fj, 24.10.Jv, 21.10.Jx

Coincidence ¢,e’p) measurements at quasielastic kine-the residual nucleus. In nonrelativistic PWIA the differential
matics have been shown to provide very detailed informatioreross section factorizes into two terms, the elementary
on the energy and momentum distributions of the bouncelectron-proton cross section, accounting for the interaction
nucleons[1]. This is so because at quasielastic kinematicdetween the incident electron and the bound proton, and the
the (e,e’p) reaction can be treated with confideridgin the spectral function that accounts for the probability to find a
impulse approximatiorilA), i.e., assuming that the detected Proton with given energy and momentum in the nucleus.
knocked out proton absorbs the whole momentgh énd ~ Although the factorization is destroyed when one takes into
energy @) of the exchanged photon. account_the distortion of the electron a_nd/or outgoing proton

In the past é,e'p) experiments in parallel kinematics waves, it is useful and common practice to analyze the re-

provided high precision measurements of reduced cross se%Ejlts in terms of a rgduce_d cross section def'?‘ed. in such a
tions in the missing momentum range 50< p.<300 way that would coincide with the spectral function if factor-

Mevi/c [2]. Thi | db . ization were fulfilled. For selected values of the missing en-
- 1NIS range ofpm values was covered by varying ergy E,, (i.e., for selected single-particle shelthe reduced
the q value while mglntalnlng)m paralle! toq (in what fol- cross section is given by
lows we refer to this as the lopy, region. Recently, the
range of missing momentum has been extendedebg’ p)
measurements atj(w)-constant kinematicg3]. p(pm):f dE,[o°P|pe|EF] L
The new range ofp,, values (346&p,,<500 MeVk) m
was covered by varying the direction of the proton detec-
tor between~99° and~140°, with fixed values of] (221  with p,, the missing momentun&,|pg|,Qr (€;,Q4) the
MeV/c) andw (110 MeV), at an incoming electron energy of outgoing protor(electron kinematical variables, and experi-
487 MeV. We will refer to the latter as the highy; region. In mentally, the integral is evaluated over the inter&d,, that
both regions the kinetic energy of the detected proton wasontains the peak of the transition under study. The term
Te=100 MeV. o®P represents the elementary electron-proton cross section.
In Ref. [3] the highp,, data for the shells §,,, 2ds, The experimental data g§(p,,) are obtained dividing the
1hy1p, 2dsp,, and 1g;, in 2°%b, were compared with stan- experimental cross section ?; , as given by Eq(17) of
dard nonrelativistic calculations based on th&eepy pro-  Ref.[7]. We therefore use the same expressiornsfttin our
gram developed in Ref4], that had also been used for the theoretical calculations. In PWIA(p,,) represents the mo-
analysis of the lowp,, data. The authors of R€f3] conclude  mentum distribution of the selected single-particle shell. The
that the highp,, data are substantially larger than the mean-spectroscopic factd®, for a givena shell is determined by
field predictions. The purpose of this paper is to see whethesgcaling the theoretical predictions fp(p,,) to the experi-
this conclusion still holds when the data are analyzed withmental data.
the fully relativistic formalism recently develop¢8,6]. The standard nonrelativistic formalisi2] involves the
The simplest approximation to analyze thed’ p) pro-  DWEEPY program, which is based on an expansion of the
cess is the plane wave impulse approximatiiWVIA),  one-body current operator to second order in the momenta,
where one also makes the assumption that the proton isnd can be schematically described as follows. The nonrela-
ejected from the nucleus without any further interaction withtivistic wave functions for the bound and outgoing nucleons
are obtained from phenomenological potentials of the
Woods-Saxon type. The parameters of the Woods-Saxon po-
*Present address: Institutérflheoretische Physik. Universita tential for the bound proton are adjusted for each individual
Tubingen. Auf der Morgenstelle, 14. D72076[ingen. Germany.  shell. The optical potential for the outgoing proton is fitted to

do
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TABLE |. Spectroscopic factors deduced from the relativistic and nonrelativistic analyses of the low-
pm data in the reactiorf®®Pb(e,e’ p)?°“Tl. The numbers within parentheses indicate the statistical error
derived from the fit.

38112 2d3, 1hyyp 2dsp; 197
Nonrel. (Ref.[2]) 0.50 0.53 0.42 0.44 0.19
Nonrel. (Ref. [3]) 0.55 0.57 0.58 0.54 0.26
Rel. (this paper and Ref5]) 0.7055) 0.735) 0.644) 0.605) 0.304)

elastic proton scattering data. The Coulomb distortion of thep,,, [3] regions are shown by small and large circles with
electron waves is treated in an approximate way. error bars, respectively.

The initial motivation of the fully relativistic formalism In the lowyp,, region of Figs. 1 and 2 we show our rela-
was to incorporate in an exact way the effect of the Coulombivistic results scaled by the spectroscopic factors given in
distortion on the electron wav¢s,8]. However, it was soon the last row of Table I. We can see in Figs. 1 and 2 that the
realized[5,6] that this formalism is also more adequate thanshape ofp(p,,) for each shell agrees very well with data in
the previous nonrelativistic one in accounting for the outgo-the low,, region. This gives confidence on the reliability of
ing proton distortion. these spectroscopic factors. As indicated in the figures, these

In the relativistic treatment, the nucleons are described byesults have been obtained using the CC2 current operator.
solutions of the Dirac equation with scalar and ve¢®iV) Fits of the same quality can be obtained with the CC1 op-
potentials. For the bound proton we use theoRA code[9].  erator [5]. However, the cross sections obtained with the
The wave function of the outgoing proton is obtained byCC1 operator in thip,, region are typically 10% larger than
solving the Dirac equation with a S-V optical potenfiaD], those obtained with CC2 and therefore the spectroscopic fac-
fitted to elastic proton scattering data. The complete relativtors obtained are 10% smallésee also Table 1l of Ref5]).
istic nucleon current operator with either conventfighCC2 In the highp,, region of Figs. 1 and 2 we compare with
or CC1 is used. experiment our relativistic results obtained with the current

Fully relativistic analyses for the quasielasti €' p) re-
action from the shells §,[5,8] and A, [5] on 2°%b have
already been made in the lopy; region. The values of the 10 *?
spectroscopic factors obtained with these relativistic analy-
ses, S,=0.7, were much larger than the values obtained 10
from previous nonrelativistic analyseS (=0.5) [2]. A simi-
lar situation was found in other doubly closed shell nuclei as 1
40%Ca. In all cases considered, larger spectroscopic factors 10 !
were obtained with the relativistic analydés8]. The origin
of this difference is discussed in detail in RES]. The larger 10 -2
values are consistent with theoretical predictiphs—13 as ™ _3
well as with the spectroscopic factors obtained from other E 10
methoddg 14]. “— 10 ~*

In this Rapid Communication we first apply a similar rela- ™~
tivistic analysis to the lows,,, data for the h,,,,, 2ds,,, and 10
19, shells in 2°%b. The spectroscopic factors resulting < s
from this analysis, as well as the ones previously obtained 10
[5] for the 3s;, and A3, shells, are then used to calculate
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the reduced cross section in the high-region. 10 rel. (CC2)

The method used to obtain the spectroscopic factors is as 10 8- - - rel. (CC1) ,
described in Ref[5]. For each shell the overall scale factor ~ F _______ nonrel. ]
has been obtained by means of an error weighted least- 10 ¢ 3
square procedure. The resulting spectroscopic factors are oF Ly oY
given in Table I_fo_r all the shells under consideration h_er_e. 1 —100 0 100 200 300 400 500 600
The numbers within parentheses correspond to the statistical
error derived from the fitting procedure. In the two first rows Pm(MeV)

of Table | we show the spectroscopic factors obtained from
the standard nonre'lat|V|st|c analyses of R¢®3], which FIG. 1. Reduced cross sections versus missing momentum for
d!ffer on the approximate treatmer_lt_of_ the electron _Coulomqhe shells 3., and Ag/, of 2%Pb. In the lowp,, region we show by
distortion. Note that both nonrelativistic analyses give specsyjiq jines the relativistic results scaled with the spectroscopic fac-
troscopic factors that are substantially smaller than ours.  ors of the last row in Table I. Small circles with error bars are data
We show in Figs. 1 and 2 the reduced cross sections in thgom Ref.[2]. In the highp,, region we show the relativistic results
Py range—100 MeV <p,, <600 MeV for the five shells in  optained with the currents CQ2olid lineg and CC1(long-dashed
29%pp considered, scaled by the corresponding spectroscopliiies), as well as the nonrelativistic resultshort-dashed lingsand
factors. The experimental data in the Igy-[2] and high-  the experimental data from RdB].
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— culated from quasiparticle wave functions given by Mahaux
and Sartof11], and Ma and WambacH.2] exhibit an im-
portant enhancement in the high; region and tend to fit
better the experimental data. This result was considered as an
indication of the importance of long-range correlations.
Clearly, the relativistic results do not leave much room to
claim a significant lack of strength in the mean-field predic-

T T E YT Ty

10 * tions at the high momenta and low excitation energies con-
™ _3 sidered here. This can be viewed as supporting the remarks
S 10 in Ref.[16] in the sense that the relativistic nuclear models

“~ 10 -42 could emulate the role of correlations. Whether the effect of
~ = 1hyy e 3 correlations is contained to some extent in the relativistic
Q 10 °° g(xlo—a) E mean-field formalism is certainly a point that deserves fur-
F 3 ther study.
-8 L i
10 It should be stressed here that we made no attempt to
10 7k L (ce2 4 optimize agreement with data, and that we use a very simple
rel. (CC2) 3 relativistic nuclear model. The bound nucleon wave func-
10 °F--- rel. (CC1) * 3 tions are those obtained from theMoRA code without any
—9f nonrel. 3 further adjustment. Taking this into account, it is remarkable
10 the good agreement with experiment found. It would be in-
10 oLt v SN teresting to analyze the effect of using different relativistic
—-100 0 100 200 300 400 500 600 wave functions for both the bound and the scattered proton,

p (MeV) as well as to study the role of the low components of the
m Dirac wave functions in the high-momentum region. From
previous studies in Ref$6,17] we know that the effect of
FIG. 2. Same as Fig. 1 but for the shellg;%, 2d3,, and  the enhancement of the lower components of the wave func-
1hyyp. tions in the relativistic models is very small at lquw;.
There is work in progresil 8] to clarify whether this is also

operators CC1 and CC2 scaled by the corresponding spek1€ case in the higpy, region. .
troscopic factors. Note that although these two relativistic Although the data seem to favor the results of the relativ-
calculations give practically identical results fofp,,) in the Istic calculatlons we would I|ke_ to point out that part of the
low-p,, region, they can differ by as much as one order oflack of strength in the nonr.elgnv:esptm resu]t of RE3] is dqe
magnitude in the higlp,, region. This difference gives also to the f‘f"Ct that _the normalizing use_d in the theoretical
an indication of the theoretical uncertainty that can be exCalculations is different from that l;sed in the data. In R&f.
pected in the highp,, region even for calculations that fit & Nonrelativistic approximationo(g) was used in the theo-
equally well the lowp,, region. Also shown in these figures "etical calculation op(py) rather thanrce; . As can be seen
are the results of nonrelativistic calculations from H&i. in Fig. 3 the nonrelativistic strength in the high; region is
The discontinuity ap,,=300 MeV in our theoretical re- SOmewhat increased whexf?, is used instead. We consider
sults is due to the different kinemati¢parallel or perpen- that because;y; has been used in the plotted data, the same
diculan in the two regions. The main source of this discon-expression should be used in the theoretical calculations
tinuity can be traced back to the electron Coulomb distortionwhen comparing to data.
and disappears in the limit of plane waves for both electron In Fig. 3 we have also shown the negative missing mo-
and proton. A discussion of the different effects of electronmentum region. This region corresponds to a similar kine-
Coulomb distortion in parallel and perpendicular kinematicsmatics as the higip;, region so far discussed except that the
can be found in Ref5]. polar proton angle is different pg,>0 corresponds to
One can see from Figs. 1 and 2 that most of the high<=180°, whilep,,<0 corresponds t¢p=0°). Thus, the only
P, data lie between the predictions of the two relativisticdifference in the cross section is the sign in front of the
calculations, while the nonrelativistic calculations underestilongitudinal-transverséLT) contribution[19], which is dif-
mate the experimental strength. To account for the lack oferent in each region. One should keep in mind that if fac-
strength at higtp,,, in the nonrelativistic calculations, corre- torization were fulfilled the results in both regions should be
lations were included by Bobeldijét al.[3], multiplying the ~ exactly symmetric. It is interesting to observe that the rela-
bound nucleon wave functions by different correlation func-tivistic results are less symmetric than the nonrelativistic
tions. The analysis carried out by these authors showed thanes and therefore, the deviation between the relativistic and
the calculations including the short-range correlati®RC  the nonrelativistic results in thp,,<<O region is enhanced
and tensor correlations as prescribed by Pandharipgi®le with respect to the one seen in thg>0 region. It would
did not modify substantially the mean-field predictions. Thistherefore be interesting to probe tpg, <0 region experi-
agrees with the conclusion of her and Dickhoff15], who ~ mentally.
find that there is no significant increase due to SRC at high In conclusion, we find that compared to the standard non-
momentum and low excitation energy compared to the mearrelativistic results the reduced cross sections obtained with
field result. On the contrary, the momentum distributions calthe relativistic formalism are quenched in the Ipy-region
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FIG. 3. Reduced cross sections for

™ o
E 10 ™ the $.1,2 she.II in both the positi\{e and
e E negative highp,, regions. Circles
~— 10 5L with error bars are data from R¢B].

We show relativistic calculations ob-

Q 10 ~® i tained with the currents CC2solid
lines) and CC1 (long-dashed lings
= AN /," rel. §CCZ; and nonrelativistic calculations nor-
10 7§~ > — — rel. (CC1 malized witho?, (dashed linesand
10 - N - ggg::{';g“’l . ok (short-dashed lings
E e . NR 3
10 -9 1 1 | L ) 1
-550 —450 -350 -250 250 350 450 550
Pm(MeV) Pm(MeV)

and enhanced in the highy region for the five shells con- further nonrelativistic approaches depend also on it. Thus, it
sidered. The resulting spectroscopic factors are then largés desirable to have more experimental information in high
and the profile of the momentum distributions agree bettemissing momentum regions. Particularly interesting will be
with experiment. A clear success of the relativistic analysis igo explore thep,,<0 region that has been found here to

the high quality fits to the lowp,, data found in each of the depend more strongly on whether a relativistic or nonrelativ-
orbitals, even though the relativistic mean field and nucleofstic approach is used.

wave functions have not been adjusted to specific single- . o ) )
particle properties. The higpy, data are also fairly well ac- We thank |. Bobeldijk for providing us with the experi-
counted for. From our analysis the same nucleon mean-fielental data and the nonrelativistic single-particle cross sec-
wave functions and spectroscopic factors describing the lowtions used in the nonrelativistic analyses of He&f. and G.

p,, data seem to be valid in the high; region discussed van der Steenhoven for useful comments about the
here. We would like to emphasize that this high+egion is  NIKHEF-K experiments. One of ug).M.U) acknowledges
very sensitive to theoretical models, not only to relativistic orsupport from the EC-program “Human Capital and Mobil-
nonrelativistic approaches, correlated or uncorrelated wavity” under Contract No. CHRX-CT 93-0323. This work was
functions, but also to the choice of the relativistic nucleonpartially supported by DGICYTSpain under Contract No.
current operator. This choice is of prime importance since92/0021-C02-01.
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