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A separation of the longitudinal and transver$€(e,e’p) cross sections in the quasifree region has been
performed in parallel kinematics &2 of 0.64 and 1.8 Ge¥ for initial proton momentum<80 MeV. The
separated transverse and longitudinal spectral functior®?at0.64 Ge\f show significant differences for
missing energy between 25 and 60 MeV indicating a breakdown in the single nucleon knockout picture. The
transverse spectral functions exhibit definite momentum transfer dependence.
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Quasifree electron scattering from complex nuclei is ex4s along the direction of the three-momentum trangfer
pected to be dominated by single nucleon processes and d¢sly two structure functionsV, andW; remain[15]:
described in terms of the impulse approximatidf), i.e.,
the electron-nucleon interaction is described in terms of free- do Q?
nucleon CL_Jrrent;,. However, a l:_)ody of empiric_:al evidence, WZUMOHE
both from inclusive €,e’) scattering and exclusives(e’p)
scattering, suggests a breakdown of the interpretation of qua- X[eW (w,q,p") +Wr(w,q,p")], (1)
sifree scattering as one-body interactions with free nucleons.

Most directly, the'’C(e,e’ p) experiment of Uimeet al.[1]  where oyoq=[ a?coS(fe I2)I(4EZ, sin(6,/2))] is the Mott

at four momentum transfer square@?, of 0.15 GeVf re-  cross section,w is the electron energy losse=[1
ported significant excess in the nuclear response to transverse(2q2/Q?)tar?(6.:/2)] ! is the virtual photon polarization
photons compared to that for longitudinal photons beyoncarameter, andd.: is the electron scattering angléThe
the two-body breakup threshold. Excess transverse strenggpeed of lightc is taken to be 1.The interference structure
has been observed in other light nuclei includitge[2] and  functionsW, (¢sin 6,,cos¢) and W (o sinf6,,cos 24) dis-

6Li [3], however, no excess transverse strength is observeppear in parallel kinematics or when integrating over the
in recent®“He experiment$4]. Similar transverse enhance- azimuthal angle ¢) and are expected to be small in nonpar-
ments have also been invoked to explain the longitudinal@llel kinematics compared 0/, and W+ for small sin@qy),
transverse interference terms in unseparated[8z8h These ~ Wheredq, is the angle betweeq and the outgoing proton.
results suggest contributions from multinucleon currents and FOr scattering from a bound nucleon, it is more natural to
a breakdown of the IA. Difficulties are also evident in de- €XPressWi andWr in terms of variables more directly re-
scribing the momentum transfer dependence of unseparaté%ted to the nuclear single particle structure, the separation

/ ; P . , and the initial proton momentum. In the plane wave
e,e’p) cross sectionf7], but coincidence data at highér energy, an s ;
El—?p)GeVz) [8] appear consistent with a purely sir?gle par_|mpulse approximation(PWIA), the cross section factors

ticke IA picture. In several inclusivee(e’) experiments on into a product of an elementary electron-proton cross section
P ' P o.pand a nuclear spectral functi®{E,,,p,,), which repre-

diverse nuclei the separated responses in the quasifree regiggﬁts the probability of finding a proton with separation en-
show sizable transverse-to-longitudinal enhancement

8rgy Epn=w—Ey +M,—Ta_; (E, is the energy of the
[9-11] above impulse approximation calculations, while oth-_ =/ =t o R B e arEh . the kinetic
ers[12,13 at similar Q? find much smaller discrepancies. going p Mp b , ANk

. . . . ; . energy of the recoiling\—1 nucleu$ and initial momentum
Thus the interpretation remains controversial. In this Rapmﬁ 9y @ >

Communication we report the longitudinal-transverse sepa-m_p q inside the nucleus, i.e.,

ration of °C(e,e’p) data atQ? of 0.64 and 1.8 Ge¥to dbo

examine the reaction mechanism of quasifrege(p) scat- dELdO a0 =0ep(Em,Pm)- 2
tering. Since longitudinal photons couple to the charge den- e'Ulle 0P
sity, they are expected to be more directly sensitive to Smgl%ereoe is the off-shell electron-proton scattering cross sec-
particle nuclear structure effects while multinucleon meson- P

) . tion which on-shell reduced 5] to
exchange currents preferentially influence the nuclear re- esL5]

sponse to transverse photons. Q? Q?
.In .the one photon—e_xchange approxmatlop, the2(p) Tep™ Thott—5— €|Ge(Q) |2+ ——|Gu(Q)2], (3
coincidence cross section can be expressed in terms of four € aMm

structure functiong14] (W, ,Wr,W, and W). In parallel
kinematics(where the momentum of the outgoing prooh ~ where Ge(Q?) and G,(Q?) are the electric and magnetic
elastic scattering form factors of the proton. Since the energy
conserving delta function is now included in the spectral
hPresent address: University of Minnesota, Minneapolis, MNfunction this differs byd[ w — (Q?/2M p) ] from the usual free

55439. cross sectiondo/dE. dQ. Allowing for different single
'Present address: California Institute of Technology, Pasaden@article responses in the longitudinal and transverse chan-
CA 91125. nels, the cross section can be rewritten as
IPresent address: Lincoln Labs, MIT, Lexington, MA 02420.
Kpresent address: University of Michigan, Ann Arbor, M| 48109. TepS(Em,Pm) = U'(;pSL(Em Pm) + crgpST(Em Pm). (D)
IPresent address: Florida State University, Tallahassee, FL 32306.
Mpresent address: Ohio University, Athens, OH 45701. It follows from Egs.(1)—(4) that one can extract the longi-
"Present address: George Washington University, Washingtoriudinal and transverse response functigvjsand Wy or the
D.C. 20052. longitudinal and transverse spectral functi®sandS; from

°Present address: Louisiana Tech University, Ruston, LA 71272measurements in parallel kinematics with differeritut the
PPresent address: Florida International University, Miami, FLsameQ? and w. The spectral functions are the appropriate

33199. measures of the nuclear single particle strength and allow the
9Present address: General Electric Lighting Technology, Clevedirect comparison of the longitudinal and transverse
land, OH 44112. strengths if the impulse approximation is valid. The sepa-
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rated spectral functions are equal for quasifree knockout of [ 0<P<80MeV || @ (c?e 08 Gov? ]

T T
. . . . ® (Q%=0.6 GeV?))
protons exhibiting the free on-shell single particle behavior, (2= 18 GeV?)

S =W, /GE=W;/(GHQ¥AM?2)=S;. (5)

fs,d°P,, (Mev™)
o
2
———
—_——
[ ]

-
-0
o

S

Since the nucleons are off-shell in the nucleus the de Forest
CC1 prescriptiori14] was used forrg, andoy, in Eq. (4) to 0
extractS, andS;. The separate®, andS; are sensitive to

A B L
® (0?=0.6 GeV?))

the choice of the off-shell cross section and this must be o 4 + 00(Q%= 1.8 GeV?)
borne in mind when comparing spectral functions extracted g% 4 4 ¢
with different procedures. In addition the spectral functions o ¢ 4 4
extracted from the data are distorted spectral functions F c . ..
Xl % o

[SET(Em ,Pm) ], since they include the effects of proton final
state interactions. DWIA estimates of the distortion effects 0008 |-
were made using the EEI interaction of J. Kelly6] which ’

T T T ]
® ST(02=0.6)-SL(02=0.6):

gave ratios of DWIA to PWIA of 0.72 and 0.51 fgrands 3 O sya’=0.6)-s(Q*1.8) |
single-particle orbitals aB? of 0.64 Ge\f (0.67 and 0.43 at Soom *, + t ¢ ]
Q? of 1.2 GeV?) close to the integrated ratios measuj&d| % ﬁ' ’ # 4 ¢ PR ]
atQ? of 0.64 and 1.3 Ge¥ Referencg17] saw no evidence 9 ' % Pt —

of a Q? dependence from 1.3 to 3.3 G&\o the values : ]

2 i ST T T ]
calculated at 1.2 Gél/were used aQ’ of 1.8 GeV. It is 0004 b b b L
assumed here that the proton distortion effects are the same

in W, andW5. Independently of the off-shell cross sections Em (MeV)

one can determine the response function rafiy FIG. 1. The integrals o, (top panel and S; (middle panel
= \/WT4M2p/WLQZ. For free nucleons this reduces Ry from 0<p,<<80 MeV are shown a@? of 0.64 (circles and 1.8
=Gy /GEg. Ge\? (squares In the bottom panel the difference®;— S, at 0.64

The experiment, E91013, was carried out at the Thoma&eV? (circles andS;(Q?=0.6)— S;(Q?=1.8) (open squargsare
Jefferson National Accelerator Facility. The 100% duty fac-shown. The errors are the sum in quadrature of the statistical and
tor electron beam, with incident energies of 0.845 — 3.245ystematic uncertainties. The lowdsy, point is an average over
GeV and currents of 10 to 5@Amps, was used on a solid 10<E,,<25 MeV. The response functions at 1.8 Ge¥fe cor-
carbon targe(230 mg/cm). The spectrometers and detec- rected.for differences in the energy dependence of the proton at-
tions systems are described in Réf7] along with the kine- tenuation[16] by factors of 1.075 fofE,,<25 MeV and 1.18 for
matics for the forward angle measurements. Backward angl'z:am>25 MeV.
data were taken &, of 0.845 GeV(1.645 GeV and 6, of
78.5(80.0 degrees for th€? of 0.64(1.82) Ge\? measure- Coulomb scattering of the electrons was taken into ac-
ments leading ta\e ranges of~0.5. At each momentum count using the effective momentum approximation follow-
transfer the absolute cross sectionsdep elastic scattering ing the prescription of Ref20]. The data were analyzed and
were extracted with electron singles and electron-proton cesorted into small bins i&, andp,,. Events in each bin were
incidence measurements using a liquid hydrogen target. Theivided by the Correspondirltjtg’},Cl and weighted by the in-
absolute normalization of the hydrogen cross sections agreetividual detection voluméphase spageas determined by a
with Monte Carlo simulations of the detector acceptance tdvlonte Carlo simulatioi17] of the experiment. This gives us
+1.5% using the dipole parameterization for the electric andin experimental distorted spectral function, still affected by
the Gari-Kruimpelmann parameterizatigii8] of the mag- proton final state interactions and the smearing and redistri-
netic form factors, consistent with the experimental results obution of events due to radiative effects. The deradiation
[19]. These results test the acceptance and the simulation pfocedure involved correcting the model spectral function
the smearing and redistribution of events due to radiativdor each bin using a factor obtained from the ratio of a Monte
effects. Carlo simulation[17] with radiative losses to one without

In addition to the electron-proton coincidence, €’ p) radiative losses. The process is then iterated until the inte-
events, the electron singles,&’) events were also recorded grated deradiated spectral function strength converges. The
for every run to monitor the product of beam current, targetdependence of the procedure on g and p,, distribution
thickness, and electron reconstruction efficiency. The run-toef the initial model spectral functions is estimated to be
run variations in the normalization were less than 2%. The<5% and 1% on the integrated yield. The 5% uncertainty is
experimental cross sections are assigned a systematic cortbe largest systematic uncertainty in the measured distorted
lated point-to-point uncertainty of 1.8—3.1 % which is domi- spectral functions but it is correlated at forward and back-
nated by the uncertainty of the measured kinematic quantiward angles and leads to a similar contribution to the error in
ties such as momentum and scattering angle. The crosbelL-T separation.
sections are also assigned a multiplicatiteethe entire data To avoid the effect of the interference terMg andWsg,
seb uncertainty of 2.7% which is dominated by the stability only the central proton anglgwhich constrains|6,,|
of the results to variation in the applied analysis procedure.<5.5°) with |p,,| <80 MeV was utilized for theL-T sepa-
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St * ., : FIG. 3.Rg= \/WT4M2p/WLQ2 for 1C (solid) from the measure-
R e R e ments of this experiment witfLi (p shell: open squargs], open
E,, (MeV) circles[25], ands shell: open triangle§3], open circled25]) and

12C (p shell: open crosgl], open triangle$15], ands shell: open
FIG. 2. S (top panel at Q® of 0.64 GeV and Sy (bottom  ¢rosg[1]). The top panel is for the shell region and bottom panel
pane) at Q? of 0.64(circles compared to the results of Rél] at s for thes shell region. The inner error bar represents that statistical
Q? of 0.15 GeV (triangles. The statistical uncertainties only have error and the outer error bar includes the systematic error. The
been shown. No attempt has been made to correct for different finglashed line represer; for the free proton with the dipole electric
state proton attenuation effects, but estimafes24 suggest they  ang Ref[18] magnetic form factor while the dotted lines represent
are similar at the two proton energies. the one sigma error band of the recent proton results of [R&f.

ration. Using Eq(4) at the differente values the longitudinal (MEC) [21] which are primarily transverse in nature. The
and transverse spectral functions were separated and integsults also show that the impulse approximation improves at
grated over & p,,<80 MeV with appropriate 4,-p§1 weight higher Q? which is c.onsistent with the picture that as 'the
for eachp,, bin. Figure 1 shows the separated longitudinalmomentum transfer increases the wavelength of the virtual
(upper panel and the separated transver@eiddle panel photpns exchlanged gets smaller and the photon couples more
spectral functions a?=0.64 and 1.8 Ge¥/ No distortion readily to a single nucleof2].

. . ; Figure 2 compares the separated spectral functions of this
corrections were applied to the low@F¢ data and the higher : :
Q? data are corrected by the ratios of the distortion correcexperlment with those of Refl]. The separated response

tions for the twoQ2, a factor of 1.075 for the shell (E,, functions obtained from Ref.1] over a similarp,, range

were converted to spectral functions and compared to the
<25MeV) and 1.18 for thes shell (25<E,;<80 MeV). The - gacyral functions obtained in the present experinteith-

strength in thep shell region has been averaged over 104 integrating ovep,,) [23]. The longitudinal spectral func-

<Ey,<25 MeVin order to avoid oscillations due to small tions are consistent with each other; however, the results of

differences in thé, resolution for the data and Monte Carlo the present experiment show that the longitudinal strength

simulations. The sizable errors on the longitudinal spectragiefinitely extends to highek,, than suggested in the discus-

function at the higher Q? reflect that ol/os, sion of Ref.[1]. While no attempt has been made to correct

~u5Q%(4M2)~4, wherep, is the proton magnetic mo- for the differing proton distortion effects at the two different

ment. proton energies the calculations of Rgf4] suggest that the
The transverse spectral function is significantly highermagnitude of the attenuation corrections appropriate for Ref.

than the longitudinal spectral function at the lov@? (bot-  [1] are similar to those of Ref16] for the present data.

tom panel of Fig. L, and most of this excess strength occurs  The ratiosRg (= \/WT4M2p/W,_Q2) for the p shell (2.98

for 25<E,,<60 MeV, the region traditionally associated +0.21+0.22, 3.06=0.40+0.52 forQ? of 0.6 and 1.8 Ge¥

with s shell knockout. At the highe®? the transverse spec- the first error is statistical and the second systemaiici s

tral function is reduced by about 20%. The dominant error orshell (3.95-0.21+0.29, 2.98 0.35+0.51) regions of!’C

S, is correlated point-to-point, so the observation thatare shown in Fig. 3. Results from previous measurements at

S.(Q?=1.8) appears to be one larger thanS (Q?=0.6)  lower Q? on *2C and bLi nuclei[1,3,15,2% are also shown.

cannot be considered significant. The differenr8g(Q?  The dotted line represents the free nucleon value of the ratio

=0.6)—S;(Q?=1.8) is also shown in the lower panel of Rg (using the nucleon form factors described abovEhe

Fig. 1. The significant excess in the transverse strength beesults of this experiment are consistent within errors with

yond the two body breakup threshold dtB (E,,>27.4 previous experiments for both theeand thes shell region,

MeV) at low Q? is similar to observations of Ulmest al.[1] but the ratio of theRg's for the s and p regions atQ?

(Fig. 2. However this excess transverse strength is reducee 0.64 GeVf are consistent with Ref1] but larger than the

at Q?=1.8 Ge\f. The results suggest a breakdown of thetrend of the other measurements. For thshell region the

impulse approximation. One possible mechanism for thigesults of this experiment are also consistent with the free

breakdown is multinucleon or meson exchange currentgroton value ofRg, at both high and lowQ?. However for
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the s shell region, atQ?=0.64 Ge\f we see a significant ment is unaffected but the free proton curve rises f@frof
difference inRg from the free proton value. 0.6 to 1.8 GeV as shown by the dotted curves in Fig. 3
The deviation of the rati®g from the free nucleon value Wwhich displays the error band of R¢R7]. Given the large
is another way of illustrating a breakdown of the impulsesystematic errors on our longitudinal measuremenQat
approximation. This has been interpreted as a possible me= 1.8 GeV’, we have chosen to focus on t@é dependence
dium modification of thee-p coupling. Such effects would ©f the transverse response and the comparison with the lower
naturally be larger for the state orbita[26] but the missing Q” longitudinal response. o
energy dependence shown in the lower panel of Fig. 1 is not N conclusion, the longitudinal-transverse ratio in fhe
consistent with a uniform modification throughout thehell ~ Shell region forip,| <80 MeV is consistent with a quasifree
region. knockout picture at bott? of 0.64 and 1.8 Ge¥ At higher
The p shell spectroscopic factors were calculated from theMissing energies a significant excess transverse strength is
longitudinal spectral functions to be 2.88.30 atQ? of 0.64  Seen atQ” of 0.64 GeVf and the transverse strength is re-
Ge\? and 2.76-0.46 atQ? of 1.8 Ge\? using the distortion duced atQ? of 1.8 Ge\?. The differing E,, dependence of
corrections discussed above. These spectroscopic factors dR€ transverse strength at the t@3 does not seem consis-
about 1- 20 higher than the more precise spectroscopic facient with an explanation based on a change of the average
tors obtained from higher resolution, lowe? experiments hucleon structure for an s sheII_nu_cIeon. This suggests that
at NIKHEF [5]. While the present separated results on|ythe excess transverse strength is likely due to m_ultlnucleon
cover a limited range op,,,, unseparated perpendicular ki- Processes and that these effects become Ie§s important at
nematics measurements from the forward angle 0.64°GeVhigher momentum transfer. The results of this experiment
data with —300<p,,<300 gave a spectroscopic factor of aI;o .show thgt the Iong|tud|r)al stre.ngth exten_ds to higher
2.98+0.15+0.15. Consistent unseparated spectroscopic fadnissing energies than seen in previous experiments. These
tors are observed at all the higher momentum transfers whef&Sults also serve as a caution that the nuclear transparency,
data on both sides af were available. measured as the rgtlo of the experimental yield to the PWIA
A recent reporf27] of polarization transfer measurements ylgld, may overestimate the true proton transparency at low
of the ratio of GR/GP, , while consistent with the values used Q~ due 0 th% excess transverse strength but become a better
in the present work aD? of 0.64 Ge\?, measures a value of Measure aQ” increases.
GR/G}y at the higheQ?, 25% smaller than was used in this ~ We would like to gratefully acknowledge the outstanding
analysis. The effect on the separated transverse spectral furefforts of the staff of Jefferson Laboratory in making these
tion is within the quoted systematic errors but this resultexperiments possible. This work was supported in part by the
implies that theQ?=1.8 Ge\* S_ extracted here is too small U.S. Department of Energy and the National Science Foun-
by a multiplicative factor of roughly 1.5. ThRg measure- dation.

[1] P. E. Ulmeret al, Phys. Rev. Lett59, 2259(1987. communication
[2] J. M. Le Goffet al, Phys. Rev. (55, 1600(1997). [17] D. Abbott et al, Phys. Rev. Lett80, 5072(1998.
[3] G. van der Steenhovest al, Phys. Rev. Lett58, 1727(1987). [18] M. Gari and W. Krumpelmann, Z. Phys. 822, 689 (1985.
[4] R. E. J. Florizoneet al, Phys. Rev. Lett83, 2308(1999; R. [19] R. Walkeret al., Phys. Rev. D49, 5671(1994).
E. J. Florizone, Ph.D. thesis, MIT Cambridge, MA, 19@®- [20] Y. Jin, H. P. Blok, and L. Lapikas, Phys. Rev. 48, R964

published. (1993.
[5] G. van der Steenhovest al., Nucl. Phys.A484, 445(1988. [21] J. Dubach, J. H. Koch, and T. W. Donnelly, Nucl. Ph4&71,
[6] M. Holstropet al,, Phys. Rev. (38, 3205(1998. 279 (1976.
[7] J. H. Morrisonet al, Phys. Rev. (39, 221(1999. [22] L. L. Frankfurt, T.-S. H. Lee, G. A. Miller, and M. Strikman,
[8] N.C.R. Makins, Ph.D. thesis, MIT, Cambridge, MA, 19@#- Phys. Rev. G55, 909 (1997).
published; T. G. O'Neill, Ph.D. thesis, CIT, Pasadena, CA, [23] D. Dutta, Ph.D. thesis, Northwestern University, 19@8pub-
1994 (unpublished lished.
[9] P. Barreatet al., Nucl. Phys.A402, 515 (1983. [24] D. G. Ireland, L. Lapikas, and G. van der Steenhoven, Phys.
[10] M. Deadyet al,, Phys. Rev. @28, 631(1983. Rev. C50, 1626(1994.
[11] Z. E. Mezianiet al,, Phys. Rev. Lett52, 2130(1984). [25] S. Frullaniet al, in Proceedings of the Fourth Workshop in
[12] C. F. Williamsonet al, Phys. Rev. (56, 3152(1997). Perspectives in Nuclear Physics at Intermediate Energies, Tri-
[13] J. Jourdan, Phys. Lett. B53 189 (1995. este,edited by S. Boffi, C. Ciofi degli Atti, and M. Giannini
[14] T. De Forest, Nucl. PhysA392, 232(1983. (World Scientific, Singapore, 1989p. 408.

[15] G. van der Steenhovest al, Phys. Rev. Lett57, 182(1986. [26] J. J. Kelly, Phys. Rev. ®0, 044609(1999.
[16] J. J. Kelly, Phys. Rev. G4, 2547(1996); J. J. Kelly (private [27] M. K. Joneset al, Phys. Rev. Lett84, 1398(2000.

061602-5



