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Quasielastic ?C(e,e’p) reaction at high momentum transfer
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We measured thé?C(e,e’p) cross section as a function of missing energy in parallel kinematics for
(g,0)=(970 MeV/lc, 330 MeV) and (990 MeVk, 475 MeV). At w=475 MeV, at the maximum of the
guasielastic peak, there is a large continulip ¥ 50 MeV) cross section extending out to the deepest missing
energy measured, amounting to almost 50% of the measured cross section. The ratio of data to distorted-wave
impulse approximatiofdDWIA) calculation is 0.4 for botlp ands shells. Atw=330 MeV, well below the
maximum of the quasielastic peak, the continuum cross section is much smaller and the ratio of data to DWIA
calculation is 0.85 for the shell and 1.0 for the shell. We infer that one or more mechanisms that increase
with w transform some of the single-nucleon knockouts into a multinucleon knockout, decreasing the valence
knockout cross section and increasing the continuum cross sel&i0556-28139)00701-3

PACS numbses): 25.30.Bf, 24.10.Eq, 25.30.Fj, 27.2tn

I. INTRODUCTION

This paper reports a measurement of the quasielastic
1 ;
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quasielastic ¢,e’) measurements for a large range of nucleiold for this process is & ,~27 MeV.
[3], measurements of the separated longitudinal and trans- Lapikas [24] has found the strength for valence-shell
verse g,e’) cross sections have shown that other processggiockout in g,e'p) to be reduced by 20% for elements
contribute significantly to the reaction. The longitudinal andthroughout the periodic table.
transverse reduced response functibnsind f; for He at Several experiments at Bates have measured the
q~500 MeVk [4] are equal, in accordance with the predic- C(€,e'p) cross section as a function of missing energy for
tions of independent particle models. Howewigrjs ~40% the following kinematical conditions: the maximum of the
smaller than f; for heavier nuclei including quasielastic peak aj=400 MeVic (an L/T separatiop
“He, '%C,*°Ca’%Fe, and %% [5-11] at g~500 MeVk. 585, 775, and 827 MeV/ [25,26]; the dip region atq
This indicates the presence of a nonquasifree process that400 MeV/c [27]; and the delta peak afj=400 and
may depend on the density or number of available nucleongt75 MeVic [28]. These measurements had four major re-
Yateset al.[12] measured a different result fCa: f, is  Sults.
less than 20% smaller thdr . At a larger momentum trans- (1) The cross section for single-nucleos €’ p) knockout
fer g=1050 MeVk, f, and fr were comparable for both is only 40%-60% of that predicted by distorted-wave im-

3He and“He on the loww side of the quasielastic pefik3],  Pulse approximatioDWIA) analysis assuming foyr-shell
but fr was still significantly larger thanf, at q and twosshell protons. This is consistent with the Saclay

=1050 MeVk for %Fe [14]. Thus there is some experi- results and all other published quasielastic data. In the delta-
mental ambiguity in the magnitude and momentum-transfefegion measurements, as expected, the single-nucleon knock-
dependence of the transverse-longitudinglL() ratio. out is virtually invisible.

Many different models of inclusive quasielastic electron (2) In stark contrast to the transverse response function,
scattering attempt to treat aspects of the reaction correctiyhe longitudinal response function measured gt
but no model can explain all of the data. Such older models=400 MeVic is consistent with zero fdg ;=50 MeV. This
include o-w calculations[15], meson-exchange currents suggests that single-nucleon knockout is minimal beyond
[16], two-particle—two-hole modeld 7], modification of the ~Em=50 MeV.

mass and/or the size of the nucldd®, 19, and quark effects (3) A considerable fraction of the cross section occurs at
[20]. E,>50 MeV. The separated measurement af
Recent Green’s function Monte Carl[&FMC) calcula- =400 MeV/c indicates that this strength is transverse and

tions by Carlson and Schiavilf@1], which include pion de- begins atE,~27 MeV, the threshold for two-nucleon emis-
grees of freedom, final state interactions, and two-body cursion. This “continuum” strength is attributed to two-nucleon
rents, can reproduce théHe and “He longitudinal and and multinucleon knockout. The continuum strength persists
transverse response functions. They interpret the plane-way@ the measurements on the delta peak, and constitutes a
impulse approximatiofPWIA) response quenching as due large fraction of the total cross section even where pion pro-
to the charge-exchange component of the nuclear interactiofluction is expected to dominate. Note that excess transverse
which shifts the strength to higher excitation energy. TheCross section was observed on other nuclei at missing ener-
guenching of the transverse response is more than offset 1jes above the two-nucleon emission thresti@l.

the contribution of two-body currents associated with pion (4) No abrupt change in the cross section was seen at the
exchange. This work indicates the necessity of including corpion thresholdE,,~155 MeV, forq=775 MeVlc, the only
related initial state wave functions, two-body reactionquasielastic measurement so far to probe sufficiently high
mechanisms, and final state interactions. We expect thdnissing energies. However, an abrupt increase in the cross
more reaction mechanisms, including real pions, deltas, angection was seen in the delta-region measurements.
three-nucleon currents, need to be included for heavier nuclei Figure 1 shows the momentum- and energy-transfer re-
and higher excitation energies. Unfortunately, no GFMC calgions of the quasielastic, dip, aid measurements at Bates,
culations are possible yet for heavier nuclei. including this experiment.

Coincidence é,e’p) electron scattering, in which a  Kesteret al.[31] have recently measured tHéC(e,e’p)
knocked-out proton is detected in coincidence with the scatreaction in the dip region at a variety of angles away from
tered electron, can distinguish among some of the variouparallel kinematics. They find that large-angle cross sections
reaction processes proposed, because different reactions @&n be explained by meson-exchange currents and interme-
cur at different missing energies. diate deltas, while smaller-angle cross sections suggest cor-

The C(e,e’p) cross section was first measured at Saclay€lated pair emission.

[22] out to E,;=60 MeV and, more recently, by van der

Steenhove23]. The spectrum exhibits a large narrow pgak Il. EXPERIMENT

atE,~16 MeV, several small, narrow peaks at larger miss-

ing energies, and a broad structure from 25 MeV to 60 MeV. We report two measurements of théC(e,e’p) reaction,
The momentum distributions indicated that the narrow peakat g=970 and 990 MeW. Both were done in parallel ki-
correspond to the knockout of a proton inpashell state, nematics. The energy transfers were respectivety 330
while the broad structure results frosshell proton knock- and 475 MeV. The latter point is at the maximum of the
out. The spectroscopic factors were reported as 2.5 for th€(e,e’) quasielastic peak, and extends the investigation of
p-shell peaks and 1.0 for theshell peak22]. The sshell  the momentum-transfer dependence of the,E/(p) reaction
peak is broad because the residual nucleus is in an excitamoss section measuredagt 400, 585, 775, and 827 Me¥//
state and decays rapidly. Two-nucleon knockout may alsa@Vith both measurements, we investigate how the single-
contribute to the strength in theeshell region as the thresh- nucleon and continuum cross sections depend on the energy
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UL B L DA B under the timing peak were subtracted, and this subtraction is
’ included in the statistical errors of the spectra.
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A. Calibrations, corrections, and efficiencies

We measured H{,e) in MEPS, elastic G¢,e) in OHIPS,
and coincidence H{,ep) at various spectrometer magnetic
fields to determine the spectrometer constants and beam en-
ergies. The uncertainties are 3 MeV in the beam energy.
We calculated correction factors to account for losses due
to many effects including software track reconstruction, si-
multaneous events in a wire chamber, more than one event
per beam burst, and other software and hardware limitations.
The correction factors varied from run to run, ranging from
1.40 to 1.90. Some correction factors were deduced from
run-to-run variations and are only valid up to an overall nor-
malization, discussed in the following section.
ol v o b v v by by Because thed, 7 p) cross section is much larger than
400 600 800 1000 the (e,e'p) cross section at deep missing energies, we
q (MeV/c) needed to reject pions. We used the 1.05 Aerogel @ren-

FIG. 1. Theq andw regions covered by the Batd&C(e,e’'p) kov counter in MEPS for this purpose. Electrons passing

experiment§25—28,30. The regions marked with an asterisk indi- through the aerogel radiatecef@nkov light, whereas pions
cate the two measurements of this paper. with momentum less than 430 Me&/did not radiate. The

electron detection efficiency of the Aerogele@nkov

transfer on and below quasielastic kinematics. The s eciﬁgounter varied strongly with the MEPS magnetic field. For
| . 4 : ' P ®=475 MeV, the electron detection efficiency was 93% and
kinematics are shown in Table | and Fig. 1.

. o g 0
We performed the experiment at the MIT-Bates Linearthe pion rejection ?ff'c'ency was 99.5%. Fer=330 MeV, .
P . the electron detection efficiency was only 60% and the pion
Accelerator Center in Middleton, MA. The recirculated elec- =~ ~. . 0 .
tron beam had an average energy of 696 M/ MeV for rejection ef_ﬁmenc_y_ was 98.5%. Wg- also determined the_glec-
the w= 1330 MeV measurement and 796 M&\2 MeV for tron detection efficiency as a function of focal plane position.

To obtain the relative acceptan@acluding detection ef-
the w=475 MeV measurement. The beam had a duty factog. _. .
of approximately 1%, with 1-2QuA average(0.1-2 mA flClencw of the spectrometers as a function of focal plane

eak current. We used several natural carbon targets wit osition (i.e., of relative momentum we measured the
P L . . g uasielastic Gf,e’) cross section in MEPS and the &)
areal density or thickness ranging from 24 mgicno

410 IcrR. We al d . ethyl ¢ £t cross sgction i.n OHI.PS. We varied the magnetic fie]d, pla}c—
mg/cm. We also us,e aspinning polyethylene targe o|ng particles with a given momentum at different positions in

measure the elastlc_ (e ).reacuon for normghza’uon, af‘d the focal plane. We deconvoluted the acceptance from the

tantalum and beryllium oxide targets for testing and Ca“bra'single-arm cross section to obtain the focal plane acceptance

tIOI’\]N dth i N ters MEPS to detect el as a function of relative momentum. We then combined this
€ used the magnetic spectrometers 0 OeteCt G the variation in @renkov counter electron detection

trons and OHIPS to detect protons. The polarity of OHIPSefficiency with focal plane position to get the total spectrom-

was reversed to detect electrons during calibration measur@i.. (qative efficiency-acceptance produdhereafter

ments. The spectrometers are described in detail elsewheég"ed “relative acceptance” We applied these relative

[.1]‘ In eaqh spectrometer, a scintillator array detected a pf'ireicceptances to all of our data. The absolute normalization of
ticle passing through the spectrometer focgl p'af?e and UGhe spectrometers is discussed in the next section.
gered the readout system. A two-plane vertical drift chamber

measured the particle trajectory at the focal plane. MEPS

used an Aerogel &enkov counter with an index of refrac-

tion of 1.05 to distinguish between electrons and pions. To normalize the experiment absolutely, we measured the
We identified coincidence events by the time elapsed beH(e,e’) elastic cross section in MEPS, thed#é'p) elastic

tween the electron trigger in MEPS and the proton trigger incross section detecting electrons in MEPS and protons in

OHIPS. The coincidence time resolution was approximate\OHIPS, and the Gf,e’) elastic cross section in OHIPS. We

2 ns full width at half maximuniFWHM). Accidental events corrected these measured cross sections for the relative ac-
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B. Normalizations

TABLE |. Experimental kinematics: Central values.

Eo |l ) Aw O 0o Pm (s shel) Pm (p shel)
(MeV) (MeV/c) (MeV) (MeV) (deg (deg (MeV/c) (MeV/c)
696 970 330 65 129.7 17.0 —170.0 —144.0

796 990 475 60 118.1 17.0 19.0 43.0
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ceptances as a function of momentidescribed in the pre- malization measurements. In addition, there is a further sys-
vious section We then compared the corrected measuredematic uncertainty of 4% in the continuum regiok,{
H(e,e'p) cross section with the parametrization of Simon>50 MeV) due to possible residual pion contamination.
et al. of the H(e,e’) cross sectiorf32] and the corrected
C(e,e’) cross section with the phase-shift calculation of the C. Representation of the differential cross section
programeLASTB [33].

Ideally, the He,e'p) measurement would fully normal-
ize the experiment after taking into account relative efficien

cies and dead times. However, if the electron frone}d(p) =330 l\t/IeV anlgi 475 rl:/lev, varying ?nly the pr°t°t2£Phag
enters MEPS, kinematics restricts the proton to a small reMomenturpy . or €ach measurement, we represen

gion within the OHIPS solid angle. @(e’p) protons popu- dependence of the cross section within thecceptance of -
late the entire OHIPS solid angle approximately uniformly.the electron spectrometer by. expanding the cross lsec.tlon
Particles entering OHIPS near the edges of the OHIPS Coground the central value af using orthogonal polynomials:
limator may not reach the focal plane. These losses affect the

We measured the coincidence cross section as a function
of missing energy for each of the two kinematics, aat

H H d40. |max 0—
overall normalization, but H,e’p) alone would not mea- _ 0
sure them. He) d0.d0,dwdE, Zo a|(Em) Py —Awlz)’ &y

We measured the elastic €¢') cross section in OHIPS
to account for those losses, but the electrons from, €| where P|(x) are Legendre polynomialsy, is the central
did not cover the OHIPS solid angle uniformly either. At value, andA w is the width of thew acceptance. The experi-
17°, the Cg,e’) cross section is approximately inversely mental coefficientsy,(E,,) are determined from the data us-
proportional to the fourth power of the scattering angle. Mosing the method described ii]. For a givenk,,, the true
electrons entered OHIPS near the front of the angular acceplifferential cross section is expected to vary smoothly with
tance. w; so «i(E,,) should approach zero rapidly asncreases.

We used the transport progrararTLE [34] to model the  This expansion of the dependence of the cross section is
physical characteristics of OHIPS between the entrance nearcessary since we lack sufficient experimental statistics to
the target and the focal plane, and to estimate the fraction aletermine a full two-dimensionakE(,,») spectrum.
particles entering the solid angle that reach the focal plane. All a, have the same units: pb/(M&\$r). Here ao(Ey)

We used three initial distributions of particles over the solidis an average of the cross section overdhacceptance. The
angle. TURTLE gave the following results for the indicated nature of the average depends on the cutgff,. Here
distribution of entering particlegi) 100%, uuiform over the  ,(E,) multiplies (w— wq)/(Aw/2) in Eq.(1); it measures
restricted Hg,e'p) region; (i) 85%, inversely proportional the change of the cross section oves. The ratioa; /aq,

to 6* as we expect for G{e’); (iii) 89%, uniform over the which measures the relative change of the cross section with
entire OHIPS solid angle as we expect fore(p). o, may be more relevant in comparing the experiment with

The Ce,e’) cross section measured in OHIPS was (82theory. Higher order termsa{ with |=2) multiply higher
+5)% of the cross section calculated byAsTB. After ap-  order polynomials ofw, and indicate the curvature of the
plying the correction functions calculated in the previouscross section.
section for the @renkov counter inefficiency and the spec-  The calculation of the coefficients (E,,) depends some-
trometer acceptances as a function of momentum, th@nhat on the choice of cutoff,,,. Values ofa, significantly
H(e,e’) and H(,e'p) measured cross sections were thedifferent from zero are available from the data fer0, 1, 2,
same, indicating that OHIPS had no additional losses. Thgnd 3, althoughy, and «; yield the dominant features. We
TURTLE results were consistent with both. verified thate, (for | <I,,,,) was roughly independent b,

The overall normalization factor is the product of two for | =2, 3, or 4. Herea, calculated usingd =0 and
terms:(i) The Mainz He,e’p) cross section calculation di- ysing|,,.,=2, 3, and 4 differ by less than 15%. Fbf.,
vided by the measureH(e,e’p) cross section, 1.06 fab =0, «, is the average of the cross section overdhaccep-
=330 MeV and 1.24 fow =475 MeV, and(ii) The OHIPS  tance. Asl ., increases, the variation of the cross section
factor from TURTLE and Cg.e’), given by overthew acceptance is described by the higher order terms

(1/0.89]0.85/(0.82-0.05)]=1.16+0.07. The factor of so thate, becomes the cross section at the center ofahe
(1/0.89) comes fronmuRTLE for a uniformly illuminated  acceptance.

solid angle. The factdr0.85/(0.82-0.05)] is a small correc- The calculations we present ukg,=0 and 3. The cross
tion to theTURTLE normalization from the measured €€')  sections of the previous experiments gt 400, 585, and
cross section. 775, and 827 Me\W were averaged over the acceptance,

The normalization factors at the center of the focal planecorresponding tory with |,,,=0. Therefore, comparisons

(0% relative momentummwere 1.23 foro=330 MeV and  wijth previous measurements use the results frgg=0.
1.44 for w=475 MeV. Normalization factors at other loca-

tions on the focal plane were the product of the focal plane
center normalization and the relative acceptance of the other
location determined as described in the previous section. We used the prescription of Borie and Drechk&h] to

The systematic uncertainty in the €€'p) cross section subtract the radiative tails of theshell ands-shell peaks
is 8% for the entire missing energy spectrum, primarily duefrom the missing energy spectra. Computing these tails re-
to beam energy uncertainty coupled to thee@() and quires knowledge of the coincidence cross section for all
H(e,e’) cross sections and statistical uncertainty in the norvalues ofw andE,, less than the experimental values. Lack-

D. Radiative corrections
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ing this knowledge, we calculated both the peak and radia- L A R B
tive tail cross sections using the PWIA and harmonic oscil- (8) ag(Ey)

lator initial state wave functions. We scaled the tail .
Average Cross—section

calculation by the ratio of the measured peak cross section to 10} —
the calculated peak cross section before subtracting the tail [ ]
from the spectrum.

We calculated the Schwinger correctif®6,37], with a 5 - ]

hard photon cutoff of 11.5 MeV. We multiplied tigshell
peak by the Schwinger correction and subtractedptisiell
radiative tail from thes-shell and continuum regions of the
spectrum. Then we multiplied theshell peak(limited to
E,=50 MeV) by the Schwinger correction using the same
cutoff and subtracted theshell tail from the continuum re-
gion. Finally we applied the Schwinger correction to the con-
tinuum. We did not attempt to calculate continuum tails as
we had no satisfactory model for them.

ay, [pb/MeVi—sr?]

(b) ay(Ey)

|m - L]
A. Features of the spectra

" ' I_|_| I

Figures 2 and 3 show the Legendre expansion of the ra- 8 F—————] u_‘ ]
diatively corrected cross section as a function of missing .
energy| @g—a3, calculated withl ,,,,=3 (see Sec. IIC for a
description of the expansiph (Note the difference in scales
among the plot$.We see three features in, for both kine-
matics:(i) a peak centered &,,= 18 MeV primarily due to
single-nucleon knockout from theshell, (ii) a broader peak
out to E,,~60 MeV primarily due to knockout from the
shell, but with a possible contribution from the continuum,
and (i) continuum strength at larger missing energy attrib- .
uted to two-nucleon and multinucleon knockout. Ulmer’s o )
R, /R; separation afj=400 MeV/c [25] indicates thats- c T
shell knockout becomes small at 50 MeV and that the con- 2r (@) os(Ex) ]
tinuum strength starts at 27 MeV. ' ]

We note that the ratio afshell top-shell cross sections is
much smaller atw=330 MeV than atw=475 MeV. The
continuum strength E,,>50 MeV) extends beyondE,,
=300 MeV for w=475 MeV, but goes to zero at approxi-
mately E,,=90 MeV for »=330 MeV. We do not see any

Ill. RESULTS AND DISCUSSION

a,; [pb/MeVi—sr?]

2 (©) aglEa) .

az [pb/MeVi—sr?]

. —t— 1 1]

1]

ag [pb/MeVi—sr?]
»
|
I

increase in the cross section at the pion threshBlgy 155

MeV. T T
The w=475 MeV «q cross section spectrum appears to ‘60 100 200 300

have a peak aroun,,=60 MeV. The peak does not appear Missing Energy (MeV)

in the spectrum if we use a bin size of 6 MeV instead of the
3 MeV size used in Fig. 2, and we do not judge it statistically FIG. 2. Legendre expansion of the cross section vs missing en-
significant. ergy for =475 MeV. The quantitiesa (E,) [with units
The a4 spectra have features that correspond to the feasb/(MeV? sr?)] are coefficients in the expansion of the cross sec-
tures of thea, spectra. In thaw=330 spectrum, there is a tion, Eq.(1). Herea, is an average of the cross section owge;
narrow peak at 18 MeV and a broad peak beyond 25 MeVis the linear change of the cross section overdhacceptancew,
These have corresponding peaks in g spectrum, and and a4 have been multiplied b_y5fd£m>100 Me\_/ for clarity.a» _
indicate that the cross section increases strongly across the@nd a3 are the second and third order changes in the cross section.
acceptance. The continuum cross section beyond 50 MeV
also has a largey; relative to ay, indicating that it also =400 MeV/c [25] that s-shell single-nucleon knockout be-
increases strongly witk. comes small around 50 MeV. Beyond 110 MeV in missing
In the w=475 a4 spectrum, thg@-shell peak is small and energy,«a; is consistent with zero, indicating ne depen-
positive, indicating a small average increase in the cross sedence within the acceptance.
tion over thew acceptance. Theshell o, is zero, indicating Although «y and a4 exhibit the most dominant and sta-
that the cross section is on the average constant ovew the tistically significant featuresq, and a3 display some fea-
acceptance. At 60 MeV of missing energy, becomes posi- tures. Foro=475 MeV, «, is consistent with zero, but,
tive, suggesting that the reaction mechanism has changeldas a statistically significant negative value in thehell
This is consistent with the result of the T separation ag region and possibly in thp-shell region, indicating a mea-
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FIG. 4. Missing momentum acceptance of the experiment and
schematic momentum distribution®) p-shell experimental accep-
tancedthe magnitude of the perpendicular missing momeritﬁm
vs the parallel missing momentupﬂn) for the w=475 MeV and
=330 MeV measurementgy) qualitativep-shell momentum dis-
tribution; (c) same ada) for the s shell; (d) same agb) for the s
shell.

distributions expected gF- ands-shell orbitals, as displayed
in Fig. 4. Thes-shell momentum distribution has its maxi-
mum around zero missing momentum, while gshell mo-
mentum distribution has its maxima aroundl00 MeV/c,
and reaches a minimum at zero.

In parallel kinematics, the energy transfer is related to the
missing momentum by

Missing Energy (MeV) M MM

FIG. 3. Legendre expansion of the cross section vs missing en-
ergy for ®=330 MeV. The quantitiesa|(E;) [with units
pb/(MeV? sP)] are coefficients in the expansion of the cross sec-for quasielastic single-nucleon knockout. Choosingleter-
tion, Eq.(1). Hereay is an average of the cross section overry;  mines the central value of the parallel component of the
is the linear change of the cross section overdhacceptancexs  missing momentum. Although the experiment was centered
anda; have been multiplied by 5 fd,>50 MeV for clarity. a;  at parallel kinematics, its finite angular and momentum ac-
and a3 are the second and third order changes in the cross SeCtiOEeptances covered a large range of the missing momentum

perpendicular t(ﬁ. The parallel and perpendicular compo-

surable curvature in the cross section as a functiom.ofor ~ nents of the missing momentum ranges sampled by the ex-
»=330 MeV, a, and a5 are consistent with zero except in periment are shown in Fig. 4. The central parallel missing
the p-shell region, where they are both negative. We offer nanomenta for the measurements are given in Table lwAt
interpretation ofw, and a3 in this paper. =475 MeV, the parallel component of the missing momen-
tum covers approximately-30 MeV< p‘Jn< 100 MeV (see
Fig. 4). It is greater for thep shell than for thes shell,

The ag and @, spectra for theg ands shells collectively  reflecting the difference in binding energy. Thahell mo-
exhibit qualitative features consistent with the momentummentum distribution is near its maximum. Thus thshell

B. Momentum distributions
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TABLE Il. DWIA calculations for =330 MeV. The data cross sections are integrated over the missing energy regiarzy MeV
for the p shell and 27 MeV<E_ <50 MeV for thes shell. The theory calculations are for one proton in the appropriate shell. The labels
“Hama” [41] and “Meyer” [42] refer to the optical potentials used by the DWIA calculatiansrepresents an average of the cross section
over thew acceptancex; represents how the cross section increases over the acceptance. See text for details.

I max=0 [ max=3

Shell ay [ pb/(MeV sf)] ay [pb/(MeV sf)] a; [pb/(MeV sf)] aqlag

p shell Data 130+ 4 = 10 139+ 4 = 11 116+ 8 0.83* 0.09
Hama 38.5+ 4 404+ 4 202+ 2 0.50=* 0.07
Meyer 37.7t 4 40.2* 4 23.8=* 2 0.59+ 0.08

s shell Data 50.6- 2 + 4 507 2+ 4 49.3+ 4 0.97+ 0.12
Hama 27.5% 4 273+ 4 39.6+ 6 15+ 0.3
Meyer 23.1+ 4 229+ 4 35.1+ 6 15+ 04

cross section should be flat in (i.e., a4 should be small ics at an electron energy of 350 MeV. They also find that the
Thep-shell cross section should increase slightly withWe  effects decrease with initial energy. Since we performed this

see these features in tlg and a4, spectra in Fig. 2. experiment at higher energies, we can disregard electron dis-
At w=330 MeV, the central parallel missing momentum tortions.
is much larger than- 100 MeV/c. Thep shell should domi- We calculated ¢°(pm,ps)|? using the progranPEEPSQ

nate and both th@- and s-shell cross sections should in- hased on the nonrelativistie e’ p) formalism of Boffiet al.
crease strongly withw. Here aq and «; in Fig. 3 reflect  [40]. peepsoconverts the relativistic Dirac optical potential
these traits. Th@-shell cross section is much larger relative jnio 5 Schidinger-equivalent potential including spin-orbit
to thes-shell cross section ab=330 MeV than aw=475  terms, and then solves the Sctlinger equation and calcu-
MevV. lates the unfactorizede(e’'p) cross section for each shell,
with a given separation energy, at the center of the spectrom-
C. Distorted-wave impulse approximation eter solid angle acceptances. The effective distorted momen-
We compared the observed single-particle knockoutum distribution is this calculated cross section divided by
strength from each shell with factorized DWIA cross sectionE¢Psoep. We used Woods-Saxon proton wave functions as
calculations. We integrated the observed cross section ovéheasured by van der Steenhoweral. at NIKHEF [23] for
missing energy from 10 MeV to 27 MeV for theshell and  the initial bound states.
from 27 MeV to 50 MeV for thes shell. The factorized The optical potentials are fit to @(p) elastic scattering

DWIA cross section is given by results for different proton energies. We used the optical po-
. tential of Hamaet al. [41] for the w=475 MeV measure-
do ment. For thew=330 MeV point, we calculated cross sec-

— D 2
dQededwdEm_Efpf‘TeP|‘7S (PP f(Em), (2 tions from the potential of Hamat al. and also from the
parametrization of Meyeet al.[42]. The potential of Meyer
whereo, is deForest's CC1 off-shell electron-proton crosset al.is only fit to C(p,p) elastic scattering data for 200—300
section[38], f(E,,) is the missing energy distribution for the MeV protons; we extrapolated it using the parametrized ex-
shell, normalized to a unit area, an@®(pn,.ps)|? is the  pressions.
effective distorted momentum distribution of the shell. We We substituted the momentum distribution derived from
used a delta function fdf(E,,) to describe thep shell and a PEEPSOInto the factorized expression, E@), to obtain the
guadratic function between 30 and 50 MeV to describesthe cross section over the entire experimental solid angle and
shell. energy ranges. From this we derived theoretical predictions
Giusti and Pacali39] have calculated the effects of Cou- for «|(E,,) as described in Sec. Il C, averaged over the solid
lomb distortions of the electron wave function. They find angle acceptances, usihg,, equal to 0 and 3 in Eq.1).
effects of approximately 1%—2% fdfC in parallel kinemat- Tables Il and Il display the results of the calculations

TABLE lIl. DWIA calculations for =475 MeV. The data cross sections are integrated over the missing energy regic2y MeV
for thep shell and 27 Me\< E ;<50 MeV for thes shell. The theory calculations are for one proton in the appropriate shealepresents
an average of the cross section over ¢hacceptancex; represents how the cross section increases over the acceptance. See text for details.

I'max=0 [ max=3
Shell ay [pb/(MeV sP)] ay [pb/(MeV sP)] a; [pb/(MeVsP)]
p shell Data 92+ 3+ 7 100+ 4+ 8 47+ 8
theory 59.1+ 7 70.1+ 8 50.4+ 6
s shell Data 150+ 4 = 12 144+ 4 + 12 0=+ 14

theory 182+ 20 180+ 20 -13.7= 20
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TABLE IV. Data-theory ratios. The data-theory ratios are the data cross sections divided by the DWIA
cross sections from Tables Il and Ill. Fer=330 MeV, the average of the calculations of Haetal. and
Meyer et al. was used.

p shell s shell
| max=0 I max=3 I max=0 I max=3
w=330 MeV 0.85+ 0.11 0.86*+ 0.11 1.00+ 0.18 1.01+ 0.18
w=475 MeV 0.39+ 0.06 0.36* 0.05 0.41+ 0.06 0.40*= 0.06

along with the data. The data differ from the calculations; the For « =330 MeV the data-theory ratios are 0.85 for fhe
ratio is the “data-theory ratio.” The potentials of Hama shell and 1.0 for thesshell, close to the naive expectation.
et al. and Meyeret al. give similar results for thev=330  The three-vector momentum transfer of 970 MeV is approxi-
MeV p shell, but less similar results for tlseshell. We used mately the same as fav=475 MeV (=990 MeV/ic).

the average of the two results for the calculadgeshell cross The p-shell data-theory ratio is approximately equal to the
section, and assigned half the differeri@®%) as an uncer- s-shell data-theory ratio for both data sets even though the
tainty in all the DWIA calculations due to the choice of ratio of p-shell cross section teshell cross section increases
potential. All other differences between the potentials ofby factor of 4 betweem =475 MeV andw =330 MeV. This
Hamaet al. and Meyeret al. were less than 10%. We also lends credence to the model.

calculated the DWIA cross sections using a delta-function Ryckebusch has calculated 4 (N) andC(e,e’p) differ-
s-shell distribution in missing energy. The difference be-ential cross sections from models that include two-nucleon
tween the delta-functiors-shell result and the quadratic knockout[43—45. His single-nucleon knockout calculations
s-shell result was 10% fow=330 MeV and 3% forw include meson-exchange currents, delta currents, and Ma-
=475 MeV. This contributed to the overall uncertainty in the haux’s prescription for the missing energy spreading ofsthe
s-shell DWIA calculations. We tested the factorization ap-shell. For the data presented in this paper, Ryckebuseh's
proximation by calculating the distorted momentum distribu-shell knockout calculations match the above results; he ob-
tion [see Eq(2)] from the PEEPSOUNfactorized cross section

at fixed E.,,pm) at the center and at the edges of the spec- 12 ' ' ' '

trometer angular acceptances. These differed by 5% for the (a) P-shell

w=475 MeV p shell and by 1% for the shell and for both S S

shells atw=330 MeV. The overall uncertainties were 15% o >{<

for the w=330sshell calculation and 11% for the» g 08F ]

=330p-shell calculation, and botk=475 shells. T [ h 4 } ]
We obtained the ‘“data-theory ratio” for each shell by g 08

dividing the measured cross section by the calculation. We ? o4 b 1 b

used the average of the calculations of Hastel. and 8

Meyer et al. for the =330 MeV theory cross section. The K oz b 1

“data-theory ratios” calculated fol,,=0 and 3 are given '

in Table IV. We usd ,,,,=0 to compare with results from 0.0 , , , ,

prior papers(See Sec. Il C for a description of the Legendre

expansion of the cross sectipMote that these comparisons (b) S-shell

of data to DWIA calculations are limited to the range of e

missing energies and missing momenta Apf, °

~200 MeV/c) sampled by the measurements. No€g p) ® 075 [ 7

experiment has measured the entire three-dimensional miss- }5 4

ing momentum distribution. § osol T ]
At the quasielastic kinematice=475 MeV, the data- % J[ 1[ J[ 4)

theory ratios are 0.40 for both tigpand s shells. Figure 5 2

shows these data-theory ratios, along with those from previ- 0T ]

ous quasielastic and dip measurements. The data-theory ra-

tios appear to be constant or perhaps decrease slightly with 0.00 460 ec;o aéo 10;)0

momentum transfer. Theshell region (2% E,,<50 MeV)

also includes two-nucleon knockout; this greatly increases Momentum Transfer (MeV/c)

the uncertainties of the-shell data-theory ratios. FIG. 5. The data-theory ratios from this and earlier experiments

in the p shell (top ploY and thes shell (bottom plo} [25-28,30Q.
The data-theory ratio is given by the measured cross section inte-
‘other experiments refer to the “data-theory ratio” as a “spec- grated over the peak in missing energy, divided by the DWIA cal-
troscopic factor” and use it to infer properties of the proton initial culation. Thew=330 MeV data-theory ratio for each shell is iden-
state wave function. The tremendous variation of the data-theortified by an X; the w=475 MeV ratios are circles. Previously
ratio with w in this experiment casts doubt on the theory and pre-published spectroscopic factors are divided by the naive shell occu-
cludes our using the term “spectroscopic factor.” pancy p shell=4, s shel=2) to obtain data-theory ratios.
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tains the same data-theory ratios of 1 for330 MeV and 60
0.4 foro=475 MeV. This also lends credence to the models.

This variation in data-theory ratios from quasielastic ki-
nematics to loww kinematics is qualitatively similar to that
observed by van der Steenhovenal. [23] who also mea-
sured a significantly larger ratio of data to DWIA at large
negative missing momentaw& Q?/2M) than at positive
missing momenta ¢=Q?/2M). Bernheimet al. [46] ob- 40
tained a similar result.

The model of the €,e’'p) cross section may have to be
modified at large negative missing momentum. This is sug-
gested from the measurementmof at =330 MeV in Table
II. The ratio a; /g is 1.5 times theory for the shell, indi-
cating that the cross section is much steepes ior missing
momentum than theory predicts. The reverse is true fosthe
shell.

Penn[30] has measured the €g’p) cross section for a
similar momentum transfer, but a lowerand largemp-shell
central missing momentum:w=235 MeV and |pp|
=240 MeV/c. In Fig. 4, that would be farther to the left
than thew =330 MeV measurement. Penn obtainggtshell
data-theory ratio of 0.450.05. This is similar to ourw 0
=475 MeV measurement, but different from=330 MeV. 600 oo 1000 1200
However, the _ratiqulao at «=330 MeV is 1._5 times the Momentum Transfer (MeV/c)

DWIA calculation in Table Il. Thus the experimental cross

50
{ " 50 < Ey < 350

-’50 < Eg < 150

—+
-
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A

50 < E, < 80 °

-+
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Continuum strength:
Ratio to one—body (%)

-+

80 <E, <150 ¥
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section decreases more rapidly with decreasimgthan FIG. 6. The ratio of multinucleon knockouEg,>50 MeV) to
theory predicts, leading us to expect a lower data-theory ratisingle-nucleon knockoutH,<50 MeV) for this experiment ¢
at lower o using the same model. =475 MeV) and earlier experimen{25-28,3Q.

We recognize limitations in the available DWIA models.
In particular, variations due to different optical potentials areof the multinucleon-knockout cross secti@integrated over
already included in our estimate of the uncertainty of theE,,>50 MeV) to the single-nucleon-knockout cross section
data-theory ratios. In addition, the coBeePsodoes not in-  (integrated overE,,<50 MeV) for various continuum re-
clude relativistic dynamics. However, the factor of 2 differ- gions from previous experiments and the-475 MeV mea-
ence between the =330 MeV and thew=475 MeV data- surement in Fig. 6.

theory ratios remains a challenge for nuclear theory. We estimated the contribution of multistep processes,
such as ¢,e’'N) followed by (N,p), to the continuum cross
D. QuasielasticC(e,e’) cross section section, by convoluting the PWIA nucleon-knockout reaction

We have also measured the single-arm quasielast
12C(e,e’) cross section for each energy transfer. We used
model by Warren and WeinstejA7] to extrapolate the mea-
sured coincidence single-proton-knockout cross section
each shell to the entires sr nucleon solid angle. We com-
pared the sum of thg- and s-shell extrapolations with the
measured single-arm cross section. kor 330 MeV, the
extrapolated coincidence cross section was 8984 of the
single-arm cross section. Far=475 MeV, the extrapolated
coincidence cross section was 0:50.05 of the single-arm
cross section. These ratios are consistent with theseCp)
data-theory ratios.

e intranuclear cascade codecc-7 [48] to conduct a
onte Carlo simulation of the propagation of nucleons
0tprough the nucleus as a series of independent collisions with
other nucleons. The code enforces the Pauli exclusion prin-
ciple in the collisions. The second model usgg,p’) data
at 300 MeV and 20°, and at 500 MeV and 1pf9]. We
multiplied the results from th€(p,p’) data by 1.5 to ap-
proximately include neutrons, because thee(N) cross
section is approximately proportional to the square of the
magnetic moment, ancm]/,up)2~0.5. The results are given
in Table V, along with the measured cross sections from this
experiment. These calculations can only account for less than
6% of the data beyon#,,=27 MeV. Themecc-7 calcula-
tion produces almost no cross section beydag= 100

In Fig. 2, we see extensive cross section beyBpe-50 MeV. The C{p,p’)-based calculation reaches its maximum
MeV at quasielastic kinematics =475 MeV). This  atE;,,=70-80 MeV, but has a long tail reaching to the deep-
strength is approximately constant beyond about 100 MeVest missing energy. Half its cross section may lie beyond
and appears to extend out to the deepest missing energy mdg; =100 MeV.
sured. The strength is similar to that seen in previous quasi- The cross section out to 90 MeV in missing energy in
elastic measuremenf25—27. Below the quasielastic peak, both =330 andw=475 MeV measurements has the ap-
at =330 MeV, the continuum strength is present, but farproximate shape expected from Takaki's model of two-
weaker relative to the single-nucleon cross section, and isucleon knockou50]. However, its magnitude is larger by a
consistent with zero beyorid,,=90 MeV. We plot the ratio factor of 16[51]. Beyond 90 MeV, the shape ai=475

igth two models of {,p) scattering. The first model uses

E. Multinucleon knockout and other processes
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TABLE V. Multiple-scattering cross sections. The measured cross sections, integrated over the given regions, are compared with
rescattering calculations convoluting,&’N) with (N,p) cross sections based ofecc-7 calculationg48] and C(p,p’) data[49]. The
C(p,p’) cross sections results were multiplied by 1.5 to approximately account for initial neutron interactions.

=330 MeV w=475 MeV
Multiple scattering withmecc-7 2.4 pbl(MeV sf) 9.6 (ph/MeV sf)
Multiple scattering with Cf,p’) datax1.5 4.4 15.6
Data,s shell C ,e'p)(E,=27-50 Me\} 51+ 2 150+ 4
Data, near continuum Ce(e’p) (E,,=50-100 MeV 23+ 2 68+ 3
Data, full continuum C é,e’p)(E,,=50-350 MeV 23+ 2 130+ 10

MeV is consistent with Takaki's three-nucleon-knockout calculation[28,53 predicts more strength than we see be-
model. At =330 MeV, there is no strength beyond 90 yond the pion threshold. A calculation that we performed
MeV; the continuum strength up to 90 MeV should be based on Nozawa and Lee’s pion-production m¢&e] in-
mostly due to two-nucleon knockout. volving both nonresonant and resonant production underpre-

Both rescattering calculatiofisiecc-7 and Cp,p’)] and  dicts the cross section in that region by about half. The cal-
Takaki's calculation used harmonic oscillator initial stateculation also predicts the pion-production cross section to
momentum distributions. It is unlikely that using bound increase withw, resulting in a positiver; . Basic consider-
states derived from realistic Woods-Saxon potentials willations of pion production occurring at the tail of thereso-
change this result ai =475 MeV where the initial momenta Nnance also lead to the same conclusion. The measured
involved are small. Even ab=330 MeV, the initial mo- and the ratiav;/ay are consistent with zero and inconsistent
menta of 100—250 Me\/are reasonably small. In addition, With the pion-production prediction. The results of the pion-
the strong decrease of the continuum cross section at larggoduction calculations are presented in Table VI.

En for ©=330 MeV compared tav=475 MeV indicates We estimate an upper bound on the amount of two-
that an initial momentum distribution plus rescattering can-nucleon knockout due tdl-A interactions. Pion scattering
not explain the continuum cross sections. However, initial 10

state correlations could contribute to the cross section at deep
missing energy, because two nucleons share the transferred
energy and we detect only one nucleon. The @() rescat-
tering calculation shows a larger tail than thecc-7 calcu-
lation; this may reflect such correlations. If so, those corre-
lations are not strong enough to explain our continuum cross
section when they are part of the rescattering picture. .

However, neither the QX,p’) nor MECC-7 calculations 10
included such correlations in the initiag,g’N) reaction; the
initial nucleon bound state was a simple harmonic oscillator. 10’
If the large yield we see at deep missing energy results from
strong initial state correlations, this is very interesting. But Missing Energy (MeV)
this is unlikely to explain the longitudinal response gt
=400 MeV/c [25] which is small beyondcE,,=50 MeV.

The dynamical correlations should influence both the longi-
tudinal and transverse responses.

Later in Sec. Il F of this papefFig. 7), we discuss cal-
culations by Ryckebusch using initial state Jastrow correla-
tions. Ryckebusch was unable to generate more than 1% of
our =475 MeV continuum cross section from the correla-
tions. Furthermore, one could use Ryckebusch’s missing en-
ergy spectrum as an input to a rescattering calculation. Ry-
ckebusch’s calculateds shell (which does not include ] |
correlation$ fits our data after renormalization for data- 10 "'5'0' — 1;‘)0' =
theory ratios; it should therefore generate a rescattering cross
section comparable to our estimates. Ryckebusch’s con- Missing Energy (MeV)
tinuum cross sectiofwhich includes correlationss 10 2 of FIG. 7. Cross sections calculated by Ryckebu¢s]. The

his s-shell cross section and 19 of our measured con- pgints are the measured cross sectign,=0), the dot-dashed line
tinuum cross section. Thus, his continuum cross section cans single-nucleon knockout from the shell, the dotted lingtoo

not generate through rescattering a cross section comparakjgall too see ino=475 Me\) is from (e,e’ pp); the dashed line is
to our data. from (e,e’pn), and the solid line is the total multinucleon-

We see no increase in strength at the pion threshgld, knockout cross section. The cross section is displayedt for 25
~155 MeV. Baghaei's PWIM -resonance pion-production MeV, omitting thep shell.

% (@) ®=475 MeV
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TABLE VI. Pion-production calculations. The data are the 475 MeV calculation integrated over the
E,,>155 MeV, pion threshold. Pion-production calculations are based on Bag#eind Nozawa and Lee

[52].

] ag ailag
Data 29.2+ 3.8 —-4.3+6.2 -0.15+0.21
Baghaei Q) 45.3
Nozawa and LeéBorn+A) 13.0 11.5 0.88

experiments indicate that the two-nucleon-knockout cross For the data presented in this paper, Ryckebusch’s calcu-
section from the reactioiNA—2N is comparable to the lated multinucleon-knockout cross section is less than 1% of
pion-nucleon-production cross section dueAte-N [54].  the measured continuum cross sectiomwat475 MeV (see
The latter has to be less than the total integrated cross sectidiig. 7). For o=330 MeV, well below quasielastic kinemat-
aboveE,, =155 MeV. In thew=475 MeV measurement, if ics, his calculations are consistent with the measurement be-
we assume that the cross sectionfax— NN is less than or yond E,,= 100 MeV, although the measurement is also con-
equal to the integral of the experimental cross section fosistent with zero. Ryckebusch predicts more multinucleon
E>155 MeV and we distribute this strength in missing knockout atw=330 MeV than atw=475 MeV; we see the
energy according to Takaki's shape for two-nucleon knock-opposite effect.

out in the region 5&E <150 MeV, thenAN—NN can Recently Benhaf56] calculated the continuum cross sec-
account for at most one-sixth of the cross section for 5@ions atE,>220 using a correlated nuclear matter spectral
<En,<100 MeV and none of the cross section above 10dunction in the PWIA. The magnitude of his calculated cross
MeV. At w=330 MeV, this can account for none of the sections is consistent with the data @a=475 MeV and
cross section. However, one must be cautious; at quasielastidightly overpredicts the data at=330 MeV. However, his
kinematics, many of th’s may not have enough mass to calculated cross section decreases much more rapidly with
decay into a real pion and a real nucleon. The two-nucleofissing energy than do the data. A calculation using*fi@:

cross section due thlA interactions could be greater than spectral function would be very valuable to help us under-
the above estimate. stand the large differences between the=330 and 475

MeV measurements in both the valence-knockout and con-
tinuum regions.

F. Recent multinucleon calculations

Ryckebusch has calculated G{N) and Cg,e’p) differ- IV. CONCLUSIONS
ential cross sections from models that include two-nucleon
knockout[43—45. His single-nucleon-knockout calculations  The different data-theory ratios at=330 MeV and at
include meson-exchange currents, delta currents, and Mas=475 MeV are consistent with the different cross sections
haux’s prescription for the missing energy spreading ofsthe seen beyond,,=50 MeV. At =330 MeV, we see nearly
shell. His two-nucleon-knockout cross sections include Jafour p-shell and twos-shell protons, but little continuum
strow correlations in addition. cross section. Ab=475 MeV, we see half as many protons,
These calculations fit the shape of the single-nucleonbut much more continuum cross section, extending out to the
knockout part of our data. Using Mahausshell spreading, deepest missing energy measufedys. 2 and  We asso-
these calculations also fit our data outBg~60 MeV. This ciate the cross section &,>50 MeV with multinucleon
is consistent with the experiment reported by MaKib5] at  knockout. We infer that some mechanism that increases with
Q%=1 (GeVlc)2. Their calculations appear to match their w transforms some of the single-nucleon knockout into
data using only single-nucleon-knockout and radiative cormultinucleon knockout.
rections, but their cross section data extend only oUE o The measurement at=475 MeV strongly confirms prior
=100 MeV.(Note that in this paper we ugg,=50 MeV as results that thed,e’) reaction at quasielastic kinematics in-
the starting point for multinucleon knockout sinég is  volves strong many-body physics and reactions in addition to
small beyond that point. quasielastic knockout. These other reactions do not stem
Ryckebusch'’s calculations of real photon absorption unfrom either nucleon rescattering or frofinteractions.
derstate the measured () cross sections at forward The =330 MeV measurement indicates that well below
angles and at high missing energies by about R&®;44. guasielastic kinematics, but above collective phenomena
His preliminary Cg,e’p) calculationg45] also account for such as giant resonances, theg() reaction is primarily
at most half the cross section beydgg= 70 MeV measured single-nucleon quasielastic knockout. The data-theory ratios,
in parallel kinematics at Bates fayj=585 MeV/c,o=210 within large uncertainties, are close to the expected values
MeV. However, his calculations reproduce data taken irfrom the simple shell model. However, there is still some
nonparallel kinematics at NIKHERO0] far from quasielastic  residual many-body physics at that low energy transfer.
kinematics—g=270 MeVlc, =212 MeV, and 6, These data, especially the strength at high missing ener-
=42°, gies, strongly support the growing realization that the inclu-
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sive (e,e’) quasielastic peak contains much more many-cess, but some complexity still appears.

body physics than was originally thought. This additional

complexity persists at large momentum transfer and is not This work was supported in part by the Department of
understood. The low side of the quasielastic peak appearsEnergy under Contract No. DE-AC02-76ERO3069 and the
to be dominated by the simple single-nucleon-knockout proNational Science Foundation.
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