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Inclusive cross sections for the proton and nuclear targets of A =4, 9, 12, and 16 were measured
for 537 and 730 MeV electrons scattered at 37.1 deg. Systematic features of the continuum scatter-
ing data are compared with other electron scattering data and with photoabsorption measurements.
A model calculation based on the isobar-hole formalism is compared with the data in the delta reso-
nance region.

I. INTRODUCTION

Electromagnetic pion production by a free nucleon for
energy transfers between 140 and 500 MeV is dominated
by the pion-nucleon resonance at 1232 MeV, the
b. (T= —,,J"=—, ) whose width is 115 MeV. The pro-
duction on nucleons bound in nuclei is expected to show a
variety of medium modifications of mainly the resonant,
but also nonresonant production mechanism. This paper
reports' the results of measurements of inelastic scattering
at 37.1' of 537 and 730 MeV incident electrons from five
targets (A =1,4, 9, 12, 16) in the delta resonance region.
Measurements of the absorption cross section of pho-
tons in the same energy region have also recently been re-
ported. The picture that emerges from these studies sug-
gest that medium modifications of the fundamental elec-
tromagnetic absorption process on the nucleon are large,
but that all nuclei display the same reaction cross section
per nucleon. To further study the effects of the nuclear
medium, the present work extends these studies to virtual
photons.

The present measurement was made at the Bates Linear
Accelerator using a magnetic spectrometer with a focal
plane array of wire chambers and a gas Cerenkov detec-
tor. The experimental arrangement is described in Sec. II.
The data analysis and the conversion of counting rates to
cross sections is treated in Sec. III; the necessary radiative
corrections are described in Sec. IV. A discussion of the
systematic features that emerge from our data is given in
Sec. V. A comparison with other electron scattering data
and with photoabsorption results is made in Sec. VI. In
Sec. VII a calculation based on the isobar-hole formalism
is compared to the data in the delta region. At lower exci-
tation energy a Fermi gas model calculation is compared

with the measured quasifree peak. Conclusions are drawn
in Sec. VIII.

The notation used in this paper is as follows: (E~,k~)
and (E2,k2) are the energy and momentum of the incident
and scattered electron; 0 is the electron scattering angle;
~=E& —E2 and q=k& —k2 are the energy and momen-
tum transferred to the target nucleus; Q =q —co &0 is
the square of the four-momentum transfer.

II. EXPERIMENTAL ARRANGEMENT

The experiment was performed at the Bates Linear Ac-
celerator Center using electrons of 537 and 730 MeV. The
isochronous recirculation system was used to transport the
electron beam from the single pass output of the Linac
back to the input to be reinjected into the accelerator a
second time. The design and general operation of the re-
circulation system ' and the Linac ' have been described
elsewhere. The beam energy was measured to an accuracy
of 0.5%%uo in this experiment. The electrons were scattered
from natural isotopic abundance targets of hydrogen, heli-
um, beryllium, carbon, and beryllium oxide. The hydro-
gen and helium targets were in the form of gases at 2.07
MPa in a 12.7-cm diameter aluminum cell cooled to
liquid nitrogen temperatures. The beryllium, carbon, and
beryllium oxide were in the form of solid self-supporting
targets of 18.4, 25.5, and 21.5 mg/cm, respectively. Elec-
trons scattered at 37.1 were detected using the dispersion
matched energy loss spectrometer system.

' ""
The beam charge was measured by a pair of toroids

which have been calibrated' to an absolute accuracy of
0.1% at peak current. Solid angles were limited to keep
the measured detector dead times below 10%. The solid
angle acceptance was determined by a pair of slits in front
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of the spectrometer and 1.8 m from the target chamber
The height and width of the slit openings were measured
to an accuracy of 0.08 mm, corresponding to an uncer-
tainty of 0.8% at the smallest solid angle used in this ex-
periment (0.042 msr). In addition, an independent set of
horizontal slits was placed between the solid angle defin-
ing slits and the target to mask the spectrometer from
electrons scattered from the entrance and exit windows of
the gas target cells.

A coincidence requirement was imposed between events
detected at a flowing-gas Cerenkov detector and the wire
chambers to discriminate against pions. The Cerenkov
medium was freon 114 at standard temperature and pres-
sure (STP) which has an index of refraction n =1.0014.
Under these conditions, the Cerenkov detector has a pion
detection threshold of 2.6 GeV/c and an electron thresh-
old of 9.4 MeV/c. The physical design incorporates
front-surface mirrors 7.5)&30 cm, curved in the long di-
mensions with differing radii of curvature and laid out
side by side in an array which approximates a paraboloid.
The dimensions and orientation of the system are chosen
to accept light emitted by all electrons which pass through
the drift chamber system with trajectories close to those
prescribed by the spectrometer optics. The light is then
focused at the photocathode of a single RCA 8854, S-in.
diameter, 14 stage photomultiplier tube with an uv
transmitting window.

The freon gas Cerenkov counter was 98% efficient
across the 6% momentum bite of the spectrometer and
drift chamber system, except for 1% at the high momen-
tum end where efficiency fell to 93%. This behavior is
believed to have resulted from the fact that the Cerenkov
interaction length was shorter at the high momentum end
of the detector. The inefficiency was determined by
measuring spectra at energy losses below pion production
threshold. The momentum distribution of those events
which triggered a plastic scintillator, but which failed to
trigger the Cerenkov counter, compared to the scintillator
events alone, reflects the Cerenkov detector inefficiency.
The inefficiency was parametrized and a channel-by-
channel correction across the focal plane was then applied
to each spectrum. The well known values of elastic cross
sections for the solid targets when the elastic peaks were
located in the inefficient region of the focal plane could be
reproduced with this procedure, confirming the adequacy
of the correction technique employed.

III. DATA ANALYSIS

For each target a spectrum of counts as a function of
energy loss was obtained for final momenta ranging from
approximately 100 MeV/c up to the elastic peak. This
was done by summing the momentum spectra at each
spectrometer setting into several energy-loss bins. The
spacing between these settings was approximately equal to
the 6% momentum acceptance of the spectrometer, allow-
ing almost continuous spectra to be measured. The cen-
tral energy of each bin was calculated by using spectrome-
ter constants determined in previous experiments. The in-
cident beam energy was determined from the final ener-
gies of elastically scattered electrons. Measurements on

targets having greatly differing recoil energies gave con-
sistent values of the incident momentum.

Empty-target count rates were subtracted on a bin-by-
bin basis from the count rates of the two gas targets. The
contribution from the empty target was almost negligible
for an energy loss less than 0.6 E~ but grew rapidly
beyond this point, becoming a 20—30% effect at 75% en-
ergy loss. At large inelasticities the distribution of events
in the direction transverse to the bend plane of the spec-
trometer was found to have a flat background component
in addition to the distribution predicted from the known
slit geometry and spectrometer optics. This background,
which likely resulted from neutron-induced charged parti-
cles, was subtracted from the data. Its contribution was
determined by making a two parameter fit of the data, as-
sumed to be the sum of the expected distribution and a
flat background. This correction was only about 10%
even at the lowest final energies presented here. At energy
losses greater than about 80% this background and the
empty cell contribution grew so large that accurate cross-
section determination became impractical. To determine
the contribution of pair-produced electrons, measurements
were made with the magnetic field of the spectrometer re-
versed to detect the positrons. For solid targets these pos-
itron spectra were subtracted from the corresponding elec-
tron spectra. In the case of the gas targets, however, with
Z =1 and 2, this contribution was calculated to be negli-
gible. The measured pair count rate for gas targets was
corrected by the empty target subtraction.

Conversion of count rate to cross section was straight-
forward in the case of the solid targets as their thickness
and the angular acceptance of the spectrometer were
known. The ' 0 data were obtained by subtracting results
obtained for BeO and Be targets. The gas target densities
were determined by comparing the radiatively corrected
count rate in the elastic peak with known elastic cross sec-
tions. The helium target was found to have a small con-
tamination of hydrogen which manifested itself by adding
a relatively sharp hydrogen peak on the broad helium
quasielastic peak. This was corrected by subtracting 7%
of the measured hydrogen cross section from the helium
spectra at all final momenta.

IV. RADIATIVE CORRECTIONS

Elastic radiation tails were calculated with the comput-
er code ALLRAD, and subtracted from the spectra. In-
cluded in this code are contributions from internal brems-
strahlung, external bremsstrahlung, and collisional (strag-
gling) losses. The count rate due to the latter two effects
depends on the square of the target thickness t, while that
due to internal bremsstrahlung depends linearly on t. The
internal bremsstrahlung calculation takes the single hard-
photon emission part of the radiative scattering process
completely into account. At small energy loss a multiple
soft photon correction to the one photon emission process
is applied. The soft photon correction reduces the inter-
nal bremsstrahlung component by order of a few percent
at large energy loss. The t effects for our solid targets
were always less than about 5% of the elastic radiation
tail. This was not the case for our gas target data. The
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gas target walls, although outside the spectrometer accep-
tance, contributed to the energy loss process. The large
cell wall thickness (377 mg/cm ) compared to the active
gas thickness (13.7 and 27.4 mg/cm for 'H2 and He,
respectively) led to t effects representing more than 50%
of the total radiation tail. Indeed the large resultant radi-
ation tail at large energy loss was the limiting factor, par-
ticularly so for the gas cell data, in determining to what
energy loss we could reliably subtract the tail. For the gas
target at the peak of the b the subtraction was as large as
20%, and grew to 80% at the maximum energy loss con-
sidered.

In order to calculate the radiation tail for the elastic
peak, the form factors for elastic scattering are needed as
input data. These must be provided over a q range ex-
tending to roughly twice the elastic momentum transfer.
This is necessary because electrons can actually be scat-
tered at substantially larger angles and, through recoil in-
volved in the hard photon emission process, emerge at the
nominal scattering angle. For the present kinematics, this
means that elastic form factors must be specified out to a
momentum transfer of 6 fm '. Below q =0.3 fm ' the
expression F=Foexp( —q,rf/qo) was used for the form
factors. The value of Fo was obtained from the second
Born approximation' and q0=6/R, where R is the
root-mean-square (rms) nuclear charge radius and the ef-
fective momentum transfer ( q,rr ) is given by q ( 1

+ 1.16Za/EOR ).
The dipole form factor (with a =855 MeV/c) was used

for the proton charge form factor and the scaling assump-
tion (FM Fc) applie——d in order to include the effects of
magnetic scattering. For He, experimental form factors'
were used for q &0.3 fm ' (see Refs. 15—17). For Be,
experimental form factors' were used for q & 1 fm '. In
the range 0.3—1 fm ', form factors were calculated with
the HEINEL distorted-wave Born approximation (DWBA)
phase shift code' with charge distributions obtained from
de Jager et al. Similar calculations were performed for
' C and ' 0 to complement data ' above q = 1 fm '. The
radiatively uncorrected differential cross section for ' C at
730 MeV is shown in Fig. 1. Also shown is the calculated
radiative tail from the elastic peak, with no renormaliza-
tion to fit the data at large energy loss. In the delta region
the tail is roughly 20% of the total cross section for our
gas targets ('H, He) and 5% for the solid targets (Be,
BeO, C).

After subtraction of the elastic radiation tail, radiative
and straggling processes were unfolded from the continu-
um parts of the scattering cross sections in order to obtain
the pure nonradiative (radiation and straggling free)
electron-nucleus inelastic scattering cross sections. The
unfolding procedure begins by making a multinode spline
fit to the data. Based on this fit, the data are restructured
into equal width bins with a central value and uncertainty
appropriately determined from the form of the spline fit.
If one of the bins contains no experimental data, a central
cross section value equal to the spline fit value is assigned
in order to take actual radiative contributions from this
bin properly into account. Following this rebinning, we
begin the unfolding procedure with bin (i), corresponding
to the lowest electron energy loss. We perform radiative
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FIG. 1. Cross sections for scattering of 730 MeV electrons
from ' C at 37. The open squares (U) are data not corrected
for any radiation effects. The solid squares (0) are obtained by
subtracting the elastic radiation tail (solid line) from the data
and then performing radiative corrections on the difference.

corrections to the integrated cross section for that bin (as-
suming a cutoff energy given by half the bin width) and
then calculate the corresponding peaking approximation
radiation tail (including t effects). The tail cross sec-
tion in each higher energy loss bin (j &i ) is then comput-
ed and subtracted from the experimental cross section in
that bin. We then proceeded to bin (i +1), repeat the ra-
diative correction and tail subtraction procedure, iterating
until the last bin has been radiatively corrected. The only
difficulty in this procedure is the need to know the q
dependence of the inelastic form factor for each bin at
lower momentum transfers in order to calculate the part
of the radiation tail process corresponding to emission of
a hard photon, Er, followed by inelastic scattering at the
lower incident energy Eo —Ez at the same scattering an-
gle. For lack of experimental data at these lower momen-
tum transfers, we have adopted a phenom enological
model to describe the nuclear response function. The
model is a relativistic Fermi gas model for the quasifree
(QF) knockout peak and a semiphenomenological b, pro-
duction model based on a Breit-Wigner line shape, which
describes both the known photoproduction data and the
observed q dependence. It is well known that such models
fail to reproduce the response function in the so-called
"dip region" between QF and b, peaks. To patch up this
shortcoming we have introduced a phenomenological peak
to account for the additional strength in the dip region.
This peak is characterized by a strength, width, and
threshold. The functional Q dependence is taken from
the transverse part of the relativistic Fermi gas model.
This form factor follows that extracted from the data (see
Fig. 8). The peak parameters were adjusted to fit our 730
MeV data. This parametrization also describes our 537
MeV data reasonably well. It is important here to recog-
nize that we are performing relatively small corrections,
typically 10%, to the continuum region. Within our pro-
cedure, if we describe the raw data to within 10—15%,
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this translates into a 1—2% uncertainty into the corrected
data. Similarly, although the relativistic Fermi gas model
does not do very well in describing the cross sections at
the very low energy-loss side of the QF peak, due to the
small magnitude of the cross section in this region this
contributes negligibly (via straggling and radiation) to the
observed large energy-loss cross section. The cross section
after corrections for all radiative and straggling processes
is shown in Fig. l for ' C at an incident electron energy of
730 MeV.

V. CROSS SECTIONS

0
10

A=1

The radiatively corrected differential (e,e') cross sec-
tions versus electron energy loss for 'H, He, Be, ' C,
and ' 0 are shown in Figs. 2 and 3, for a scattering angle
of 37. 1' and incident energies of 730 and 537 MeV,
respectively. The elastic peaks are not shown. We do not
show results for the gas targets at the lower energy be-
cause of difficulties in reliably subtracting the radiation
tails when the subtraction exceeds 50% of the data.

Since the momentum transfers far exceed the average
internal momenta of nucleons and since the energy
transfers necessary to excite the 3-3 resonance far exceed
that to eject nucleons, we anticipate that the general
features of the nuclear response will be dominated by
quasifree processes. This notion is supported by the ap-
pearance of the QF and 6 peaks at approximately the en-

ergy loss for elastic e-N scattering and 6 production from
unbound nucleons, and by the universality of the response
functions. This universality can clearly be seen in Figs. 4
and 5, where we have plotted the cross section per nu-
cleon. We will now discuss the general features in more
detail.

The quasifree knockout peak is broadened due to Fermi
motion. The 6-production peaks for A =4,9,12, and 16
are also broadened but their widths are difficult to esti-
mate. From the 730 MeV data it is clear that there are
differences in shape of the QF peaks for the various nu-
clei, helium having the narrowest width, and the widths
increasing with increasing A. This indicates a significant-
ly lower Fermi momentum for helium than for the
heavier systems, consistent with the same trend estab-
lished in earlier Stanford measurements of Moniz et al.
We can understand the heights of the quasifree cross sec-
tions in Figs. 4 and 5 since the area under the peaks is
essentially the same; thus the peak cross section per nu-
cleon is inversely proportional to the width. Table I
shows our estimated QF and b, peak positions, peak
widths, and peak cross sections for the present data. Also
shown in this table are the so-called "average separation
energies, "

F, defined as the energy loss at the QF peak
minus the kinetic energy of a nucleon (average mass 938.9
MeV) with three-momentum equal to q.

The value of e derived from our He data is 6 MeV.
This is much smaller than the known 16 MeV single-
nucleon separation energy for nuclear matter and the
known single-nucleon separation energy for He at rough-
ly 20 MeV. The 6 MeV value is, however, consistent with
a recent work from Kharkov in which e for He was
measured as a function of q . There is clear evidence in
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FICx. 2. Final (e,e') cross sections for A =1,4,9,12,16 ob-
tained with 730 MeV incident electrons at a scattering angle of
37. 1'. The energy loss is relative to the primary beam energy.
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FIG. 4. Fitted (e,e') cross sections per nucleon for
A =1,4,9,12,16 at 730 MeV at 37. The curves represent mul-
tinode spline fits to the radiatively corrected data.
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FIG. 3. Final (e,e') cross sections for A =9,12,16 obtained
with 537 MeV electrons at a scattering angle of 37. 1 .

that data that e is not constant and has a minimum value
near

~ q ~

=2kF. Our results for the p-shell nuclei (A =9,
12, and 16) yield a mean value for F of 17+3 MeV. This
is only marginally below the result of Moniz et a1. for ' C
of 25+3 MeV. Analysis of the Saclay ' C data of Barreau
et al. , covering a momentum transfer range from 300 to
550 MeV/c, reveals the same dependence of e on q as
seen in He and these data are more consistent with the
present e results for the 3 =9, 12, and 16 nuclei. The q
dependence of e may be an artifact of the oversimplified
Fermi gas model for single nuclear knockout; or, it may
indicate that another process, such as two-nucleon
knockout [meson exchange current (MEC) effect], is com-
peting with the single nucleon knockout process and alter-
ing the perceived quasifree peak location.

Turning to the 6 peak, we see that the resonant struc-
ture is broader [full width at half maximum
(FWHM) —250 MeV] than the QF peak (FWHM
—100—120 MeV), and also that the shapes for all the nu-
clei we have looked at are the same. It is plausible that
the b;production peak for free nucleons (FWHM-115
MeV) is different from that for bound nucleons because of
Fermi motion, Pauli blocking, and coupling of the 5 to

Be 537 MeV 37 deg

0
2U

Q)
V3

~ 0
0 200

Energy Loss (MeV)

400

FIG. 5. Fitted (e,e') cross sections per nucleon for
A =9, 12, 16 at 537 MeV at 37 . The curves represent multinode
spline fits to the radiatively corrected data.

other than ~N decay channels. What is perceived as the
6 resonance in our data is clearly broadened by an addi-
tional width of 185 MeV (in quadrature) beyond the
natural 6 decay width (115 MeV) and Fermi motion (120
MeV) compared to the free proton peak. While for the
QF peak there is a clear shift of the peak to higher energy
loss with increasing 3, there is no evidence for such a
shift in the 5 peak; indeed, there is a hint that the peak
shifts to lower energy loss relative to the free proton b,

peak. The quality of our data for the b, peak is not as
good as for the quasifree peak, largely because the ap-
parent peak is so much broader, and does not support
similar conjectures.

We have addressed the major features of the response
functions, however, there remains the interesting region
between the QF and b, peaks. Within the Fermi gas
model, the one-body contributions from quasifree nucleon
knockout and b, excitation have sharp cutoffs in energy
transfer due to the assumed kinematics and the ground-
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TABLE I. Location and peak cross section per nucleon for the quasifree and delta peaks in the energy-loss spectrum of 730 and
537 MeV electrons scattered at 37.1 . Also given are the widths (FWHM) and average separation energies for the quasifree peak, and
the width of the delta resonance for hydrogen.

Element

'H (537 MeV)
(730 MeV)

He (730 MeV)
Be (537 MeV)

(730 MeV)
' C (537 MeV)

(730 MeV)
' O(537 MeV)

(730 MeV)

COQF

(MeV)

56
99

105+5
72+3

115+5
72+ 3

115+5
70+3

120+5

d'o(QF)/A
(nb/MeV sr)

a
2.25+0.14
4.9+0.1

1.91+0.08
4.7+0.1

1.83+0.08
4.6+0.2

1.76+0.12

I gF
(MeV)

100+3
80+5

115+5
90+5

125+5
90+5

125+5

(MeV)

6+5
16+3
16+5
16+3
16+5
14+3
21+5

COg

(MeV)

380+ 10
370+ 10
315+20
375+ 10
315+20
360+ 10
310+15
375+10

d (6)/3
(nb/MeV sr)

1.03+0.08
0.80+0.05
1.11+0.05
0.84+0.04
1.06+0.05
0.80+0.04
1.12+0.06
0.77+0.06

I
(MeV)

120+5

'Proton elastic cross section is 426 nb/sr at 730 MeV and 1033 nb/sr at 537 MeV.

state momentum distribution. More realistic nuclear
models with high-momentum tails will, for example, help
to move some of the strength in the quasifree region to
higher energy losses and therefore help to fill in the dip
region. However, as discussed by Van Orden and Donnel-
ly (and others quoted in Ref. 24), a large part of the dip
cross section is thought to be due to two-body effects such
as meson exchange currents. This conjecture has been
supported by calculations, but typically only half of the
observed strength can be explained. From the present
data in Figs. 4 and 5, we see that the dip region cross sec-
tion shows only a weak 2 dependence; in particular, it
does not grow as the number of nucleon pairs as one
might expect if the dip cross section were exclusively an
effect of long-range correlations. Rather, the insensitivity
to 3 may be due to the s wave, nearest neighbor satura-
tion which occurs at 3 =4. Recent Saclay data for
heavier nuclei support this hypothesis.

As discussed earlier the integrated QF peak cross sec-
tion is essentially given by the sum of the free nucleon
cross sections for Z proton and N neutrons. We obtained
this result by integrating the quasifree spectrum up to
pion threshold (ni,h ——230 MeV for E, =730 MeV and
8,=37. 1 ). Performing the same integral, the b, peak in-
tegrated from ~,i, to co,„(where ni, „=550 MeV for our
730 MeV data) the net areas exceed the free nucleon result
by 34%%uo. This excess may be due to mechanisms involv-
ing more than one nucleon.

VI. COMPARISON WITH REAL PHOTON RESULTS

A convenient way to compare photoabsorption and in-
elastic electron scattering data is to write the (e,e') cross
section as

E E2 1I T ——

2ir Q2 Ei 1 —e
(2)

d cr(e, e')
~T[~T(Q ~)+&~L(Q,~)l2 2

dA dc'

where I T is interpreted as the flux of virtual transverse
photons striking the nucleus,

and where E is the equivalent photon energy to produce
the same nuclear excitation energy. For quasifree process-
es

1.0

b

0.5
y Electrons

~ t. ) ~0
~ 4

o
a

p&OQ ~0
0

~ 0

Photons
~ ~

0.0
100

I

300
K (MeV)

FIG. 6. Equivalent photon cross sections per nucleon, o.T/2
[defined in Eq. (1)], vs equivalent photon energy, K [defined in
Eq. (3)]. The solid squares and crosses are the data for ' C and
Be, respectively. The solid circles and open circles are real pho-

ton data for ' C and Be, respectively.

K =co-
2M

The polarization factor e is the ratio of longitudinal to
transverse virtual photons,

e= 1+ tan-2q', t9

Q2 2
(4)

In the limit Q =0 the quantity crT becomes the photon
absorption cross section and o.l ~0. Figure 6 shows a
plot of d tr/I r vs K for electron and photon data for Be
and C. The delta peak occurs at the same equivalent pho-
ton energy for both data sets, showing that the absorption
is quasifree on the nucleon. The fact that the electron
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data differs from the photon data in the delta region is
simply a reflection of the Q dependence of the transition
form factor. Other electron scattering data show a very
small longitudinal contribution in the delta region. The
difference in shape between the electron and photon data
is presumably caused by extra absorption mechanisms
available to virtual photon s because of their higher
momentum.

A plot of d cr/I T vs K is also a convenient way to
compare (e,e') data at slightly different kinematics be-
cause the rapid variation with scattering angle and in-
cident electron energy is removed by dividing each set by
I T. In Fig. 6 (e, e') data on carbon from Saclay taken at
E& ——680 MeV, 0=36 is plotted with our beryllium data
(E

&

——730 MeV, 8=37.1'). The agreement between these
data sets and also between our carbon (plot not shown)
and the Saclay carbon measurement gives us confidence as
to the absolute normalization of the cross section. A fur-
ther check is the agreement of our hydrogen data in the
delta region with a parametrization of all previous H(e, e')
measurements. This is shown in Fig. 7.

It is also of interest to compare the transverse form fac-
tors

Kcr T(Q, co)

2' CX

of the delta, dip, and quasifree regions (K =320, 140, and
23 MeV, respectively). Figure 8 shows a plot of the car-
bon transition form factors versus four-momentum
transfer. The photon point (Q —0) is taken from Ref. 4.
Also shown are the transverse form factors (measured in
Ref. 27) at the quasifree peak and in the dip region at the
threshold for pion production. The photon point for the
quasifree process was taken as the peak of the electric di-
pole giant resonance. The curves all show a rapid rise
from the photon point followed by a relatively flat region.

Quasifree

0.02

0.00
0.0 0. 'l 0.2

Q' (GeV')

VII. COMPARISON WITH MODEL CALCULATIONS

The b, -hole approach has been applied successfully to
the description of pion- and photon-induced nucl=ar reac-
tions in the resonance region. In Ref. 29, this has been ex-
tended to inclusive electron scattering. The main em-
phasis in the b, -hole approach lies on a careful description
of the resonant part of the reaction mechanism. The
small nonresonant contributions, which are nearly energy
independent, are treated in a simpler way. We outline
here only the way the 6 dynamics are treated to calculate
the dominant transverse part of the inclusive electron
scattering cross section.

To obtain the total absorption cross section o T, Eq. (1),
the optical theorem is used for the forward elastic scatter-
ing cross section for a virtual photon. For scattering
proceeding through 5 excitation, this amplitude is written
as

FIG. 8. Carbon transition form factors (~ ) defined in Eq. (5)
vs Q' for energy losses corresponding to the peaks at the quasi-
free and 5-production cross sections, and the dip region between
the two peaks. The solid circles are taken from real photon data
(Ref. 4). The solid triangles are taken from Barreau et al. (Ref.
27). The curves are to guide the eye.
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The initial and final state, consisting of the nuclear
ground state and a virtual photon are given by

~
0;q, ~).

The vertex operator F~N~ generates a b,-hole excitation in
this initial state, which propagates inside the nucleus.
The dynamical description of 6 propagation is contained
in the many-body Green function Gal„which has also
been used in reactions with pions and real photons:

Gap, [D(co Ha) 5W—— V,p
——W„]— — (7)

The first part is the free resonance denominator
D(E)=E Ez+iI (E)I2, ev—aluated at the internal ener-
gy available to the A. This is done by using the Hamil-
tonian H~,

H~ ——T~+ V&+Hz —»
FIG. 7. Cross section for electron scattering from the proton

at 730 MeV incident electron energy at a scattering angle of 37'.
The curve is derived from a parametrization of previous
electron-pion production data.

where T~ is the kinetic energy operator of the 5 and V~
is an average binding potential. The operator Hz &

takes
nucleon binding into account. Since the free resonance
denominator D(E) describes the free 6 resonance, cou-
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FIG. 9. (e,e') cross sections for 3 =4, 12,16 at an incident
electron energy of 730 MeV and scattering angle of 37 . The
dashed-dotted curve is a relativistic Fermi gas calculation (Ref.
24). The dashed curve is the calculated incoherent sum of cross
sections for free nucleons. The solid curve is the full 6-hole
model prediction discussed in the text.

pled to the mN decay channel, one has to take into ac-
count that Pauli blocking restricts this decay inside the
nucleus. This is included through the operator 58'. The
term W in Eq. (7) describes the coupling of the b, -hole
excitation to a state with a ~ and the nuclear ground
state. While all these contributions can be calculated mi-
croscopically in the 6-hole subspace, the last term, V,~, is
a phenomenological parametrization of the coupling to
more complicated intermediate channels. The complex
strength parameters of this local "spreading potential"
were fitted to elastic pion-nucleus scattering data. Its
large imaginary part has been interpreted as being mainly
due to the coupling to the pion annihilation channel, e.g.,
NA~NN.

Results of the 6-hole calculations are shown in Figs. 9
and 10. By comparing the sum of the free nucleon sec-
tions (dashed line) and the full calculation (solid line), we
see the effect of the medium modifications. As discussed
in Ref. 28, the effects of Pauli blocking (5W) and cou-
pling to the coherent n channel ( W ) tend to cancel.
The change in the shape is therefore mainly due to the
spreading potential and the Fermi broadening of the reso-
nance. While yielding the observed broad shape of the
resonance, the model calculations underestimate the data
by an almost constant amount across the resonance. Too
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FIG. 10. Same as for Fig. 9 except at an incident electron en-

ergy of 537 MeV, and for 3 = 12 and 16.

little strength is also predicted in the dip region. In the
6-hole approach, the only coupling to the 2p-2h channel
is incorporated through V,p in the resonance propagator.
However, as discussed before, there are other ways to
reach this channel, such as through meson exchange
currents which do not involve the 6 or nucleon knockout
followed by a final state interaction. While such effects
individually may be small, their interference may be large
in the dip region. This has been found by Alberico
et al.

VIII. CONCLUSIONS

Our main conclusion from this measurement is that the
nuclear response in the delta region is nearly the same per
nucleon for 3 =4—16. Subsequent measurements at Sa-
clay for A =40, 48, and 56 for EI ——695 MeV, t9=60 deg
confirm this result. This universality in the electromag-
netic nucleon response is also seen in photon absorption in
the resonance region.

Comparison with predictions of the isobar-hole model
show that the main features of the data in the delta region
are reproduced, but the magnitude of the cross section
falls below the data. We speculate this is due to two (or
more) nucleon interaction mechanisms not included in the
calculations.

It will be useful to extend our measurements to heavier
nuclei and to higher momentum transfers. Coincidence
measurements of the decay products in the delta region
will also help to further elucidate the mechanism by
which electromagnetic radiation is absorbed by a complex
nucleus.
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