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Deep inelastic scattering cross sections have been measured for “°Ca and “®Ca at electron energies
between 100 and 375 MeV at scattering angles of 90° and 140°. Longitudinal and transverse
response functions at three-momentum transfers between 250 and 410 MeV/c have been extracted
using a Rosenbluth separation. The response functions are compared to calculations modeling the
nucleus as a noninteracting relativistic Fermi gas. The model is found to agree with the observed
transverse response function in the region of expected quasi-free nucleon knockout, but the model
overestimates the observed longitudinal response. Comparisons of the response functions of the two
isotopes are made, and differences between “°Ca and **Ca are seen.

INTRODUCTION

Inclusive electron scattering experiments that cover a
large range of energy loss, @, make possible the investiga-
tion of many modes of excitation of the nucleus. As o in-
creases, the nucleus is observed to have bound states, col-
lective resonance structures, and nucleon knockout. Once
the A-production threshold has been passed, both mesonic
and nucleonic degrees of freedom become important. The
deep inelastic region provides an opportunity to observe
the response function of the nucleon in the mean field
produced by the other nucleons in the nucleus. Compar-
isons with the response function of a free nucleon could
give insights into nucleon-nucleon interactions as well as
any modifications of the properties of the nucleon itself in
this environment.

By performing scattering experiments at different labo-
ratory angles, components of the excitation which result
from the electron’s interactions with the charge and with
the current and/or spin of the nucleus can be dis-
tinguished. These Rosenbluth type of separations into
longitudinal and transverse response functions should
make it easier to identify the character of the excitations,
since certain effects should exhibit a particular signature.
Mesonic effects, for instance, would presumably be im-
portant only in the transverse response function.

The predominant effect in the kinematic region covered
by this experiment is expected to be the scattering of the
electron from a single nucleon, resulting in the knockout
of the nucleon from the nucleus. In earlier experiments'-?
the general characteristics of the cross section in this re-
gion were well explained by models assuming the nucleon
was in a quasi-free initial state. The primary interaction
between nucleons in these models is the Pauli exclusion
principle, which determines the possible final states of the
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struck nucleon. The effect of the other nucleons was
taken into account by the use of an average binding ener-
gy or an effective mass for the struck nucleon.’> Further
refinements, such as describing the initial nucleon by a
more realistic shell model wave function, result in minor
modifications to the predicted response.*>

Recent experiments have yielded separated response
functions for a few target nuclei, such as >)C (Ref. 6),
“0Ca and *¥Ca (Refs. 7—9), and *6Fe (Refs. 8 and 9). New
experiments in larger kinematic regions on these nuclei
and 28U (Ref. 10) are underway. The completed experi-
ments show a distinct difference in the separated response
functions from the relatively simple behavior observed in
the total cross sections.

In this paper, we present the results of our studies on
“0Ca and “®Ca. The separated response functions are com-
pared with the predictions of a simple model of the nu-
cleon knockout process as a useful benchmark. Some
comparison of the response of the two isotopes is per-
formed, in an attempt to detect any effects in the response
functions due to the large neutron number difference.

EXPERIMENTAL PROCEDURE

The experiment was performed at the Bates Linear Ac-
celerator Center. Electrons ranging in initial energy from
100 to 375 MeV were scattered from a target of natural
calcium and a target that had been enriched to the level of
98% in *®Ca. The scattered electrons were momentum
analyzed by the 900 MeV/c energy loss spectrometer sys-
tem (ELSSY), using the standard Bates system of mul-
tiwire proportional chambers and Lucite Cerenkov detec-
tors.!! The largest uncertainty in these measurements is
that resulting from a lack of knowledge of the precise ef-
fective target thickness. This, and other uncertainties due
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to the experimental setup are accounted for in the assign-
ment of a 4% systematic uncertainty to the measured
cross sections.

The overall efficiency of the system was determined by
comparison of scattering from hydrogen in a polyethylene
target with the calculated electron-proton cross section.
These comparisons indicated that no renormalization of
the data was needed. In a few cases, data were taken
under the same Kinematic conditions at different times.
These data agreed in absolute magnitude to within 2% for
spectra taken as much as three years apart.

At incident energies greater than 250 MeV, a signifi-
cant background of pions that were energetic enough to
trigger the Lucite Cerenkov counters was observed. Some
of the data obtained later were taken with a silica aerogel
Cerenkov detector substituted for one of the Lucite detec-
tors. The substitution of aerogel (n =1.05) for Lucite
(n =1.49) prevented pions bent into the detector system
by the spectrometer magnet from triggering the detectors.
For those energies at which no data with the aerogel
detector were taken, a determination of the pion com-
ponent was made from a measurement of the positive
pion cross section when the magnet polarity was reversed.

Data were taken for a total of seven incident energies at
a scattering angle of 90° and for nine energies at 140°.
There were also runs at 160° where the cross section
would be almost entirely transverse. In a few cases, these
data were used as a consistency check on the Rosenbluth
separations, and the linearity confirmed that the effects of
Coulomb distortions are small for low-Z nuclei. The
separations were performed entirely from the 90° and 140°
data sets.
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ANALYSIS

The extraction of cross sections to be used for a Rosen-
bluth separation involved many steps of analysis. Some of
these corrections were determined experimentally, some
theoretically. Each contributed to the assignment of an
overall systematic error based on the confidence of the ex-
perimenters in the correction. Figure 1(a) shows a typical
spectrum and some of the more important corrections.
Figure 1(b) compares an uncorrected spectrum with a
completely corrected spectrum.

Some data had been taken with the polarity of the spec-
trometer magnet reversed. These spectra, showing both
positive pions and positrons pair-produced in the target,
were used to determine subtractive corrections to the data
for the presence of negative pions and pair-produced elec-
trons in the normal polarity spectra. The pair-produced
electron cross section was assumed to be identical to the
observed positron contribution to the reversed polarity
runs, and a direct subtraction of a fit to the positron cross
section was performed. This correction was only impor-
tant at final electron energies less than 100 MeV, and nev-
er amounted to more than 10% of the measured cross sec-
tion.

The pion contribution was important at incident ener-
gies greater than 250 MeV and energy losses greater than
150 MeV. For those spectra that were taken with the
aerogel counter, no correction for pions was necessary. A
comparison of these pion-free spectra with spectra taken
under the same conditions with the Lucite counters al-
lowed a determination of the best way to correct for the
pion contribution in the spectra. The observed positive
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FIG. 1. Experimental cross sections for *°Ca with E,=375 MeV and §=90°. (a) Cross sections for negative particles are given by
circles, those for positive particles are given by triangles, and the solid curve indicates the calculation of the radiative tail of the elastic
peak. (b) The negative particle spectrum is again given by circles, the fully corrected spectrum is given by asterisks. Systematic errors

are shown throughout.
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pion component of the reversed polarity spectra took the
form of a peak that amounted to 25% of the normal po-
larity cross section in the worst cases, and considerably
less than that in most cases. A fit to this peak, multiplied
by various scale factors, was subtracted from the negative
particle spectrum. A scale factor of 1.0 yielded the best
agreement with the aerogel spectra, indicating that the
negative pion contribution was essentially equal to the
positive pion contribution. Spectra for which no aerogel
data existed were then corrected by subtracting a fit to the
positive pion component of the reversed polarity spectrum
at the same energy and angle, with a scale factor of unity
for the pion peak.

Low energy electrons were found to have a lower detec-
tion efficiency in the Lucite detectors due to energy losses
in passing through the detectors. This necessitated a
correction to the overall efficiency of the detector system
for final electron energies less than 110 MeV. The correc-
tion amounted to roughly 2% at 110 MeV final electron
energy and 6% at 80 MeV. The correction was deter-
mined by a comparison of the relative efficiency of the
detection system with various combinations of the Lucite
and aerogel Cerenkov counters.

A persistent background effect was found to have been
caused by electrons scattered into the spectrometer from
the target chamber aperture.!” Measurements were per-
formed with a new chamber, whose aperture was suffi-
ciently wide that such scattering could not produce an
event at the focal plane. The differences between the
spectra taken with the old and new chambers could be
described quite adequately by a theoretical correction
based on a calculation of multiple scattering and thick-
target bremsstrahlung in the chamber walls. This correc-
tion was as large as 18% in the region of 50—100 MeV of
energy loss. Detailed accounts of the origin of this back-
ground and the correction calculation are found in Ref.
12.

Radiative effects which distort the electron spectrum
must be calculated. The radiative tail due to elastic
scattering, a significant contribution at the lowest final
electron energies, was calculated using the “exact” first
Born formalism of Mo and Tsai,!* which includes both
internal and external bremsstrahlung. A recent direct
measurement of the radiation tail'* from tungsten demon-
strated that even for heavy nuclei, this procedure is accu-
rate to within a few percent of the calculated radiative tail
down to quite low final electron energies.

Primarily because of uncertainties with corrections at
low final electron energies, no data with final electron en-
ergies less than 80 MeV were kept in the final corrected
cross sections. This limited the dependence of the final
results on many of the corrections. For instance, for no
data points included in the final separations were the radi-
ative tail subtractions more than 20% of the measured
cross sections.

Once the radiative effects due to elastic scattering were
eliminated, those due to inelastic scattering had to be dealt
with. The inelastic cross sections at each energy and an-
gle were radiatively unfolded according to the method de-
tailed by Miller,!* based upon the continuum correction
technique developed by Mo and Tsai.!* The change in the
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cross section due to this correction was always less than
5% in the deep inelastic region.

At this point in the analysis, there were, in hand, double
differential cross sections over a wide range of momentum
transfer, g, and energy loss, w, at scattering angles of 90°
and 140° with all corrections performed. Response func-
tions for each angle at constant g were extracted by linear
interpolation between the data points, with no extrapola-
tions being performed. The interpolation was done in two
steps. First, response functions were found at evenly
spaced values of @ for each constant energy spectrum.
Next, for each value of w, response functions were found
at the desired values of g by using the data from the two
nearest spectra. The Kawazoe scaling variable y (Ref. 16)
was used as an interpolation variable in this second step,
since it lined up the centers of the quasi-elastic peaks of
different spectra, increasing the smoothness of the varia-
tions. The reliability of the interpolation was checked by
trying different interpolation variables, by cubic interpola-
tion, and by analyzing pseudodata generated from Fermi
gas calculations. All tests yielded consistent and stable re-
sults, and it was concluded that no spurious effects arose
from the data analysis.

These response functions were then used to determine
the longitudinal (charge) and transverse (spin and current)
response functions according to the formula,

2
do 41 4,2;
dew=E0Mon[ =5 | Si(g@)
1|4; 6
+ 2 q—'; +tan? 3 Sr(q,0)

where ooy is the Mott cross section, My is the target
mass, g, is the four-momentum transfer, g is the three-
momentum transfer, » is the energy transfer, 0 is the lab-
oratory scattering angle, S; and Sy are, respectively, the
longitudinal and transverse response functions, and
d%0/dQdo is the double differential cross section.
Throughout the analysis, systematic and statistical errors
were treated and are reported separately.

SEPARATED RESPONSE FUNCTIONS

The longitudinal and transverse response functions for
both “Ca and *®Ca, as determined by the Rosenbluth
separation, are presented in Fig. 2. While this is the first
presentation of deep inelastic scattering results for **Ca
from data taken at Bates, separations for 40Ca have been
presented for some of these values of momentum transfer
in a previous publication.” The present results differ from
those in only one significant respect. These results in-
clude an improved determination of the cross sections at
350 MeV initial electron energy and 90° based on a
reanalysis of all of the data taken with the aerogel detec-
tor. The main result of that reanalysis is a reduction of
the longitudinal response functions at the highest momen-
tum transfers.

The results of calculations of the Fermi gas model of
the nucleus, according to the method of Van Orden and

-
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FIG. 2. Separated response functions compared to Fermi gas calculations of Van Orden, including mesonic effects. Standard devi-
ations due to statistical errors are indicated by error bars, the dotted lines indicate a systematic error band, and the solid line is the
calculation of Van Orden. (a) Longitudinal response functions for |q| =250 MeV/c. (b) Longitudinal response functions for
| q| =290 and 330 MeV/c. (c) Longitudinal response functions for | q| =370 and 410 MeV/c. (d) Transverse response functions

for | q| =250 and 290 MeV/c. (e) Transverse response functions for |q| =330, 370, and 410 MeV/c.
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FIG. 2. (Continued).

Donnelly,'” are also shown. For all of the calculations
shown here, a Fermi momentum of k =250 MeV/c and
an average nucleon binding energy of e=23 MeV were
used. These are typical values for the calcium isotopes.’
This fully relativistic calculation uses nucleon form fac-
tors following the parametrization of Hohler et al.'® Nu-
cleon knockout, meson exchange current, and real meson
production contributions to the expected cross section are
included. This is not presented as a model which should
match the results in detail, but rather as a useful point of
reference.

As has been seen in other recent experiments in this
(¢q,w) region, the transverse response function is very
nearly a large, roughly parabolic peak, whose center,
width, and height are given fairly well by the Fermi gas
model of Van Orden. The agreement improves as ¢ in-
creases for both nuclei. Significant strength is seen in the
large w, “dip” region for high ¢, an effect which is only
partially accounted for in the present calculations of
;Iswsonic effects. This effect is especially pronounced for

Ca.

As has been the case in the other experiments in which
separations were performed, the longitudinal response
function exhibits poorer agreement with the predictions of
the Fermi gas model than does the transverse. At lower
momentum transfer, the shape of the response function is
decidedly unparabolic, and even the rough agreement with
the shape and strength of the Fermi gas peak seen at the
higher momentum transfers is not particularly good.

The longitudinal response function for *®Ca is qualita-
tively different from that of “°Ca at the higher momen-
tum transfers. It is larger and more strongly peaked. The
analysis was checked extensively for possible systematic
error in the determination of the response functions of
each isotope. No source of systematic error was un-
covered.

As a final comparison to the Fermi gas model, an esti-
mate of the strength of the longitudinal response function
was made by integrating the measured response function
over all experimentally obtainable energy losses. The re-
sults of this summation and a comparison with the sum
predicted by integrating the Fermi gas response functions
are given in Table 1.

A recent experiment performed at Saclay has resulted
in separated response functions for “°Ca, *®Ca, and %Fe.?°
Figure 3 shows a comparison of the results for g =410
MeV/c, where the kinematic ranges of the two experi-
ments overlap. The agreement is generally good, although
the sharply peaked structure in the Bates *Ca longitudi-
nal response function is not seen in the Saclay results, and
no apparent reason could be found for the roughly 10%
difference in the “°Ca transverse response functions.

ISOTOPE COMPARISON

In the kinematic region of this experiment, electron
scattering is dominated by interactions with nucleons, pri-
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TABLE I. Integrated longitudinal strength for ¥*Ca and **Ca. Data were summed up to Wy, and
both statistical and systematic errors are indicated. The Fermi gas model (FGM) prediction comes from
integrating the calculation of Van Orden (Ref. 17). The fraction is the ratio of data to calculation.

q Wcutoff
(MeV/c) (MeV) Data sumx 10~* FGM x 10—* Fraction
4OCa 250 100 2.20+0.02+0.31 3.00 0.73+0.01+0.11
290 150 2.29+0.031+0.43 3.01 0.76+0.01+0.14
330 180 1.74+0.03+0.49 2.92 0.60+0.01+0.17
370 230 1.54+0.05+0.64 2.75 0.561+0.02+0.23
410 190 1.48+0.04+0.51 2.51 0.59+0.02+0.20
“8Ca 250 110 3.18+0.05+0.47 3.60 0.88+0.01+0.13
290 130 2.50+0.05+0.54 3.62 0.69+0.01+0.15
330 170 2.70+0.06+0.69 3.51 0.77+0.02+0.19
370 190 2.42+0.07+0.39 3.30 0.73+£0.02+0.22
410 190 2.16+0.0610.75 3.02 0.72+0.02+0.26

marily single nucleon knockout. The 40% increase in the
48 . 40, . .
neutron number of *“°Ca relative to **Ca provides a unique
opportunity to observe any effect that is strongly depen-
dent on the neutron number. A comparison of the Fermi
gas calculations, for example, shows that the theoretical
response functions in the two isotopes are very similar,
“0Ca being essentially a scaled down version of *Ca. The
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FIG. 3. Separated response functions for ¢ =410 MeV/c.
The circles indicate the results of this paper, the triangles are
points taken from the results of Mezziani et al. (Refs. 8 and 9).
Statistical error bars only are shown.

scale factor is found to be 0.83 for the longitudinal
response and 0.74 for the transverse. Other effects, such
as mesonic degrees of freedom, would be expected to ex-
hibit a more complicated signature.

As a way of comparing the two isotopes, the *3Ca
response functions were “renormalized” by the ratio of
the maximum values of the Fermi gas calculations for
each isotope. The results of plotting the renormalized
“8Ca response functions versus the “°Ca response functions
is shown in Fig. 4 for representative “low” and “high”
values of q.

Both longitudinal and transverse response functions
roughly scale at low momentum transfers. At higher g,
the “®Ca exhibits a greater strength in the large w region,
possibly due to nucleonic excitations, which would not be
expected to scale as nucleon knockout response functions.
The high ¢ longitudinal response functions exhibit the
greatest isotopic discrepancy, with the peaking structure
which develops in “®Ca largely absent in the response
functions of “’Ca.

A second difference in the isotopes is seen at the
highest momentum transfers covered in this experiment.
These data, shown in Fig. 5 plotted against Fermi gas cal-
culations of the total cross section, come from spectra
taken at a scattering angle of 140° and E;=2330 and 370
MeV, the highest initial electron energies at 140° scatter-
ing angle. Since no corresponding points at 90° were ob-
tainable with the electron energies then available at Bates,
these points are not included in the separations, but at
140° the response is primarily transverse. The center of
the peaks are at ¢ =500 and 550 MeV/c, respectively.

At the high momentum transfer, the Fermi gas model
underestimates the *®Ca data severely, accounting for less
than 70% of the observed cross section at the center of
the peak. This response in excess of that predicted by the
Fermi gas is less evident at the lower momentum transfer
in *®Ca and is just noticeable at the highest momentum
transfer in “*Ca. The only data taken in this experiment
at still higher momentum transfers are spectra taken at
160° for which not all corrections could be performed.
These seem to corroborate the interpretation that this
enhancement of the cross section increases as g increases
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and is larger in **Ca than it is in “)Ca for the same
kinematics.

It would seem worthwhile to search for an explanation
of this isotopic difference in terms of mesonic effects.
The calculations of Van Orden shown at lower values of ¢
in Fig. 2 would indicate that this may not be the case.
While meson production is more prevalent in “*Ca than in
40Ca, these calculations do not show as dramatic a differ-
ence as is seen in these 140° data. In particular, nothing
immediately accounts for the fact that the excess strength
is evident at a lower value of ¢ in **Ca than it is in “Ca.

CONCLUSIONS

The results can be summarized as follows. For momen-
tum transfers in the range 250—400 MeV/c, and energy
losses less than 200 MeV, both **Ca and “®Ca have trans-
verse deep inelastic response functions which behave
much as one would expect from a single nucleon knockout
picture such as that the Fermi gas model provides. Such
a model is not sufficient to explain the increase in the
cross section at higher ¢ and o, effects possibly due to
mesonic or nucleonic degrees of freedom. For the longitu-
dinal response function, neither isotope has a response
function that matches the nucleon knockout model, al-
though each exhibits a peaked structure at higher momen-
tum transfers. In both longitudinal and transverse
responses, those characteristics which seem to predom-
inate at higher g are more pronounced in **Ca than in
“cCa.

An initial comparison of the response functions for two
particular isotopes at energies that do not allow a full
sampling of the delta region is bound to raise more ques-

1 1
300 o0 100 200 300
w (MeV)

w (MeV)

FIG. 5. Fully corrected cross sections for 6=140°, E;=330

and 370 MeV, compared with the Fermi gas calculation for nu-
cleon knockout by Van Orden.

tions than it answers. Fortunately, experiments are being
planned that will sample a larger range of ¢ and . From
these, it should be possible to determine whether the ef-
fects seen here are precursors of more general properties
of deep inelastic response functions or not. The 4 depen-
dence of the response functions in this region should give
some insight into the origins of those effects that are not
easily explained by single nucleon knockout.

Experience in deep inelastic scattering experiments
leads one to an inescapable conclusion: they are difficult
to perform. The number of corrections performed on the
data result in larger error bars than one would like. On
the positive side, future experimenters will be able to anti-
cipate the possible background sources better and the re-
sults should be more reliable. This is especially true for a
good determination of the longitudinal response function,
which will depend on the availability of higher energy
data at more forward angles.
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