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Differential cross sections for quasielastic electron scatterind’@a have been measured at laboratory
scattering angles of 45.5°, 90°, and 140° with bombarding energies ranging from 130 to 840 MeV. Transverse
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Contrary to some previously reported results, the total observed longitudinal strength agrees with the relativ-
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I. INTRODUCTION with

2 2
of the most useful tools in the study of nuclear structure. S _(q,w,6)= RL(q,w)+<&+tanzf> Ry(q, ),
Quasielastic scattering of electrons by a nucleus provides 2¢? 2
insight into the distribution of charges and currents in the 2
nucleus. In this paper we present results of measurements of
differential cross sections for quasielastic scattering fromwhere
40Ca and the deduced longitudinal and transverse response
functions for momentum transfers up to 500 MeVA brief 6= laboratory scattering angle,
report of the results of this experiment was published earlier

[1].

Medium energy electron scattering has proven to be one |Q2

q2

Q) =solid angle,
Il. THEORETICAL FORMALISM

The cross sections for quasielastic electron scattering can w=energy loss,

be described in the one-photon-exchange plane wave Born

approximation by the Rosenbluth formula R, (g,w)=longitudinal response function,
d?c )
0de = Mot Sio( 0, @, 0), (1) R+(qg,w) =transverse response function,

g=three-momentum transfer,
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omott= Mott scattering cross section,
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E;=total incident electron energy.

It is convenient to write Eq(2) in a form in which the
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Ill. BRIEF REVIEW OF PREVIOUS WORK

The usefulness of incoherent scattering of high-energy
electrons from nucleons in nuclei for studying the structure
and momentum distribution of nucleons bound in nuclei has
been long recognized. One of the first such experiments was
carried out at Stanfor@2]. This experiment on Be and C
clearly showed both the peak due to quasielastic scattering
and the peak due td-isobar excitation. In the following 14
years a number of quasielastic electron scattering experi-

independent variable ranges from 0 to 1 rather than from O tenents were reported from laboratories at OrE2y9], Har-
co. This can be done in terms of the virtual photon polariza-yard[10,11], Khark’ov [12—16, and DESY[17]. These ex-

tion €(6) where
-1

()= )

20° .6
1+ itar12—
Q2

Then Eq.(1) becomes
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Eq. (4) becomes
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Ri(q,0). (5
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periments were for the most part somewhat fragmentary in
that they were often performed at one or two bombarding
energies and at a single scattering angle. There was no sys-
tematic study of the mass dependence of the properties of
quasielastic scattering, and there was no data set that would
allow extraction of separated longitudinal and transverse re-
sponse functions. However, these early experiments did pro-
vide a database for testing the theories of quasielastic scat-
tering that existed at that tinf@8—30.

The first systematic study of quasielastic scattering prop-
erties as a function of mass number was carried out at the
Mark 11l linac at Stanford31,32. These data were taken at
a constant energy of 500 MeV and constant angle of 60° and
included nine nuclei from mass 6 to mass 208. Since data
were taken only at one bombarding energy and scattering
angle, separation into longitudinal and transverse response
functions was not possible. The semirelativistic Fermi gas
theory of Moniz[26] was used to extract the Fermi momen-
tum and effective binding energy by fitting to the quasielastic
spectrum. The fitted values of these parameters varied fairly
smoothly with mass number and agreed reasonably well with
estimates based on the nuclear sizes. The theoretical curves
with the fitted Fermi momentum and effective binding en-
ergy gave a remarkably good account of the data in the

Equation(5) describes a straight line in the independent vari-quasielastic region of the spectrum, although at larger energy
able e(6) with slopeR,(q,w) and intercept proportional to losses the theory fell well below the data even when meson

R1(g,w). Itis clear from Eqs(2) and(5) thatR, andRy can

exchange currents, meson production, anisobar excita-

in principle be extracted from differential cross sections meation were included in the theory. This was especially marked
sured at two or more scattering angles but at incident enein the energy loss region between the quasielastic peak and
gies such that they have the same three-momentum transféhe A resonance. An early attempt was also made to extract

The quasielastic response functions in E2). reflect the

separated longitudinal and transverse response functions

structure and momentum distribution of the ensemble of thérom these and subsequent data taken at Mark3Bl,34].
nucleons in the nucleus. Roughly speaking, in quasielastic The fact that the data of Whitnest al. [32] could be fit
electron scatterind?, carries information about the static quite well with a very simple nuclear model seemed to indi-

charge distribution of the nucleons, aRdq carries informa-

cate that the quasielastic process might be reasonably well

tion about the current and magnetization distributions of theunderstood, although it was clear that the theory for meson

nucleons.

and isobar effects was deficient. At about this time new fa-

The electron is a very light particle and therefore tends tccilities were beginning operation at MIT and Saclay that

radiate readily, especially during the scattering process. Theould produce very high-quality electron beams at energies
experimental data must be corrected for these radiative praf several hundred MeV, and that were equipped with a new

cesses in order to obtain the true nuclear response to tlgeneration of precision magnetic spectrometers. These new
scattering. The incoming electron waves are also signififacilities permitted data to be acquired over a wide kinematic

cantly distorted by the nuclear Coulomb field, and these disrange at several scattering angles to allow separation of the
tortion effects must be corrected if one wishes to comparéransverse and longitudinal responses. Theoretical efforts
experimental results with the above plane-wave Born apalso continued to refine the models for quasielastic scattering
proximation (PWBA) formalism. The mathematical formal- [35—43.

ism has been developed for making these corrections, and its The first experiment specifically designed to yield sepa-

application to the present data to extract the response funcated transverse and longitudinal response functions was re-
tions will be discussed in subsequent sections. ported by Altemust al.[44]. In this Bates experiment quasi-
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elastic electron scattering fromPFe was observed over a 14 : ;
momentum transfer range of 2&@=<410 MeVEt. The I

. L U, Bates -
transverse response functions seemed to agree reasonably Lzr g 205P, Saclay

well with the predictions of the Fermi gas model. However,
the total longitudinal strength showed a startling tendency
with increasing momentum transfer. =210 MeVk the
experiment and theory agreed reasonably well, but with in-
creasingqg the measured longitudinal strength decreased
steadily with respect to the theory until it was only about
50% of the theoretical value at=410 MeVk. Since the
total longitudinal strength should be only slightly model de-
pendent and at high momentum transfers should be very sim- 0.0 L ‘ ‘
ply related to the total charge in the nucleus, it was very 200 300 400 500 600
difficult to explain these results in the framework of conven- q [MeVre]
tional models of nuclear structure.

Separated response functions were also extracted f%r

: ; ; 48
e o iy 65 ard A (ais, Syl 2 2 fncion of e
P momentum transfer. The longitudinal strengths have been normal-

e.Xpe”ments were consistent Wlth_ some longitudinal SUPPreSzeq by dividing the experimental results by the total strength pre-
sion. However, a careful analysis of the systematic errorg;.eq by the relativistic Fermi gas model.
yielded an uncertainty of at least 20% in the total longi-

tudinal strength, resulting in a somewhat ambiguous conclugom 49ca is shown in Fig. 2. The present paper is a more

sion. _ _ _ complete presentation of the results given in R&f.
Separated quasielastic response functions were also re-

ported by the Saclay group offC [47] over a momentum
transfer range of 208q<500 MeVk. In the case of this
rather light nucleus the separated response functions agreed The measurements described in this paper were carried
reasonably well with those predicted by the Fermi gasput at the MIT Bates Linear Accelerator Center. Electron
model. Subsequent work at Saclay on the nutieia, “®Ca,  peams in the energy range 130 to 840 MeV were produced
and *°Fe [48,49 seemed to verify the results of Altemus by the Bates electron lind66]. Beam currents up to 36A

et al, in that the total longitudinal strength at a momentumwere used. The charge passing through the target for each
transfer of 550 MeW seemed to be 30-40 % below the run was measured by a nonintercepting toroid and integrated
Fermi gas predictions. to an accuracy of approximately 0.1%.

The above experimental results showing a strong reduc- The “%Ca target used in this experiment was a self-
tion in the total longitudinal strength compared to the rela-supporting foil of natural calcium~97% “°Ca) having an
tivistic Fermi gas model have inspired a large number ofaverage thickness of approximately 100 mgfciihe target
theoretical papers attempting to account for the effé6t-  \as stored, measured, and transferred under inert atmosphere
62]. Many of these theoretical calculations were able toor vacuum to prevent chemical deterioration. The average
achieve a reduction in the longitudinal responses sufficient tghickness was measured before and after each transfer from
correspond approximately with the Saclay results, but thishe target laboratory to the scattering chamber by weighing
invariably resulted in an unacceptably bad fit to the transthe foil with a precision balance and carefully measuring its

N L
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FIG. 1. Comparison of the measured total longitudinal strengths
quasielastic scattering frorf®®b (Saclay, inverted trianglés

IV. EXPERIMENTAL ARRANGEMENT

verse responsd$3]. physical area. It was observed that over the time period of
The situation was further complicated by recent experi-

mental results from Bates and Saclay. The Bates results for 12 ‘ ‘

quasielastic scattering off®U [64] at a momentum transfer

of 500 MeVEk indicated that the total longitudinal strength 1ol + + + i

was 95+ 15 % of that predicted by the Fermi gas model. On + +

the other hand, the Saclay results for quasielastic scattering 08 1

on 2%%p [65] showed a reduction in the total longitudinal
strength of greater than 50% relative to the Fermi gas model
at a momentum transfer of 550 Ma//A comparison of the
Bates?3®U and Saclay’®®Pb results for the integrated longi-

HH++

04

fRL(MeaS)dO)/ fRL(RFG)d(O

tudinal strength as a function of three-momentum transfer is M
shown in Fig. 1. 027 ]
New results from Bates for quasielastic scattering from 00 ‘ ‘ ‘
40Ca[1] showed about 85% of the total expected longitudi- 200 300 400 500 600
nal strength at a momentum transfer of 450 MeWith an q [Mev/c]
overall uncertainty of about- 15%. These results were in
strong disagreement with the Saclay results of R4&9]. A FIG. 2. Comparison of the measured total longitudinal strengths

comparison of the Bates and Saclay results for the integratedr quasielastic scattering froffCa as reported from Sacldin-
longitudinal strength for inclusive quasielastic scatteringverted triangles[49] and Bategsquares[1].
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this experiment the thickness of this target did not change by
more than 3%.

Besides*°Ca, several other target8eO, C, etd. were
used for calibration purposes. These were installed in a stan-
dard target ladder. The target ladder, containing up to eight
targets, was contained in a vacuum enclosure which could be
coupled to the scattering chamber, and this ladder could be
transferred into the scattering chamber without breaking the Transverse Drift
vacuum. The design of the scattering chamber allowed an Chamber
uninterrupted vacuum from the target to the exit vacuum
window in the spectrometer just before the detector systems.

Optiral Axis

Vertﬂ?rift Chamber

Changing the scattering angle of the spectrometer required Plastic
spectrometer vacuum to atmospheric pressure. This could be ]
accomplished without exposing the targets to air. The design

1

of the scattering chamber allowed continuous angular cover-
age from 45.50° to 140.00°. The design of the spectrometer
also allowed continuous coverage of this angular range, and
the scattering angle could be set with an accuracy @01°. Cerenikov

The scattered electrons were momentum analyzed by the Deteqtor
vertical bend Bates energy loss spectrometer system |
(ELSSY) [67]. The acceptance solid angle of ELSSY was
determined by two sets of independently variable slits for the e
horizontal and vertical directions placed approximately 1.8
25 cm vertical, and the reproducibility of these settings wagletector system.
better than+ 0.03 cm. The maximum solid angle acceptance
used in this experiment was about 3.4 msr.

The spectrometer system is dispersion matched, with th
beam on the target dispersed to match the dispersion q
ELSSY. The typical energy spread of the beam from thed
linac was* 0.15%, and the dispersion resulted in a beam

_SI_Fr’](.)t iizs ?hn thz tar%et of ?bOUt OI.'3 ci ]SX Iz.? cm (). ounter to distinguish electrons from heavier charged par-
IS ha € advantagé ot sampiing a fairly 1argé aréa Ofjcjas |n the earliest phase of this experiment this consisted

target so that the effective target thickness was insensitive 9 two 5 cm thick slabs of lucite viewed with photomultipli-

local variations in thickness and therefore was accurately, o -4 operated in coincidence to reduce accidental back-

represented by the_measured average th_ickness. The_zesultialg)und and tube noise. These gave good rejection of protons
mo_mentum resolution 0‘; EL?S\T was typicallyp/ p%lé) d. b and heavier charged patrticles, but they were not effective in
e momentum analyzed electrons were recorded yv%iminating charged pions and muons. These detectors were
e . ) _later replaced by aerogele@znkov detectors that were very
OT ELSSY. A. schematic d.|agra'1m of this system is ;hown MNeffective in rejecting pions and muons at bombarding ener-
Fig. 3. The first element in this system was a vertical Olrlftgies up to 700 MeV. For the final phase of the experiment at
chambgr(VDC) [68] tilted at an angle of 45° W.'th reSpectt0 45 5o \yhere the bombarding energies reached 840 MeV, the
the optical axis of ELSSY and lying apprpxmately at the aerogel detector was replaced by a dase@kov detector

; . . X "filled with freon. This detector had a pion and muon thresh-
angle in the dispersion plane with respect to the central OP31d of about 2 GeV, and effectively eliminated all heavy
tical axis of ELSSY to an accuracy of abatit15 mr. It also charged particle contamination.

measured the position of the intersection of the electron tra- 14 signals from the various detectors were fed to a CA-

jectory with the axis of the VDC to an accuracy of about MAC based data acquisition system. The CAMAC units

+0.1 mm. From these two quantities it was possible to deyere jnterfaced to the data acquisition computer by a micro-

termine the intersection of the electron trajectory with the rogrammed branch driver. In the earlier phases of this ex-

actuallfocal surface .and thus deterrmne the electron momeg'eriment the data acquisition computer was a PDP-11 which
tum with an uncertainty oAp/p~10—"~.

. _acquired data in on-line mode. This was replaced in the latter
The second element in the detector system was a dri

i o . 'phases of the experiment by a Microvax |l computer operat-
chamber whose wires were parallel to the direction of dis+ P y P P

. oo ing in event mode data acquisition that allowed off-line data
persion. This drift chamber, referred to as the transverse aF’epIay and analysis.

ray, measured the distance of intersection of the electron
trajectory in the direction perpendicular to the dispersion di-
rection. This made possible a correction for angular kine-
matic broadening across the solid angle acceptance of The useful momentum range of ELSSY using the detector
ELSSY. systems described in Sec. IV was abau®.5%. The inelas-

bringing the scattering chamber and a short section of the Sci"ﬁ"aﬁ{ |
|

The third element in the detector system was a thin plastic
scintillator that provided the timing triggers for all events. In
e early stages of the experiment this was a single scintilla-
r, but this was later replaced by two scintillators in coinci-
ence to reduce background and noise triggers.

The fourth element in the detector system wasae@kov

V. DATA ACQUISITION
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tic momentum range of interest in this experiment variedsmall horizontal slit opening that there was an extraneous
from about 50 to about 85 % of the total, depending upon th&ource of scattering from the edges of the exit aperture of the
bombarding energy. Therefore, it was necessary to acquirgcattering chamber. This problem affected some of the early
the data by taking a number of runs for different values offuns in this experiment. Several runs at different energies
spectrometer magnetic field in order to cover the desiredvere taken to investigate this effect, and a fairly simple ana-
range of momenta. Due to limitations in running time it was'ytic model of the process was developed that reproduced the
not practical to take enough data runs to provide continuougffect to within a few percent. Thus_, a reliable correction of
coverage of the entire momentum range. However, the el More than 15+ 1.5% was applied to the data already
ergy separation between successive magnet settings was F_q_uwed. _The problfem was ghmmated for subsequent runs
ways kept small compared to the width of the quasielasti y increasing the width (?f this aperture enough so that the
peak. electrons scattered from its edges fell outside the acceptance
In addition to the quasielastic scattering it was possiblé)hase space of ELSSY.

over part of the kinematic range to have a contribution to the[h.The Iuc_|te Q;renkov fledtector usedb:n the I?arly pr;ase? of
electron spectrum from secondag/ e~ pair production. IS €xperiment presented some problems. ft was cléar from

Since pair production is a charge symmetric process, thiL‘he spectra taken at reversed spectrometer polarity that there

contribution to the inelastic cross sections was determined b3S 2 ?'gn'f'cam contribution from pions at the Igrger inelas-

reversing the spectrometer polarity and measuring the corr icities in the higher eneérgy runs. In 1981 the Iucneréhk'ov

sponding positron spectrum. In general, the pair productior‘]jerECtor was r_epla_ced W'th an Aer_oge! dete_:ctor which al-

contributed at most only a few percent to the inelastic specl—owed the eI|m|nat|_on of pion contributions in subsequent

trum. runs. Data take_n with the Aerogel s_ystf—:-m were used to per-
Since data were acquired at very deep inelasticity, corref-orm a subtraction of the pion contribution in the older data.

sponding to quite small outgoing electron energy, there Wa$ summary of thg da.ta runs and the type @frénkov detec-

some concern that at the higher energies there might be Qr used in each is given in Table I.

measurable contribution from electrons that penetrated th

spectrometer acceptance defining slits. These were made i?‘ | : .

tungsten alloy and were 5 cm in thickness, corresponding t thoe various corrections that were applied. T_he data at

about 15 radiation lengths. Calculations made using the for-5'5 were tgken with a gase@enkov detector using eovent

malism of Rossi and Greiss¢f9] of the total transmission mode rec_ordlng that a"OW?d of-line replay. The 45.5° data

of electrons through 15 radiation lengths of tungsten indi\Vere assigned a systematic error-of3%.

cated that no more than 2% of the incident electrons would

penetrate the slits at the highest bombarding energy of this

experiment. The spectrum of the penetrating electrons would A. Corrections for detector efficiency

be very broad, with the strength strongly shifted to very low

energies, so that an even smaller fraction would actually bcéi

transmitted through the magnetic spectrometer in such

manner as to contribute to the measured inelastic spectru&

The systematic errors assigned to the datad% for the
0° runs and+ 6% for the 90° runs, reflect the confidence

VI. DATA REDUCTION

The first correction applied to the data was for the effi-
ency of the focal plane detector system. This was deter-
ined by observing the elastic scattering peak fr&@ in
. SR e ELSSY focal plane detector system. The spectrometer

There was also a potential concern for the contribution o agnetic field was varied so that the elastic peak was moved
electrons scattered from the interior structure of ELSSYy 0 oo and of the detector system to the other in 1012

This was a particular worry in the dispersion plane since atsteps. The elastic peak from each setting was fit to a modi-

large inelasticities the electrons in the parts of the SPeCtrufle 4 Gaussian function with radiative tail. The total elastic
well above alnd beIO\;vt:]he centtral mct)mentgm C?jUId stnfke tthescattering events were calculated by applying the proper ra-
vacuum enclosure of the Spectrometer and produce a 1ealurfiagye corrections. This allowed determining the relative ef-

Ifess 'tEEIa‘T’t'C st%ecttruml which C.Olljld t_not bet d'St'Tglj['LShz iciency of the focal plane detectors as a function of position
rom e aimost 1ealureless quasielastic spectrum. 'n the€ 4 he focal plane. The statistical accuracy of the measure-

. , N
sign of ELSSY these vacuum enc_losures were f|tt(_ed W.'ﬂ]ﬂent was about- 1%. The absolute efficiency was limited
lead baffles that were designed to intercept all possible flrs[t0 + 3% by the accuracy with which thé&C differential
scatterings from the vacuum enclosure walls. In the directior&mgS sections were known. This measurement was made for
transverse to the dispersion the concern was for scatteringaCh of the @renkov detecfors used in the experiment

from the pole structures. However, the optics of ELSSY are The efficiency corrected data were summed into momen-
such that displacement in this direction is directly related t9um bins of relafive width 1—5 %. These were then converted
the scattering angle. Therefore, it was possible to avoid Smkfo differential cross sections using the target thickness, inte-

ing the pole structures by restricting the horizontal Openinggrated charge, and solid angle acceptance recorded for each

of the SO“.d. angle defining slits. . run. Appropriate corrections were made for detector dead
In addition to these mechanical safeguards, the datg . (usually <10%). Since the ELSSY momentum accep-

analysis _coc_ie allowed placing a sof_tware restr_iction on th‘?ance was only about 5%, a number of such data sets were
angle of incidence of an electron trajectory. This greatly re- ’

stricted the possible phase space accessible to an eIectrE)enqL"rmj to construct the inelastic spectrum.
scattered internally in ELSSY. The angle spectra in both
planes were recorded, and no indication of internal scattering
was ever observed. These inelastic spectra still contained contributions due to

It was discovered, however, from spectra taken with verythe radiative tail of the elastic peak, the radiative tails of the

B. Radiative and ionization loss corrections
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TABLE |. Experimental conditions and dates for the various only a small fraction of the total cross section in the region

runs. of the quasielastic peak, these uncertainties make a negligi-
: : S bly small contribution to the overall uncertainty.

Lab. scattering ~ Lab. bombarding ~ Calendar erénkov At energy losses well above the quasielastic peak the

angle[deg] energy[MeV] date detector  strength of the elastic tail becomes an appreciable fraction of

455 348.0 Apr., 1986 Freon gas the total strength, and at scattered electron energies less than

about 100 MeV the elastic radiative tail becomes the domi-
nant contributor to the inelastic spectrum. This rise in
strength is due to the contribution of scattering of low-energy

455 407.8 Jun., 1988 Freon gas
455 470.8 Jun., 1988 Freon gas

455 545.3 Apr., 1989 Freon gas  gjactrons that have lost most of their energy due to internal
45.5 627.7 Apr., 1989 Freon gas 1, emssirahlung. Because of the uncertainties in the theoreti-
45.5 680.8 Apr., 1986 Freon gas .4 calculations at large energy losses, no data were analyzed
45.5 739.3 Apr., 1986 Freon gas  for which the contribution of the calculated elastic radiative
45.5 781.7 Apr., 1986  Freon gas tajl was more than 25% of the total strength.
45.5 840.7 Jun., 1988  Freongas  The inelastic spectrum resulting after subtracting the elas-
tic radiative tail is still distorted by radiation and ionization
90.0 150.2 Jun., 1979 Plastic  straggling of the inelastically scattered electrons. A given
90.0 199.8 Nov., 1979 Plastic inelastic energy interval contains additional contributions
90.0 248.3 Jun., 1979 Plastic ~ from electrons which were initially at higher energy but
90.0 297.8 Jun., 1979 Plastic ~ which lose enough energy to arrive within the given energy
90.0 347.4 Jun., 1979 Plastic  interval. On the other hand, electrons whose energy origi-
90.0 347.4 Nov., 1979 Plastic nally fall within the given energy interval could lose enough
90.0 347.4 Apr., 1982 Aerogel energy so that they are no longer observed in that interval.
90.0 371.6 Apr., 1979 Plastic As in the case of the elastic radiative tail there are contribu-
90.0 371.6 Nov., 1979 Plastic  tions due to internal radiation, external radiation, and ioniza-
90.0 3716 Nov., 1981  Aerogel  tion straggling.
The formalism for the internal bremsstrahlung process is
1400 1301 Apr., 1979 Plastic such Fhat one can group the contribut@ng terms into those_
140.0 160.0 Apr., 1981 Aerogel assougted W'Ith' radiation beforg scattering anq those associ-
140.0 189 2 Feb. 1980 Plastic gted Wlth radlatlon a_lfter scattering. The correction for events
' . in which the radiation occurs after scattering is relatively
140.0 219.0 Jun., 1979 Plastic . . . L
140.0 248.9 Apr. 1979 Plastic straightforward since all scatterings occur at the .|nC|d(.ent
140.0 248.9 Apr. 1981 Aerogel electron energy. However, thg correction for events in yv_h|ch
' : ' _ the scattering occurs after emitting a photon is more difficult
140.0 287.9 Feb., 1980  Plastic  gince it requires knowledge of the inelastic cross sections at
140.0 287.9 Apr., 1982 Aerogel ) anergies less than the bombarding energy. Unlike the case
140.0 327.3 Jdun., 1979 Plastic  of glastic scattering these inelastic cross sections cannot, in
140.0 327.3 Apr., 1981  Aerogel  general, be calculated with good confidence. Instead iterative
140.0 366.7 Jun., 1979 Plastic  unfolding procedures developed in Rdf&1] and[72] were
140.0 366.7 Apr., 1981  Aerogel  ysed to correct the inelastic spectrum.
inelastic spectrum, and the ionization straggling tail. The C. Coulomb corrections

correction for the elastic radiative tail could only be made by = The radiatively corrected cross sections described in the
calculating the cross sections for the theoretical radiative taiprevious section still contain effects due to distortions caused
and subtracting these from the measured inelastic cross sagy the Coulomb field of the scattering nucleus. These must
tions. The elastic radiative tail contained contributions frompe corrected in order to compare to theoretical calculations
radiation from the Coulomb field of a nucleus other than thesince the latter normally do not include these effects. In prin-
one that caused the scatterif@ternal radiationand from  ciple one ought to make a full distorted-wave Born approxi-
radiation that occurred during the scattering pro¢egsrnal  mation (DWBA) calculation of the electron wave functions
radiation. The elastic scattering cross sections for these cofin the Coulomb field of the nucleus. In practice, for medium
rections were calculated by phase shift analysis using statigeight nuclei it turns out that one can reproduce the correc-
charge distributions derived from existing elastic scatteringions to an accuracy of a few percent with simple assump-
measurements. The ionization straggling correction was cations[74].

culated according to the formalism of Landgt]. From elastic electron scattering the rms nuclear radius

The present data were analyzed using the general forma}; __in [fm] can be represented quite accurately for medium
ism for radiative corrections of Mo and Tsil] and Tsai  and heavy nuclei by

[72] for an extended nucleus using the piecewise analytical

integration technique developed by Maximon and William- rme= 1.02A13= \/3/5R,

son [73]. Mo and Tsai estimate that in the region of the

quasielastic peak these calculations should be accurate where R is the equivalent mean uniform spherical radius.
about* 3%. Since in general the elastic tail contribution is Then the Coulomb potential for an electron at the center of a
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1oof _‘ lowest order correction is just an apparent increase in the
okl ] incident electron flux. Conservation of angular momentum
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then results in an effective flux increase factor equal to
(pF“/pi)z. One can therefore express the effective PWBA

FIG. 4. Data coverage in th@,«) plane for this experiment. cross sections for the scattering in terms of the observed
cross sections as
ff\ 2
_(i)
pwea | Pi obs
(10

The solid curves represent the kinematics of each bombarding en-
For 4%Ca, from Eq.(6) V.=—9.6 MeV. The smallest inci-

ergy and scattering angle. The dashed curves are the approximate
trajectories of the quasielastic peak, and the dot-dashed curves are
the approximate trajectories of the peak of theesonance.
dent momentum was about 160 MeYko the focussing ef-
fect of the Coulomb field represents a maximum correction
of about 6% inp;. Since cross sections were measured for
. = i (6) p; as low as 100 Me\, the correction inp; could be as
2R 2 V5rms large as about 10%. Higher order correction terms are ex-
o ~_pected to be significantly smaller. Comparison of PWBA and
Then an electron, whose incident momentum at infinity isp\wBA calculations for quasielastic scattering in medium

pi, making a central cﬁollision with the nucleus will have an yeight nuclei indicate that the corrections are indeed quite
effective momentunp{" at the center of the nucleus, reliable[74].

o (MeV)

d?0(g®", 6, w)
dQdw

d?0(g®",6,w)
dQdw

nucleus of atomic numbeZ (assuming a spherical charge
distribution and taking the system of units so thatc=1)
is

3aZ_ 3 [3aZ

pieﬁ: pi—Ve. (7) D. Rosenbluth separations

By th same argument, an lecon that scaters a h cengg 1S 1L 1 o e Sosenousepsratons e
of the nucleus and has momentymat infinity actually had . P ; oo

. off cross sections according to the transformation in @€).
an effective momenturp;” of

The total response functions at constant en&ggnd labo-

ratory scattering anglé were calculated from
pi'=pi—Ve ® g g ange )
t the point of scattering. Clearly th lesss just St 9", 0, ) |do(a”,6,0)
at the point of scattering. Clear e energy lasss jus ,0,w)= .
p g y gy J ot! q w O-Mott(Ei ’0)[ dew WEA
w=p{"=p{"=p;—p;. (3

_ _ This calculation yielded total response functions along kine-
The effective momentum transfef™ is matic trajectories corresponding to the incident electron mo-
mentum and laboratory scattering angle. The trajectories of
o) the experimental spectra in tlig,w) plane taken in this ex-
periment are shown in Fig. 4. It is clear from this figure that

12

0
eff = 4pieﬁp?ﬁsin2§ + w?

q



56 QUASIELASTIC ELECTRON SCATTERING FROM?Ca 3159

150

150 T

! Ei=350 MeV Ei=408 MeV Bi=471 MeV
- 0=45.50 0=45.50 0=45.50
=
§ 100 100 100}
2
=
‘g' 50 sof {1 sof
g
° 0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
70 : 70 —_—— 70 S—
Ei=545 MeV EBi=628 MeV E;=681 MeV
_ sor 8=45.5¢ 1 6or 0=45.50 1 oor 8=45.50
% 50 {1 sof {1 sof
=
w o 40f 40} 1 40}
= 30 30
E 30 q
§ 20} 20} { 20}
& 1of o} {1 10}
3, . . "SI I . S
= Y 100 200 300 0 100 200 300 400 500 600 0 100 200 300 400 500 600
30 —— : ; ; 30 . T . , ; 30 . . :
Ei=739 MeV Ei=782 MeV Ei=841 MeV
— 0=45.5° 0=45.5¢ 0=45.5¢
&
$ 20p { 20f { 20}
2
5
c
S o} 1 1o} 10}
£
g
S A [ IV S [ D A
w Y0 100 200 300 400 500 600 O 100 200 300 400 500 600 O 100 200 300 400 500 600

o [MeV] o [MeV] o [MeV]

FIG. 6. Inelastic spectra observed at various bombarding energies at a laboratory scattering angle of 45'%afrdinese data have
been corrected for the elastic radiative tail, detector efficiencies, and pair production, and they have been radiatively unfolded. The solid
curves indicate the estimated systematic error band. Statistical errors on the individual points are smaller than the symbols.

it was necessary to interpolate the data in order to construsthose peaks are very well aligned and whose strengths vary
the response functions at constantor a givend. For con-  slowly with . One then interpolates this set of response
venience in making the Rosenbluth separations the data wefenctions along the value af corresponding to each given
binned in 10 MeV intervals ofw, and a common set of (q,w) pair on the predetermined grid to obtaBi,6) at
values ofq was used for all angles. each of these points. One then obtafg(q,w,6) at each

It was necessary to interpolate the experimental respongmint by inverting the transformation of Eq12). In the
functions in order to obtain the constaptesponse functions present analysis interpolation polynomials of maximum or-
Si(0,w, 8). There are in principle an infinite number of tra- der three were used to obtas{, 6).
jectories in this plane along which one may interpolate to The experimental unknowns in Eq&) and (5) are the
obtainS,,(q, w, ) at the chosen grid points. It was desirable longitudinal response functioR, (q,») and the transverse
from the point of view of numerical accuracy that the inter-response functiorRy(q,w). When values ofS,(q,, )
polation trajectory be such as to minimize the changes invere available for only two values af the transverse and
response function between spectra. Mo and T3&] sug- longitudinal response functior(ebtained from the intercept
gested interpolation along lines of constant missing masand slope of the Rosenbluth platere uniquely determined.
since this would tend to line up the quasielastic peaks. Atwhen values ofS(q,w, ) were available for more than
improved method was used in the present analysis using th&o angles, the Rosenbluth plot was determined by linear
y-scaling variable of Albericet al. [75]. Making the trans-  regression.
formation

S(qeff,w, 0)—S(4,6), (12) E. Error analysis
In this analysis two types of errors were recognized—
wherey is a function ofg®", , and Fermi momenturk;, as  statistical errors and instrumental errors. Each type of error
described in Sec. VIIC results in a set of response functiongas propagated separately through the analysis. The statisti-
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FIG. 9. Total inelastic response functions vs energy loss at constant three-momentum trarf@a fatra laboratory scattering angle of
45.5°. The solid curves indicate the systematic error band. Statistical errors on the individual points are smaller than the symbols.

cal errors arise from the finite number of events recorded imgitudinal and transverse response functions by the Rosen-
each momentum interval of the spectrum. These statisticdlluth procedure. In the linear regression the systematic errors
errors are assumed to follow a Poisson parent distributiorwere taken as variances in a normal distribution. The longi-
However, since there were typically more than 100 events ifudinal and transverse response functions are the fitted pa-
a given momentum interval, the Poisson distribution differedrgmeters of the regression process, and their variances are
negligibly from a normal distribution. Thus, all statistical ¢gjculated in the usual way.

errors were evaluated assuming a normal distribution. These The total strengths of the longitudinal transitions at each

statistical errors were prppagated through aI_I calculatio_ns iRalue ofq were obtained by integrating the longitudinal re-
the standard way. In an interpolation calculation the variancg

. onse functions over energy loss. In doing this it is ver
of the resultant value was calculated as the weighted sum rtﬁ gy g y

h ) f h el i tributing to h it portant to distinguish between the statistical and instru-
Vaelu\éarlances of each element contributing to the resu ar]Jhental errors. Integrating over the inelastic spectrum reduces

he relative statistical errors. However, the instrumental er-

The valugs of systematic errors as given in 8?9'. M reﬂec}ors are expected to apply equally to all data runs. Therefore,
the best estimates of the instrumental reproducibility of th%ntegrating over the inelastic spectrum does not reduce the

measurement. The response functions at consfammd o instrumental errors. The instrumental error for each inte-

must be obtained by interpolation of different measurements .
and it is not alwaysy clearphow instrumental errors from dif-(‘:’rated response was taken as one-half the difference between

f i ts should b bined. In th the area of the curve determined by the upper limits of the
erent measurements should be combined. In the presele. | manta| errors and the area under the curve determined
analysis the systematic error in an interpolation was evalu

. : . by the lower limits of the instrumental errors.
ated by interpolating the extremes of the systematic errory

bars. We emphasize that in general we have chosen to be
extremely conservative in our estimates of systematic errors.
In all the response functions the systematic errors were In order to compare the experimental results with theoret-
significantly larger than the statistical errors. Therefore, onlyical calculations of integrated response strengths it is in prin-
the systematic errors were used in the extraction of the loneiple necessary to have separated response functions over the

F. Integrated response strengths
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FIG. 10. Same as Fig. 9 for a laboratory scattering angle of 90°. Statistical errors on the individual points are shown as error bars.

entire range of kinematically accessible values of energynined were found to be insensitive to the cutoff energy for
loss. In practice this is almost never totally achievable. In“reasonable” choices.
some cases because of the cutoff imposed by the elastic ra- These experimental limitations imply that any longitudi-
diative tail, some longitudinal strength will exist above the nal strength distributed at values of energy loss much above
largest usable value of energy loss. In the present experimetite quasielastic peak will not be included in the reported
no attempt was made to extrapolate the strength to unmeaalue of integrated longitudinal strength. This is an inherent
sured values ofv since it was not clear how this should be limitation in the Rosenbluth method, and integrated longitu-
done. dinal strengths obtained by this method must always be con-
Even in spectra where the radiative tail was not significansidered as lower limits.
in the quasielastic region, the usable range was restricted by One could in principle also obtain total integrated
the fact that for energy losses much above the quasielasti&trengths for the transverse response. However, these are
peak the accuracy of the extracted longitudinal responssuch more difficult to interpret in a straightforward way. At
functions was very poor. The region well above the quasihigher energies in particular, there are significant contribu-
elastic peak is dominated hy-isobar and meson exchange tions in the quasielastic region from meson exchange cur-
current effects which are overwhelmingly transverse in natents and from the tails of tha-isobar resonance. These
ture. Therefore, extracting the longitudinal responses in thiflave very small longitudinal components. A fairly unam-
kinematic region by the Rosenbluth method results in relabiguous determination of the longitudinal strengths is there-
tively large errors being assigned to the relatively small lon-fore obtained by considering only the contribution from
gitudinal responses. It is not profitable to extend the integraguasielastic scattering. The integrated transverse strengths,
tion over a kinematic region where the errors are comparablen the other hand, in general include very significant contri-
to or larger than the longitudinal responses themselves sindautions from other excitation mechanisms. Interpretations of
this would result in an increased error with little change inthe integrated strengths would require very model-dependent
the value of the longitudinal strength. Thus, the integrationcalculations of these mechanisms. The existing theories can-
was terminated at an energy loss at which the errors wergot account for the shape of the transverse responses, espe-
essentially equal to the response functions. This is a someially in the region between the quasielastic peak andAthe
what arbitrary procedure, but the total strengths so deteresonance. Therefore, it was felt that a comparison of mea-
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FIG. 11. Same as Fig. 10 for a laboratory scattering angle of 140°.

sured integrated transverse strengths to theoretical ones The corrected spectra for the three scattering angles ob-

would not be very useful. served in this experiment are shown in Figs. 6-8. A fairly
complete set of spectra was obtained at 45.5° and 140°, but
VIl. RESULTS AND DISCUSSION accelerator running time constraints allowed only a restricted

set of data at 90°. All these spectra exhibit a clear quasielas-
tic peak. The higher-energy spectra, especially at 45.5°, ex-
~ As described in the previous section, a number of correchibit evidence of the-isobar resonance. However, the kine-
tions had to be applied to the experimental spectra. An exmatic range of this experiment was not sufficient to allow a
ample of a spectrum at three stages in the analysis processdgsiematic study oA excitation in nuclei. In all spectra the
displayed in Fig. 5. This is a spectrum at a bombarding engyjig |ines indicate the estimated instrumental error band.

ergy of 372 MeV observed at a laboratory scattering angle he statistical error bars were smaller than the data symbols.

90°. This particular spectrum required all the corrections de- The experimental cross sections were then interpolated to

scribed in the previous section, and it had the largest COIMECL - rasnonse functions at constant three-momentum trans-
tion of any spectrum taken in this experiment. In particular it P

required significant corrections both for pion contributionfers‘ These were egtracted on a grid of 25 Mefeps inq
and slit scattering. Data points are shown by the symbols"fmd 10 Me\( Ste.ps i from 300 to SOO_Mer"" The results ,
and the spline curves are intended to guide the eye. are shqwn in Figs. 9-11. The solid lines |'nd|cate the es'tl-
The diamonds and the solid line give the spectrum Oimated lnstrum_en_tal error band and the vertical error bars in-
scattered electrons corrected only for the efficiencies of théicate the statistical error. The range of the data cover essen-
detectors. The squares and dotted line show the spectrufi@lly the entire quasielastic peak up to a momentum transfer
after it has been successively corrected for pion contribuof 475 MeVkt at 45.5° and 140°. However, the 90° data
tions, pair-produced electrons, slit scattering, and the elastieover the entire quasielastic peak only for momentum trans-
radiative tail. The circles and dashed line show the finafers up to approximately 400 Me¥/
spectrum after iteratively unfolding the previous spectrum to The response functions at constanat the three experi-
correct for inelastic radiative effects. mental scattering angles were the basis for Rosenbluth sepa-

A. Response functions
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FIG. 12. Rosenbluth plots for a constant three-momentum transfer of 300dvi\&everal energy losses f6fCa. The error bars

indicate the propagated systematic errors.

rations from 300 to 500 Me\¢/in 25 MeV/c steps. Selected gas model. The dashed lines in Fig. 16 are the calculated

Rosenbluth separations plotted according to Eg). are

responses based on the relativistic Hartree shell matig!

shown in Figs. 12—-15 fog = 300, 350, 400, and 450 MeV/ The overall agreement of these calculations with the experi-
c. One feature of these Rosenbluth plots is that for 300 anghental data is quite good except for the responses at 300
350 MeVk some of the responses at 90° lie significantly MeV/c.
below the fitted straight line. As noted in Sec. V the 90° data The transverse response functions extracted from these
were taken with a plastic €enkov detector that could not data are shown in Fig. 17. At low values g@fboth the rela-
discriminate against pions whose momenta corresponded tivistic Fermi gas model and the relativistic Hartree shell
those of electrons with energy losses above the quasielastinodel overestimate the magnitude of the response functions.
peak. The data taken at this angle required more correctiorit higher values ofg both models do better at reproducing
than those taken at the other two angles and were thus a#ie magnitudes of the response functions. However, it is
signed a larger instrumental error. It is also clear from theselear that the relativistic Hartree shell model gives a superior

figures that many of the separations at lacgand o were

determined only by the data at 45.5° and 140°.

responses based on the relativistic Fermi gas miadg! It is

reproduction of the shapes of the response functions at en-

ergy losses up to the quasielastic peak. It is evident that there
The longitudinal response functions extracted from thesare contributions to the transverse response functions from
data are shown in Fig. 16. The solid lines are the calculategrocesses other than quasielastic scattering at energy losses

above the quasielastic peak. No process other than quasielas-

immediately clear that the relativistic Fermi gas model doegic scattering is included in the theoretical models.

not give an accurate description of the shape or peak position The apparent failures of the relativistic Fermi gas model

of the longitudinal responses. The peaks of the measureare not surprising. This model contains no nucleon-nucleon
response functions are in general somewhat shifted to higheorrelation effects other than the Pauli principle for a con-

energy losses than predicted by the relativistic Fermi gafined Fermi gas. It can therefore not generate momentum
model. Furthermore, the measured distributions appear to besomponents beyond those required by the simple confine-
wider in energy loss than predicted by the relativistic Fermiment of the gas. Real nuclei are certainly more complicated
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FIG. 13. Rosenbluth plots for a constant three-momentum transfer of 350dvi\geveral energy losses f6%Ca. The error bars
indicate the propagated systematic errors.

than this in their internal correlations. Furthermore, in itscomparison since the transverse responses contain strong
truly covariant form, the relativistic Fermi gas has a negativecontributions from processes other than quasielastic scatter-
nucleon separation energy. Real nuclei are in fact bound sysnag.
tems and have positive separation energies. It is therefore not pPreliminary results of such a comparison were made for
surprising that the position of the quasielastic peak is nothe present data in Refl] and are reproduced in Fig. 2
accurately reproduced. above. These data have been completely reanalyzed with
These deficiencies are partially remedied in the relativistiome modest improvements in the data reduction codes. The
Hartree shell model calculations. The nuclear wave functiongy | results are shown in Fig. 18. Also shown are the corre-
are the result of a self-consistent calculation using realiSti%ponding results from Meziaet al. [48]. This figure clearly

nuclear potentials. The calculation is gauge invariant in tha&hows the discrepancies between the present Bates results
both the initial bound state wave functions and the final un-,

bound state wave functions are generated from the same and the previous Saclay results. The Bates data indicate a
. : 9 ' PPeduction in the longitudinal strength of no more than about
tential. These calculations reproduce the shape and positi

9k -
0, =

of the quasielastic peak much better than the relativisti % atg 4050 MeV/c_, wh_ereas the S_aclgy data indicate as
Fermi gas model. much as 40% reduction in the longitudinal strength com-

In spite of its shortcomings, the relativistic Fermi gaspared _to the pr_ediction_of thg relativis_,ti_c Fermi gas model._A
model does have the possibility of describing with reasonleduction of this magnltud_e is very difficult tq understand in
able accuracy the total strength of the quasielastic interactioff€ framework of conventional nuclear physics. _
in the kinematic domain where incoherent scattering is ex- 1he Bates and Saclay groups have cooperated closely in
pected to be dominant. To first order, the total strength willattempting to resolve this discrepancy. The Saclay data for
be the incoherent sum of the scatterings from all the nuclethe radiatively corrected cross sections were analyzed using
ons. This can be calculated with good accuracy based oWe Bates codes. The results reproduced accurately the
measured transverse and longitudinal form factors of thé&aclay results. It was therefore concluded that the discrepan-
nucleon. Short-range correlations can redistribute the calcisies were not due to this part of the analysis. Unfortunately,
lated strength inw, but they do not change the total strength.it was not possible to check the radiative correction part of
Therefore, a comparison of the total measured quasielastibe analysis since the uncorrected Saclay cross sections ap-
strength to that predicted by the relativistic Fermi gas modeparently are no longer available. Since the radiative correc-
should be meaningful. As noted above, the longitudinal retions are a fairly straightforward procedure, it is unlikely that
sponses are probably the only ones that are useful for suchthey are the source of the discrepancy. We therefore con-
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FIG. 14. Rosenbluth plots for a constant three-momentum transfer of 400dvi\deveral energy losses f6fCa. The error bars
indicate the propagated systematic errors.

clude that it is most likely that the differences lie in the raw functions were calculated in Ref79] by interpolation of

data themselves. data from other nuclei. The resulting longitudinal strengths
Recent theoretical quasielastic scattering calculations bghowed no significant deviations from the strengths expected

Amaro et al. [77] and by Van der Sluyt al. [78] have on the basis of the relativistic Fermi gas model. Because they

included meson exchange currents. In both of these calculare the result of interpolation and not of actual data, these

tions the calculated longitudinal response functions are irtomparisons for*®Ca unfortunately do not have the same

reasonably good agreement with the latest Bates data. THevel of credibility as the®®Fe comparisons.

calculations of Ref[77] are also in reasonable agreement

with the present transverse response functions. The calcu- B. The Coulomb sum rule

lated transverse response functions of R&B] lie about

25% higher than the present data. None of these theoretic

calculations is in agreement with the data of R4]. These

calculations are interesting and informative, but unfortu-

nately they cannot resolve the question of the discrepanciéf’aO

between the two data sets. .
A reanalysis of the world data for quasielastic scattering Ri(q)= lf Md , (13

on %¢Fe and“°Ca has been carried out by Jourd&9]. In ' Z) " Gg3(Q?)

the case of®Fe the data set included the measurements of

Day et al.[80] taken at SLAC at laboratory scattering angles

between 15° and 30°. The analysis of fiffe data indicated With the effective electric form factor given by

no significant reduction of the longitudinal strength com-

pared to the predictions of the relativistic Fermi gas model.

Unfortunately, the measurements of R&0] did not include

40Ca as a target. However, the equivaléfi€a structure

al The total longitudinal strength in quasielastic electron
scattering has been traditionally compared to the Coulomb
sum ruleR;(q). Including the relativistic corrections of de
rest[83], this can be written as

(1+7)

(1+27)

~ N
Ge*(Q?)= [ Gep (Q?) +EGEn2(Q2)
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FIG. 15. Rosenbluth plots for a constant three-momentum transfer of 450dvia\deveral energy losses f6fCa. The error bars

indicate the propagated systematic errors.

whereN andZ are the neutron and proton numbers of thesum rule has become the traditional way of characterizing
target, respectively, anGg, andGg, are the Sachs electric quasielastic scattering data, we present the results of apply-
form factors for the proton and neutron, respectively. Theng Eq.(13) to the present data in Fig. 19. Also presented in
quantity = is given by 7=Q?%4M\? where My is the Fig. 19 for comparison is the corresponding Coulomb sum
nucleon mass. The lower limit of integratiasi” is chosen to  rule for the relativistic Fermi gas model.
include all the inelastic strength but to exclude the elastic The results shown in Fig. 19 are qualitatively the same as
peak. All other symbols have been previously defined. Athose shown in Fig. 18. At the lower values @fboth the
value of unity forR;(q) indicates fulfillment of the Coulomb data and the relativistic Fermi gas model fail to exhaust the
sum rule. Coulomb sum rule, although they agree quite well with one
The Coulomb sum rule as expressed in Bc®) has sev- another. At larger values of], the relativistic Fermi gas
eral shortcomings. It is impossible to measure the respong®odel does exhaust the Coulomb sum rule, whereas the data
functions forw>q (the timelike regiohin a single-arm scat- fail to exhaust this sum rule by about 15%. A similar effect is
tering experiment. It is difficult to estimate how much seen in Fig. 18, and in both cases this may indicate the pres-
strength is missed in this timelike region. Equatid8) also  ence of longitudinal strength beyond the experimental cutoff
does not take into account Pauli blocking effects and is novalues ofw.
expected to be valid fag less than twice the Fermi momen-
tum (about 480 Me\Me¢ for 4°Ca). Finally, it is not clear that
the relativistic corrections in E13) are truly valid for large
values ofq. Many classes of natural phenomena exhibit the property
For these reasons, we do not feel that the Coulomb surknown as scaling. Scaling is manifested when the apparently
rule is a very useful way of characterizing the data. We preindependent variables upon which a phenomenon depends
fer to compare the data to the predictions of a particulaare functionally related in an underlying manner such that
model, such as the relativistic Fermi gas model or the relathe phenomenon can actually be described by feideally
tivistic Hartree shell model. However, since the Coulombong independent variables. In the case of quasielastic scat-

C. Scaling
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and the dashed curves were calculated from the relativistic Hartree shell fiié¢lel

tering the response functions are apparently dependent upon
two independent variables and w. However, a number of

authors have explored the possibility that there is an under-
lying relationship between these variables in quasielastighere 6(x—a) is the unit step function ak. The scaling

scattering, and a number of scaling variables have been prégnction defined in this manner is normalized such that
posed. For example, a subset of the present data was used as

a test of they-scaling function81].
A scaling variableys was defined by Albericet al. [75]
in such a manner that if the relativistic Fermi gas were an
exact description of nuclear structure, then all quasielastiqhe scaling function is related to the longitudinal and trans-
response functions would scale exactly according to thigerse response functions by
variable. In this section the formalism will be that of Ref.
[75], and therefore the definitions of the mathematical sym- N; &
bols will not be repeated here. RLzz —3[G§i(r)+W2i(r)A]S(z//),
It is shown in Ref.[75] that in the framework of the ! NiK77F
relativistic Fermi gas model one can define a scaling variable

¢ that maps the separated response functions into parabolas N;é 1
as Rr=23 ——= 7G(1)+ s Wa(DA [S(y), (16)

i Myik7g
1
$p=[20(N—Ng)—1] \lg—F(Y——l)-

This then leads to a scaling functi®@{y) of the form

3
S(p)= 3 (1= D) 01— ), (14)

| Cswdy-1.

(15

where Gg;(7) and Gy;(7) are the Sachs electric and mag-

netic form factors, respectively, for théh nuclear species.
An extension of the relativistic Fermi gas model was

made by Cenneét al.[82] to include effects of nuclear bind-
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The present results are given in tabular form in Table II. model with relativistic corrections.
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2)

It turns out thatS(y) and S(¢') have almost exactly the

ing at the cost of a slight loss of relativistic covariance.

Within the framework of this model, one can define a new Te=My
scaling variable)’. This scaling variable has the same form

as ¢ if one makes the following substitutions:

—1+4/1+

My

o' =w—(Est+Tp), (17) same shape and magnitude, B@t') gives a much better fit
to the position of the quasielastic peak.
where The experimentally determined scaling functions can be
determined from Eqgs(15) and (16) (with the substitution
Es=nucleon separation energy, y— ') from the experimentally determined values Rf

TABLE II. Integrated longitudinal strength as a function of three-momentum tramgfé@olumn 2
indicates the maximum energy loss to which the longitudinal strength was integrated. Columns 3 and 4 give
the integrated experimental longitudinal strength and its systematic uncertainty, respectively. Column 5
presents the total longitudinal strength calculated from the relativistic Fermi gas model. Columns 6 and 7
show the ratio of the experimental to the theoretical longitudinal strength and its uncertainty, respectively.
These ratios are given graphically in Fig. 18.

q[MeV/c] wmaIMeV] SR S(SREP) SR{RFO Ratio S(Ratio

300.0 140.0 9.92 0.52 10.16 0.977 0.052
325.0 160.0 10.04 0.55 9.92 1.012 0.056
350.0 190.0 9.18 0.60 9.55 0.961 0.062
375.0 220.0 8.83 0.66 9.17 0.963 0.072
400.0 250.0 8.08 0.78 8.64 0.935 0.090
425.0 260.0 6.95 0.67 8.07 0.862 0.083
450 240.0 6.21 0.55 7.47 0.831 0.073

475.0 230.0 5.64 0.50 6.84 0.826 0.074
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andRy. If S(¢") were truly a universal scaling function, its nificance to the scaling variablg’ than would be expected
form as determined from Eq$15) and (16) should be the from its roots in the relativistic Fermi gas model.
same for bothR, and Ry. If nuclear dynamics were truly

described by the relativistic Fermi gas model, then the ex- VIil. CONCLUSIONS
perimentally determined scaling function would be described  The results reported here of the total longitudinal strength
by Eq. (14). in quasielastic electron scattering frofiCa are in sharp

The scaling function§(y') have been extracted from the contrast to the previously reported Saclay results. The Saclay
experimental data using Eq&L5) and (16). The results are  results show a reduction of as much as 40% in the integrated
shown in Fig. 20 in increments af of 25 MeV/c over the  longitudinal strength compared to the predictions of the rela-
range from 300 to 500 Me¥! It is clear from this figure that tivistic Fermi gas model. The present data show a much
in the range 375 Me\k q < 450 MeVk for values of ' smaller reduction in the integrated longitudinal strength as
smaller than those corresponding to the quasielastic peak, tfvedicated by Table II. The general trend of the integrated
values ofS(¢') extracted from the transverse and longitudi- strength seems to be a systematic decrease with incregsing
nal responses agree to within the experimental errors. Th€his may be due to the fact that at larger momentum transfer
agreement is lost for values a@f’ larger than those corre- some strength is missed due to the necessity of cutting off
sponding to the quasielastic peak. This is not surprising sincthe integrals of the response functions at finite
one expects in this kinematic range to observe significant The implications of the above observations for conven-
contributions to the transverse response from processes oth@nal nuclear physics are profound depending on wiith
than quasielastic scattering. eithen result is correct. The bibliography contains many the-

The agreement for values gfless than 375 MeWis not  oretical attempts to explain the large reduction reported by
as good, and it becomes worse@slecreases. This is also the Saclay group. In general, the results may be summarized
not surprising since at these lower momentum transfers thby stating that it has been found to be almost impossible to
wavelength of the virtual photon is not short enough to en4it both the longitudinal and transverse response functions
sure incoherent scattering from individual nucleons. An ap+eported by Saclay by nuclear models using physically rea-
preciable portion of the strength may be diverted to excitasonable parameters. On the other hand, the modest reduc-
tion of coherent degrees of freedom in the nucleugions reported here are easily accommodated by many con-
corresponding to low-lying states. ventional nuclear model calculations.

Forq= 475 MeVk the S(¢') values extracted from the We consider it very important that the question of the
transverse responses lie significantly above those extractdongitudinal strength in quasielastic electron scattering be
from the longitudinal responses. It is unclear whether thiscleanly resolved. This would require precision measurements
reflects the onset of new physics or simply reflects an inover a kinematic range that would allow Rosenbluth separa-
creasing dominance in the transverse response of notions from 300 MeVé<qg=<700 MeVct for several nuclei in
guasielastic processes. the range 1& A<238 at four or more laboratory scattering

The ¢’ scaling variable is based on the relativistic Fermiangles. Such a set of measurements, if carefully performed,
gas model, but the data do not scale well to this modelshould lead to reliable separation of the transverse and lon-
However, the data do seem to indicate that, in the kinematigitudinal responses as a function of energy loss, the behavior
region where quasielastic scattering is expected to dominatef their integrated strengths as a function of momentum
both the longitudinal and transverse responses scale to thensfer, and the dependence of these strengths on nuclear
same function. Therefore, there may be deeper physical signass.
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