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Longitudinal and Transverse Inelastic Electron Scattering from Fe
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Inelastic-electron-scattering cross sections for Fe have been measured in the con-
tinuum region. The longitudinal and transverse inelastic response functions have been
determined for vector momentum transfers, q, from 210-410 MeV/c and for energy
losses 0&& ~ 220 MeV.

PACS numbers: 25.30.Cg, 27.40.+ z

Deep-inelastic electron scattering can provide
significant insight into the constituents of nuclei
and their dynamics. ' ' In general the inelastic
(e,e') spectrum results from the excitation of
both discrete final states and a continuum region
which dominates at higher energy loss, ~, and
vector momentum transfer, q. The electromagnet-
ic interaction for this region can be separated in-
to two response functions'. the longitudinal re-
sponse function, S~(q, &u), which is Coulomb scat-
tering; and the transverse response function,
ST(q, ~), which is a combination of electronic
and magnetic scattering. In this Letter we pres-
ent the first separation of SL and ST for both dis-
crete states and the continuum over a significant
range of the (q, u&) plane. Until it is possible to

perform double or triple- coincidence experiments,
Sz is considered the most appropriate source for
information on the elusive nucleon short-range
pair- correlation function. Deviations from the
simple impulse approximation through the appear-
ance of other possible reaction channels can be
delineated through the separation; for example,
some meson-exchange corrections are expected
to be entirely transverse in nature. ' With a suf-
ficiently large atomic number, some major ef-
fects of interest relate to the physics of nuclear
matter. Therefore, Fe was chosen as a repre-
sentative target nucleus.

The SL and Sz components in (e,e') are formu-
lated using plane-wave Born approximation where
the cross section is given by the following equa-
tion'.

do'M a tx cos (s6)
dQ 4E' sin (26)

The variables are the following: four-momentum,
q„'=q' —co'; incident energy, E; target mass,
M~; laboratory scattering angle, 0; and fine-
structure constant, n. The response functions
S„(q,&u) and ST(q, &u) contain, in principle, all the
information on the electromagnetic structure of

! the nucleus. ' S& and ST are determined from1 s2

measured cross sections by choosing two appro-
priate angles and energies such that q and ~ are
the same for both angles and energies. In prac-
tice we take a set of many incident energies at
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two angles. We interpolated between the meas-
ured data points to obtain the response surface of
the cross sections as a function of q and ~. Once
this surface has been determined SL and ST can
be extracted as a function of ~ for any q within
the measured range of data.

This experiment was carried out at the Massa-
chusetts Institute of Technology Bates Linear Ac-
celerator. A 75-mg/cm'-thick natural-iron tar-
get was used and cross sections were measured
for scattered electron energies ranging from the
elastic peak down to 60-70 MeV final energy.
The scattering angles and incident energies were
as follows: 90' at 150.3, 200.4, 249.7, 298.7,
320.8, 348.8, and 372.6 MeV; 140 at 100.3,
130.5, 160.3, 190.0, 220.3, 249.8, 291.0, 329.9,
and 368.6 MeV; 160' at 100 ~ 9, 150.7, 175.4,
200.8, 225.1, 250.3, 299.7, and 368.6 MeV. The
absolute cross section was verified at each ener-
gy and angle by measuring the elastic e+P scat-
tering using a polyethylene target.

In order to extract inelastic-electron-scatter-
ing cross sections from the raw data, radiative
corrections must be carried out. The elastic scat-
tering produces a radiative tail that is significant
both near the elastic peak and also for final elec-
tron energies below 100 MeV, where the tail
rises exponentially with decreasing energy. This
elastic tail increases as the scattering angle is
decreased. To subtract this contribution, the ex-
act radiative correction formalism of Mo and
Tsai' and Stein et al. ' was employed, giving a
maximum of 21% subtraction at the largest ru in
a 90 spectrum. The form factors needed for the
elastic tail subtraction were calculated separately
for each laboratory scattering angle using a phase-
shift solution to the Dirac equation for the Fe
ground-state charge density. '" The discrete
states were treated as part of the inelastic con-
tinuum for this experiment; this is consistent
with the peaking approximation formalism used
for radiative corrections to the continuum. The
peaking approximation is adequate in the continu-
um as there is no exponentially rising tail at low
scattered-electron energies. The choice of equi-
valent radiator in the peaking- approximation for-
malism is important and its form was determined
by a comparison to the proton elastic tail employ-
ing the exact formalism discussed above. The ra-
diative corrections due to the finite-target-thick-
ness effects were always less than 6Q from the
combined effect of the elastic tail and continuum.
The accuracy of our target-thickness corrections
were verified by taking measurements on a 161-

mg/cm' target where the radiative effects reached
the 30@ level.

The measured (e,e') spectra contained back-
ground contributions from pair-produced elec-
trons and pions which can be detected in the plas-
tic Cherenkov counter. In order to determine the
background the (e,e') and (e,~') yields were
measured by reversing the spectrometer field.
At the energies and angles of this experiment the
e' background was observed to be very low above
110-MeV final energy. An e background that
was assumed to be equal to the e' background
was subtracted from the data. The Cherenkov de-
tector eliminated pions below 140 MeV/c. At fa-
vorable spectrometer settings the 7t spectrum
could be separated from the e on the basis of
Cherenkov pulse-height information allowing de-
termination of the m to w' ratio. The momentum
dependence of the m background was assumed to
be the same as that of the n' which is consistent
with pion-photoproduction studies. " Thus by us-
ing the 7t to m' ratio and the measured m' spec
tra, the 7t background subtraction was either di-
rectly determined or computed from extrapola-
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~G. &. (a),(b) SL (circles) and ST (solid triangles)
for Fe. The errors are smaller than the points unless
otherwise shown and include statistics only. The over-
all data has an uncertainty of +37o coming from the
normalization to the proton. All q values are in units
of MeV/c; the transverse and longitudinal- response
functions are dimensionless. For the data at q = 370
MeV/c the results for the Fermi-gas calculations are
shown; the dashed line represents ST, the solid line
SL,
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4m
C(q) =-

MT
s„(q,~) d&u.

The assumption is made that the sum rule is ex-

tions using the theory of Tsai" and normalizing
to the measured spectra.

Shown in Figs. 1(a) and 1(b) are the results on

S& and ST for Fe atq=210, 250, 290, 330, 370,
and 410 MeV/c determined from the data set gene-
rated by the 0=90 and 140' spectra. For the da-
ta at 370 MeV/c, where an independent particle
model should be more valid, a relativistic Fermi-
gas calculation is shown. " This particular Fer-
mi-gas calculation agrees with the previous re-
sults" on nuclei from Li to Pb. ' A Fermi momen-
tum, KF, of 260 MeV/c and an average interac-
tion energy, &, of 35 MeV were used. These val-
ues are consistent with the earlier measurements
on unseparated data where the q was higher (450-
500 MeV/c). The Fermi-gas model agrees rea-
sonably well with the magnitude and shape of the
transverse component ST, needing only an adjust-
ment in threshold behavior to compensate for the
simple averaging of the interaction energy. The
large magnitude of S& at energy losses above the
peak is consistent with the unseparated previous
results"' and the recent work on "C." The pre-
diction that meson-exchange corrections will pro-
duce this excess cross section is further con-
firmed by the present data; the strength at high
~ is in the transverse component. However, the
predictions based on Refs. 6 and 13 for meson-
exchange corrections in this region underesti-
mate the magnitude of this cross section by a fac-
tor of 2.

The longitudinal component is dominated by
competing mechanisms at low values of q; in par-
ticular, for Fe the excitation of resonant states
appears to be almost entirely longitudinal in na-
ture. An attempt to use an independent-particle
model, such as a Fermi gas, is clearly inade-
quate at q much less than twice the Fermi momen-
tum of the nucleus. A theoretical comparison
with this region requires a microscopic descrip-
tion of the Fe nucleus. The observed falloff of
overall strength of Sz as compared with SL as q
decreases is expected from electrodynamic dif-
ferences in the nature of the longitudinal and
transverse interactions. " The large disagree-
ment between the magnitude of the Fermi-gas pre-
diction for SL and the experimental data is ob-
served for all q ~ 300 MeV/c.

Shown in Fig. 2 are the results" for the Cou-
lomb sum rule on S&.
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FIG. 2. The Coulomb sum rule C(q) for Fe compared
with prediction for a Fermi gas over the range of ex-
perimentally available p.

hausted in the region of quasifree scattering (the
physical region of electron scattering requires q
~ v). The validity of the plane-wave Born approx-
imation was checked by forming response sur-
faces generated by two different data sets: 90—
140' and 90'-160'. The data presented in Fig. 2

required small extrapolation to higher ~ in a few
cases; the error contains all systematic uncer-
tainties in any interpolation or extrapolation.
The close agreement between the two sets is also
observed in the individual function SL and ST, in-
dicating that Coulomb distortions in the continuum
region are not significant at the present level of
experimental. accur acy.

The Fermi-gas prediction for the Coulomb sum
rule is shown in Fig. 2 in the region of q where
the independent-particle model should be valid.
The magnitude of C(q) is different from the num-
ber of protons (26) for the following simple rea-
sons: The maximum separation q = 410 MeV/c
is still lower than 2KF and Pauli correlations
cause a reduction; there is a large additional re-
duction form the internal nucleon motion, its re-
coil and form factor. Note that our definition of

C(q) does not divide out the nucleon form factor.
The interest is not in these effects but in the de-
viation from our present understanding of the nu-
cleus, in particular, the short-range pair-corre-
lation effect on the sum rule. Previous theoreti-
cal estimates" for the reduction of strength for
C(q) due only to pair correlations have indicated
very small effects, less than 5%. At the high q,
we now observe almost a factor-of-2 difference
between experiment and the Fermi-gas model.

967



VOLUME 44, NUMBER 15 PHYSICAL REVIE%' LETTERS 14 APRIL 1980

It is possible that final-state interactions are re-
sponsible for some of this discrepancy, but again
preliminary results" indicate only a, (5-10)% re-
duction. There may exist significant strength in
Sq at high u that we are missing, but that is con-
sidered unlikely. It is clear that the data should
be extended to higher q approaching 2KF so that
we have greater confidence in our independent-
particle model and avoid any complication from
Pauli correlations.

We thank the personnel at the Massachusetts In-
stitute of Technology Bates Linear Accelerator,
in particular P. Dunn and C. F. Williamson. We
also thank E. Bubb, M. Deady, J. M. Finn, L. Or-
phanos, and P. D. Zimmerman for assistance
with the data collection. We thank J. W. van Or-
den for his Fermi-gas programs and helpful dis-
cussions and T. W. Donnelly for his useful sug-
gestions.

T. de Forest, Jr. , and J. D. Walecka, Adv. Phys.
15, 1 (1966).

~T. W. Donnelly and J. D. Walecka, Annu. Rev. Nucl.
Sci. 25, 329 (1975).

'E. J. Moniz etal. , Phys. Rev. Lett. 26, 445 (1971).
4R. R. Whitney et al. , Phys. Rev. C 9, 2230 (1974),
J. S. McCarthy, I. Sick, R. R. Whitney, and M. R.

Yearian, Phys. Rev. C 13, 712 (1976).
6T. W. Donnelly, J. W. van Orden, T. de Forest, Jr. ,

and W. C. Hermans, Phys. Lett. 768, 393 (1978).
L. W. Mo and Y. S. Tsai, Rev. Mod. Phys. 41, 205

(1979),
8S. Stein et al. , Phys. Rev. D 12, 1884 (1975).
H. Theissen, H. Fink, and H. A. Bentz, Z. Phys.

475 (1970)
'OC. W. de Jager, H. de Vries, and C. de Vries, At.

Data Nucl. Data Tables 14, 479 (1974).
M. Pauli et al. , Photo Pion Nuclear Conference,

edited by P. Stoller (Plenum, New York, 1979).
Y. S. Tsai, Rev. Mod. Phys. 46, 815 (1974).

"J.W. van Orden, private communication.
4E. J. Moniz, Phys. Rev. 184, 1154 (1969).

"Yu I. Titov et al. , Yad. Fiz. 13, 541 (1971) (Sov.
J. Nucl. Phys. 13, 660 (1971)l; P. D. Zimmerman et al. ,
Phys. Lett. 80B, 45 (1978).

' J. Mougey et al ., Phys. Rev. Lett. 41, 1645 (1978).
'7R. D. Viollier and J. D. Walecka, Acta Phys. Pol.

B8, 25 (1977).
' Y. Horikawa, F. Lenz, and N. C. Mukhopadhyay,

to be published.
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The widths of states of Z-hypernuclei have been estimated in two models. Widths as
small as one to a few megaelectronvolts are found, a result which should hold for some
isolated simple Z-hypernuclear states. The standard procedure by use of the two-body
absorptive cross section is shown to overestimate the width by one or more orders of
magnitude.

PACS numbers: 21.80.+ a, 25.80.+ f
Recently (K,n) experiments with nuclear targets

leading to ~-hypernuclei have been carried out, ' '
and one anticipates that there might soon be con-
siderable new data with improved energy resolu-
tion. The crucial question governing the future of
this field of study is the width of Z-hypernuclear
states. The conventional wisdom is that the Z —A
conversion in nuclear matter will lead to a typi-
cal strong interaction width of 50-150 MeV for
these states. U that is true the study of ~-hyper-
nuclei will be very limited in comparison with A-
hypernuclei. The present data, ' however, show
that there are states with widths less than 10 MeV.

It is the purpose of the present note to demon-
strate that such small widths can be expected for
isolated Z-hypernuclear states, and that the study
of Z-hypernuclei should be most rewarding.

The main calculations are estimates of the width
of a Z Nstate pro-duced in a (K,~ ) reaction on
a N-N cluster in a nucleus. Two models are used.
First, the width is estimated using plane-wave
final A-N states. Since the final center-of-mass
momentum is approximately 2m, c, this should be
adequate for the purposes of the present work. In
the second calculation the Z-N- A-N width is esti-
mated by mea. ns of the model of broken SU(3) sym-
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