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to be submitted to Physical Review Letters
{April 6, 1999)

In Hall A, Jefferson Laboratory, we have measured the cross sections for 1p-shell proton knockout
in "*O(e, e'p) reaction at w = 439 and Q2 = 0.8 {GeV/c)? for Pmyss < 355 MeV/c. The response
functions Ryy7rr, Rr, R, and the left-right asymmetry Apr have been extracted for the 1p1/a
and the Ips,; states. For Prnies < 280 MeV /¢, the data are all well described by DWIA calcutations.
This is in contrast to some previous measurements at lower @*. At large missing momentum, the
data seem to prefer relativistic DWTA calculations.



Electro-nucleon knockout from the nucleus provides a
powerful probe of electromagnetic properties of nuclei
and nucleon momentum distributions in them [1]. In
the Impulse Approximation (IA), the nucleon absorbs the
virtual photon emitted by the incident electron and inter-
acts with the rest of the nucleus as it emerges. The final
state interaction (FSI) between the knocked-out nucleon
and the residual nucleus is usually described by an opti-
cal potential derived from fits to existing nucleon-nucleus
scattering data. Meson exchange currents (MEC) and
isobar currents (IC) also contribute to this process. The
mechanism of nucleon knockout has been widely stud-
ied by quasielastic {e,e’p) from discrete states of nuclei.
160) is a unique candidate for this study. It is a doubly-
magic, closed-shell nucleus. The proton configuration of
0 is (1s,2)%(1p3s2)*(1py/2)?. The binding energy is
12.1 MeV for the 1p,/» state and 18.4 MeV for the Ip;,,
state. The bound state wavefunctions are relatively easy
to calculate. As proton elastic scattering from 60 has
been studied over a wide range of kinematics, the final
state interactions for the °Of(e,e’'p) reaction are well-
understood. Therefore, good predictions for both the
cross sections and the response functions may be derived.

In the one photon exchange approximation, the five-
fold cross section for 160fe, e'p) Ip-shell proton knockout
can be written as d>c/dwdQ,dQ), = Koo (VLRL +
VrRr + VirRprcosg + Vier Rrr COS(2¢)), where K =
Eppp/(er)a, T more 18 the Mott cross section, Vp = %—,
Vr = f7 +tan’(8./2), Vir = %(% + tan®(6./2))},
and Vprpr = %—2 are kinematic factors, and ¢ is the out-
of-plane angle. w and { are the energy and momen-
tumn transfer respectively, and Q% = §% — w?. Missing
energy and missing momentum are defined as E ;45 =
w—T,—-Tg and Poies = Pp — 4, where pp, and T}, are the
momenturmn and kinetic energy of the knocked-out proton,
and T'g is the kinetic energy of the recoil nucleus. The re-
sponse functions Ry, Rr, Ry, and Bt contain all the
information about the nuclear electromagnetic current.
Ryt can be obtained by measuring the cross sections on
both sides of § (¢ = 0° and ¢ = 180°) with w, Q%, and
Priss fixed. By combining the cross section measured at
a different beam energy but the same w, @?, and Ppise.
the response functions Ry + "—/V:LIRTT and Br can be sepa-
rated. For the kinematics of this expriment, Ryt < R;,.

Quasielastic '®O(e,e’p) 1p-shell proton knockout ex-
periments have been performed at NIKHEF [2] [3], Saclay
(4], and Mainz [5] in various kinematics. Inconsistencies
in these data have been found when comparing them to
standard Distorted Wave Implse Approximation (DWIA)
calculations. The DWIA calculation using the spectro-
scopic factors and parameters for the bound state wave
functions extracted from fits to the data of Leuschner
et al. [2] at NIKHEF overestimates the distorted mo-
mentum distribution measured by Blomgvist et al. [5]
at Mainz by almost a factor of two even at low missing

momentum. Further, the response function Rpr mea-
sured by Chinitz et ol [4] and Spaltro et al. [3] agree
reasonably for the 1p,/; state but disagree dramatically
for the 1ps;y state. These inconsistencies indicate the
deficiencies in standard DWIA calculations. Experiment
E89-003 [7], recently performed in Hall A at Jefferson
Laboratory measured the cross sections and separated
the response functions Ry ry, Ry, and Ry7 for 1p-shell
proton knockout. This data set clarifies some of the dis-
crepancies present in the previous experimental work.

E89-003 used the standard Hall A setup, two high res-
olution spectrometers {HRSE and HRSH) to detect elec-
trons and protons respectively. At the focal plane of
each spectrometer, two scintillator planes provide trig-
ger signal and time-of-flight (TOF) information, and two
Vertical Drift Chambers (VDCs) are paired to precisely
locate the trajectories of the charged particles. In addi-
tion, a CO» gas Cerenkov detector located on HRSE can
separate electrons from w~. A three-foil waterfall target
was used. The thickness of each foil along the beamline
was about 130 mg/cm?, and the typical 100% duty fac-
tor beam current was ~70 pA. The optical properties [8]
[9] and acceptance [10] of the spectrometers were stud-
ied carefully. Because quasielastic kinematics was chosen,
H(e,e') was used as a continuous luminosity monitor, and
H(e, e’'p) was used to determine the g-direction precisely.
The kinematics of this experiment were fixed at w = 439
MeV, Q% = 0.8 (GeV/c)?, and T, = 427 MeV. Missing
momentum distributions were investigated by changing
the angle between ¢ and the HRSH. As § and 5, had
nearly the same magnitude, and the angle between them
was small, missing momentum was about perpendicu-
lar to ¢. Three beam energies (843.2 MeV, 1642.5 MeV,
and 2441.6 MeV) were employed to separate the response
functions. For Epeorm = 2441.6 MeV, data were taken at
fpg = £8°,£16° and +20°, while for Epenrn = 843.2
MeV data were taken at 8, = +8° and +16°. The data
taken at Epeem = 1642.5 MeV with 6,, = £8° were for
systematic checking. In fact, for 8,, = +8°, R.r and
Apr extracted at Epeam = 2441.6 MeV agree with those
extracted from Ep.om = 1642.5 MeV within one standard
deviation. The overall systematic error in the extracted
response functions was estimated to be about 5%. It was
dominated by the uncertainty of H(e, &'} cross section to
which the data were normalized.

The results have been compared with the non-
relativistic DWIA calculations by Kelly [1] [11] and the
relativistic DWIA calculations by Van Orden [13] [14].
Kelly’s calculation used the EDAD1 optical potential
[12]. The spectroscopic factors obtained by comparing
this calculation with the data of Leuschner et al. are
0.75 for 1p;/; state and 0.64 for 1p;;, state. The cal-
culations of Van Orden employed a relativistic quantum
field theory for the bound state [15] and a relativistic op-
tical potential formalism [16] to describe the final state
interaction. The spectroscopic factors folded in this cal-



culation are 0.61 for bath 1p;/, and 1p;/; states. Since
the acceptance of HRSE and HRSH is relatively small
(~=4% in relative momentum, and ~5 msr in solid an-
gle), the difference between the calculation averaged over
the acceptance and the calculation using the central kine-
matics values is estimated to be ~1%.
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FIG. 1. 'O(e,e'p) missing energy spectrum for 2441.6
MeV beam energy at 8y, = +8°. The 1p;, and 1p;,, states
are clearly visible. The FWHM missing momentum resolution
is ~0.9 MeV.

Figure 1 shows the '8O(e, e'p) missing energy spectrum
with Epearn = 2441.6 MeV. The two prominent peaks
correspond to proton knocked-out from 1p;;» and 1p;;,
states of 1°0. The missing energy resolution (FWHM) is
about 0.9 MeV. The strength of the {2519, 1d52) dou-
blet (peaked at missing energy 17.4 MeV) is expected
to be small for this kinematical region and has not been
removed from the 1p;,, state data during the analysis.
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FIG. 2. Comparison of the cross sections with the DWIA
calculations. The beam energy is 2441.6 MeV. Both DWIA
calculations describe the data very well.

Figure 2 shows a comparison between the measured
cross sections and the DWIA calculations. The data is in
good agreement with both DWIA calculations for miss-
ing momentum less than 280 MeV/c. The consistency
between the data and the DWTA calculation of Kelly indi-
cates that this data set agrees with the data of Leuschner
et al. [2], but disagrees with the data of Blomqvist et al.
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FIG. 3. Comparison of the left-right asymmetry with the
DWIA calculations. The beam energy is 2441.6 MeV. The
data favor the relativistic DWIA calculation.

Figure 3 shows a comparison between the extracted
left-right asymmetry (dp7r = ggzzgu)};ggg;}ggn;) and the
DWIA calculations of Kelly and Van Orden. The data
prefer the relativistic DWIA calculation of Van Orden at

large missing momentum (> 250 MeV /c).

P12

=
n
T

- DWIA Kelly
—— DWIA VanQOrden

—
&
T

T

- DWIA Kelly
—— DWIA VanOrden

T T

'
L
T

P PR ST P S S B
150 200 250 300 350 400
Missing Momentum(MeV/c)

S I
I} 50 100

FIG. 4. Comparison of Rrr with the calculations. The
beam energy is 2441.6 MeV. The data agree with both DWIA
calculations.

Figure 4 shows a comparison of the response function
Rpr with the calculations. The data are reasonably con-
sistent with both DWIA calculations. Since the DWIA
calculations of Kelly can describe the Ry for 1py/p state
measured by Chinitz et al. [4] but underestimate the Ry ¢
for 1py» state measured by Spaltro et al. [3], the consis-
tency between the calculations of Kelly and the Ry mea-
surement from this experiment indicates that this data
set agrees with that of Chinitz et al. {4] but disagrees with
that of Spaltro et al. [3] It also implies that this data set
agrees with that of Leuschner et al. [2] and therefore dis-
agrees with that of Blomgvist et al. [5]
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FIG. 5. Comparison of Rr,.rr and Bt with the caleula-
tions. The data agree with both DWIA calculations.

Figure 5 shows a comparison of separated Ry ;77 and
Ry with the DWIA calculations. Both DWIA calcula-
tions describe the data set very well. This is another in-
dication that this data set agrees with that of Leuschner
et al. [2] but disagrees with that of Blomqvist et al. [5)]

In summary, cross sections for %0(e, ¢'p) 1p-shell pro-
ton knockout have been measured at w = 439 MeV/c and
Q% = 0.8 (GeV/¢)? up to 355 MeV/c in missing momen-
tum. The response functions Rp.r7, Ry, and Ryt as
well as the left-right asymmetry Ay have been obtained.
The cross sections are consistent with both DWIA cal-
culations. This implies our data agree with the data of
Leuschner et el. [2] For missing momentum less than 280
MeV /c, the response functions Ry .17, Rr, and Ryt ba-
sically agree with the DWIA calculations. This suggest
that our data also agree with those of Chinitz et al. [4]
but disagree with those of Spaltro et al. {3] for Ryr mea-
surements. At large missing momentum, the Ay results
favor the relativistic DWIA calculation at large missing
momentuin.
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