THEORY OF PHOTON AND ELECTRON
INDUCED REACTIONS

DOE/ER/40370-=5

DE93 005925

Final Report for Period
July 1, 1990 - June 30, 1993

David S. Onley and Louis E. Wright
Institute of Nuclear and Particle Physics
Department of Physics and Astronomy
Ohio University
Athens. Ohio 43701

January 1993

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nog any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its usc would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

The United State Department of Energy
Grant No. DE-FG02-87TER40370

&'1: /”. 5‘!? l'?z o »"\
! &3£ L | ;i:H
THIS DOCUMENT IS UNLIMKTED

e

DISTRIBUTION OF



PROGRESS REPORT, JANUARY 1993

During the first two and one half years of the current grant from the Department
of Energy we have been quite successtul and have made significant progress on the
following aspects of the general investigation of electron and photon induced reactions:
(a) photo- and electro-production of mesons; (b) Coulomb distortion effects on (e, '7)
and on inclusive (e, ¢') and exclusive (e, ¢'p) scattering in the quasi-elastic region; (c)
relativistic structure calculations, and (d) quark models. We will report on each of
these developments in the following sections:

(a) Photo- and Electro-Production of Mesons

Early in the grant period, our investigation of lambda polarization in the reaction
v+d — K* +n+ A% was completed [1]. We looked at three different lambda-neutron
potentials which have been proposed by others, but which have quite different scatter-
ing lengths and effective ranges. We found that under certain reasonable kinematical
conditions the exclusive reaction cross section and the polarization vary enough with
the choice of potential to be useful in determining the lambda-neutron interaction. As
we pointed out earlier, this reaction is being actively proposed for the Large Accep-
tance Angle Spectrometer being planned at CEBAF [2], and we await experimental
results.

In collaboration with C. Bennhold at TRIUMF (now at George Washington Uni-
versity), we also completed the extension of this calculation to study kaon photopro-
duction from the neutron by using the deuteron as a target. We used basic kaon
photoproduction operators proposed by Bennhold [3]. although there exist no experi-
mental data to test them due to lack of a neutron target. We found that it is feasible
to use the deuteron as a neutron target over a large kinematic region without the final
state interaction of the outgoing meson and spectator nucleon causing any problems.
Our paper reporting our findings has appeared [4]. All six kaon photoproduction reac-
tions from the deuteron that we investigated are scheduled for the Large Acceptance
Angle Spectrometer being built at CEBAF [2]. In this regard, we also worked out
a convenient method of making a multipole decomposition of kaon photoproduction
amplitudes based on Feynman techniques i3].

During the past vear we have been investigating the exclusive reaction A(v,7N)B
which offers a mechanism for studving medium effects on nucleons, the delta and the
nucleon delta transition. \While the impulse approximation has been very successful in
describing (7. 7) reactions on p-shell nuclei [6] below the delta region, when the photon
energy reaches about 300 MeV the agreement with (v, 7) experiments deteriorates|7].
Note that at resonance. the delta contribution for charged pions is approximately
equal to the background contribution arising from the Born terms. In (+,7) the final
nucleon is still bound and thus nuclear structure plays a significant role which may
obscure possible modifications of the delta by the medium. However. by detecting
the pion and the nucleon in coincidence in the continuum. one may get a handle on
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the properties of the A in the nuclear medium. We look at the quasifree region where
the momentum transfer to the residual nucleus is relatively low. under 300 MeV/c.
which will remove any strong dependence on the details of the single-particle nuclear
wavefunctions.

Data for the exclusive reaction on complex nuclei in the A region are sparse.
There is a recent review article by Steenhoven (8] which summarizes the experimental
situation to date. A number of experiments on 2C have been done at the Tomsk
synchrotron (9, 10], and an experiment on 60 has been done at MIT/Bates [11]. Such
coincidence experiments are difficult to perform without a high duty cycle machine
with the capability of having a well defined photon beam energy and good energy
resolution for particle detection. In the case of the Bates experiment in the A region,
the statistics are poor and error bars are large, and the coincidence cross section was
integrated over the pion energy thus making it not truly exclusive. The Tomsk ex-
periment suffers from a not-well defined photon beam. With the advent of improved
or new high duty cycle accelerators such as LEGS at Brookhaven. CEBAF. Bates.
NIKHEF and MAMI, and with better particle detection techniques, more accurate
data should become available in the near future. This will greatly enhance our knowl-
edge of many aspects of pion photoproduction from complex nuclei. In fact, there
has recently been an approved proposal by Hicks [12] to measure cross sections and
photon asymmetries on '2C using the LEGS facility at Brookhaven. The preparation
work on the experiment is ongoing. Also. NIKHEF is planning to do the exclusive
experiments on 2C and ‘He [8).

Fig. 1 is a diagramatic illustration of DWIA: T P
a photon penetrates the nucleus. interacts with
a single bound nucleon and excites a delta: the
delta propagates inside the nucleus resulting in
the emission of a pion and a nucleon. the outgo-
ing pion and nucleon interact with the remaining .
nucleons while leaving the nucleus. Of course. the /

non-resonant (Born) terms also contribute coher-
ently.

Fig. 1. DWIA for the exclusive reaction
Af~vowd )B.

Formalism-\\'e use harmonic oscillator wavetunctions to describe the bound nu-
cleon. More realistic Woods-Saxon wave functions can be incorporated if necessary.
For the pion production process. we use the full Blomqvist-Laget production opera-
tor [13. 14) along with the second v NA gauge coupling in the A channel [13] without
the various approximations that are commonly used in earlier studies. \We have set
up our calculation to handle both charged and uncharged pions. Here we just look at
photoproduction of (77p). For the spectroscopic factors. we use values determined
by (e.e'p) experiments. For the pion optical potential. we use the one developed
by Stricker. McManus and Carr {16]. For the nucleon optical potential. we use a
parametrization provided by Schwandt [17]



Followingstandard procedures. the coincidence differential cross section for A(~, #N)B
in the lab trame. where the the incident photon defines the z-axis, and the outgoing
pion lies in the x-z plane. can be written as

Ba Mimyqp = )
= = ——— - My,
dE.dQ. dQy 427 E|Ev + E; — Eyp-(k—q)/p?| 21y (

where Y~ means sum over final spins and average over initial spins if no polarization
is observed. After performing the sums, we obtain

= 1 S; .
M i 2 = 1 T "v ) ’\v K] zv
WMl = gy X g [TUm A m)| (2)

where (jm) is the quantum number of the bound nucleon, A is the photon polarization

and m, is the spin projection of the outgoing nucleon. S; is the spectroscopic factor.
The matrix element T is given by

T(j,m. A m,) =/d3p'd3q’\If(,;“,’(p’,p)@i,“(q’,q) ty=(A K i, D) Uim(pi).  (3)

where p; = p’ + ' + k is the momentum of the bound nucleon.

The pion production operator t.,, depends strongly on various momenta. and thus
would be a nonlocal operator in coordinate space. Working in momentum space
allows a straightforward treatment of all nonlocal effects arising from the production
operator without approximation. However, evaluation of the 6-dimensional integral
in Eq. (3) must be done numerically and coupled with the needed summations can
only be accomplished with the help of a supercomputer such as a Cray. Our code
takes advantage of the vectorization and optimization capabilities of the Cray Y-MP
at the Ohio Supercomputer Center.

It is useful to discuss some approximations that are commonly made. Firstly,
in Eq. (3). if we fix the pion and proton momenta at their asymptotic values. i.e..
we make the production operator t., local. then the matrix element can be easily
carried out (local DWIA approximation). This approximation clearly reduces the
computational time needed and we have investigated its validity. Further. if we
replace the pion and nucleon wavefunctions with plane waves. the matrix element
takes the simpl: form of the production operator multiplied by the Fourier transform
of the single particle bound wavefunction (FWIA approximation).

Comparisons with Data-Fig. 2 shows the comparison between one experiment
done at the Tomsk svnchrotron [9] and the PWIA. local DWIA and nonlocal DWIA
calculations for the case of (7~ p) production from the neutrors in the ls),» and 1p3,2
shells of 12C. The triple coincidence cross section are plotted as a function of the proton
energy for fixed photon energy and backward (120%) pion angle and forward proton
angle (20¥). The pions and protons were detected in coincidence in the production
plane by two spectrometers sitting on opposite sides of the photon beam. Under these
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Fig. 2 Proton energy dependence of the triple coincidence cross section from p3,, and S1/2 shell

neutrons in 2C(y, 7= p)}C for fixed E,, 0 and 6,. Theoretical curves are calculated in PWIA
(dashed line), local DWIA (dotted line) and nonlocal DWIA (solid line)
Ref. (9]

. Data are taken from

kinematics. the pion energy T, the momentum transfer Q and the invariant mass W
all change with T,

For example. in the case of the 1s shell. in the range of T, from 30 to 190 MeV .
T, decreases from 148 to 8 MeV: Q starts at 241 MeV/c. drops down to 10 MeV/c
and then increases again to 253 MeV/c: and W ranges from 1260 to 1130 MeV. The
kinematics for the 1p shell are similar. only differing because of the different binding
energy. The shapes of the curves follow the momentum distribution of the bound
neutron. namely. the minimum in () corresponds to the minimum of the cross section
in the 1p shell case and the maximum in the Is shell case. Thus these kinematics can
be used to obtain information on the neutron wavetunctions. which was one of the
purposes of the experiment. The DWIA calculations give a good description of the
cross section measured in terms of both shape and magnitude. while the PWIA over.
estimates the data considerably. The distortion effects from final state interactions
reduce the cross section and are important in explaining the data. Nonlocal DWIA
tends to enhance the local DWIA results. but the enhancement is not very large. only
a few percent in both cases. Including nonlocal effects slightly improves the agree-
ment between the theorv and the experiment. Note that we have used s-shell and
p-shell spectroscopic factors of S«,, = 1.3 and Spy, = 2.6. In Ref. [9]. a factorized
DWIA with eikonal approximation was used to analyze the data. and it also gives
a reasonable description of the data. However. we could not tell whether or not a
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Fig. 3 Proton energy distributions of the differential cross section from combined s and p shell
neutrons in ‘2C at fixed 8. and 6, are shown at 4 different pion energies. Theoretical curves are
calculated in PWIA (dashed line), local DWIA (dotted line) and nonlocal DWIA (solid line). Data
are taken from Ref. {10].

spectroscopic factor was used in their analysis.

Fig. 2 shows the comparison with another experiment on RC(~, 7~ p)'C from
Tomsk [10]. The combined s- and p-shell contributions to the triple cross section are
shown as a function of the proton energy for four different pion energies 44.3. 65.5.
97.7 and 118.4 MeV. The pion angle is held at 120Y and proton angle at 40% on the
other side of the photon beam. In this kinematic setup. the photon energy E. the
invariant mass W and the momentum transfer Q are not fixed. Examining the lp
shell separately. both E. and W increase with T}, while Q has minima located at
T, approximately equal to 40. 50. 75 and 90 \MeV for each of the four pion energies.
The values of these Qp;, are 116, 130. 135 and 173 MeV/c. respectively. The data
are somewhat higher than the theoretical curvss while the shapes are reasonably
reproduced. Again including nonlocal effects improves the agreement between our
calculation and the data. The same spectroscopic factors as in the previous experi-
ment are used. More detailed comparisons are not permittea because of the relatively
large error bars and the scatter in the data. especially in the T, = 97.7 MeV and
T. = 118.4 MeV cases. The photon energy in this experiment was not very well
defined. with E. ranging from 317 to 363 MeV.

In Fig. 4 the PWIA and local DWIA calculations are compared to the experi-
mental data from Bates {11] for the reaction *°0O(y. 7~ p)**0. The experimental setup
allows out of plane measurements. Data were taken at two pion angles. 64" and 120Y.
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Fig. 4 Out-of-plane proton angular dependence of the integrated coincidence cross section from
combined p3/; and py/; shell neutrons in 80(v,7~p)150 for fixed photon energy and two pion
angles. Theoretical curves are calculated in PWIA (dashed line), local DWIA (dotted line}. The

dashed-dotted curve is calculated in local DWIA with the A mass reduced by 5%. Data are taken
from Kef. [11].

while an vertical array of proton detectors were positioned at proton angles 40 and
200 corresponding to free two-body kinematics with the momentum transfer being
zero. The out-of-plane proton angle goes from 33 below the scattering plane to 33Y
above the scattering plane corresponding to the momentum transfer Q from about
190 MeV/c to 0 then to 190/c again. The forward pion case corresponds to higher
pion energy (145 MeV) and lower proton energy (38 MeV'). while the backward pion
setup is just the opposite: lower pion energy (89 MeV). higher proton energy (114
MeV). The invariant mass does not change much. from 1225 to 1223 MeV. which
stays in the A region.

Unfortunately. due to low counting rates. the data were integrated over a wide
range of pion energies and therefore are not truly exclusive. This introduces a great
deal of uncertainty in the data because each data point now contains a wide spectrum
of momentum transfer Q. In making our comparisons we have tried to carry out the
same integrations as done experimentally. Our calculations retain a slight minimum
at Q =0 (in the scattering plane) while the experimental data do not. As expected.
distortion reduces the cross section by about a factor of 2 to 4. but does little to
change the shape and location of the peaks. Our calculations include contributions
from the p3/5 and p1s2 shells and we use a combined spectroscopic factor of S1p = 3.6.
The local DWTA calculations are in reasonable agreement with the data for backward



pions. but exceed the data for forward pions by about a factor of 3. A factorized local
DWIA calculation used in Ref. [11] gives a similar description of the data. Clearly
there is a problem at the forward pion angle. One difference between the forward and
backward pion angles is that the forward pion angle corresponds to higher pion energy.
Another differcnce is that the A contribution as compared to the Born contribution is
larger at the forward pion angle. The problem may be that the pion optical potential
used is not adequate, but it does successfully describe the Tomsk data for the same
pion energies. This suggests that the production process may be modified by the
nuclear medium.

We want to point out here that the kinematics for the Tomsk experiments and the
Bates experiment are not the same. In the Tomsk experiments, energy dependence
of the reaction is studied for the backward pion angle (120°) only, while in the Bates
experiment angular dependence of the reaction is investigated for both forward and
backward pion angles. Thus the two data sets do not check each other. The dis-
crepancy bhetween theory and data for forward pions stands on its own and deserves
attention from both theory and experiment.

Suggestions for Future Ezperiments-In order to concentrate on the basic process.
we need to keep the effects of final state interaction constant and the magnitude of
the momentum transfer to the recoiling nucleus constant. This can be accomplished
by the following simple kinematic conditions where we restrict ourselves to coplanar
geometry for simplicity. We specify E.. Q, Ty, 8, and 6y = 180° in the energy-
momentum conservation equations. and solve for Ty, 8y, 6g and og. In this way,
the lengths of all external momenta (k. p. q and Q) are fixed, although the pion
«nd nucleon angles can be varied to obtain an angular distribution which depends
sensitively on the basic production operator. Of course the distortions from pion and
nucleon optical potentials still influence the cross section. but they are evaluated at
the same energy over the complete angular range.

In Fig. 5 we show the pion angular dependence of the cross section and the
photon asvmmetry calculated in PVIA. local DWIA and the full nonlocal DWIA for
photon energy E. = 360 MeV. momentum transfer Q=150 MeV /c and pion energy
T, = 100MeV. With these values. the pion angle can only range from 60° to 180V
More forward pion angles can be explored by increasing ) and T, or decreasing
E.. However. we should point out that higher Q will cause the counting rate to
decrease: higher T, will result in more uncertainties in pion distorted waves: lower
E. will decrease the effects we are interested because we are going away from the
A region. The proton energy for these kinematics is £, = 103 MeV and the proton
angle 4, ranges from about 41° to 13Y. The invariant mass W goes from 1197 to
1253 MeV. Nonlocal effects enhance the local DWIA cross sections. The interesting
feature is that the photon asvmmetry is insensitive both to distortions and to nonlocal
effects. This removes the uncertainties that may obscure the information from the
production prucess. In this sense it is a relativelv ‘clean’ observable and theretore
should be considered in planning future experiments.

oo
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Fig. 5 The cross section and the photon asymmetry are shown in the ‘fixed’ kinematics specified in
the text for p3/, neutrons in '2C(v,7~p)*!C. Curves are calculated in PWIA (dashed line). local

DWIA (solid line) and nonlocal DWIA (dotted line for pion distortion only, dot-dash line for proton
distortion only).

We are interested in possible medium modifications of the A. In the model of
Blomgqvist and Laget {13, 14], the mass My, width 'y and coupling constant Gz of the
A were treated as free parameters and fitted to the elementary pion photoproduction
data. In the nuclear medium. these parameters are all subject to modifications. thus
thev could be treated as ‘effective’ parameters. The sensitivity to various parameters
in the calculation can help direct future experiments. In Figs. 6 and 7 we show the
effects of possible medium modifications by increasing and decreasing .\, [y, G
and as a demonstration the nucleon mass my by 3%. Obviously there is a great
sensitivity to small variations in the A\ mass both in the cross section and in the
photon asvmmetry compared to very little sensitivity to the other parameters. In the
language of the A-hole theory, it is mainly the spreading potential resulting from the
A-nucleus interaction that gives this effective mass.

As a matter of fact. the discrepancy discussed in the Bates experiment is largely
removed bv reducing the A mass by about 5% in our local DWIA calculation (see
the dashed-dotted curve in Fig. 4). Moreover. the reduction in the calculation is
differential for forward and backward pion angles. namely. it reduces the cross section
more at the forward pion angle than at the backward pion angle. The same differential
effects are also displaved here in Figs. 6 and 7. This reduction of the .\ mass is clearly
speculative and more dynamic studies coupled with better data are needed hefore any
conclusion can be reached.
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Fig. 6 Effect= «f possible medium modifications on the cross sections. Here My, I'y and G5 are the
mass, width and coupling constant of the A . respectively, and my is the nucleon mass. The dashed
line is for 3 = ,.U3. dotted line for 3 = 0.97 and solid line for 3 = 1.00. The calculation is done in
PWIA.

Concwsions-From the discussions above we come to the following conclusions.
The exclusive A(v,7.V)B reaction offers an ideal laboratory for studying the A res-
onance in the nuclear medium. It allows for more direct access to the 2\ than the
reaction A(~,7)B since the final nucleon is no longer bound and the sensitivity to
the nuclear structure of the target is thereby greatly reduced. The only information
required for the target is the single particle bound wavefunction and the spectroscopic
factor. which is onlv an overall factor in the cross section.

Kinematically, the reaction provides a great deal of flexibility since the target can
take up a wide range of momentum transfer and for finite nuclei. little energy. Ve
have proposed a kinematic arrangement that can best expose the information from
the production vertex by fixing the lengths of each momentum vector in the overall
molmentum conservation.

The photon asymmetry is a very good observable to complement the cross section
measurements. [t comes mainly from the A resonance. is free from normalization
problems. is predicted to be large and is relatively insensitive to the distortions. It
should definitely be pursued at accelerators with the capability of polarized photon
beams.

As far as the local DWIA calculation is concerned. the distortions from final
state interactions alwavs reduce the PWIA results. Although distortion plays an
important role in getting the correct magnitudes. it does little to change the shape of

10
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Fig. 7 Same as Fig. 6, but for the photon asymmetry.

the curves. In the cases we have examined. nonlocal effects always enhance the local
DWIA cross sections. However. the enhancements are not very significant. Including
them improves the agreement between the calculations and the data for most cases.

We find a great sensitivity of the calculated cross sections and photon asymme-
tries to the A mass. \Within our local DWIA analysis. it appears to be able to explain
the disagreement between the Bates data and theoretical predictions at the forward
pion angle if the A\ mass is reduced by about 5%. We must stress that this con-
clusion is rather preliminary. This ad hoc reduction in the A\ mass needs to be on
firmer dynamical ground. and our result serves only to generate more interest in this
problem.

Ve have successfully established a full nonlocal DWIA calculation for the reaction
A(7.7N)B in the \ region. The calculation is set up in a very general way so that
each ingredient can be replaced by an alternative one if necessary. Comparisons
with the existing data suggest that it contains the correct basic ingredients. More
experiments are needed to fully investigate this very promising reaction and. in fact.
such efforts are already in progress (3. 12].

Finally, we intend to extend the calculation to the virtual photon case. namely,
pion electroproduction from complex nuclei A(e. ¢'7.V') B in order to study the longitudinal-
transverse response of the production process in the nuclear medium. Such an effort
is underway. Bevond that. one can go to higher energies to study other meson pro-
duction reactions. such as kaon production and eta production. One can also use our
formalism to study the time reversal reaction. e.g., radiative pion capture by nuclei.

This work will appear in the dissertation of Xiaodong Li.
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(b) Coulomb distortion effects on (e,e’y) and on inclusive (e,e') and
exclusive (e, e'p) scattering in the quasi-elastic region

We finished our work on the inclusion of Coulomb distortion effects in (e, ¢'v) and
the paper reporting these results has appeared [1]. We found excellent agreement with
the data from an experiment performed at Mainz [2] on the 6.32 MeV mixed E2-M1
transition in !*V and with an experiment from Illinois [3] on a 2* transition in 2C.
While no datz is yet available from medium and heavy nuclei, our analysis indicates
that it will be possible to analyse mixed transitions even with substantial Coulomb
distortion effects present. Note that our calculations include the bremsstrahlung
contributions which is very large near the incoming or outgoing electron directions.
This work formed part of the dissertation project of Amirul Hoque (Ph.D. 1992, Ohio
University) who was supported by the Physics Department at Ohio University, and
was done in collaboration with a {ormer student, Indu Talwar who is now on the
faculty at Geneseo (SUNY). The computer code for this investigation was written
in a flexible manner and we anticipate extensive use of it when additional {e,e'v)
experiments are performed. This reaction has great potential for nuclear spectroscopy
of low-lying nuclear states, particularly ones with mixed transitions to the ground
state.

A calculation using Coulomb distorted waves for the electron has been described
for the inclusive case, (e,€') in a recent publication [4]. The inclusive case uses the
same formalism as we used for the exclusive reaction (e, e'p) [5] except that we inte-
grate over outgoing nucleon angles and sum over all single particle states (including
neutrons). In addition. because we now include channels in which the nucleon is
absorbed on the way out of the nucleus. we discard the imaginary part of the optical
potential. Since electron plane wave calculations are normally done in the Coulomb
gauge while we work in the Lorentz gauge, it is essential for comparison purposes to
maintain current conservation and hence gauge invariance. This can achieved in this
model by using the same real potential for the nucleons in the initial and final states.
At the energies used here, there is little difference between this and the real part of the
optical potential. More sophisticated treatments of the final state are possible in the
plane-wave formalism [6] but. while concerned with the effects of Coulomb distortion.
such niceties are not needed. For the bound state proton and neutron wavefunctions
we use relativistic Hartree wavefunctions (see Section (c)).

For the case of **Ca we have shown [4] that the effective momentum approximation
(EMA) can be used in place of the full distorted-wave calculation. The form of the
EMA we use (which is not standard) is given below.

d*o Piss 2o f
= (et _ P ]
(\de;u)EMA ( i ) (dew("fff Pess) (1)

PWBA

where the effective momentum is defined by pi_,'fff =pf +1.5aZ/R.
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Fig. 1 4°Ca data from Bates. Courtesy of C.

Fig. 2 Data from Ph.D. Dissertation of T.
Blachley and C. Williamson. 8. £ Lata trom isertation o

Yates, MIT, 1992. The solid line is the EMA
result, the dotted line is the longitudinal con-
tribution. and the dashed line is the trans-
verse contribution. The long dash-dot curve
is a best fit with a 12% suppression of the
longitudinal contribution and a 3% enhance-
ment of the transverse contribution.

We have shown [4] that the electron cross sections measured (7] at a variety of
energies and angles and plotted as a function of energy transfer. can be successfully
compared with this calculation (Fig. 1). Ve have also remarked that these mea-
surements are insensitive to the longitudinal structure function. Note that we also
caution against ¢xiracting structure functions by the Rosenbluth procedure. Firstly,
Coulomb corrections need to be made using the correct EMA approximation (even
for ¥Ca. errors of approximately 12% are made in the longitudinal structure func-
tions Sy if the plane wave Born approximation is used). Secondly, if the Rosenbluth
procedure is used. it is important to have sufficient data so that most of the data
points that contribute to the peak of the structure function come from near the peak
of the cross section.

New measurements (8] at forward angles(, = 45.5°) which are much more sensi-
tive to S, have now been made at a range of electron energies and energy transfers.
\We have compared all of this new data with our calculations and realized the im-
portance of kinematically defining the quasi-elastic region in making the comparison.
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Our present model only includes quasi-elastic nucleon knockout. It does not include
any mechanism for exciting various giant resonances, nor for describing quasi-free pion
production. Thus we should exclude from the comparison the lower energy transfer
region. say w < 100 MeV and the higher energy transfer region where pion production
becomes important. say w > 200 MeV. In Fig. 2, we show the four energies mea-
sured at Bates with the peak between 100 MeV and 200 MeV. We find quite good
agreement between our single particle calculation and the data. We show our model
predictions for the longitudinal and transverse contributions. and if we adjust a scale
factor in front of each of these we obtain the best fit to the data shown in Fig. 2. We
conclude that there is no evidence of appreciable longitudinal suppression in (e.e')
on *Ca.

In Figs. 3 and 4 . we compare our calculations to the experimental data where
the peak falls below 100 MeV and above 200 MeV respectively. Note that when w is
below 100 MeV. the calculation exceeds the data while when w is above 200 MeV the
calculation falls below the data as expected since pion production is an incoherent
process which has not been included.

In the case of 33U, Coulomb distortion is too strong for the EMA to work. This is
evident in Fig. 5 where we compare plane-wave distorted-wave and EMA calculations
(Note: in peyy the factor 1.5 has been changed to 1.0 to improve the EMA). An account
of the experiment on *33U" and the Rosenbluth-extracted structure functions are given
in Ref. [6]. however the cross section data shown here are not published [9]. In Fig. 6
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we compare our distorted wave calculations with the data. Although the agreement
is poor. the only case of hopeless disagreement is data for § = 90° and these. we are
advised. are highly suspect (10]. There is no evidence of longitudinal suppression,
which was also the conclusion of Ref. (6].

A fully distorted partial wave calculation has been carried out 5] for the quasielas-
tic (e. €'p) reaction which uses a single particle wavefunction from a relativistic Hartree
model [12] to describe the initial bound proton. and a global optical potential [15]
to describe the final-state interaction of the knocked-out proton with the residual
nucleus. Coulomb distortion of the electrons is also included. The cross section
calculation which treats all other nucleons as spectators is called the single-particle
transition cross section. To compare with the experimental data. we define [3] the
reduced cross section in terms of the DWBA single-particle cross section as

_ S d’c (
- pEO’ep dkédﬂktdﬂp

Pm(Pm)

[{V]

In Eq. (2) 0., is the electro-proton cross section [16] and S,, is the spectroscopic
factor. One can use S, as a scaling factor to fit to the experimental data. Over the
past few years. spectroscopic factors for several nuclei have been extracted [17] and
are commonly low compared with those extracted using other probes. All data shown
here is from experiments at NIIXHEF [13. 18].

We want to know whether, by treating the electron Coulomb distortion correctly,
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our calculation can provide spectroscopic factors different from the previous calcula-
tions. In Fig. 7. we show a calculation for knocking a proton from the 3sy/, state
of 28Pb. The solid curve is our DWBA calculation. the dotted line is the plane
wave calculation. and the dashed line is the DWBA calculation with Z = 1. These
clearly show that the electron Coulomb distortion is essential to shift the maximum
and minimum to the right place to describe the data. All these curves are scaled by
S3s,,, = 0.71 which is obtained by a least-squares fit. The earlier value {13] was 0.51.
Spectroscopic factors obtained from fitting to our calculation are usually larger
than the ones previously obtained [3, 14} from the same .eaction. This is partially
due to the electron Coulomb effects and partially due to the relativistic formalism.
To calculate these spectroscopic factors directly, we rewrite the cross section using
many particle wavefunctions. We can define an effective single particle initial state
(take *9Ca as an example),
®; =< K" YCa > (3)

where we use " to indicate the final state of the residual nucleus. The effective single
particle state is neither a *9 K nor a **Ca single particle state. and to calculate this.
we have to know the entire wavefunctions for both the initial target nucleus and the
final A ~ 1 nucleus.

We used our odd-A Hartree relativistic code to calculate the ground state wave-
function of the *°I{ (12| which expands the wavefunction in terms of “*Ca single-
particle wavefunctions. For knocking out a proton from dy/ state of the **Ca target
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leaving %9 in its ground state. the effective single particle wavefunction can be writ-
ten

o, = < 39[\"|40C(L(d3/2>_1 > 'l.’«’d”z"f- < 39A.|40C(L(26‘1/2)-1 > L2y 1 + -

=[Sy ¥y + /S0, Vs, o (4)

Sd,,,, defined above, is the spectroscopic factor. For this particular reaction. it turns
out that only the first term is needed and the spectroscopic factor is defined by

Sd1/2 =< 39[\'i4UCLL(d3/2)—l > (3)

The parameters needed for the Hartree calculation and the optical model are de-
termined by other considerations and hence. from our viewpoint, the reduced cross
section calculated in this way, is a parameter-free description of the (e, ¢/ P) process.
In Fig. 8 we show the calculated cross section compared with the experimental data
[18]. The calculated spectroscopic factor is (.81 which happens to agree exactly with
the one we would obtain by just scaling our single-particle result to fit the data. Since
in our model the states below the Fermi sea are completely filled. this result suggests
that there is no appreciable depletion of the ds/, state.

We also iooked at the proton knocked-out from the 2s, /9 state in °C¢ which leaves
the residual nucleus in an excited state. The calculated spectroscopic factor is again

-
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0.81 and in Fig. 9 we show the calculation and the data. The agreement is not nearly
as good as for the d3/9 case. The shape from our model calculation around the main
peak is noticeably different from the experimentally observed one. If one used our
single particle wavefunction calculation to fit the data. the extracted spectroscopic
facter -vould be 0.535. but the shape discrepancy would still be there.
Experimentally there appears to be a contribution from the f7/2 state, which is
the first state above the Fermi sea. In Fig. 10 we show our single particle calculation
compared with the data. The extracted Sf.,, = 0.037 which is smaller than the
value quoted by Kramer [13]. In our nuclear model the factor would be zero and
thus a model of the spectroscopic factor for this state requires an RP.A or equivalent
calculation beyond the Hartree or Hartree-Fock which we have not yvet done.
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(c) Relativistic Structure Calculations

In these calculations the basic lagrangian is an extension of the ¢ — w model in
which we couple the nucleons to five fields. o.w.p, T and the electromagnetic field.
Tensor coupling to the vector mesons. p and w. is also considered. The unique feature
of our approach is that we first solve the Hartree problem with the nucleus constrained
to be spherical. which can be done easily in the non-spectral approach. and then use
the states so obtained as the basis for a spectral expansion. At this point we may
admit nuclear deformation. polarization and exchange terms as appropriate. In the
event an even-even nucleus has a truly spherical ground state the Hartree calculation
will simply show that basis states are the solutions. For nuclei which are slightly
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deformed or differ from a spherical nucleus by a single-particle or single-hole we find
the number of basis states required in this formalism is relatively small which is a
great advantage. Also in treating nuclear reactions involving neighboring nuclei we
have the advantage of having nuclear states expressed in the same basis: we have used
this to good effect in (e, €'p) reactions.

Hartree Calculations-Early in the grant period we finished a systematic study of
deformed nuclei in the s-d shell [1, 2]; both even-even and odd-A nuclei were included.
For even-even nuclei we made comparisons with the quadrupole moments and binding
energies. For odd-A nuclei the core is spontaneously polarized by the space-like
components of the vector fields and there is an additional contribution from the pion.
These results showed that the pion contribution had fairly large effects on magnetic
moments especially for the hole nuclei, which appeared however to be in the opposite
direction to that for meson exchange corrections [3]. The latter can only be calculated
in a manner compatible with the full self-consistent mean-field calculation at the level
of a Hartree-Fock calculation, where the exchange terms admit a contribution from
charged mesons.

Generally we found that tensor couplings for the vector mesons play a negligible
role at the Hartree level (1, 2].

Ve have since developed a Hurtrec code which allows for non-axial deformation
of the nucleus. These calculations have turned up no seriously deformed non-axial
ground states in the s — d shell. We have found small non-axial effects in 2¢M ¢ at the
level where they are imperceptible but reproducible in our calculation. We have done
some pilot calculations in the f — p shell where non-axial shapes reportedly occur [4].
We feel we need further understanding of the role of pairing terms. which are usually
introduced at this level but are not natura!ly present in the mean-field hamiltonian.

Hartree-Fock Culculations-Nany of our results found in the course of Hartree
calculations strongly suggested that we would be more confident of our results if we
were to include the Fock terms. Our codes have the capacity to include the exchange
terms in almost all the calculations described above, but the increase in the memory
size and running time have confined us to dealing with the simplest cases. Thus we
have completed a Hartree-Fock study of even-even deformed nuclei in the s-d shell [3].
We are restricted in our conclusions by the absence of a well-chosen set of coupling
parameters for the relativistic Hartree-Fock case. We have used a set of parameters
fixed by consideration of the saturation of nuclear matter [6] but which are not optimal
for finite nuclei, and we will need to establish a set of coupling constants and. where
appropriate, effective meson masses, by fitting to spherical nuclei throughout the
periodic table.

We have looked at some features unique to the Fock terms. The first of these
is retardation of the meson propagators [7] which, we find, has an appreciable effect
only in the contribution of the pion (being the lowest mass meson), but increases with
nuclear mass (because the average energy difference between any exchanging pair of
states increases). The second feature is the meson exchange current and the enhanced
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role of the isovector mesons in odd-A nuclei. We have calculated the wavefunctions
for odd-A nuclei in the s — d shell which differ from a closed shell by one-hole or
one particle (PN 7O !T F39 K etc.) and are in the process of including the meson
currents in the magnetic moment calculation. We have also reexamiuned the tensor
cov- hag of the p-meson and find, in this regard, some serious difference with other
work (8] which we have been unable to resolve.

We also published [9] a short study of an interesting alternative (derivative) type
coupling of the nucleon and the o field, originally proposed for bulk nuclear matter.
Here we found results for finite nuclei were unsatisfactory because the spin-orbit
coupling was too small.

Most recently we completed the first temperature-dependent relativistic Hartree-
Fock calculation {10]. We use the same basic lagrangian and determine the occupation
numbers of the states by minimizing the grand potential at fixed temperature. We
looked at the temperature dependence of excitation energy, single particle spectra,
charge distribution, and entropy, for two spherical nuclei, %0 and ‘°Ca. In general
we found thermal response somewhat larger than nonrelativistic results.
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(d) Quark Models

The kaon photoproduction process has been studied using a phenomenological pho-

toproduction operator (1] as a potential probe of nuclear structure. We investigated
(2] the interaction

7+p-—+fﬂ’++/\0 (1)

in a simple quark model which supplies the coupling constants and form factors
associated with each vertex in the Feynman diagrams and compared with the phe-
nomenological model. The model is an extension of the nonrelativistic Isgur-Karl
model (3] and is similar to the Quark-Pair-Creation (QPC) model of Le Yaouanc et
al. [4] but does not have the arbitrary coupling constants present in that model. We
set up a nonrelativistic quark model Hamiltonian which has the general form:

1 2 o '
H=% [-—-—(pi — A+ m + o - VXA,] + Y VPR 3w

‘ . ijk
T L2m, i ik

+ Z [JE"”"“ (p; — GA;) + h.c.] (2)

This is a semirelativistic model in that we allow particle production and annihi-
lation in the electromagnetic coupling obtained by reduction of a Dirac Hamiltonian
while describing quarks as nonrelativistic spin % particles. The Hamiltonian is Her-
mitian and gauge invariant. The projection operators P'?) and P® select out the 2
and 3 body color singlets and V;; and Vi, are the 2 and 3 body harmonic oscillator
potentials. The particle wavefunctions are obtained by putting together the appropri-
ate quark spatial, flavor, spin, color wavefunctions. We assume that the baryons are
composed of 3 quarks and mesons of a quark antiquark pair. The additional terms
involving q¢ pair admixtures are omitted.

In the process (1), the s§ quark pair may be created directly by the photon or the
photon may be absorbed by any of the quarks accompanied by the creation of the s3
pair in the walls of the confining potential (Figure 1(A)). Our quark model will also
describe excited hadronic states. thus when the photon is absorbed by any of the 3
quarks which make up the proton. we can include intermediate N~ states. Likewise if
absorbed by any of the quarks in the A" or A?, the A™* and the £° or Y* can appear
as intermediate states. Corresponding to the quark flow diagrams, we can draw the
conventional Feynman diagrams (Figure 1(B)) and calculate the coupling constants
at the vertices.

The amplitudes corresponding to different initial and final spin states are calcu-
lated in the center of momentum of the vp system. In the simplest form of the model
we take the masses of the u. d and s quarks to be the same and include only the Born
terms and the K" and 0 intermediate states. The cross section is then calculated.
Figure 2(A) shows a plot of the calculated differential cross section as a function of
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Fig. 1 (A) Quark flow diagrams for the kaon photoproduction process showing the photon absorption

by any of the quarks. (B) Feynman diagrams. (a)-(c) represent the Born terms. (d) and (e) are the
T% and K** exchange terms. (f) is the direct term.

the center of momentum angle f.m, at the photon energy of 1.2 GeV in the laboratory
as compared with the experimental data [5]. Differentiating the s quark mass turns
out to be significant as can be seen in Figure 2(B). This cross section also includes
the contribution of the the Roper resonance N (1440).

The amplitudes of the various other N* and Y* intermediate states can be sim-
ilarlv calculated and are being included in our current calculation. Looking at the
contribution from each of the various terms, we see that the Born terms account for
most of the contribution, the £° and K+* for much of the remaining. Although, the
N(1650) is above threshold, if the strict SU(3) classification of this resonance as 18
were used there would be no contribution due to the Moorhouse selection rule (6]. Yet
the mixing of the assignments of the N(1650) and the N(1335), which are both L~
states, will create a contribution recognizable as a resonant peak and directly related
to the mixing angle.

Looking at the A polarization. in a strict second-order perturbative calculation,
polarization comes from orbital promotion of a quark (i.e. from certain resonant
intermediate states). This observation is usually masked by the practice of puttingina
complex energy (corresponding to the measured mass and width) into the propagator
of any unstable particle. This gives an imaginary part to an amplitude which might
otherwise be real, which in turn leads to a prediction of polarization from quite
another cause. Including intermediate states where one or more quarks are excited
from the ground state. gives a complex amplitude. However the contribution from
such terms seem to be small and we anticipate that they will not make a significant
contribution to the differential cross section for the process. This contrasts with the
considerable contribution required by the phenomenological model [1].

We have some latitude in the choice of quark masses and hadron sizes but we have
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Fig. 2 Comparison of differential cross section in c.m.s. with experimental data : (A) taking the
masses of the u, d, s quarks the same and including the Born terms and the A"+ and £° intermediate
states. (B) taking the proper s quark mass and also including the Roper resonance.

not vet used these to optimize our model.
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