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Summary
PR-89-011, a proposal to use pion electroproduction to study the
nucleon pion coupling in nuclei, was conditionally approved at PAC4.
Additional kinematics are presented for measurements at higher invariant
masses and a request is made for full approval for an initial run of 500
hours. Issues relating to the data base for the elementary process and the
off shell nature of the pion photon system are discussed briefly.




I. Introduction

The proposal, PR-89-011, will use pion electroproduction to probe the
properties of the pion field of the nucleon and the extent to which they are
modified in nuclei. Measurements of longitudinal charged electro-
production will be made along the direction of the momentum transfer
where the charge scattering process dominates. A Rosenbluth separation
will be performed to obtain the longitudinal cross section, o}, which is
dominated by scattering of virtual pions into the continuum. By measuring
op as a function of momentum transfer, the strength of the pion nucleon .
coupling in nuclei can be studied as a function of the virtual pion
momentum. If current conceptions of pion exchange currents in nuclej are
correct, longitudinal electroproduction on bound nucleons will be
suppressed at lower momentum transfer and enhanced at higher
momentum transfer. However, recent data from Drell Yan studies of
antiquark structure functions in nuclei[1,2] suggest that such an
enhancement will not occur. If, indeed, the basic pion coupling is observed
to be unaltered in multi-nucleon systems, a reformulation of pion-
exchange models of the medium and short-range properties of nuclear
forces will be required.

The proposal which was presented to PAC4 was a search for nuclear
many-body effects in forward-angle pion production by deuterium and the
helium isotopes. The experiment was designed to maintain the final state

nucleon pairs for the deuteron and 3He in the T=1 state where absorption
is suppressed. Measurements would be made at two values of the four
momentum transfer, 2.5 and 10.1 fm™ for a single nucleon invariant mass
of 1160 MeV. This choice of kinematics was made because under these

conditions longitudinal processes dominate and the pion pole term
provides the largest contribution to the cross section. In addition, results
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from a measurement on deuterium carried out at Saclay in kinematics

close to Q2=2.S fm™2 (see attached reprint) suggest the existence of

medium modifications of the pion coupling. A productive cycle of
measurements at these kinematics would require about 600 hours of
beam.

II. Alternative Kinematics

PAC4 recommended consideration of different kinematic regimes,
particularly those that maintain the quasi-free nature, but with a pion
energy higher than the delta isobar. We discuss here the constraints on
kinematic choices and present an alternative set of kinematic conditions
which, on balance, offers some advantages over those presented earlier to
PAC4. As is evident from the Saclay data for the deuteron, forward angle
electroproducton is well described by Fermi-broadened electroproduction
on a free proton. Consequently the kinematics for pion production on the
proton provides reliable estimates of the average values for kinematic
variables in the quasi-free process. Fig. 1 shows the final pion momentum
as a function of invariant mass for forward angle pion production on a
proton target. To reach higher pion momenta, as suggested in the
recommendations of PAC4, measurements must be made at higher
invariant mass. However, other aspects of the kinematics must be
considered if the objective of the study is to probe the pion coupling over a
range of virtual pion momenta. The plan of the proposal is to probe the
range of virtual pion momenta of 0.1 to 0.6 GeV/c by varying the four
momentum transfer, Q, at a fixed invariant mass. In fig.2 the virtual pion

momentum,Xk, is plotted for various momentum transfers squared, Qz, as a

function of invariant mass for the pion pole process. It is important to

note that as the invariant mass increases a larger range of Q2 is required
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to cover a given interval of k. Measurements at very high invariant mass,

eg W>1.5 GeV, require measurements at Q2>1.6 (GeV/c)2 where pion
charge scattering will have a strong dependence on the pion form factor.
The measurement proposed avoids this complication. '

We propose here a second kinematic configuraton for PR-89-011 in

which W=1.33 GeV. Measurements will be made for Q2= 0.23 and 0.70
(GeV/c)z, values which correspond to k=0.212 and 0.467 GeV/c

respectively. For these kinematics the momenta of the final state pions are
558 and .725 GeV/c. The kinematics for this configuration are shown in
Table 1 together with estimated counting rates for a measurement with a
deuterium target. The assumptions made with respect to spectrometer

properties, beam and target parameters are identical to those in the
original proposal.

TABLE 1. Kinematics and Counting Rates

E 0 8, Bq w Q2 P, e coin.rate e’singles rate

GeV GeV deg deg GeV fm™2 GeV/c kcph* khz
0.97 060 48 21 1.332 60 0.56 0.5 2.0 0.7
1.98 0,60 17 31 1332 60 056 0.9 54 21
146 0.85 53 24 1.332 18.0 0.725 0.5 0.2 0.2
3.02 0.85 19 36 1.332 180 0.725 0.9 24 4.4

*kilocounts per hour eis the photon polarization parameter.

Although the coincidence rates are much higher for all but the measure-
ment at 1.46 GeV than those proposed earlier, the total number of counts
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required to obtain a given error in oy will be 3 to 4 times as great because
of error propagation in the Rosenbluth separation. In the earlier
kinematics at W=1.16 GeV the ratio, R=°1/°t"3’ whereas at W=1.33 GeV
typically R=0.8. One of the reasons for the earlier choice of W=1.16 was
the ease with which the Rosenbluth separation can be made when the
longitudinal cross section is large relative to the transverse Cross section.
We propose to measure relative cross sections with a statistical error of 1%.
In this case, the expected error in o] will be 5% and 7.5% for the W=1.16
and 1.33 GeV kinematics, respectively.

However, the kinematics of table 1 have several advantages which
must be considered. First, the final pion momentum lies in the region
immediately above the delta isobar where the total free pion nucleon cross
section is lowest. Rescattering effects should be weakest in this case.
Second, for these higher pion momenta decay losses in the SOS
spectrometer will be less. Third, the Fermi broadening of the pion quasi-
free peak will be diminished in direct portion to the increase in the mean
pion momentum. Finally, the true to accidental rates are very much
improved over the 1:1 values appropriate to the original kinematics.

III. Request for Beam Time

Measurements for two or more invariant masses will be necessary for a
conclusive study of pion nucleon coupling in light nuclei using (e,e’r). Such
data will provide evidence for the validity of the assumption that the
reaction is primarily quasifree production in the “pion pole” mode. The
statement of resources required made in the original proposal pertains,
regardless of which kinematic configuration is chosen. As in the original
case, the estimates of count rate presented here are based on target
luminosities which correspond to beam power dissipation in the cryogenic
targets in the range of 10-20 watts. This conforms to current planning for
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cryogenic target capability in Hall C during the first 18 months of
operation. It should be noted that, as a result of the excellent true to
accidental ratios, measurements in the W=1.33 GeV kinematics could be
carried out at much higher luminosities. Using the data from Table 1, we
have made the estimates of beam time shown in Table 2.

TABLE 2. Request for Beam Time (W=1.33 GeV)

Data Acquisition Q2=6.0 fm2 40 hours
4 targets
Q?=18.0 fm™2 200 hours
4 targets
Spectrometer Check-out 100 hours
Overhead/Contingency 160 hours

total 500 hours

A complete set of measurements covering both kinematics (W=1.16 and
1.33 GeV) will require approximately 1000 hours at the conditions
specified. We request at this time approval for an initial phase of
measurements of 500 hours. Pending knowledge of the beam energies
available at the time of the experiment, we proﬁose to make initial

measurements at W=1.16 GeV for a momentum transfer of Q2=10.1 fm2

and W=1.33 GeV at Q%=6.0 fm™2. The point at W=1.16 GeV, from the
original proposal will probe virtual pion coupling near k=.45 GeV/c, while
the point at W=1.33 GeV from the new kinematics will probe the region
near k=.21 GeV.




IV. Remaining Issues

Two additional questions were raised by PAC4. The request was made
that consideration be given to improving and extending the range of data
on charged pion production on the proton. It is an essential element of the
planning that absolute measurements be made on the proton. These data
will provide additional constraints on the data base in the region of
forward angles at and below the delta isobar where information is lacking.

Finally, some concern was expressed about the interpretability of the
measurements, given that the struck pion will be significantly off-shell. In
response, two points are to be noted. First, the proposal is designed to
make measurements in nuclei relative to the process on the free proton.
To lowest order, kinematic off-shell effects in the photon pion coupling
should cancel in the nuclear target/proton cross section ratios. Second, a
measurement of the pion form factor by Bardin et al. [3], using the same

reaction we study here, gave results for the pion form factor in agreement
~ with those obtained by studying the scattering of high energy pions [4] off
electrons in a hydrogen target.

V. Detector Development

The detector systems planned for the SOS spectrometer are shown in
Fig.3. The upper section shows the configuration which will be used for
pion measurements. This configuration will include 3 multiplane
wirechambers, WC1-WC3, 4 planes of scintillator hodoscopes, S1Y-S2X ,a
threshold Cerenkov counter, and a shower counter with pre-radiator
arranged as shown in the figure. The gas Cerenkov counter is the
responsibility of the PR-89-011 collaboration. A conceptual design based
on a Freon 114 radiator at STP is presented in Fig. 4.
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Figure Captions

Figure 1. Final pion momentum as a function of invariant mass for pion
electroproduction by free protons in the direction of the virtual photon

momentum. The curves correspond to values of Q2 ranging from 0.1 to 1.6

(GeV/c)2.

Figure 2. Virtual pion momentum, k, as a function of invariant mass, W,
for the pion pole term corresponding to pion electroproduction by free
protons in the direction of the virtual photon momentum. The curves

shown correspond to the same values of Q2 as in Figure 1. kis equal in

magnitude to the momentum transfer to the recoil proton.

Figure 3. Schematic of the detector packages planned for the SOS
spectrometer. The upper section shows the configuration to be used for
detecting pions and electrons, while the lower section shows the system to
be used for kaon detection.

Figure 4. Schematic of the threshold gas Cerenkov counter to be used in

SOS for identifying electrons and positrons. The radiator will be freon 114
at STP.
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Forward-Angle Charged-Pion Electroproduction in the Deuteron
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A direct experimental determination has been made of the ratio of the forward-angle positive-pion
electroproduction cress section for a proton bound in the deuteron with that of a free proton for invariant
masses of 1160 and 1232 Me¥. A significant quenching of the reaction in the deuteron is obhserved.

PACS numbers: 25.30.Fj, 13.60.Le, 25.10.4s

To date, evidence for the modification of the structure
of the nucleon in nuclear matter has been suggestive but
inconclusive. Quark structure functions measured in
decp-inclastic lepton scattering show some dependence
on target mass.' The quenching of longitudinal strength
observed? in quasifree-clectron scattering by medium-
_mass nuclei has been attributed to modifications in the
nucleon form factors.” However, studies of the kinemat-
ic scaling properties of quasifrec-electron scattering* at
high momentum transfer, where transverse processes
dominate, and studies of polarization transfer® show no
significant differences between properties of bound and
free nucleons. Pion electroproduction on nucleons in nu-
clei is of interest in this regard because of its sensitivity
to medium modifications. Under certain kinematic con-
ditions, the longitudinal component can probe directly
the charge distribution of the nuclear pion field. The ex-
change of pions by bound nucleons may modify that pion
field. Friman, Pandharipande, and Wiringa® have calcu-
lated the pion excess in nuclei which results from mul-
tinucleon processes. They find a pion excess which is
slightly negative for virtual pion momenta of 100-200
MeV, and positive for higher values with a maximum
around 400 MeV. One explanation of the “European
Muon Collaboration effect” in deep-inelastic lepton
scattering by heavy nuclei is an increase in the density of
sea quarks in nuclei’ associated with this pion excess.
Ericson and Thomas® have pointed out that pion-
exchange currents can produce enhanced electron
scattering by virtual pions in the region near 400 MeV
where Friman, Pandharipande, and Wiringa predict an
enhancement of the pion field. Multinucleon processes
such as A-nucleon scattering and A absorption may also
modify electroproduction amplitudes through their effect
on the propagation of the A in nuclear matter. Simple
pion rescattering, if sufficiently strong, can also distort
production amplitudes,

To explore the use of pion electroproduction as a probe
of such processes, we have performed a series of mea-
surements on hydrogen and deuterium. The deuteron
was chosen because, as the simplest nuclear system, it is
a natural test case for any nuclear model. Observations
were made for x* production on both targets for two
values of the photon-nucleon invariant mass, W=1160
and 1232 MeV. z~ production on deuterium was also
measured for W=1160 MeV. The kinematics corre-
sponding to W =1160 MeV were chosen because for this
value of W the longitudinal virtual-photon cross section
for electroproduction on the proton is more than twice
the transverse cross section,” and quasifree scattering by
virtual pions (the pion-pole term) is the largest longitu-
dinal process. For forward electron-scattering angles
such as those of the measurement reported here, the vir-
tual photon has a strong longitudinal polarization, and
the corresponding component is 0.6 of the total photon
cross section. For the second kinematic configuration,
which corresponds to W=1232 MeV, the amplitude for
A production is enhanced. In both cases, the physics is-
sue addressed is the extent to which the basic quasifree-
nucleon reaction is modified by the nuclear binding. The
choice of the deuteron offered the advantage of use of a
single cryogenic target for the two measurements. Be-
cause of the identical geometry, a direct comparison can
be made of electroproduction on the proton in the deute-
ron to that of the free proton without the systematic er-
rors common in absolute measurements. The similarity
in the scattered-particle spectra for the two targets can-
cels any systematic effects on the ratio of the cross sec-
tions which are related to detector response and pion de-
cay. Except for small corrections, the ratio of deuterium
to hydrogen cross sections can be determined from the
knowledge of the incoming charge, the target density,
and the measured counts, exclusively.

For all measurements, the incident beam energy was

622 © 1990 The American Physical Society
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645 McV and the clectron-scattering angle was 36°.
Electrons were observed in the Saclay linear electron ac-
celerator (ALS) 900-MeV spectrometer and coincident
pions in the ALS 600-MeV spectrometer'® which was set
at 34°, as closc as gecometry permitted to the direction of
the ¢ vector. In the “dip” kinematics corresponding to
W=1160 McV the virtual photon is emitted at 30°. In
dip kinematics, the scattered-clectron cnergy was 355
MeV, the vector momentum transfer was 412 MeV/e,
and the four-momentum transfer squared was 0.0856
(GeV/c)? The corresponding quantities in A kinematics
were 269 McV, 455 MeV/e, and 0.0656 (GeV/c)?, re-
spectively. A trigger in the pion arm was determined by
coincident scintillators placed to require traversal by all
charged particles of a gas Cerenkov counter which was
used in anticoincidence to suppress contributions from
scattered clectrons or positrons. The combined solid an-
gle for the two spectrometers was evaluated by means of
a Monte Carlo calculation that utilized their measured
magnetic propertics and included the effects of pion de-
cay in the particle tracking. The missing-mass spectrum
observed for the proton in this configuration is shown in
Fig. 1. The spectral shape for the proton provides a
measure of the effect of continuum radiative processes.
Determination of the absolute cross section provided a
check on the spectrometer acceptances used in the data
reduction and on the procedures used to correct pion de-
cay in flight and radiative processes. We measured a
pion production cross section for the proton at W=1160
MeV of d3c/d.0d,Edn, =46+ 3 pbfsr*MeV. This
result can be compared with that of Bardin et al.® and
the phase-shift analysis of von Gehlen'' through the
virtual-photon cross section in the center of mass, which
is frec of extraneous kinematic dependences. Using the
notation of Ref. 12, we measure do/dw =9.7 £ 0.5 ub/sr
for the virtual-photon cross section at W=1160 McV.
Interpolation of the data of Bardin er al. to our kinemat-
ics gives 10.7X 1.0 ub, in good agreement. The value
predicted by the phase-shift analysis is 7.1 pb. The
discrepancy here may arise from the lack of data be-
tween the pion threshold and the A which would con-
strain the phase shifts in the kinematics of our experi-
ment.

The missing-mass spectrum measured for the deuteron
is presented in Fig. 1. Within the accuracy of the data,
the shape agrees well with a calculation of quasifree
clectroproduction on a nucleon described by a standard
deuteron wave function including the D-state com-
ponent.'? Similar conclusions pertain to the line shape
observed for W=1232 MeV. For the ratio of the deute-
ron cross section for positive pions integrated over miss-
ing mass to the proton production cross section, we find

R=080+0.05, W=1160MeV,

R=0.75+0.07, W=1232McV.

We have also measured the ¥ /x ™ ratio for deuterium
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FIG. 1. Missing-mass spectra for an invariant mass of 1160
MeV. The incident clectron encrgy is 645 MeV and the clec-
tron-scattering angle is 36°. The circles represent data taken
with the pion spectrometer centered on the peak of the pion
distribution. The crosses in the deuteron spectrum were taken
with the central momentum of the pion spectrometer lowered
by 20% in order to observe the strength at higher missing mass.
The data have been corrected for the missing-mass acceptance.
No corrections have been made for radiative processes. The
curve for the hydrogen data is a radiation-broadened monoen-
crgetic peak. The dashed curve in the deuteron data is the
radiation-broadened shape calculated for quasifree electropro-
duction on the proton bound in the deuteron with the same in-

tegrated yicld as the proton. The solid curve has been renor-
malized by 0.8 to fit the data.

for W=1160 McV and find 0.94*0.11. The error in
this value results primarily from the more limited statis-
tics of the £~ measurement. The deuteron/proton ratios
are of particular interest. The decrease of the deuteron
cross section compared to the value for a free proton in
the same kinematics may signal significant nuclear-
medium effects.

Forward-angle quenching may arise from modifi-
cations in the n— nx coupling by multinuclcon processes
in the bound system. Direct pion charge scattering,
shown in Fig. 2(a), is believed to be important at for-
ward angles where r-pole processes are favored.® In a
composite system, this amplitude is modified by the addi-
tion of other multinucleon processes such as those of
Figs. 2(b) and 2(c). The nucleon rescattering terms, in
which the pion is subsequently scattered by the photon
into the continuum, can equivalently be considered as
medium modifications of the pion propagator for the
basic pion-pole term of Fig. 2(a). As mentioned above,
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FIG. 2. Electron charge scattering due to the nucleon pion
field in (a) lowest-order and (b),(c) multinucleon higher-order
charge-scaltering processes.

Ericson and Thomas® and others have speculated that
such higher-order processes can enhance the longitudinal
response of the nuclear system in the pion momentum
range of 2-3 fm ™. Such an enhancement can be inter-
preted as a pion excess arising from the exchange pro-
cesses. At the lower virtual-pion momenta probed at our
kinematics, constraints on the final states available to the
neutron pair can suppress the reaction. This suppression
is the origin of the negative pion excesses which are cal-
culated by Friman, Pandharipande, and Wiringa® for
pion momenta near 1 fm !, The forward-angle suppres-
sion of electroproduction indicated in our results, partic-
ularly at W=1160 MeV, may provide the first experi-
mental indications for a significant change in the pion
content of nuclcons bound in nuclei. At ¥ =1232 MeV,
in contrast to the data at 1160 MeV, there will be a sub-
stantial suppression in the deuteron cross section from
Fermi broadening because of the proximity to the peak
position of the A in the proton. A first-order Born ap-
proximation calculation gives a 0,14 decrease due to ki-
nematic broadening. The remainder of the suppression
may have its origin in A-nucleon final-state interactions.
Another possible source of suppression at forward an-
gles, pion absorption, should not be significant. Recent
results on studies of pion absorption in light nuclei'® im-
ply that absorption should be weak for x* production on
the deuteron since the final nucleon state is T=1. A
comparison of the photoabsorption cross section for the
deuteron'® with the photopion cross section provides an

624

upper limit of 5% for pion absorption. In a plane-wave
impulse-approximation calculation,”® inclusion of the
Pauli effect on the final nn state leads to a 0.08 decrease
in the ratio R for both values of W, It remains to be es-
tablished whether a combination of pion absorption with
kinematic broadening and Pauli blocking of final states
can explain our observations. It is clear that a systemat-
ic study of forward-angle electroproduction will be
Necessary to establish quantitatively the sensitivity to the
pion content. Rosenbluth separations will be needed to
isolate the longitudinal cross section in which pionic
charge effects are expected to be most prominent. Study
of the dependence of the cross section on momentum
transfer will be needed to probe the dependence of any
enhancement or suppression on virtual-pion momentum.
Measurements for a number of light nuclei will provide
useful data on the sensitivity of longitudinal clectropro-
duction to nuclear-binding effects.

In summary, we have made the first direct experimen-
tal comparison of charged-pion electroproduction by a
nucleon bound in a nuclear system with that of the free
nucleen. Our data provide strong evidence that, even in
the weakly bound deuteron, multinucleon processes alter
the electroproduction amplitudes in the forward direc-
tion. More detailed studies of the reaction as a function
of momentum transfer and target mass will be needed to
establish its sensitivity to properties of the nuclear pionic
field.

We are grateful to F. Coester, J. M. Laget, and T.-S.
H. Lee for extensive discussions of the theory of pion
electroproduction, and 10 A. Godin and co-workers for
their efforts in operating the hydrogen-deuterium cryo-
genic target. This work is supported in part by the U.S.
Department of Energy, Nuclear Physics Division, under
Contract No. W-31-109-ENG-38,
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