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1. Introduction and Popular Overview

The exciting challenge facing nuclear physicists in the years
ahead is to understand precisely how nuclei and nuclear matter are
built up out of quarks and gluons, nucleons and mesons, and to
understand how the effective forces in nuclei arise from the
fundamental strong forces describable by Quantum Chromodynamics
(QCD) and the fundamental electroweak forces describable by the
standard model. The nuclear physicist today finds himself in a
situation similar to that of the condensed matter physicist; he
knows the fundamental force laws and the basic constituents and
seeks to explain the structure and behavior of macroscopic systems
constructed from these elementary constituents. In both fields, the
path to be followed to achieve such an understanding is far from
clear. Knowing the fundamental force law is a significant
advantage, but collective phenomena not immediately suggested by the
basic force laws can be expected (such as superconductivity in
condensed matter physics, and one pion exchange forces in nuclear
physics) and a major experimental and theoretical program is needed

to discover and understand these phenomena.

The principal scientific mission of CEBAF is to carry out these
studies on cold (or normal) nuclear matter. The electron, with its
penetrating point-like interaction is an ideal probe of cold nuclear
matter; by independently varying the energy and three-momentum

transferred by the virtual photon, it is possible to either leave



the cold nucleus undisturbed by the probe, or to highly excite it
and study individual constituents which emerge from the interactionm.
The principle scientific mission of the relativistic heavy ion
collider (RHIC), planned to be constructed at Brookhaven National
Laboratory, is to carry out these studies on hot nuclear matter. By
smashing two high energy heavy ions together, nuclear matter at high
temperature and energy density is obtained, and it should be
possible to create a plasma of quarks and gluons. With both
facilities it will be possible to understand the behavior of nuclear
matter under a wide variety of conditions. The need for both of
these new facilities has been recognized by the Nuclear Science
Advisory Committee (NSAC)l.

Specific experimental programs currently planned for CEBAF are
addressed in detail in Part 2. In this section, issues which the
CEBAF experimental and theoretical program is designed to address
are discussed in broad popular terms. Among the questions which
CEBAF will address are:

* How is the structure of the nucleon modified in the nuclear
medium? Does the nucleon swell?

e What is the nature of two-nucleon subsystems in the nuclear
medium? Are nucleon-nucleon correlations large? Are there
important contributions from independent B8-quark channels which
do not overlap the NN subspace (dibaryons)?

* What is the precise role of excited baryons in the nuclear
medium? Specifically, what is the free baryon spectrum, and how
important are these baryons to the structure of cold nuclei?
How is the structure of N*’s and A’s modified by the nuclear
nedium? What are the N*-N and A-N forces?

¢ What is the role of strange and other heavy quarks in the
nuclear medium?

* How are elementary process, such as e-p scattering modified
by the nuclear medium? How do quarks hadronize in the nuclear
medium?

* How can the dynamics of quark confinement be best described
and modeled (solitons, bags, fluxtubes, potentials)? How is
this confinement modified by the presence of other nucleons,
tuch as occurs in the nuclear medium?



* Vhat degrees of freedom are important to the desecription of
the nuclear wave function at short distances (high momentum
transfer), and how large are its high momentum components?

e ¥What are the "smoking gun" signatures (if any) of new
phenomena related to quark degrees of freedom in nuclei?
A broad program of both theoretical and experimental work will be

necessary before many of these questions can be answered.

If there are new phenomena related to the underlying quark
degrees of freedom, their appearances and importance can be expected
to depend strongly on the effective quark confinement radius. When
nucleons are far apart, their constituent quarks remain with the
parent nucleon. In this case the nuclear force is transmitted by
the pion, a collective mechanism not currently understood in the
language of GCD, and new phenomena related to the mingling of quarks
should be absent. As nucleons are brought closer together, the
confining forces may weaken, allowing the quarks to move from one
nucleon to another, and new phenomena related to this mingling may
occur. C(learly, the critical distance at which this happens will be
related to the effective confinement radius of quarks inside of a

nucleon.

Figure 1 shows three different views of the *He nucleus, which
are appropriate for different values of the confinement radius. In
the first case, the confinement radius is large -- comparable to the
radius of the nucleon itself. The meson cloud around the nucleon is
absent, or very insignificant. Here the long range pion force still
would play a role, but shorter range meson exchange forces would be
replaced by quark interchange mechanisms. Signatures of explicit
quatrk degrees of freedom should be visible even at comparatively low
excitation energies and low momentum transfers, and the success of
conventional nuclear models based on hadronic degrees of freedom
with meson exchange would be an accident, or a consequence of
duality (see below). This picture is suggested by the original MIT
bag nodel?.



(c)

Figure 1 Cartoons of the *Be nucleus for different values of
the effective confinement radius: (a) large (quarks occupy
the entire volume of the nucleon), (b) intermediate (quark core
with a thick meson "skin"), (c) small (nucleons are mostly
mesons with a tiny quark core). Dark shading - pion (and other
meson} clouds. Light shading - normal vacuum. White - QCD
vacuum.



The other extreme possibility is that the confinement radius is
very small, and that the nucleon is largely a meson cloud with the
valence quarks confined inside of a tiny volume of nearly zero
radius, as illustrated in Figure 1(c¢). This picture is suggested by
the Nc + o limit of QCD (Nc is the number of colors), in which, to
lowest order in N;l, baryons are built from topological soliton
solutions of effective meson field equationsa, such as the Skyrmion
model®. It is also suggested by relativistic meson theory, in which
the structure of the nucleon would arise primarily from its meson
cloud. In this case, it is unlikely that effects from the quark
core will be visible, and nuclear structure is likely to be fully
understood in terms of meson interactions, with the possibility that
non-linear meson interactions, such as those treated by Skyrmion

models, will play a role.

Perhaps the most likely possibility is that the confinement
radius will be intermediate in size, as illustrated in Figure 1(b).
This picture is suggested by the cloudy bag models, which has been
quite successful phenomenologically. In this case, explicit effects
from the quark core may appear only at the high momentum transfers
which can be studied at CEBAF.

The previous discussion assumes that there are new phencomena
related to quark degrees of freedom. It is possible that there are
no smoking gun signatures, i.e. new phenomena which cannot be
explained by meson theory. This would be the case if an exact
duality between quark-gluon descriptions and meson-nucleon
descriptions were to hold. That this might be the case is suggested
by the observation® that any color singlet 6-quark state can be
expressed in terms of a sum of states consisting of two color
singlet 3-quark states. The three quark states in the sum may be
highly deformed, corresponding to highly excited baryons, so that
even in this case it could be more efficient to use a 6-quark basis
consisting of a few states rather than a basis consisting of a large
number of excited 3-quark baryons. But this observation raises the
possibility that, if the number of meson and baryon states included



in a effective meson theory is enlarged sufficiently, it may be
possible to describe all short range phenomena in terms of meson

theory. Theoretical models which allow for this duality are needed.

While most of the questions raised in the beginning of this
section will require considerably more thought before they can be
formulated in sufficiently precise terms to be tested, the first
three questions can be captured in a cartoon which will serve to
give a popular focus to the CEBAF program. The cartoon, Figure 2,
shows a *He nucleus being probed by a high energy electron. At the
moment it is being probed, it is in a state where one of its
nucleons is swollen, one is in an excited A or N' state, and two
have overlapped to form a 6-quark state. In Figure 2(b), the
electron strikes one of the quarks in the swollen nucleon, knocking
the nucleon from the nucleus. Both the electron and the nucleon are
detected in an (e,e’N) experiment, and the cross section, when
compared to that from a free nucleon (illustrated in Figure 2(a))
will reflect the altered charge distribution of the swollen nucleon.
Alternatively, if the electron strikes the 6-quark state (Figure
2(c)), it could lead to an enhanced 2N emission, which, if the two
nucleons are highly correlated, could be detected in two
spectrometers, one of which has a large acceptance. Finally,
striking the A or N* (Figure 2(d)), could lead to a final 27N state,
and all of these fragments can be detected in a Large Acceptance
Spectrometer (LAS), with a nearly 47 acceptance as shown. These
three experiments can be thought of as typical of the programs to be
carried out in the three experimental halls described in Section 3;

each requires its own unique complement of experimental equipment.
2. Highlights of Experimental Programs Planned for CEBAF

Highlights of seven experimental programs which have served to
define the CEBAF experimental equipment will be discussed in this
section. These are:

* Single nucleon emission - (e,e’N)

e Two-nucleon emission - (e,e’2N)



Figure 2 Cartoons representing electron scattering. In each
case the electron emits a virtual photon which is absorbed by a
quark. (a) Scattering from a free nucleon followed by
detection of the outgoing electron and nucieon in coincidence.
The other three figures all show scattering from ‘He, with the
electron striking different constituents. (b) The electron
strikes a bound nucleon, swollen by the interactions with the
nuclear medium, and the outgoing nucleon and electron are
detected in coincidence. (c) The electron strikes a six-quark
state, which emerges as two nucleons detected in coincidence
with the electron. (d) The electron strikes an excited
nucleon, which shatters into two pions and a nucleon, all of
vwhich are detected in a LAS.

(c) (d)



e Study of excited baryons

* Hypernuclei - (e,e’K)

* Charge distribution of the neutron and deuteron
* Studies in the deep inelastic region

. Studies of the electroweak interaction

The first six of these programs were reviewed briefly in the RPAC
report7; the latter has been discussed in the original SURA
proposalsg, and in the 1981 report of the Bates Study Groupg. CEBAF
contributors to RPAC include V. Burkert, F. Gross, B. Mecking, J.
Mougey, and R.R. Whitney.

2.1 Single Nucleon Emission

The original motivation for measuring single nucleon emission in
coincidence with electron scattering is that it could give a direct
measurement of the square of the momentum space nuclear wave
function, called the single particle density. As an introduction to
coincidence measurements, and to see how this comes about, assume
that meson exchange effects and final state interactions are small
(this is often not the case -- see the discussion below). In this
case, the electromagnetic interaction from the simplest nucleus, the
deuteron, can be calculated from the two impulse approximation
diagrams shown in Figure 3. If magnetic scattering is neglected
(for simplicity) the differential cross section obtained from these
diagrams is

5
. dg.adnp = oy IF_ @963 + F @96 12 (1)
1

where the scale of the overall interaction is set by the Mott cross

section,

. 2
oy = [2aE q;os@[Z ] , 2)



Figure 3 Impulse approximation diagrams for the d(e,e’p)
experiment.
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Figure 4 The dependence of nugleon mgmentum, p, and angle,
6 (equal to the angle between p, and q -- also one-half the
opening angle between the two nﬁcleons), for the symmetric
kinematics described in the tgxt. The solid lines show the
variation of p for constant Q°, to be read using the mcale
on the left, and the dashed lines are &, to be read on the
right.



with Qz the 4-momentum transferred by the electron

Qz = a? - p2 = 4EE'sin2 %9 , (3)

Fp(Qz) and Fn(Qz) are the form factors of the bound proton and
neutron, respectively, and ¢ is the wave function of the deuteron
(which can be defined relativistically'® by relating it to the d-n-p
vertex function in a covariant way). To extract the square of the

wave function from (1), it is helpful to choose symmetric kinematics
so that |31| = |;2| = p. Then

b
@%ﬁ; = o 1@ + F@12 ohH 2 . @

By varying Qz and the Bjorken scaling variable

=

X=3 (5)

=
AN

independently for this symmetric kinematics, it is possible to
measure the p> variation of this expression for a fixed Qz, or the
Q® variation for a fixed p2, as illustrated in Figure 4, and hence
to measure the bound form factor dependence and wave function

dependence independently.

For comparison, the same simple theory gives the following

expression for the single arm inclusive (e,e”) cross section:

3
de . 2 2 2 2y .2
T = oy JcmpJl F @96 + F @D . (6
Since the outgoing nuclecon is not detected, the cross section is
dominated by that part of the region of integration where the wave
function is the largest, which occurs for S states when the relative

momentum is small. Figure 5 shows, for a fixed Qz = 0.5 (GeV/c)z,

how the magnitude of ; varies as the integral over its direction
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in Eq. 6 is carried out. Note that for all x # 2, values of IEII
occur which are considerably smaller than p given by symmetric
kinematics. In particular, at the quasielastic peak, defined by the
condition x = 1, the integral is dominated by contributions from
regions where ;: or B: ® 0, regardless of the value of Q’.
Coincidence experiments allow the experimenter to fix the momentum
of the wave function at a particular value, and study the wave
function in regions where it is small. In this way coincidence
measurements give important new information not obtainable from
single arm measurements.

1.5

Figure 5 Range of varia- 1.0+
+ +

tion of lpli (or Ip_I)

under the integral in ﬁq.

(8) for g* = 0.5 (GeV/c)? Py

and different values of

p (symmetric kinematics)

x. For comparison, the
value of p fixed by
syometric kinematics is o5l
also shown.
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Recent high resolution measurements!! of (e,e’p) from Pb at
NIKHEF, give beautiful confirmation of the shell structure of nuclei
(see Figure 8). A resolution AE * 100 keV was obtained in the
experiments, permitting individual nuclear levels to be resolved.
Other measurements from Saclay on the deuteron®? and *He (ref. 13)
are shown in Figures 7, 8 and 9., The deuteron measurements are very

1



sensitive to the D state, and the *He measurements show the
potential this program has for giving detailed information about
three body wave functions. Even studies of the few body systen
require high resolution; separation of the two- and three-bbdy final
states requires the resolution of AE = 1 MeV, obtained in this
experiment and shown in Figure 8.
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Figure 6 Recent NIKHEF data as plotted in Referencgl}l.
High.resolution permits different states of the final T1
nuclear system, corresponding to knockout of protons from
different shells in the lead nucleus, to be distinguished.

In practice, final state interactions and meson exchange
currents will make important contributions to the cross section,
altering significantly the ease with which quantitative conclusions
about the nuclear wave function can be extracted from these
experiments. For example, Arenhovell* has shown that such effects
vary from a few percent at p’ % 0 to 100% at p2 = 300 MeV for the
deuteron measurements shown in Figure 7, and for other cases these
effects can be considerably larger. This complicates the
theoretical interpretations of these experiments and requires that
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meson exchange effects, final state interactions, and contributions

of the initial nuclear wave functions all be treated consistently.
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At CEBAF, the (e,e’N) program will be extended to higher nucleon
momenta p and higher momentum transfer Q%, and the goal will be to
study high momentum components of nuclear (especially few body) wave
functions, study the three nucleon system fully and use such data to
learn about 3 body forces, study the form factor of bound nucleons
at high Q’ (to see if nucleons are swollen as discussed in Section
1), and to study neutron distributions through the (e,e’n) process.
The latter cross sections are expected to be 10 times smaller than
(e,e’p) cross sections, and are much harder to measure because of
the inefficiency of neutron detectors, but are expected to be every
bit as rewarding as the (e,e’p) program. They will require the full
capability of CEBAF with its high current and high duty factor.

The general form of the (e,e’N) cross section has been given by
Donnelly'®. If the recoil polarigation of the nucleon is

I3
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undetected, and the target is unpolarized, the cross section can be
written

6 a
. de  _ ‘M (1) (1) (1)
3 T {VL W'+ vp Wl vpp Wgp' cos2¢y

+ Vo, W§i) cosg; + h Vo, wéil sin¢1]
where ¢1 is the out-of-plane scattering angle of the nucleon (as

shown in Figure 10), h is the helicity of the incident electron, and
the kinematic factors are

w =0 0<p=/f <1

vp =g p+ tan8/2 =% ple

Vit < - % P

L\ _J% p Jp + tan26/2 = - % P ](1 + €) pfe

v = -jg P tan 6/2= -1 p 1l - & pre (8)

where € is the longitudiral polarization of the virtual photon, and
the five wi are structure functions that depend on four variables,
vwhich can be taken to be Qz, v, P, and 81, as shown in Figure 10.
An alternative form for Eq. (7) is:

dsar

————%— = [ (0n + €0; + €0pm cos2¢
dn dE’ d3p1 { T L TT 1

(9)
+ vle (e + 1) Oy, ©°8 ¢]_ +h ]E (1-c¢€) Oy, sin ¢1]
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where I is the virtual photon flux produced by the scattered

electron
+ o p 14l
‘2 q
r=-% 2= - 45 (10)
2r ° (1 - ¢€) 47° @ €
and
_ Zfza

o Wi = ¢ wih

Ml

_ (1)
op, = 2p0 W

opp = - © W)
og, = - dp ¢ W)
oqp- = - 1p € W) (11)

Each of these five structure functions or partial cross sections
are sensitive to different physical processes. The longitudinal
structure function WL is sensitive to charge distributions and
nuclear wave functions, WT is sensitive to magnetic moments, meson
exchange currents, and A processes, and WTL' is zero without final
state interactions. An experimental goal for CEBAF is to separately
measure all five of these functions, and to thereby fully determine
this important process. To measure WTT and wTL' requires
measurements out of the (e,e”) reaction plane, but the others can be
separated by making measurements at different electron scattering
angles (different values of €) and by observing the scattered proton
on both the left" (where cos ¢1 = 1) and right" (where cos ¢1 = -

1) sides of the three-momentum transfer a.
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Figure 10 Exclusive-1 elec-
tron scattering. Here the
s-axis is chosen to be along
q and the electron
scattering occurs in the xz-
plane. The particle
detected in coincidence with
the electron has momentum
p,, whose direction is given
b} angles (4, ,¢ ) in this
coordinate system.

2.2 Two-Nucleon Emission

Two-nucleon knockout, (e,e”2N), can be expected to be sensitive
to the pair distribution of nucleons in a nucleus, and to reflect
the presence of localized six-quark states as discussed
qualitatively in Section 1. Deuteron knockout, a special case,
should reflect the existence of pre-existing deuterons or °S
correlations. However, experience with pion absorption processes
where two-nucleon knockout has been extensively studied!® suggests
that final state interactions are very important. One mechanism
which seems to occur is A excitation, followed by de-excitation
through the AN + 2N process leading to two-nucleon emission. It is
also possible that such processes can generate two A's leading to
three- or four-nucleon emission!’. Very little is known about the
electroé#gnetic two-nucleon knockout process; but studies with
electrons, where it is possible to independently vary the energy
momentum transfer, and polarigation, and to separate a variety of
structure functions sensitive to different physical mechanisms (as
discussed in Section 2.1) should give much insight into this
important process. CEBAF will be an ideal facility at which to
carry out such studies.

The 2p knockout reaction is thought to be a promising way to

study two-nucleon correlations, since exchange current contributions
are strongly suppressed and the 2p system has no dipole moment!?®.

17



The transverse cross section is therefore expected to be quite
small, and the longitudinal cross section should be sensitive to the
correlations. However, calculations by Laget!® suggest that this
process is very sensitive to final state interactions. Figure 11
shows the longitudinal (UL) and transverse (aT) cross sections as a

301438 545 639 723D MeV)
L 45 251 436 663  870T, (MeV)

3He(e,e’Zp)n i
E-=2GeV ; 6,=15°

DPhN Saclay E 83518

———
-

....

L

do/[dnydpy]  pb/Mevisrd)

W{GeV)
™ S - -

Figure 11 The excitation functions for the transverse and
longitudinal cross sections as defined in Eq. (9).
Syametric kinematics with the proton pair initially at rest
are assumed. The magnitude of each proton momentum p, and
the relative kinetic energy T, are shown along the top
axis. Solid curves: full calcilations including all final
state interactions. Dashed curves: impulse approximation
(plane waves in final state) only. Dotted curves: impulse
approximation with meson exchange currents.

function of the incoming virtual photon energy w for the case of
symeetric kinematics described in Section 2.1 and Figure 4. In the
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impulse approximation, O is zero and o, shows the oscillatory
structure of the initial state correlations clearly. When final
state interactions are included, however, the clear connection with
initial state correlations is washed out, g, can change its value by

more than an order of magnitude, and o_ is no longer zero. More

T
calculations are needed, but it is clear that initial state
correlations are only a part of what is happening at lower energies.
Things may be simpler at the higher energies accessible to CEBAF

where final state interactions are expected to be smaller.

The (e,e’np) cross section is expected to be larger than the
(e,e"2p) cross sections by at least an order of magnitude, providing
a strong incentive for the development of a neutron detection

capability to go with this program.

As in the discussion presented in Section 2.1, it may be useful
to vary the Qz dependence and the p2 dependence of the cross
sections independently. This can be done by using the symmetric
kinematics described there, and varying both Qz and x while holding
p constant, or p and x while hold §? constant.

2.3 Study of Excited Baryons

Measurements of the spectrum of free baryons, together with
their electromagnetic and hadronic decay modes, give information
essential for conmstructing and testing realistic quark models of
hadrons. Such models are important to nuclear physics for two
reasons. First, they provide a bridge between QCD and nuclear
structure by providing information and insight needed for the
development of models of nuclei based on their underlying quark
structure. Secondly, even if the construction of such models is
trivial because the effective confinement radius is small and meson
theories work for nuclear physics, it is necessary to fully
understand the properties of the excited baryons which must

necessarily play a role in such a meson theory.

19



It is also of equally great interest to study the propagation
and decay of excited baryons in a nuclear medium, in~order to
determine N°N interaction strengths (where N° will be used to denote
all excited baryoms, including the A and A%’s) and the effect of the
nuclear medium on the structure of the N* themselves.

H= L H - .ew

- 1300
>
3
= 1700 P— . e
-
£ w600}

1500+

Figure 12 A chart of excited baryons (taken from Ref. 19).
The open boxes with asterisks inside correspond to
resonances which have been seen in #N scattering (the
greater the number of asterisks the more certain are the
observations). The solid bars are predictions. The short
solid bars label states which are not expected to couple
strongly to the «N channel, but could be seen in
photoproduction experiments.

Figure 12 shows a table of the predicted and observed lowest
1%, all of which can be studied at CEBAF.
Note that many have not been seen. This may be due to the fact that

lying baryon resonances

they do not appear to couple strongly to the xN channelz', which has
been the major experimental means of studying baryon resonances.
Such resonances can be studied at CEBAF through the reactions

T+N+N +N+p+Nexasnx
+ A+ 7+ N+xa+ x

These studies will require a Large Acceptance Spectrometer (LAS)
capable of detecting and identifying x’s, K’s, and N’s over a large

20



solid angle (80% of 4r). Initial studies will probably be limited
to photoproduction measurements, where the goal will be to find the
missing states, and to determine their mass and decay wiaths into
9N, 7N, and 2sN. Such studies will be complicated by the fact that
the widths of the resonance are expected to be as broad (at least 50
MeV) as the spacing between them, so that they strongly overlap (as
shown in Figure 13 (and Figure 19 in Section 2.6 below). They will
have to be separated by a partial wave analysis using a number of
the observables which can be measured, including those which depend
on polarigations.

W(GeV)
"? L ] L} L}
‘Pm ¥ p—aX
P33 | 2 2
F335 18 Q%-0.81GeVv/c
(88,2 41 : E
— P B:;o'
—re | | BE
416 015 ok
811 —
156.0°) — P11 bi3
2 {14 R
P33 1,2 s
56,0%
41.0 L y
— 11
P Nl [l ]
~ A 100 200 30
%10t (ub)

Figure 13 The best known nucleon resonances with masses
below 2 GeV (left) _and the inclusive electron scattering
cross section at {° = 0.8 GeV® (right). The numbers in
brackets indicate the assignments to multiples within the

group SU(B)'.

CEBAF can also study well established resonances in greater
detail than has been possible up until now. The Roper P11(1440) is
an interesting case. While its coupling to real photons is
reasonably well known, it has hardly been seen in electron
scattering. What data exists suggest that this resonance has a
strong coupling to longitudinal photonszl, a result not obtainable
from quark models.

21



New measurements of the effect of the Roper on electro-~
production of pions are needed to clarify these issues. It turns
out?® that the production of #°'s is particularly sensitive to the
Roper if the proton target is polarized in a direction transverse to
the virtual photon in the electron scattering plane. The expected
asymmetry for the process ;(e,e'p)l° is shown in Figure 14. Note
that '1 = ¥/2; the proton must be detected cut-of-plane. The VAS
spectrometers were designed by V. Burkert for measurements such as
theseza, and with them this program could be readily carried out at
CEBAF with a state-of-the-art polarised target.

Target Asymmetry T,

1.0

T, (4= 72)

Figure 14 The target asymmetry T (¢ = #/2) for single r°
production from protonms at Q’ =1 ev’, and its sensitivity
to the P11(1440) excitation strength. The prediction is
based on a recent analysis of DESY and NINA data®!. Solid
line: with P11; dotted line: without P11'

2.4 Hypernuclei - (e,e’K)

One of the novel programs proposed for CEBAF is the study of the
excitation and decay of hypernuclei by the (e,e’K) reaction.
Hypernuclei are interesting because they contain one strange valence
quark, which can be thought of as an impurity in the nuclear system.
Study of hypernuclei should give insight into both bhyperon-nucleon
interactions and nuclear structure.
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One system which illustrates how the study of hypernuclei can
shed light on fundamental questions is *He and "He (ref. 24). The
“He nucleus has 2 neutrons and 2 protons; or 6 valence up and 6
valence down quarks, which completely fill the lowest shell in
either the language of nucleons or quarks. Adding a fifth nucleon
(neutron) forces all three quarks to occupy the next highest shell,
vwhile adding a A would require that only the two non-strange quarks
occupy the next highest shell, but would allow the strange quark
into the lowest shell. In contrast, if the A were truly elementary,
it could "fully" occupy the lowest shell. This suggests that the
behavior of iHe may be sensitive to the underlying quark structure
of the A, which in this system seems to satisfy a partial exclusion
principle. Studies of the level structure and properties of A in

®He may give insight into the underlying quark dynamics.

The (e,e’K) reaction has several advantages over the more
traditional (K ,#") reaction as a means of producing hypernuclei?®
The electromagnetic process excites both natural and unnatural
parity states. Furthermore, since K* (or K°) and 7 both interact
weakly with the nuclear system, these particles can penetrate (or
escape from) deep inside of the nuclear medium. This means that the
simple impulse mechanism, illustrated in Figure 15, is more likely
to describe the reaction than in the (K ,# ) case; distorted wave
calculations give corrections of a few 10’s of a percent for the
(e,e’X) process as opposed to factors of 10 for (K',¥ ). It also
means that it is possible with (e,e’K) to convert a proton into A
deep inside a large nucleus (such as Pb) opening up an entirely new
area of study. A disadvantage of the (e,e’K) process is the energy-
momentum mis-match, which means that the momentum transferred to the
nucleus cannot be made zero, as in the (K ,7 ) reaction. However,
at high energy the momentum transferred in the (e,e’X) process can
be reduced to a few hundred MeV, favoring transitions in which the
angular momentum of the particle is changed by a few units, so that
the electromagnetic process naturally favors conversion of a proton

in an outer shell into a A in an S state.
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Final state
interactions

Initial state
interactions

(a) (b)

Figure 15 Diagrams showing single-step formation of
hypernuclei through (e,e’K) and (K™ ,¥”) reactions. In the
(K',x") case, initial and final state interactions are very
strong and cannot be ignored.

lecking" has found that the best way to achieve high resolution
and reasonable counting rates in (e,e’K) is to the work in the
forward direction, where the electron scattering angle is less than
1° and the kaon angle is € 6°. A possible experimental setup is
shown in Figure 16. High resolution is achieve by using an incident
electron energy of about 2 GeV, so the outgoing electron has low
somentum and can be measured to high precision in & special split-
pole spectrometer. The forward kaon can be measured in a high
resolution spectrometer, similar (or identical perhaps) to those
under consideration for Hall A. If high beam currents and a thin
target are used, resolutions of the order of a few 100 keV are
possible, and can be improved as the incident beam resolution is
reduced below the design value of 10™*. This method is superior to

using tagged photons. The resolution expected is 10 times better
than that obtainable with K~ beams.
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1.2 GeV/c spectrometer for K*

split-pole
spectrometer

Figure 16 Possible experimental layout for the (e,e’K%)
program discussed in the text.

2.5 Charge Distribution of the Neutron and Deuteron

The charge form factor of the meutron, Gs

importance both because it is sensitive to the distribution of the

0’ is of fundamental

quarks in its interior, and because it must be taken into account
when extracting nuclear structure information from all electron
scattering data. Until recently, it has been believed that GBn is
small, safely ignorable in all experimental analyses, but a recent
attempt by Gari to fit all existing nucleon form factor data®’ has
lead to speculation that it might be large at Q* > 1 (GeV/c)®. 1t
it is large, it may be possible to measure it by separating
longitudinal and transverse response functions from d(e,e’n)p
scattering. In any case, use can be made of the CEBAF polarized

electron beam to determine Gnn in one of two ways:

¢ the transfer of the electron polarigzation to the recoiling
neutron can be measured in a d(;,e';)p experiment?®,

* the target asymmetry for a target polarized transverse to a
in the electron scattering plane can be measured in a

a(;,e'n)p experiment??, (Alternatively, G, may also be

. 3 30 Bn
measured using polarized “He targets® .)
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In either case, the experimentally measured quantity is proportional
to

2lra+n Gy Cp tan 6/2
T=%—3 2. 2 (12)
G + GH + 21+ N7 Gy tan®™ 6/2

where 7 = Q’/4H’. Hence both the magnitude and sign of GE can be
obtained directly.

Currently, G, is completely unknown for Q? 21 (GeV/c)’, and

En
the measurements at low Qz have large systematic and statistical
errors, and are sensitive to the model used for the deuteron wave
function, as shown in Figure 17. Precise measurements of G at

both low and high Q are very much needed, and can be done at CEBAF

J DWF  Mc Ghee

ww TR i

n
L ¥
6 e
DWF Lomon ~Feshbach

' | 10
Q?{Gev/c)?

Figure 17 The electric form factor of the neutron derived
from elastic electron deuteron scattering for two models of
the deuteron wave functions. The results indicate a strong
dependence on wave function.
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The deuteron charge form factor, Gc’ is also currently unknown.
Beautiful high Q* measurements of the A(Qz) and B(Qz) structure
functions exist, but from these it is only possible to measure

2
o = 4@ - 7% (13)

G+ 5"
where Gq is the quadrupole form factor and 7 = Q2/4M:.
Unfortunately, much of the nuclear structure is washed out by this
combination of form factors, as shown in Figure 18. A separate
determination of Gc, particularly near its predicted zero, would be
a sensitive indicator of short range structure, relativistic and
meson exchange effects, and quark degrees of freedom.

CONTRIBUTIONS TO A {g2)

10! 3
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Figure 18 Contributions to [
the A structure function of i T
the deuteron from the charge, 0

G, quadrupole, 8/9q’G , and
magnetic terms for a typica [
lodel.szote the gero ip G o

near Q° = 0.85 (GeV/c)® i O [—Quadrupote
completely obscured by

T TTeT

Magnetic
quadrupole terms.
0t Chorge
o
1 L A 1 I 1
0 | 4 3 4q S 6 7

(™)

As for the neutron, a vector polarigation transfer can be
measured with a polarized electron beam, or, alternatively,
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asymmetries due to tensor polarization can be measured with
unpolarized electron beams®®. From these asymmetries Gc and Gq can
be separated. Measurements of T2ﬂ have already been carried out at
Bates and Bonn, but at momentum transfers well below the region

81 A new experiment is planned for Bates,

where G: has its minimum
which should probe ng near Q2 =1 (GeV/c)?, a very interesting
region., At CEBAF, better measurements at lower and higher momentum

transfers will be possible.
2.6 Studies in the Deep Inelastic Region

Inclusive measurements of electron and muon scattering, (e,e”)
and (p,p"), have provided some of the best information about quarks.
¥hen analyzed in conjunctions with neutrino and antineutrino charge
changing reactions (¥,4”) and (¥,s"), they give an explanation of
the data in terms of lepton scattering from individual quarks,
yielding an almost model independent determination of the number of
valence quarks, the distribution functions for valence and ocean
quarks, the percentage of momentum carried by gluons, and the rms
charge carried by the quarks®?. And the EMC effect, which has
generated such interest, gives information about quark distributionms

in nuclei, regardless of which explanation eventually prevails.

In view of the success of the quark description of inclusive
scattering in the deep inelastic region, it is particularly
interesting to see whether or not some of this success can be
extended to the description of the behavior of exclusive channels
such as (e,e’r), (e,e’2r), (e,e’K) and other processes. How is the
total cross section built up out of these individual channels, and
how does this composition change as one moves deeper into the
scaling region? Specifie questions that could be addressed in an
initial program of CEBAF experiments are the study of the A
dependence of single hadron production, measurement of the ratio of
positive to negative hadron production which may be sensitive to
differences in densities of ocean uu, dd, and ss quarks, and studies

of the Qz, x, high p and ¢ dependencies of single hadron
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production. A list of specific experiments of interest was
developed at this Workshop by the working group on this topic and is
summarised in Karl Van Bibber’s report".

CEBAF's 4 GeV design energy was chosen to permit a complete
study of the proton (and hence nucleus) inelastic structure
functions from the region where resonances and other effects of
collective quark structure are visible, up to the onset of deep
inelastic scattering, where the structure functions become a
function only of the Bjorken x-scaling variable, Egq. (5), and
inclusive scattering is described by incoherent scattering from
point-like quarks. Figure 19 shows the kinematic region which can
be explored by a 4 GeV and a 6 GeV accelerator. The 4 CGeV
accelerator can cover the transition region, as was intended, but
cannot carry on a very extensive program in the deep inelastic
region. Extending the energy to 6 GeV, which appears to be a likely
possibility if the superconducting cavities contipue to exceed
specifications (as described in the overview report with this
proceedings), will considerably expand the possible program of deep
inelastic studies, and further increases in energy will help still

more.
W =2 GaV Limit of a 4-CeV beam

Limit of a 6-GeV beam

Pigure 19 The proton ;nelastic structure function ¥W
shown as a function of Q° and the scaling variable w’. Thi
regions which can be studied by a 4-GeV accelerator and a
6-GeV accelerator lie to the left of the limits shown.
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2.7 Studies of the Electroweak Interaction

The weak neutral current can be studied by measuring the parity
violating asymmetries

A= —t—= (14)

for the scattering of electrons with positive and negative helicity.
This asymmetry measures the interference between the electromagnetic
interaction and the parity viclating parts of the weak neutral
interaction, which arises from the exchange of a Z° boson. Assuming
the electromagnetic interaction is known, precision measurements of
A can be converted into precision measurements of the coupling
constants of the Z boson to the constituent quarks in various
nuclear targets. By selecting the quantum numbers of the initial
and firal hadronic states, and choosing different electron
scattering angles, different combinations of these coupling
constants can be isolated and measured. While the standard model
gives all of these coupling constants in terms of only one
parameter, sinzﬂw, which has been measured to about 5%, it is
important to test this model to the highest possible precision.
Tests of semi-leptonic processes inside the nuclear medium, where
the strong interactions are strong and confining, are particularly

valuable.

Elastic scattering from the proton and A* production both have
large cross sections, and have been proposed as a test of the
electroweak theory which could be carried out at CEBAF®%*. The
general interaction of the Z° with u and d quarks can be expressed
in terms of four comstants, a, f, 7 and §. Only 7 will be measured
in the Bates asymmetry experiment on carbon, and the SLAC experiment

was dominated by a®®,

Elastic measurements from the proton will
give information about all 4 constants, but are more sensitive to 7
and f, depending on the scattering angle. The reaction e p + e” A"
depends on a and f§ only, and this measurement would therefore help

to separate a, f and 7.
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CEBAF’s 100% duty factor will be helpful to this program by
permitting instantaneous rates to be lowered to a level where
individual pulses can be counted®*. The asymmetries to be measured
are of the order of 10_5, and hence systematic errors must be
lowered to the 1077 level to permit the 1% measurements required for
precision tests., If the systematic errors can be reduced
sufficiently, and special targets capable of taking high beam
currents are available, it is estimated®* that data for the needed

1% statistical accuracy can be accumulated in 100’s of hours.
3. Experimental Requirements for the Planned Program

CEBAF will be equipped with three experimental halls, designated
A, B, and C. While the mission of each of these halls is being
currently worked out, and will probably undergo further evolutionary
changes in the months ahead, the major function of each hall has
already emerged, at least in broad outline, and will be summarized
briefly. For a detailed discussion of each of the Halls, with a
description of the equipment planned or under consideration, see the

following talk by J. Mougey.

* Hall A will be devoted to studies where high momentum and
angular resolution are needed. This will include single nucleon
knockout A(e,e"N)A-1, and studies of hypernuclei A(e,e'K)AA,
where a resolution of ~ 200 keV is needed to separate closely
spaced nucleon levels. Studies of the (e,e’N) reaction from few
body systems, which require resolutions of about 1 MeV, will
also have to be done in this hall. It is desirable that the
spectrometers in Hall A be able to move over the widest possible
angles, and be capable of making out-of-plane measurements so
that the individual structure functions can be fully separated.
It should also be possible to use polarized targets, and detect
neutrons in Hall A.

* Hall C will be devoted to the study of correlated, few

particle final states in cases where it is desirable to trade

31



high resolution for large angular and momentum acceptance. It
seems likely that resolutions of a few to 10 MeV are the best
that will be achievable in this hall, but angular acceptances of
up to 50 msr and momentum bites of a factor of 2-3 will be
gained as a consequence, at least for the proposed VAS hadronic
spectrometer. This hall is the likely home of (e,e”2N)
measurements, and will alsoc be ideal for the study of baryon
resonances in cases where specific signatures are sought after,
as in the case of the Roper described in Section 2.3. As in
Hall A, motion of spectrometers through the widest possible
angular range, out-of-plane capability, ability to detect
neutrons, and ability to use polarized targets are all needed.
In addition, this may be the hall where a program of triple
coincidence measurements is most likely to begin, and

measurements of G and Gc/Gq carried out.

e Hall B will be devoted to the study of uncorrelated, many
particle final states, where large nearly 4x acceptance is
essential and 1% resolution is acceptable, and to tagged photon
studies where large acceptance is needed to compemnsate for a low
photon flux. It also will be an ideal place to initiate new
programs (such as two-nucleon knockout) where a broad
exploration of the phase space is needed before focusing in
detail on specific processes or choices of kinematics., It will
probably be the major home for studies of excited baryons and
exclusive processes in the deep inelastic, x-scaling region. To
achieve the needed 4% acceptance, a large acceptance
spectrometer (LAS) is being developed. Finally, to allow for
the possibility that parity studies may be carried out in Hall
B, it will be designed, together with Halls A and C, to handle
the full beam intensity.

To design and build equipment to carry out this exciting

program, to keep within the budget allocated to experimental

equipment, and to have the equipment ready by 1992 will be a major

challenge. CEBAF looks toward its user Community to help and to

contribute to this exciting endeavor.
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