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Forward

The Workshop on Electronuclear Physics with Internal Targets was held at SLAC on
January 5-8, 1987. The idea for this workshop grew qut of interest among physicists at
SLAC and MIT/Bates who have been exploring the possibilities for internal targets in
the PEP ring at SLAC and in a proposed stretcher ring at MIT /Bates. The aim of the
workshop was to bring together physicists from these groups and from other laboratories
and universities to discuss the new physics that could be made accessible with internal
targets, and to share information on recent developments in internal target technology, on
the impact of internal targets on ring operation, and on the detector requirements. The
workshop was sponsored by NPAS, the program of Nuclear Physics at SLAC, and it was
attended by more than 100 physicists from the U.S., Canada, Europe, and Japan.

The workshop sessions began with two days of invited talks followed by two days of
shorter presentations organized by the chairmen of four Working Groups. Written versions
of all the plenary talks and all but four of the Working Group talks are presented here.
The table of contents closely follows the meeting agenda. One talk on the agenda was not
presented orally, but the written version by J. Fay and M. Macri is included here. Also
included are two papers contributed for the proceedings that were not on the agenda.

Use of low density internal gas targets in high current circulating electron beams offers
a number of unique features that would open up several new areas for electronuclear physics
research. A primary advantage is the possibility for detection of multiple particles in the
final state using large acceptance detectors. In addition a variety of nuclei can be produced
in the form of polarized gas with high polarization and sufficient density and purity to give
useful counting rates in high current circulating beams. Polarized targets will allow unique
measurements of the spin dependence in a variety of electromagnetic interactions, and large
acceptance detectors will make possible a large class of measurements of nuclear structure
and reaction mechanisms not practical with external beams and thick targets. Finally it
may also be possible to produce beams of polarized electrons and arrange for longitudinal
polarization at the target. With polarized electrons and polarized targets, a number of
fundamental measurements of nuclear and nucleon spin structure might be possible that
would otherwise be impossible using external beams.

Future developments of the internal target method for electron beams will benefit
from and be stimulated by work planned or under way for numerous other internal and
external beams around the world. At the workshop we heard about previous internal
target work for the proton beams at Fermilab and CERN. The requirements for the large
acceptance detectors will be similar to other detector systems in use today or planned,
for example, at CEBAF. The unique physics made accessible by this technique will be
complementary to that now under investigation or planned for fixed target beams at SLAC,
MIT/Bates, Fermilab, CERN, and CEBAF. There was considerable interest expressed at
the workshop in pursuing future work on ideas for internal target experiments at electron



rings. It is possible that if these developments continue there will emerge a new subfield of
experimental research exploring a wide range of topics in nuclear and nucleon structure.

We would like to express our thanks to all the speakers and authors of the papers pre-
sented here for their efforts in advancing our understanding of these topics. We also want
to thank those people who helped organize the meetings and produce the proceedings: the
Organizing Committee and the Working Group Chairmen for arranging the speakers and
planning the program; Lynn Hanlon, Lesia Machicao, and Nina Adelman, the Conference
Secretariat, who worked behind the scenes and smoothly operated the front desk; Kevin
Johnston and Lucy Yuen who masterfully converted the manuscripts into this proceedings.

R. G. Arnold R. C. Minehart
May 1987
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FROM THE HADRONIC PHOTON AT Q2=0 TO HARD SCATTERING AT SPACE-LIKE Q2

T. Sloan

University of Lancaster
Physics Department
Lancaster, LAl 4YB, England

Introduction

Real photons (Q2=0) show much larger cross sections
for the production of hadrons than would be expected
if they interacted only electromagnetically. In
contrast the scaling behaviour in deep 1inelastic
scattering shows that the space-like virtual photons
scatter from point-like nucleon constituents (quarks)
without any form factor effects. Thus space-like
virtual photons behave as pure electromagnetic probes
whereas real photons behave more like hadrons.

In real photoproduction (Q?=0) a large cross
section for the production of p° mesons is observed
which is ~9 times the cross section for  meson
production. These observations led to the formulation
of the vector meson dominance model (VMD) for the
interactions of real photonsl. In this model the
cross section for the photoproduction of vector mesons
V is written as;

d d
o) =65 D
YpVp VpVp
where fv represents the coupling constant between
the photon and vector meson and (QE) is the elastic
dt
VpoVp

scattering cross section for the vector meson V. The
ratio of the coupling constants is expected to be

2- z. 2- 2 . 2 = . 3 . .
fp‘fm'f¢'fJ/w'fv = 9:1:2:8:2

from SU(3) symmetry (quark charges).

Clearly there is a substantial difference between
the behaviour of real photons and that of virtual
photons at higher Q2. In this paper, I shall attempt
to trace the evolution of the hadron-like behaviour of
the photon at Q%=0 to its electromagnetic behaviour at
larger space-like Q2.

Exclusive Vector Meson Production at High Energies

Exclusive vector meson production is the process

Y +p2Vip

a real (Q2=0) or a virtual (finite
photon in electron or muon deep
Experimental data at Thigh
energies are available on exclusive p° and ¢2 and
J/y production3. Figure 1 shows the total cross
sections as a function of Q?. It can be seen from
this - figure that the ratio of opiogio3/y is tending
towards the values 9:2:8 as Q? increases i.e. the

where Yy* is
negative Q2)
inelastic scattering.

values expected from the photon coupling to the quark

charges.
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a) The ratio 90(¢)/20(p), b) The cross sections
sections for elastic p® and J/y production.
c¢) The ratio 90(J/¢)/8a(p) as a function of Q2.

In the generalised vector dominance modell,
assuming p°® dominance and neglecting off diagonal
terms, the cross section for exclusive p° production
at higher Q2 should follow the form
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i 0t
o(@”) = a(Q*=0) —F—— [l+eg™ ) 1
(Qz+m ) m
P P
where m, is the mass of the p*® meson, ¢ is the ratio

of the longitudinal to transverse virtual photon fluxes
and E’Q’/mﬁ:R. the ratio of the production cross
sections of longitudinally and transversely polarised
virtual photons (R=op/o7).

In real photoproduction (Q2=0) of p°* mesons s
channel helicity is observed to be conservedl, i.e.
transverse photons produce p°’'s in a helicity * 1

state in the s channel frame (which gives a pure
sin?® angular distribution of the decay pions).
1f s channel helicity were conserved at higher Q2
any longitudinal photon contribution would give a
cos?0 component to the angular distribution. The
EMC observed? that the p°'s are produced with
almost a pure cos?8 angular distribution at high
Q?, and that the sin?0 component falls rapidly
with Q2. From fits to the angular distribution

assuming s channel helicity conservation this group
deduce that the parameter t2? should be 0.4%0.1.
Figure 2 shows the measured <cross section for
exclusive p° production as a function of Q2.
The solid curve (dashed curve) shows the generalised

vector dominance model prediction (eqn. 1) with
£E2=0.4 (£2=0.0). It is clear that the data
prefer ' the value §2=0.0 and exclude the value
£2=0.4. Thus generalised vector meson dominance

with s channel helicity conservation does not describe
the data at high Q2.
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p° photoproduction cross section versus Q2.
The smooth curves show the VMD predictions
(equation 1) with ¥?=0 and §2=0.4.

The EMC have measured independently (from the
incidgng muon energy dependence) the value of R=°L/°T=
_O'AtO.A by combining their data with the measurements

of the CHIO group, each extrapolated to Q2=2 GeV2,
This shows that exclusive p°® production is mainly by
transversely polarised virtual photons. Projecting

out the observed sin26 and cos?0
decay pion angular distributions would imply a value
R=2.740.5 at Q2=2 GeV? if s channel helicity were
conserved. Comparing these two values of R one con-
cludes that s channel helicity is no longer conserved
at larger Q2 i.e. exclusive p® photoproduction occurs
mainly from transverse (helicity * 1) photons and the
p°'s are produced mainly in a helicity 0 state.

components from the

Could the generalised vector meson dominance pict-
ure work with s channel helicity f£lip? Equation (1)
shows

that as Q? becomes large the expected cross
3 3 e s 2y - a. 4. a
section ratio o :o 1oy (large Q2) ¢ m*:o.m UJ/WmW

(Q?=0)=9:1:0.75. The value of these ratios observed at
Q2=15 GeV2 are 9:1.640.4:5.6%1.0 and are inconsistent
with this picture. Thus the generalised vector dom-

inance model with or without s channel helicity
conservation fails to describe the data at higher
Q2. However, the observed ratios are tending to

the values expected (9:2:8) from the electromagnetic
coupling of the virtual photon to the quark charges.
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The exclusive p® yields as a function of
t'=|t-tmin| in different Q2? bins from an ammonia
(mainly nitrogen) target
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The ratio of the total coherent to incoherent cross
sections from nitrogen as a function of Q2. The
smooth curve shows the expected decrease due to the
increase of tpi, with Q2.



Figure 3 shows the measured t'(=t-tgpjp) dependence?
for exclusive p° production from an ammonia (mainly
nitrogen) target. The sharp peak at small t is due to
coherent production smeared by experimental resolution.
The smooth curves are fits of the form e P’ outside
the coherent region (t'<0.2). Figure 3 shows that the
value of b decreases rapidly with Q2. This indicates
that at higher Q? exclusive p® production is dominated
by a hard scattering mechanism. The exponentials in
fig. 3 were extrapolated under the coherent peak to
measure the ratio of the coherent to incoherent cross
sections. Figure 4 shows that this ratio decreases
with Q2. Such behaviour can be understood from
the failure of s channel helicity conservation at high
Q2. In the forward direction, by angular momentum
conservation, the helicity flip of the p° implies
that the nucleon spin must also flip. Such spin flip
amplitudes cannot contribute to coherent production
since the final state of the nucleus changes.

The coherent cross section ratio decreases
approximately as 1/Q2. Presumably such a cross
section is due to the residual diffractive (i.e.

vector meson dominance type) behaviour. A 1/Q?
dependence indicates that such behaviour is a higher
twist mechanism.

Nuclear Shadowing of Photons?®

This is studied by measuring the A dependence of
the total hadronic photoabsorption cross section
YA where A is the atomic mass number. For any
nucleus we define

Ao
A _ YA
eff = (Zo__+No )
Yp n

where oy, and oy are the free proton and neutron cross
sections and Z and N are the number of protons and
neutrons in the nucleus. This is parameterised by

Such a parameterisation fits imperfectly the pion-
nucleus cross section variation with a value
e~~0.14. However, it will suffice for the less
precise photon data.

For real photons (Q’:O) of energy v>10 GeV, ¢ is
found to be approximately independent of v with a
value of about -0.07. This indicates partial
shadowing of real photons. The data are well
represented by a model which assumes that the photon
has a point-like cross section as well as a part
interacting as in the vector meson dominance model,

There are several experiments with have contri-
buted data on shadowing at finite Q? 1in charged
lepton scattering®,10, Splitting these data into
different Q2 ranges and plotting ¢ as a function of
x=Q?/2Mv, trends appear in the measurements. Here x
is the fraction of the momentum of the nucleon carried
by a struck parton in the quark parton model. Figure 5
shows ¢ as a function of x for the low Q2 range6-7
(Q2<1). The measurements show that shadowing turns off
smoothly as x increases (i.e. v decreases) as would be
expected in the model used to describe the real photo-
production data. Figure 6 shows the ratio of Aeff/A
(=°YA/A°YN‘ where N is the average of the proton and
neutron cross sections) for carbon and iron or copper

for intermediate Q’a. Q%<4 Gev? and high Q210 Q¥>2 Gev?,
The data of 9 has been omitted from this plot

because the two experiments neither agree with each
other or with the other measurements® in the same

Q? range. At x>0.1 the ratio decreases with x.

This effect is known as the EMC effect. For x<0.1 the
ratio decreases and tends to show shadowing i.e. the

ratio tends to a value <1.
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Fig. 5

The parameter ¢ as a function of x for
low Q2 data the hatched region shows the range
of variation of the data of® and the points are
the data of

Many theoretical models exist to explain the EMC
effect at high x11,  There are three models of the
contributing mechanisms in the region x<0.2. The model

of Brodsky, Close and Gunion® predicts that shadow-
ing occurs at small x, but that it dies uniformly with
Q?. This model does not predict antishadowing at
x~0.15, as indicated by the data.

The presence of pions in the nucleus has been used
to predict the antishadowing excess at x~0.1512,
In this model the nucleon structure function in the
nucleus is given by

) = IAf (z) F¥ydz + JA £ (2) FT(%)dz
27 % e z) Yot x * 2'z

where FN and F' are the structure functions and f_, f
are the fraé%ional momentum distributions of the
nucleon and pion in the nucleus respectively. The
increase of the ratio in fig. 6é above unity at
x~0.15 is ascribed to the excess pion content and
the decrease below unity at large x to momentum
conservation. The shadowing at small x is not
predicted and is ascribed to a separate process e.g.
the Brodsky, Close and Gunion mechanism.

A parton model of shadowing and antishadowing was
developed by Nicholaev and Zacharovi3, They
postulate that soft partons (e.g. gluons) can fuse to
produce harder partons. Thus the tiny x region,
x<A™" my/my (where my and my are the pion and nucleon



masses), in deep inelastic scattering is depleted as
there are fewer soft partons which accrete at
%x~0.15, giving an excess in this region. In this
model the ratios will be approximately Q2
independent.

At present the data are too few and too imprecise
to separate these two pictures. It will be necessary
to measure the Q2 dependence of the ratio in
fig. 6 in the tiny x region to understand the detailed
mechanisms in the shadowing region.
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Fig. 6

The ratio of the cross section for deep inelastic
scattering per nucleon from a) iron or copper
b) carbon to that from deuterium at high and
intermediate values of Q2

Conclusiong
In exclusive vector meson production in deep
inelastic scattering, the vector meson dominance

picture dies away and the produc;ion meghanism becomes
a hard scattering process at Q°>1 GeV'. The virtual
photon has been demonstrated to behave as a pure

electromagnetic probe. In shadowing in nuclei there
are indications for the electromagnetic behaviour of
the photon but the picture is still somewhat confused.
There is a need to measure the Q2 dependence of
the shadowing region at very small x in order to
better understand the processes involved.

I would like to thank the organisers of the NPAS
Workshop at SLAC for their hospitality. I should also
like to thank Per Grafstrdm for helpful discussions.
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TESTING QUANTUM CHROMODYNAMICS IN ELECTROPRODUCTION*

STANLEY J. BRODSKY

Stanford Linear Accelerator Center
Stanford University, Stanford, California 94805

Introduction

Deep inelastic lepton nucleon scattering has been one of
the key testing grounds of QCD over the past two decades.
Measurements of the nucleon and nuclear structure functions
have not only tested the short-distance properties of the theory,
(such as the scaling properties of structure functions and their
logarithmic evolution with momentum transfer), but they have
also illuminated the nonperturbative bound state structure of
the nucleon and nuclei in terms of their quark and gluon de-
grees of freedom. For the most part, this information has been
obtained from single-arm inclusive experiments where only the
recoil lepton was detected.

One of the important potential advantages of an inter-
nal target facility in an electron storage ring as discussed in
this workshop is that the entire final state of electroproduc-
tion can be measured in coincidence with the scattered elec-
tron with close to 47 acceptance. In the case of the PEP ring
(E(et) ~ 15 GeV), measurements can be performed above
the onset of Bjorken scaling. Both polarized and unpolarized
hydrogen and nuclear targets may be feasible, and eventually
even polarized electron beams may be available. High pre-
cision comparisons between electron and positron scattering
would allow the study of higher order QED and electroweak
interference effects. The asymmetry in the cross sections for
efp — e*4X can be zsizeable,l providing a sum rule for the
cube of the charges of the quarks in the target.

At the most basic level, Bjorken scaling of deep inelastic
structure functions implies the production of a single quark jet,
recoiling against the scattered lepton. The spectator system—

the remnant of the target remaining after the scattered quark .

is removed-is a colored 3 system. (See fig. 1.) According to
QCD factorization, the recoiling quark jet, together with the
gluonic radiation produced in the scattering process, produces
hadrons in a universal way, independent of the target or par-
ticular hard scattering reaction. This jet should be identical
to the light quark jets produced in e*e™ annihilation. In con-
trast, the hadronization of the spectator system depends in
detail on the target properties. Unlike the quark jet, the lead-
ing particles of the target spectator system do not evolve and
thus should not depend on the momentum transfer Q? [at fixed
W?2 = (g+ p)?]. At present we do not have a basic understand-
ing of the physics of hadronization, although phenomenological
approaches, such as the Lund string model, have been success-
ful in parameterizing many features of the data.

Spectator
System

4-87 5741A8

Fig. 1. Struck quark and spectator
systems in electroproduction.

+« Work supported by the Department of Energy, contract
DE-ACO03-765F00515.

At a more detailed level, the features of the standard
leading twist description are modified by coherent or non-
perturbative effects. For example, higher twist~power-law sup-
pressed contributions arise when two or more quarks recoil
against the scattered lepton. At high energies, the quark jet
does not change its state or hadronize over a distance scale pro-
portional to its energy. Thus inelastic or absorptive processes
cannot occur inside a nucleus—at least for the very fast hadronic

fragments. We will discuss this target length condition®® in
more detail below. Nevertheless, a nuclear target can pro-
vide an essential tool for studying the detailed features of jet
hadronization since the fast fragments are expected to scatter
elastically in the nuclear medium, and the slow particles can
interact inelastically and shower inside the nucleus. A review
of the QCD predictions for jet hadronization can be found in

Berger’s contribution® to this workshop.

Many of the novel features expected in QCD are also ap-
parent in QED. It is thus often useful to keep a QED analog in
mind, replacing the target by a neutral atom such as positro-
nium. Even in QED where there is no confinement, one ex-
pects in certain kinematic regions significant corrections to the
Bjorken scaling associated with positron or electron knockout,
in addition to the logarithmic evolution of the QED structure
functions associated with induced photon radiation. For exam-
ple, at low Q?, the interference between amplitudes where dif-
ferent constituents are struck become important. Near thresh-
old, where charged particles emerge at low relative velocities,
there are strong Coulomb distortions, as summarized by the

Sommerfeld® factor. In QCD these have their analog in a phe-

nomena called “jet coalescence™® which we discuss in a later
section. The Coulomb distortion factor must be included if one
wants to maintain duality between the inelastic continuum and
a summation over exclusive channels in electroproduction.

My main emphasis is this talk, however, is in the study
of exclusive channels in electroproduction. It is clearly inter-
esting to study how the summation of such channels yields
the total inelastic cross section. More important, each indi-
vidual exclusive channel! can provide detailed information on
basic scattering mechanisms in QCD and how the scattered
quarks and gluons recombine into hadrons. In certain cases
such as Compton scattering and meson electroproduction, we
can study new aspects of the light cone expansion for the prod-
uct of two currents, thus extending the renormalization group

analysis into a new domain.” The diffractive production of vec-

tor mesons at high Q? can test the basic composition of the
Pomeron in QCD. Further, as we discuss in the next section,

measuring exclusive reactions inside a nuclear target allows the

study of “color transpa.rency”,a’9 the “formation zone”,2 and

other novel aspects of QCD.

Exclusive Channels in Electroproduction

In high momentum transfer inclusive reactions, the under-
lying quark and gluon scattering processes lead directly to jet
production in the final state, To leading order in 1/Q?, the
cross sections and jet hadronization can be understood at the
probabilistic level. In contrast, in ezclusive electroproduction
processes, one studies quark and gluon scattering and their
reformation into hadrons at the amplitude level. Exclusive re-
actions thus depend in detail on the composition of the hadron
wavefunctions themselves.



There is now an extensive literature, both experimental
and theoretical, describing the features of large momentum
transfer exclusive reactions. The QCD predictions are based

on a factorization theorem'®™* which separates the non-
perturbative physics of the hadron bound states from the hard
scattering amplitude which controls the scattering of the con-
stituent quarks and gluons from the initial to final directions.
This is illustrated for the proton form factor in fig. 2. Elec-
troproduction of exclusive channels provides one of the most
valuable testing ground of this QCD formalism, since the in-
coming photon provides a probe of variable spacelike mass di-
rectly coupling to the hard-scattering amplitude.

It has been known since 1970 that a theory with under-
lying scale-invariant quark-quark interactions leads to dimen-
sional counting rules'® for large momentum transfer exclusive
processes; e.g. F(Q?) ~ (Q%)!~™ where n is the minimum
number of quark fields in the hadron. QCD is such a theory;
the falctorization formula leads to nucleon form factors of the
form: :

Owl@) = [ﬂé‘f—z’}’%am (en AN

x [1 +0(ce(Q)) + 0 (%)]

The first factor, in agreement with the quark counting rule,
is due to the hard scattering of the three valence quarks from
the initial to final nucleon direction. Higher Fock states lead
to form factor contributions of successively higher order in

1/Q*. The logarithmic corrections derive from an evolution

equationm’16 for the nucleon distribution amplitude. The v,

are the computed anomalous dimensions, reflecting the short
distance scaling of three-quark composite operators. The re-
sults hold for any baryon to baryon vector or axial vector
transition amplitude that conserves the baryon helicity. He-
licity non-conserving form factors should fall as an additional
power of 1/Q%. Measurements of the transition form factor to
the J = 3/2 N(1520) nucleon resonance are consistent with
J; = £1/2 dominance, as predicted by the helicity conser-

vation rule.!” It is very important to explicitly verify that

(a)
x4
x
B 2
P X3
(b) +
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F3(Q?)/F1(Q?) decreases at large Q2. The angular distribution
decay of the J/W¥ — pj is consistent with the QCD prediction
Ap + Ap - 0.

The normalization constants anm, in the QCD prediction
for G')s can be evaluated from moments of the nucleon’s distri-
bution amplitude ¢(z;, Q). There are extensive on-going the-
oretical efforts computing constraints on this nonperturbative
input directly from QCD. The pioneering QCD sum rule anal-

ysis of Chernyak and Zhitnitskii 2 provides constraints on the
first few moments of ¢(z, Q). Using as a basis the polynomials
which are eigenstates of the nucleon evolution equation, one
gets a model representation of the nucleon distribution am-
plitude, as well as its evolution with the momentum transfer
scale.

The QCD sum rule analysis predicts a surprising feature:
strong flavor asymmetry in the nucleon’s momentum distribu-
tion. The computed moments of the distribution amplitude
imply that 65% of the proton’s momentum in its 3-quark va-

- lence state is carried by the u-quark which has the same he-

licity as the parent hadron. {See fig. 3.) A recent comprehen-

sive re-analysis by King and Sa\,chra,jda18 has now confirmed
the Chernyak and Zhitnitskii form in its essential details. In

addition, Dziembowski and Mankiewicz'® have recently shown
that the asymmetric form of the CZ distribution amplitude can
apparently be derived from a rotationally-invariant CM wave-
function transformed to the light cone using a Melosh-type
boost of the quark spinors. The transverse size of the valence
wavefunction is found to be significantly smaller than the mean
radius of the proton-averaged over all Fock states. This was
predicted in ref. 10. Dziembowski and Mankiewicz also show
that the perturbative QCD contribution to the form factors
dominates over the soft contribution {obtained by convoluting
the non-perturbative wave functions) at a scale Q/N = 1 GeV,
where N is the number of valence constituents. Similar crite-
ria were also derived in ref. 20. Results of the similar Jacob
and Kisslinger®" analysis of the pion form factor are shown in
fig. 4. Claims 2 that a simple overlap of soft hadron wavefunc-
tions could fit the form factor data were based on wavefunctions
which violate rotational symmetry in the CM.

A detailed phenomenological analysis of the nucleon form
factors for different shapes of the distribution amplitudes has
been given by Ji, Sill, and Lombard-Nelsen.*® Their results
show that the CZ wavefunction is consistent with the sign and

-+- ese
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Fig. 2. Factorization of the nucleon form factor at large Q? in QCD.



¥ylx) = V(x)-A(x)

x3=1
X|=1
X2=1
8-84 5207A7

~ Fig. 3. QCD sum rule prediction for the
proton distribution amplitude.
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Fig. 4. Models for the “soft” contribution to the pion form
factor. The Isgur-Llewellyn-Smith predictzion22 is based on
a wavefunction with Gaussian fall-off in transverse momen-
tum but power-law falloff at large z. The Jacob-Kisslinger
prediction21 is based on a rotationally symmetric form in the
center of mass frame. The perturbative QCD contribution cal-
culated with CZ'? distribution amplitudes is consistent with
the normalization and shape of the data for Q% > 1 GeV?2.

magnitude of the proton form factor at large Q? as recently

measured by the American University/SLAC collaboration. **
(See fig. 5.) The fact that the correct normalization emerges is
a non-trivial test of the distribution amplitude shape; for exam-
ple, the if the proton wavefunction has a non-relativistic shape
peaked at z; ~ 1/3 then one obtains the wrong sign for the nu-
cleon form factor. Furthermore symmetrical distribution am-
plitudes predict a much too small magnitude for Q4G},(Q?) at

large Q2. Gari and Stefannis”® have developed a useful model
for the nucleon form factors which incorporates the CZ distri-
bution amplitude predictions at high Q? together with VMD
constraints at low Q2. Their analysis predicts sizeable values
for the neutron electric form factor at intermediate values of
Q2. (See fig. 6.)

Measurements of the two-photon exclusive processes vy —
w+7~ and K+t K~ are in excellent agreement with the pertur-
bative QCD predictions. The data®® (see fig. 7) extend out
to invariant mass squared 10 GeV?, a region well beyond any
significant contribution from soft contributions.
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Fig. 5. Comparison of perturbative QCD predictions and data
for the proton form factor. The calculation, based on the CZ
QCD sum rule distribution amplitude, is from ref. 23. The
prediction depends on the use of the running coupling constant
as a function of the exchanged gluon momentum. The data are
from ref. 24.

Nevertheless, one can question22 with the consistency of

the perturbative QCD analysis, particularly for baryon reac-
tions at moderate momentum transfer:

1. The perturbative analysis of the baryon form factor and
large angle hadron-hadron scattering depends on the sup-
pression of the endpoint regions z; ~ 1 and pinch sin-
gularity contributions. This suppression occurs auto-
matically in QCD due to Sudakov form factors, as has

been shown by Mueller'! based on the all-orders analy-

sis of the vertex function by Sen.?” Since these analyses
require an all-orders resummation of the vertex correc-
tions, they cannot be derived by standard renormaliza-
tion group analysis. In this sense the baryon and large
angle scattering results are considered less rigorous than
the results from analysis of the meson form factor and

the 74 production of meson pairs. 2

2. The magnitude of the proton form factor is sensitive to
the z ~ 1 dependence of the proton distribution ampli-
tude, where non-perturbative effects could be important.
The CZ asymmetric distribution amplitude, in fact, em-
phasizes contributions from the large z region. Since non-
leading corrections are expected when the quark prop-
agator scale Q%(1 — z) is small, relatively large Q? is
required to clearly test the perturbative QCD predic-
tions. A similar criterion occurs in the analysis of correc-
tions to QCD evolution in deep inelastic lepton scatter-
ing. Dziembowski and Mankiewicz'® claim that one can
consistently fit low energy phenomena (the nucleon mag-
netic moments), the measured high momentum transfer
hadron form factors, and the CZ distribution amplitudes
with a self-consistent ansatz for the quark wavefunctions.

A complete derivation of the nucleon form factors at all
momentum transfers would require a calculation of the entire
set of hadron Fock wavefunctions. (See fig. 8.) This is the
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Fig. 6. Predictions for the nucleon form factors assuming VMD
at low Q2 and perturbative QCD at high Q2. From ref. 25.

goal of the “discretized light-cone quantization” approaxch29
for finding the eigen-solutions of the QCD Hamiltonian quan-
tized at equal light cone time r = t + z/¢. using a discrete
basis. Thus far results have been obtained for the spectrum
and wavefunctions for QED and Yukawa field theories in one-
space and one-time dimension. The structure function of the
lowest mass bound state in QED[1+1] as a function of a scaled
coupling constant is shown in fig. 9.

Color Transparency

The QCD analysis of exclusive processes depends on the
concept of a Fock state expansion of the nucleon wavefunction,
projected onto the basis of free quark and gluon Fock states.
The expansion is done at equal time on the light-cone and in
the physical light-cone gauge. At large momentum transfer
the lowest particle-number “valence™ Fock component with all
the quarks within an impact distance b; < 1/Q controls the
form factor at large Q2. Such a Fock state component has
a small color dipole moment and thus imteracts only weakly
with hadronic or nuclear matter.®® Thus if elastic electron-
scattering is measured as a quasi-elastic process inside a nu-
cleus, one predicts negligible final state interactions in the tar-
get as @ becomes large. Integrating over Fermi-motion, one
predictszo that the differential cross section is additive in the
number of nucleons in the nucleus. A test of this novel ef-
fect, “color transparency”, has recently been carried out at
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Fig. 7. Measurements>® of exclusive two-photon reactions
compared with the perturbative QCD predictions of ref. 28.
The predictions are nearly independent of the shape of the
meson distribution amplitudes.
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Fig. 8. Representation of electoweak hadron form factors in
the light-cone formalism. The sum is over all charged quark
lines and all Fock states .
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Fig. 9. The structure function of the lowest mass bound state
for QED in 141 space-time dimensions, as calculated in the

DLCQ formalism.®

Brookhaven for large momentum transfer elastic pp scattering

in nuclear targets by a BNL-Columbia collaboration.®! The
initial results are consistent with diminished absorptive cross
sections at large momentum transfer. If these preliminary re-
sults are verified they could provide a striking confirmation of
the perturbative QCD predictions.



The strong spin-asymmetries seen in elastic p-p sca.t.tering32
and the oscillations of the data modulating the predicted

dimensional counting rule power-law fall-off* suggest pos-
sible resonant interference effects with the perturbative
amplitude. {See also ref. 34.] These features evidentially can-
not be explained in terms of the simplest QCD perturbative

contributions.® (See fig. 10.) It is interesting to speculate
whether one is observing an interference with pinch singular-

ity contribution®* or di-baryon resonances associated with the

“hidden color” degrees of freedom of the six-quark state.>®
Since the resonant contributions are not coupled to small va-
lence Fock states, one could expect significant final state cor-
rections at energies where the resonances are important. Thus
color transparency can be used to distinguish mechanisms for
hadron scattering.

In the case of nucleon transition form factors measurable in
inelastic electron nucleon scattering, the magnitude of the final
state interactions should depend on the nature of the excited
baryon. For example final state resonances which are higher
orbital ggg states should have large color final state interac-
tions.

Perhaps the most dramatic application of color trans-
parency is to the QCD analysis of the deuteron form fac-
tor at large momentum transfer.?”*® A basic feature of
the perturbative QCD formalism is that the six-quark wave-
function” at small impact separation controls the deuteron
form factor at large Q*. Thus even a complex six-quark
state can have negligible final state interactions in a nu-
clear target-provided it is produced in a large momentum
transfer reaction. One thus predicts that the “transparency
ratio” 42(eA — ed(A —1)]/%[ed — ed] will increase with
momentum transfer. The normalization of the effective
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number of deuterons in the nucleus can be determined by
single-arm quasi-elastic scattering.

Other experimental tests of the reduced amplitude formal-
ism are discussed in a later section.

Diffractive Electroproduction Channels

As a further example of the richness of the physics of
exclusive electroproduction consider the “diffractive” channel
~*p — p%. At large momentum transfer, QCD factorization

for exclusive amplitudes applies, and we can write each helicity

amplitude in the form:'°

Mopeppop(s,t,¢*) = /Hdzi TH (i, PF»Oem, 4°)
x ¢l (i, )8} (20, Pr)dp(zis PT) -

This represents the convolution of the distribution amplitudes
¢(z, Q) for the ingoing and outgoing hadrons with the quark-
gluon hard scattering amplitude Ty{y* + (ggq)p — (7)o +
(gqq)p) for the scattering of the quarks from the initial to final
hadron directions. Since Ty involves only large momentum
transfer, it can be expanded in powers of o,(Q?). The dis-
tribution amplitudes ¢({z;, pr) only depend logarithmically on
the momentum transfer scale, as determined from the meson
and baryon evolution equations. As we discussed above, the
functional dependence of the meson and baryon distribution
amplitudes can be predicted from QCD sum rules. A surpris-

ing feature of the Chernyak and Zhitnitsky analysis12 of the

distribution amplitude of helicity-zero mesons is the prediction
of a double-hump shape of ¢rs(z, @) with a minimum at equal
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Fig. 10. Spin asymmetry for polarized pp elastic scattering. From ref. 32.



partition of the light-cone momentum fractions. (See fig. 11.)
This result has now been confirmed in a lattice gauge
theory calculation of the pion distribution amplitude mo-
ments by Martinelli and Sachrajda.” Similar conclusions also
emerge from the wavefunction ansatz of Dziembowski and

.19
Mankiewicz.

1.0

57T41A21
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Fig. 11. Theoretical predictions for the
pion distribution amplitude.

The main dynamical dependence of the electroproduction
amplitude is determined by Ty. To leading order in a,(p%),
Ty can be calculated from minimally-connected tree graphs;
power counting predicts

. _ eaj(pt) ( Q’)
Ty = 217 Oem, ~
7= T\
and thus
do aab(pk) ( Q’)
= (~p — ~ 2T P g, -

to leading order in 1/p} and a,(p}). This prediction is consis-
tent with the dimensional counting rule do/dt ~ s*™f(fcm)
where n = 9 is the total number of initial and final fields. The
scaling laws hold for both real and virtual photons. As shown
in fig. 12, the data®® for ~p — wtn are consistent with the
QCD scaling law prediction.
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Fig. 12. Comparison of pion photopro-

duction data®® at O.m = x/2 with the
quark counting rule prediction.
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The leading contributions at large momentum transfer in
QCD satisfy hadron helicity conservation’”

Ap=Ap Ay

This selection rule is an important test of the vector coupling
of the gluon in QCD. The result is independent of the photon
helicity! Furthermore, the leading behavior comes from the
“point-like” Fock component of the photon. The vector-meson-
dominance contribution corresponds to the ¢g state where the
constituent momenta are restricted to be collinear to the pho-
ton. This region gives a power-law suppressed (1/p%)® contri-
bution to the cross section at fixed 8.m.

The dependence on the photon mass in exclusive electro-
production amplitudes in QCD occurs through the scaling vari-
able Q?/p%. Thusfor Q* <« pZ, the transverse photon electro-
production amplitudes are predicted to be insensitive to Q2.
This is in striking consequence to the vector meson dominance
picture, which predicts a universal 1/(1 + Q?/m?) dependence
in the amplitude. Furthermore, since only the point-like com-
ponent of the photon is important at large pr, one expects no
absorption of the initial state photon as it penetrates a nuclear
target. The reaction ¥*n — 7~ p is a particularly interesting
test of color transparency since the dependence on photon mass
and momentum transfer can be probed.

)’*: ii 7* : Po : 35
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Fig. 13. Conventional description of nuclear shadowing of low
Q? virtual photon nuclear interactions. The 2-step amplitude
is opposite in phase to the direct contribution on nucleon N;
because of the diffractive vector meson production on upstream
nucleon Nj.

The conventional theory39 of shadowing of photon interac-
tions is illustrated in fig. 13. At large Q? the two-step ampli-
tude is suppressed and the shadowing effect becomes negligible.
This is the basis for a general expectation that shadowing of
nuclear structure functions is actually a higher-twist phenom-
ena, vanishing with increasing Q? at fixed z. [A recent analysis

on shadowing in electroproduction by Qiu and Mueller*® based
on internucleon interactions in the gluon evolution equation in
a nucleus suggests that shadowing is a higher twist effect, but
decreases slowly as Q? increases.| Thus we predict simple ad-
ditivity for exclusive electroproduction in nuclei

do
= (Ao ’N(A-1) =4

o (YN = °N)
to leading order in 1/p%. (The bar indicates that the cross
sections are integrated over the nucleon Fermi motion.) This
is another application of color transparency. What is per-
haps surprising is that the prediction holds for small @32, even
Q% = 0! Note that the leading contribution in l/p% (all orders
in a,(p})) comes from the v — ¢§ point-like photon coupling
in Ty where the relative transverse momentum of the ¢g are
of order pr. Thus the “impact” or transverse size of the g§
is 1/pr, and such a “small” color dipole has negligible strong
interactions in a nucleus. The final state proton and p° also
couple in leading order to Fock components which are small in
impact space, again having minimal initial or final state inter~
actions. If this additivity and absence of shadowing is verified,
it will also be important to explore the onset of conventional
shadowing and absorption as p%- and Q? decrease.



Electroproduction of Diffractive Channels

Exclusive processes such as virtual Compton scattering,
~*p — ~p and p° electroproduction v*p — pOp play a special
role in QCD as key probes of “pomeron” exchange and its
possible basis in terms of multiple-gluon exchange.7 At large
photon energy, the diffractive amplitudes are dominated by
J = 1 Regge singularities.

Recent measurements of v'p — p%p by the EMC group41
using the high energy muon beam at the SPS show three un-
expected features: (1) The p° is produced with zero helicity at
Q? > 1 GeV?; (2) the falloff in momentum transfer becomes
remarkably flat for Q% > 5 GeV?; and (3) the integrated cross
section falls as 1/Q4.

The most surprising feature of the EMC data is the very
slow fall-off in t for the highest Q% data. (See fig. 14.) Us-
ing the parameterization e®’, t! = |t — tmin|, the slope for
7 < @* < 25 GeV?, E; = 200 GeV data is b ~ 2 GeV~2,
If one assumes Pomeron factorization, then the fall-off in mo-
mentum transfer to the proton should be at least as fast as the
square of the proton form factor,42 representing the probabil-
ity to keep the scattered proton intact. (See fig. 15(b).} The
predicted slope for Jt| < 1.5 GeV? is b ~ 3.4 GeV~2, much
steeper than the EMC data. The background due to inelastic

effects is estimated by the EMC group to be less than 20% in
this kinematic domain.
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Fig. 14. The slope parameter b for the form do/dt = Aebt' fit
to the EMC data (ref. 41) for up — up°p for [t'| < 1.5 GeV2.

In the vector meson dominance picture one expects: (1)
dominantly transverse p polarization (s-channel helicity con-
servation); (2) fall-off in t similar to the square of the proton
form factor (Pomeron factorization); and (3) a 1/Q? asymp-
totic fall-off when longitudinal photons dominate.

The physics of electroproduction is quite different in QCD.
At large Q? > p% diffractive channels take on a novel

character.” (See fig. 15(c).) The transverse momentum kr in

the upper loop connecting the photon and p° is of order the
photon mass scale, kr ~ Q. (Other regions of phase space
are suppressed by Sudakov form factors). Thus just as in
deep inelastic inclusive scattering, the diffractive amplitude in-
volves the proton matrix element of the product of operators
near the light-cone. In the case of virtual Compton scatter-
ing v'p — ~p', one measures product of two electromagnetic
currents. Thus one can test an operator product expansion
similar to that which appears in deep inelastic lepton-nucleon
scattering, but for non-forward matrix elements. In such a
case the upper loop in fig. 15(c) can be calculated using per-
turbative methods. The p enters through the same distribution
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Fig. 15. (a) Diffractive electroproduction of vector mesons. (b)
Local pomeron contribution coupling to one quark. (c) Pertur-
bative pomeron contribution. For large transverse momentum
k? =~ Q? two-gluon exchange contributions are dominant.

amplitude that appears in large momentum transfer exclusive
reactions. Since the gauge interactions conserve helicity, this
implies A, = 0, A, = A,’, independent of the photon helicity.
The predicted canonical Q? dependence is 1/Q*, which is also
consistent with the EMC data.

Since the EMC data is at high energy (E, = 200 GeV,
s >> pk) one expects that the vector gluon exchange diagrams
dominate quark-exchange contributions. One can show that
the virtuality of the gluons directly coupled to the v — p
transition is effectively of order Q2, allowing a perturbative
expansion. The effect is a known feature of the higher Born,
multi-photon exchange contributions to massive Bethe Heitler
processes in QED.‘5

The dominant exchange in the t-channel should thus be the
two-gluon ladder shown in fig. 15(c). This is analogous to the
diagrams contributing to the evolution of the gluon structure
function. If each gluon carries roughly half of the momentum
transfer to different quarks in the nucleon, then the fall-off in t
can be significantly slower than that of the proton form factor,
since in the latter case the momentum transfer to the nucleon is
due to the coupling to one quark. This result assumes that the
natural fall-off of the nucleon wavefunction in transverse mo-
mentum is Gaussian rather than power-law at low momentum
transfer.

In the case of quasi-elastic diffractive electroproduction in
a nuclear target, we expect neither shadowing of the incident
photon nor final state interactions of the outgoing vector meson
at large Q? (color transparency).

Thus p° electroproduction and virtual Compton scatter-
ing can give essential information on the nature of diffractive

(pomeron exchange) processes. Data at all energies and kine-
matic regions are clearly essential.

Exclusive Nuclear Processes in QCD

One of the most elegant areas of application of QCD to
nuclear physics is the domain of large momentum transfer ex-
clusive nuclear processes. Rigorous results have been given by

Lepage, Ji and myself43 for the asymptotic properties of the



deuteron form factor at large momentum transfer. The basic
factorization is shown in fig. 16. In the asymptotic Q* — oo
limit the deuteron distribution amplitude, which controls large
momentum transfer deuteron reactions, becomes fully symmet-
ric among the five possible color-singlet combinations of the six
quarks. One can also study the evolution of the “hidden color”
components {orthogonal to the np and AA degrees of freedom)
from intermediate to large momentum transfer scales; the re-
sults also give constraints on the nature of the nuclear force
at short distances in QCD. The existence of hidden color de-
grees of freedom further illustrates the complexity of nuclear
systems in QCD. It is conceivable that six-quark d* resonances
corresponds to these new degrees of freedom may be found by
careful searches of the v*d — ~d and v*d — 7d channels.
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Fig. 16. Factorization of the deuteron form factor at large Q2.

The QCD analyses suggests a consistent way to elimi-
nate the effects of nucleon compositeness in exclusive nuclear
reactions.’>** The basic observation is that for vanishing nu-
clear binding energy ¢4 — 0, the deuteron can be regarded
as two nucleons sharing the deuteron four-momentum. The
~*d — np amplitude then contains two factors representing
the probability amplitude for the proton and neutron to re-
main intact after absorbing momentum transfers

~ 2 —~
t={(pp—~1ps)" and = (pn—}pa)’.
The “reduced” amplitude

M(v*d — np)
Fin()Fin (%)
is predicted to have the same fixed angle scaling behavior as

¥*M — ¢ ; i.e., the nucleons are reduced to point particles.
We thus predict

me(v*d — np) =

= (r'd—np)  f(0)
Fiy@Fy@ ()

to leading order in 1/p%.
The analogous analysis (see fig. 17) of the deuteron form
factor as defined in

do
Z (ed —

=2 (R

point

yields a scaling law for the reduced form factor

Fa(Q?) 1
¢ (%) @

fd(QZ) = Fin (

i.e., the same scaling law as a meson form factor. As shown in
fig. 18, this scaling is consistent with experiment for Q% = p% &

12

1 GeV?. There is also evidence for reduced amplitude scaling
for 4d — pn at large angles and p% & 1 GeV?. (see fig. 19).
We thus expect similar precocious scaling behavior to hold for
pd — 7~ p and other pd exclusive reduced amplitudes. In each
case the incident and outgoing hadron and nuclear states are
predicted to display color transparency, i.e. the absence of
initial and final state interactions if they participate in a large
momentum transfer exclusive reaction.

n

g
d ¢ 2P
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Fig. 17. Application of the reduced amplitude
formalism to the deuteron form factor at large
momentum transfer.
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Fig. 18. Scaling of the deuteron reduced form
factor. The data are summarized in ref, 20.

Electroproduction: A General View

The factorization formula*®

1 1 1 d
Z/dza/dzb/ —i—c
ab,ed o ° Te

X Ga/A(xﬂa Q)Gb/B (xbv Q)éc/c(zca Q)

do(AB — CX)
d3pc/E¢

il

s do

Y {ab — cd)

x 6(s' +t' + u')

for the inclusive production processes AB — CX has gen-
eral validity in gauge theory. The systems A,B,C can be
leptons, photons, hadrons, or nuclei. The primary subpro-
cess in electroproduction is eg — eq. The electron structure
function G,/C(z,Q) automatically provides the (leading loga-
rithmic) QED radiative corrections. The energy distribution
of the beam itself plays the role of the non-perturbative or
initial structure function. (See fig. 20(b}.) The subprocess
~4*q — gq corresponds to photon-induced two-jet production.
(See fig. 20(a).) This subprocess dominates reactions in which
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Fig. 19. Scaling of the reduced amplitude for deuteron
electrodisintegration. The data are summarized in ref. 44.
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Fig. 20. Application of gauge theory factorization to electro-
production. (a) The g — gg subprocess produces hadron jets
at high pr. (b) The eg — eq produces one quark jet and one
recoil electron jet at high pr. The QED radiative corrections
are incorporated into the electron and photon QED structure
functions.

the large transverse momentum trigger is a hadron rather than
the scattered lepton. Thus one sees that conventional deep in-
elastic eq — eq scattering subprocess is just one of the several
modes of electroproduction.

The dominant contribution to the meson semi-inclusive
cross section is predicted by QCD factorization to be due to
jet fragmentation from the recoil quark and spectator diquark
jets. When the momentum transfer is in the intermediate range
15 Q% £ 10 GeV?, several other contributions for meson pro-
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duction are expected to become important in eN — ¢'MX.
These include:

(1) Higher twist contributions to jet fragmentation:

dN’-

7 = Daje(2,@7) = AL - 2)* + 5

o}
oD (z—1).

The scaling term reflects the behavior of the pion fragmen-
tation function at large fractional momentum (2 — 1} as
predicted by perturbative QCD (one-gluon exchange). (See

fig. 21(a).) The C/Q? term*® is computed from the same per-
turbative diagrams. For large z where this term dominates, we
predict that the deep inelastic cross section will be dominantly
longitudinal rather than transverse R = og/or > 1.

Jet Fragmentation Isoloted 7
el
e
7*
m
p
™
(b)
Exclusive Primakoff

(c)

4-87

(d)
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Fig. 21. QCD contributions to pion electroproduction. (a) Jet
fragmentation, including leading and 1/Q? higher twist con-
tributions. (b) Isolated pion contributions at order 1/Q*. (c)
Exclusive production. (d) Primakoff contribution.

(2) “Direct” meson production. Isolated pions may also
be created by elastic scattering off of an effective pion current:
(See fig. 21(b).)

do do
dQ%dzy = G'/p(x') W ex—en
do _ 4na? 2Vi2(q
Q| yy (@ THON )

Here y = ¢ - p/p. - p. In the case of a nuclear target, one can
test for non-additivity of virtual pions due to nuclear effects, as

predicted in models*” for the EMC effect !

and Hoodbhoy48 have shown that the existence of quark ex-
change diagrams involving quarks of different nucleons in the
nucleus invalidates general applicability of the simplest con-
volution formulae conventionally used in such analyses. The
Gy /p(z,Q) structure function is predicted to behave roughly

at small zg;. Jaffe

as (1—z)® at large z, as predicted from spectator quark count-

ing rules.’*# Applications of these rules to other off-shell

nucleon processes are discussed in refs. 20 and 49.

(3) Exclusive Channels. (See fig. 21(c).) The mesons can
of course be produced in exclusive channels; e.g. 4*p — 7 n,
~4*p — p°p. Pion electroproduction extrapolated to t = m?2
provides our basic knowledge of the pion form factor at space-
like Q2. With the advent of the perturbative QCD analyses of



large momentum transfer exclusive reactions, predictions can
be given over the whole range of large t and Q2. We discussed
some of the features of p° electroproduction above.

{4) Another possible meson production channel is Pri-
makoff production 4*y — =0, etc., identifiable from very
low target recoil events. (See fig. 21(d).) Such measure-
ments would allow the determination of the v — #° transition
form factor. This quantity, combined with the QCD analysis
of the pion form factor leads to a method to determine the
QCD running coupling constant a,(Q?) solely from exclusive
measurements.

The above examples make it clear that complete final state
measurements are necessary for separating the various produc-
tion channels; detailed study of meson electroproduction can
yield valuable information concerning basic issues in QCD.

Higher Twist Contributions to
Deep Inelastic Scattering

One of the most difficult aspects of electroproduction phe-
nomenology is the separation of logarithmic scaling violations
predicted by QCD evolution from the scale violations induced
by power law corrections. The lack of a full understanding of
these higher twist terms has prevented the extraction of reli-
able values of the QCD scale Agcp from the data. As we have
noted above, shadowing behavior in nuclei is likely associated
with higher twist contributions. In addition, it is not clear
whether ordinary Regge behavior of the inelastic lepton scat-
tering cross section, which is a valid parameterization at fixed
Q?, persists into the scaling region or whether it is associated
with higher twist dynamical effects. The fact that the non-
singlet structure functions obey additive sum rules suggests
that Regge behavior is absent in leading twist.

In some cases the higher twist effect corresponds to coher-
ent many-particle processes which potentially could be iden-
tified by study of the final state. As an example, consider
the processes illustrated in fig. 22. At intermediate Q% and
z = zp;j ~ 1 the cross section has the simplified form

do  4rmal
40z~ Of

ge—

+C(i ~z)™! (%)‘] .

The three terms correspond to lepton scattering off of one,
two, or three quarks, respectively. The power in 1/Q? in-
creases with the number of active quarks: (Q?)2("4~1) The
power in (1 — x) counts the number of spectators required to
stop as £ — 1: (1 — z)?"~1. The “diquark” term gives a
large o, contribution. *® The analogous structure in the pion
structure function has been confirmed in the Drell-Yan reaction
7N — utu~X at large z.*® The relative normalization of the
power-law suppressed terms is uncertain, although the model
calculations based on tree-graph gluon exchange diagrams per-
formed by Blankenbecler, Gunion, and Nason®° suggests very
large coefficients B and C. If this is true for the physical sit-
uation, then the existence of such terms would make it very
difficult to isolate the logarithmic corrections to scaling, ex-
cept at very high momentum transfers—where unfortunately
the sensitivity to the numerical value of Agep is small. In-
ternal target experiments may be able to confirm the different
contributions by studies of the recoil and spectator systems as
functions of Q% and z together with separation of oz and or.

Leading Twist

Higher Twist

Quasi-Exclusive

4-87 5741AT

Fig. 22. Leading and higher twist contributions
to deep inelastic lepton scattering due to multi-
particle hard scattering subprocesses.

Formation Zone Phenomena in
Deep Inelastic Scattering

One of the remarkable consequences of QCD factorization
for inclusive reactions at large pr is the absence of inelastic
initial or final state interactions of the high energy particles in
a nuclear target. Since structure functions measured in deep
inelastic lepton scattering are essentially additive (up to the

. EMC deviations), factorization implies that the gg — u*tu~
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subprocesses in Drell-Yan reactions occurs with equal effect on
each nucleon throughout the nucleus. At first sight this seems
surprising since one expects energy loss from inelastic initial
state interactions.

In fact, potential inelastic reactions such as quark or gluon
bremsstrahlung induced in the nucleus which could potentially
decrease the incident parton energy (illustrated in fig. 23) are
suppressed by coherence if the quark or gluon energy (in the
laboratory frame) is large compared to the target length:

Eq)#2 Ly

Here u? is the difference of mass squared that occurs in the ini-
tial or final state collision. This phenomenon has its origin in
studies of QED processes by Landau and Pomeranchuk. The
QCD analysis is given by Bodwin, Lepage and myself.2 Elas-
tic collisions, however, are still allowed, so one expects collision
broadening of the initial parton transverse momentum. Recent
measurements of the Drell-Yan process 74 — utu~ X by the

NA-10 groupSl at the CERN-SPS confirm that the cross sec-
tion for muon pairs at large transverse momentum is increased
in a tungsten target relative to a deuteron target. (See fig. 24).
Since the total cross section for lepton-pair production scales
linearly with A (aside from relatively small EMC-effect cor-
rections), there must be a corresponding decrease of the ratio
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Fig. 23. Induced radiation from the propagation of an anti-
quark through a nuclear target in massive lepton production.
Such inelastic interactions are coherently suppressed at parton
energies large compared to a scale proportional to the length
of the target.

1.8 T T T T
- 286 Gev {b) -
~+- )
1.0 —p—.——o——t-——t ———————————
06 ! | |
1.8 140 Gev (b)

06 I ] ! !
0

et Pr  (Gevi) ST41A14

Fig. 24. The ratio o(n~W — ptu~X)/o(x~"D — ptu~X) as
a function of the pair transverse momentum. From ref. 51.

of the differential cross section at low values of the di-lepton
transverse momentum. This is also apparent in the data.

These results have striking implications for the interaction
- of the recoil quark jet in deep inelastic electron-nucleus scatter-
ing. For the quark (and gluons) satisfying the length condition,
there should be no extra radiation induced as the parton tra-
verses the nucleus. Thus gluon radiation of the type illustrated
in fig. 25 should be suppressed. However, low energy gluons,
emitted in the deep inelastic electron-quark collision, can suf-
fer radiative losses, leading to cascading of soft particles in the
nucleus. It is clearly very important to study this phenomena
as a function of recoil quark energy and nuclear size.

4-87

5741A3

Fig. 25. Propagation of the struck quark through a nuclear
target. Induced gluon radiation (inelastic final state interac-
tions) is suppressed at high quark energies. Elastic scattering
in the final state however is not suppressed.

It should be emphasized that the absence of inelastic initial
or final state collisions for high energy partons does not pre-
clude collision broadening due to elastic initial or final state
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interactions. The elastic corrections are unitary to leading or-

_ der in 1/Q and do not effect the normalization of the deep

inelastic cross section. Thus we predict that the mean square
transverse momentum of the recoil quark and its leading par-
ticles will increase as Al/3,

The transverse momentum of the recoil quark reflects the
intrinsic transverse momentum of the nucleon wavefunction.
The EMC effect "' implies that quarks in a nucleus have smaller
average longitudinal momentum than in a nucleon. (See
fig. 26.) Independent of the specific physical mechanism un-
derlying the EMC effect, the quarks in a nucleus would also
be expected to have smaller transverse momentum. This effect
can counteract to a certain extent the collision broadening of
the outgoing jet.

ANL-P-18,567
— T
x EMC/1.05
L2t °BCOMS
; * SLAC
IJ‘Z7 -
(5
Zo 1
o
0.9 ~
0.8+ T
| -
0 08
4-87 X 5741A19

Fig. 26. Ratio of nuclear and nucleon structure functions.
The theoretical curves are from the pion current calculation of
Berger and Coester, ref. 47.

Unlike the struck quark the remnant of the target system
does not evolve with the probe momentum Q. However, since
the quantum numbers of the spectator system is 3 in color,
nonperturbative hadronization must occur. Since the trans-
verse momentum of the leading particles in the spectator jet is
not affected by the QCD radiative corrections, it more closely
reflects the intrinsic transverse momentum of the hadron state.

It is also interesting to study the behavior of the transverse
momentum of the quark and spectator jets as a function of z ;.
For zp; ~ 1, the 3-quark Fock state dominates the reaction.

If the valence state has a smaller transverse size'® than that
of the nucleon, averaged over all of its Fock components, then
we expect an increase of (k?) in that regime. Evidence for
a significant increase of (ki) in the projectile fragmentation
region at large quark momentum fractions has been reported

by the SFM group52 at the ISR for pp — dijet +X reactions.

Diffraction Channels and Nuclear
Structure Function Non-Additivity

One unusual source of non-additivity in nuclear structure
functions (EMC effect) are electroproduction events at large
Q? and low z which nevertheless leave the nucleus completely
intact £ < (1/ML,). In the case of QED, analogous processes
such as v*A — utu~ X yield nuclear-coherent contributions
which scales as A,y = Z?/A. (See fig. 27(a).) Such processes

contribute to the Bjorken-scaling, leading-twist cross section.”

In QCD we expect“ the nuclear dependence to be less than
additive for the analogous gluon exchange contributions (see
fig. 27(b)) because of their diffractive coupling to the nucleus.
One can identify nuclear-coherent events contributions by ob-
serving a rapidity gap between the produced particles and the
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Fig. 27. Leading twist contributions to deep inelastic
lepton-nucleus scattering that leave the target intact.
(2) QED example. (b) QCD example.

recoiling target. An interesting question is how the gluon mo-
mentum fraction sum rule is modified by the diffractive contri-
butions.

Studying “Jet-Coalescence” in Electroproduction

What happens if two jets overlap in phase-space? Cer-
tainly independent fragmentation of the jets will fail because
of coherent effects. For example, in QED there are strong final
state interactions when two charged particles are produced at
low relative velocity. In the case of particles of opposite charge
Zye, —Zze, the QED Born cross sections are corrected by the

factor®

o 22y Zyefv
°1 < ezp(2nZ1 Zza/v)

o =

which increases the cross section dramatically at low relative
velocity v. We expect similar effects in QCD when two jets
can coalesce to attractive color channels (Z;Z2a — Cra, for
gg color singlets). In the case of electroproduction, the low
relative velocity enhancements provide a simple estimate of
the increase of the ep — eX cross section at low values of
W2 = (g+p)?, beyond that given by simple duality arguments.

Gunion, Soper and I° have recently proposed this jet co-
alescence mechanism as an explanation of the observed lead-
ing particle correlations seen in charm hadroproduction exper-

iments and the anomalously large cross section™" observed at
the SPS for ™ N — A*(csu)X at large zz. [The hyperon
momentum was 135 GeV/c.| In the case of heavy quark elec-
troproduction e.g. ¥*g — 83, ¢, one predicts an enhancement
of the cross section when the produced quark is at low rapidity
relative to the target fragmentation region. The correction to
the rate, integrated over relative rapidity, is found to vanish
only as a single inverse power of the heavy quark mass, and
thus may give significant corrections to charm production rates
and distributions.

Summary

Electroproduction at intermediate energies on an internal
target in a storage ring such as PEP could allow the study of
many fundamental phenomena in QCD:
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(a) A primary goal is the channel-by-channel reconstruc-
tion of the final state in electoproduction in order to under-
stand in detail the final state hadronization of both the quark
and nucleon spectator jets in a regime where Bjorken scaling
is manifest. Such studies can also provide checks on the effect
of the higher-twist coherent contributions to electroproduction
cross sections. The hadronization of the target jet is a still
largely unexplored phenomenon.

{b) The dynamics of individual exclusive electroproduction
amplitudes can be probed as a function of all kinematic energy
and angle variables including the virtual photon’s mass and
polarization. As we have discussed here, such processes can
often be analyzed systematically in perturbative QCD, provid-
ing detailed checks on both QCD dynamics and hadron wave-
functions. The diffractive reactions also allow the study of
the non-forward matrix elements of the same operator prod-
uct entering the near the light-cone analysis of deep inelastic
structure functions.

(¢) A nuclear target provides a unique probe of short-
distance QCD dynamics. The basic subprocesses can be stud-
ied in a background nuclear field. In particular, one wants to
study the sources of nonadditivity in the nuclear target channel
by channel. This includes tests of various shadowing mecha-
nisms, effects of modification of mesonic degrees of freedom,
the predicted “color transparency” of quasi-exclusive ampli-
tudes at large momentum transfer inside a nucleus, and the
propagation of quark jets through the nuclear medium. Fur-
ther, as discussed in ref 20, one can use large z measurements
to probe nuclear matter in the far off-shell domain. We also
note that exclusive channels which involve the scattering of
light nuclei at high momentum transfer probe the NN inter-
action at short distances.

(d) Given sufficient luminosity, internal target experiments
could allow the study of strange and charm particle electropro-
duction near threshold. By comparing electron and positron

beam experiments, one can probe1 virtual Compton scatter-
ing; the sum of the quark charges cubed can be obtained from
the ratio of the e¥p — e*~+ X cross sections. Polarized proton
and nuclear targets allow the study of detailed effects of spin
via correlations with final state properties. The combination of
polarized target and polarized electron beams allow measure-
ments of the spin dependent structure functions and their sum

rule‘s,56 checks of helicity selection rules, and the separation of
different electroproduction channels.

Although there has been extensive of many aspects of elec-
troproduction over the past decade, there are still many phe-
nomena not fully explored. The distinction between logarith-
mic and power-law scale breaking effects is still in a confused
state. Shadowing, diffraction, the interrelation with vector me-
son dominance, the structure of the (non-evolved) spectator jet
system, Regge behavior in non-singlet structure functions, and
other phenomena at the boundary between perturbative and
non-perturbative effects, all are central topics in hadron and
nuclear dynamics, ideally studied in electroproduction.
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A SPACE-TIME ANALYSIS OF MUO-PRODUCED HADRONIC SHOWERS

Jorge G. Morfin
Fermi National Laboratory
Batavia, IL 60510

Apstract

Hadron showers, produced by high energy muons
interacting on various targets, have been analysed
for evidence of a space-time structure of parton
fragmentation by the European Muon Collaboration.:
Target-dependent multiplicity ratios

and;

Bose-Einstein interference phenomena both yield

information on this subject. :
ntr ion

What | will be discussing in this presentation
is the latest step in the process which has taken

. C
the concept of partons from being a theoretical

explanation! for a surprising experimental result
to a particle in its own right. Wwhile it is true that
the unconfined parton has not yet been detected,
the characteristics of the parton have been fairlgi
well defined through experimentationZ. By
studying the space-time development of a high
energy muo-produced hadron shower, we are trying

to answer two more fundamental questions aboutf~

the nature of the quark. First, what is the
quark-nucleon crosssection? Second, when does
the struck gquark start fragmenting into
hadrons? Since the relevant distances and time
intervals will turn out to be retfatively large we
will have opportunity to briefly look at the
problem of quark confinement, Furthermore, we
will see that a study of puclear effects becomes
not only very intriguing but crucial to answering
the above two questions. As experimental
references | will concentrate on the results of the
European Muon Collaboration (EMC), which used
muons of energy 100 - 300 GeV on various targets,
and the Tevatron Muon Experiment3 (TMC),
scheduled to start running this spring at Fermi
National Laboratory with 600 GeV muons. It is not
coincidental that the primary goal of the TMC is a
high statistics anaiysis of these nuclear effects.

Experimentally we are trying to determine
what happens between the time a muon is
detected as entering the experimental target
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and a shower of hadrons emerges.
process can be divided into three stages:

The

1. The muon transfers a fraction of its energy
to a parton.

2. The parton travels through the nuclear
medium and hadronizes.

3. The hadrons continue the passage through
the target material and emerge.

Stage 1 covers such topics as the hadronic natures
of the photon which mediates the deep inelastic
interactions (to be covered in these proceedings by
T. Sloan) and the measurement of the nuclieon
structure functiond. These results tell us the
probability with which we will interact with a
quark of a given flavor and what fraction of the
total nucleon’s momentum will be carried by the
quark. Stage 3 has been studied for many years
and is covered well by references® dealing with the
passage of a particle through matter. Naturally
stage 3 phenomena also inciudes hard final state
scatters which would take us back to stage 2 ...
etc.

. ‘

uin J1 out
\ /{

¥(Q)

Hadron
Shower

Fig 1. Feynman Graph representation of deep
inelastic muon scattering

In discussing the phenomena of deep inelastic
scattering, there are standard kinematic variables
that are most helpful in characterising the
interaction. If the incoming muon has energy E



while the scattered muon has energy E’ and
scattering angle 6 then the amount of 4-momentum
transferred to the struck quark is:

Q2 = 4EE’sin? 8/2 = -¢?
and the transferred energy is
=E-E".

The ratio of the 4-momentum transferred to the
energy transferred is a measure of the fraction of
the total nucleon momentum carried by the struck
quark, as first formulated by Bjorken;

XBJ = Q2 / 2Mv.

The hadronic shower is described by the effective
mass of the shower

w2 = M2 + 2MD - Q2,

and individual hadrons within the shower are
characterized by the ratio of the hadron's energy to
the total energy transferred to the hadron system

2=p/ Pmax = En /0.

Finally, Feynman-x relates a hadron's 3-momenta
to the 3-momentum of the photon propagator, and
the rapidity of a hadron is a measure of it's
direction relative to the photon propagator’'s
direction;

- PL
Xp =
(pL)max
E«*PL
Y=051In
T
urvey of Theoretical A~ ngen
Dlicity Di ) .

The significance of a space-time analysis of
high energy processes as well as the basic ideas
were summarized by Bjorken? in several
fundamental reports from the mid 70's. He pointed
out the importance of iong time intervals and large
distances which had been hinted at earlier by
Landau and colleagues®. At the time, the emission

19

of hard hadrons was postulated to be a tail effect
of a bremsstrahlung-type process of soft hadron
emission. In this case, the distance required for
the hadron to form in the lab is simply the
time/distance for the quark to fragment to the
hadron in the quark rest frame - a distance of =
/mp - boosted by its Lorentz factor ( E,, / my )

into the lab. This hypothesis was consistent with
the observed® absence of intra-nuclear cascading

of high energy hadrons since if E, / mhz > nuclear

size, the hadron is formed gutside of the

nuciear matter.

A series of increasingly complex models
followed these early concepts. They attempt to
describe the behavior of leading hadrons with large
z (or xg):

Dar_and Takagi!® -- postulated that the leading
quark either escapes completely or is entirely

absorbed in a single interaction. with a
quark-nuclteon cross section (oqN) of 13 mb they

were able to successfully describe the

data as shown in Fig 2.
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Fig. 2 The predictions of reference 10 (solid lines)
compared to various experimental results.

Nilsson, Andersson and Gustafson'! -- The quark

can interact more than once, transferring energy to
a nucleon each time, before finally fragmenting.
They needed a value of OgN ~ 20 mb to fit the data

as in Fig 3.
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Fig. 3 The predictions of reference 11 compared to
the positive and negative particles from the data
of reference 17.

i ng Bi 12 -~ This model was relatively
sophisticated in that it contained multiple elastic
and inelastic quark -
separate analysis of

the longitudinal

information on quel and oqtm respectively.
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Fig. 4 The A-dependence of the ratic of hadronic
yields from nuclei and H, for different values of
the total quark-nucleon cross section. The data
are from reference 17.

nucleon scattering. Al
and ;
transverse hadron momentum spectra yielded

Bialas!3 -- This was the first model to stress the
simple idea of measuring the A-dependence of the
multiplicity of different leading hadrons. If it is
the same, the intermediate state which escapes
the nucleus is a quark. Bialas also stressed the
importance of the interplay between dq and the

formation length Tq-->h
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Fig. S The ratio of muitiplicities from nucieus A
versus Hp for various values of the formation
fength and the quark nucleon cross section. The
data are from reference 17.

Nikolaev!#® -- A very sophisticated model which
uses a nuclear transport equation combined with
the concept of formation tength to predict
multipticity distributions for deep inelastic and
photoproduced hadron showers.
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Fig. 6 The predicted behavior of «, the exponent of
A%, vs z in the cm system and compared to the
data of reference 17.




Bialas and Chmaj'S -- Introduced an alternative
definition of formation length by postulating that
fragmentation may be similar to the decay of the
quark into a hard hadron. In this case, the

formation length is z = v / qu where the quark

life-time has been assumed tobe = | / Mg IT this

is the case, then the formation length should be Q2
dependent. Fig. 7.
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Fig. 7 The ratio of hadrons produced on copper and
H, versus the formation length for various values
of the quark nucleon cross section. The data are
from reference 17 and early EMC resuits.

QCD Models!® -- The application of QCD to the
space-time development of hadron showers does
not appreciably change the basic scale
invariant parton model predictions we have
just outiined.

One common thread which binds all of the
modeis which we have discussed and which has
guided our planning of the Tevatron Muon
Collaboration is that

To determine the validity of the various
ideas contained in these models, a
measurement of the A-DEPENDENCE

of the hadron shower characteristics
is crucialll
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xperimen R A=

The EMC experiment was not the first to study
leptoproduced hadron showers. There have been
electron and neutrino as well as earlier muon
experiments which have studied lepton-nucleus
scattering. However, the earlier experiments were
handicapped by a lack of statistics and/or a low
and limited energy range. Except for the SLAC
results'? using a 20.5 GeV electron beam with
statistics of 10000 events per target, the earlier
experiments were limited to 600 (<E,> = 20 GeV)

and 3100 (<E,> 200 GeV) event neutrino!8:19

o~
4

experiments and an 88 event muon (E}J = 150 GeV)
emulsion experiment20,
The European Muon Collaboration, running

without a vertex detector, took data with Carbon
and Copper targets?! and compared it with earlier
data?? using a hydrogen target. The main thrust of
this phase of the experiment was to study the
ratios of multiplicity distributions of hadrons

produced off of these different nuclei. Examined
was the ratio of differential multiplicity
distributions
1 dn 1 d
2) = ——) —_—
A/A() (N dz (Nudz)Az
and, to emphasize any nuclear effects on the
leading hadrons, the ratio of integrated z
distributions
- 1.dn
PNCERE _[az( joz(N =N

mm

Kinematic Cuts and Data Sample

To keep acceptance corrections small and
consistent for the different nuclear runs, the
following kinematic cuts were made on all
samples;

Q2 > 5.0 Ge\V?
v > 50.0 GeV
XBJ > 0.02

w2 > 25.0 GeV?
phad > 6.0 GeV



After these cuts had been made, the following
sample sizes were used in the final analysis:

Nucleys E.LL Events — <w?> <p> <Q?> <x>
Hydrogen 120 9.0K 121 71 12 .10
GeV GeVZ GeV GeV?
Hydrogen 280 8.8 K 174 108 29 .15
Carbon 200 13.9K 186 110 21 1
Copper 200 10.4 K 188 112 21 R

The differences between the hydrogen and heavier
nuclei samples arose since the Carbon and Copper
runs were performed at a different time with a
somewhat altered spectrometer.

Analysis
Since the analysis concentrates on the ratios

of hadronic distributions from the three targets, it
is the difrerences in the corrections which are
crucial. For the ag¢ceptance corrections it was
determined that at high z the acceptance during
hydrogen running was twice as high as for the
heavy nucleus runs. For the radiative corrections,
the C and Cu data had to be corrected for coherent
radiative processes in addition to the corrections
which had been applied to the hydrogen sample.
This amounted to, at most, a 5% correction to the
Cu data in the lowest x range. The only other
correction required to account for the difference
between hydrogen and the heavier nuclei is a
compensation for hadroni ions with

nuclei of the target. Absorption or the creation of
secondaries modified produced multiplicities.
Using Monte Carlo techniques the maximum
correction was found to be < 5%. Note that after
this correction the results correspond to

zZero target length,

Resulits

The overall average multiplicities are 1.58
.02 for Carbon and 1.69 +£.02 for Copper. This
represents an increase of 7% :+ 2%(statistical) =
3%(systematic) which is hardly significant. A
more detailed look at the multiplicities is shown
in the following figure. Even at this level there is
no gifference between the carbon and copper data.

+
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Fig. 8 shows the charged hadron multiplicity as a
function of z for C and Cu.

To see if the multiplicities are dependent on
the energy transferred to the struck parton, the
data has been divided into three v bins; 50 < vy <
70 GeV, 70 <y < 90 GeV, and v > 90 GeV. The
results are shown in Fig. 9.

The average multiplicity ratios for leading
(z>0.5) hadrons in the three v bins is:

Ratio | 50<v<70 | 70<v<30 | v>30 GeV
Cu/C  .78£.13:.05 1.27£.20£.10 1.04%.12:.14
C/H, 1.07£.13£.17  0.77£.122.11  1.16%.12+.20
Cu/Hp 0.84:.12:.14 0.972.14:.13 1.20+.12+.20

The overall trend of the v-dependence is a
depletion of leading hadrons and &n overall
broadening of hadron showers at low v in Cu
compared to C and H,.

There is a similar although statistically less

significant effect when we look at the B j

dependence of the multiplicities. Wwe find a
depletion of leading hadrons and a broadening of
the hadron showers at large x. Since x = Q2/2Mv
we are probably seeing a reflection of the
previously mentioned v dependence in the
x=-distribution,
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Fig. 9 The ratio of copper and carbon

multiplicities as a function of z in three different
virtual gamma energy bins. The solid lines are
linear fits to the data and the dashed lines are the
1 sd limits.

We can combine these EMC results with the
earlier SLAC'? results for 3 <v <17 GeV.
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Fig. 10 The ratio of multiplicity distributions
from EMC and the low energy SLAC results plotted
together.
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The nuclear effects are much more pronounced at
the low SLAC values of v. Assuming that the
effect depends only on v (not on Q2), the model of
Bialas'3 can be used to fit the two v ranges
(roughly 3 < v < 180 GeV) of the SLAC and EMC
.results. Using the measured ratios of C:Cu <1.25
(2 s.d) by EMC at <u> = 100 GeV and C:Cu > 1.17
by the SLAC group at <v> = 8 GeV, and expressing
the formation length = as

T(Tm) = §(fm/GeV) * v(GeV)

then Fig. 11 shows the region in the 8~c5qN plane
allowed by the two results.

0.0

.25 S50 .75

§(fm/GeV)

1.0

Fig. 11 Allowed region in the 8—oqN plane by
both the SLAC and EMC results using Bialas’ model.

It can be seen that the SLAC results favor smaller
values of § while the EMC results exclude § = 0.
Cross sections larger than = 10 mb are excluded by
the EMC results. {t should be quite obvious that
much more exact data at_all values of v are
necessary before further model dependent
interpretation is possible.

e AL
WW...

There is a depletion of leading particles
and a broadening of hadron jets at low ©
with increasing A of the target. Analysis
of the EMC and SLAC results in terms of the
Bialas model implies that ¥, the formation
length, is v_dependent and comparable to the
size of the nucleus (re = 2.7 fm and r¢y =
4.8 fm) and the quark-nucieon cross section
would have to be less than 10 mb.



Improvements expected from the Tevatron Muon
Experiment

Following is a list of the major improvements we
expect from the upcoming Tevatron experiment on
nuclear targets compared to the recently completed
EMC heavy target experiment:
1. Increase statistics by an order of
magnitude
2. Improved acceptance for high-z particles.
3. Various A targets will be exposed in the
same run to the same muon energy distribution
resulting in reduced systematic errors.
4. There will be a factor > 2 larger kinematic
range which should allow finer binning in v
and a measurement of the Q2 dependence of
the formation length .
S. Much better particle identification (i.e. K/
separation from 1 to 120 GeV) should improve
the chance of measuring Tt and SN for

different hadrons.

Ih

-Einstein Effect: intr i

I am sure we all recall studying the difference
between Fermi statistics and Bose-Einstein
statistics in Quantum Mechanics and, perhaps,
thinking that this will never apply to much that we
would be doing professionally. This next method
Tor studying the development of a hadron shower is
a vindication of the hours invested in studying
Bose-Einstein!

A method to use Bose-Einstein interference to
determine the spatial extent of an object was first
proposed by Hanbury-Brown and Twiss23 in the mid
S0's to determine the diameter of stellar objects
using photon interferometry. Several years later,
and unaware of the Hanbury-Brown Twiss work, G.
Goldhaber and colleagues?® noticed a distinct
difference between the rate of like-charge and
unlike-charge pion pairs as a function of the
opening angle between the pions. After a month of
contemplation they interpreted this result in terms
of the Bose-Einstein effect for pions and were able
to obtain a quantitative fit to their data by
symmeterizing the two pion wave functions for
like pions. In the intervening years the analysis
has become much more sophisticated?® and high
statistics experiments now use correlation
densities to extract the effect. Defining the one
and two particle densities
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_ 1 _do
p(py S b,

-1 _d%0

p(p1.p2) S G 1dvg

respectively, the two body corretation coefficient
is given by

_ _Plpypy)
2 p(p)) pp,)

To remove kinematic and dynamic correlations not
associated with the Bose-Einstein effect, ratios
are taken between a like~sign experimental density
and a reference sample density which should not
have any Bose-Einstein correlations,

RUke = P(D,- DZ)

o plpy Py
The quantity (Rg-'*® - 1) is the Fourier
transform of the space-time distribution of
the particle source.2®

The important thing for experimentalists is
that the consequences of the Bose-Einstein effect
should be an enhancement of n(>1) identical bosgn
final states compared to a finat state composed of
n_dissimilar bosons, Using the parameterization
chosen by the EMC collaboration??, if Ap = p; - P

is the difference of the 4-momenta of two like
sign pions, then the ratio of like-sign pairs to
non-interfering pairs can be expressed as

=1+ xexp(-M2R2)

with ©2 = -(Ap)? the square of the difference of
the pions 4-momenta and R is the rms size of
the pion sourcef The factor A is necessary to
compensate for coherently produced pions.

The Bose-Einstein Effect: EMC Resylts

The European Muon Collaboration's full
spectrometer (with streamer chamber and
associated vertex detectors) was used to study the
Bose-Einstein effect in muoproduced hadronic
showers. Using 280 GeV muons on a H, target, a
sample of events was collected which survived the



following kinematic cuts;

Q2 > 4 GeV?

4 < W <20 GeV
20 < v < 260 GeV
y<o0.

6“‘ > 0.75

After further resolution associated cuts, the final
sample consisted of 17,343 events.

Since only SO0% of the hadrons were
identified, it was assumed that all negative
hadrons were pions. This was justified by the
Lund Monte Carlio results which showed that the
ratioc T : K : Pwas 80 : 9 : 11. Furthermore, within
the hadronic shower all particles had to have
momentum measurements with AP/P < 20% and,
most significantly, all accepted tracks had to be
measurable in the streamer chamber. This last
requirement effectively limited the particles to Xg

< 0.2 which is relatively low momentum
particles. Under these conditions the following
combinations were found

126,000 (1 1t7) combinations

60,000 (") combinations

38.300 (t"m") combinations
98,300 like sign pion pairs

Resylts
The most difficult task in the analysis is
separating the Bose-Einstein Effect from

elementary kinematic and dynamic correlations.
The standard technique, mentioned above, is to
form ratios of the like-sign pairs-~p(p;.pz)--to
pairs where the Bose-Einstein effect should be
absent--pgo(py.p2). In the EMC analysis three
reference groups were formed;

(m*m”) combinations from the
same event in which a like-sign
pair was found,

(n*m”) combinations from the
same event but with transverse
momentum from random pions
within the event,

LIKE combinations constructed
from random tracks from wvarious
events,

REF 1

REF 2

REF 3
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The LIKE/REF ratios as a function of M2 are shown
in Fig. 12a. There is an increase in the ratio as (2
approaches 0, but there is an inconsistency in the
shapes as well as the overall normalization of the
three curves. This is an indication that there are
still dynamical or kinematical correlations that
remain uncompensated in the ratios. The next step
in eliminating these non-interfering correlations
involves the use of the Lund Monte Carlo?8 which
does not contain interference effects. Subjecting
the Monte Carlo events to the same cuts as the
data the ratio LIKEMC/REFMC is formed. Again it
is seen—--Fig. 12b--that there is a disagreement in
shape and normalization between the three ratios
which must arise from residual dynamic and/or
kinematic correlations. In an attempt rid the
sample of these correlations, a "ratio of ratios” is
formed resulting in the curves shown in Fig. 12c.
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Fig. 12 Ratios as a function of the difference in
the 4-momenta of the pion pairs. a) ratio of LIKE
to REF(i) as defined above, b) the same ratios when
using the Lund Monte Carlo results and c) the ratio
of ratios a) and b).




The resuits now show a trend which is similar in
both shape and magnitude indicating that the
non-interfering correlations have been more
successfully removed. A fit to M2 and A yields the
following values, using the double ratios, for the
three reference samples

X2

R(fm) A (12 DF)
REF 1 0.84 £ 0.03 1.08 £+ 0.10 12.4
REF 2 0.66 + 0.0t 0.60 £ 0.06 12.2
REF 3 0.46 + 0.03 0.73 + 0.06 20.3

the question of interpretation of the resulit is quite
crucial.

The method used by the EMC and others, which
involves describing the pion emission region with a
single spatial variable R, is realistic in only a very
few situations30, There is obviously no directional
information in R so the data can only be described

~ by this form if the source density of the emission
. region depends only on the length of the 4-vector

The results still depend on the reference sample

which indicates that there are some correlations
that have not been removed from the LIKE sample.
Berger and his colleagues have shown?® how
intertwined the Bose-Einstein and resonance
correlations can be.

Conclusion

The EMC analysis continues in an attempt to
extract the shape of the pion emission region and
the details can be found in reference 27. The EMC
group comes to the conclusions that;

1. The Bose-Einstein interference effect has
been seen in muoproduced like-sign pion pairs,
2. The results are consistent with a
spherically shaped pion emission region, and
3. The radius of the emission region is
0.46 < R < 0.84 fm and the suppression
factor is 0.6 < A< 1.0.

These results are approximately consistent
with almost every other experiment,
regardless of energy or target, which has
attempted the analysis. This, as well as the
spherical nature of the emission region, tends to
go against intuition and might indicate that there
is something not consistent with either the method
and/or the interpretation of the results of the
Bose-Einstein analysis.

it

No one doubts the validity of Bose-Einstein
statistics so that there should indeed be an
interference effect that would enhance the number
of "similar” bosons. However, aside from the
difficulty of extracting the signal due to
interference from the non-interfering correlations,
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difference between the two pions. Furthermore,
and most telling, the 4-momentum difference of
any pair of pions as well as the "shape” of the
source has to depend on the frame in which they
are being evaluated. Fig. 13 illustrates this by
indicating a pair of pions which have identical
4-vectors in a frame where the current and target
fragment sources are moving in opposite directions
with respect to each other. Upon boosting to the
tab they are no longer "identical pions”. This, of
course, implies that if lab momenta are used to
search for identical pion pairs, there is no way
that the resulting pion source size can be a
measure of the total emission (current
target fragments) regiont It is, at best, a
measure of the spatial extent of gither current
fragment sources or target fragment sources. Even
this interpretation is not necessarily correct if
there is an ordered momentum/space-time
correlation, as postulated by Bjorken and
incorporated by the successful Lund Monte Carlo, so
that particles with similar momentum have been
emitted at neighboring space-time points in the
evolution of the hadronic shower!

+

target fragments

Lab Frame

(k)

Fig. 13 ldentical pion in one frame are not
identical pions in all frames.




There have been attempts39:31, particularly in
the interpretation of e*e” Bose-Einstein analyses,
to determine whether currently acceptable
hadronization models, such as the Lund-type string
mode!l, might yield the results found by almost all
Bose-Einstein analyses including the EMC result.
Both of the references find consistency between
string model predictions and the experimental
results that the emission region is “spherical” and
the associated length is of the order of 1 fm.
However, this length has little to do with the
spatial extent of the source of all particles in the
shower.

The TMC will take a much more critical look
at the method and interpretation of Bose-Einstein
interference effects. Much improved particle
identification, improved momentum resolution and
increased  kinematical range should allow
Bose-Einstein analyses in more than one reference
frame and of f various targets.

Overall Conclusion

The topic of the space-time development of a
hadron shower, although  of fundamental
importance, has barely progressed beyond the most
elementary level of experimental investigation,
The concepts of quark-nucleon cross sections and
hadron formation lengths are still more
philosophical than scientific quantities. There is a
need for carefully controlled, high statistics
measurements of hadron multiplicities off a
variety of nuclear targets and over a wide
kinematic range before a quantified knowledge of
the space-time structure of a hadronic shower can
be claimed. This need will be answered by the
upcoming Tevatron Muon Collaboration which will
begin taking data at Fermilab in the very near
future. A second experiment, preferably covering
lower energies than this Tevatron experiment,
would be extremely useful in answering the
guestions posed in this presentation.
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Abstract

The use of internal targets to investigate the nuclear re-
sponse at medium energies is discussed with emphasis being
placed on what can be learned by employing polarized tar-
gets to study “electromagnetic spin physics.” The importance
of having longitudinally polarized electrons is stressed. Both
single-arm and coincidence reactions are discussed and con-
trasted with similar studies involving final-state polarimetry
using external beams and targets. Conclusions are drawn con-
cerning practical implications for polarized internal target ex-
periments.

Introduction

The discussions here center around what can be learned
about the nuclear response at medium energy by exploiting
polarization degrees of freedom: polarized electrons, polar-
ized targets and measurement of final-state polarizations. As
we shall see in the closing comments, there are only a very
few special cases in which it is practical to use polarized tar-
gets with external beams of electrons, whereas with the ex-
tremely high current which can be obtained in electron stor-
age/stretcher rings it becomes feasible to contemplate using
{(low density) tnternal polarized targets. Consequently, the
main focus in the present context is placed on reactions of
this sort, with or without having polarized electrons as well.
In certain cases, the same or possibly complementary informa-
tion can be obtained using unpolarized targets but measuring
some final-state polarization; these are noted in the following
discussions.

Two classes of reactions are considered, the first being
single-arm (inclusive) studies of the type

e+A—oe+ X
E+Ao e+ X,

in which a (possibly polarized) electron is scattered from a
polarized target and the scattered electron is detected. The
products of the reaction, X, are presumed not to be detected.
Of course, from the kinematics of the electron scattering it is
possible to specify the total energy of the final state and, when
this is a discrete nuclear level (such as the ground state itself

*This work is supported in part by funds provided by the
U. 8. Department of Energy (D.O.E.) under contract # DE-
ACO02-76ER03069.

+Alexander von Humboldt Foundation Senior U.S. Scien-
tist Award holder.
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Fig. 1:
ized targets including the possibility of having lon-
gitudinally polarized electrons (helicity h = 1),
A(Z,¢'). The target polarization axis is specified by
the angles (8*,¢") as shown.

Single-arm electron scattering from polar-

in elastic scattering), the word “exclusive” is frequently used.
However, here we presume no knowledge of the final-state po-
larization, no knowledge of the final-state decay branching
(even for a discrete state it can, say, y-decay with several
branches) and no knowledge of the specifics of how the var-
ious open channels are populated when above particle emis-
sion threshold (for example, the relative weightings of proten
kxiockout, neutron knockout, two-nucleon knockout, pion pro-
duction, etc.).

The second class of reactions considered here are then the
more exclusive coincidence reactions, for instance of the type

etA—et+z+X
E+Aoe+z+ X,

where, in addition to detecting the scattered electron, a par-
ticle z in the final state is also detected. Again, the rest, X, is
not detected. These particular cases can be termed exclusive-
1 reactions (or alternatively semi-inclusive reactions). There
are also exclusive-2, -3, - - reactions in which 2, 3, --- parti-
cles are detected in coincidence with the scattered electron;
here we restrict our attention only to the simplest class of
exclusive-1 or double-arm coincidence reactions.

For either of the two general classes we may or may not
assume that the electron is polarized. The kinematics are
specified in Fig. 1. Here, an electron with 3-momentum £ and
energy € is scattered through an angle 6, to be detected with

=/ .
3-momentum & and energy €. The 3-momentum transfer is



= E~F with magnitude ¢ = |g| and the energy transfer
is w = € — ¢. The 4-momentum transfer g,g* = w? ~ ¢*
is space-like (< 0). In general, we may consider coordinate
systems fixed by the electron momenta so that #; is along
I-c', i is normal to the electron scattering plane and ig =
Uy x iz, with a similar form labelled L', N’, S' going with the
scattered electron. Here L « longitudinal, N « normal, S «
sideways (as used in hadron scattering). The cross section
may be broken down into specific projections, oP'F, where
P=L,Nor S and P' = L', N or §'. We are specifically
interested in the Extreme Relativistic Limit (ERL) in which
y=¢/m.>>1and v = ¢/m, >> 1 and so where terms of
order 77! or 4'~! can safety be neglected (i.e. in all but a
few very specific circumstances such as when 8, < v~!). In
the ERL we find that?

e {00 for P'P = L'L
O(y~*or 4"} for PPP#L'L

and so we practically only need to consider longitudinally
polarized electrons having helicities h = %1 and h' = #£1.
Furthermore, the scattering process is helicity conserving to
O(y~! or 4'~1), k' = h and so the information obtained using
an incident longitudinally polarized electron beam is the same
as that obtained by measuring the longitudinal polarization
of the scattered electron. We only consider the former as they
are trivially related.
The polarized electron cross section in this case may be
written
h=T+ha, (1)

where the helicity averaged cross section

r= (a+l + a"l) (2a)

B[ =

is obtained using unpolarized beams and where determination
of the helicity difference cross section

(2b)

requires the use of longitudinally polarized electrons. There
are then two general classes of responses to be addressed. Note
that in the very low energy case (electron energy ~ m.; or
equivalently muon energy ~ m,, which may have some appli-
cation for muon scattering), when terms of O(y~! or 4'~1)
are also considered, then transverse polarizations and helic-
ity flips become accessible and Eq. (1) needs to be extended.!
The practical implications of requiring longitudinally polar-
ized electrons for internal target studies are important and
will have a non-negligible impact on the facility requirements
(see the talk by B. Norum at this workshop).

We may now proceed with a discussion of the nuclear re-
sponse itself. The general situation involves a treatment of
cross sections labelled L, and Ay, where “f” and “” signify
specific polarizations for the final and initial nuclear states in-
volved. We shall usually focus on the more restricted category
involving only polarized targets and so responses labelled Ly,
and Ay, where f indicates that no final-state polarization in-
formation is presumed to be known. The target polarization
is referred to a polarization axis which may be oriented in an
arbitrary direction specified by the angles (8*,¢*) as shown
in Fig. 1. We begin with a discussion of single-arm (inclusive)
scattering.
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Single — Arm Scattering

Recently,! the subject of single-arm (inclusive) electron
scattering from polarized targets has been discussed in some
depth and applied to a variety of nuclear structure examples
(see also Refs. [2]-[5]). Here only the most salient features
are extracted for presentation, together with a few specific
(interesting) examples to illustrate the basic ideas involved.

Unpolarized Electrons

Let us begin by discussing the scattering of unpolarized
electrons from polarized targets, A(e,¢’). Only the cross sec-
tion L;; is then accessible. Using the known properties of the
electron-photon part of the problem (just pure quantum elec-
trodynamics), we may decompose this into four basic classes
of response:

Eﬂ = GQ{ULW;I] + ‘UTW;; + cos ¢‘vTLW,7;L
+ cos 2qS'vTTW/7;T} ,

(3)

where o¢ is the elementary cross section (proportional to the
Mott cross section) and the v’s are factors involving the elec-
tron kinematics (L, T « longitudinal and transverse projec-
tions with respect to §):
v = Az

9
vr = —A+tan —

vLT = —-%;\w/\+tan -

1
= —=X ,
vrr 2

(4)

where A = —q,¢*/q® so that 0 < A < 1. These factors to-
gether with oo contain the entire dependence on 8, for fixed
g and w. The entire dependence on the azimuthal polariza-
tion angle ¢* (see Fig. 1) is contained in the factors cos ¢* and
cos 2¢* and so by varying 8, and ¢‘ it is poss:ble to extract the
four nuclear response functions W, W’;, W i L and W;T

what might be termed a “super- osen luth” decomposition.
Fach response still depends on (g,w) and the polar angle of
polarization 8* (see Fig. 1). This latter dependence may also
be made explicit! yielding a decomposition into reduced re-
sponse functions which contain the dependence on ¢ (and w,
which we take to be fixed to study some specific excitation):

Wh=Fi(a)+ Y [ Pi(cos 8 Wi ()i (52)
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W = F2(g) + 3 180 Pr(cos "YW () (5b)
Y

Z W )

WAT = Z f P2 cos 6 )W T (g)s1 - (5d)

123
even

The first terms in Eqs. (5a) and (5b) involve the familiar lon-
gitudinal and transverse form factors and are present whether
or not the target is polarized:

=Y F&(9) (62)
J>0

Fi(q) = Z {FE;(q) + Figs(a)} (6b)
J>1



These involve only incoherent sums of squares of Coulomb
(C), Electric (E) and Magnetic (M) form factors. For exam-

ple, suppose the ground state has J* = -.f,-- and we consider

only electro-excitation to a state having J;’ = %+. The al-
lowed multipoles are C1/E1, M2, C3/E3 and M4, and we
have

Ff=F&; + F&s

Ff = Fpy+ Figa+ Fia + Figq

Clearly, we cannot isolate the individual multipoles if we only
have F} and F}; this is the frustration we are faced with
in studying unpolarized electron scattering. However, with
polarized targets, more information is present in general. In
Egs. (5) the terms involving the sums occur only when the
target is polarized. The factors f ,(') contain all the informa-
tion on how the target M-states are populated (these are the
Fano tensors, see Ref. [1]) and are presumed to be known.
The entire #*-dependence is now displayed in the (associated)
Legendre polynomials. Thus we have sets of reduced nuclear
response functions as observables which may be obtained by
controlling the direction of target polarization. Importantly,
the sums in Eqs. (5} are finite: 2 < I < 2J;, with I = even
only. If J; = 0, clearly none of the sums occur and we have
only W = Wi = F2, WE =W = FL, Wik = WiT =0,
yielding for Eq. (3) just the familiar Rosenbluth formula for
unpolarized electron scattering (indicated ff). Note that the
same is true when the target has spin-%; in this case we cannot
form any even-rank tensors except for the I = 0 ones which
constitute the unpolarized form factors F? and FZ. Thus,
lacking polarized electrons (see below) there is na point in go~
ing to the trouble of polarizing spin-% targets for studies of
inclusive electron scattering.

The first interesting case is that of electron scattering
from a polarized spin-1 target, such as ?H. For instance, for
elastic scattering there are three basic form factors, C0, M1
and C2 (see Refs. [1] and [3]). The unpolarized cross section
involves the longitudinal and transverse form factors,

FE=F& +F&,
F%:FZ,“ s

but the C0 and C2 contributions are summed incoherently
and no relative phase information is available. The additional
reduced response functions which are accessible with polarized
targets are!3:6

1
WL = _23F (F + ——=F )
2 V3Fez | Feo W c2
1 /3
wE =43Pl
3
wlt = Z_Fui F
2 ﬁM! Cc2

I
9
3

it

1 /3
3 Z\/;Fﬁn

Clearly with this polarization information it is possible to sep-
arate the individual multipole form factors. Thus, the prime
use of polarization in single-arm electron scattering emerges,
namely as a “Multipole Meter”. This is more generally true,
for higher spin situations and for inelastic scattering, where
additional interference information (for example, the FoaFeo
or Fpg1 Foy interferences above) becomes available.

30

In passing, a special circumstance should be mentioned:
for elastic scattering and for light nuclei it is possible to ob-
tain the same information with polarized targets or by mea-
surement of the final-state recoil polarization. An example is
provided by the recent experiment at Bates involving a mea-
surement of the recoil tensor polarization in elastic scattering
from deuterium.” It should be remarked, however, that inelas-
tic excitations are not generally accessible with the final-state
polarization measurements (since the final states generally de-
cay too fast, although the reaction (e,e'y) can be a powerful
alternative tool here and can be related directly to the present
polarization discussions®) and that all but the lightest targets
are probably impractical (since the slow recoil is usually too
hard to handle).

Polarized Electrons

Now let us extend the above ideas to include the scat-
tering of polarized electrons from polarized targets, A(¢,e’).
In this case the cross section Ay; becomes accessible together
with Zs;. The analog to Eq. (3) is

1 " !
Ay =09 {vT:W;; +cos ¢ vTL:W;;L } R (7)
and so we have two more classes of responses, giving six in
general: L, T, TL, TT, T' and TL'. The two new electron

kinematical factors are!
/ ¢
A +tan? << tan -0:
2 2 8
. 0, (8)

——tan —

VA

Furthermore, analogous to Eqgs. (5) we now have

v

vry =

”[Ti' = E :fl(‘)Pl (cos 8*Y W] (q)s;
121
odd

WAEE =3 1P (cos "YW (g
121
odd

(9a)

(9b)

where the sums are restricted to odd tensors only with 1 <
I<27,.

For J; = O these electron helicity difference responses are
zero. In obtaining this fact we have assumed that the scatter-
ing process is purely electromagnetic and so is parity conserv-

. ing. However, at the level of the weak interaction there are

interferences between the ~v-exchange and Z%exchange (neu-
tral current) diagrams which can occur which lead to non-zero
polarization asymmetries.% 1% An experiment at Bates involv-
ing the elastic scattering of polarized electrons from *2C is in
the final stages of preparation.

For J; = -;— we saw above that the I;; cross section con-
tained only the familiar unpolarized responses involving the

form factors F? and Fi:

1
L =00 {vLFf +vrFE} . [spin-a] (10a)
The helicity difference cross section is now not zero but con-

tains interesting information since rank~1 responses can be
obtained (1 < I < 2J;=>I=1for J; = )

A = fPog{cos 8 vr W (g)ss

, (10b)
+sin0'cos¢‘vTL:W1T .

Elo)n}
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Fig. 2: Special choice of polarization directions
for use with polarized spin-% targets (see text).

Note that the WTL' response in the helicity difference cross
section can be isolated by placing the target polarization in the
special directions shown in Fig. 2. Thus for inclusive scatter-
ing of polarized electrons from polarized spin-% targets there

are four observables that are accessible: F?, FZ, WT " and

wrl L' The general character of these responses is discussed
in Ref. [5] while here we only consider two special cases.
First, consider elastic scattering in which Fgo and Fagy
form factors occur (equivalently, we can use Gg and Gu
for the nucleon). The unpolarized cross section involves
F} = F2, and F} = F}, which can in principle be sepa-
rated by making a Rosenbluth decomposition of Eq. (10a).
In practice, however, one may be dominant (as occurs for
some values of ¢ for the nucleon) and it may be very diffi-
cult to extract the smaller from the larger. For example, at
all but the lowest values of ¢ the present information on G%
comes from unpolarized electron scattering using deuterium
as perhaps the simplest target containing neutrons. But at
low-to-intermediate values of ¢, |G| << |G},| and the sep-
aration is very poorly defined. Now suppose this polarized
electron/polarized target information is added. We have!s%8

WIT' = —\/fFf,”
WITL’ —2V2FcoFan

The former just involves F% again, whereas the latter is the
one of interest for the present purposes: it involves the rnter-
ference between the two form factors and, when one is small in
magnitude and the other large, it provides a much more sen-
sitive way to extract one from the other. Note that this is the
contribution which is isolated by using the special polariza-
tion orientation shown in Fig. 2. The specific measurements
which are of high priority here are 3(€,e')p (to extract Gf
from G&,; even this is interesting for some values of momen-
tum transfer) and 2H (,e’) or 3He(s, ') in the region where
the process corresponds best to quasi-free scattering from a
nucleon (to extract G% from G}, and to check the approxi-
mations involved by extracting G% and G}, as well).

1
2

in which Fag1, Foz and Fig form factors occur. The four
1

Next consider inelastic scattering for the transition —

gd:
2 .
accessible responses here are
2 _ 2
Fp=Fg,
2 _ 2 2
Fr=Fyn + Fiy

r_ 1 (o 2
Wl = \/E (FMI FEZ 2\/§FM1FEZ)
erz,' = —V2Fc, (FMx + \/5F52)
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7(i(e,e) Elastic Scattering

40 € =500 MeV
%
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Fig. 3: Elastic electron scattering from the %-

ground state of polarized 7Li. The polarization
asymmetries displayed correspond to taking the tar-
get to be 100% polarized along the L, N and S di-
rections in Fig. 1 and then forming differences and
dividing by the unpolarized cross section Zo.

A specific situation is the N — A transition, say in p(¢, ¢')A.
To the extent that other channels than the %+ final state
can be neglected, we have the above responses. For the
N — A transition the M1 contribution is dominant and
the C2/E?2 pieces, which reflect the baryon deformations, are
small. Again, a straightforward Rosenbluth separation of the
unpolarized cross section yields F7 and F2 where the former
is very small compared to the latter (and furthermore, where
the latter contains two contributions, one very large and the
other very small). The polarization responses involve inter-
ferences and especially the WTL' contribution is interesting,
since it can only be non-zero when Fgy # 0. Moreover, the
W{”“ response is linearly proportional to Fcg2, whereas Ff
involves the square Féz.

Our conclusions from this simple analysis have important
practical implications: to obtain new information particularly
of the type involving interesting interferences using single-arm
electron scattering to study spin—% targets, it will be neces-
sary to have polarized targets and longitudinally polarized
electrons.

Finally, to set the scale of the asymmetries which are typ-
ical for studies of nuclear structure, let us extract some of the
results from Ref. [1] for scattering of electrons (polarized or
unpolarized) from polarized “Li. Two transitions are consid-
ered, elastic scattering from the %_ ground state and inelastic

scattering to the first excited state at 0.478 MeV, %— — %_
The resulting polarization effects are displayed in Figs. 3—6.
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Fig. 4: Elastic polarized electron scattering from
the 27 ground state of polarized "Li. The polariza-
tion ratios A /T are given for the situations where the
target is 100% polarized along the L, N and S direc-
tions in Fig. 1. Solid lines correspond to unpolarized
cross sections above 10732 cm? sr~! and dashed lines
to smaller cross sections. The incident electron en-
ergy in MeV at which 10733 cm®sr~! is reached for
a given scattering angle is indicated near the dot on

each line. (Figure shown sideways.)

The main observations to be drawn here are (1} the cross
sections are > 10~33¢m? sr™! over an interesting range of mo-
mentum transfers (this will have implications for the relevant
range of luminosities, as discussed in the last section), and
(2) the polarization asymmetries are typically large and vary
significantly as ¢ is changed or as the polarization direction is
changed.

Coincidence Reactions

Let us now turn briefly to the exclusive-1, (e, e'z) coinci-
dent reactions in Figs. 7 and 8. We consider two situations,
the first without polarized targets but where the polarization
of the particle z in the final state is measured (Fig. 7) and the
second where the target is polarized but no final-state polar-
ization is measured (Fig. 8). In both cases the electrons may
or may not be longitudinally polarized. The former situation
is pertinent for external beams and targets and requires the
use of a polarimeter to measure the polarization of particle z
(this is usually a limitation, since polarimeter efficiencies are
typically quite low); the latter is pertinent for internal (polar-
ized) target studies, just as for inclusive scattering (see above
and the last section).

The decomposition made above into the six major classes
of response (L, T, TL, TT with electrons unpolarized; TV, TL'
with polarized electrons) is quite general and applies here as
well. The form of Eq. (1) is valid for the electron helicity
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i (e.e) TLi (0.478)
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Fig. 5: Inelastic electron scattering from polarized

"Li involving the transition 2~ (g.s.) — 17 (0.478

MeV). The asymmetries are defined as in Fig. 3.

dependence of the cross section in the ERL and, as above,

two sets of responses may be separated using this dependence
(see Egs. (2)):

Y~ ‘ULRL + 'UTRT + vTLRTL + ‘vTTRTT

I !
A ~vpRT 4+ vpp RTE s

(11a)
(11b)

in parallel with Eqs. (3) and (7) for inclusive scattering. The
six responses here depend on (g,w), the energy and angles for
the outgoing particle z (Ez, 8, ¢;: see Figs. 7 and 8) and
the polarization angles. For the case of the reaction A(¢,¢'%)
in Fig. 7, these are the angles (67, ¢}) as shown; for the case
of the reaction Z(E, ¢'z) in Fig. 8, these are the target polar-
ization angles (8*, ¢*) where ¢* is now measured relative to
the plane with azimuthal angle ¢,. The dependence on the
azimuthal angle ¢, can be isolated:5: 1!

RTE = cos ¢, WTL + sin g, WTE (12a)
RTT = cos 26, WTT 4+ sin2¢,WTT (12b)
RTY =sin 6 WTE 4 cos ¢ZWTL’ (12¢)

RY, RT, RT': independent of ¢, ,

and so at this stage there are nine basic classes to consider in
general.

Let us specialize first to a discussion of inclusive-1 elec-
tron scattering with only the electron possibly being polar-
ized, A(e,¢’z) and A(€,e'z). Then it can be shown®!! that
WTL = WTT = RT" = WTL' = 0. In the completely un-
polarized situation, A{e,e'z), there are the four familiar re-
sponses to consider (RY, RT, WTL and WTT), which may be
separated using the #.- and §,-dependences displayed above.
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as that in Fig. 5. For specific electron scattering
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functions of the target polarization angles 8* and ¢*
(see Fig. 1). The points corresponding to the L, N
and S directions in Fig. 1 are indicated.
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Having polarized electrons and studying the electron helicity-
difference cross section for A(€, e’z 2 yields another, the so-
called “fifth” response function WT (note that this requires
an out-of-plane measurement because of the factor sin¢, in
Eq. (12c)). In contrast to single-arm scattering with polarized
electrons but unpolarized targets, this fifth response function
is non-zero in general even when parity is conserved. Thus
only the helicity-difference cross section in A(g, ¢’} is likely to
be practical for studies of electroweak parity violating effects:
such effects would usually be overwhelmed by the non-zero
parity conserving asymmetries. The TL' fifth response func-
tion and the usual TL response have similar structures:

WTL < Re(T*L)
WTL < Im(T*L) ,

where T'* L represents the appropriate (i.e. determined by the
dynamics of the specific problem of interest) bilinear combi-
nation of (transverse)*x (longitudinal) matrix elements, The
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Fig. 7: Coincidence electron scattering from un-
polarized targets including the possibility of having
longitudinally polarized electrons and of detecting
the polarization of the outgoing particle z, A(€,e'Z).
The direction of the particle z is specified by the an-
gles (0., ¢:) referred to the zyz coordinate system as
shown. Furthermore, the polarization of the particle
z is specified by the angles (8}, ¢;), but now referred
to the z’y’z’ coordinate system where 2’ is along 7.,
y' is orthogonal to § and P, (along § x p,), and z' is
orthogonal to both of these (along %y X i and so
is in the plane containing § and 5,).
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Fig. 8: Coincidence electron scattering from po-
larized targets including the possibility of having lon-
gitudinally polarized electrons, A(€,e’z). The di-
rection of the particle z is specified by the angles
(6z,¢2) as in Fig. 7 and the target polarization di-
rections is specified by (6*,¢*) where §* is as in Fig.
1'and ¢* is measured relative to the plane with az-
imuthal angle ¢.

same combinations occur in the two responses; the only dif-
ference is that one has the real part and the other the imag-
inary part. Now, if the reaction proceeds through a channel
in which a single phase dominates for all projections of the
current (T ~ |T|e'®, L ~ |L]e*® , with the same 6), the T*L
is real and, while WTL is non-zero in general, WTL' vanishes.



Moreover, it happens that WTL' also vanishes in the absence
of final-state interactions. Therefore, if WTL' # 0, then in-
teresting effects must be coming into play. For example, in
the A-region coincidence electron scattering will be driven to
a large degree by the 33-amplitude with a single phase, 633,
and, while W& T TLTT may all be non-zero, WTE' may be
expected to vanish. To the extent that it does not vanish,
we will be able to access information concerning interferences
of the 33-amplitude with amplitudes for other channels which
are usually too weak to be studied directly.

The L, T, TL and TT (unpolarized) responses on the one
hand and the TL' (polarized electrons, but otherwise unpo-
larized) response on the other may be characterized by their
time-reversal properties, even and odd, respectively. Time-
reversal even responses are always real parts of bilinear prod-
ucts involving the currents, while time-reversal odd responses
involve imaginary parts (as for TL and TL' above, respec-
tively). The specific responses discussed so far where the
electron was the only particle whose polarization was pre-
sumed to be known are members of larger sets of responses all
of which may be characterized as time-reversal even or odd.
These extended sets become accessible when target polariza-
tions and /or final-state polarizations (other than the scattered
electron) are presumed to be known. This polarization infor-
mation may be organized into spherical tensors characterized
by rank I, where I may be even or odd with I = 0 cor-
responding to the unpolarized cross sections above. When
target polarizations are considered, this is the same type of
tensor decomposition that we encountered earlier for single-
arm scattering; when the polarization of particle z in (e, e'%)
and (€,€'Z) is measured, then I labels the tensor polarization
measured in some second scattering experiment. The general
break-down into time-reversal even and odd responses is as

follows;12

I=even I=o0dd

z L TRE TRO

{erm T TRE  TRO

TL TRE TRO

TT TRE TRO

A T TRO TRE

[feten) T TRO  TRE

where TR E (TR O) refers to time-reversal even {odd).

Let us consider a more specific situation to help clarify
these ideas. Suppose the target is unpolarized and we consider
reactions of the sort (e, e'p), (€,¢'p), (e, ¢'P) and (€, e’'D), where
in fact the proton (z = p) could be any spm-l particle as far
as the characterization of the cross section is consxdered Since
the particle whose polarization may be detected in the final
state has spm-— the only allowed valuesof areGand1 (I =0
corresponds to the unpolarized cross sections discussed above,
the first two in this list; I = 1 corresponds to measurements of
the vector polarization of the out-going proton, the last two in
this list). So for the I = 0 pieces we have the previous results:

(e,e'p) : Rl =0 = Runpol
RI =0 = Runpol
TL
RI =0 = €08 ¢P ‘ unpol.
RTZ, = cos24,WIT (13)
(,e'p) : R, —0 =

TL
RI=0 = Sln ¢Pwunpol. )
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where the first four are time-reversal even and the fifth re
sponse function is time-reversal odd. For the I = 1 pieces we
have

RE = a,,{cosO

P Pol

(¢) + sin8; cos ¢3 R pol (‘s’; (14)

+sind; singy RE, (n')}

where a,, is the vector polarization of the proton, —1 < ap < 1
and where we have decomposed the responses REK |, K = L,
T,TL,TT, T’ and TL', into components involving the ¢, &'
and n' directions, i.e. the 2/, 2’ and y' directions in Fig. 7 (see
Refs. [12] and [13]). In this case, the following ¢,-dependences
are found for the I = 1 responses (Cf. Egs. 12)):

ll 8’ nf
(e,e'B): L 0 0 1
T 0 0 1
TL singp, singp cos¢y (15)
TT sin2¢, sin2¢, cos2¢,
(€,ep): T 1 1 0
TL' cos¢p cos¢p sing,

where the first four classes are time-reversal odd and the last
two are time-reversal even. Thus, for example, the entire L
response is

RY = RE ,+ RE, (16a)
= R“npol + apsin 9" sin ¢ Rpol (n') (16b)
and the entire TL response is
RT! = RIZ, + RTL (17a)
= {cos ¢PW,"Z‘0 + sin ¢pr=I‘0}
+ {cos #pWE +sin ¢,,v"vg;} (17b)
= {cos gpWinzor.}
+ ap {cos ¢, (sin 0 sin $3WE (n')) (17¢)

+ sin g, (cos Oy WL (€') +sin; cos g, WL (s)}

and so on for the other cases. There are 18 responses to be
separated in this way; nine are time-reversal even and nine
are time-reversal odd. The former are obtained using the re-
actions (e, e'p) and (¢, ¢'p); the latter use (¢, €'p) and (e, e'p).

A specific set of measurements of this sort which may re-
quire the determination of several of these responses is the fol-
lowing. One way to obtain information on G is to use an un-
polarized deuteron target and study the (TR E) polarization
transfer reactions 2H (€, e/p)n or 2H(€,¢'7i)p in the quasi-free
region where final-state interactions are supposed to be weak
enough to permit the (small) effects which are proportional to
G% to beisolated. An important question will be: How impor-
tant are the final-state interaction uncertainties in confusing
the G% determination? A possible answer may lie in measur-
ing one of the time-reversal odd responses using 2H (€, e'p)n
or 2H{e,e'B}n (or p — n) which are sensitized to these effects
as discussed.above.

A similar structure occurs for exclusive-1 reactions in-
volving polarized targets, /-i(e,e’x) and A(€,e’z). The general
TR E/TR O decomposition involving I = even and odd ten-
sors pertains as well. In fact, for spin—% targets the same
characterization given above for (e, ¢'p) also works, now with
angles (0;,¢;) replaced by (6*,¢*), the angles specifying the



target polarization direction. For targets with spin > 1,
however, the response structure is richer. For example, for
the reactions 2H(e,e'p) and *H(E,e'p) with polarized deu-
terium, I may be 0, 1 or 2. The first two are classified just
as above, while 15 new I = 2 responses have the following
breakdown:!? L(3TR E), T{3TRE), TL(3TRE,~ cos¢,),
TT(3TRE,~ cos2¢,), T'(0), TL'(3TR E,~ sin¢,). Using
polarized targets there are then 33 responses available in this
example.

The formalism for the general problem with any spins
with /without electron, target or outgoing coincident particle
polarizations now exists;!? our current efforts are directed to-
wards specific problems of interest to evaluate the relative
merits of using external unpolarized targets but presuming
that an outgoing particle polarization is measured and of us-
ing polarized internal targets without requiring final-state po-
larization determinations.

To end these discussions, let us conclude with one very ex-
plicit example to illustrate the content of the many responses a
little more concretely. Let us consider the reactions ple,e'p) X,
p(E,e'p)X, ple,e'T) X and p(E,e'B) X (or equivalently for the
last two, p(e,e'p)X and p(¢,€'p)X). The general decomposi-
tion is given in Eqgs. (13) and (15). Let us first specialize to
co-planar geometry where ¢, = 0; then we have four TRE

= 0 responses, no TRO I = 0 responses (Egs. (13), four
TRO I = 1 responses, all of n’ character and four TRE
I =1 responses, two of ¢’ character and two of s’ character
(Egs. (15)). Such measurements are made easier by not having
to place a proton spectrometer out of the electron scattering
plane (Cf. Figs. 7 and 8). Let us be even more specific and
consider parallel kinematics where 8, = 0 so that the proton is
detected along g (see Fig. 9). Now the TT response vanishes
and we are left with the following behavior:!2

RY = R\[;npol. = N215l2 (18a)

RT = R\Tnpol. = NziT‘z (18b)
RTL = q,sin6; sin ¢;WPT£_ (n")

= —a,sin b, sing, N*2Im (S*T) (18¢)

RTT =9 (18d)

RT =a,cos H;W;,'L(Z’) = ap cos 6;RT (18e)
RTY = g, sin g, cos qS;Wg;I{.' (s')

= apsinf, cos ¢, N?2Re (S*T) (18f)

where N2 is an overall kinematic factor and where
1
$= % Y {Se- +(E+1)*Se4} (19a)
t

T= %g;{(u 1)(C+2)Eey

—8e~1)E +£{L+1) My — M)}, (19D)

using the multipole notation familiar from studies of pion elec-
troproduction. These are for the reactions where the outgoing
proton polarization is possibly measured. For the correspond-
ing situation where the proton target is polarized, it is neces-
sary only to change (0;,¢;) into (8*,4*) and to replace e, by
V27,

Suppose only the M1 piece of the N — A transition is
important. Then M)+ is non-zero, but all other multipoles
may be neglected. Then we would have

RL = RTL = RTT - RTL' =0
RT = N?|My,|?

1
RT =apcosﬂ;RT .
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Fig. 9: Specialization of Figs. 7 and 8 to the situ-
ation where 3, is along ¢ (parallel kinematics). (Fig-
ure shown sideways.)

If, on the other hand, the C2/E2 multipoles are also non-zero
(Cf. discussion of inclusive scattering above), then we would
have

RL = N28]Sl+lz

RT = NziM1+ + 3E1+|2

RTL = —ap sin(); sin ¢;N24\/§Im (Sl‘+(M1+ + 3E1+))
RTT =0
RT = ap cole;RT

RTY = g, sin6; cos 9, N?4V2 Re (57, (M1+ + 3E14))

The TL and T L' responses in particular are interesting, since
they involve the imaginary and real parts of the interference
51+ (M4 + 3Ey1,), respectively. For fixed §;, as the angle
¢; varies the proportions of these two contributions also vary
(weighted by —sin #;, and cos ¢, respectively.

Of course, the analysis can be continued to include other
partial waves and multipoles in the final state. Furthermore,
relatively simple expressions are also obtained'? for reactions
involving deuterium instead of the proton, except that now
there are differences when the outgoing proton’s polarization
is measured versus when the deuterium target is polarized.
The former class of reaction has responses which involve an
interference between amplitudes containing singlet and triplet
partial waves, but only rank 0 and 1 information; no such
interferences occur for the latter class, but additional rank 2
information is now present.
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Summary and Practical Implications

What has been presented here is a brief overview of some
of the highlights of “spin physics” in electron scattering. In-
teresting interference effects become accessible when polar-
ization degrees of freedom can be controlled. For inclusive
(single-arm) scattering the general case requires that polar-
jzed targets be available, with studies involving the detection
of final-state polarizations comprising a more limited range
of possibilities. For exclusive (coincidence) reactions there
are interesting processes to explore in both cases, with tar-
gets polarized and when a specific particle in the final state
is detected together with its polarization. In many cases, it
is important (or essential, such as with single-arm scattering
from polarized spin—% targets) to have longitudinally polarized
electrons available.

The practical implications are severe. For detection of
final-state polarizations, a polarimeter is required and these
are usually devices with limited efficiencies. For polarized
target studies the problem is to obtain significant luminosities
and still have feasible experiments. This is illustrated in Fig.
10 where luminosity is given for ranges of target thicknesses
and electron currents. To be practical for nuclear physics stud-
ies it must be possible in general to obtain luminosities above,
say, 103°cm~2s~! (and frequently considerably above this).
To have good resclution capability in general requires that the
target not be too thick. Typical external cryogenic polarized
targets cannot withstand more than a few x 1 nAmp before
depolarizing and so to reach the desired range of luminosity
requires a very thick target. In fact, with such targets the de-
gree of polarization is usually rather low and so the effective
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luminosity is actually quite a bit smaller than the nominal
value. With internal targets using a circulating electron beam
the current can be very high (Bates is designed for 80 m Amp
internal current, for example!*). The implications here are
clear: for such studies in the region indicated in the figure, it
is necessary to have internal polarized target densities lying
above 10’4 nuclei/cm?.

References

1. T. W. Donnelly and A. S. Raskin, Ann. Phys. 169, 247
(1986).

2. T. W. Donnelly, “Considerations of Polarization in Elec-
tron Scattering,” at the Workshop Perspectives in Nu-
clear Physics at Intermediate Energies, Trieste (1983).

3. T. W. Donnelly and‘I. Sick, Rev. Mod. Phys. 586, 461
(1984).

4. T. W. Donnelly, “Polarized Electron Scattering from Po-
larized Nuclei,” at the 6'® Seminar Electromagnetic Inter-
actions of Nuclei at Low and Medium Energies, Moscow
(1984).

5. T. W. Donnelly, “Polarization Degrees of Freedom in
Electron Scattering from Nuclei,” at the Summer School
New Vistas in Electro-Nuclear Physics, Banfl, Canada
(1985).

6. R. G. Arnold, C. E. Carlson and F. Gross, Phys. Rev.
C23, 363 (1981).

7. M. E. Schultze et al., Phys. Rev. Lett. 52, 597 (1984).

8. T. W. Donnelly, A. S. Raskin and J. F. Dubach, (to be
published).

9. J. D. Walecka, Nucl. Phys. A285, 349 (1977).

10. T. W. Donnelly and R. D. Peccei, Phys.
(1979).

Rep. 50, 1

11. T. W. Donnelly, “Electron Scattering and Neutrino Re-
actions in Nuclei,” in the proceedings of Nuclear and Sub-
nuclear Degrees of Freedom and Lepton Scattering, Erice,

Sicily (1984).
A. 8. Raskin, Ph.D. Thesis (M.I.T., 1987, unpublished).

A. Picklesimer, J. W. Van Orden and S. J. Wallace,
Phys. Rev. C 32, 1312 (1985); A. Picklesimer and
J. W. Van Orden, Phys. Rev. C 35, 266 (1987).

Proposal for a CW Upgrade of the William H. Bates Lin-
ear Accelerator Center (June, 1984).

12.
13.

14.



Storage Rings, Internal Targets and PEP*

J. E. Spencer
Stanford Linear Accelerator Center
Stanford University, Stanford, CA 94305

Prologue

Most of the talks here will be on physics from accelerators and storage rings rather than the physics of such systems

since the “physics” is hard enough without having to worry about the beams or how you get them. As a result, this remains
transparent to the user via an equipartition of effort worthy of a business school. This is especially debatable for colliding
beam storage rings and leads to the corollary that most rings will be born, live and die as dedicated systems. SPEAR
is a notable exception while PEP is not - even though PEP seems to provide more unique opportunities over a broader

spectrum of physics. Examples include one and two photon physics with real and virtual photons to make all JFC quark

combinations as well as high luminosity QCD confinement studies with internal targets as discussed at this workshop. Some
related possibilities include external beams of high energy photons; single-pass, free-electron lasers and x-ray synchrotron
radiation which could all be the highest energy, resolving power, intensity and brilliance anywhere. From the viewpoint of

accelerator physics, such examples fall into three categories: colliding beam physics, internal and external target physics.

How unique such possibilities are, whether they are truly possible e.g. what modifications might be required and questions

of compatibility are discussed. Some systematic accelerator physics studies are suggested with implications for this and other
proposed projects. As a fan of Gary Larson, I begin with Fig.1 showing his perspective of the PEP tunnel relevant to this

occasion. Figure 2 is about reinventing the wheel(or ring in this case) with a lot of people trying to figure out what it is
and how you use it. While one can’t be sure what they’ll come up with it’s certain to be “interesting”. However, because
there have been several proposals for dedicated rings with properties which seem no better than PEP, perhaps Evelyn Waugh
should have the last word here: “If politicians and scientists were lazier, how much happier we should all be.”

1. Introduction

The goal is to describe storage rings with internal targets
using PEP as example. Although fixed-target experiments
were suggested some twenty-five years ago! little work of this
kind has been done?. The differences between electrons and
heavier particles such as protons, antiprotons or heavy ions is
significant and is also discussed because it raises possibilities RN X
of bypass insertions for more exotic experiments. Finally, I \ AR the rest.of

compare PEP to other rings, in various contexts, while exam- éou/rél; )
ining and verifying the statements made in the prologue e.g. 5 ‘ : q g
that it is an ideal ring for many fundamental and practical A \\\\\\\\{\\ R
applications that can be carried on simultaneously. NG ARS X % \\\\\ )

5 k¥ \ NN
A. Some History and Perspective - { RS \X\

In a sense, the SLAC linac was built to provide space-
like photons® for deep inelastic scattering experiments on few
nucleon systems. Such experiments demonstrated the basic
underlying parton structure of the nucleon. In direct contrast,
the subsequent development of SPEAR provided highly time-
like photons via the (e*,e™) annihilation process shown in Fig.
3(b) which led to the first observations of resonant production
of charmed quark pairs(g.,§.) as well as the heavy, electron-
like particle called the tau. Related work is still being done at

SPEAR together with a considerable amount of synchrotron
radiation research. Fig. 1: Perspective of the PEP tunnel.

* Work supported by the Department of Energy, contract DE-AC03-76SF00515. The Gary Larson cartoons are copyright
Universal Press Syndicate and Chronicle Features, reprinted with permission - all rights reserved.
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With the higher energies available at PEP, higher-order
processes become important with the space-like photon pro-
duction processes of Fig. 3(c) being dominant. This two pho-
ton reaction is the main production channel for C-even parti-
cles with the physics at the internal vertices in diagrams such as
Fig. 3(f) where X = ff. In all diagrams except Fig. 3(c), the
cross sections fall with energy predominately as 1/s whereas 3¢
increases®* in such a way that the crossover between it and pro-
cesses such as 3b occur at beam energies above \/5/2 = 1GeV
depending on the mass my.

Concerning internal targets, the first experimental work at
SLAC will be discussed at this workshop. My own interest
in this area began in 1981 with the question®: “Is it possible
to use internal foils to reduce phase space and simultaneously
serve as a scattering target for an external, high-resolution
spectrometer?” With dispersion at the target and the low
ring emittance, this would be a consistent and significant im-
provement in SLAC’s capabilities. Unfortunately, the answer
to both questions was no unless the foil was a scraper or strip-
per which was neither new nor very interesting.

More recently, the subject was again considered* at an high
energy et-e~ workshop on PEP because of new developments
in polarized gas targets®. In this context, the results were quite
positive and led to simple scaling relations for internal target
luminosity. Furthermore, this option was just one of several
to obtain higher luminosities with alternative incident chan-
nels: 1) e-y, 2} y-v, and 3) e-A and ~-A. Using high current,
stored bunches to produce the primary photon beam which is
Compton converted to high energy by backscattering on a high
current, high energy linac beam appeared to be an excellent
way to upgrade the effective energy and luminosity of existing
storage rings. Reaction rates would be improved because pho-
toproduction cross sections are larger than electroproduction
and higher current densities are possible by eliminating the
conventional beam-beam interaction. While the primary and
secondary photon beams would be a significant new research
tool, only the e-A option will be discussed further here.
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B. A Short History and Description of PEP

Figure 4 shows a schematic layout of the Positron-Electron
Project, PEP, as used for colliding beam physics up to 1986.
The ring has sixfold symmetry and divides into 12 regions of al-
ternating arcs and long straight sections for experiments called
insertions. The odd-numbered regions are the arcs which are
subdivided into 19 FODO cells containing a Focusing quad(F),
bending magnets with little or no focusing(0) and a Defocusing
quad(D). Insertions for injection, extraction or experiments are
so labelled because they perturb the otherwise simply periodic
structure of identical FODO or unit cells introducing what are
called superperiods into the structure. Individual particles can
be thought of as oscillators under these focusing forces with
frequencies that depend on particle energy.

A good description, including initial operating results and
funding history, is available elsewhere’. In brief, formal ground
breaking took place in June 1977, the ring was completed by
April 1980 and delivered £ > 10%%cm~—2s"! at 11GeV by June.

>7\,’3:,<
(o)
f f
e~ et
by  y.2°
X
W « ¢
(c)
[ ] e
y W e,v
(d) X (e)
e Y e
) H%a
f ¥ B
(f) >——< q)
y y Y Y
— ® @
(h)
e 0w S S

Fig. 3: Low order diagrams in the standard model for: (a,b) elastic, electro-
weak scattering; (b} electron-positron annihilation into elementary fermions f =
€, T .. QuyQdsGs - - Veu,r... 88 Well as elementary bosons (W, Z°H°, H*7); (c) two-
boson, electro-weak production; (d) Compton scattering or conversion (7 — W=);
(¢) potential bremsstrahlung; {f) two-photon annihilation to fermions; (g) two-
photon annihilation to bosons; and (h) photon-photon scattering, inverse photon
bremsstrahlung (harmonic production) and Delbrick scattering.
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Fig. 4: Schematic layout of PEP showing some characteristics
of interest here.

Typical values circa 1984 with all interaction regions active
with good detector deadtimes and beam lifetimes at 14.5GeV
were L =~ 3 — 4 x 10%! giving integrated luminosities per IR of

/ Ldt

Day

~

1500 nb™! or [ =~ 18x10* em™3s7L.

This implies reaction rates on the order of 1 event per picobarn
of cross section per day.

The different detectors then were an upgraded MarkIl from
SPEAR which will be used on SLC next. At 2 o’clock was
the Time Projection Chamber which can track and identify
all particles such as pions, kaons, protons etc. At 4 o’clock
was the MAgnetic Calorimeter for measuring total, final state
hadron energy including neutrons and K3, followed by the High
Resolution Spectrometer at 6 o’clock which had significantly
better mass resolution than the other detectors. The Direct
Electron Counter identified all final state electrons and the
Assymetric Photon search was a supersymmetry experiment
looking for new particles like the photino. MAC was also used
for these experiments because PEP provided an ideal operating
range for them.

Such experiments demonstrated the ability to measure cross
sections on the order of tens of femtobarns(10~%%m?) with
storage rings which is an impressive achievement. Notice that
the basic annihilation cross ection is

R= ‘émﬁ /s = 86.8/ Ecm(TeV)? b

for processes such as Fig. 1(b) which is independent of mass
mf.

Some other elements in PEP besides those shown in Fig. 4
include beam position monitors and vacuum hardware around
the ring, a tune measuring setup as well as transverse and
longitudinal feedback hardware. Table I updates the more im-
portant parameters and capabilities of PEP which will be dis-
cussed in more detail after we motivate and define some terms.

39

2. The View From Mt. Hamilton

This section is a description of storage rings for physicists.
The first problem is how to confine high intensity bunches of
charged particles in stable 3-dimensional potential wells for
long periods of time. In the rest frame of the bunch, a trans-
verse electric potential results from transverse magnetic fields
and the longitudinal well results from the RF field required to
replace energy lost to synchrotron(and bremsstrahlung) radia-
tion. The relativistic equation of motion of charged particles
in an electromagnetic field in Hamiltonian form i.e. the total
energy as a function of canonical variables ¢ and p is:

HY =i = (H,qq + Hpart + Hint) ¥

1
Hygg = g;(E"’ + B*)6v; Hprt + Hiny = ZH,-

Hi(p,q) = ed(7) + |(5: ~ i A(7))? + m3/?

where A = (¢, ,Z) is the external field from the magnets, atoms,
or lasers as well as the fields produced by the charges them-
selves. H,,q is the field energy and H; is the total particle
energy in the field.

Table I: Some Representative Storage Ring Parameters for PEP

Characteristic Value
Nominal Maximum Energy per Beam® 17 GeV
Nominal Minimum Energy per Beam?® 2 GeV
Maximum Current per Beam at 15GeV?® 46 mA
Number of Particles per Beam at 15GeV 2.1 x 10*2
Maximum Colliding Bunches per Beam 3

Design Luminosity per Interaction Region
Lcp(Below 15 GeV) 10%%(E/15)? em™? sec™!

Number of Interaction Regions 6

L (Constant r; and I)¢ 10%4/Z(Z + 1) em™? sec™?
10~° Torr
6.7 x 10-SE(GeV)

5.5E(GeV)? A

Average Vacuum in Ring
Energy Spread (oz/E)

Natural Emittance (¢;)9

Length of Each Straight IR Insertion 120 m
Available Free Length for Experiments 15m
Circumference 2200 m
Symmetry 6
RF Power Installed* 6.0 MW
Number of Accelerating Sections 24
Number of 0.5 MW Klystrons® 12
RF Frequency 353.2 MHz
Harmonic Number 2592

This energy has not been well defined as discussed in the text.
For single beam operation this scales up as the number of beams.
Assumes lifetime 7, = 2h, current I=100mA for atomic number Z.
This can be significantly reduced as discussed in the text.
Commercial klystrons are now available with twice this power.

o A0 o



Spin terms are ignored together with the whole question
of beam polarization because our concern is with the classical
dynamics of motion which should not be influenced by spin
effects even for the “small” emittances of interest here. How-
ever, if such effects were to be emphasized, superconducting or
permanent magnet storage rings would be an ideal place for
them.

Retaining only first degree terms in Xo, in the rest frame,
gives

Hoi — m; = (Poi — 6ido(Foi)) 2/ (20} + eid(Foi) + V .

For a pure electrostatic field (A = 0) this gives the familiar non-
relativistic expression for the energy. Neither H nor H; includes
interaction between particles unless we add a term such as V
with subscripts ij, ijk etc. which then gives coupled equations.
If we are interested in such beam dynamics as coherent effects
within a beam bunch, or various excitation modes in a laser
medium, crystal lattice, atom or “elementary” particle we must
include such terms.

The fields A4 and ¢ are generally nonlinear due to magnet
errors and end fields, the sinusoidal character of the RF and the
fields induced by the beam through self forces(e.g. the so-called
ponderomotive potentials) or wake fields(interaction with the
rest of the external world exclusive of guide fields). Such fields
can couple the degrees of freedom of the single particle e.g.
provide transverse-transverse (x-y) and transverse-longitudinal
(x-z) coupling. Furthermore, since wake fields can be either
transverse or longitudinal as well as fast or slowly decaying
(r$1/w; or 1/w, 4 for fields with Fourier components wSe/L),
one expects that both single and multibunch instabilities will
be possible.

Even assuming only one beam and one bunch, there are
a number of current dependent effects which can cause beam
blowup and subsequent particle loss by leakage out of the well.
A good general reference for single-particle effects is Ref’s. 8&
9. Collective effects have been discussed in Ref. 10. They may
be broken down into coherent and incoherent depending on
whether there are phase relations between individual particles
or not. Where there are, one can think of modes of motion
like that of the incompressible liquid drop of Bohr and Mot-
telson i.e. one has dipole and quadrupole motion that can be
quite dramatic. There are many ways to both induce and cure
such coherent effects. Thus, as the bunch oscillates, the poten-
tial well dynamically distorts which can produce an oscillating
force back on the beam that can either drive or damp it. Sim-
ilarly, the external potential well can be made to act the same
way — usually via negative electronic feedback that senses and
then feeds back to damp an instability. One can also add har-
monic cavities to statically distort the potential well for various
reasons!! such as bunch length control or power consumption.

The canonical position, ¢, can be understood to represent
the transverse displacement x and y from the equilibrium orbit
and is a function of time, the independent variable, or equiv-
alently, the distance along the central orbit s {or z). The mo-
mentum, p &~ ymq’ where ¢ = dq/ds so the important Liouville
invariant is

/pdq = m/'yq'dq = mve = mep

for any particle with € its area in transverse phase space.
A beam of particles has a distribution function in phase space
which convention describes by

- ' o’
€p = YOO = Y~

B

where ¢, defines the normalized, “invariant”, transverse emit-
tance in any direction with o, ¢’ the rms size and divergence
and B the focusing or betatron function of the cells in that
coordinate(x,y). It is also called a Twiss parameter®.

The phase space trajectory of a representative particle that
defines the rms beam envelop can be expressed®® as

g = \eB(s) cos (¢(s) — o)

q = _\/g[sin (6(s) — do) — acos (#(s) — ¢o)]

where & = §'/2 and the phase

ds

¢(s) = [ 5=
s B(s)

with ¢(0) = 0 and ¢(s) is another twiss parameter. Integrated
around the ring, it gives the tune or betatron number

The transformation of {¢} = (g,¢') from one place to an-
other, {g2} = R{q1}, is derivable from these expressions in a
number of ways®? e.g. using two linearly independent solutions

- such as ¢ = 0, § giving:

40

Ry = \/—g—:[cos Ad + opsin A¢v]
1

Ry2 = /Bif2sin Ag

Ry

\/.3172— [(a1 — az)cos A¢ — (1 + araz)sin Ag¢)
1

Rao = \/’ﬂ—z[cos A¢— ozsin A¢>]
B2

where A¢ = ¢z — ¢1. These expressions are the first order
transformations for the transverse motion of the Hamiltonian
system and allow tracking with nonlinear perturbations etc.
More importantly we have defined most of the terms used in
Table I and needed for a more detailed study of rings such as

PEP.



3. Three Kinds of Luminosity

A good place to begin is to define some different kinds
of luminosity and what I mean by high and low luminosity
and thick and thin targets etc. Conventional colliding beam
luminosity which I will call £cp has been discussed in detail®4,

A. Colliding Beam Luminosity

The incoherent beam-beam interaction between collid-
ing bunches produces strong, nonlinear forces on the bunches
which limit the operation of present rings. The leading-order,
linear focusing force for head-on e* collisions, expressed as a
tune perturbation per crossing, is®

AVz,y = —‘—*‘—"—'—""rcNeﬁ;'y

2m03 (02 + o)
where o is the rms bunch size, N, is the number of particles
per bunch and #* is the beta function at the crossing point or
IR. For protons one would use the classical proton radius, r.
Notice that ~y for 20 TeV SSC protons is the same as for 10
GeV PEP electrons. The limiting magnitude of this number
for most electron rings is Ay < 0.05.

With internal targets, this number can serve as a bench-
mark to compute the allowable number of ions replacing N,
with —sgn(Z}N;, depending on whether we use an et beam,
before a clearing field is needed. The expressions are otherwise
the same i.e. higher energy beams are preferred. Constraints
from the operation of the target are generally more stringent
i.e. depolarization and replenishment rates that are possible
but multi-bunch instabilities with electron beams also have to
be considered.

Although the above expression can be identified with the
average, small amplitude tune shift for gaussian bunches it is
best thought of as the tune spread in the core of the bunch®.
At some limiting value of this tune spread {Av*) or bunch cur-
rent (N;) the bunch cross-section (0;0,) increases, luminosity
fails to increase and may decrease and the lifetime may well
decrease. If this limit is made the same in both transverse
directions by making 3;/8; =~ K(= ¢ /¢z), the tune indepen-
dent, x-y coupling in the machine), one expects the maximum
achievable luminosity when o7 > oy to be:

(NP . _ w2y Yy2 €z
mfﬂ = (Av*) (;) _v;fn

maz —

where ¢; = n02/B;, f is the revolution frequency and n is the
number of bunches per beam. Table II for PEP and SPEAR
shows they are both near their limits of 103 < Lop < 10%2,

B. External Target Luminosity

For resolutions of order 20-50 keV at energies typical of
Bates or LAMPF one must use target thicknesses of t; ~10-
50mg/cm?. Typical currents with a consistent phase space and
energy spread are I; ~50-100uA. Translating these numbers
into an equivalent luminosity gives:

I t: 12
1oouA] [mmg/cmﬁ] [I]

Lor = ()Na(Z) = 3.1 % 107

where N4 is Avogadro’s number, 4 the gram-molecular weight
and A the atomic mass number in carbon units. This is a good
benchmark for comparison to other facilities.
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Table 1I: Some current operating parameters for the SPEAR and PEP storage
rings for both colliding and single beams. These numbers do not involve the use
of wigglers except during PEP injection at 5 GeV,

Energy(GeV) 2 5 10 15

SPEAR PEP PEP PEP
Beam Current, JM2* 100 30(7) 120(7) 92 mA
Beam Current, IS 25 5 20 46 mA
Coupling, X = ¢, /es 6.3 6.3 7.6 7.6 %
Emittance, ¢; = 02 /8: 0.195 0.0138 0.055 0.124 | mm-mr
Emittance, ¢, = 07/8, 12.2 0.866 4.19 9.43 pm-mr
Energy Spread, og/E 0.048 0.033 0.067 0.10 %
Damping Time, 75y 28.3 100 27.5 8.2 msec
Revolution Time, Tp 0.78 7.34 7.34 7.34 psec
TR Beta, B: 08/20 | 3.0/15 | 3.0/15 | 3.0/15 m
IR Beta, A, 0.03/35 | 0.12/06 |0.12/0.6 | 0.12/06 | m
1R Size, 0} 0.42/1.97 [0.20/0.45 [0.41/0.91 1 0.61/1.36 | mm
1R Size, oy .019/0.65 | .010/.023 | .022/.050 | .034/.075 mm
Divergence, o7, 465/.099 | .068/.030 | .136/.061 | .203/.081 | mr
Divergence, 0, 638/.010 | .085/.038 | .187/.084 | .280/.125 | mr
Energy Loss/Turn 0.110 0.333 5.33 27.0 MeV
Peak RF Voltage, V, 0.495 0.650 8.49 39.1 MV
Bunch Length, o, 3.5 28 2.3 2.0 cm

C. Internal Target Luminosity

One can write the internal target luminosity in terms of
the target thickness, n;, as

] =a
100mA- 11015 /em? ’

cm s

Lir = (%)NA(%) = 6.2)(1032[

One will find that luminosities on the order of 103 are possible
without significant effects on the beam. Targets on the order
of ny ~ 10'5/cm? or tens of ng/cm? are very thin but the
currents are greater than for £gp because of the more than 10°
traversals per second in the ring. Such thicknesses appear ideal
for optically pumped, polarized targets because of depolarizing
effects due to beam heating in solid targets. Furthermore, there
appears’ to be a large range of (A,Z) available including H!,
D? and He?® i.e. the 3, 6 and 9 quark systems.

Because £ does not depend on the beam cross-section, one
can operate in a mini-maxi 8 configuration with small angu-
lar spreads at the target and small Lcop. Considerably thicker
targets are also possible through the use of “target scrapers™
and a better understanding of dynamic aperture.

There could also be a tune perturbation as mentioned above
and the same limit Av* can be used as a guideline. Such ques-
tions are interesting and should be studied. An appropriately
designed target would also allow study of wake fields, plasma
lenses and their control of 8* as well as various tune modula-
tion and feedback effects just to mention a few possibilities.



4. Luminosity Limitations

A. Colliding Beams

Increasing the frequency via superconducting magnets, or
the number of bunches or the energy i.e. stiffening the beam
are all expected to improve luminosity. Unfortunately, increas-
ing the number of bunches (and duty factor) produces multi-
bunch instabilities and other problems when the total number
of bunches exceeds the number of IR’s. Thus, one seldom sees
a linear increase in luminosity with n unless Av < Av*. De-
creasing either ﬁ; or increasing the horizontal emittance ¢,
reduces the beam-beam force but is difficult because this in-
creases the sensitivity to transverse instabilities. Decreasing
B, also implies shorter bunches which increases the sensitivity
to transverse-longitudinal couplings i.e. synchrobetatron res-
onances. Using wigglers in existing rings to increase e; with
decreasing energy'? is now well established and relatively be-
nign but the reverse is not true. In PEP, the wigglers are used
to both decrease damping time and increase emittance.

Evidence from many rings has shown!3 that Av* < 0.05
and that it is difficult to keep this matched in both directions
with increasing beam currents. Nevertheless, this number can
presumably be increased in a variety of ways e.g. by increasing
damping by going to higher bend fields (and thus also increas-
ing f) or by incorporating more wigglers. However, because the
multipole expansion of the beam-beam interaction goes to high
order and these multipoles can’t be reduced by simply increas-
ing the aperture as for quadrupoles it is clear that the linear
description of the beam-bearn interaction is not adequate. At
the same time, it is not at all clear how to deal with such non-
linearities or even to simulate them in a self-consistent way.
Furthermore, very little effort has gone into this and related
questions such as multibunch instabilities.

I will not go into the many attempts to compensate or
cancel Av except to mention the charge-neutralization scheme
of the Orsay Group!4 using 4 beams and double rings. It was
hoped this approach would provide an improvement in Lmq of
two-orders of magnitude but so far has not been made to work.
The Stanford single-pass collider (SLC) represents the opposite
extreme where it seeks to maximize Av* with high bunch cur-
rent and low-emittance to enhance luminosity through a pinch
effect. Another attitude we have taken is to avoid the beam-
beam problem®4 through conversion of the charged particles
into photons. The limits in this case are presumably the max-
imum, single bunch currents which a linac can provide and
a storage ring can store with good stability and emittance.
This can be limited by many external effects before internal
space-charge becomes important but again there is very little
systematic information available on this question. The “exter-
nal” photon beam from this technique would also be a unique
resource for fixed target experiments.

B. Internal Targets

The current limits discussed above apply here as well. In
addition, there is the beam lifetime and emittance due to in-
ternal target density. The PEP handbook shows the expected
lifetimes due to various sources of loss in PEP. While this im-
plies the importance of three different processes over the range
of energies of interest, the most important one for our purposes
is atomic bremsstrahlung since we assume the Touschek effect
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will only be important near the IR’s and that the particle den-
sity can easily be varied by the required factor of two or so.
This same factor of two might also be obtainable by manipu-
lating (B;,ins Bmaz) in @ mini-maxi beta scheme. This is clearly
not a problem but bremsstrahlung from “residual-gas” is — be-
cause the differential probability for radiation loss is roughly
constant up to the full electron energy for the electron energies
of interest here.

Integrating Rossi’s expression!® for the differential radia-
tion probability per unit radiation length gives:

1
[ Weeddz = (Gin(Drnr - 3]

(F)nr

where z is the fractional photon energy, w/e. The fractional
particle loss is then

M 1Ltz

1 cp
b X, T_[]

X,

assuming a simple target uniformly distributed around the ring
like residual gas. Here 1/X, = N40ya4/A with 0,44 the total
bremsstrahlung cross section per nucleus or atom and z is the
lineal thickness. In terms of both ring and target components,
the expression is

1 cp,STP Py cpS”’ 273
?=[][2; X, (760 +Z X )(760)(~)]

where Ui/l is the ratio of target length to ring circumference.
Including both the atomic bremsstrahlung cross section for
electrons and nucleusso that of _; = 4aZ;(Z;+1)r{In 183/21/3
1—8—] but ignoring all but one target component (i.e. consider-
ing only the partial lifetime due to the target) in an otherwise
perfect vacuum gives:

T,

Tt

1/3yNa SSTP P 273
=~ [ ]40,2(Z + 1) In(183/2"/ o Pl ) ()
The last factor in brackets is just the target thickness n; (# /unit
area), 0, = ar? and T, is the revolution time around the
ring (see Table II). For hydrogen, pif¥ = 0.090 kG/m® so
forl; =10 cm

2N
n = AP

STPI
A (

~1)=5.38x 1020(7}:0)[atoms/cm2].

760

For n; = 10'4/cm?, this implies P; = 1.4 X 10~* Torr or a re-
quired differential pumping rate of ~ 10~° Torr at room tem-
perature which is reasonable. One wants this differential rate
to roughly correspond to the !;/lg factor (~ 4.5 x 10~% in
PEP) since the two main, residual gas components observed
with mass analyzers are hydrogen and carbon monoxide.



Because the RF capture bucket width can be ¢, /¢, 2 +1%
in both SPEAR and PEP, the corresponding partial lifetime for
a 10 /cm?, hydrogen target is:

H
% o (5.31 x 4 x 0.58mb x 10.42 x 10'4)?

]

159 hrs
16.9 hrs

(PEP)

= 7.8 x 101°
(SPEAR)

This indicates these experiments can be done on both SPEAR
and PEP without requiring dedicated operation with £ = 10%
cm~2s~! using state-of-the-art polarized gas targets! This is
independent of beam energy and valid for all energies of cur-
rent interest (e & 1.5 GeV) as well as elements with aZ < 1.
PEP, with its large radius and large energy range, would seem
to be an ideal system for these experiments especially when
multibunch operation with higher duty factor and current is
developed. These operating conditions are ideally matched to
simultaneous synchrotron radiation operation.

C. Accelerator Physics Studies

Systematic machine physics studies on PEP with a sin-
gle beam that are relevant to these questions include bunch
cross-section measurements versus all of the following: bunch
current (Ny); bunch number (n;) and distribution; both high
and low B; ;i vy O¢, Oc and Vgr; and vgy. These should be
done at a couple of energies e.g. a low (5 GeV), intermedi-
ate (10 GeV) and high energy (15-17 GeV). Any instabilities
observed should be characterized by their threshold behavior
(Ngn) versus these parameters including possible differences be-
tween electrons and positrons.

5. PEP Capabilities

Designing storage rings for a specific process in Fig. 3
might emphasize energy spread for Fig. 3(b) and electron
polarization for Fig. 3{c) but the most important param-
eters characterizing both accelerators and storage rings are
the energy range (C-M) and the beam current or luminosity
available over this range. While the primary goal is to reach
higher energies, it also seems important to improve the Ju-
minosity and range of capabilities of existing facilities. The
PEP storage ring, with its large, single-beam energy range
(Ey ~ 2 ~ 17(25) GeV) in conjunction with the SLAC high
energy, high current, low emittance linac beam provides some
unique opportunities. Here we will discuss some of the factors
each application wants and try to show how PEP can supply
them.

A. Synchrotron Radiation

Figure 5 compares the synchrotron light spectra available
from the cell bending magnets for a number of existing and
proposed facilities. While most of these have wigglers which
enhance such spectra, these comparisons appear to be easily
biased and also change rapidly. Nonetheless, PEP has some
unique possibilities here as well e.g. it has 5m symmetry
straight sections midway between interaction regions which al-
ready have 2T wigglers as shown in Fig. 4. In addition, I have
shown some bypass possibilities in Fig. 4 and from Table I and
Figs. 4 and 6 one sees there are already several long, straight
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insertions with lengths up to 120m which could be used for
coherent undulators. Because there are also a number of new,
low emittance configurations possible for PEP18, some of which
are shown in Table III, such options seem inevitable.
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Fig. 5: Comparison of PEP’s synchrotron radiation spectrum
with a number of existing and proposed rings such as the
European Synchrotron Radiation Facility and the Argonne Syn-
chrotron Light Source.
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Fig. 6: Beta functions for the new colliding beam configuration
of Table III around the Interaction Region(IR) and RF cavities.

For high brightness you need low emittance. Let’s compare
to SLS whose design emittance!” at 6 GeV is € 654 com-
pared to PEP’s 45A. This can also be improved!® by at least
another factor of two by using Robinson wigglers to increase
the horizontal damping partition, J;. It seems almost too good
to be true but higher brightness also requires high current ca-
pability at the lower energies which is discussed in the next
section.



Table 11I: Some New Operating Configurations for use at PEP.

Mini-Beta | Low Emittance | Low Emittance
1-Fold 6-Fold 1-Fold

Hor. Tune, v, 21.28 20.28 29.28

Vert. Tune, vy 18.22 13.20 13.20

Mom. Comp., & 0.00255 0.000986 0.000973

. /E(GeV)? 5.49 1.30 1.27 A-GeV~?

{0£/E)/E(GeV)] | 0.00666 0.00666 0.00666 % GeV-?

IR 1.00 670 54.0 m

By IR 0.04 100.0 356.6 m

n* ~0.093 -2.0 0.0 cm
B 22.6 20.8 20.2 m

B, Cell 36.8 43.0 44.0 m

7 1.23 0.55 0.51 m

B2 323 26.0 26.4 m

B, S.F. 55 5.7 53 ™

n 1.49 0.62 0.53 m

B: 4.50 193 m

B, 5 IR’s 0.18 96.6 m

n* 0.004 0.0 cm

B. Internal Targets

PEP, with its large radius (2rR = 2.20 km) and large
energy range would also seem to be an ideal system for these
experiments especially when multibunch operation with higher
duty factor and current is developed. The beam lifetime was
shown to be the product of three terms, relating to the RF cap-
ture bucket, the electron-nuclear bremstrahlung cross-section
and the target thickness. The log factors can each be approx-
imated by 5, so one has:

I 2, To(ps) 1

L= (IOOmA)(r_(h—))( 7.34 )(Z(z ¥1)

) x 103 em~2571,

Such conditions are ideally matched to simultaneous syn-
chrotron radiation operation so long as there is no significant
increase in emittance. The lifetime due to single coulomb scat-
tering goes as E2A2/Z2(,8,n; and is orders of magnitude larger
than for bremstrahlung so that setting the aperture (or scrap-
pers) at + A, allows an analytic approach to emittance growth
and indicates no growth at PEP for bremstrahlung limited tar-
get densities. This also allows experiments when an internal
target with variable n; is available. Lower emittance (higher
tune) configurations than used in Table I for colliding beam op-
eration are clearly possible at lower energies because the goals
are reversed. At some point emittance growth could become
a problem but only at the lowest energies where currents are
also a problem. Similarly, the harmonic number of the ring is
h = 2592 but only three bunches per beam have been seriously
studied.

A major limitation on the total and single-bunch currents
is the impedance of the ring which is dominated by limiting
apertures such as the RF cavities shown in Figs. 4 and 6 and,
of course, any gas cell — especially one that is poorly designed.
A considerable amount of work has gone into the design of
the PEP vacuum and RF system!® and this has undergone

several changes?® based on optics changes and measurements
of the limiting currents observed?!. Figure 7 shows the latest
calculations for PEP based on Table I and the new colliding
beam configuration?? in Table III. Figure 6 shows 8y in the
vicinity of the cavities. This distribution is clearly not optimal
and never was which explains why the previous single-bunch,
fast, head-tail threshold was roughly consistent?! with the PEP
transverse cavity impedance.
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Fig. 7. Some representative RF limited current characteristics
for PEP. Currently it runs with three bunches per beam with 24
cavities and 6 MW (Table I). Solid curves assume 3 bunches
and dashed 6 bunches per beam. The intersection of these
curves with the predicted current limits from the single-bunch,
fast head-tail effect are shown as dots marking the dominance
of these two regimes.

A number of different possibilities are considered in Fig. 7
such as adding and removing cavities, increasing the number
of bunches and running with a single gas cell such as the one
described in Ref. 23 with conditions where the effects should
be most evident. A properly terminated cell of this type does
not influence the beam significantly but the reverse may not
be true. Although the beam will tend to drop some energy in
it, this should be small in the practical domain of operation.
The limit will be determined by multibunch instabilities and
could cause depolarization. This is another area for study and
testing.

One predicts from Fig. 7 that the current becomes RF lim-
ited below the dots on each curve i.e. at higher energies. The
dots represent the threshold for dominance of the the trans-
verse mode coupling instability or fast, head-tail effect?®*!. To
my knowledge there is no evidence for multi-bunch instabili-
ties in PEP except for those associated with colliding beam
operation. N-bunch, single beam operation can be thought of



as N coupled oscillators with N normal modes which require
N-independent tuning knobs which are available from the RF
cavities around the ring. The present distribution is not opti-
mal for this but could certainly be improved. Several points
can now be made. First, higher energies are best, both from
the maximum single bunch limit and for multi-bunch opera-
tion i.e. we don’t want to simply remove our sources of pickup
and feedback and also that the bunch spacing and harmonic
number are so large in PEP that it is certainly possible to use
feedback to deal with such problems. Also, while one expects
coupled bunch instabilities and other problems, a stable, sin-
gle bunch current of ~ 1 mA at 4.5 GeV has been verified
so we have used very conservative numbers for the beam cur-
rents at the lower energies in the various Tables. Concerning
higher energies, Fig. 8 shows a typical magnetization cycle
that every cell dipole magnet was subjected to and measured
along. While the current supplies will only go to about 17 GeV
the magnets go much higher and the character of the curves
imply reasonably simple operation from 2 < E(GeV) < 25.
Several systematic machine physics studies on PEP are clearly
suggested by such questions.
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Fig. 8. Field integrals measured before and after subjecting a
virgin PEP bending magnet to a magnetization cycle. Every
PEP magnet was measured in this way with data taken from
1-27 GeV.

Other questions also include various polarization effects.
The scattering of circularly polarized light by e* can be used
to measure polarization of the e* and can also be used to in-
duce it but with poor efficiencies at these energies. A low-
energy, polarized electron beam can be used in a similar way
to the photon beam to measure the polarization of a stored
electron beam or to polarize photons via Compton scattering.
Implementing longitudinal polarization with the new, efficient,
tensor polarized gas targets could then provide an absolutely
unique facility for nuclear QCD studies from 2-17(25) GeV that
would allow high luminosity £+ 4 and €+ A and ¥+ A studies
etc. A number of alternative insertions to provide longitudinal

polarization in one or more interaction regions are possible in
PEP but IR 6 appears best.
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6. Compatibilities

Table IV is a “truth” table showing some possible operat-
ing modes and how they interrelate to one another. No doubt
everyone would like an IR hall for detectors, spectrometers,
bypasses or future possibilities. While SR is produced every-
where, the IR and symmetry straight sections are the most
popular for them as well. Typically, the dispersion functions
are minimal near the IR and maximal at the SP so the wigglers
in SP 1, 5 and 9 improve luminosity below 15 GeV by increas-
ing emittance while putting them near the IR would have the
reverse effect. Their roles for luminosity would reverse above
15 GeV. The use of dispersion at the IT implies one is using dis-
persion matching to achieve higher energy resolution e.g. even
though PEP has a very low energy spread compared to the
linac, it can still be improved to do high resolution spectrom-
eter studies at much higher energies than Bates or LAMPF. I
won't discuss the various uses of wigglers implied in the Table
but leave this as a topic for future discussion among interested
parties.

Table TV: Operational compatibilities between Colliding Beam physics(CB}, In-
ternal Target physics(IT) and Synchrotron Radiation physics(SR). “D” stands
for experiments requiring Dispersion, “SP” stands for Symmetry Point, “IR" for
Interaction Region, “U” for Undulator, “W" for standard Wiggler and Wg is a
Robinson wiggler located at high n e.g. at the SP.

E(GeV) 5 10 15 26
CB Wsp Wsp WirWg
IT Any Any Any ) Any
ITD U U U U
SRSP UWg U,Wg U,Wg U,Wg
SRIR A uw U,W UwW

7. A Few Conclusions (and Possibilities)

There are a remarkable number of possibilities available
that can be arranged into an interesting, long-range program
with well defined stages. First on the list is the new mini-beta
upgrade which allows a variable mini-maxi scheme as shown in
Table ITI. This will be tested this fall. Variable density targets,
in conjunction with wigglers could improve low-energy, collid-
ing beam operation by providing independent control over lon-
gitudinal and transverse phase space. Implementing longitu-
dinal polarization with the new, efficient, tensor polarized gas
targets could then provide an absolutely unique facility for nu-
clear QCD studies from 2-17(25) GeV. Multi-bunch operation
in a dedicated mode of operation or even CB mode could pro-
vide high duty factors whose magnitude needs to be studied.
It seems clear that an energy closer to 15 than 5 is preferred
on most grounds.

Implementing a high energy photon facility would augment
the internal target program as well as the high energy physics
studies since one wants to use such beams near their source
even though good external photon beams will naturally arise.
There are many interesting research and development projects
here such as the study of high current, high density bunches;



development of highly segmented, fast, efficient photon detec-
tors and the development of long, combined function undula-
tors to name a few. An injection IR is clearly preferred for
this work which would allow high luminosity €+ § and § + 4
studies as well as 4 + 4 over a large energy range.

There are many interesting accelerator physics studies e.g.
we don’t really understand the low energy limits of the ring
such as the fundamental limits on single and multi-bunch beams
as a function of energy or operating configuration. How should
one use the various wigglers, bunch lengthening cavities, higher
order multipoles, internal targets and various types of feedback
to control or optimize current and aperture limitations? It is
interesting that a long list of such projects for PEP compiled
in 1982 has gone virtually untouched even though they might
have justified PEP as a national test facility.

Some of the things discussed here could be started now
and when PEP resumes operation and probably should because
they impact longer range planning and funding. Samuel Butler
viewed “progress” as a form of generic cancer when he said: All
progress is based on a universal innate desire on the part of
every organism to live beyond its means. A possible antidote
to this is better long range planning for proposed uses and
funding commitments. Past parochialism or specialization in
both areas is neither efficient nor effective and this seems a
good place to try something different.
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Abstract

Stated briefly, the problem is to maintain
polarized electrons in a storage ring such thet at a
particular point in the ring the direction of polarization
is parallel to the beam momentum. At other points in
the ring the polarization must be oriented to ensure that
the magnitude of the polarization of the stored electrons
Possible
solutions for the PEP storage ring and the proposed

is maintained at as high a level as possible.
MIT-Bates storage ring will be discussed.

Introduction

Two basic processes must be considered in order
to understand the behavior of electron polarization in a
storage ring. First, the evolution of the electron spin
vector in the presence of a magnetic field E is described
by the Bargmann-Michel-TeIegdi1) (BMT) equation:

2 -
§ =8 X

[ ?ﬁ; ] ((1+a7) B+ (1+2)8)

where: e is the electron charge,
g is
a

the electron energy divided by its rest mass,
(g-2)/2 0.00116 and g is the electron

gyromagnetic ratio, and

B,(B,) = is the component of B perpendicular
t 1 -
(parallel) to the electron momentum p.

The corresponding equation of motion for the

~ [
e (%)

Thus, an axial field does not affect the momentum but

electron is:
2
p =

does produce a precession of the spin about the

momentum, 5 The angle of precession is given by:

0.30

Gs [rad] = E[GeV] B].L [T-m]
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where L is the length of the trajectory in the field R
A transverse field affects not only the spin, but

also the momentum:
d A
dt [aepl- [

Thus, the spin precesses about ﬁt' The magnitude of

gf]s-pxﬁt

the precession is given by:

_ EfGeV]
6, = 2.27 E[GeV] 6 = G 44065 B

where Bs is the angle between the spin and the
is the angle through which the
Note that an electron with an

momentum and OB
electron is deflected.
energy of n x 0.44065 GeV will have its spin aligned in
the same direction after each time it is bent through
360°.
will be pointing in some other direction after deflection
through 360°.

The second phenomenon which must be

For electrons with any other energy, the spins

considered is that of radiative polarization.z)
Asymmetry in the polarization of the synchrotron
radiation emitted by an electron as it is deflected tends
to make the electron spins align themselves with the
deflecting field. In the case of a storage ring where the
guide field is vertical this effect causes a buildup of the
polarization in the vertical direction. The asymmetry in
the radiation is relatively small, so this process does not
lead to unit polarization. Rather, in an ideal storage
ring where the circulating electrons encounter only
vertical fields the maximum attainable polarization is
92.4%.

Radiative polarization has been observed in
electron storage rings at Orsay, Novosibirsk (VEPP-2,
VEPP-4), SLAC (SPEAR), Cornell (CESR), and DESY
(PETRA).s) An important observation to be drawn
from the SPEAR results in particular is that the
observed polarization properties were very accurately
described using matrix methods (a la TRANSPORT)
developed by A. Chao.4)

improvements of the methods give one confidence that

Subsequent refinements and



these effects can be accurately computed.s)
The development of the polarization is generally
slow, approaching its limiting value PO exponentially:
P(t) = Py { 1 - exp(t/r)) }
where the time constant 'rp is given approximately by:

Clm m2

E[GeV]®

where C is the circumference and p is the magnetic

'rp[s] =16 x

radius. Clearly, these times are strongly energy-

dependant. Table I contains representative polarization
times for several electron storage rings being considered
for use with internal targets by the nuclear physics
community. The storage times that one may hope for
are at most a few hours, so it is readily apparent that

radiative effects may be of concern only at PEP.

TABLE 1

Radiative Polarization Rates

PEP:

T, =1.2x 102 §234h0Q 6 CeV
=9.5x10°s~ 3hQ 10 GeV :
=1.8x10°s230nQ 14 GeV
=5.0x102 s~ 80 18 GeV

MIT-Bates:

T, =1.6x 1o: s~ 6m0 0.5 GeV

=5.1x10"s~ 8d0 1.0 GeV

Saskatchewan Accelerator Laboratory:
T, =1.8x 102 5~ 5y 00.1CeV
=7.2x10°s= 84d00.3 GeV

The absence of significant radiative polarization at
MIT-Bates and Saskatchewan dictates that the beam
injected into these storage rings must be polarized.
Since there are no immediate plans to install a polarized
electron source at Saskatchewan, further discussion will
be limited to the proposed MIT-Bates storage ring and
the PEP storage ring.

The situation at PEP is more complicated than
at MIT-Bates (see Figure 1).

{below 6 GeV) the polarization time is long compared to

At the lowest energies

anticipated storage times so radiative polarization effect

can be ignored. At higher energies Tp is sufficiently

short that radiative polarization will cause a buildup of
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polarization parallel to the vertical guide field over times
Above about 12-14
GeV the rate is fast enough to be useful as a means of

comparable to the storage times.

obtaining polarized electrons; below, it is not.
Consequently, as at MIT-Bates the injection of polarized
electrons will be required.

The existence of a dynamic mechanism forcing the
polarization into the vertical direction suggests that it
would be desirable to keep the polarization oriented
vertically throughout most of the ring and to rotate it
into the horizontal direction just before the internal
target and to rotate it back into the vertical direction
just after.

useful in either enhancing the polarization of the injected

In this way, the radiative polarization can be

beam or, at least, in helping to compensate for the loss
of polarization due to other mechanisms. Various-

techniques of rotating the spins will be discussed.

Depolarization

Any process which causes the electron spins to

point in a direction other than the desired one

constitutes a depolarizing effect. These effects can be
divided into two groups: non-resonant and resonant.

In the non-resonant group two effects are of
major importance, one which does not involve radiation
and one which does. However, both arise from
imperfections and misalignments of the elements of the
storage ring. In a real ring the guide field encountered
by each electron is not uniformly oriented vertically.
Even particles near the nominal orbit experience a
random sequence of (hopefully smeall) vertical and
horizontal fields. Consequently, their spins will precess
differently and, after a large number of reveolutions of
the machine, may point in significantly different
directions. This ”diffusion” of the spins sets a limit on
the ability of a ring operating at energies at which
radiative effects play no role to maintain polarization.

Under conditions when radiative effects do play a
role, the small "kicks” due to field irregularities play an
added role.
radiates and tends to align its spin along the field

generating the kick.

When an electron undergoes a kick it

Consider the case where the
nominal polarization direction is vertical. Horizontal
kicks are generally not a serious problem in this regard;
since the ring has a closed orbit the sum of the
spurious leftward deflections must equal the sum of the
rightward ones. If radiation emitted during the

rightward deflections tends to polarize the beam upward
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Polarization Time in PEP

then that during the leftward kicks will tend to polarize
it downward and the two effects will (roughly) cancel.
On the other hand, vertical kicks arising from horizontal
fields are particularly destructive. When an electron is
deflected in the vertical plane it radiates and tends to
orient its spin in the horizontal direction, to the left or
the right.
polarization.
Figure 2 (taken from Reference 6) shows the

Either way, it generates a loss in vertical

results of a calculation of the asymptotic polarization
Note
that for no energy does value of P0 reach the ideal
value of 92.4%.

(PO) in PEP as a function of electron energy.
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Asymptotic Polarization in PEP

Resonant depolarization occurs when the rate of
precession of the spins as the electron circles the ring is

in resonance with the rate of other motions of the

L]
|
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electron. The condition defining the three strongest and

most damaging resonances is:

where ¥, n_, and n, are integers and Vy and v, are the
vertical betatron tune and synchrotron tune respectively.
The term v corresponds to an "imperfection” resonance
which depends only upon the energy of the stored beam.
It occurs whenever:

Er n x 0.44085 GeV

Note in Fig. 2 the zeroes in the polarization whenever
this condition is satisfied.

The term containing n_ corresponds to an
"intrinsic” resonance whereby the precession of the
electron spins couples to the vertical betatron oscillations.
Similarly, the term containing n, corresponds to a
?synchrotron” resonance. Both of these resonances can
be avoided by varying the tunes of the ring.

The depolarizing effects presented here do mnot
preclude the storage of polarized electrons but they do
provide a stringent set of constraints to be satisfied by

any possible solution.

Possible Solutions

Resonant Energies

The simplest solution is to operate a planar ring
n x 0.44065 GeV. At these energies,

an electron with a properly aligned longitudinal spin on

at energies Er
one pass will have the spin similarly aligned on
subsequent passes. However, first electrons with slightly
different energies will have their spins diverge from the
nominal on successive passes since the required condition
is not met. Moreover, these energies correspond to
conditions for the imperfection resonance discussed
earlier. Hence, their use is not viable.

Siberian Snake of the First Kind

First suggested by Ya. Derbenev and A.M.
Kondratenko in 1976,7

principle, enable a storage ring to store longitudinally

the Siberian Snake will, in

polarized electrons of any energy. In particular, a first

order calculation shows it to be extremely stable with
respect to deviations in the electron energy; the degree
to which the polarization is maintained in the
longitudinal direction {at the target) is proportional to



only fourth and higher powers of the energy deviation.
A

solenoid which precesses the spin of an electron with an

The basic concept is illustrated in Figure 3.

energy EO through 180* about the electron momentum is
placed opposite the target. An electron of energy EO
which is longitudinally polarized at the target will be
pointed in a direction ¢ (a function of Ej) at the
After the solenoid it will be at the same

angle but on the other side of the momentum direction.

solenoid.

The ensuing 180° bend will return it to the longitudinal

direction at the target.

%

B,,=7 &

sol

<
s

Figure 3.
Siberian Snake of the First Kind

A ring with a Siberian Snake operates, essentially,
atop an imperfection resonance. However, the solenoid
stabilizes it against perturbations. For example, assume
that an electron receives a vertical kick such that its
spin has a +y component when it reaches the solenoid.
The 180° precession results in a -y component of equal
magnitude. When the electron receives the vertical kick
on the next revolution it cancels this -y component.

The nominal direction of the polarization in the
As a

result, it is ill-suited for use under conditions where

Siberian Snake is always in the horizontal plane.

radiative polarization plays a significant role. However,
for the MIT-Bates application this would not pose a
problem.

Another problem is that the scheme requires
solenoids of very high fields. These introduce strong
focussing and coupling between the horizontal and
vertical betatron oscillations. Stringent demands are
thus placed on both the tuning and dispersion control in
ring.

A version of the Snake which avoids the problem
of the solenoid can be constructed using an alternating
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sequence of horizontal and vertical bends to achieve the
180° precession. The severe problem with this scheme is
that a given sequence of dipoles would provide the
correct precession for only one energy. Thus, to operate
the ring at different energies would involve physically
reconfiguring the machine, clearly not an attractive

prospect.

Siberian Snake of the Second Kind

A scheme similar to the previous one can be
constructed using a 180° precession about not the
momentum direction but about the horizontal direction
perpendicular to the momentum (see Figure 4).
However, this precession can only be achieved using a
sequence of horizontal and vertical bends so the scheme

suffers from the same flaw discussed above.

<
s

Figure 4.
Siberian Snake of the Second Kind

Figure 8

This novel solution to the problem can be
considered a rather gross distortion of the Siberian
Snake. Instead of precessing the spin on the side
opposite the target so that the effect of the second 180°
bend cancels the effect of the first, the direction of the

second bend is reversed to achieve the same result (see
Figure 5). The scheme has the dual advantages of
working for all energies and of not requiring strong
solenoids.

Unfortunately, it also has severe problems. First,
its shape makes it useless as a scheme for retrofitting

PEP; similarly, its shape makes it inappropriate for use
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Figure 5.
Figure 8 Scheme

as a pulse stretcher which is to be the primary function
of the proposed MIT-Bates ring. Moreover, like the
original Siberian Snake it essentially operates atop an
imperfection resonance but unlike the Siberian Snake it
is a purely planar scheme. Consequently, it has no
"restoring force” to control vertical excursions of the
spin. The beam would therefore depolarize rapidly due
to vertical kicks caused by extraneous horizontal

magnetic fields.

Resonant Snake

Since the Siberian Snake already operates by

construction atop an imperfection resonance, little harm

T
In these cases it has been shown8

is done by operating at a resonance energy ( E nx
0.44065 GeV). that
a much weaker solenoid will suffice to maintain the
For the first resonant energy, 0.44065 GeV,
a solenoid capable of precessing the spin through only 5°

polarization.

is sufficient to maintain the polarization at the target
within 1% of the stored beam polarization (for a beam
with an energy spread of 10'3). For the second
resonant energy it still requires only a precession angle
of 10* (see Figure 6).

For higher energies the required precession angle
3.965 GeV) until the

scheme has no significant advantages over the regular

grows rapidly (45° for Er
It also retains the weakness of the
As a
result, it is a useful possibility for the MIT-Bates storage
ring but not for PEP.

Siberian Snake.

Siberian Snake with regards radiative polarization.

When considering schemes which are useful when
radiative polarization plays a role one is inexorably
drawn toward the schemes wherein the spin is
maintained parallel to the (vertical) guide field as much

as possible. By so doing, the radiative effects in a large
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Figure 6.
Resonant Snake

part of the ring help to increase the polarization rather
than decrease it. Only near the region of the target are
the spins precessed into the longitudinal direction and
then back into the vertical. The schemes to be
considered now differ only in the technique used to

perform these rotations.

Richter-Schwitters (R-S) Scheme

The scheme originally proposed in conceptual form
by R. Schwitters and B. Richterg)
advantages.

has two striking
First, it has the spins aligned vertically
throughout most of the ring. Second, it involves only
bends in a single plane. Conceptually, it consists of a
series of vertical bends inserted into a straight section of
an otherwise planar ring (see Figure 7). The electrons
are deflected first up then down so they approach the
target at an angle # to the horizontal. A mirror image
sequence returns the electrons to the ring midplane and
their spins to the vertical direction.

The shortcoming of this method is that it works
exactly for only one energy or, more precisely, one
energy modulo 0.44065 GeV x 2r/6.

value of 6, this means a single energy. This is however

For any reasonable

not such a serious problem as the system is stable for a
broad range of energies. The only loss in operating at
an energy different from the nominal design energy is
that the degree of longitudal polarization at the target is
reduced relative to polarization of the stored beam by a

factor T given by:

T=sin[

[N

E
£ X



Figure 7.
Richter-Schwitters Scheme

where EO is the nominal design energy. In the case of
PEP a scheme with a nominal design energy of 10 GeV
would have & = 4°* and T would exceed 0.8 for all
energies between 6 GeV and 14 GeV.

A remaining shortcoming of this design is the
large number of magnets that are required in the area
of the target.

available for detectors.

These would severely limit the space
A simplified version of the
scheme that would involve fewer magnets would have
the shape of an inverted V. The beam would simply be
bent upwards through an angle +8 as before and the
target would be placed in the sloped straight section.
After the target an angle of -2 would direct the beam
back down to the ring midplane where a second bend of

+6 would return it to the horizontal direction.

Solenoid Spin Rotator

Another wayw) of precessing a vertical spin into
the longitudinal direction is first to precess it into the
horizontal direction perpendicular to the beam and then
precess it into the longitudinal direction by passing it
through a horizontally bending dipole (see Figure 8,
taken from Ref. 10).
after the target returns the spin to the vertical direction.

A mirror image system located

The system has the same shortcomings as the R-

S scheme in that it works ideally only at one energy.

Moreover, it requires two very strong solenoids, the

combined strength of which equals that required by a
Siberian Snake at the same energy. On the positive
side, the energy limitation of the R-S scheme was seen
to be minimal. Furthermore, the angle through which
the electrons are bent while their spins are not parallel
to the guide field is half that of the R-S scheme (for
the same nominal energy EQ) so the resultant

depolarizing effects are reduced by a factor of two.
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Figure 8.
Solenoid Spin Rotator

Applying this scheme to PEP would require
modifications to the main lattice, not just the (straight)
A straight

section long enough to accomodate the requisite solenoid

insertion where the target would be located.

and associated quadrupoles would be needed prior to the
last two dipoles before the insertion. The beam line in
the insertion would therefore be parallel to the present
beam line, but would be displaced outwards.

It is an idea which merits serious study.

Mini-Rotator

In 1983 K. Steffen proposedll) a scheme for the
HERA storage ring which would precess the electron
spins from the vertical to the longitudinal (and back) by
means of a series of small horizontal and vertical bends.
The scheme has several promising features, among them
the fact that no strong solenoids are required. However,
it suffers from a narrow energy acceptance which can be
improved only by repositioning magnets. Furthermore,
compared to the R-S or Solenoid Rotator schemes
electrons in this scheme pass through significantly more
magnetic field wherein their spins are not aligned
parallel to that field.

radiative depolarization.

This increases the rate of
Similarly, for energies other
htan the nominal energy the equilibrium direction for the
spins in the main ring magnets is not quite vertical; this
also increases the rate of depolarization. It was for
these latter reasons that work on the Solenoid Rotators

was initially pursued.

Conclusions

The problem of obtaining longitudinally polarized
electrons in the proposed MIT-Bates ring and in PEP
appears solvable; not easy, but solvable. In the case of
the MIT-Bates ring a Siberian Snake or a derivative

such as the Resonant Snake appear to be viable



alternatives. In the case of PEP, the R-S Scheme, the
Solenoid Rotator, and the Mini Rotator all appear
possible. Each has its stengths and should be pursued

to determine the costs and limitations.

Finally, I would like to point out that with the’

possible exception of the highest energies possible at

PEP, the degree of polarization that will be possible is:

limited to that of the injected beam. Consequently, it is
of equal importance that attempts be made to increase
the polarization obtainable from the sources used in the

linac injectors.
References

1) V. Bargmann, L. Michel, and V.L. Telegdi, Phys.
Rev. Lett. 2 (1959) 435.

2) A.A. Sokolov and I.M. Ternov, Sov. Phys. Dokl.
8 (1964) 1203.

3) R. Schwitters, Proc. of Workshop on Polarized
Electron Acceleration and Storage, Hamburg, West
Germany (1982).

4) A. Chao, Nucl. Instrum. Meth. 180 (1981) 29.

5) J. Kewisch, DESY Report 83-32 (1983).

6) A.W. Chao, PEP Report 263 (1978).

7) Ya.S. Derbenev and A.M. Kondratenko,
Novosibirsk Preprint 76-84 (1976).

8) B.E. Norum, Longitudinally Polarized Electrons
for Internal Target Experiments, CEBAF Report
{(1984).

9) R. Schwitters and B. Richter, PEP Note 87
(1974).

10)  D.P. Barber et al,, DESY Report 84-102 (1984).

11) K. Steffen, DESY Report PET 78/11 (1978).

53



USE OF INTERNAL TARGETS AT THE PROPOSED MIT/BATES RING

J. B, Flanz and the Bates Staff
MIT-Bates Linear Accelerator Center
Middleton, Massachusetts 01949

Introduction

The construction of a ring at the MIT/Bates
Accelerator Center has heen proposed since 1984, 1t
would operate as a Pulse Stretcher Ring (PSR}, pro-
viding near CW electron beams of up to 1 GeV to the
existing experimental apparatus at Bates, The propo-
sal also includes a unique facility for conducting
experiments using internal targets (IT), The present
layout of Bates is shown in Fig. 1. The machine, as
shown, produces & beam whose quality is summarized by
the parameters in Table 1. The laboratory currently
supports three experimental halls with five main beam
lines, On the "B" line exists three spectrometers
with characteristics that make them well suited for
coincidence measurements 1], However, at present as
listed in Table I, the duty factor available is
limited to one percent. the proposed additions to the
laboratory are shown in Fig., 2. The pulsed beam from
the accelerator would be injected into the ring in a
short straight section on the right side. The CW beam
would be extracted from the upper long straight sec-
tion. Also included is an energy compressor system to
reduce the effective energy spread of the heam. The
resulting beam parameters after the proposed additions
are also summarized in Table I,

An experimental hall is provided for internal
target experiments on the lawer long straight section,
The internal target hall is currently envisioned as
being 12.2 m x 15.25 m (40' x 50'). There appears to
be sufficient room in the ring for optical inserts
that may be useful for internal target experiments.

It is workshops such as this one that are important
for defining the detailed requirements of such a faci-
1ity. In fact, we hope to obtain from this meeting a
better feeling for the needs of an IT hall and the
possible optical inserts that may be useful.
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BATES BEAM PARAMETERS
R _PROPDOSED UPGR

Head-Tail
Recirculation

Simultaneous

Single Pass Recirculation

Energy (MeV)  50-540 4001060 4006-1060
Peak | {mA) < 40 < 5 < 40
Average 1 {uA} < 100 < 100 < 100
Pulse Width (uS) < 20 < 20 2.6
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Duty (1) <1 < 1 < 0.26/85
sE/E (%) < 0.3/.04 < 0.3/,04 < N.6/.04
bo {Deg) 3°/45¢ 3°/45° /45°
L (mm mr) 107y 10/v 3n/y

Beam Properties

The beam quality available from the Bates Linac
is important in the consideration of the possible
experiments that might be undertaken, Both the trans-
verse and longitudinal phase space are very smali,
especially for a pulse machine. In normal operation,
the longitudinal phase space is characterized by a 3°
bunch width and is contained within 0.3% in energy
spread. The transverse phase space is, for example,
N1y mm-mr at 500 MeV., This allows sub millimeter
beam size with reasonable strength quads at reasonable
distances from a target. 1In this way, the monochroma-

tic spot size at the target of the energy loss spec-
trometer has enah?eg the spectrometer to resolve
in energy.
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The spacial stability of the beam is another
contribution to the effective transverse emittance.
Measurements have shown the beam jitter to be less
than 0.2 mm rms (locked to 60 Hz) at a position where
the beam size is near 1 mm (equivalent to a beta of
approximately 30 m).

The Linac energy has been increased over the past
few years by a variety of methods, and is continuing
to be upgraded. First, a recirculation system was
installed to nearly double the single pass energy by
sending the beam through the accelerator twice. This
system can be seen in Fig. 1. The design constraints
included maintaining the 1% duty capability of the
accelerator and, therefore, required long pulse
simultaneous recirculation. For optical reasons, this
1imits the peak current {while recirculating) to less
than 5 mA, In order to quickly fill a ring with
electrons, it is helpful to maximize the peak current
and minimize the pulse length. Therefore, 40 mA will
be accelerated. Recirculation will be done in the
head-to-tail scheme with an extended recirculator so
that the pulse length will be 2.6 usec, The turns of
injection into the 1.3 usec ring will provide 80 mA of
circulating current, and 100 pA of extracted current
at a 1 KHz cycling rate. Preliminary tests of the
head-to-tail recirculation method with 40 mA of peak
current were successfully conducted. An increase in
both the longitudinal and transverse phase space was
observed. There was no attempt to adjust the source
parameters at this increase current operation,
Therefore, for the purposes of the proposed ring, we
assume a beam with 0.6% energy spread injected into
the energy compressor and approximately double the
usual transverse emittance,

The second method used to increase the energy has
been the addition of a sixth modulator system, thus
bringing the RF equipment complement up to that
requested in the original proposal for the construc-
tion of Bates. Finally, the klystron power will be
increased in the near future from 4 MW peak to over
5 M4 peak to allow a recirculated beam energy up to
1 GeV.

The proposed facility includes an energy com-
pression system (ECS), This will trade the longitudi-
nal phase extent for energy spread, Given the small
phase width, a factor of 15 can be expected in the
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energy spread reduction or a final energy spread of
.04%., The University of Saskatoon accelerator has
already demonstrated an improvement in beam energy
spread of over factor of 10 with their new ECS. Other
laboratories have enjoyed similar benefits when with
such systems.

The "numbers" discussed above are very useful for
estimating experiment parameters. However, we are
currently investigating the limitations of these
“numbers". For example, in principle, the energy
spread on the microbunch level, considering only the
phase width, should be an order of magnitude smaller
than the average energy spread that is measured. The
discrepancy could be due to RF fluctuations or ramps
whose time constant might be on the order of the beam
pulse width, If that is the case, the beam centroid
energy can be tagged during an experiment and effec-
tively reduce the beam energy spread and effective
spectrometer resolution in the non-dispersion matched
spectrometers.

With regard to emittance, measurements of the
beam halo are in progress, in collaboration with
J. Calarco (UNH) for preparation of a coincidence
experiment in the giant resonance region[2]. This
experiment requires the use of solid state detectors
in the scattering chamber and is very sensitive to
background caused by beam halo., Measurements made
with the medium energy pion spectrometer (MEPS) of the
counting rates for a variety of targets with different
hole sizes, as well as empty target frames of dif-
ferent sizes, have been taken,

Although the beam emittance is small, the final
facus is not strong (3 mm beam equivalent to a beta of
approximately 100 m), and there are small tails which
are not measurable during normal emittance measure-
ments which consider only 68% to 90% of the beam.
These tails may effect the outcome of the experiment
and provide a limit on the beam size, including over
99.9% of the beam, especially if target frames of
1limiting apertures are used. As seen in Fig. 3, with
some tuning one can achieve a situation with 0,8% of
the beam_outside of a 1 cm hole and less than
.5 x 10=7 outside a 4 cm diameter. On the same figure,
the fraction of a guassian beam outside a particular
radius is also plotted. The difference between the
two curves can be considered the beam halo. Better



conditions have also been achieved with more con-
siderable tuning. The above situation is sufficient
to allow detection of giant resonance protons and
alphas in coincidence with scattered electrons. The
detectors were located 20 cm from the beam, and the
target frame was 2000 times thicker than the target.
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Figure 3. Beam "Halo" Measurements

Ring Description

The Tayout of the proposed ring lattice is shown
in Fig. 4. The basic rectangular shape is made up of
four 90° hend regions which are connected by four
straight sections. The short sections are 42.3 m long
and the two long sections are 92.6 m long. The ring
circumference is 390.5 m.

The ring is composed of six basic cell types,
These include bend cells (12); FODO cells (7, (5)) on
the long straight sections; FODO cells on the short
straight sections; matching cells (4) to match the
higher beta function of the long straight section to
the bend section; an extraction cell (1), to provide a
higher than average beta for extraction; and an inter-
nal target cell (0, (1)) to provide a lower than
average beta for internal target work, The machine
functions are shown in Fig., 5 with the dashed line
that of an internal target optics cell,

The basic criteria and considerations which
affect the design of the PSR are summarized briefly:

- The operating energy range is 300-1060 MeV;

- Two-turn injection is planned which will fill
the ring with 80 mA of circulating current;

The bend cells, in combination with the short
straight sections, are designed to be second
order achromats with symmetry corrected second
order centroid shift aberrations. This ensures
that the geometric aberrations can he con-
trolled and the chromaticity of the ring can be
adjusted without affecting the desired
geometric aberrations,
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- There will be a high beta region (beta = 30 m)
for extraction to minimize septum heating and
decouple the extraction from the rest of the
ring. It also provides a convenient place for
providing collimation to clean up the emittance
growth when an internal target is placed in the
ring.

An injection beta = 9 m minimizes the injector
kicker strength and prevents extracted beam
from hitting the injection septum,

A lower than average beta = 1 m for internal
targets will allow for slower emittance growth.

The bending radius must be large enough to
allow linear operation over the dynamic range
and synchrotron losses are minimized, along
with a minimized synchrotron oscillation period
needed for extraction., This minimizes the RF
requirements, however, it does increase the
damping times.

Table Il summarizes some of the interesting ring
operating parameters. Given 80 mA of circulating
current, the possible luminosity attainable in the
proposed ring can be found in Fig. 6 for a range of
internal targets.



Circumfererie

Lengtn

Wiath

TABLE 1
RING PAKAMETERS

Bending Radius

Momentum Compaction

RF {(Max)

390,55 m
131.00m

RO, m

2B KkeY R 7B56 MMz
{350 sec. between hand)

Energy ’ta 440 280 160
Damping Time {Sec) 2.6 1.6 0.196 .13
Damped Emittance 0.,Nn45 0.0147 0.0586 0.0757
{mm mr)/n
Damped Energy Spread 0.007 0.013 0.n25 0.n29
(%)
Horizontal vertical
Tune Extraction 10,44 10.60
internal ~ 10.7 16.6
Chromaticity
Uncorrected - 16 - 13
Correctable to o 0
Beta Functions Min Max Min, Max
Bend 3.6 13.9 2.6 6.1
0 3.8
Extraction Loag Straight 1.0 32.0 2.6 20.3
Mini Beta Straight 1.0 13,7 3.6 24.8%
Instahilities - Transverse Multi-Bunch 50 mset (.1 mm ems for

extraction)

for 1T € ¢ = 1 -~ 107 - 107 msec

Densily {cm™2)

il b

Figure 6.
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1
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Luminosity in ring as a function of

beam current and target density.
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Ring Parameters Relevant to Internal Target Use

Vacuum Considerations

There are a few types of targets that have been
discussed. They include jet-type targets and bottle
targets, The vacuum requirements of the ring include
long term storage, as well as an ion density low
enough to produce small tune changes over the range
of current of rigg operation. This vacuum level is on
the order of 107 torr, Consider an igterna115arget
in the rlng with a density of from 10" to 10
atoms/cm . This converts to a local pressure of from
100" to 10 torr. Table III shows the nearby vacuum
assuming differential pumping speeds of 60,000 1/s per
chamber and conductance limiters of 1 cm and 5 mm.
Note that at least two conductance limiters are needed
with these available pumps for the highest target
density.

For the case of cluster jet target, pollution of
the ring vacuum can come from collisions within the
gas, evaporation of the clusters, and evaporation
1nduce§ by ionization. The approximate total loss can
be 10~ of the gas. Assuming thermal velocity and a
1 ecm jet thickness, this corresponds to a leakup rate
of .1 torr 1/sec. This leakup rate also requires a
conductance limiter device (at least one, prabably
two). It may be possible to reduce the vacuum
constraints if the storage time is not important,.

This may be an important tradeoff since it is advan-
tageous to reduce the mass in the region of the inter-
nal target.

In Fig. 7, some internal target sources which
have been used in rings are compared with the ring va-
cuum resulting from having introduced these targets,[3]
Included on the graph is the region that proposed

TABLE 111
1T VACUUM CONSIDERATJONS

Py
; P T 57 [oF J S R G T T
Target cin- Torr /s | Torr /s | Torr | t/s| TYorr |
10! 10-" ;‘ 7(-9)
107 10} ¢ 7(-4) ] 4(-8) : < 10-°
1! 1o-" .5 8(-10)
10t 10! 5 8(-5)] .5 7(-9)

Assumptions - 60,000 #/sec pumping capacity each cell

4 1/sec conductance - 1 cm dismeter pipe

0.5 t/sec conductance - 0.5 cm diameter pipe

fonclusion - At least one if not two conductance limitars

on each side.
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Bates facility hopes to operate, It should be noted
that the operational vacuum measurement is near the
target and not an average measurement of the entire
ring. However, it is also interesting to note that in
the estimated leakup, rates are generally an order of
magnitude below the actual rates. We will, therefore,
assume that there will be at least one 1 cm aperture
on each side of the target.

Apertures

The locations in the ring that restrict the
nominal aperture include:

. RF cavity (4 cm diameter)

. Injection septum (12 mm from closed orbit)

. Extraction septum (8 mm from closed orbit)

. Internal target region target conductance
Timitation (1 cm diameter)) :

Other energy and emittance limiting apertures)

W N

(
(5.

The RF cavity aperture is fixed and unchangeable.
septa could be retracted for internal target usage,
although it would be nice, once they are adjusted, to
allow them to remain untouched. The horizontal phase
space contains most of the limiting apertures and
optics.

The

The horizontal phase space caordinates at the
internal target location, with the small beta region,
are plotted in Fig. 8, Also on Fig. 8 are the pro-
jected admittance limitations for the items discussed
above. In an expanded view of the phase space,

(Fig, 9), various possible circulating beam phase spa-
" ces are shown for comparison purposes. The smallest
represents one turn of on-axis injection, The largest
represents the normal phase space filled for extrac-
tion., The intersecting parabolas depict the boundary
between stable and unstable oscillation of a particle
in the ring., This is used for extracting in the pulse
stretching mode. The intermediate case represents two
turn injection with a minimum of phase space filled.
This is defined by allowing the minimum of room
required for the injected beam to cleanly pass by the
injection septum.
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To safely contain the heam within the ring and
enable an internal target experiment, the beam emit-
tance must be contained within some quantity, for
example, the admittance. The emittance will grow in
most cases, and one must provide a means to catch the
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Fiqure 9. Expanded view of Beam Phase Space and

Ring Admittance.

beam that is outside of the acceptible boundaries
safely., the most logical place in this ring is at the
extraction cell where the beta is 30 m, Therefore, if
one wants to restrict the admittance to that defined
by the septum, then a collimator of 16 mm diameter is
necessary., If the septum is retracted, then the next
aperture is the RF, in which case, a collimator of

6 ¢m diameter would be necessary at the extraction
location. Note that collimators in this location
maximize the necessary aperture for restricting the
admittance, It (they) are also located on the oppo-
site side of the ring from the target.



Operating Conditions

In the most straightforward injection schemes, a
pulse of 2.6 {1.3) usec of 40 mA fills the ring in two
(one) turns with 80 (40) mA. this can be repeated as
often as every 1 msec, Given this current capability,
one can infer from Fig. 6 the luminosity that the ring
is capable of providing for internal targets, This
beam can be extracted if the phase space at the
extraction location is filled as in Fig. 9.

At this time the ring RF will support 80 mA of
stored current, If necessary, if would be possible to
store more current as in other storage rings, however,
that would involve more RF power for this mode., The
damping time, important for storing more current,
ranges from 130 msec at 1 GeV, to over a second,

Thus, filling times will be seconds. The beam would
have to be stored long, relative to this, for useful
efficiency or the tradeoffs more carefully examined,
Even without question of more current than 80 mA, the
storage time question is still useful to discuss.

The ring can be filled every msec. To fill less
often would save linac power, However, if one is
anticipating using the linac pulsed beam elsewhere
during that time, beam sharing techniques which allow
recovery of machine parameters quickly, when it was
time to refill would be necessary. Finally, there is
the possibility of parasitic experiments that can run
while the beam is being extracted, without damaging
the extraction beam,

1t is useful to consider some of the mechanisms
which affect the beam quality and ultimately determine
the experiments which are feasible. This will also
yield information on the possible modes of operation
of the ring. The mechanisms include the effects of
the target on the beam, the effect of the ring on the
beam, and the effects of the beam on the target., Some
of these are summarized below.

Effects of Target on the Beam

Emittance Growth Mechanisms
Multiple, single, and plural scattering
Wakefield effects from target and collimators

Energy Loss Mechanisms
Bremsstrahlung
Wakefield effects from target and collimators

Effects of Ring on the Beam

Emittance Affecting Mechanisms
Damping (antidamping)
Quantum fluctuations
Instabilities

Effects of Beam on the Target

Dissociation
Depolarization

Consideration of the above mechanisms can be used
to establish the operational limits of the various
operational modes mentioned above. In particular, the
conditions for use of the different modes of operation
are summarized below,
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Modes and Conditions
Any mode:

a. background manageahle

b, sufficient luminosity

c. beam emittance acceptable

d. target density/polarization acceptable

Storage mode (any current):

a. Emittance does not grow beyond detector
limitations for i) resolution or i) track
reconstruction. For i), e < 4n mm mrad.

Emittance does not grow so as to have halo hit
target aperture, producing backgrounds, Since
the aperture may be 100,000 times thicker than
the target, that means that the emittance in
this case implies that pgrt of the beam
containing more than 1.-> of the beam.
B = Im, e < 0.5t mm mrad.

At

Emittance does not grow beyond admittance.
With extraction septum e < 4n. Without
extraction septum, e < 407 mm mrad.
Parasite Mode

a, Emittance does not grow more than 10%

b. Experiment can stand extracted beam tail which
contains up to .1% of beam up to a radjus of
1 mm.

Beam Loss Mechanisms

Scattering

0f the emittance growth mechanisms discussed
above, the most talked about and the most serious is
that due to scattering. Maloney, Craft and Williamson,
Crannell, and Norum, have all shown that this effect
is tolerable over an acceptable range of parameters.
There have been three approaches to this subject.
Craft and Williamson showed the relationship between
passing through an internal target once and many times
within a ring, thus allowing analytical calculations
based on multiple scattering[4] through a thicker
target. This was compared with simulations of a
particle traced through a ring undergoing single
scattering with each target passage, and the agreement
was found to he very good. Crannell used the approxi-
mate form for multiple scattering, while Norum used
the single scattering form and included damping
effects in the ring., To calculate the emittance
growth for present Bates design, the approximate form
was used, including a factor of .75 which yielded
better results for the rms scattering angle agreement
with the results of Nigam et al. The calculation also
includes the effect of damping in the proposed ring.

Wakefields

Another potentially important effect is the
transverse charge dependent kick that is possible when
a beam crosses a transition in pipe diameter. In this
case, the magnetic field lags behind the electric
field caused by the beam image charges. This mismatch
causes a transverse force on the beam, proportional to



the charge. This is, therefore, a spread in the
angles and an increase in emittance, following Bane
and Morton.[5]

The magnitude, and therefore the spread of the
force, can be reduced by tapering the edges of the
transitions. For the collimators considered, the
effect is very small in comparison to the scattering
effect, even considering the fact that actual wake
forces in rings generally tend to be over an order of
magnitude more than expected from calculations.
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the above two time scales.

Figures 10 and 11 show the results for 440 and
880 MeV, With a beta equal to one meter at the inter-
nal target region, all reasonable operating conditions
lisged above are limited to an emittance growth under
1.7, It is interesting that for long storage times
(seconds), the effect of damping is important.
Figures 12 and 13 compare the effects of long storage
times with and without damping.

The horizontal lines on Figs. 10-13 represent
the limits imposed by the constraints discussed above
for the different modes of operation. By noting the
time it takes to reach those lines, the piot of
storage times in Fig. 14 can be formed, Each line
in Fig. 14 represents a different condition as
described earlier,
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Longitudinal Phase Space
The admittance in longitudinal phase space is
restricted by the RF power available. There is room
Conductance in the RF bucket for 0.08% in energy. This is com-
Limiter | Full Admit pared to the expected .04% to be injected. The physi-
19 N W. Ext | Full Admit (No Ext) cal limitation comes about at the point of largest
10 T~ dispersion which is 3.8 cm/%. Given a beam pipe size
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Figure 14. Storage times for different internal

target densities and different
conditions.
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of 7.6 cm this converts to a ring acceptance of 2% in
energy without any reduced apertures. Synchrotron and
parasitic losses are made up with the RF. The energy
lost by most of the beam going through the internal
target is negligible.

Wakefields

Another source of loss is that from those colli-
mators which were used as conductance limiters and
emittance protectors. The wakefields from these
discontinuities in the vacuum pipe effect the energy
of the beam as a function of beam position and charge,
The curve in Fig. 15 shows a beam bunch traversing a
target cell, The wakefields are seen not to be per-
pendicular, the longitudinal component causes energy
change. Figure 16 shows the wake function for that
case per picoCoulomb. Given a bunch with 28
picoCoulomhs the maximum energy spread incurred by
this transition is 200 volts, The wake shape is remi-
niscent of an RF source shifted in phase by approxima-
tely the radius of the small aperture. Its voltage is
too small to cause the beam to shift out acceptance of
the main source of RF. Note, however, in the figure
the dependence of the wakefield amplitude on taper of
the collimator edge. With four collimators in the
ring, this is doubled. Compared to other sources,
however, this is still small. Judicious design of
collimators is still prudent, considering the general
discrepancies between calculated and measured ring
impedances.
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Figure 15, Electric field Tines induced by gaussian beam bunch traveling

through internal target at time indicated in figure (ns).
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band bunch distribution.
Bremsstrahlung

There is some fraction of the beam that loses
energy via bremsstrahlung. Some of this is lost near
the target and will be treated later. Some of it,
continues through the ring and would pass through the
target. If one tried to limit the energy aperture to
the injected energy spread of .04%, an aperture of the
highest dispersion location of 1.5 mm would be
necessary. This is not possible., However, it would
seem that the fraction of loss is small enough so as
not to affect an experiment.

Backgrounds

The above described emittance growth mechanisms
become loss mechanisms. Two issues are important for
ring operation. First, the collimators designed for
cleaning purposes must be able to handle the power of
the lost beam, Second, the losses nearest the inter-
nal target need to be investigated for background pro-
duction, Sources of the latter include:

- Emittance growth halo hitting target aperture;

- Multiple and single scatterings hitting nearby
beam pipe and ring elements;

- Bremsstrahlung losses coupling the energy
dependence of quadrupole focussing (8/x¢)
causing overfocussing after the first quad near
the internal target.

Assuming the first effect is controlled by limiting
the 1ifetime in the ring, the other effects are inde-
pendent of the lifetime and still must be considered.

Three sources of background are treated as shown
in Fig. 17. Since the first quad is 2.5 m from the
target, any beam scattered between 15,2 mr to 50 mr
will hit the pipe and the surface of the quad. 0Nue to
the strength of the nearby quad, any beam having lost
more than 25% of its energy will strike the pipe bet-
ween the first and second quad. Table IV summarizes
the fraction of beam lost in these areas. Alsn in the
table is the corresponding beam lost in electrons
assuming 80 mA circulating current in the ring.
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TABLE 1V
BACKGROUNDS

- Scattering Hitting Ring Chamber and Elements

- Energy Loss (oupled to Energy Dependent
fFocussing of Quads

2.5 M

Figure 17

TARCET

¢ = 10'%/cm?

{After 1,000 turns) £ = 440 Mev £ = B8O Mev
Fraction Hitting Pipe 1.8(-6) 4.4{-7)
Fraction Hitting Quad + Pipe 6.3(-5) 1.6{(-5)
Fraction Hitting AFter Quad 4.9(-2) 4,.9(-4)
Note: 80 mA = £.5 x 10" electrons

1 x 10'5 x 6,5 x 10" electrons ~ = 18 x 1017 neytrons/sec

+
per 1,000 turns

Figure 18 is a sketch of the beam 1ine within the
proposed internal target experimental hall. It is
provided for your imagination. No cutout pieces

provided.
40'
=l i =l . 3
Im
& QUAD 50' Im
Figure 18, Beam }ine inside IT hall.

Conclusions

The calculations described indicated that a wide
range of operational modes are possible in the pro-
posed ring. Given thelgast 5efi11 time possible,
targets as thick as 10, ° cm-° are feasible, and
targets as thick as 10 = are possible in a parasitic
mode. It is also possible to store beam for many
seconds and possibly longer (depending upon ring
behavior) with thinner targets.

Consideration of vacuum requirements leads to the
conclusion that conductance limiters near the internal
target will be important for the thicker targets, as
well as cleanup apertures located at the high beta
region in the ring. Design of these apertures should
take into account the wakefield production and have
tapers near 30° for reduced wakefield effects.



The ring being proposed for Bates has several
advantages for internal target work. They include:

1. targe admittance

2. Flexibility high beta and low beta
3. High space/element ratio

4, Excellent beam quality

The budget for this facility includes the cost of
solenoidal magnets to contain longitudinal polari-
zation of the electron beam in the ring as described
by B. Norum (U.Va.) in this workshop.

At present, no facility for photon tagging is
planned. The Bates staff is currently evaluating the
experimental needs for the planned internal target
hall. Figure 18 shows the internal target hall and
beam line as presently planned. Input from potential
users would be helpful at this stage,

1 would like to thank several people who helped
in the preparation of this talk. Particularly
Claude Wiijliamson and Michel Garcon for contributing
details of their related work. I also would Tike to
thank Ken Jacobs for his calculations of the longitu-
dinal wakefields. Finally, thanks to Jim Spenser,
Phil Morton, and Karl Bane for conversations relevant
to this workshop.
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Abstract
The use of internal targets operating at high
luminosity in an electron storage ring in the energy
range 0.3-1.0 GeV is discussed. Examples are

presented of fundamental physics problems which would
be ideally suited to such a unique new capability.
Special emphasis is placed on the use of polarized
targets to measure spin observables and thus provide a
"Multipole Meter" for separating individual form
factor multipoles. The combination of laser
technology with optical pumping now makes possible the
polarization of a broad class of nuclear species to
useful densities. The importance of longitudinally
polarized electrons for studying nuclear structure is
also discussed.

I. Introduction

The electromagnetic probe is an important tool as
a precise microscope in wunraveling the structure of
nucleons and nuclei. It involves a fundamental well
understood weak interaction (QED) with unmatched
specificity. Modern facilities have exploited high
resolution electron scattering to probe distances of
much less than 1 fm with great precision. A new
generation of medium energy CW accelerator facilities,
0.3 - 4 GeV, are being developed to expand our present
capabilities; particularly those for coincidence
experiments and those emphasizing the measurement of
spin observables.

involves the use of a
possible experiments
at high luminosity.
stretcher ring is
this conference by

The proposed Bates upgrade
storage ring which would make
with very thin internal targets
The description of this pulse
summarized in a contribution to

Flanz. Key parameters for internal target operation
are:

Energy 0.3 - 1.0 GeV

AE/E ~0.04%

Current 40 mA/turn

Duty Factor 100%

Emittance (1l-turn) .0lr mmemr

Beam Polarization —49;

Vacuum 10 ° torr

Internal Targets < 101°/A nuc/cm?

There has developed a
past few years for

strong interest over the
such an internal target facility
that could provide a unique capability for addressing
fundamental problems in nuclear physics. The
combination of ultra-thin targets ~10'7/cm? and large
circulating currents ~80mA results in high effective
luminosities ~5x10%4cm s *. This is competitive with
luminosities generally used with external beams. 1In
addition the low target density opens up entirely new
fields of study.

One important area involves experiments detecting
relatively low energy, highly ionizing reaction
products. Such studies would include electrofission,
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giant resonances and threshold pion production.
all cases there will be an emphasis on exploiting our
ability to map out the (q,w) plane for the reaction
process as well as to isolate contributing multipoles.

In

Polarized electrons and/or polarized targets have
up to now played only a minor role in nuclear physics.
At high energies the SLAC parity violation experiment?
involving the scattering of longitudinally polarized
electrons from quarks provided a crucial test of our
understanding of electro-weak processes. Other
experiments? using polarized electrons and polarized H
studied the spin structure function of the proton.
Parity violating electro-weak experiments in the
nuclear physics regime are underway at both MAINZ and
MIT.

It is now clear that spin measurements can play a
much broader role in nuclear physics than simply
searching for parity violation. Recent theoretical
studies?® have shown that the capabilities of polarized
electrons and polarized targets will provide a unique
opportunity for addressing some long standing physics
problems. They would allow in principle a complete
experimental determination of the form factor
multipole structure. Such a decomposition represents
the most complete characterization possible of the
electromagnetic structure of nucleons and nuclei.
Electron scattering can achieve this in a model
independent way.

The full power of
realizable only with
observables: polarized

the electromagnetic probe is

the measurement of spin
targets, polarized beam and
recoil polarizations. In such measurements one can
exploit the interference nature of an asymmetry to
measure small but important amplitudes. Fundamental
physics problems include the deuteron t,,, neutron
charge form factor and the deformation of the delta.
More speculative weak interaction studies may also be
possible.

Developing laser technology has made possible the

polarization of a broad class of nuclear species to
interesting densities (10 hlanuc/cmz). Combining a
storage cell geometry with the high circulating
current of a storage ring would make spin measurements
in electromagnetic  physics for the first time
practical.

In this review we will present examples of the
kinds of physics problems that could be studied in the

near future with the development of internal target
facilities. These include experiments in nuclear
spectroscopy, those involving ionizing recoils, some

fundamental measurements on nucleons
systems and weak interaction studies.

and few-body

II. Internal Targets

An important practical consideration for carrying
out an effective internal target program is the
question  of luminosity. Comparing typical



luminosities for both external and internal beams we
have:
External Beam:
I ~ 25pA
t ~ (1-100)mg/cm?
L =10/a x 10°en?s™
ext
Internal Beam:
I ~ 80mA
14-16
t -~ 10 nuc/cm? (polarized targets)
> 10'7 nuc/em? (unpolarized jets or
microfoils)
L -5 x 1031-3"cm_2s-1
int
Although the internal target luminosities are in
general smaller, such luminosities are more than
sufficient to carry out a broad program of
electronuclear studies. Experiments detecting low
energy highly ionizing reaction products, such as

those resulting from electro-fission or threshold pion
production, require the use of very thin targets.

A very important class of experiments for an
internal target program involves the use of polarized
targets. The standard techniques wused to produce
dense polarized targets in nuclei such as H and D
involve 1low temperatures and very high magnetic
fields. Such targets have 1limited usefulness. For
example, polarized deuterium targets which are used in
external beams are limited to a few nA of current due
to beam heating and radiation damage. The effective
luminosity is substantially reduced.

The use of laser driven optical pumping and spin

exchange techniques opens the possibility of
polarizing a broad class of nuclear species. When
combined with internal beams, such targets with

densities of lok_enucl/cm2 give high luminosities.

They have, in addition, much higher polarization
resulting in a better overall figure-of-merit. Since
the 1internal targets can operate at low magnetic

fields the spin orientation 1is easily controlled and
rapid spin reversal for control of systematic errors
is a relatively straight forward operation.

There is  presently extensive activity in
constructing polarized gas targets of useful densities
for nuclear physics studies. A tensor polarized
deuterium target and a polarized 3He target are under
development at ANL* and Cal Tech,® respectively.
Further, as techniques are advanced, for both
polarized and unpolarized targets one sees potential
experimental advantages involving high accuracy and
low background operation.

Various target geometries have been considered
for use in storage rings. An important requirement is
to provide adequate clearance for the circulating beam
and to maintain low wvacuums outside of the target
region. The most promising target configurations are
gas jets and storage cells. These are illustrated in
Figure 1.
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Fig. 1: Schematic gas jet and storage
cell internal target geometries.

Another important consideration in the use of
internal targets involves the beam-target interaction.
Important issues include:

*+ energy loss

* emittance growth

* pumping apertures

»+ target depolarization.

A complete discussion of these and other targeting
problems in the proposed Bates 1-GeV ring is reviewed
in the contribution to this conference by Flanz.

IIT. Nuclear Spectroscopy

High resolution single-arm electron scattering is
the source of much of our precise and detailed
information on the electromagnetic structure of
complex nuclei. An example which emphasizes both the
specificity and shortcomings of this simple process is
170, The data® for the transverse form factor of the
170 ground state in the effective momentum transfer

range 0.5 < Qors < 2.8 fm-1 are shown in Figure 2.
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Fig. 2:
compared to

The 70 data of Hynes et al.,
are the prediction of the
extreme single-particle model calculation
using a harmonic oscillator wave function
(solid curve and dotted curves for
individual multipoles). The dashed curve is
calculated using a Woods-Saxon radial wave

function.

In the simplest picture of 70 a d neutron is
bound to a possibly deformed %0 coré. Both the
longitudinal and transverse form factors have
contributions from several multipoles.

2 2 2 2
FL= Feo * Fep * Feu
2 2 2 2
Fr= B * By + Fys
These incoherent combinations of multipoles

cannot be separated in a model independent way without
polarization information. Single particle
calculations using HO wave functions indicate that
there is 2 sizeable suppression of the M3 component.
Neither core-polarization nor meson exchange effects
can account for the observations.

The detailed discussion of the nuclear structure
information made accessible through the use of
polarized  targets and longitudinally polarized
electrons is summarized in a recent review by Donnelly

and Raskin.? The "Multipole Meter" aspect of spin
observables is demonstrated by examples involving
elastic and inelastic scattering in complex nuclei.
All show the detailed sensitivity that these new
techniques  provide for  separating the nuclear
structure information into the maximal fundamental
information that is allowed by a measurement of the

individual electromagnetic form factors.

As a specific example we will consider elastic
electron scattering from 38K(I=3/2).

This nucleus can'

be described in the extreme single-particle model as a

1d proton hole relative to *°Ca wusing simple
hationic oscillator wavefunctions. The effects of
core polarization and meson exchange currents are
included in the characterization of the measured’

transverse form factors (Figure 3).

In Figure 4 are shown the predicted results for
the asymmetries. The plotted asymmetries are:

Ays = By - E9)/F

A = G - B9/Z
and ALS - (EL - Zs)/EO
where the X, are the respective polarization cross

sections and"Z, is the unpolarized cross section and i

= L, N and § refer to the usual3® target polarization
directions with respect to the incident electron
direction. The

polarization ratio (A/Z)i, calculated
for specific orientations of the target polarization,
is shown in Figure 5.

The results show significant variations for both
the asymmetries and polarization ratios as a function
of momentum transfer. These variations result from a
complicated interference between the contributing form
factors and are particularly emphasized when any of

by
F2(q) }*/’ ------
10-4H
IO '5 e
iM3
0~ | 1
(@] | 2
q (fm™
Fig. 3: The 3°K data of DeJager et
al., are compared to a phenomenological fit

made using d and f_ matrix elements and
a harmonic osc¢illator radial wave function.
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capability for
Experiments requiring the detection of highly ionizing
reaction products are in many cases severely limited

by targeting requirements in external beams.
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Fig. 4: Elastic
from polarized  39K.
asymmetries correspond to taking the target
to be 100% polarized along the L, N, and §
directions and forming the differences and

electron scattering
The polarization

dividing by the wunpolarized cross section
»
individual form factors goes through

targets will

the four

V. Ionizing Recoils

Internal targets
studies

will also
of the

offer
nuclear

600

zero.
Precise measurements of cross sections and asymmetries
when combined with the usual longitudinal-transverse
separation using unpolarized
complete separation of
contribute in this case.

allow a
form factors which

a unique
continuum,

Gas jet
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Fig. 5: Elastic longitudinally

polarized electron scattering from polarized
38K. The polarization ratios (A/Z)L (solid

line), (A/Z)s (dashed
calculated for a 100% polarized target.

and line) are

while at the same time allowing for in-vacuum coupling
between the detector and target.

Examples of areas of research which could benefit
from the use of internal targets include:

s Electrofission
+ Giant Resonance
» Pion Electroproduction

1. Electrofission

Reactions such as ?*Mg(e,!?C !2C)e’ have been
studied wusing CW  accelerators. Several sharp
structure resonances were discovered® in the GR region

of 24Mg and 28Si. They exhausted a significant
fraction of the E2 and E0 sum rules and decayed
primarily into “exotic" channels such as binary or
near binary fission. The nuclear structure of these

resonances still remains a puzzle.

It would be very
interesting to do a complete

(q,w) map of the process

by detecting the scattered electron in coincidence.
Such experiments appear to be practical only with
internal targets.

In the HEPL experiments wusing 400uA average

currents on targets of 3ug/cm? the luminosity was
3x10%2cm “sec * for 24Mg. An internal target could in
principle be four times thicker and with the large
circulating current the resulting luminosity would be
higher by more than two orders of magnitude. It would
be sufficient to carry out a full ceoincidence program.



2. Glant Resonance

of the current work in
giant resonance studies is to separate modes of
different multipolarity and to carry out a spatial
mapping of the coupling to various decay channels.
Luminosities for both external and internal target

The objective of much

experiments are similar. There are, however, other
advantages offered by the use of thin internal
targets.

One can achieve better energy resolution in
(e,e'x) experiments where target thickness is a
serious limiting factor. The use of thin targets,

either gas jets or very thin foils, allows the study
of rare (and/or expensive) nuclear species.

One final important consideration is that
internal targets allow the detection of very heavy and
highly ionizing recoil particles. For example,

experiments such as (e,e’'n), which are difficult to do

otherwise, could be carried out by detecting the
recoiling residual nucleus 1if it 1is sufficiently
stable. The study of 1!3C(e,e'n) by detecting !2C and
measuring its energy 1is one possibility. Other

interesting examples of light nuclei include *He, 7Li,
11g, 18¢, 18N, etc... Recoil species such as 11(,
150, 1%Ne are sufficiently long lived as well. A real
advantage would be the study of (e,e’p) and (e,e’'n) in
the same apparatus.

Figure 6 shows a typical apparatus of a
coincidence GR experiment® in the Novosibirsk ring and
some results for the !60(e,e’a,) decay channel. This
was a relatively low energy (130 MeV) experiment using
a gas jet target.

3. Threshold Electroproduction of Pions

A special type of experiment which requires thin
targets and high luminosity 1s the study of pion
electroproduction from nuclei near threshold. The
standard technique invoelveg pion detection in
reactions of the type ZA(e,e x )leA.

One could

alternatively measure the recoiling

*
Z:FIA) n~ . The

very thin targets required to detect heavy recoils
combined with the high circulating current provide the
necessary luminosities. Predicted cross sections are
very small.

daughter nuclei in the reactions ZA(e,e'

Coincidence experiments such as these would
involve a complete mapping of the (q,w)-plane for
which the relative energy of the pion daughter-nucleus
system is near threshold. The (vy,7) reaction only
studies the process where g=w. Reaction kinematics
shows a one-to-one relationship between pion angle in
the CM frame and residual mnucleus kinetic energy in
the laboratory frame. The nucleus energy distribution
yields a measurement of the pion angular distributionm.

An accurate spectrum measurement would allow a
separation of s- and p-wave components for the
process.

Motivations for such studies include:

¢ Measure for wvirtual photons
real photon results.

e Measure the spatial distribution of the pion
wavefunction and use it to decide on the

to compliment
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correct form of the
potential at low energies.

m-nucleus optical

+ Study # and m production between analog
states. Coulomb interaction modifies the
strong interaction and could provide a
measure of where the strong interaction

distortion is turned on and off.

e Study the production amplitude as final
state CM energy is increased from threshold.
At higher energies the leading Kroll-
Ruderman ¢ e« ¢ term is modified by the
addition of momentum dependent terms.

V. Fundamental Measurements

The high luminosity of a stretcher ring will make
practical the precise measurement of spin observables
in nucleon and few nucleon systems using polarized
electrons and/or polarized targets. Some of the most
fundamental of such studies which now appear feasible
include the separation of the deuteron charge monopole
and quadrupole form factors, the neutron charge form
factor and the deformation of the delta.

1. Deuteron Form Factors

The
system.

deuteron is our simplest bound nuclear
All of its static properties have been

X 7 180 (e,e'x,)
5 15 | pes
g b peat Eo = 130 MeV
e i i Be = 51°
s 1.0 |- " “ W = 1.5 MeV
c \
S |7 73
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Fig. 6: Data and schematic
experimental layout for an 1%0(e,e’a )
measurement using internal targets in tfe

VEPP-2 ring at Novosibirsk.



precisely measured. Electron-deuteron
provides important information on the
behavior of the deuteron wavefunctions as well as a
measure of non-nucleonic degrees of freedom such as
isobar and meson exchange currents. Quark degrees of
freedom are expected to contribute at large g2

scattering
short range

A complete description of
properties of the deuteron
measurement of three form factors:

(Fe).

as a function of
transfer.

the electromagnetic
(J=1) requires a
charge monopole
charge quadrupole (FQ) and magnetic dipole (FM)

an extensive range in momentum

The unpolarized e-d elastic

usually written as:

cross section is

2 - {A(qz) + B(qz)tan20/2}
where
a@?) =~ £ 2@ + SnPry(ad) + doryiah
B(g®) = $n(n+DF, (@)
2
T2
AMD

The two structure functions A(q2?) and B(q?) have been
measured to high q? and are separated using the usual
Rosenbluth method. Such an angular distribution

provides a measure of FM but FC and FQ cannot be

separated in a model independent manner. The location
of a zero in the charge monopole contribution is
important to our wunderstanding of the wvalidity of
different potential models as well as providing a
measure of two body currents.

The measurement of a spin observable in principle

allows the complete separation of the individual
multipole contributions. Electron scattering from a
tensor-polarized deuterium target {Is sensitive to
additional interfering bilinear combinations of
deuteron form factors. The t,, component of the

tensor polarization,

~ - J20 [ F

2.4 1

4, 2(1 2811 de
+3 FQ 3nF [2+(1+q)tan 2]]/dn ]

The most important contribution to t,, in the momentum

transfer range g2 < 1.2(GeV/c)? comes from the
interference term FCFQ. This provides the additional
handle which allows “a separation of the multipole
contributions.

In a recent Bates experiment,!® the tensor
polarization was determined by measuring the
polarization of the recoil deuterons (electron beam
and target unpolarized) in coincidence with the
scattered electrons. Such an experiment involves a

second analyzing scattering of known sensitivity to
tensor polarized deuterons. In this case the reaction
d(3He pP) was used. The extracted values of t,, are
compared with theoretical ©predictions of several
realistic potential model calculations in Figure 7.
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Fig. 7: Comparison between different

theoretical predictions for deuteron t,,
including QCD scaling, A-A admixtures and
the effect implied by the filling in of the

minima in Gc(q). The Novosibirsk and Bates

experimental data are shown as well as the
q-range and anticipated sensitivity of the
proposed new measurements.

Extensions of these measurements to regions of
momentum transfer Q~1GeV/c are under way!! and involve
some very interesting physics. The potential model
dependences are sizeable and  perturbative QCD
predictions are completely at variance with the
potential model results. These new measurements do
not involve the use of polarized targets but rely on

the use of a polarimeter whose properties and
performance must be accurately known.
An alternative approach involves measuring the

asymmetry in elastic electron-deuteron scattering from
a tensor polarized target. Such measurements are
currently underway at the Bonn synchroton where lnA
beams of electrons are incident on a tensor polarized
liquid ND; target. A Q? up to 0.7 GeV?/c will be
probed and in the future extended to Q?> 1 GeV2/c on
the ELSA ring.

Holt4 at ANL {s
deuterium target for use as
Aladdin 1 GeV storage ring.
atoms/cm? in a circulating
in luminosities of the order

developing a tensor polarized
a gas jet internal to the
A target density of ~10!4
current of 100 mA results

of 10%2cm %s™? Such a



high density of polarized deuterium nuclei is obtained
by using optically-pumped polarized alkali atoms which
transfer polarization to deuterium atoms by atomic
spin exchange. Densities in excess of 10!® atoms/cm?
appear feasible with present-day techniques.

2. Neutron Electric Form Factor

The elastic scattering of unpolarized electrons

from unpolarized nucleons (Ji-1/2) involves a
measurement of the cross section
do -1 2 2 2 2 2 8
a0 = aMfrec[GEN(Q )+TGMN(Q ){1+2(1+f)tan 2}]
where
2 2
T - -Q /AMN

The electric and magnetic form factors, GEN(Q2) and
2

GMN(Q ),

respectively, are related to the FL(Q) and FT(Q) by

{&rF, = (L+7)Gpy and JanFy = -J27(T+7)Gyy.

A Rosenbluth separation of the form factors allows for
reasonable accuracy only when the two amplitudes are
comparable. In the nucleon case the magnetic form
factor dominates over the electric one at high
momentum transfer. As a result only the magnetic form
factor is relatively well known over an extended range
in momentum transfer.

The electric form factor 1is directly related to
the charge distribution of the nucleon and 1is a
fundamental quantity whose knowledge is important for
the detailed understanding of both nucleon and nuclear
structure. For the proton, reasonable knowledge of
G exists only up to 4(GeV/c)?2. In the case of the

netitron, which is charge neutral, GEn is very small

and as a result is very poorly known for all q, except
for gq=~0.

The usual method of measuring G_. involves the
Rosenbluth decomposition of electron-déuteron elastic
and quasi-elastic scattering. Interpretation of the
results is plagued with both model dependence and
large systematic errors. The available body of data
for Ggpy UP to q2~1.5(GeV/c)? are shown in Figure 8.

For the nucleon case (Ji-l/2) polarized targets
without polarized electrons yieélds no new information.

The polarization c¢ross section for scattering from
polarized nucleons is

2 *
gy = -zo{JTFT(q)vT, cosé +2J§FL(q)FT(q)VTL,

. sinﬂ*cos¢*}/I§F2
where
2 2 2
F(q) = v F(q) + v Fo(q).
A measurement of the polarization ratio A

/Z
(asymmetry) or equivalently that of the recoil nugieog
polarization by means of a second scattering involves

o.12p—- R(§m)
n B 0.7
Cg
0.08— 1
i 1L 0.8
0.04 i 0.9
1l
| [ 1.0
1.
0 1 1 {
o 5 10 15
o (m?)
Fig. 8: Neutron electric form factor

for different bag radii and

experimental data.

existing

the interference term FL(q) FT(q) which is directly

sensitive to the small form factor and to their
relative sign. The simple Rosenbluth separation is
insensitive to the small amplitudes.

which

Possible experiments can be exploited to

measure the neutron electric form factor GEn’ include:
2»-»
H(e,e’n)p exclusive
- - .
2H(e,e')x inclusive
2ur -
H(e,e'n)p
T ] s
3He(e,e')x inclusive.

The sensitivity of the polarized-electron
polarized-deuteron experiment to GEn has recently been

calculated by Cheung and Woloshyn.1?
the cross section and polarization
electron energy of 1 GeV are
deuteron is polarized in the scattering plane at 45°
to the incident electron direction. The neutron
electric form factor has been parametized by:

The results for
asymmetry at an
shown in Figure 9. The

2 “BaT
Cen(@ - 2 2]2
0~ (GeV)
1+ ]

(l+nf)[

with 0 < n < @. The asymmetry shows large sensitivity
to G, and appears to be measurable.

The sensitivity to G, has also been calculated??
for scattering from polarized S3He. In the simplest
picture of SHe the protons have opposite spins, and
their contributions to spin-effects should essentially
cancel. The spin-dependent effects are then primarily
due to the neutron and the results for inclusive
scattering are shown in Figure 10. The same
parameterization was used for the neutron electric
form factor and 8 is the angle in the scattering plane
between the polarization axis of 3He and the incident
electron direction.
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. , Fig. 9: Exclusive cross section for
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different neutron electric form factors
using 1 GeV incident electrons. Asymmetry
with respect to change in the electron
longitudinal polarization for different

neutron electric form factors. The deuteron
is polarized at 45° to the incident electron
direction.

An experiment to measure G using polarized
electrons and a recoil neu§¥on polarization
measurement is being planned at MIT-Bates.!* Future
experiments involving polarized targets will require
internal target capabilities at the new electron
stretcher ring facilities now under development. The
present technology for polarized targets needs the
high luminosity of an internal target to make such
experiments realistic. Such facilities are likely to
provide our most precise measurements of GEn over an
extended range in q.

3. N -+ A Transition

The N-A transition involves the lowest spin-
isospin excitation of the nucleon. Angular momentum
and parity considerations allow three form factors
F,., FE2 and F_,. In a naive spherically symmetric
quark model the"nucleon and delta are each made up of
three ls-quarks. The transition then corresponds to a
pure M1 spin-isospin flip of a 1s quark with no
quadrupole contribution. Non-spherical admixtures to
the A arising from a tensor quark-quark interaction
would allow for 1~2 contributions as well.

Quark models have been wused to estimate the
quadrupole C2 contribution. In such models a nucleon
s-quark makes a transition to a d-quark in the delta.

T
-
+4-
4

-1.0 f

i (b)

-.20 o 1o 'o lo ! o I o o
O 30 60 90 120 150 180
Fig. 10: Asymmetries as a function of

target polarization angle f for a) polarized
electron-polarized neutron scattering, b)
inclusive polarized electron scattering from
polarized 3%He at the quasi-free peak.
Incident 1.5 GeV electrons are scattered at
60° for different choices of the neutron
electric form factor.

A precise measurement of the C2 amplitude could shed
some light on a possibly deformed delta.

The polarization cross section for a 1/2 -+ 3/2
transition on polarized nucleons is given by

-1 *[ 2 .2
A = hwaMfrec{vT,cose [FMI-FE2-2I§FM1FE2]/I7

* *
- Iﬁ vTL,slnH cosé [FCZ(FMl + I§FE2)]}
and the spin-averaged cross section

-1 2 2 2 }
3 - AWGMfrec vLFCz + VT[FMI + FEZ]

Previous experiments have tried to make the usual
Rosenbluth separation to determine F.,. The results!®
are shown in Figure 11. The small longitudinal
contribution is poorly known and is consistent with
zero.
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Fig. 1l: Longitudinal and transverse
response for p(e,e’)A through the resonance
region.

Experiments involving polarized electrons on
polarized nucleon targets would be directly semnsitive
to the interesting FCZFhl interference term and
provide a measure of FCZ' Possible experiments
include:

- - —_ -
lH(e,e')A and SHe(e,e’)A

The combination of both experiments would allow for a
separation of neutron and proton contributions to the
transition.

VI. Weak Interaction Physics

A more speculative ("Science-Fiction") experiment
involving the use of internal targets would be a

measurement of the charge changing weak interaction
process such as

3He(e-,"H)ve.

This reaction, although not as fundamental as the

single-nucleon process ple ,n)v , involves a charged
final state making it more amenable to experiment.
The basic process is illustrated in Figure 12 for

which cross have been made by

Donnelly.!$

section predictions

The cross sections (-104°cmzsrq) are very small
and include contributions from vector and axial-vector
terms which could in principle be separated. Combined
with elastic electron scattering results this would
provide a test of CVC. Based on the standard model
with massless left-handed neutrinos, the cross section
should be zero for right-handed electrons. A non-zero

measure would indicate the presence of non-standard
contributions.
The counting rates are low and would regquire a

large acceptance detector system. Reaction kinematics
show a strong correlation between recoil

i
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Fig. 12: ®He(e ,3H)v_  charge-changing

weak interaction physics.

angle and triton energy. This
exploited to reject background
circulating current of 100mA, a
and a target of 10!%atoms/em?
approximately 2/hr.

would mneed to be
events, With a
solid angle of 0.5srx
the event rate is

involves serious
the kinematics are
Since this is 12-14
3He target must be

The experiment, however,
background problems. First,
identical to elastic scattering.
orders of magnitude greater, the
ultrapure; the ®H component must be less than 107,
Target walls must be far removed to reduce recoiling
3He charge exchange reactions which would mask the
tritons. Charge-sensitive detectors could help to
overcome this problem.

This type of experiment is highly demanding but
offers an exciting opportunity to measure a weak
interaction form factor. It may be impractical. It
should, however, be 1looked at as an interesting
example of the kinds of "exotic” but very exciting
experiments which may be possible using internal
targets,

VII. Summary

We have tried to show in this brief review, using
a few select examples, a glimpse of the new physics
that would be made possible using internal targets at



a 1-GeV storage ring.
accurately small amplitudes
over an extended region in (q,w) space would be an
important new tool for electromagnetic nuclear
physics. A basic program using spin observables to
address a broad range of fundamental problems would be
possible for the first time.

The ability to measure
and interfering processes

To make the
require a
existing accelerator
technology 1is well
investment in research

proposed
nominal

experiments a reality will
investment in the wupgrade of
facilities. The accelerator
understood and only a modest
equipment would be needed for

carrying out many of the first interesting
experiments.

There is currently much activity in the
development of optically pumped polarized targets.

The results look very promising.

Worldwide, the storage ring at Novosibirsk has
been used for internal target nuclear physics studies.
Plans are underway for possible experiments at the new

Saskatoon Pulse Stretcher Ring just beginning
operation. It has a maximum energy capability of up
to 300 MeV., In the US, the ANL group has designed a

deuteron t,, experiment for the Aladdin storage ring.
The proposed Bates CW upgrade would provide a unique
facility for such studies over an extended energy
range of 0.3 - 1.0 GeV. With timely funding such a
facility could be operational in a few years.
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VECTOR DOMINANCE REVISITED BY A QUARK THEORIST

C.E.Carison
Physics Department
College of William and Mary
Williamsburg, VA 23185, USA

Abstract: Wwe examine from the viewpoint of QCD
some topics that are often treated at lower energies by
other means, particularly vector meson dominance, VMD.
we would like to see why the older methods worked well
enough to be pursued and what limits QCD says they
should tend toward at higher energies.

L_Introduction

We will examine a trio of "old" topics, which have
often been analyzed using vector meson dominance!,
from the viewpoint of a modern theorist who likes to
analyze in terms of quarks and quantum chromodynamics.
The three topics selected are the electromagnetic N-A
transition form factors (where we don’t mention VMD),
the nucleon form factors, and Compton scattering from a
proton target.

We will try to see either why WMD gave decent
results in some situations or what contraints QCD will
set upon putative modeis that one uses when a simple
(i.e., coupled with perturbation theory) QCD won't work
because the energy is too low. The latter of course is
the problem. When an adequate calculation beginning
from QCD is intractable, we use models like VMD that
use some experimental data to say for example that
there exist bound states with certain masses, that have
the same coupling constants in a variety of situations,
etc. In addition to seeing why VMD worked we would
like to establish its domain of validity and see if it
agrees with QCD in kinematic regions where
perturbative QCD is applicable. We will in turn examine
our three subjects and then make some closing remarks.

1. N-A transitions .

The goal here is to compare expectations at high Q?
and low Q2, particularly regarding spin observables such
as the E2/M!1 ratio, and to see how the underiying theory
gives high Q2 trends and helps interpret the data.

E2/M! ratio, At low Q? it is natural to analyze
reactions in terms of multipole amplitudes, which we
could well call multipole form factors. For N-A
electromagnetic transitions with the photon off shell,
there are two electric quadrupale amplitudes called E2
and C2 and a magnetic dipole amplitude M1. If the N and
A both have spherically symmetric spatial wave
functions and recoil is neglected, then the E2 and C2
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amplitudes are both zero and the M1 dominates?.

At high Q2, because the quarks are loathe to flip
their helicity, it is more natural to analyze in terms of
helicity ampiitudes3. The three helicity amplitudes are
itlustrated in Fig. 1, where we always give the
incoming nucleon helicity +%. and label the amplitude by
the helicity of the incoming photon.

Fig. (1)

Notice that amplitude G, requires no quarks to flip

helicity, Gy requires at least one quark helicity flip,
and G_ requires at least two quarks to flip helicity.

Since each quark helicity flip costs a factor of O(m/Q),
where m is some relevant mass scale, we learn that G_

is smaller than G, at high Q2 by a factor of O(m2/Q2).
Translating into helicity amplitudes,

G-=/7_T(‘ﬁFm]’
G+:‘/‘E( Fl‘1|

FE2 )l

+ V3Fp) (1

where we have followed Donnelly et al’s notation®. The
cancellation necessary for the asymptotic G_/G, result

leads to®

Feo/Fmy =+/3  Donnelly et alf,
Eje/Mys =1 Many authors$, (2)
E2/Mt  =-/5  Durand, DeCelles, and Marr?,

where we have quoted the same result in several
different conventions. The result is in great constrast



to the low Q2 expectation. The data at 3 GeV2? is still
consistent with zero® and it will be interesting to see
what happens just a few GeV? higher.

Q? falloff of leading form factor. The data on the
high Q2 falloff of the leading N-A form factor is usually

quoted in terms of a form factor Gn" which is defined

operationally® from the cross section for eN -+ emN and
plotted compared to the dipole form. We show this in
Fig. (2a) where

G, (")

* 2 2y -2
Gy (0) (1 +Q770.71Gev")

G (@")

2
6,(0)

(3)

Gy (Q?) clearly
falls faster with Q2 than the dipole form.

is squared and shown plotted vs. Q2.
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Fig. (2)
However, we must also consider what QCD would

teach us to expect. By direct calculation or dimensional
analysis of the lowest order perturbation theory diagram
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for G, , Fig. (3), one can show at high Q2 that

G, « 1/Q3.

2

Fig. (3)

C)

2

Chasing down the kinematic factors one discovers that®

Gy = (my /B /Q) G, ~ 1/a8 )

at high Q2. Hence one expects that Gy will fall faster

with Q2 that the nucleon elastic form factors. One
should really plot Q2| Gy /GpR vs. Q2 as in Fig. (2b)

before interpreting any difference of behavior with Q2
between the N-A transition form factor and the elastic
nucleon form factor.

1L VMDD and nucleon form factors

VMD can be implemented in several ways. How does
it get the right Q2 falloff and why can it fit the data so
well? We will see how lachello, Jackson, and Lande'0
(1JL) did it in 1973 and how Gari and Krumpelmann'!
(GK) did it in 1985. Those two treatments are similar
enough to be discussed together but are by no means
unique, as one can learn by examining Hohler et al'? or
Korner and Kuroda'3, for examples.

Basic implementation of VMD. To begin, one doesn't
do the most naive thing, illustrated on the next page in
Fig. (4a). Here there is just a vector meson connecting
the photon to the nucleon so

F(0°)

2
Fyn(©)

oc
2 2

Q «+ mv
(6)
Data (even before QCDI) show a 1/Q% falloff so that
giving Fy,y\ @ monopole falloff implied the correct high

Q2 form. (This is one of the arguments for using
monopole forms for the meson-nucleon-nucleon form
factors as is often done in nuclear force calculations.)
But even with the correct high Q2 form, the fit to the



data is not good enough at all Q2.

N
¥ v N

Fig. (4a)

N
3 N

Fig. (4b)

Instead, 1JL and GK add a “direct term,” Fig. (4b),
as well as the VDM term, Fig. (43). For the isovector
and isoscalar dirac form factors including just the p and
w vector mesons, they have

Fiv(@) = (2)g@) [ 1 - B+ Bomy2/(my2 + Q?))

F15(Q2) = (%)g(@2) [ 1 - B, + BuMy2/(my,2 + Q2]
@)

The "intrinsic form factor® is given by
-2
g@)=(1+2Q0) " - (8)

(Actually I1JL give several choices for the intrinsic form
factor, but with hindsight we should only consider the
one that gives the asymptotic fatioff predicted by QCD.)
Note that : ,

(i) we have the right falloff at high QZ but it comes
form the extra intrinsic form factor and the direct
coupling.

(il) The VMD term is not significant at high Q2.
(Also, the argument given parenthetically above that
Fynn has a monopole form is no longer valid.)

(iii) From fitting data
B, = 0.4 GK ©)
P 0.7 1)L (I‘pzo choice, below)

so that the VMD terms are not in fact dominant for any
Q2> 0.

Asymptotic VMO contribution. What does QCD say
about the high Q2 behavior of ¥-nucleon couplings via
vector mesons. The relevant diagram is drawn in Fig.

(S).

” E
>
Fig. (S)

There are three extra propagators as compared to
the intrinsic form factor diagram, which is identical to
Fig. (3). The two extra quark propagators are absorbed
into the vector meson wave function, and the loop
integral is over the momentum fractions and relative
transverse momenta carried by the quarks of the vector
meson. The only extra Q2 dependence is a 1/Q2 from the
extra gluon propagator. Hence the entirety of Fig. (5)
gives a 1/Q® contribution to the form factor'® which is
exactly what is used.

Thus, by coincidence or otherwise, the asymtotic Q2
dependence of both the direct and vector dominance
terms are correct in these fits to the nucleon form
factors, and clearly the vector dominance term has a
pole in the right location, so one can understand why the
fits to the form factors can be good.

Asymptotic peutron/proton ratio. I1JL and GK give
rather different values for the ratio F,n/F,p at high Q2

and we would like to understand why this is so. The °
answer has to do with differing ways of accounting for
the width of the p meson.

In a preliminary way, let us quote that at high Q?
the form factor Fy falls like 1/Q* and will dominate the

cross section unless it is unusually small and the form
factor F, fall like 1/Q8. This means that at sufficiently
high Q2, Fy and Gy are identical. We can also give a

brief catalog of what is firmiy known about the neutron
form factors:
(3) Fyn(0) =0 and Fpr(0) = xpy = =1.913,

(b) From scattering of thermal neutrons off
atomic electrons's,

dGEn dFln Kn -2
—(0) = —5-(0) - —; = 0.510£0.007 GeV
do do 4m

n
drln ‘2
—T(O) = ~,00311£0.007 GeV
do

(10)



Thus the siope of Fyp is small.

(c) The ratio of differential cross sections
cfn/cp is measured's at Q2= 2.5, 4, 6, 8, and 10 Gev? at

one scattering angle. The ratio is about 1/4 at 10 GeV?2
which allows us to state

| Gpn/Gyp | < 172 ()

at 10 GeV2 and the upper limit is falling betweeen S and
10 GeV2,

So if
. B  Bum
Fln .é. Q)[a B .._.._Q__Q_. —--D—Q-—]
m +0 m +
® e

(12)
and mg = my, then forcing Fim® 0 at low Q2 makes Fyp,
~ 0 at all Q2. But the p has a large width and we should
account for it, for example following, as [JL do, Frazier
and Fulco'. Using labels fy 5 for convenience below we

make a replacement for the p propagator in the
preceding formula,

m2 + 8 m/n
£, - 0 p R
(m°+Q°) + (4m +0°)T A(Q7)

P n P

(13)
with
2 2 0¢4mn /0 +4m
A@) = = = In|

(14)

After this replacement, we still have F;,(0) = 0,
but

af, 1
-——(0) =-
dO m
P
(15)
whereas
df, 1+ 87 /3Rm 2
—2(0) = - .-
dQ m + B8l m /% m
P X
(16)

thus upsetting the balance between Bp and B, when the
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slope of Fp is fit. One then gets the asymptotic result

F
1im Q20 —F—ll =

p
(More accurately, GK do say they account for the width
of the p but in a way that doesn’'t have any affect on
their fitting of the 8's.)

The result seems unfair. The width of the p is large
and should be taken into account, but the result [JL got
by doing so is incompatible with the high Q2 neutron
data subsequently obtained. The result of GK fits the
cross sections well.

-4.40 IJL (rpzo)
-0.028 GK (rp=0) a7

1V. Proton Compton scattering

The elastic reaction ¥p =» ¥p rpovides another check
of vector meson dominance. We separate discussion of
the high momentum transfer and low momentum transfer
regions. At fixed large scattering angle in the center of
mass, using QCD and direct coupling of the photons to
the quarks in the proton illustrated in Fig. (6a) we have

Fig. (6a)

a rule which follows from dimensional counting'® which
we quote and then use, (18)
do
)i |
dt
Here s is the c.m. energy squared,
transfer squared,

2n ~Dg-DRy 3—6

t is the momentum
and np is the number of elementary

fields in particle A

If we mix QCD with vector meson dominance, then
Fig. (Bb) pertains and VMD tells us that
do 2 do
e Bl _VpVp
dt v fz dt
v
(19).



Fig. (6b)

Since there are now two extra elementary fields
involved in the actual scattering,
do

Y Yp
dt

-8
8

oc

(20).
Data from Shupe et al'® is shown in Fig. (7), and it is
clear that the s~ behavior is more compatible with the
data than s~8.  The direct coupling dominates.
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Fig. (7)

Compton scottering cross sections at
constant c.m. scattering agle . The
straight lines are fits to the data.

On the other hand for total cross sections, the VMD
relation!

v

|c
n

o = o
e Yp £2 VpoVp

< N

(21)
works 1o at least the 80% level with just V=p, w, and ¢.
The total cross section of course is dominated by low
momentum transfer processes, 5o the result seems to
say that VMD gives a good result for low momentum
transfer processes but not for high momentum transfer
processes.
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Y. Concluding Remarks

Vector meson dominance s an approximation
technique to be used when QCD calculations are
intractable.

There are places where it works well. One example
is the total Compton cross section, another is the fit to
nucleon electromaagnetic form factor data inspired if
not dictated by vector meson dominance. Still another
not mentioned earlier is the agreement among vector
meson coupling constants obtained from different
reactions such as pre'e”, po1'nT, ¥prpp, etc. (JJ.
Sakurai published in 1866 a Physical Review Letter?0
with the fine title, "Eight ways of determining the
p-meson coupling constant.”) Let me also recommend
examining Dr. Sloan’s lecture in these proceedings.

However, as we have seen from some examples, VMD
with a finite number of vector mesons does not give the
high momentum transfer trends correctly. It might be
commented that with an umlimited number of ever more
massive vector mesons, it seems that high momentum
transfer trends can be accomodated?!, but a detailed
look at the demonstrations of this shoes that the
arguments amount in the end to dimensional analysis. In
any case, as a practical matter VMD is not useful if one
has to use a large number of vector mesons, so its
utility domain is an intermediate one where the energy
is high enough so that time dilations allow any vector
meson that the photon fluctuates into to live longer than
a transit time across a nucleon or nucleus!, but not so
high a momentum transfer that direct couplings of the
photon to quarks dominate the VMD contributions.
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SEMI-INCLUSIVE INELASTIC ELECTRON SCATTERING FROM NUCLEI
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Abstract

A survey is presented of the physics of the electroproduc-
tion of hadrons from nuclear targets, eA — ¢’k X. Variables and
structure functions are specified. The parton model description
of electroproduction is summarized; fragmentation functions are
defined and their properties are listed. Specific measurements
are suggested. Predictions of the pion exchange model are pre-
sented for the nuclear dependence of eA — e'A X, including a
discussion of the special subprocess er — e'7 in which scattering
occurs from the pion constituents of nuclei.

1. Introduction

This workshop was organized to identify aspects of the
structure of nucleons and nuclei which might be studied prof-
itably with internal targets principally at the PEP electron posi-
tron storage ring at the Stanford Linear Accelerator Center. The
energy of the incident electron (positron) beam would be limited
initially to the “intermediate energy” range, £ < 15 GeV.

A considerable literature has developed on nuclear
dependence! of deep inelastic inclusive (or single-arm) lepton
scattering, eN — e'X, prompted by the observation®®* of in-
triguing differences between the inclusive structure functions of
nucleons and nuclei (the “EMC” effect). In eN — ¢'X, e and
e' denote the initial and final electron, and N may be a free
nucleon or a nucleus. Symbol X represents an inclusive sum
over all final states. The data show directly that the quark mo-
mentum distribution of a nucleus differs significantly from that
of a free nucleon. It is natural to inquire whether more differ-
ential measurements would shed further light on the dynamics
underlying nuclear dependence. In this paper, I will focus on the
theory and phenomenology of semi-inclusive (or two-arm coin-
cidence) measurements: eN — ¢'hX; h labels a specific final

state hadron (e.g. 7, K, p,...) whose momentum is measured.

My intent is not to present a comprehensive review of the
electroproduction of hadrons. Rather, I will define variables and
cross sections, raise some issues pertinent to nuclear dependence,
provide references, and try to communicate a particle physicist’s
perspective on semi-inclusive processes to an audience composed
primarily of nuclear physicists. One indication of the gulf that
has developed between our disciplines is that we have developed
different dialects and symbols: coincidence measurements and
(e,e'm) are the translations of semi-inclusive measurements and
eN — ¢'7X. Summaries of many general properties of the distri-
bution of final state hadrons from leptoproduction experiments
may be found in the review by Schmitz® and in numerous papers
from the European Muon Collaboration.®
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In Section 2, 1 define the five independent kinematic vari-
ables and four independent structure functions, H,v'v"', necessary
to specify the process eN — e'hX. Next, in Section 3, the par-
ton model description of inclusive and semi-inclusive inelastic
electon scattering is reviewed.”®° Fragmentation functions are
defined, some of their properties are listed, and measurements
are suggested for determining specific fragmentation functions
and their A dependence. In Section 4, I discuss a particular high
twist contribution!®!! to the quark fragmentation function.!®
Section 5 includes statements concerning the nuclear (A) de-
pendence of eA — e'hX based on the pion exchange model'?
used to explain the nuclear dependence of the inclusive process
eA — e'X. In Section 6, I present predictions for the contribu-
tion of the elastic scattering process er — e'r to eA — e'n X,
where the initial # in em — e’m is a pion bound in nucleus A. A
summary is found in Section 7.

2. Kinematics, Definitions, Cross Sections,

and Structure Functions

1 begin with the fully inclusive scattering of an electron
or muon from either a nucleon N or a nuclear target A,'sketched
in Fig. 1{(2). This process is usually denoted £A — £'X, where
symbol X represents an inclusive sum over all final states. The
initial four-momenta of the lepton and the target are denoted
by k and p. The four-vector ¢ is the momentum transfer from
the initial lepton to the target; that is, it is the difference be-
tween the four-momenta of the initial and final leptons. The
laboratory energies of the initial and final leptons are E and E';
v is the energy transfer, E — E', in the laboratory frame. It is
conventional to define Q? = q? — v? = —¢? > 0, and two di-
mensionless variables z and y, £ = Q*/2Myv, y = v/E, where
My is the mass of the nucleon. (Boldface symbols represent

Euclidean three-vectors.)

The deep-inelastic domain is that in which the energy
transfer is large compared to the four-momentum transfer,

= QY/(2Myz)t > 1. (1)

of any four-vector p are defined by
(2)

where n is a unit vector chosen in the direction of the mo-
mentum transfer, n = —q/|q|. For deep-inelastic scattering,

I/Z/Qz

Light-front components p*

+

pP=p"tn-p,

¢" =~ 2w, ¢t =0,p-g=~ ip*q =~ ptv. Light-front momen-
tum fractions are defined as ratios of plus-components (or of
minus-components) of momenta and are thus invariant under

longitudinal boosts.



(b)

Figure 1: Sketches of a) inclusive reaction eA — ¢'X and
b) semi-inclusive reaction e4 — e'rX. :

In the one photon exchange approximation, the differen-
tial cross section for inclusive inelastic scattering of a charged
lepton (eA — e¢'X or pA — p'X) by any target is proportional
to tensors f3,(g, k) and F*#(g, p) that depend respectively on the
properties of the lepton and the target only:

d’o _
drdy

(3)

The tensor F** is a linear combination of “structure functions”,
invariant functions of @* and p - ¢, multiplied by universal co-
variant functions of p and ¢. In the case of the scattering of
unpolarized particles, there are two structure functions for the
conserved electromagnetic current: Fi{z',Q?%),z' = Q*/(2p-¢q) =

x(Myv/p-q).

a3

<

In the deep-inelastiic approximation,

F¥ fp = E{(1 - ) (2',Q%) + 22'F' (=", Q") (v /2)} /v,
(4)

for scattering by a nucleon, and

F /A= E{(1 - 9)FP(z),, Q1) + 224 Fi (2, Q*)(v*/2)} /v,
(5)

for a nucleus. Note that the nucleon number A is used as a label
to identify the nucleus. In Eq. (5) for the nucleus, variable z',,

which is a multiple of z', is defined by z', = Q*A/(2pa-q). If
the nucleus is at rest, z', is approximately equal to z: z',

TAMp /My = z. The ranges allowed kinematically for z' of the
nucleon and for z'; are (0,1) and (0,A) respectively. The struc-

ture functions F* and F are structure functions per nucleon.

In Egs. (3)-(5) the momentum of the target enters only
through the variable z'. This means that for a collection of in-
coherent free nucleons the momentum averaged cross section is
related to momentum averaged structure functions in the same
manner as the cross section per nucleon of the nucleus is re-
lated to the structure functions of the nucleus per nucleon. The
momentum average is called Fermi smearing.

To separate the contributions of F{! and Fj at fixed z
and Q? it is necessary to study the cross section as a function
ofy =v/E = Q*/(2MNE), i.e., as a function of energy E. If
the Callan-Gross relation is imposed, i.e. [(F2 — 2zF}) /2zF;] =

or/or = 0, then the cross section per nucleon may be expressed

in terms of Fj*(z,Q?) alone:

d’c  4na’MyE
dzdy = Qf

[1+ @ -] F=%e). (6

In the semi-inclusive or two-arm coincidence process,
eA — e'hX, sketched in Fig. 1(b), four momenta k, k', and
ps of the initial and final lepton and of hadron h are measured,
but an inclusive sum is otherwise made over all possible final
states X allowed kinematically. For a fixed total energy, five in-
dependent kinematic variables are necessary to specify the final
state. Two of these variables, z and Q? are determined by the
incident and outgoing lepton. They are identical to those of the
fully inclusive case. The remaining three variables specify the
final hadron h. I’ll work with a set which has become standard
in particle physics: z, |Pr|, ¢. Here, z is a ratio of dot products
of four vectors:
= PrPa,

z b
q'pa

(7)

pr is the component of the final hadron’s three-momentum trans-
verse to the direction specified by q; and ¢ is an azimuthal angle:

cos¢ = (—q x k) - (—a x pa) /lg x k|lg x pa. (8)

I note that in the deep-inelastic approximation, 2 is the ratio of
the minus-component of the momentum p, to that of ¢:

(9)

z=p, /g



In the one photon exchange approximation, the spin-
averaged cross section per nucleon for eA — e’'AX may be ex-
pressed in terms of four independent structure functions which
1 denote H.-A"'
section becomes

(z,Q% 2,p%). In the deep inelastic limit, the cross

47ra’2MN E
Q4

2pr — V2 cos gHAR
+(Q)(z D)1 - 9)cossHE*  (10)

dohh
dzdydzdptdp

[xy’Hf"' + (1 - y)HM

Q’ (1 — y)cos 20 H{ ]

Note that it is necessary to study ¢ dependence in order to
isolate H;'h and H{M
pendence at fixed =, Q%) must be measured in order to separate

the four structure functions.

. Furthermore, y dependence (i.e. E de-

After integrating the cross section over ¢, which elimi-
nates dependence on Hs and Hy, and over p%, one obtains an
expression in terms of only two independent dimensionless func-

tions, denoted H;(z,Q?,z2):

vt

+(1- y)fI{"h(z,Qz,z)].

47ra22MNE
Q!

doth .
drdydz

(e, Q% 2) (1)

In terms of its dependence on y, this expression has the same
structure as Eq. (4) or (5). I R = o./or

inclusive case, either because it is measured to be such or be-

~ 0 in the semi-

cause the simple parton model is invoked, then H, ~ 2z H),, and
Eq. (11) collapses to

do**  4rd’MNE

dzdydz Q@ o' BN Q%2).  (12)

[1+(

For any inclusive process, conservation of four-momentum
specifies that

5[ 0 < o,

Here P* is the total four-momentum, and p* is the four-
momentum of a hadron of species h., When this equation is
applied to the difference (E, — pra), where B, is the energy, and

(13)

pr,n is the longitudinal component of py, along the current-target
axis, a relationship is obtained between the semi-inclusive func-
tions, H;‘"‘ (z,@?, z), and the fully inclusive structure functions,
FA{z,Q?). For each value of 1,

Z/ldz 2P (2,Q%,2) = FA (2,Q%). (14)
I 0

In the next section I discuss expectations for the z, Q3

and z dependences of H(z, Q% z) based on the parton model.
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3. I;arton Model Description

Probabilities ¢/ (¢, Q%), 37 (£, Q*), and GA(€, Q%) are de-
fined which represent the quark, antiquark, and gluon number
densities in a nucleus, A. These are densities per nucleon, just
as are i, (z, Q?), meaning that a factor of A has been removed.
(These densities “per nucleon” should not be assumed to be the
parton densities of “nucleons within nuclei”.) Subscript f on ¢;
and §; labels the flavor of the quark or antiquark: u,d, s, c,b,t.
Variable ¢ is the light front fraction of the momentum of the
target A carried by a parton of a given type.

In the parton model,”® £, ¢/(£,Q%), g/ (£ Q%), and
G4(¢,Q%) are measurable quantities. Indeed, £ = z, with =
determined from the lepton kinematics, as defined above. Fur-
thermore, the observable Ff* measures the fraction of the mo-
mentum of the target A, per nucleon, carried by quarks and an-
tiquarks, weighted by the squares of the fractional quark charges
€r:

FiA(z,QY) ze,z[q,xczuq,(zm] (15)

3.1 Quark Fragmentation Region

Turning now to the semi-inclusive process eA — e'hX,
let’s ask what A} (z,Q?%,
Eq. (7).
what happens™® to the struck quark after it absorbs the en-
ergy and momentum of the virtual photon. If quarks or gluons

z) measures. Recall, z = pnr-pa/qpa,

The answer to this question involves a discussion of

could be liberated, then, for sufficiently large Q?, a free quark
or free gluon would emerge from the target along the direction
of the momentum of the exchanged photon. However, quarks
and gluons are confined; they are not observed as asymptotic
states. Thus, a spray of hadrons is observed in the final state,
hadrons said to be “fragments of the struck quark”. For suf-
ficiently large v and Q? this spray is a collimated “jet”, well
separated from the debris of the spectator partons in the tar-
get. This fragmentation process is described by a fragmentation
Junction, Dy/s(2,Q%). (At sufficiently large Q?, there will be a
discernable gluon jet or jets in the final state in addition to the
quark jet. Gluon fragmentation is also described by a fragmen-
tation function, Dh/c(z,Qz). In this paper I will restrict my

remarks to quark fragmentation.)

I define two regions of physical interest, distinguished by
the magnitude of p,. In the first region, the dot product p,-p4 is
finite, whereas ¢-p4 grows in proportion to Q*. The final hadron
h moves with small momentum in the rest frame of the target.
Hadron h is said to be in the “target fragmentation region”,
where typical long-distance hadron physics governs the dynam-
ics. Correspondingly, no specific parton model statements can
be made about the z dependence of Hjl(z, Q%
cept of a fragmentation function does not apply in this region.

z), and the con-

However, one does expect scaling, i.e. approximate @? indepen-
dence, at fixed z.

In the second region, py-ps grows in proportion to @2,
0 < z < 1. It is in this region that hadron * is said to be a “frag-



ment of the quark” or antiquark struck by the virtual photon in
the deep inelastic collision. If the separation in momentum of
the struck quark from the target spectators is large enough, it is
natural to assume that fragmentation of the quark into hadrons
is independent of production of the quark. Fragmentation should
therefore be described by a function of z, be independent of z,
and be independent of the process in which the quark was pro-
duced (i.e. whether deep inelastic lepton scattering, electron-

positron annihilation, hadron-hadron scattering, etc.).

After absorbing the virtual photon, the struck quark car-
ries the same minus-component of momentum as the incident
virtual photon, ¢~ =~ 2v. Therefore, Eq. {9) allows us to in-
terpret z as the fraction of the {light-front) momentum of the
struck quark carried by A.

A word of caution is in order concerning the applicability
of the concept of distinct regions of target fragmentation and
quark fragmentation. Observably distinct regions require large
enough separation in momentum of quark and target fragments.
Rapidity is a useful variable for examining this issue.

The rapidity y, of final state hadron h in eA — e¢'hX is
defined as
|

where Ey, ps ; are the energy and longitudinal component of mo-
mentum of hadron A. (Longitudinal is defined by the direction
of the momentum q.) The full range of y;, allowed kinematically

1 [Eh +Pb,L (16)

==In
=3 En —pnt

isY = InW}k = In(Q*(1-z)/x); Wy is the invariant mass of the
system X in the fully inclusive e4 — e¢'X.

It has been established!® experimentally that the typical
hadronic correlation length in rapidity is Ays =~ 2. Therefore,
if the dynamics of quark fragmentation is to be studied inde-
pendently of “contamination” from target fragmentation, it is
necessary that Y 2 4, or, equivalently, that

Q*(1 - 1)

1/2
Wy = [w] 2 7.4GeV. an

z

Studies of hadrons produced by neutrino interactions on protons®
confirm that the separation of quark and target fragmentation
products is apparent for Wx > 8 GeV but not for
2 < Wx < 4 GeV. The values of Wy accessible in the CERN
EMCS and Fermilab E-665 experiments extend high enough to
satisfy Eq. (17). However, it appears doubtful that large enough
values can be obtained at SLAC with E < 15 GeV.

If the inequality Eq. (17) is satisfied, it should be possible
to measure fragmentation functions D(z, @?) over essentially the
full range of z, 0 < z < 1. Somewhat smaller values of Wx may
be adequate if attention is restricted to the large z region. As

Y is increased above 2, or
Wx 2 3 GeV, - (18)

the quark and target fragmentation regions begin to separate.
As long as Y 2 2, the hadrons with the largest values of 2 are
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most likely quark fragments. Data' from ete™ — h X show
that a distinct function D(z) may have developed for z 2 0.5 at
W = 3 GeV. The region extends to z ~ 0.2 for W = 4.8 GeV,
and to z ~ 0.1 for W = 7.4 GeV. For z > 0.3, fragmentation
functions have been obtained from data!® on ep — e'n* X at
E =115 GeV, with 3 < Wx < 4 GeV.

At low values of @?, where the target and quark frag-
mentation regions overlap in momentum space, the concept of
distinct production and {ragmentation processes may not be rel-
evant for the description of hadron formation in eA — e'hX.
This means, in particular, that nuclear A dependence observed
in HA(z,Q?,z) at modest values of Q* could not be attributed

cleanly to nuclear dependence of the fragmentation process.

3.2 Quark Fragmentation Functions

In the region 0 < 2z < 1 a function Dy;(2, Q?) is defined
which is the probability for a quark of flavor f to fragment into
hadron 4 in an interval dz about z. In other words, Dy;/(z, @?)
is the number density in the quark of flavor f of hadrons of type
h which carry a fraction z of the (light-front) momentum of the
quark.

In the simple parton model D(z,Q?) is independent of
Q2, just as is gy(z,Q@?). Gluonic radiation in QCD generates
logarithmic dependence® on Q* in both D(z, Q%) and ¢;(z, Q?).
Neither the full z dependence of g(x, @*) nor the full z depen-
dence of D(r,Q?) can be calculated as yet from first princi-
ples in quantum chromodynamics. At small values of 2z one
expects’ D(z, Q%) to be proportional to 1/z, whereas at large
z constituent counting rules and spin considerations may be
used to specify'®1710 the power p in an expansion of the form

2D(z,Q%) o (1 — 2)*.

In addition to Q? dependence of g;(z,@?) and D{z, Q?),
gluonic radiative contributions in QCD generate a finite longitu-
f_Iz(:c, Q% z)-
2zH,(z,Q?,2) as well as finite contributions® proportional to
H; and Hy in Eq (10). In eA — e'hX, intrinsic transverse

momenta!® of the partons in the initial hadron A and final
hadron h are also a source of finite Hs and H, contributions,

dinal structure function Hi{z,Q?,z)

as are higher twist effects.°

The statement of factorization plus the definition of frag-
mentation functions, D(z, Q?) for quarks and D(z, Q?) for anti-
quarks, result in the following expression for the semi-inclusive
structure function Hz(z, Q?, 2), valid in the quark fragmentation
region, z > 0:

H;,h(z’ Qza z) = ZC}I[Q?(IC, Qz)Dh/j(z’ Qz)
!
+ q?(I,Q2)Dh/I(Z, Qz)]’
with

1 1 =
zh:'/o dZZDh/!(Z, Qz) = Zh:/‘; dZZ.Dh/f(Z, Qz) = 1. (20)



Combining Egs. {6), (12}, (15),
that when o1 /or =~ 0,

do(eA — e'h X)
1 do(ed - e'h X) _ zdydz

and (19), we may observe

N

Ot dz do(ed — ¢' X)
zdy
2; €5 lg [ #(z,Q%) Diys(2, Q) + 7/ (2, Q) Dryy (2, )]
=y et (af(z,Q) + 34 (2, Q%)
(21)
This equation simplifies considerably the case of a nucleus with
an equal number of protons and neutrons and z 2 0.3. (For

z 2 0.3, antiquark densities as well as the strange quark density

may be ignored.) Thus,

1 do(eA — e'h X)
dz

2208 = % [4Dh/u(27Q2) + Daja(2, @] -

Isoscalar
Target

Otot
(22)

The number of independent fragmentation functions is
limited by isospin and charge conjugation invariance. For exam-
ple, for pion production,

Dysjy = Dy-jg = Dptja = Dy-ju-
Dyta = De-pu = Dytjy = Dy-ja-
Dy+fy = Dy-jy = Dypryy = Doy,
Dotjp+ Dy-jy = 2Dgoyy.

23)

24)

26

(
(
(25)
(26)

Data on differences of 7t and #~ spectra obtained in

studies with fsoscalar targets may be used to isolate specific

fragmentation functions. Using Eq. (22), together with Egs. (23)

and (24), I obtain
et
Dyp(z,@) =5 deoleA = e X)
3 Oiot dz
(27)
_ 11 do(ed—e'n” X)
30';0; dz
and
4 1 do(eA — e'n™ X)
t /u(z Q ) 30;°g—__(72__
(28)
1 1 do(eA —e'n? X)
3U;°g dz

Relationships (23) and (24) may be used to obtain a very
simple expression for the sum of the 7* and #~ yields from a
nucleus with an erbitrary neutron/proton ratio. Ignoring the
contributions from strange, charm, and heavier quarks and an-
tiquarks (but retaining the contributions from the up and down
antiquarks), we may show that

1 [do(eAd — e'n* X) do(ed — e'n™ X)
Orot dz + dz ]

= Dr"/u(z, Qz) + Dx‘/u(z9 Qz)
= Dr*/d(zq Qz) + Du’"/d(zy Qz)

Equation (29) should be valid as long as it is safe 1o ignore the
0.1.

Oiot
(29)

strange quark and antiquark densities, i.e. for £ 2
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Note that the fully inclusive and semi-inclusive measure-
ments provide different information. Inclusive scattering cross
sections determine the quark and antiquark densities of the tar-
get, Eq. (15). Semi-inclusive cross sections determine fragmen-
tation functions, Eqgs. {22), (27)-(29). In rough terms, inclusive
measurements provide data on constituent behavior in the initial
state, before scattering occurs, whereas semi-inclusive measure-
ments yield insight into the final state evolution of the scattered

constituents into hadrons.

It has been suggested®® that semi-inclusive data may be
a source of information on the z dependence of quark and an-
Equation (21

tiquark densities of nuclei. ) shows that extract-

ing information on ¢/ (z,@*) and §/(z,@*} from semi-inclusive
measurements is possible only if the fragmentation functions are
known fairly precisely.

To appreciate the property of process independence of
fragmentation functions, it is useful to examine briefly the de-
scription of hadron production in electron-positron annihilation
at large Q?, ete” — R X.
(ignored are effects associated with the Z°), the cross section

In the one-photon approximation

differential in z and angle 6 is

do* dot(z,Q%) + §(
dzdcos dz 4

dot(z,Q?)
dz )
(30)

center of mass

= g(l + cos? §) 1 - cos® )

In this case z = 2p, - ¢/Q? and, in the ete”
frame, @ is the polar angle of hadron h with respect to the e*e”
collision axis. The variable cos 8 replaces the variable y defined
for eA — e'm X. In the parton model, as extended by QCD,

o3 ( Q%) _ 3003 €2 [Dayg(2, Q) + D2, Q%] (31)
7

dz
where 0y = 47a?/3Q%. Through O{a,), the total cross section

for ete™ — X is

a‘(Qz)) (32)

010 (Q%) = 300 Ze, (1 +

where the term proportional to the strong coupling strength
a,(Q?) is due to 0}(z,Q?) in Eq. (30).
plicity of Eq. (31) when compared with Eq. (19
and antiquark structure functions are absent from Egq. (3

Note the relative sim-
). Because quark
1), the
ete™ data permit a more direct measurement of the fragmenta-
tion function, albeit averaged over contributions from all flavors
of quarks and antiquarks.

Data on the properties of fragmentation functions from
ete” annihilation experiments may be found in Refs. 14 and 21
and from leptoproduction experiments in Refs. 15, 22, and 23.
An example is shown in Fig. 2.

3.3 Nuclear Dependence of Fragmentation Functions?

It may be noted that I have used the notation Dy/y(z, Q%),
implicitly suggesting that this function does not depend on the
target A. Should the fragmentation functions Dy, (2, Q%) and

D;.//(z,Qz) in Eq. (19) depend on A?
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Figure 2: Fragmentation function D(z, Q*) from e*e™ — nX at
Q? = (29 GeV)?, Ref. 21.

then
Dyys(2,Q*) must be independent of A because factorization is

If the statement of factorization is correct,

the assertion that this function is a process independent prop-
erty of hadron A. In QCD, there can be gluon exchanges be-
tween the active quark and the spectator partons in either A or
h. To demonstrate the validity of factorization one must show
that these gluon interactions cancel. A proof exists? for the
Drell-Yan process hA — ~*X, but no proof of factorization in
QCD has yet been attempted for the crossed process of inter-
est here, YA — hX. Presumably a “target-length condition”
would emerge from such a proof, analogous to the relationship
between @ and A necessary for factorization in the Drell-Yan

case: Q% 2 cA'/3,

Intuitively one would expect factorization to hold only if
the separation in momentum of the struck quark from the tar-
get spectators is large enough. In a heavy nucleus, even in the
quark fragmentation region, it is plausible that hadron produc-
tion may be modified with respect to that observed in deuterium
due to reinteraction effects of either the fragmenting quarks or
the hadrons as they propagate through the nuclear medium. It
is often assumed that fragmentation takes place within a limited

.interval in space-time.®?* Because of Lorentz dilation, the pro-
cess will occur over a distance which increases as v, the energy of
the struck quark, increases. For large enough v, fragmentation
would then occur outside the nucleus. In this case the main effect
on fragmentation would be the size of the quark cross section in
nuclear matter. At large Q? this virtual quark is expected to
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have a small interaction probability.?®

To explore these issues, it is of obvious interest to study
possible nuclear A dependence of fragmentation as a function of
v, z, and Q2. The dependence on all these variables is impor-
tant. Equations (22), (27), (28), and (29) show that fragmenta-
tion functions, or combinations thereof, could be extracted from
experiments done on different nuclei. The ratios of these results,
DA(z,Q%)/DP2{z,Q*%), should be independent of 4 if there is no
nuclear dependence. If the ratios approach unity at large v,
the expectation of a small cross section for quark interaction in
nuclear matter would be confirmed.

Available data on nuclear dependence of fragmentation

are of limited statistics.?’~3!

Effects of quark and/or hadron
reinteraction are seen at low v, but there is no evidence for
such eflects for v+ > 70 GeV. 1 will not discuss further here
physical processes which may be important at low v where the
characteristic quark fragmentation length is comparable to or
less than the radius of the nucleus. Treatments may be found in

Refs. B8, 25, and 26.

4. High-Twist Contribution

16,11 ip the structure functions, ¢;(z, @?),

High twist terms
and fragmentation functions, D(z, Q?), are contributions which
decrease in proportion to an inverse power of Q? relative to the
leading scaling term. They arise from subprocesses in which
more than one constituent in a given hadron is active in the hard
scattering process. Sharing of the large momentum among sev-
eral active constitutents requires that more than the minimum
number of constituents be off-shell by ~ Q~%. The presence of
additional gluon or quark propagators supplies the additional

inverse powers of Q? in the hard scattering amplitude.

In this section I call attention to a particular high-twist
contribution to the fragmentation function'® D,/e(2,@%). It is
of interest in its own right and quantitatively important for the
range of values of @? accessible in eA — e'hX experiments at
SLAC. Moreover, it is an important “background” to the coher-
ent er — e'r signal, discussed in Section 6, where the initial =
is bound in the nucleus.

Consider the diagram for 4*q — m¢ sketched in Fig. 3.
The initial quark is a constituent of a target nucleon or nu-
cleus. The final pion is represented by its minimum Fock space
component |¢§). For “favored” fragmentation processes such as
u — 7t X or d — 7~ X, this diagram permits one to calculate
both the expected large z form of the scaling term in D(z, Q%)
and a Q% contribution appropriate at large z. Higher compo-
nents, including gluons or additional ¢§ pairs, are present and
would supply terms suppressed by added powers of Q2.

Extracting a fragmentation function from Fig. 3, one

obtains!0:3?

D2, @) = Af1- 2 +3E(@)], (39

where A is a normalization constant discussed below, and F,.(Q?)



g q

Figure 3: Diagram illustrating a higher-twist subprocess which
contributes to v'¢ — 7 X.

is the electromagnetic form factor of the pion. In the scaling
limit, @ — oo, Eq. (33) shows that D, (2) should fall off as
(1-2)? as z — 1. However, for finite Q?, the function Dy, {2) is
predicted to approach a finite value as 2 — 1 whose magnitude

decreases as Q2.

Information on the z dependence of D(z, Q%) at large 2z
comes from ete™ — wX. An example is shown in Fig. 2. A
fit to (1 — 2)" for z > 0.5 yields®! n = 2.08 £ 0.21 compatible
with the expectation of n = 2. The value of Q? for these data,
Q*? = (29 GeV)?, is so large that the high twist term is essentially
absent.

Within the context of the approximations made in Ref. 10,
the relative normalization between the two terms in Eq. (33) is
specified. The overall normalization of the scaling term, (1 —z)?,
is not fixed, but data?' at large z can be used to determine a
value of A in Eq. (33). Doing so, I find values in the range
15452

~

For large z, the cross section corresponding to Fig. 3 has
the form!°®

do(z,Q%2) 1 ) .
“drdyds 3 [1 +{1-y) } (1-2) »
+ 20 - 9)F(@).

9

Note that the high twist term discussed here contributes only to
the structure function H;. A test of Eq. (34) requires examining
data on eN — e'wX for large z and verifying whether there is a
contribution to o(z, Q%,2) which is proportional to (1 - y)/Q?.
Tests made with neutrino and antineutrino data have shown
encouraging results,3* 73 but much higher statistics are desirable

over a broad range of Q2.

5. Nuclear Dependence of H*" (e4 — e'hX)

Models! have been proposed to explain the nuclear (A)
dependence of the fully inclusive structure functions F(z, Q?).
In all approaches deep inelastic scattering occurs from quark and
antiquark constituents. The approaches differ in the manner in
which the constituents are grouped into color singlet degrees of
freedom within a nucleus. These models provide expectations for
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the A dependence of the quark and antiquark densities, g*(z, Q%)
and g4(z, Q%).

If factorization is invoked, then all of these models of the
nuclear dependence of Fjt(z,Q?) lead to the expectation that

at sufficiently large Q* the A dependence of the semi-inclusive
structure function is expressed as

HM,Q2) = 5 e [ef (2,Q) Days(2, Q)
!

(35)

+3(@) Dy (2, @)

The only dependence on A resides in ¢%(z, Q?) and g4(z,Q?)
which are the measured parton densities of a nucleus.

In the remainder of this section I will comment briefly
on further implications of the pion exchange model developed at
Argonne.'? It begins with the basic hypothesis that a nucleusis a
bound system of A nucleons plus an indefinite number of mesons.
The mesons are associated with nuclear binding. The structure
functions (and hence the quark distributions) of the nucleons
and mesons are not affected by the nuclear medium. They are
the same as those measured on free nucleons and mesons.

The many-body bound state wave function of the nu-
cleus is expressed in terms of the light-front momenta of the
constituent nucleons and mesons. Fractions of the light-front
momentum of the nucleus carried by nucleons and mesons are
defined. These are fractions per nucleon, denoted z, for n’s, and
zpy for nucleons. Number densities per nucleon of mesons and
nucleons are also defined, f2(z,) and f{(zn), and computed
from the bound state wave function. The mean number of pions
(n2). Use of
light-front dynamics guarantees that the number densities are

per nucleon is given by the integral [ f#(z,) dzx

invariant under longitudinal Lorentz boosts.

In the pion exchange model, the fully inclusive structure
function of a nucleus, per nucleon, Fj(z,Q?) is expressed in
terms of the structure functions F¥(z,Q?) and F}(z,Q?) mea-

sured on unbound nucleons and pions:

FAeQ) = [ 12 F (2,07 da
) (36)
+/zf;3(zN)F2” (i,Q’) dzn.

Analogous expressions may be derived for the quark and anti-
quark densities per nucleon, ¢*(z, @Q?) and §*(x, @Q?), as well as

for the gluon density G4(z,@?). For example,

(2,0 = [ fAa)a (2,07 dae
. (57)
+ [ e (Z.Q7) de.

According to the pion exchange model calculations,
{nf*) = 0.095, meaning that in an Fe nucleus, there are on
average 5 to 6 pions from which deep inclastic scattering oc-
curs. The mean momentum per nucleon carried by those pi-

ons is (zf*) = 0.052. The “books are balanced” in the sense



that momentum lost to nucleons through binding, {(z4) < 1,
is carried by exchange pions. The average nucleon momentum
(zf) = 1 — (z2) ~ 0.95. This average nucleon momentum may
be related to the mean one-nucleon separation energy observed
in the reaction (e,e'p). As shown in Fig. 4, the pion exchange
model provides a unified description of Rgmc(z) for all z. The

value of (n) controls the size of the enhancement of Remc(z)
above unity at small z, whereas (z2) controls the shape and size
of the depression below unity for intermediate z. In the model,
there is a modest change of (nd) with A. For Al, Fe, and Au,
(n#) = 0.089, 0.095, and 0.114.

Without further approximations, the pion exchange
model may be used to obtain a convolution formula for semi-
inclusive structure functions per nucleon:

z

Ak 7 N A gk [ T
BN Qe = [ dea e BTN (2

@)

ol (38)
+ / dzy f(zn) B (Z;’Qz’z) '

This equation expresses the semi-inclusive structure function of
a nucleus as the incoherent sum of the semi-inclusive structure
functions of the nucleon and pion constituents of the nucleus,

The pion and nucleon densities, f2(z,) and f#(zn) are un-
changed from the fully inclusive case.
Structure functions H,N‘h(x, @?, z) are those measured on

a deuteron target. The structure functions H7"*(z, Q?, z) would

require experiments on a pion target: er — e'hX. In the
L l T I L) ] | T Ll
B x EMC/1.05
I.2 o BCDMS N
'//// * SLAC |
A 1 A l 1 I i , —t
0 0.2 04 06 0.8
X

Figure 4: A compilation of data published prior to 1986 on the
ratio of structure functions Remc(z, Q?) = Ff*(z, Q*)/FP(z, Q%)
for deep inelastic electron and muon scattering. Shown are pub-
lished results from the EMC Collaboration (Ref. 2), divided by
1.05, as well as data from the BCDMS Collaboration (Ref. 4),
and from SLAC experiments (Ref. 3). .The shaded band indji-
cates the EMC group’s estimate of experimental systematic un-
certainties. The solid curve is calculated from the pion exchange
mode] of Ref. 12. The dashed curve shows the expectation of
Q? rescaling (Ref. 37) with Q2 = (200z + 10) GéV? appropriate
for the kinematics of the EMC data.
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fully inclusive case, it was possible to construct the functions
¢"(x,Q?%) and FJ(z,Q?) used in Egs. (36) and (37) from mea-
surements of pion induced massive lepton pair production 7N —
uiX. I know of no similarly direct way to obtain the function
H**(z,Q? z) which enters Eq. (38). Therefore, in order to ex-
tract specific predictions from Eq. (38}, the z and 2 dependences
of H™* would have to be modeled. In this sense, Eq. (38) is less
predictive than Eq. {36).

One particularly interesting contribution to eA — e'nX
is associated with elastic scattering from pions bound in the
nucleus. This term is described in the next section.

8. Special Term er — e'w

In this section I consider briefly the possibility of elastic
scattering from a constituent pion in the nucleus.3¥%® In the
deep-inelastic limit, this subprocess provides the following spe-

cific contributions® to H#:

HIA,R(x’ Q2’z) =0 (39)
B (2,@%2) =60~ ARHQ) [ dueifens (7 1)
(40)

= §(1 ~ z)zf} (2) F7(Q%).

Since the pion electromagnetic form factor, F,(Q?), falls as Q~?
at large @7, this special contribution to eA — e'm X decreases
as Q4. However, if it could be identified it would allow a direct
measurement of the pion momentum density zf,(z) in nuclei.
The characteristic signatures of the contribution are the delta
function, §(1 — z), in Eq. (40) and the @~* dependence.

If Eq.(40) is integrated over z, one obtains

[ B (@,Q%2) = 61 - EHFH@). (1)
Recall that (z7) is the mean momentum per nucleon carried by
constituent pions in the nucleus.

A high twist Q~* contribution of the form of Eq. (40)
is also expected for scattering from a free proton, ep — e'r X,
and is therefore included in the function Hj "(z,Q?,z) which
appears in Eq. (38). To proceed experimentally towards the
identification of the special term in Eq.[40), it would be neces-
sary to begin with precise measurements with a deuteron target
to determine the full Q? dependence of H; ™(z,Q?, z) at large
z. The special term in Eq.(40) could then be determined from
the difference

H} (2,Q%,2) - / dzy fi(zn)HY™ (—z—,Qz,z) .
>z TN

N

Of practical concern for the identification of the special
term are:

i. Since the pion must exit the nucleus without being ab-
sorbed, does the term survive?



ii. Is the term large enough to stand out above various back-

grounds?

The concept of “color transparency”?®4%4! suggests that

the final pion will indeed emerge unscathed from the nucleus
at large enough Q*. Exclusive reactions such as er — e'm are
dominated at large Q? by contributions from the valence Fock
state of the pion, |¢gg). The valence state has small transverse
separation of the constituents and therefore negligible hadronic
interactions. Correspondingly, a large momentum transfer ex-
clusive reaction can occur deep within a nuclear target without
any elastic or inelastic initial or final state interaction. In addi-
tion to er — e'm, aother example would be 74 — 7p(A'~1). To
obtain a rough estimate of the expected background to er — e'r,
1 adopt Eq.(19) for the contribution to single pion electroproduc-
tion from “conventional sources”. Since the er — €7 signal is
prominent only at large z, Eq.(33) can be used for the fragmen-
tation function, with A = 1. Summing over the charges of pions,
and integrating over all z and 0.9 < z < 1, 1 obtain

1 W, NS Y , /1.0 .
/ do [ deB} (2, Q% 2) = 3 | Fie @z [ d2Fi(@Y),
(42)

valid for values of Q? such that the high twist term in Eq.(33) is

dominant at large 2. Since [ Fft(z,Q?)dz ~ 0.5(5/18), I derive
a signal to background ratio of

4 _ of{special term)

~ A 2
o{background) ~ 200(z7) Fx (Q°)- (43)

M

r

The mean momentum per nucleon carried by pions is computed!?
to be (zf®) ~ 0.05, and I approximate®® F.(Q?) by Fr(Q*) =

x

(1+Q?/0.4 GeV?*)~!. Correspondingly, 7™ > 1 for Q* £ 3GeV?,

This computation indicates that when an integral is made
over all z, the contribution of the special term exceeds that of
conventional sources of single pions as long as Q7 £ 3 GeV?Z,
An experiment therefore looks feasible. However, at least two
reservations should be stated. First, the restriction Q? < 3 GeV?
is in conflict with the assumption of the deep inelastic limit. A
more thorough computation of the structure functions, Eqgs. (39)
and (40) should be made with non-asymptotic terms retained in
the kinematics. Second, since experiments are done at fixed = or
over a limited interval in z, a more relevant estimate of the signal
to background ratio would be obtained by comparing Egs. (19)
and (40) at fixed z rather than after an integral is done over all
z.

7. Summary and Conclusions

Some of the points made in this paper include:

e There are four independent structure functions for eA —
e'h X. To separate them at fixed z and Q?, it is necessary
to study the ¢, pr, and y(= v/E) dependences of the cross
section.

o Values of Wi = Q*(1 — z)/z 2 50 GeV? are required for
clean separation of quark and target {ragmentation effects

in the data and unambiguous extraction of fragmenta-
tion functions D(z, Q?) for the full range of 2. Values of
Wx 2 5 GeV may be adequate if attention is restricted to
z 2 0.2,

In the region z > 0, factorization is the statement that the
structure functions may be expressed as a sum of terms
each having the form ¢(z, Q*)D(z, Q%).

Study of the nuclear A dependence of fragmentation as a
function of Q?, v, z, and z will provide information on the
breaking of factorization and on the dynamics of parton
and hadron interactions in nuclear matter.

Interesting high twist contributions to the quark fragmen-
tation function D,/,(z, Q%) may be extracted by studying
the behavior of Dy/o(z, Q%) at large 2 and modest Q>

The pion exchange model developed to interpret the A de-
pendence of inclusive structure functions, Fp(z,Q%), leads

to specific convolution formulas for the semi-inclusive struc-

ture functions H;"h(z, Q% 2).

A special term, er — e'm, in which scattering occurs co-
herently from pions bound in nuclei provides a distinct
contribution to eA — e'nX. Identification of this con-
tribution would allow a direct measurement of the pion
momentum distribution in nuclei, fx(z)-
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EXPERIENCE WITH A WARM GAS JET TARGET FOR NUCLEAR PHYSICS

Andrew S. Hirsch, Physics Department, Purdue University,
West Lafayette, IN 47907

Abstract: A room temperature pulsed internal

gas jet target has been used in the main ring at both | 2.22 ¢m -l
FNAL and the Brookhaven AGS in order to study proton-
nucleus .| 58 —>

collisions. We have produced ultra-thin targets in

the range of 1-100 ng/cm2 using a variety of pure and
mixed gases. . .52

Introduction l l 100 pm
E— o £
The viability of a gas jet target situated in \ <:::Ei5.

the main accelerator ring has been demonstrated in a
series of experiments conducted at both FNAL and the

AGS at BNL. Our primary objective in these
experiments has been to study proton-nucleus . . Nozzle
collisions, and to this end we have used a variety of Fig. 1: de Laval

noble gas targets mixed with molecular hydrogen. This
paper summarizes our several thousand hours of
experience with the gas jet.

In 1975, a feasibility study of a room
temperature gas jet target for use in Fermilab’s main

ring was undertaken by Frank Turkot and Paul Mantsch.1
A gas jet target built in the U.S.S.R. by the Dubna
Laboratory had been in use in the Internal Target Area
at FNAL since 1972. This target utilized liquid He
both to cool the gas injected into the vacuum chamber
and to cryopump the gas after it had passed through
the beam. It was hoped that in developing a room
temperature gas target, many of the complexities
encountered in operating the cooled jet could be
avoided.
From the experimental point of view, several

features were deemed important: 1) a variable range

of target thickness from 1 ng/cm2 to 100 ng/cmz, 2) a
jet pulsing time at least 10% or 300 msec of the )
acceleration period, 3) a transverse dimension of the P
jet approximately equal to the horizontal size of the

beam, 4) a density of gas not in the jet proper

171000 of that in the jet, 5) good access to the

interaction region for detectors, 6) continuous

operation with good reliability, 7} a design which

permitted the installation of a spare nozzle in about P
1 hour. Of course, accelerator operation imposes ¢
constraints on any potential gas jet target situated

in the main ring. Scheduled access is usually limited

to once per week at most. The attenuation of the beam

must be small (< .1%) per jet pulse, and the

extraction efficiency of the beam from main ring

unaffected by the jet operation.

Fig 2: Area and Pressure as a function
The de Laval Nozzle of distance along the nozzle

The nozzle chosen for use at Fermilab was a 100
m diaTgter de Laval nozzle (fig. 1) when a gas
initia at rest in the entrance chamber under :
pressureyescapes through such a nozzle, in general, At P,, the pressure at the throat achieves its
two possibilities arise, The first is that the critical value and is given by
pressure in the flow decreases in the converging entry
section up to the throat and increases in the

diverging exhaust section of the nozzle. The flow 2

remains subsonic throughout. This occurs when the P = P.[ } -l (1)
receiver pressure remains above a certain value, Pz ¢ Hr+l

(fig. 2).
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where y is the ratio of specific heats and P, is the
inlet pressure. When the receiver pressure falls
below the value Py, the other possibility occurs; the

pressure in the flow decreases up to the throat, as
before, but now becomes just sonic at the throat. The
flow up to the throat is not affected by further
decreasing the receiver pressure. In the diverging
exhaust section of the nozzle, the pressure continues
to drop. If ideal flow is to be achieved, the
receiver pressure must be matched to the pressure in
the flow at the nozzle exit, Otherwise, the
adjustment to the receiver pressure is made via a
shock front. This behavior is summarized in figure 2.
Under proper conditions, the adjustment to the
receiver pressure will occur several centimeters
outside the nozzle, This is the regime in which the
nozzle was operated in our experiments.

Approximating the flow using a one-dimensional gas
dynamics model that assumes an ideal gas in steady-
state isentropic flow, we can find a relation among
the parameters of interest, namely the density in the
jet when its radius is R, the radius r, of the nozzle
at its throat, the pressure, P, at the inlet, and the

temperature, T, of the gas at the inlet. {fig. 3)

(2)

M is the molecular
molar gas constant.
is given by

weight of the gas and C is the
The gas flow through the nozzle

1

Q- ’“zpi [Y i 1)71 (TZ‘I_J (ﬁc']'rt

(3)

where T, is the temperature of the gas in the target

box. We have measured the throughput of both a 100 and
150 ym nozzle by injecting a known quantity of helium
gas into the nozzle. As shown in fiqure 4, the
agreement with eq. (3) is quite satisfactory.

Measurement of the density profile of the jet
can be made wusing the technique of hot wire
anemometry. This technique, when used to measure a
single component gas, gives reasonable agreement with
the predicted results based on eq. (2). Typically,
the measured values are about 70% of the predicted.
Measurements performed on a 100 um de Laval nozzle
gave a linear relation between the jet full width at
half maximum (fwhm), 2R, and the distance Z from the
nozzle. At inlet pressures above about 40 psia using
hydrogen, the FWHM is independent of the the inlet
pressure and is approximated by

2R = 0.162 + 0.4 (4)
whgte both R‘and Z are in mm. At pressures below 40
psia, there is a transition to a wider profile. At 35
psia,

2R = 0.382 + 0.25 (5)

2Rp, can now be expressed in
pressure and the distance from the

The target thickness,
terms of the inlet
nozzle.
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The Jet Housing and Target Box

The de Laval nozzle was contained within a jet
housing, shown in figure 5, which was situated above
the target chamber. The housing was isolated from the
target box by means of a 12 in. vacuum gate valve.
puring operation, the nozzle was positioned via remote
control in both the vertical and horizontal planes by
maximizing the beam-jet interaction as measured by the
p-p elastic scattering from the hydrogen component of
the target gas. At BNL, the nozzle opening was 3.8 cm
above the nominal beam center line. Horizontal motion
of the jet was 20.5 in. along a line at 45° with
respect to the incident beam direction. 1Inlet gas
pressure was typically about 25 psig for all gases
used. At pressures much lower, a suitable jet was not
formed, whereas at higher pressures, radiative beam
losses became a problem. The inlet valve shown in
figure 5 was actually an electrically operated
solenoid located inside the vacuum immediately before



the nozzle. wWhen the solenoid opens, the gas is
forced through the nozzle and forms a conically shaped
jet within 10 ms. When the solenoid is closed to end
the jet firing cycle, a small amount of gas is left
between the valve and the nozzle. To aid in producing
a sharp end to the jet and to help main ring vacuum
recover, a small 75 liter buffer volume at 1 um Hg was
connected to the nozzle through a second ’exhaust’
solenoid valve. This valve was opened 20 ms after the
inlet valve closed and remained open for 200 ms in
order to remove the residual gas.

A collection cone with an opening diameter of
5.0 cm was located below the jet and approximately 3.8
cm below the nominal beam position. Approximately 80%
of the gas in the jet was captured by the cone which
led to a 1000 liter buffer volume maintained at high
vacuum by two unbaffled 5600 1/s oil diffusion pumps
(DP). The remaining 20% of the gas escaped into the
main ring target box and was pumped away by the main
ring vacuum system, discussed below.

10001,
BUFFER
VOLUME

TOP VIEW

PROTON
BEAM
?ﬁi 751 BUFFER VOLUME ‘
GAS
INLET
12 INCH
ISOLATION
VALVE
ng;ou_. V NOZZLE
8 CONE
10001 il

BUFFER
VOLUME

SIDE VIEW

Fig. 5: Target box and Housing Jet

The Vacuum System and Jet Gating Electronics

The pressure rise due to the 20% of the gas
which escaped capture by the buffer volume posed a
threat to both the circulating beam and to our
detectors. Hence, it was essential to contain the
pressure fluctuations each time the jet was fired, and
to return quickly to ambient vacuum levels.

At FNAL, the long straight sections facilitated
the installation of the target box and additional
pumps along the beam line. The layout at FNAL is
shown in figure 6. T™we 10 in. DPs, each 4000 1l/s,
were located on the target box. Additionally, there
were three upstream and two downstream DPs on the main
ring and at the ends of the straight section there
were two ion pumps upstream and one ion pump
downstream. Table 1 indicates the maximum pressures
encountered at each pump during a typical pulse and
compares these values with the corresponding ambient
vacuum readings.
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Table 1

pPressure fluctuations at various locations in the FNAL
vacuum system (see Fig. 6).

Location Peak Recovery
(Torr) (Torr)
1P downstream 2 xlozg 6 xlo_g
2nd DP downstream 1 x10 ¢ 5 x10_5
1st DP downstream 4 x10_, 1 x10_5
Buffer Volume 3.5x10_, 1 x10 4
Target Box 1.5x10_ 5 x10_4
- 1st DP upstream 2.5x10_5 1 x10_,
2nd DP upstream 7 x10_g 1 x10 g
3rd DP upstream 9 xlO_8 6 xlO_9
IP upstream 1 x1i0 4.5x10

Installing the jet at the AGS required that all
of the up and downstream pumping be accomplished
within the eight feet between bending magnets. To
this end, up and downstream of the central target

chamber two end boxes of 200 1 total volume were added
Each end box was pumped on by a 5600 1/s 10
baffle.

(fig. 7)
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effective pumping speed in half but kept oil out of
the main ring. Each end box was followed by a
differential pumping chamber which further reduced the
pressure rise as it travelled down the main ring beam
pipe. Each differential chamber was pumped on by two
baffled 750 1/s 6 in. DPs. Any gas getting past the
differential pumping chambers entered the main ring
vacuum system. During normal pulsing, the pressure
fluctuation was damped to normal after about 40 feet.
Table 2 contains the vacuum levels for a typical pulse
at the AGS.

Table 2 ] ' .
Pressure fluctuations at various locations in the AGS
vacuum system (see Fig. 7).

Location Peak Recovery
{Torr) {Torr)

Upstream target box 5 xlo_g 1.3x10_6
Downstream target box 7 x10_6 7 x10_,
Central target box 4 xlO_5 9 xlO_6
Buffer volume 1 xlO_7 2.8x10_7
TEL1l 1st DP 5.2x10_6 5.2x10_6
TEL1 MCP Box 3.8x10_7 3.8x10_7
TEL3 1st DP 1 x10 4 1 x10_,
TEL3 MCP Box 7 x10 7 x10

The entire vacuum system was monitored via cold
cathode discharge gauges (DG) on all high vacuum boxes

(<10‘5 Torr) and by thermocouple gauges (TC) located
on each fore and rough pump and on the foreline on the
low pressure side of each DP. All gauge readings were
displayed in the operations trailer. Each gauge
controller had trip sets which were fed into a central
interlock box. In the event the vacuum rose above the
trip point, the appropriate valves would be closed,
DPs shut down, and the jet turned off.

The operation of the jet and vacuum systems was
conducted from the operations trailer some 40 m away
from the internal target. The jet was positioned,
first vertically, then horizontally, by means of
digital counter-comparators to some nominal preset
position. A "jet scan" could then be performed by
changing the horizontal position until the maximum p-p
elastic counting rate was found. The timing gf the
jet firing was referenced to a clock signal provided
by the accelerator. This signal, referred to as T,

represents the start of the acceleration cyc}e.
Figure 8 shows schematically the gating electronics
with times for a typical accelerator cycle. The
gating signals were displayed on a CRT along with the
beam intensity, the magnetic field ramp, the target
box vacuum, and the horizontal and vertical beam
position. A typical display is shown in figure 9.
The jet timing parameters used during data acquisition
are summarized in table 3.
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Fig. 8: Gating Electronics
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Table 3 i ]
Typical times for the operation of the gas jet at FNAL
and BNL.

Occurrence Time after To Time after To
at FNAL at AGS (ms)
Gas valve opens 2.00 200
Gas valve closes 3.00 250
Evacuation valve opens 4.05 270
Evacuation valve closes 5.05 470
T T T
JET INLET GATF
. » . .
JET PUMPOUT GATE Fig. 9: CRT Display

of Gating Signals
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The Monitor Telescope and Jet Density Profile

Our primary objective has been the study of
proton~nucleus collisions, In particular, we have
been interested in the production of heavy nuclear
fragments which emergy from the interaction between
high energy (>1 GeV) protons and heavy nuclear
targets, such as neon, argon, krypton, and xenon. One
might expect that a supersonic jet target could be
made from each of these gases. This is true, except
that as the atomic weight of the gas increases, the
input pressure must be increased in order to form a
jet which has a reasonable profile. At the same time,
the target thickness becomes so high that it causes
significant beam losses. For this reason we used
mixtures of molecular hydrogen and the above noble
gases. These mixtures are presented in table 4. The
use of the mixed gas target allowed us to normalize
the heavy fragment data using the proton-proton
elastic cross section.

The kinematics of p-p elastic scattering gives
the following result for the relation between the
recoil kinetic energy and the angle between this
proton and the incident beam direction:

2Mc2cosze

((E+c?) /(E-Mc?))

T(8) = 3 (6)

- cos”8

where E is the total energy of the incident proton and
M is the mass of the proton. The appropriate choice
of & will give recoil energies in a range that is
manageable for silicon surface barrier detectors. At
both FNAL and the AGS, 8 was close to 85°, Over the
incident energy range at the AGS, the recoil energy
given by eq. (6) necessitated two two monitor arrays.
These were located at 84.8° and inclined out of the
plane defined by the AGS main ring by 30° and 34°.
These telescopes were designated M4 and MS
respectively. The detector thicknesses were chosen to
cover the range of 5 to 18 MeV in M4 and 8 to 28 MeV



Table 4
Target gas mixtures at FNAL and BNL

FNAL target gases BNL target gases

10% xenon-90% hydrogen
10% krypton-90% hydrogen
20% krypton-80% hydrogen
25% argon-75% hydrogen
60% neon-40% hydrogen
100% methane
100% hydrogen

1% xenon-99% hydrogen
3% xenon-97% hydrogen
100% hydrogen

in M5. All detectors had an active area of 50 mmz with
thicknesses listed in table 5. Because the passage of
the beam through the jet caused both visible and
ultra-violet radiation to be emitted from the jet, a

2.2 cm diameter 1360 ug/cm2 nickel foil was placed
between each monitor telescope and the jet to shield
the detectors. The visible light was a useful
indicator that the jet was working and was monitored

by a TV camera stationed at a quartz window on the
target chamber.

Table 5 .
Monitor silicon surface barrier detector thickness at
BNL

Detector Thickness (um)
MADE 200
M4E 2000
M4V 1000
MSDE1 500
MSDE2 2000
M5E 2000
M5V 1000

The monitor telescope housing was isolated from
the target box by a gate valve. This enabled the
monitor to be let up to atmosphere without disturbing
the target box vacuum.

In figure 10, we display data from the high
energy monitor M5, for incident beam momentum 13.9 ¢
Pinc < 15.1 GeV/c, and a 50 ms jet of HZ at 25 psigq.

The p-p elastic cross section
slowly with beam energy and is about 6.5 mb/sr at
84.8°. 1In order to extract the target thickness of
hydrogen, we have modeled the jet density distribution
as a Gaussian,

in this region varies

2,2
—(X-X_)"/2¢
p(X) = Poe ° X (7

where Po is the peak density and the parameter X, is

the displacement of the jet centroid from the nominal
beam-jet intersection point. Since, according to eq.
(6), to each recoil kinetic energy there corresponds a
unique scattering angle, one can treat each energy bin
of the recoiling proton as sampling a different
portion of the jet density distribution, as shown in
figure 11. Thus, the density distribution becomes

-(%Qo)zﬂ(a/cosﬁo)z

p{®) a e (8)

where, ¢ = % -9, a¢/cos¢o = cx/D and D is the

—-jet detector distance.
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Contributions

In addition to the jet profile, we have added an
empirical background contribution to account for
scattering from residual gas in the target box of the
form

A + BT + CT? (9)
where T is the detected proton’s kinetic energy. We
have fit the data according to the above procedure and
show both the total fit and the separate contributions
of the jet and background in figure 10. The target
thickness is found by integrating eq. 7 over the
variable X. After correcting the
data for multiple scattering losses, about 20%, this

yields a target thickness of (2.5 +0.2) x 1043

‘ atoms/cm2 and a fwhm of 11.8 + 0.1 mm. These results

lie in between those predicted on the basis of egs.
(2), (4), and (5) with 2 = 38 mm. This is quite
reasonable since at 25 psig we have not yet made the
transition to the narrow jet profile. Further details
concerning the monitor array and fitting procedures
can be found in references 2 and 3.



r

Si DETECTOR

x|

ok |

BEAM DIRECTION ~—>
Fig. 11: p-? Elastic Geometry

The Fragment Telescopes

Heavy nuclear fragments emerging from high
energy p-nucleus collisions typically have energies
between 1 and 2 MeV per nucleon. Reaction products
extend down to virtually zero kinetic energy. Thus,
it is important that one use a thin target in order to
limit the energy lost via ionization. In addition,
one nust design a low mass fragment detection
telescope in order to determine the mass, charge, and

energy over a wide range of fragment types and
energies.

The fragment telescope at FNAL, shown
schematically in figure 12, was located at a

scattering angle of 34° and was attached to the first
differential pumping station. Micro-channel plates,
MCP, were used to provide fast timing signals,

following the design of Zebelman, et al.4 Since these

detectors require a vacuum of less than 5 x 10_S Torr

to ensure their long-term operation, they were housed
in aluminum boxes which could be vacuum isolated from
the rest of the system. A turbomolecular pump (450
1/s) maintained the vacuum in this portion of the
detector telescope.

The telescope terminated in a gas ionization
chamber. An unsupported 3/4 in. diameter polypropylene

window, 80 ug/cm2 thick separated the aluminum boxes
at high vacuum from the interior of the gas detector
which was at 20 Torr. The flight path though the gas,
P-10, was 11.11 cm. There was enough diffusion of the
gas through the thin window so that it was necessary
to have a diffusion pump between the gas detector
window and the last MCP. A fast closing valve was
inserted as well to protect the timing detectors in
the event of a window rupture. The experimental
apparatus was operated for several thousand hours
during the course of testing and data acquisition. No
catastrophic failures occurred and no detectors were
lost due to vacuum system failure.

The fragment telescope was supported by an
aluminum frame which was attached at its back end to a
remotely controlled mechanical driving mechanism. 1In
addition, a pivot point employing a flexible vacuum
coupling located in the front of the telescope near
the target box enabled the telescope to move
horizontally and vertically +2 in. Once the jet
position had been established by maximizing the
counting rate in the monitor telescope, the fragment
telescope was then driven until its counting rate was
maximized.

As an example of the data acquired with this
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apparatuss, we show the aluminum masses in figure 13.
The flight of the fragments was between the first MCP
(START) and the surface barrier detector (STOP) in the
ionization chamber. Corrections were made for the
energy and multiple scattering losses. The excellent
mass resolution permitted the measurement of fragment
kinetic energy spectra to quite low energies. Some
typical spectra are shown in fig. 14.
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Conclusion

We have described the operation of a supersonic
gas jet which has been used in several experiments at
different national laboratories. The internal target
has been proven to be flexible enough to permit
adaptation to the different physical constraints
encountered. The unique feature of the gas jet is its
operation in the accelerator’s main ring, where
multiple traversals by the beam result in an effective
target thickness comparable to that of a foil target.
The ability to pulse the jet over the entire
acceleration cycle, allows one to measure the energy
dependence of the cross section of interest, while the
ability to pulse mixed gases makes normalization of
the data possible.
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POSSIBILITIES FOR POLARIZED INTERNAL TARGETS

R. D. McKeouwn
W. K. Kellogg Radiation Laboratory
California Institute of Technology
Pasadena, CA 91125

An important feature of experiments with internal targets
in storage rings is the possibility of using thin polarized gas
targets. Various methods of polarizing different nuclei are un-
der development, and suitable target thicknesses appear quite
feasible. A survey of techniques is presented with a discussion
of advantages, disadvantages and possible problems that will
need to be addressed.

Introduction

Many experiments in electronuclear physics benefit from
the use of polarized targets. Often there are amplitudes that
cannot be extracted by other methods, and the existence of
interference effects in spin dependent quantities allows better
access to small amplitudes. These features of polarized tar-
gets have been discussed by others at this workshop, so I will
concentrate on the target technology itself.

The use of polarized targets in electron scattering exper-
iments was pioneered at SLAC!, and improvements in the
technique have been recently reported by the Bonn group?.
These polarized hydrogen targets contain hydrogen (or deu-
terium) in beads of alcohol or ammonia at low temperature
(= 0.1°K). A large magnetic field (typically 5 Tesla) is applied
to produce electronic polarization. Application of microwaves
at a resonant frequency induces polarization of the protons (or
deuterons). The protons become highly polarized, but tensor
polarization of deuterium is low. Although the protons are
highly polarized, only a small fraction (< 20%) of the nucleons
in the target are actually polarized due to the presence of heav-
ier nuclei in the beads. This reduces the measured asymmetry
which makes the experiments correspondingly more difficult.
The high magnetic field causes problems in deflecting the in-
cident and/or scattered particles. (The detailed extraction of
small amplitudes requires accurate determination of scattering
angles and careful alignment of the spin direction with respect
to particle momenta.) In addition, the targets become radia-
tion damaged when the incident beam current is greater than
a few nanoamperes, so that the full beam intensity cannot be
utilized.

In contrast, the internal targets are of high purity, high
polarization, and will not suffer from radiation damage. The
holding field is usually in the range of 10-100 Gauss, which
simplifies the problem of particle deflection. The type and de-
gree of polarization is easily varied so that, for example, tensor
polarization is as easy as vector polarization to achieve. Of
course, the main disadvantage is the very thin target thick-
ness, but this can be offset by the use of a storage ring with
high circulating current.

Table I summarizes the basic beam parameters of the two
facilities most likely to be utilized in the near future. Also in-
cluded in the table is the estimated maximum target thickness
allowed in the ring. Note that a thin (10ug/cm®) carbon foil
corresponds to 6 x 10'%/4 atoms/cm?, so we should consider
windowless, differentially-pumped gas targets.

For definiteness, I will consider the nucleon cross-section at
Q?* = 1(GeV/c)? as a reference cross-section for rate estimates.
(This cross-section is at the boundary between the PEP energy
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Table 1. Relevant Storage Ring Parameters

PEP Bates PSR
Energy (GeV) 4-18 0.3-1.0
Current (mA) > 20 40
Max. Target Thickness A <6 6x 101%/4 101%/4
(atoms/em?) A =40 6 x 1013 2 x 1077

range and the MIT-Bates range.) Then we roughly find that
the cross-section per nucleus is given by

% $2.5 % 10-33E2A°—S“rii, (1)
where E is the incident beam energy. For a solid angle of 10
msr (0.01 sr) at E = 2GeV the cross-section becomes

05 1x10"*4em?. (2)
To obtain a rate of 0.1 Hz (10* counts per day) then requires

a luminosity of L 2 10%*/4 cm?/sec, and assuming a beam
current of 40mA the target thickness must be

n, 2 4 x 10'*/A atoms/cm?. (3)
I will use the reference value of 10'%cm™2 as a goal for target
thickness. Of course, some experiments will require more or
less, but this is usually within an order of magnitude of the
required thickness for experiments that have been considered
recently.

I will survey the development of hydrogen and 3He tar-
gets. Certainly other targets will be feasible (such as optically
pumped alkali vapors), but these are the ones of most common
interest and have a broader range of applicability in the field.

Hydrogen Targets

1 will discuss three types of polarized hydrogen targets
which are relevant to internal target designs. Each could be
used as either a proton or deuteron target.

The first technique has been under development for many
years: the atomic beam®. A schematic is shown in fig. 1. A
dissociator is used to form an atomic beam of H atoms, which
is passed through a sextupole magnet yielding atomic (but not
nuclear) polarization in a strong magnetic field. Polarization
is transferred to the nucleus by inducing RF transitions of var-
ious types. The resulting beam of ~ 5 x 10! /cm® could be

used to form a target by intersection with the electron beam
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Figure 1. Polarized hydrogen atomic beam apparatus.

of ng ~ 5 x 10'2/cm?. This falls short of our goal by about
& factor of 100, and two methods are being explored to try to
increase the density: (a) cooling the H beam?*, and (b) storing
the H atoms in a bottle®. Cooling the beam slows the atoms
so they spend more time in the path of the electron beam and
increases the acceptance of the sextupole magnet. Cooling to
20°K should give about a factor of 50 improvement in density,
but this has not been achieved in practice. The storage bottle
is being developed at the Univ. of Wisconsin and they have had
some success recently. The problem is that after several wall
collisions, an H atom is likely to be depolarized or recombine
to form a molecule. In order to reach n, ~ 10!3/cm? one will
need to develop wall coatings that allow 10%—10* wall collisions
without loss of polarization. The Wisconsin group has recently
achieved 120 bounces and hopes for further improvements®.

Another technique which is currently under development
at Argonne’ is the spin-exchange method, shown schematically
in fig. 2. Dissociated hydrogen is introduced to a cell con-
taining a small amount (~ 1%) of potassium. The potassium
is polarized by optical pumping with a dye laser, and trans-
fers polarization to the hydrogen by spin-exchange collisions.
The Argonne group expects to achieve a polarization rate of
~ 5 % 1018 /sec with 100 milliwatts of laser power. This feed
rate is equivalent to the best atomic beam available, and one
could expect to increase the laser power to several watts. If this
is achieved, the demand on the wall coatings could be reduced
to the point where the existing coatings may be sufficient. The
present status is that the Argonne group has just observed
a polarization signal for the first time®, and is proceeding to
make improvements.

An interesting new technique has been proposed by
Kleppner®, and is being used to develop a target for the AGS
at Brookhaven. The basic idea is sketched in fig. 3. Dissoci-
ated ultra-cold H (0.5°K) is expelled by a very large (~ 8Tesla)
magnetic field. The resulting beam would be well focussed and
monochromatic, with an estimated output density about a fac-
tor of 100 greater than a conventional atomic beam. RF tran-

sitions would then be used to create high nuclear polarization.
The technique requires quite a bit of cryogenic equipment and
a superconducting magnet, but certainly looks quite promising
at the moment.
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+
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Figure 2. Polarized deuterium using spin exchange

%He Targets

A polarized *He target can be used essentially as a po-
larized neutron target. The two protons are predominantly
coupled to spin zero, so that the nuclear spin is primarily the
neutron spin. Thus, measurement of a spin observable selects
the neutron with only small corrections for the protons, which
can be calculated accurately with Fadeev techniques!®. Two
techniques are employed to polarize He, and both have been
improved markedly in the last few years.

The first method is being developed by Chupp at Harvard
and McDonald at Princeton!!, and is shown in fig. 4. The *He
is in a cell with a small amount of rubidium and about 20% ni-
trogen. The rubidium is optically pumped with a dye laser and
transfers spin to *He by spin exchange collisions. The Rb is
optically thick to facilitate efficient angular momentum trans-
fer, but this causes the phenomenon of “radiation trapping”,
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Figure 3. Ultracold polarized hydrogen apparatus
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Dye Laser

Figure 4. Polarized 3 He by spin exchange with Rb.

where re-emitted photons are absorbed leading to saturation
of polarization at low values (the absorbed secondary photons
depolarize atoms on the way out). The cure is to add the ni-
trogen as a buffer gas so that the Rb collisionally de-excites,
eliminating the secondary photons. The presence of nitrogen
is again a nuisance as it was for external hydrogen targets, but
perhaps this is a soluble problem. In addition, the feed rate
is low, but this may also be improved. Note that no bottle
problem exists for *He since, being a noble gas, wall collisions
are not severely depolarizing.

Another technique, shown in fig. 5, has been developed by
Leduc and Laloe at L’Ecole Normale Superieur in Paris'2. Qur
group at Caltech is presently adapting this technique to build
realistic targets for use in electronuclear physics experiments!?.
In this technique, a small population of metastable triplet state
3He atoms is optically pumped by a laser. The pumped atoms
collide with ground state atoms and exchange electronic states
leaving a polarized nucleus in an atomic ground state. Grad-
ually, angular momentum is transferred to completely polar-
ize the ground state population. The polarization rate with
present laser technology is ~ 10'"/sec, and the 3He is pure.
This appears at present to be a very appropriate method for
internal target use.

The Bottle and Effects of the Electron Beam

Most of the target designs discussed above require the use
of a storage bottle to hold the gas in order to generate the

appropriate target density. The typical bottle is shown in fig.
6. It consists of a 10 cm long cell with gas at 10¢/cm® and two

17

10 /sec

2a

long tubes (length ! and radius a) to provide an impedance to
gas flow and allow the beam to pass through. In the molecular
flow limit (mean free path long compared to a) one can express
the tube conductance, F, as'*

Fe 5 x 10 /sec
= 0% /em?
Ko,
= —ma?,

4

(4)

where K = £4, 5 = 1.5x10*/T/4 cm/sec (thermal velocity),
and we have assumed a feed rate of 10'7 atoms/sec into the
bottle which is at temperature T degrees Kelvin. For typical
values of A = 3, I = 30cm, and T = 300°, one computes that
the tube radius must be a = 0.36cm. The tube radius is the
sensitive parameter, as the conductance goes as a®>. One can
also estimate the mean holding time in the bottle as 0.01-0.1
sec which yields the number of wall collisions as 10® — 104,

1 will consider two possible sources of depolarization by
the electron beam: ionization and magnetic field effects. The
ionization rate is easily computed for minimum ionizing par-
ticles at 40mA intensity by assuming ~ 30eV /ionized atom is
required. This yields the result 1.5 x 10!*/sec, which is much
less than the typical feed rates of ~ 10*7. This does not seem
to be a problem.

Laser

—>
% He (@ 4K)

Figure 5. Polarized 3He by Optical Pumping of Metastables

10** 1em?® @ T°K

—» 5 x10 16 /sec

I 2

<4— | —»<i0cm—>et— | —>

Figure 6. Bottle design for polarized gas target
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The magnetic field of the beam is a rather subtle issue.
We consider a hydrogen target, and a pulsed beam structure
with pulse length T and peak current I,. The peak magnetic
field in the vicinity of the beam is B, and occupies about 104
of the target volume (this gives the number of affected atoms).

If
Bp 2 BO (5)

(B is the holding field) and

TR (‘YBBP)_l (6)
(7B is the Bohr frequency 1.7 x 107rad/G/sec), then there can
be significant depolarization. The atoms will precess about
the randomly oriented B, by many radians within the affected
volume. Thus the target will be depolarized in ~ 10* beam
pulses. If B, <« By, the spins will only precess about By with
little depolarization. If 7 &« (v8B,)~!, then an atom only

precesses a small amount during the beam pulse, and then
precesses about By, so a random walk takes place, and the
depolarization is not severe.

At PEP with 40 mA beam, B, ~ 5kG and 7 ~ 10~ 10sec,
so that a hydrogen target would be depolarized in ~ 10™3sec
(this calculation assumes 3 bunch operation). If the beam is
spread out in hundreds of bunches, the peak magnetic field is
reduced by ~ 100 and the target will retain its polarization.
At Bates, where one only encounters the microstructure, the
beam pulse is short compared to a rotation time so very little
depolarization will occur. For noble gas targets such as 3He,
the frequency of spin precession is a factor of ~ 2000 smaller
and these effects are not anticipated to be a problem.

Summary

In summary, it appears that several viable target technolo-
gies can be applied to the polarized internal target problem.
Densities of 10'%/cm? seem quite feasible by several methods
for H, D, *He, and other types of polarized targets. Many ex-
perimental groups are presently working on the construction
of realistic targets and it seems likely that in the next year or
two they will achieve the goals outlined here.

The depolarization due to the electron beam can be a
problem when peak currents are high for long beam pulses.
However, it appears that by spreading the beam over many
bunches, the problem can be handled adequately. Neverthe-
less, one should consider these effects carefully in designing
specific experiments.

Finally, it seems that with the anticipated target tech-
nology developments outlined here, and the very important
physics issues that can be addressed by using that technology,
more consideration should be given to the availability of ap-
propriate facilities. The Bates PSR upgrade proposal explicitly
provides for generation and maintenance of longitudinal polar-
ization of the electrons at the interaction region in the ring.
A detailed study of the requirements for a similar facility at
PEP has not been carried out. B. Norum has worked on var-
ious schemes for maintenance of longitudinal polarization!s,
but more work and some engineering need to be done to really
assess the feasibility of these experiments at PEP. I hope that
this issue will be addressed in the near future so that optimal
utilization of these various target designs can become a reality
at both facilities.
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A LARGE ACCEPTANCE MAGNETIC SPECTROMETER FOR CEBAF

Bernhard A. Mecking

CEBAF
12070 Jefferson Avenue
Newport News, Virginia 23608

Abstract

A large acceptance magnetic spectrometer for the
investigation of electron- and photon-induced nuclear
reactions at CEBAF is described.

I. Introduction

The scientific program for the CEBAF 4 GeV elec-~
tron accelerator aims at studying the structure and
the motion of the nuclear constituents. The experi-
mental equipment that has been proposed conmsists of
focusing magnetic spegtrometers with relatively small
acceptances (A0 = 10" e4r, Ap/p = 10%) but high momen-
tum resolution (Ap/p € 10™") and a large acceptance
spectrometer. JIn the following report, the physics
motivation for a large acceptance detector, the
general design criteria and technical details of the
detector will be discussed.

II. Physics Motivation

Electron scattering experiments have provided most
of what we know about the structure of nuclei. How-
ever, our knowledge is limited to the electromagnetic
structure of ground states and excited states of
nuclei (explored in (e,e’) experiments) and to some
aspects of the nuclear single-particle structure
(explored in (e,e’p) experiments). Very little is
known about the many-body aspects of the nucleus, like
e.g. the structure of bound nucleons, the origin of
short-range correlations or the propagation of meson
or nucleon resonances in the nuclear medium. The
reason for this limitation is largely due to the tech-
nical features of the available experimental
facilities:

a) The low duty-cycle of existing electron
accelerators limits coincidence experiments to a
narrow kinematical region where a sufficient
signal-to-noise ratio can be achieved. It also
makes the operation of large acceptance detectors
inefficient because their counting rates are
limited by the instantaneous background rates.

b) High accuracy in charged particle detection can
only be achieved in small acceptance magnetic
spectrometers.

Important technical developments have changed this
picture

a) Electron accelerators with 100% duty-cycle are
being built.
b) The quality and versatility of large acceptance

detectors has improved dramatically.

A large acceptance detector will be required for
the detection of multiple particle final states and
for measurements at limited luminosity. Examples will
be given for these experiments:

1. Multiple Particle Final States

For reactions involving several particles in the
final state, high detection efficiency and a model-
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free analysis of the data can only be achieved by
using a detector with a wide coverage of the angular
and energy range for all outgoing particles. Examples
for reactions which are of special interest for CEBAF
are:

a) Hadronic final states in inclusive electron
scattering off nuclei. Single arm electron
scattering and (e,e’p) coincidence experiments
have generated puzzles which can only be solved by
a detailed investigation of the hadronic final
state. Using a large acceptance detector, a bias-
free investigation can be carried out by
triggering on the scattered electron only. In the
off-line analysis, the inclusive scattering cross
section can then be decomposed into its hadronic
channels. With increasing energy loss for the
electron, the following phenomena can be studied:
(1) Electron scattering at large negative y (y=

momentum component of the struck nucleon
parallel to the direction of the virtual
photon gq) yields higher cross sections than
expected from standard nuclear models. The
excess cross section can be explained by high
momentum components in the nuclear wave
function (+ emission of a single nucleon) or
by interactioh of the virtual photon with
quark clusters’’ (+ emission of nucleon pairs
or nucleon clusters like deuterons etc.).
These two possibilities can be distinguished
by detecting the hadronic final state.
(2) Quasi-free electron scattering off bound
nucleons (requiring the hadrornic final state
to contain a recoiling nucleon around the
direction of q). A long-standing problenm is
the failure of the Coulomb sum rule to
account correctly for the number of protons
in the nucleus. This has been interpreted as
a change of the nucleon form factor in the
nuclear medium or as evidence for a direct
interaction of the virtual photon with a six-
quark bag.
(3) Multi-nucleon emission (requiring the
hadronic final state to contain 22 nucleons).
Two nucleon emission is assumed to be respon-
sible for filling the dip between the quasi-
free peak and the A-peak; there should also
be strength in the A-region due to A-
excitation with subsequent A-N interaction.
(4) Production and propagation of non-strange (A
and higher nucleon resonances) and strange
(A, L and their excited states) 3-quark ob-
jects in nuclei (requiring the hadronic final
state to be a #N, yN, 72N, KA etc. system in
the appropriate mass range). Modifications
of the properties of these resonances in the
puclear medium can be studied.

(5) Deep inelastic electron scattering. The aim

of this program is to study the badroniration

of the struck quark in the region of large
momentum and energy transfer and to under-
stand how the inclusive cross section is
built up out of individual hadronic channels.



Good particle identification for multiple
particle final states down to very small
angles (6 € 5°) is important for this
program.

b) Photo- and electro-excitation of the higher
nucleon resonances. The harmonic oscillator quark
model with QCD motivated additions (like a_one-
gluon exchange term) predicts, in addition to the
known nucleon resonances, many states which have

not been observed. A plausible explanation®’ is
that these states decouple from the #N elastic
channel and can, therefore, not be observed in
elastic N scattering. Since, on the other hand,
the photocoupling is still strong, photoexcitation
becomes the only available formation mechanism.
Promising decay channels are:

Photo- (and electro-) excitation of vector mesons:

N+VN

= p,w,4). An important goal of this program is
to measure the 7-Y coupling constant to get jnfor-
mation on the hadronig content of the photon™ and
its variation with Q°. In addition, the vector
meson coupling to the nucleon can be determined.
In boson exchange models of the nucleon-nucleon
interaction, this quantity is of fundamental
importance for the short range part of the NN-
interaction.
d) Hyperon production and interaction: g N+ K 4 (I)
The basic cross sections and coupling constants
for these reactions have to be known for the
analysis of the electromagnetic excitation of
hypernuclei. Using the outgoing kaon to determine
the A kinematics, a tagged low intensity hyperon
beam can be generated. The production rates are
large enough so that the decay and the interaction
of the produced hyperon can be studied in the
reactions:

(1) Ap+ A p (elastic scattering)
Because of its short decay length, the inter~
action of low momentum A’s is best studied in
the production target. Using the qp + K'A
reaction for A production, about 500 A
scattering events can be observed per day in
a large acceptance spectrometer.

; d »X"An

his reaction allows also to study the AN
interaction. [Especially interesting is the
search for long-lived S8=-1 dibaryons; the
masses of these object§ have been predicted
to be around the L-cusp ),

2

(3) Radiative hyperon decay: A®(1520) »+ 7 A and
A*(1520) + 7 L.

Using a tagged photon beam, about 5¢10°%
A" (1520) can be produced per day. The
radiative decay width yields a sensitive test

of the quark structure of the system.
e) Exclusive photoreactions on few-body systems

7d+NN+«x

s
He+ ppn
+AA 1

*NNr«x + x (3N)

The basic properties of bound 3-quark systems are
best studied in few-body nuclei because the nuclear
structure can be calculated exactly (at least in the
framework of a non-relativistic potential model).
Interes}ing questions are the off-shell behavior of
the TNN” vertex, the strucgyre of the N'N interac&}on,
}ge existence of dibaryons” and of 3-body forces™ in
e.
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f) Interaction parameters of unstable particles.
The measurement of the A-dependence of total pro-
duction cross sections for unstable particles will
determine their total hadronic cross sections. In
contrast to hadronic production reactions, the
electromagnetic production offers the big advan-
tage that the interaction of the incident
projectile is so weak that the A-dependence of the
cross section can be interpreted directly in terms
of the interaction of the produced particle.
Especially interesting is a comparison of the
hadronic interaction of the n(548) and 5’ (958)
which are supposed to be different mixtures of the
same SU(3) states. The large 5’ mass is
attributed to a sizeable exotic (gluonic or
hybrid) component; this should show up as a
g}fference in the hadronic behavior of 5 and 9’

A comprehensive study of the reactions b) - e)
requires the use of polarized beams (longitudinally
polarized electrons, linearly and circularly polarized
photons) and polarized targets (polarigzed protons,
vector- and tensor-polarized deuterons).

2. Limited Luminosity

The luminosity (target density °,beam intensity)
limitation can be due to the target or due to the
beam.

a) Limitation due to the beam intensity.
Experimental programs using secondary particle
beams (real 7, g, 7, K) need large acceptance
coverage %o collect sufficient count rate,
independent of the number of particles in the
final state. Especially important are tagged
photon beam exper;ments where the intensity has to
be limited to 210’ tagged 7/sec to keep accidental
coincidences small.
b) Limitation due to the use of a polarized target.
(1) Polarigzed solid state hydrogen and deuterium

targets.

For present solid state polarized targets

(ammonia or deuterated ammoniag the
luminosity has to be kept low (210*3cm™®sec™®
for tensor-polarized deuterium, ~10*%cn?sec”

for polarized hydrogen) ir order to avoid a
reduction of the polarization due to beam
beating and radiation damage.

1

(2) Polarized gas targets.

The disadvantages of polarized solid targets
(high magnetic fields, nuclear background,
low temperatures, limited to hydrogen and
deuterium) can, in principle, be avoided by
using a low density polarized gas target in
combination with a high intensity electron
beam. A dedicated electron storage ring
would clearly be ideal for this program.
However, the rapid progress in gas target
technology will make experiments in the
external electron beam possible.

Compared to a storage ring, polarized gas target
experiments in an external beam will have lower
luminosity. However, there are also some important
advantages:

a) No difficulties to achieve longitudinal electron
polarisation.

b) Modest vacuum requirements + less differential

pumping will be required.

c) Greater flexibility in the arrangement of the
experimental apparatus,
d) Since the beam passes through the target only

once, small beam losses are acceptable + thin



windows or very small diameter openings for bottle
targets can be used.

These features should also make it possible to
achieve higher target denf}ty than ia a storage ring.
A ninimum density of 210°° atoms/cm® is necessary to
give reasonable counting rate., At this luminosity
(510'°cm'=sec'1), the combination of a polarized gas
target and a large acceptance spectrometer will be
useful for the investigation of reactions induced by
quasi-real photons.

For 'Be, the densities alrea@x reﬁfhed_ff") give
a luminosity of several 10°“cn™ “sec This
luminosity is high enough to allow for an extensive
nuclear physics program especiglly with a large
acceptance detector. Polarized "He targets can be
used to investigate the structure of the 3-body system
or as a source of polarized neutrons. The following
experiments are of special interest:

(a) 'H;(z,e’n)pp to determine the electric form
factor of the neutron G:.

(b) 'H;(;,e’A°)pp to determine the C2/M1 ratio for
the n+A° transition.

I1I. General Design Considerations

A large acceptance detector that is suitable for a
broad range of photonuclear experiments using electron
and photon beams should have the following properties:

1. Homogeneous coverage of a large angular and energy
range for charged particles (magnetic analysis),
photons (total absorption counters) and possibly
neutrons.

2. Good momentum and angular resolution (+ magnetic
analysis for charged particles).

3. Good particle identification properties in the
momentum range of interest (+ combination of
magnetic analysis and time-of-flight).

4. No transverse magnetic field at the beam axis (to
avoid sweeping e e -pairs into the detector).

5. No magnetic field in the target region to provide
for the installation of polarized (solid state or
gaseous) targets requiring their own guiding field
or other complicated equipment (cryogenic or track
sensitive targets, vertex detectors etc.).

6. Symmetry around the beam axis to facilitate
triggering and event reconstruction.

7. Large [Bedl for forward going particles to account
for the Lorentz-boost.

8. High luminosity and count rate capability. The
detector should operate in the difficult
background environment encountered in electron
scattering experiments. The background cau;ed by
a tagged bremsstrahlung photon beam (N_ =~ 10"/sec)
is much lower and will give no ddditional
constraints.

9. Open geometry for the installation of a long time-
of-flight path for neutron detection.

The consequences of these requirements for the
choice of the magnetic field configuration have been
studied. Transverse dipole, longitudinal sclenoidal
and toroidal fields have been considered. In all
cases, the target has been assumed to be inside the
magnetic field volume. The results are summarised in
table I. To fulfill requirements #2 and #3, a large
/B*d]l and a long time-of-flight (ToF) path is
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necessary. This can be achieved by all field
configurations. The transverse dipole field is ruled
out by #4 in combination with #8; it also violates §8.
The solencid which has become the standard magnetic
field configuration at e'e” colliders violates
requirements #5, #7 and #9; therefore, it has to be
ruled out. The only configuration that fulfills all
requirements is the toroidal magnetic field. Since
the g-range for magnetic analysis is limited due to
the coils, the detection efficiency for high
multiplicity (> 4) final states will be low. However,
in view of the present CEBAF program, it seems to be
more important that the detector will be capable to
complement the standard spectrometer set-up instead of
trying to specialize it for high multiplicity
reactions.

IV. The Large Acceptance Detector

The solution that has been proposed for the CEBAF
Large Acceptance Spectrometer (LAS) is a supercon-
ducting toroidal magnet equipped with drift chambers,
scintillation counters and shower counters. A
description of the main features of the LAS will be
given below.

1. Toroidal Magnet

The toroidal magnet consists of 8 coils arranged
around the beam line to produce essentially a magnetic
field in ¢-direction. The size, field strength and
coil shape were determined on the basis of the physics
requirements (see table II for details). A
perspective view of the magnet is shown in fig. 1, the
coil shape is given in fig. 2. Each superconducting
coil is embedded in a rigid coil case (about 4 meter
long and 2 meter wide). Details of the coil layout,
construction and protection have been worked out
during the Workshop 39 CEBAF Spectrometer Magnet
Design and Technology ) The coils are housed in
individual cryostats to facilitate manufacturing,
assembly and testing. For the magnetic field calcu-
lations, the finite size of the coil was simulated by
adding up the conmtributions of 4 discrete conductor
loops (as indicated in fig. 2). The r-dependence of
the magnetic field is given in fig. 3 for differént s=-
positions. In a cylinder of 50 cm diameter around the
axis the magnetic field is $10 Gauss. As demonstrated
in fig. 4, the field lines are essentially circles
(corresponding to a pure ¢-field) with important
deviations close to the coils. Figure § gives the
integral over the ¢-component of the field as a
function of the particle emission angle §. For
forward going particles, the integral is about twice
as high as for particles going sideways.

e

Figure 1 Perspective view of the toroidal magnet.
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1.8 n (2=0 correspodnds to the target
position) and ¢=0 (corresponding to the
mid-plane between two coils).

The inner section of the coil is circular to avoid
transverse (in ¢-direction) motion of those outgoing
particles that do not form a 90° angle with the
conductor. This is demonstrated in fig. 8a for a
rectangular coil shape (the current has been adjusted
to make the total bend angle the same as for the
circular coil). The transverse deflection depends on
the angles @ (relative to the axis), ¢ (asimuthal
angle) and on the particle momentum and polarity. The
resulting loss of events will be difficult to correct.
By using a circularly shaped coil, the angle of
incidence can be kept normal to the coil, independent
of 8. As shown in fig. 8b, the transverse particle
motion is very much reduced.

2. Particle detection system

The proposed particle detection system consists of
drift chambers to determine the track of charged
particles, scintillation counters for the trigger and
for time-of-flight, and shower counters to detect
photons. A side view of the detection system is given
in fig. 7, a cut in the target region in fig. 8. Note
that all 8 segments are individually instrumented to
form B independent magnetic spectrometers. This will
facilitate track reconstruction in a large background
environment.
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the particle emission angle relafive to the
axis; the target has been assumed to be at
£ = 0 m. Particle momentum 1 GeV/c.

2.1 Tracking chambers

Charged particles are tracked by planar wire
chambers. Each planar chamber consists of 4 layers of
sense wires stretched in ¢-direction. The position of
the hit along the sense wire will be determined by
charge division.

2.2 Scintillation Counters

The outer planar drift chambers are completely
surrounded by scintillation counters. The barrel
counters consist of B*8 counters, each about 400 cm
long, 20 cm wide, and 6 cm thick. The counters are
viewed by 2' phototubes at both ends for improved
timing and position resolution. The endcaps are
covered by 8¢4 pie-shaped counters, each viewed by one
photomultiplier. Because of the high rate, the
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Figure 8 Transverse particle deflection in toroidal

magnets for particles with 6=40°, p= 0.2,

0.4 and 2.0 GeV/c and ¢=218° (¢=0

corresponds to the mid-plane).

a) rectangular coil shape. Particles that
are deflected away from the axis by the
¢-component of the field are bent back
to the mid-plane; particles that are
deflected away towards the axis are
bent towards the coils and are lost.

b) coil with a circular inner section.
Note that there is no transverse motion
at inner edge of the coil.
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Figure 7 Transverse view of the particle detection

system.

forward endcap counters are split into two rings: one
ring at large and one at small angles. The
scintillation counters serve the double purpose of
providing the trigger and the time-of-flight
information. Also, a fraction of the high energy
peutrons (25%) will interact in the scirntillation
counters and will thus be detected.
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direction of the beam for £=0 (target
position).

2.3 Shower Counter

The detector is surrounded by shower counters for
the detection of showering particles like high energy
photons from the decay of hadroans like 7°, 7, 7’ etg.
Due to the size and the weight of the counter (%80 m°,
~100 tons), inexpensive materials and construction
techniques have to be used (e.g., a sandwich of lead
plates interleaved with active material like scintil-
lators or gas detectors). The expected energy resolu-
tion is U/E7 < .13/JE1(GeV).

3. Maximum Luminosity

In an electron beam, the main background is caused
by electron-electron scattering and wide angle
bremsstrahlung. At a luminosity of 1023 cn %egec?,
the rate of Mgller scattered electrons is estimated to
be of the order of 5°107sr ‘esec”? Since the
energies are low, the electrons are bent back even by
the small magnetic fringe field. A fraction of the
electrons will, however, radiate photons that will
subsequently generate spurious signals in the
chambers. The total integrated flux of photons due to
wide angle bremsstrahlung has been estimated to be of
the order of 10°sr~lesec™® (luminosity 10%%cm ?esec™?,
E°= 2 GeV, 13¢ target, all photons above 10 keV).
Compared to these electromagnetic background rates,
the hadronic rates are nearly negligible. The total
rate of electrons scattered into the angular range
15°$6<160° due to hadronic processes is less than
1000/sec. The total hadron rate (mainly produced by
by quasi-real photons) is 25010‘/sec. On the basis of
these counting rate estimates and alsoc due to past
operating experience of a large acceptance detector at
an electron accelerator'? , one can expect that the
detector can be operated at a luminosity of = 10*%cm”

esec”! (corresponding to a 1 BA electron beam on a 1
mg/cm’ target).

There will be no difficulties to operate the
detector at tagged photon beam intensity (21077/sec).
(At this photon beam intensity, the hadronic
production rate is about the same as in electron beanm



with a luminosity of 10”cm"sec'1; however, due to

the lack of Mgller scattered electrons the background
rate is much lower.)

4. Track Resolution

The track resolution has been calculated taking
the position resolution of the chambers and multiple
scattering into account. The momentum resolution Ap/p
for known vertex position is shown in fig. 9 for 1
GeV/c particles as a function of the particle emission
angle 8. The momentum resolution reaches 0.8 % in the
forward direction; in the central part, it drops to
1.5 % due to the decreasing [Bedl. For known vertex
position, Ap/p is dominated by multiple scattering;
therefore, it is nearly constant in the whole momentum
range of interest. The initial angle can be
deternined with an uncertainty A6 S 1 mrad for 1 GeV/c
particles (2 mrad for 0.2 GeV/c).

Momentua Resolution
5.8 T T T T

dP/P L%} (F uhm)
w
®

T bttt BTN
X x
XXX

I i 1
90.@ 120.0 Theta 152.0 180.0

Momentum resolution Ap/p (FWHN) as a
function of the particle emission angle 8
for p = 1 GeV/c. The vertex is assumed to

be known.
x contribution of the chamber position
resolution

multiple scattering contribution
sum of both contributions.

+

5. Particle Identification

The combination of momentum and time-of-flight (a
time resolution of A7=200 psec (sigma) was assumed)
gives clean particle identification over a wide momen-
tum range. In the forward direction, pions can be
separated from kaons up to 1.5 GeV/c, the limit for
kaon/proton separation is 2.5 GeV/c. /e, /4 and p/e
separation can be achieved by using the pulse height
in the shower counter in addition.

6. Acceptance

Using a Monte Carlo technique, random multiple
particle events were generated to determine the accep-
tance. Examples for single events as they would be
reconstructed and displayed on-line by the detector
single-event display are presented in figs. 10 and 11,
For the calculation of the acceptance, the f-range of
the detector was taken to be 15° < 8 < 150°, 20% of
the ¢-range was assumed to be obstructed by the coils.
In addition, cuts in the kinetic energy of the emitted

particles were applied to account for detection
thresholds: T' 2 40 MeV and T’.Z 50 MeV. For the
process 7 + p + F35(1975) + 1~ + A** + 1~ «* p about
80% of the all ¥ x* p events are accepted if only @
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Single event display for a Monte Carlo
generated event from the reaction (e,e’pp).
E =2 GeV, § =40°. The left hand side of
the display Bhows a view of the event in
the direction of the beam, the r.h.s.
presents the tracks in the 8 individual

Figure 10

segments.
Event 8} FISII73) -2 ) ¢ Wwila -> g
L] in Trelo LY
P 1.009 9.95% 11.86 220.%
L3 0. 160 0.073 61,24 320.9
Proton  0.806 0.79% 41.49 33,2

Figure 11 Single event display for a Monte Carlo
generated event from the reaction 7 p *
N° e A** + g~ x* p induced by real
photons. E7 = 1.8 GeV.

and T o Cuts are used. The addition of the ¢§-cuts
reduces the total detection efficiency to 30%.

7. Counting Rate Examples

a) (e,e’X)

gge counting rate for have been estimated for
C(e,e’) at E =2 GeV and 8 =15°. A

luminosity of 10*%cn ?sec™? (per n&%leon) and
80% §-coverage have been assumed. The total
rate of electrons scattered into the angular
interval 14°-16° and the energy interval
(1.3-2.0) GeV is ~100/sec.

b)  photon induced reactions

Combining a tagged photon beam with an
intensity of 10’ 7/sec and a hydrogen target
of 0.5 g/ca® (27 cm liquid) results in a
total hadronic production rate of 2400
events/sec (E°= 2 GeV, 0,,.= 140 4b).



8. Layout of End Station B

The detector will be located in end station B. A
possible layout of the end station is shown in fig.
12. End station and beam dump are fully shielded to
allow for experiments using a high intensity beam on a
thin gas target (also to allow for a second high

End Stolion B

49. T T T T T
30 Counting House B
20 hoi 19
) Staging Area Truck Access
| 1
10.
Forvard Betecior|
| ' —
=== O == —
Large Accteptence
ln'c.l.wr Spectrometer :::u—ur
-18.
- 1 i L ! 1 1
B> -ie. e. ie. 20, 30, meter 40, Se.

Figure 12 Proposed layout of the low intensity end
station B.

intensity experiments in this area). The detector can
be moved on rails into an adjacent staging area for
extended service. For photon experiments, a
vertically deflecting tagging spectrometer is located
in an enlarged tunnel section.

V. Summary

A large acceptance magnetic spectrometer has been
proposed for the investigation of electron- and
photon-induced nuclear reactions at CEBAF. The
magnetic field is generated by eight toroidal coils.
Charged particles are tracked using scintillation
counters and drift chambers; high energy photons are
detected by shower counters. The spectrometer will be
indispensable for the investigation of multiple
particle final states from (e,e’X) reactions and from
the decay of excited qg and qqg-states. In additionm,
it will provide the highest possible counting rate for
experiments in which the luminosity is limited due to
low target density or low beam intensity.

References

1) H.J. Pirner et al., Phys. Rev. Lett. 46 (1981)
1378.

2) N. Isgur, Proc. of the 1984 CEBAF Summer
Workshop, Newport News, Virginia, ed. by F.
Gross and R. R. Whitney, p. 199

3) T.H. Bauer et al., Rev. of Mod. Physics, 50
(1978) 261

4) M.E. Sainio, ATP Conf. Proc. 150 (1988) 886

5) M.P. Locher et al., Adv. in Nucl. Phys., Vol. 17
(1988) 47

6) I. 8ick, Lecture Notes in Physics 260 (1986) 42

7) F. Lenz, Nucl. Phys. B279 (1987) 119

109

8) R.D. McKeown and R.G. Milner, 1985 CEBAF Summer
Study, RPAC I, p. 12-45

8) R.G. Milner et al., private communication,

submitted to Nucl. Instr. and Meth.

10) P.G. Marston: Report of the Working Group on the

Large Acceptance Spectrometer, Proc. of the

Workshop on CEBAF Spectrometer Magnet Design and

Technology, Newport News, April 1986, ed. by J.

Mougey and P. Brindsa

11) L.A. Abrens et al., Nucl. Instr. Meth. 173 (1980)

b37.

Table It Bvaluation of magnetic field configurations
for a large acceptance spectrometer to be
used for electron- and photon-induced
reactions

(+ denotes advantage, - drawback)

Dipole |Solenoid |Toroid
Large solid angle (+) + 4+ (+)
No transverse field - - + +
No field at the target - - - - +
Symmetric configuration - + + +
Open mechanical structure (+) - +
Large [Bedl at small angles + - - +
High luminosity capability - + +

Table II: Design considerations for the toroidal magnet
1) Sise

time-of-flight path required for particle

identification via momentum and S

L 2 2 n for particles going sideways
L 2 3 m for particles going forward
+ diameter ¥ 4 m, total length * 4 m

2) Field level

a) small destabilizing forces
b) momentum resolution Ap/p 21 %
JBedl 2 .5 Tem Ampeturns ¥ 5°10°

+ +



3) Number of coils

a) 4-f0ld syometry for polarised target
experiments
+ 4, 8,12, ...

b) low obstruction of the §-range due to the coils

+ 8 coils
4) Coil shape
a) no transverse focusing/defocusing effects due
to r-and s-components of the field
+ circular inner coil shape
b) large [Bedl in the forward direction

+ asymmetric coil shape with longer forward
part
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NUCLEAR PHYSICS AT PEP
RECENT RESULTS USING THE TIME PROJECTION CHAMBER

S. O. Melnikoff
Lawrence Livermore National Laboratory
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P.O. Box 808 L-421
Livermore, Calif. 94550

Abstract

A preliminary result on Bose-Einstein correla-
tions is reported using the PEP-4 Time Projection
Chamber facility. The data, from scattering 14.5
GeV electrons on nuclei, was taken at the Stanford
Linear Accelerator Center positron-electron (PEP )
storage ring. Bose-Einstein (BE) correlations were
measured from events having identified like-sign
pion pairs. The particle identification and tracking
capability of the Time Projection Chamber (TPC)
was used to select like-sign pion pair events. The
resulting correlation function for the data was fit-
ted to a gaussian form R(q) = 1 + Xezp(—q?o?)
where ¢ is the relative four-momentum difference
of the pions. The fitted value to the chaoticity is
A =0.37+0.19 and ¢ = 1.37 £ 0.41 fermi. This
result agrees with that from ete™ annihilation data
taken with the TPC.

We explain the operation of the TPC and the
analysis of the data used. The feasiblity of similiar
detectors for doing high energy electron scattering
on nuclei at PEP is briefly discussed.

Introduction

During the past year we have initiated a small
program to study the feasibility of nuclear physics
experiments at the PEP colliding beam facility ™ .
As part of this LLNL study small amounts of deu-
terium, or argon or xenon gas were infused into the
PEP ring, in the vicinity of the TPC-2+ interaction
region. The data from the dedicated gas-bleed and
that as a result of electron scattering from residual
gases already present in the ring (from previous run
cycles) was analyzed to obtain a first look at possi-
ble physics topics that could be studied at a future
nuclear physics facility. Such a facility could address
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the interest in looking at exclusive final states in in-
elastic electron scattering. Experiments at PEP can
run at energies up to 14.5 GeV, well into the region
of Bjorken scaling.

While our major concern is with the data from
the TPC-2+ detector, for future experiments, a sec-
ond important topic is in the area of detector design.
The general feasibilty of any proposed detector fa-
cility must be addressed first, before a detailed de-
sign study based on the particulars of the physics.
The advantage the nuclear physics community has
at PEP is that a generation of working detectors

‘have been in operation for more than five years. A

study of these detectors, in particular the TPC-2~
facility, provides first answers to the questions of
what works at PEP and what is unrealistic.

Our Bose-Einstein correlation result, which uses
all the major components of the TPC-2v facility,
makes two important points. First that despite be-
ing optimized for high energy physics running, a
TPC-like detector works well in a nuclear physics
environment. Secondly the scale of any proposed
future experiment will be closer to that of high en-
ergy physics than traditional nuclear physics exper-
iments.

The Time Projection Chamber

All of our data and resulting measurements pre-
sented are from the PEP-4 detector. We will sum-
marize the design and operation of the detector
facility with respect to those features relevent to
our results. More complete reviews are available
elsewhere”™ | along with a good summary of the
PEP-9 or forward spectrometerm .



Goal and Objectives

The PEP-4 facility has been designed and built

with three definite objectives:

1. Efficient charged particle detection and mo-
mentum measurement over a large fraction of
the entire solid angle.

. Identification of charged particles by means of
energy loss measurements over the accepted
momentum range.

. Detection of energetic photons over a compa-
rable solid angle with capabilities for recon-
strution of neutral pions.

The forward detector system, or PEP-9 , was
design to observe or tag the outgoing electrons
(positrons) in photon-photon or two—gamma inter-
actions. These generally scatter at small angles with
respect to the beam axis and are outside the PEP-4
detector volume. We used the PEP-9 system to tag
the scattered electron from nuclei.

Geometry of the System

To achieve the design objectives listed above
and to promote modularity during the construction
phase of the facility, the PEP-4 detector is divided
into six subsystems. The entire central detector sys-
tem is cylindrically symmetric about the ete™ beam
axis; the forward spectrometer is symmetric about
the interaction midplane perpendicular to the beam
axis. Figure (1) is a schematic of the facility show-
ing one arm of the forward spectrometer. Radially
outward from the et e~ interaction point the six sub-
sytems are:

1. An inner drift chamber (IDC) which wraps
around the beam pipe, used as a fast pretrig-
ger chamber.

. The central detector, the Time Projection
Chamber or TPC .

. A solenoidal 13.25 KGauss superconducting
magnet. The momentum resolution achieved

was (op/p)? = (1.5%)%+(0.65%p)? (pin GeV).

. A second cylindrical outer drift chamber
(ODC) which encircles the magnet. The spa-
tial resolution of the two drift chambers was
150-250 microns.

rounding and capping the magnet. These are
follwed in radius by an iron superstructure
forming the flux return yoke and hadron ab-
sorber layers for the muon detection system.

. A set of electromagnetic calorimeters, sur-

1.
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Fig. 1.1 Artist schematic view of the TPC-2v facility. One arm

of the forward spectrometer is shown here.

The rms energy resolution of the calorime-
ter using 14.5 GeV Bhabha events was o =
14%/E (E in GeV).

. A muon detection subsystem consisting of pro-
portional drift tubes layered between sections
of iron absorber material. The spatial resolu-

tion of the muon chambers was 700 microns.
Operation of the TPC

The central detector of the TPC-24 system is
the time projection chamber. The device is a large
cylinder two meters long and two meters in diam-
eter. The chamber is filled with a gas mixture of
80% Argon and 20% Methane and has operated at
8.5 atmospheres of pressure.

The volume is divided into symmetric halves by
a conducting mesh membrane which is held at -
75 Kilovolts with the endplanes at ground voltage.
A series of conductive rings at the inner and outer
radii of the chamber are the components of the high-
voltage field cages which produce a very uniform
axial electric drift field, while a solenoidal magnet
introduces a four kilogauss uniform magnetic field
in the same direction. The ends of the cylindrical
volume, the endcaps, are the detection planes for

‘the TPC.




The uniform electric field in the drift volume
is achieved by the field cages which step down the
central membrane potential for a constant velocity
drift field throughout the TPC volume. This is done
by a set of G—10 fiberglass cylinders at the inner and
outer radius on which 0.5mm wide conductive rings
are etched. Design tolerances maintained a precision
of better than 0.01% in the resulting electric field.

As pictured in Figure (2) each endcap is phys-
ically divided into six identical multiwire propor-
tional chambers, the sectors. Each sector reads
out information on a wedge of space formed by its
boundaries in r and ¢ and the central membrane
along the beam axis, a detection volume of approx-
imately 0.51m3.

During operation, charged particles from an
ete” interaction will pass through the TPC volume.
These particles will ionize the gas along their track
length. On the average 200 primary ion pairs per

"4mm of track are produced. The ionization elec-
trons will drift in the direction of the electric field
to the endplane detectors. The endplanes simulta-
neously do both the spatial tracking and energy loss
measurement.

A sector detects incoming drift electrons with a
set of 185 twenty micron diameter gold plated tung-
sten sense wires (of which 183 are read out). These
are alternating with 75um field shaping wires. Four
millimeters underneath the sense wires, the copper
clad endplane has been etched to form fifteen 7.5mm
wide rows. The centers of the rows are spaced ap-
proximately equal distances apart, the first and last
at 23.6 and 95.2cm from the interaction point. Each
row is segmented into 7.5mm squares, called pads.
These will see an induced signal from the sense
wires. Figure (3) illustrates the layout of the wires
and pads. An additional shielding plane of wires
7.5mm above the cathode plane is held at ground
voltage.

Arriving clusters of ionization in the neighbor-
hood of a wire will undergo charge avalanching
which in turn induces a signal on some of the pads
directly under the particular wire. Signal gains are
typically 10% with sense wire voltages of 3.4kV and
field wire voltages of +700 volts.

From the pads two coordinates, zy (in the
sector frame), of tracking information are deter-
mined. The zy coordinates come from the cen-
ter of a parabolic fit to the pads having signals.
A third coordinate along the beam axis, Z, is de-

Beam pips

Inner drift chamber
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Fig. 1.2 (a) Schematic of the TPC volume. (b) View of one
TPC endcap showing the sectors and the dE/dx wires.
The magnetic bending and electric drift fields are par-
allel (into the page).

termined by measuring the time it takes for the
electrons to drift to a sense wire. Knowing this
time and the constant drift velocity of the elec-
trons in the uniform electric field in the gas mix
allows us to project back in Z to find the original
creation position of the electron-ion cluster. The
term Time Projection Chamber originates from be-
ing able to use the available drift time information.
Particle Identification with the TPC

The TPC identifies a particle by measuring its
ionization energy loss (proportional to the sense wire
signal amplitude) through the gas volume and its
momentum through the magnetic field’s curvature
of the track The average energy loss per unit length,
dE/dz , is a well-defined function of a particle’s ve-
locity, given by the Bethe-Heitler relation!”
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Fig. 1.3 Detail of the TPC endcap wire/pad geometry show-
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over the pad rows. Pictured is one particle trajectory
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where

m, is the mass of the electron

1 is the effective ionization potential for the
material

n is the electron density of the material
w is the plasma frequency of the material.

For a < dE/dz > resolution of better than 4%
the TPC samples a track’s ionization energy loss up
to 2 maximum of 185 times. In practice a ‘truncated
mean’ is used, being the mean for 65% of the sam-
ple having the smallest energy loss. Figure (4) shows
the experimental energy loss curves as a function of
momentum. The minimum of the curve is called
minimum ionizing (and the momentum around this
point the minimum ionizing region). Seen are the
different mass bands corresponding to electrons, pi-
ons (and muons), kaons and protons along with am-
biguous crossover regions between particle types.
Pion and muon bands were not resolvable due to

* the momentum resolution obtained and their small
(33.9 MeV) mass difference. The high and low mo-
mentum regions with respect to minimum ioniz-
ing are referred to as the one-over-beta—square and
relativistic-rise regions respectively.

{n (m ) -2

To quantify the probability of identifying a spe-
cific particle type, a dE/dx x? is defined. For a

' measured track momentum Py the x2 is the distance

squared between the measured dE/dx point and the
theoretical curve for the x particle type. The lowest
x2 determines the identification of the particle.

Since TPC particle identification is dependent
on conditions in the device that are time dependent
(for example the Argon-Methane gas pressure) cal-
ibration plays an important part in the detector’s
performance. To calibrate the sectors, before final
assembly a complete gain map of each was done.
Later, run-time three point calibrations are used to
correct it for any variations. Calibration of the ab-
solute gain from the wires is done in situ at three
points along a wire with Fe® sources. These were
located underneath the endplanes and switchable,
irradiating the wires through holes drilled in the
endplanes.

80 o
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Fig. 1.4 Plot of energy loss (dE/dx) vs. momentum for our
data sample. Energy loss curves showing the pres-

ence of electrons, pions, kaons and protons are seen.

First Test Run

Our first test of the gas-bleed system was done in
March 1986. This was a live test of gas injection at
PEP with beams and all detectors on. The first seg-
ment of the test was a 24 hour run with Dy, raising
the pressure in the PEP beamline in the neighbor-
hood of the TPC from 1079 to (3.0)10~7 torr. This
was followed by a 16 hour run using Argon followed
by an 8 hour run with Xenon. The neighborhood
pressure in the ring for the two heavier gases was

114




raised to (2.0) — (5.0)1072 torr.

To trigger the detector during this test we re- -

quired the following. An identified electron tag in
the forward spectrometer along with a track in the
IDC and a set of ionization clusters or ripple in the
TPC forming a track. Lacking a charged track trig-
ger in the TPC we also accepted as a trigger hits in
the 2+ muon chambers or 2 GeV of energy deposited
in the TPC poletip calorimeter. The event rate us-

ing this set of trigger configurations was 6 — 8 sec™!.

We collected approximately 30 tapes of raw data
for further analysis or around 10° events. In addi-
tion to this data exists around 2000 tapes of raw
data taken during past run cycles of high-energy
ete™ physics running. About 10-20% of this data
are events with electrons or positrons scattering
from the residual gas in the PEP beamline. These
tapes were separately analyzed from what we call
the dedicated runs where gas was injected into the
beampipe.

Data Analysis and Scanning
Data Selection

In order to filter out internal target (nuclear)
physics from the ete™ or 2- processes also present
in the data a set of offline selections were imposed:

1. The event had to have a associated et tag

2. The event vertex had to be offset from the
ete™ interaction point. We required 80.0 >
Zvertez > 6.0 cm.

3. The tracks in the event had to cluster around
the event vertex. This filtered out events that
triggered the detector but had a second in-
teraction occur shortly afterwards (during the
TPC detector sensitivity time), where both
were readout and written to tape as a single
event.

4. Any event was also kept even if Z,.., Was
inside the offsets when there were protons
present in the event. These cuts left us with
around (3.0)10* events for scanning and full
analysis from the test run.

Event Scanning

As an introduction to the TPC-2~v data anal-
ysis system OASIS (originally OASYS for Offline
Analysis SYStem), we did a selection and event-
by-event hand scan of a selected sample. OASIS
is a software interrupt driven program allowing for
single event analysis/reanalysis applying different
physics cuts to the data. A sampler of interesting
events was compiled. This sampler included exam-
ples of quasielastic scattering, A production, asso-
ciated strangeness production, deep-inelastic scat-
tering and a unique example of massive target frag-
mentation from a Xenon nucleus.

Fig. 1.5 Example of an event as seen by the PEP-4 system.
In this case, possible target fragmentation of an elec-

tron on a Xenon nucleus.

Figure (5) shows an end-on and radial view of
the high multiplicity xenon target fragmentation
event. Figure (6) shows a plot of DeDx vs. momen-
tum for the same event. In this figure each track
is labeled by its track number and enclosed by a
20 error ellipse. The theoretical DeDx curves for
different particle masses are also plotted.

What is clear from this event is that to study
such phenomena (i.e. looking at different exclusive
final states) will require detectors capable of track-
ing and particle identification like a TPC.

Bose Einstein Correlations

The renewed interest in Bose-Einstein correla-
tions has prompted recent investigations in ete~ an-
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Fig. 1.6 The dE/dx vs. Log(p) plot for the particles in the
above Xenon event. Along with numerous protons,

four deuterons are seen.

nihilations and hadronic reactions®™® . The general
ideas as applied to particle physics are an outgrowth
of the formulation by Hanbury-Brown and Twiss
(HBT) in radio astronomy. In high energy particle
physics the acronym GGLP (Goldhaber-Goldhaber-
Lee-Pais) is used to reference this correlation phe-
nomena, along with the terms intensity interferom-
etry or second-order interferometry.

BE correlation analysis is a tool to study the
space-time development of particle emitting souces
in high-energy interactions. Since boson wave func-
tions are symmetrized according to Bose-Einstein
statistics, a boson source (for instance emitting pi-
ons) will exhibit an enhancement for pions with
small relative momenta. Quantitatively a two par-
ticle correlation function R(p;,p2) is defined:

R(p1,p2) = p(p1,P2)/Po(P1,P2)

where p; and p; are the pion four momenta and
P, Po are the pion densitiess for a correlated and
uncorrelated (no BE statistics) sample respectively.
The parameter ¢ p1 — pa GeV, the relative
four momenta of the pions, is defined so that
R(q) is proportional to the fourier transform of
the emitting source’s space time distribution. For
sources that have a lifetime 7 and have a gaus-
sian distribution in space S(F) « ezp(—r2/20?)
then R(7) = 1 + exp(—g%0?)/[1 + (go7)?]. Here
g = P1 — P2 GeV/c is the pion three momenta dif-
ference and g, = |E; — E3| GeV. In our analysis an
exponential form R(Q?) = 1 + Aezp(—Q?0?) where
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Q? = \/p1 — p2)? GeV was used.

Analysis Procedure

For our study the higher statistics sample of
beam-residual gas events was used. We required
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Fig. 1.7 The pion density p(py, 1) as a function of Q2 GeV.
The top plot is for the correlated sample, the bottom

for the uncorrelated sample.

events having at least two like-sign pions identified
in the TPC. A minimum momentum of 150 MeV /¢
was required, the cutoff for pions to track into the
TPC volume. This helped filter out low momenta
conversion pairs where an electron was misidentified
as a pion. The sample thus obtained was scanned
for failures in the track pattern recognition progam.
Any bad events where, for example, a single track
was divided into two (hence forming a pair of tracks
having very small relative momenta and introducing
a bias into our results) are rejected. Figure (7) is a
pIOt of p(ﬁlaiZ)-

For po(p1,p2) the pion density in the absence of
BE correlations, event mixing was used. Event mix-




ing uses a pion from one event combined with a pion
from a different (and independent) event, insuring
no correlations between the pions. The correlation
function R(g) is then the ratio of the correlated to
uncorrelated pion densities.

Results

Figure (8) is a plot of the correlation function
R(Q?) An enhancement is seen at Q* < 0.25. Fit-
ting to the exponential form above we get A =
0.37 £ 0.19 and 0% = 1.37 %+ 0.41 fermi. However
even with our larger data sample this result is still
statistics limited. We also looked at R(Q?) as a
function of P = |p; +p2| GeV/c and as a function of
the mediating virtual photon’s momentum transfer
—¢? (GeV/c)®. The results for both were consistant
with no variations, again the statistics of our data
sample limiting what we could do.
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Fig. 1.8 The fitted two-pion correlation function. The fitted

data shows an enhancement at small relative four-momenta.
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Summary

We have briefly presented a preliminary result
of a gas target test run at PEP. For this test and for
subsequent data analysis the TPC-2v facility was
used. The combined three-dimensional tracking and
particle identification capabilities of the TPC allow
study of a number of processes of interest in nuclear
physics. The success of the TPC at PEP indicates
that a future nuclear physics facility at PEP should
be of similiar capability. However the size and com-
plexity of the TPC-2+ facility means that any future
nuclear physics detector will be much larger that
what has been traditional. In any case the feasibil-
ity of such a detector is very good.
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A Nuclear Physics IR for PEP — Issues and Conceptual Design

K. Van Bibber
Lawrence Livermore National Laboratory
University of California
P.O. Box 808 1L-421
Livermore, Calif. 94550

Abstract

A conceptual design for a nuclear physics in-
teraction region at PEP is presented. The design
is based on components of the 2y (PEP-9) detec-
tor, configured as a large acceptance forward an-
gle spectrometer suited for asymmetric fixed target
kinematics. The system is evaluated with a proto-
type experiment in mind, namely pion production
in quasielastic kinematics, (e, €'r). Issues and open
questions particular to internal target work are dis-
cussed.

Introduction

Most of the ‘Work® of this Workshop has con-
cerned identifying the unique physics potential of
the MIT-Bates stretcher-storage ring and the PEP
storage ring for nuclear physics, and rightly so. Nev-
ertheless, the experimental conditions and beam pa-
rameters are sufficiently unlike those of fixed target
operation that it is worthwhile giving some prelim-
inary thought to the hardware — targetry and de-
tectors — in order to realistically constrain physics
proposals being developed for these facilities.

Presented here is a conceptual design of a small
angle, large acceptance forward spectrometer for
PEP. It is intended as a multiparticle spectrometer,
which would record both the inelastically scattered
electron, and resulting hadrons within 20° — 25° of
the beam axis. As is, it is may be most suited
for, among others: (7) inclusive electron scatter-
ing (e.g. from polarized targets); (#7) semi-exclusive
measurements in hadronization studies (where the
inelastically scattered electron and one or more
hadrons normally will be detected); and (#i1) vec-
tor meson production, e.g. (e,€'¢), p — Kt +
K~. The suitability as is for quasielastic scatter-
ing, e.g. (e,€'p), (e, €2p) is less clear in view of the
wide angle at which the struck nucleons normally
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go. Nevertheless, such a downstream spectrometer
could be viewed as the first most essential piece of
a comprehensive IR, with either a central tracker
(solenoidal magnet, wire chambers, etc.), or a mov-
able small solid angle spectrometer arm to cover
wider angles.

A brief description of the IR environment will
be given, followed by a discussion of how an exist-
ing detector, the PEP-9 2+ spectrometer could be
reconfigured for fixed-target kinematics. Space does
not permit a detailed description of all the compo-
nents, but relevant parameters will be mentioned.
Estimates of rates, resolution and acceptance will
be presented. Finally, very preliminary considera-
tions concerning data acquisition will be discussed.
The gas jet target for unpolarized work will not be
dealt with at all, as it will be described in detail
in the paper of J. Molitoris') . However, the ques-
tion of luminosity monitoring will be addressed, and
a proposal to use Moller electrons (analogously to
Bhabha scattering in e*e™ physics) will be put for-
ward.

The Interaction Region

A likely location for nuclear physics at PEP (at
least initially) will be IR-8, shown in Figure 1. Four
of six of the PEP interaction regions are nearly iden-
tical, and alternative siting would not change any
important details. The beam line is 4 meters off the
floor, and is 5.7 m and 9.9 m from the outer shield-
ing wall and inner wall respectively. The distance
from the e* interaction point to the first quadrupole
magnet in either direction is approximately 6.4 m.
The house for electronics and computer have been
added to the figure. There is one interesting feature
to be commented on in IR-8, which is the proton
alcove downstream of the IR in the electron-going



B 4m off floor

Fig. 1 Top view of PEP Interaction Region 8. The electron direction is from top to bottom in the

figure.

direction. This feature was added to the design for
PEP when it was anticipated that it might become
an ep collider at some later date. Such an alcove
would permit detectors at very small angles, should
that be desirable in the future.

For fixed target physics, the gas target need not
be located at the e* interaction point, and in any
case the electron and positron beams will be sep-
arated everywhere except at IR-2 (this separation
being ~ 1 cm). Figure 2 shows the 100,y beam
envelope and the horizontal and vertical ‘beam stay
clear’ (= 100 + 1 cm). Since it is anticipated that
the gas jet target will be directed vertically, it is
seen that even at z = 4m, a jet of radius 0.5 -1 em
will handily intercept the whole beam.

The PEP-9 2+ Spectrometer

The PEP-9 2~ Spectrometer is part of the TPC-
2+ Detector, which is described in detail in the pa-
per of S. Melnikoff® . The 2~ spectrometer actu-
ally consists of two symmetric low angle spectrom-
eters at the ‘North’ and ‘South’ ends of the Time
Projection Chamber (TPC). Each end is comprised
of a Cerenkov detector, drift chambers, a magnetic
volume, a time-of-flight hodoscope, calorimetry and
muon identifiers. Subtending 20-200 msr, their chief
function is to tag inelastically scattered e* in two-

Displacement (mm)
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photon physics. Here the electron and positron do
not annihilate, but rather each radiates a virtual
photon which fuse to produce a hadronic or lep-
tonic final state with the quantum numbers of two
photons. It was the low-angle spectrometer system
which made the TPC-2v detector attractive for the
nuclear physics test of 1986.

The development which permits us to think
about PEP-9 for the future nuclear physics program
at PEP is that the TPC-2~v collaboration has been
approved for several years of high Iuminosity run-
ning at PEP. Under the high luminosity upgrade,
the two final quadrupoles in IR-2 will be moved in
much closer to the TPC, and most of the 2y detec-
tor will need to be relinquished. Most of the collab-
orating institutions in PEP-9 have been extremely
gracious in permitting us future use of their compo-
nents.

A Spectrometer for Fixed Target Physics

The features of a spectrometer for nuclear
physics generally desired for many of the experi-
ments proposed at this Workshop are (i) large solid

angle coverage for multiparticle final states; (ii) an -

angular range starting as close to the beam axis as
possible; (iii) at least moderate momentum resolu-
tion (< 107%); and (iv) good particle identification
(e,m,K,p,d) up to 5 GeV. Of particular importance
is excellent 7 — e discrimination for processes where
the inclusive hadron production cross section in re-
lation to the inelastic electron cross section may be
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severe.

A conceptual design for a large acceptance for-
ward spectrometer is shown in Figure 3, assembled
partially from components of the PEP-9 spectrom-
eter.

The Septum Magnet

Each half of the PEP-9 spectrometer contains
a septum magnet shown in Figure 4. The active
area is approximately 2.2 m on a side, with a depth
of 1 m. The coils around the vertical yoke are
wound with the sense such that flux lines emerge
from the septum or ‘nose’ of the magnet and are
directed upwards in the top half and downwards in
the lower half. The resulting field at the beam axis
is zero as required; an air-core quadrupole cancels
out higher multipoles to a large degree. An unfortu-
nate characteristic of the magnets at present is that
the [ Bdl = 1.8 kG — m only. The reason for this
is twofold: (i) half of the amp-turns are outside of
the vertical yoke and cause flux loss to the exterior
region; and (ii) saturation of the iron, particularly
in the nose. Our intention is to use the magnets
back-to-back, but additionally to consider modifica-
tions that will increase the magnetic field strength.
A study has been made using the two-dimensional
code POISSON of various options involving addi-
tion of iron, and rewinding the coil. (Obviously as
the coil will be rewound, the two yokes will be first
joined before the mounting of the coil.) Figure 5
top shows the field lines for the magnet as is, where
the maximum field strength is 4.9 kG. Figure 5 bot-
tom shows the proposed modification. The equiva-
lent number of amp-turns (762,000) is now wound
around the nose, rather than the vertical yoke. The
nose itself has been made wider, and the vertical and
horizontal yoke-pieces have been moved outwards to
preserve the active area of the spectrometer. The re-
sulting maximum magnetic field is predicted to be
7.6 kG, and the average [ Bdl ~ 12 kG — m. The
three heavy lines indicate cuts along which the mag-
netic field is plotted in Figure 6.
Drift Chambers

The existing PEP-9 detector consists of five drift
chambers per arm termed DC1-5. The total num-
ber of planes per arm (e.g., the North arm) is 15, as
each DC basically consists of u, v, y stereo planes
whose wire pitch is +£5° and 90° from vertical re-
spectively. Each plane consists of roughly 60 drift
cells per plane, and each drift cell by itself resolves
the ‘left-right ambiguity’ as instead of a single sense



Septum magnet as is

y= 225"

x=0 X =225"

Fig. 5 Quadrant field map for the present configuration of the septum magnet (top),

and a possible modification (bottom). In the modified case, the coil return
is made around the magnet nose. From 2-d code POISSON.
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wire per cell, there is a double sense wire spaced by
250 p.

The sense and cathode wires for DC2-5 are
38 u and 250 p respectively, and the gas mixture
is Ar — CO; (16.4%) at one atmosphere. Windows
for DC2-5 are aluminized mylar 25 p thick. The
typical resolution is 0 = 125 p. The most compre-
hensive document on the PEP-9 drift cells is that of
White™ .
The TOF Hodoscope

The TOF hodoscope of each arm of PEP-9is a
lattice of 50 horizontal and 62 vertical scintillator
strips, assembled in four quadrants. Each strip is
8.5 ¢cm wide, and is read out by a single photomul-
tiplier tube (PMT).

Corrections are made in analysis for time slew-
ing due to amplitude variations (for which 15% im-
provements were reported in test beam measure-
ments), and for propogation time through the scin-
tillator (=~ 14 cm/nsec). The resulting time resolu-
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tion is found to be o = 0.47 nsec for horizontal orv

vertical strips alone, and o = 0.30 nsec where the
average is taken between a coincident horizontal and
vertical strip.

The particle identification by TOF that can be
expected with this hodoscope in the spectrometer
proposed is shown in Figure 7. (Note that the TOF
wall in Figure 1 is actually at 6 m rather than at
8 m for which this calculation was performed.) Also
included in the figure are the fraction of 7, K sur-
viving decay in flight for an 8 m flight path.

One intact TOF wall and electronics have been
designated for future use in the nuclear physics in-
teraction region, the other TOF wall was cut in half
for use as a fast offline cosmic ray trigger for the
TPC. When it has completed its function there, its
use as lateral extensions to the downstream detector
package could be negogiated.

The Calorimeter

The calorimeter is a critical component of the
detector package as clean electron identification de-
pends heavily on it. A suitable candidate appears
to be the novel lead-liquid scintillator design of the
Santa Barbara group used at FNAL' . Their detec-
tor consisted of 60 layers, each 1/3X, thick. Each
layer was made of an Al-Pb-Al laminate, plus a rect-
angularly corrugated teflon-coated aluminum sheet.
The corrugations space the layers from one another,
and are filled with liquid scintillator. Light emitted
from the scintillator is thus confined to a strip of
3.17 em width and is transmitted in either direction
to its end. The layers are arranged to give u, v, y

0.5 olution was about 3 mm. One practical difficulty

1.0

stereo views of £20.5° and 90° respectively. Chan-
nels emerging on any side of the calorimeter with
a common (x,y) coordinate are ganged together in

“the readout; a lightguide containing a wavelength
' shifter is mounted above the common ends with a
“small airgap and a single PMT reads out each light-

" guide.

The resolution for the full scale detector

. (2.44m x 4.88m) was 12%/,/E, and position res-

123

which inhibited this group from adopting this de-
sign for the TPC was the difficulty of introducing
a hole for the beam pipe through the device; this
difficulty would obviously have to be countenanced
in this spectrometer as well.

The Cherenkov Detector

The area where least progress has been made is
the issue of Cherenkov detector(s). Cherekov detec-
tors are possibly required for two purposes: to im-
prove the w /e separation, and second, to improve the
K/ separation. For the former case, the solution
is straightforward. A threshold detector with atmo-
spheric or sub-atmospheric pressure can be made
handily with a range of gases to choose any thresh-
old momentum p desired. The only complication
is the very non-paraxial trajectories at the back end
of the spectrometer that will result when the sep-
tum magnet is upgraded. The issue of K/7 sepa-
ration (indistinguishable above 1.5 GeV/c by time-
of-flight alone) is more difficult. A combination of
a heavy gas Cerenkov (i.e. neopentane) and silica-
aerogel is certainly an option. Concerning aerogel,
its range of index of refraction in manufacture is
limited to 1.02 < n < 1.1, and we are not aware of
any commercial vendors at present. For n = 1.02,
pl = 0.71 GeV/c, whereas pX = 2.5 GeV/e.

A ring imaging Cerenkov detector is also under
study for particle identification, motivated by the
design of Fermilab experiment E-665.

Performance of the System

Rates

In designing a large solid angle forward spec-
trometer, the inclusive rates must be well under-
stood in order to select the appropriate instrumen-
tation with the requisite granularity so the sytem
will not be overwhelmed. Furthermore, it must be
considered whether it will be possible to trigger on
all of the categories of events of interest while min-
imizing useless triggers.

Rates have been estimated assuming a D, tar-
get, a luminosity L= 10*2, and an effective coverage



in polar angle for the spectrometer of 4° < 8 < 20°.
Numbers below refer to incident energies of 14.5 (4)
GeV.

Inclusive Electron Rate

The rate of inelastically scattered electrons
from nuclei have been estimated using parameter-
ized structure functions for deep inelastic scatter-
ing (Epin = 0.1 GeV), and the assumption of
y-scaling for the quasielastic part. This yields
40 Hz (400 Hz), the factor of 10 increase in going
down in energy being due to quasielastic scattering.

Inclusive Hadron Rate

Useful parameterizations of inclusive hadron
production at high energies are almost non-existent.
Based on the data of Boyarski[s] using a 0.3 radia-
tion length Be target at 18 GeV, the hadron singles
rates should be less than 40 kH z.

Moller Electrons

The Moller electron spectrum diverges with in-
creasing lab angle out to the maximum angle of 90°,
but the electron energy falls rapidly. (Wide angle

electrons in the lab frame correspond to ‘grazing’ .

collisions in the center-of-mass frame.) Within the
spectrometer’s angular acceptance, the total Moller
rate is 6 x 107 Hz (1.7 x 107 Hz); however the
fringe field of the septum magnet should pin the
softest part of the spectrum preventing these elec-
trons from hitting the first plane of wire chambers.
Cutting off the spectrum (somewhat arbitrarily) at
Epin = 30 MeV results in a much lower rate:
8.5 x 10° Hz (2.3 x 10° Hz).

Resolution

The momentum resolution of the spectrometer
is limited by multiple scattering of particles in the
drift chambers and the air, the finite position res-
olution of the drift chambers, and the uncertainty

T T
(B)=5kG
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op.c.=150
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Fig. 8 Estimated resolution of the septum spectrometer,

not including effect of field inhomogeneity.

-

of the exact trajectory through the magnet (as the
field is inhomogeneous, particularly so at smaller an-
gles). In the region where the field is fairly strong
(and where the inhomogeneous nature of the field
may be neglected), the resolution is estimated to
be 6p/p = [(2.5 x 1075) + 107%p?]!/2 (see Figure
8). This resolution is predicated upon an average
J Bdl = 10 kG — m, two sets of drift chambers (6
planes comprising 0.03 cm mylar for multiple scat-
tering) separated by 1 meter before the magnet, and
likewise after it, and a drift chamber resolution of
o = 150 pum. (It is easy to see that only the inner
two drift chamber planes contribute to the momen-
tum uncertainty, and not the outer two.) It is a gen-
eral property of non-focussing spectrometers that
their low-momentum resolution is limited by mul-
tiple scattering, and it is difficult to achieve much
better than 5 x 10~3.

p (e, e' 1) acceptance map 14.5 GeV

Q2
(GeV/c)?

Fig. 9 Acceptance map for the reaction ple,e'x)n at 14.5 GeV.
The angular distribution for the pions was taken
to be (100},

Acceptance

The concept of a forward spectrometer is to de-
tect the inelastically scattered electron, and at least
part of the hadronic final state in the same detec-
tor. This will preferentially be the maximum rapid-
ity part of the final state. With the gas jet target
100 cm in front of the septum magnet entrance, the
magnet exit defines a square of 6, = 18°. The ac-
ceptance surface for detecting both the electron and
pion in the reaction p(e, e'n)n at 14.5 GeV as a func-
tion of z, Q? has been calculated by Monte Carlo,
and is shown in Figure 9. (The angular distribution
of the pion about the momentum transfer vector q
was taken to be €!%, where t = (pr—q¢)? in the usual
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way). The acceptance is significant throughout z,
and for all but the lowest Q2. The corresponding
map for quasielastic scattering from nucleons would
be much worse, as the heavy mass of the nucleon
implies a large momentum transfer angle, typically
50° or so. The dead solid angle that the vertical
yoke represents is one of the most unsavory aspects
of a spectrometer built around a septum magnet.
Data Acquisition

The total number of channels of data the spec- |

trometer represents will be at least 3000, and could
easily double if a conventional Cerenkov detector is
forsaken in favor of a ring-imaging device. (The
number of channels requiring readout with zero-
suppression is estimated to be 50 per track, lead-
ing to a total of 100-250 per event typically.) The
collaboration forming about such an interaction re-
gion for PEP (American / ANL / CalTech / LLNL
/ Massachusetts / RPI / SLAC / Virginia / Wash-
ington) has defined as a necessity a data acquisi-
tion rate of 30 Hz, and a realistic goal of 100 H=.
The former should be achievable within conventional

VAX-based systems, the latter would require either

multiple tape drives or the new WORM technology
combined with a multiple processor system for data
logging and analysis } Nevertheless, at this stage
it must be said that plans concerning computers and
software are still at a fairly primitive level.
Luminosity Monitoring and Calibrations

Perhaps the chief unanswered issues for an in-

ternal target facility at PEP concern luminosity

monitoring and calibration of the various detec-

tor components. The situation for e*e™ physics is
more felicitious in that Bhabha scattering provides
both luminosity monitoring and monoenergetic (e.g.
14.5 GeV') electrons and positrons with a meaningful
rate at wide angles (in spite of the @~ angular dis-
tribution) for running calibrations of calorimeters,
TOF hodoscopes, DC’s, etc.. The analog of Bhabha
scattering for fixed target experiments, Moller scat-
tering from atomic electrons in the gas target, holds
out hope for luminosity monitoring. Figure 10 (a)
and (b) shows that while the cross section rises
steeply for larger angles, the energy drops precip-
itously; particles emitted at angles less than 5° will
be occluded by the beam pipe within almost any
spectrometer design. Nevertheless, electrons in the
100 MeV range should be cleanly identified with a
combination of magnetic analysis and shower energy
in a small Nal detector.
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Calibration is a different matter; Moller scatter-
ing is of no use here to keep detectors calibrated
even at small angles. Perhaps the only possibility
is to intersperse actual data collection with periodic
hydrogen target runs in order to collect sufficient ep
elastic scattering pairs throughout the acceptance of
the spectrometer.
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KADN ELECTROPRODUCTION FROM THE PROTON AND DEUTERONT

Stephen R. Cotanch and Shian S. Hsiao

Department of Physics, North Carolina State University
Raleigh, North Carolina 27695-8202

Abstract

Calculations for the elgctroproduction reactions
ple,e KJ)Y (Y=A,2) and dle,e K)YN are reported to moti-
vate future experiments using different facilities at
SLAC., Study of the elementary production processes
p(e,e K)A and ple,e K)r will provide important infor-
mation about KNY coupling constants, the kaon form fac-
tor, and possible differences between Quantum
Hadrodynamic and Chromgdynamic formulations. Inclusive
measurements for d(e,e'K)YN will permit unique investi-
gations of YN interactions as well as a search for
strange dibaryons which are predicted to occur at
energies near the IN threshold.

Introduction

As evidenced by the Nuclear Physics at SLAC (NPAS)
and Continuous Electron Beam Accelerator Facility
(CEBAF) projects, as well as several other GeV electron
accelerators under development outside of the U.S.,
interest in high energy electro-ruclear physics is
clearly expanding. Much of this interest is motivated
by the growing awareness that a complete understanding
of the photon's electromagnetic coupling to hadrons
provides an unique, theoretically “clean™ handle for
studying individual and composite hadron structure and
hadronic interactions. Investigating kaon electro-
magnetic production is perhaps the most appropriate
example of this philosophy since the K* meson has the
simplest hadronic reaction mechanism. Further, photo,
(v,K), and electroproduction, (e,e K), studies
directly address several fundamental issues in both
nuclear and particle physics. These issues are
detailed in the next two sections which describe kaon
production from the proton and deuteron, respectively.

Production From The Proton

Unfortunately, the quantity of data for the ele-~

JrSupported in part by the U.S. Department of Energy and
the Research Corporation.

mentary reaction is not significantly greater than it
was twenty years ago. The guality of existing data
also reeds improvement as cross sections are only
accurate to about 10% and polarizations are only deter-
mined to within 25 to 50%. Additional, more accurate,
measurements will provide rew information and insight
intos the fundamental production mechanismy the quark
structure of the participating hadrons (i.e. static
properties, form factors, etc.)s tests of various SU(N)
symmetry predictions including the usefulness of kaon
PCAC; the vector meson hypothesisy and the important
issue of distinguishing between theoretical for-
mulations based on Quantum Hadrodynamics (QHD, only
baryons and mesons) and Quantum Chromodynamics (QCD,
explicit color degrees of freedom). 1
Figure 1 shows a recently published™ electropro-
duction calculation for the virtual photoproduction
process plyy, K)A. Complete details of the calculation
are given in ref. 1. As indicated in the figure, the
different curves correspond to various combinations of
coupling constants (labeled set I and II, obtained from

a3 phenomenological photoproduction analysisz) and kaon
form factors. Notice that set I coupling constants
provide a better description of the KA production data
(asterists denotes experimental points). Enigmaticallg,
however, set II coupling constants are favored for KZ
production which is shown in Figure 2. It should be
stressed that flavor SU(3) symmetry was assumed in
transforming the coupling constants from p to &° pro-
duction. Using vector dominance, the kaon form factor
is represented by a simple monopole term, (1 -
Q**2/Mx*2), where M is the mass of the vector meson
mediating the process. A detailed examination of both
figures suggests that the phi meson (M = 1.02 GeV)
generated form factor provides a slightly better
description of the overall data than the rho which is
more appropriate for m electroproduction (this conclu-
sion appeared much more dramatic in ref. 1, however,
the first figure in that work contained an error which
is corrected in this paper). The dotted line in both
figures represents the result using a kaon form factor

computed within the quark model3. This form factor

Q% (6ev?)
Fig. 1 Experiment and theory for Yy tpep-~ k' + A
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(Gev?)

Fig. 2 Experiment and theory for v, + p - K" + 5o,

seems to over predict the cross sections but when com-
bined with the rho meson prediction does provide useful
lower and upper theoretical cross section bounds.
Because the current uncertainty in the data (error bars
are shown in ref, 1) precludes extracting more detailed
form factor information, more exacting theoretical
constrains will have to await future precision measure-
ments.

In addition to form factor studies and the deter-
mination of coupling constants, it is also of interest
to understand the rapid Q**2 fall off of :° production

relative to A production. Arguments have been givena’5
which relate the I/A ratio decrease to the decrease of
the neutron to proton structure function ratio which
approaches .25 as the Bjorken scaling variable
approaches 1. The implication is that the u and d
quarks predominantly couple to isospin O which, with
the addition of an isospin 0 s quark, favors A for-
mation over the isospin I £ production. Another
related and important study is the high @*2 behavior
of kaon electroproduction. According to @HD the
leading diagrams involve kaon exchange (t channel) and
the cross section should scale like the kaon form fac-
tor squared (Q**-4 dependence). This prediction is
completely different from the perturbative QCD results
which become more reliable at high Q**2. Accordingly,
this may be a useful signature for delineating the two

approaches as well as determining erergy regions of
applicability for each theory. Clearly, for these and
the above reasons it is paramount that additional and
more accurate KY electromagnetic production data be
obtained.

Production From the Deuteron

The reactions d(e,e’K)YN and d(y,KJ)YN afford an
unique method for studying AN and IN interactions.
This is of timely importance as the existing Ap data is
both meager and imprecise and the future of A beams is
not optimistic. The interesting physics centers around
the cross section cusp region which is near the IN
threshold and is displayed in Figure 3. This curve
represents the An theoretical total elastic cross sec-
tion generated by solving a coupled channels problem
(see ref. 7 for full details) for the three mass par-
titions An, £°n, and $—p using potential D provided by

Nagels and de Swarts. This interaction, which contains
hard core, tensor, and antisymmetric spin-orbit com-
ponents, provides a reasonable comprehensive descrip-
tion of limited Ap elastic and inmelastic, Ap>IN, data.
This cusp is due to an enhancement in the triplet s
wave sigma channel which is the strange analogue of the
deuteron. Since An measurements are not possible the
only direct way to investigate this system is through

500 | 7 L T ;
= !
[ t
L )
ZOOi An elastic scattering with 7
coupling to £°n, £ p channels !
100 -
g i ]
{mb) ! Nagels, de Swart !
50 = potential D -
| )
| )
| ]
20 'l- _;
| |
10! ! 1 .
o} 200 400 600 800

A

1ab momentum (MeV/c)

Fig. 3 Theoretical An total elastic cross section.
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final state interaction studies of the reaction
d(e,e'K)An. In Figure 4 the predicted inclusive cross
section (A is unobserved, only the three-momentum of
the final electron and kaon are detected) is plotted
versus the An invariant mass. Again notice the pre-
sence of the IN cusp near the sigma threshold (M = 2.13
GeV). Because this is an inclusive process it is not
possible to resclve A and £® production hence, the up-
per curve represents the sum of the theoretical cross
sections (the lower curves at low and high invariant
masses represent pure A and I production,
respectively). Accurate measurements of this reaction
will provide firm constraints for YN potentials and
will determine the unknown relative phase between A and
r elementary production amplitudes (this calculation
assumed +1 phase; a ~1 phase generates a destructive
dip instead of a peak in the cusp region). Further and
of fundamental importance, such measurements would
enable the search for strangeness -1 dibaryons which

are predicted9 to have mass values spanning the N
threshold (the singlet spin O, D,, has a calculated
mass between 20 and 40 MeV below the cusp while the
triplet spin 1, Dl’ is expected to have a mass 20 to 40

MeV above the cusp). These six guark composite
objects, which are distinct from a psrtial wave reso-
nance between two three quark structures, have a pre-
dicted p wave internal configuration and also couple

66.4

Inclusive lab
d{e,e'K)(An +

2.20 2.25

M (GeV)

cposs section for
In

to p wave AN channelslo. Conseguently, the kaon angular
distribution from d(yy,K)YN should be markedly dif-
ferent for strange dibaryon formation than for the cusp
excitation which is predomimantly s wave. This is
demonstrated, in part, in Figure 5 where the cusp in
Figure 4 is isolated and decomposed into components.
Note that the dominant contribution to the total cross
section (top curve) is from including only the triplet
s wave final state YN distortions (next curve from

the top). Piekarzll has used this signature to argue
for the formation of the triplet D, dibaryon using the
reaction d(n-,K~)Ap. He reports o&serving a maximum

about 10 MeV above the IN threshold. ldeally, a search
for the singlet DO should also be conducted since the

experimental signature is clearer because at energies
below the I threshold the inclusive measurement is free
from the complexities of the sigma channel. This is
illustrated in Figure 5 where the cross section for
pure sigma production is shown to be relatively small
at threhold (bottom curve is pure I°® production).
Unfortunately the (n~,K-) reaction is not effective in
exciting the singlet state because the participating
mesons have spin 0 and the elementary hadronic amplitu-
des have a small spin-flip component. However, the
{vy,K) excites both spin states as shown in Figure 5.
Kaon electromagnetic production is therefore not only
an attractive, alternative process for triplet dibaryon
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Fig. 5 Same as Fig. 4 for cusp region.
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studies but also an unique way of searching for singlet 9.

dibaryon production from the deuteron. 10.
Fimally, it is also possible to study K*n final il.

state interactions using d(yy,KJYN. In contrast to K*p 12,

the K*n, or isospin 0, interaction is not well known,

Improving our understanding of the KN amplitudes would

further enhance the utility of the kaon as a scattering

probe and provide important information concerning the

exotic Z* strangeness +1 baryon resonances. Because

the current experimental evidence is weak the existence

of the Z* is highly controversial, however this reso-

nance has also emerged from recent Skyrme model

calculationsi?,
Experimental Considerations At SLAC

The luminosity available to the Nuclear Physics
Interaction Region project at PEP for proton and
deuteron targets, 10**33/(cm**2-s), appears to be quite
suitable for elementary production studies and,
depending on spectrometer design, perhaps even adequate
for Yn final state interaction investigations. For
example, a conventional two arm coincidence experiment
involving a kaon and electron spectrometer each have 50
and 10 mst solid angle acceptance, respectively, and %
5% momentum acgeptance could anticipate 2 counts per
hour for d(e,e K)AN. 1If a large acceptance 4m detector
is used the count rate would be increased by at least
an order of magnitude. These count rate predictions
assume a 50% kaon detection efficiency and are based on
the cross section value near the cusp regions of about
50 nb/(GeV-sr)**2. Because the background for this
experiment is low it should be possible to obtain
accurate cross sections even without a large number of
counts. Even higher counting rates, however, could be
obtained using the primary SLAC beam and end station A.
Although these spectrometers have much smaller accep-
tances (use the 1.6 GeV detector for the kaon with AQ
= 3 mst, Ap/p = +5%; use the 8 GeV spectrometer for
the electron with AR = .75 msr, Ap/p = * 2%) the effec-
tive lumingsity is significantly higher, about 10%*37.
Predicted count rates for a double coincidence, inclu-
sive measurement of d(e,e’K)YN in the cusp region are
about 1 every 2 minutes.

Conclusion

In summary, several important issues affecting both
nuclear and particle physics could be resolved by per-
forming more accurate measurements of the two reactions
ple,e K)Y and d(e,e K)YN. More specifically, the ele-
mentary production studies would provide a decisive
comparative test of @HD and asymptotic QCD while the
final state interaction investigations would permit a
clear search for strange dibaryons. Because much of
the necessary equipment is already in place serious
proposals to perform such experiments should receive
high priority.
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abstract

We discuss the quality of the vector-meson dominance
approach in the description of electremagnetic form
factors of nuclean and pion. A generstisation of this
spproach is given which includes the constraints ot high 0?
as obtained from perturbative guantum chromodynamics.
An interssting pessibility in the interpretation of the
aralysis  is that nucleon and pion are very different in
their quark-gluon  structure. The importance for
measurerments of the electric form factors of neutron and
proton as well as the pion form factor is emphasized.

The determinstion end understanding of  the
electromagnetic form factors of  hadrons belongs to the
fundaraental problems in hadron physics. {1t ig needless to
zay that with the knowiedge of the form factors over &
wide range of mamentum transfer, important infarmation
ar the underlying quark-glucn structure of the hedrons is
cbtained. As nucleon and pion are the simplest quark, resp.
quark-antiquark systems they play & very special role. The
sirmultanecus understanding of these bound states is of
sutslanding irmportance.

In the prezent discussion we investigate the quslity of
the wector-meson dominance (VMD) epproach!  in the
description of the em. form faclors of nucleon and pion.
The connections 10 the quark-gluon description of the Torm
factors is ngicated together with the necessary
rmodifications of the form factor description in view of
the constraints obtained from perturbative QCD2%4.
we follow the description of refsS,6.

According to our understanding of & physical photon, the
interaction of & virtual photon with & hadron consists of
two different pieces: (i) a direct contribution which
describes the interaction of the bare photon, and (i) a
contribution which is associated with the hadronic
structure of the photon. This second part can be visualized
by the interaction of the neutral vector mesons pwe, vy
with the hadron.
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Fig.i

Hadronic (quark-gluon'} structure of the pholon and the
interaction of a physical photon with 8 hadren,

Assuming that the vector meson contributions (Fig.1b) to
the form factor, which dominate for momentum transfers
close to the masses of the vector mesons, also dominate
the form factor far away from these poles the form
factors can be described totally by the vector-meson
contributions. This is the origin of the vector-meson
dominance model. In the simplest version of this model,
where one assumes a point-iike interaction of the vector
mesons with the hadron, the em. form factors are
described completely by the vector meson propagators
For example, the nucleon isovector, as well as the pion
e.m. form factor is given by the p-propagator:

Fx(Q?) = m2/(mo2+0%) = FV(@?) = 6,P(@2)/ 6,P(0)

It is interesting to see the quality of such a simpie
description in the space-like region for the e.m. pion and
nucieon magnetic form factor. A comparison with the
available experimental information is shown in the
following Fig.2.
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wWe reglize that wMD, assuming point-like p - nucleon

interaction, qives remarkable differences in the form
factor description for nucleon and pion. While for the pion
YD gives a rough description of the data - showing very
lerge deviation from the experirment only &t high G2 - in
the case of the nucleon the description is completely
insufficient alresdy st low 02

How can we understand this difference? Does this
finding already tell us that VMD is not & good way to
describe hadron form factors?

Actually this is not the case as can be seen by considering
structured particles In & meson picture this seems to be
rather an indication for & different imporiance of the
meson cloud contribution of nucleon and pion. Consider the
interaction of a photon with & hadron in the case of
nucleon and pion. The emission probebility for a virtual
mescn seems to be very different for nucieon end pion The
energy violation due to the uncertainty principle is very
different in both cases. while AE is small for the
nucleon, 1t is rather large for the pion, indicating a strong
variation of the y - nucleon interaction with momentum,
while no such effect ic expected for the pion. A similar
effect is to be expected if we replace the photon by a

p-meson. Cormpare FIg3 (V=y, p, w9, J/y)
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Fig.2

The ermn. form factors of pion and nucleon in the vector-
meson dominsnce approach assuring point-like particles.

Data are from refs.(7-10) for the nucleon and ref.(11) for
the pion.
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fMustretion of the importance of meson  ¢loud
contributions  to the interaction of the photon with

nucleon and pion in 8 “meson picture’.

This indicales thal the strong disagreement of WMD with
the dats in the case of the nucleon disappears when we
infroduce & momentum dependence of the p - nucieon
interaction:

GMD(Q:’}/ GMD(O) = mpzﬁ(mp2+02) * 1*;12/( 1&12*Q2)

Here we denoted by Ay & meson scale parameter giving
the variation of the p - nucleon interaction with
momentum transfer. This is the simplest possible
sssumplion as long as we are only interested in the Tow 2

behavior. With A, ~ Mg this corresponds roughly to the
dipole form Fp = [A%/(AZ+Q2))2  with A=/071 Gev,
which is the optimal one parsmeter fit to the nucleon data.



For the pion we do not expect such @ targe  effect
according o the above discuszsion. Thus a  small
modification of the simple VYMD picture gives a rough
description of the experimental data - both for nucleon and
pion - at least &t low momentum transfer.

A closer ook at the comparison of theory with experiment
however shows that in order to obtain a satisfying
deccription of the data several deficiencies have to be
cured. First of all the parameter A 1n the best fit dipole
form is not exactly the p-w mass, a fact which is
disturbing; A is slightly larger than 0.64 GeV.

A more severe point is the failure of this simple picture to
describe the experiments for momentum transfer larger
than 1 GeV/c - for 811 form factors under consideration.

In the following we will see that taking into account
(i) the direct interaction of the photon with the
hadron - and (ii) the form factor predictions from
perturbative QCD a satisfactory description of all
available nucleon and pion experimentsl data is possible.
For more details see also refs.(S,6).

Applying the fectorization approach of Erodsky end
Lepage, perturbetive OCD predicts the following high 02
behsviour of pien and nucleon form factors:

Pian

Q= F Q%) = 16T (Q¥)f2 /02 (n

Note thet ss the pion decay constant rﬂ:% MeV is
measured, the asumptotic farm factor is known in form

and magnitudes.

Nucieon
Here we hogve different asymptotic forms for Dirac and
Pauli farm factors, narnely:

Q2= oo FNQY) » w022 /04

—

PN - FNonigr ~gre

The Psuli form factor is power suppressed as compared
to the Dirac form factor reflecting the suppression of
helicity changing armplitudes in QCD.

Considering the vector mesons in & one-field
approximation we can consider a universal vector-
particle nucleon vertex function, which strongly

simplifies the picture. We see that VMD contradicts
the high 02 prediction from perturbative QCD. This
s due to the additional power suppression originsting
from the vector-meson propagators and emphasizes the
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need for additional corrections to the form factors. The
vector-meson contributions 1o the em. form factors die
out with increasing @ se compared to the direct
tnteraction contribution.

Nucleon form factors

Using the known information on the vector meson nucleon
interaction which we have from pion-nuclecn scattering,
SU(3) and the Zweig rule ( Gppn=0 2, the nucleon

isoscalar, isovector form factors are reduced to universsl
Dirac and Pauli vector-particle nuclesn vertex functiong
Fi(Q%), F,{Q%). Correspondingly, we heve the following
expressions for the isoscalar, icovector em. nucleon form
factors:

FIVQ = e+ (1-0] Fi)

~—
~—

Xy le‘v'(Qz) = AP CxX .+ (x\,-cx 31 F ),

p p

with Apzmpz,’( mpz,,Qz) and c:gpNN,’fP: Qohind T

mp(w)z/fp(w) denotes the ¥-p(w) coupling constant.

P=O.776 GeV, m,=0.764 GeV, x,=3.706, xg = -0.12.

m

The isoscalar form factors F19(G2), Ko F,19(02) are
obtained from eq.(3) for p - w and X, 2.

The crucial inforrmation on the meson, resp. quark-giuon
dynamice 15 hidden in the universal intrinsic Dirac- and
Pauli-vertex functions Fy and F,. These functions have also
Lo TUlfill the requirements from meson physics'? at low Q¢
and POCD &t asymptotic {2, ss illustrated in the following
Fig4
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Fig.4

Nustration of the low Q¢ - high O? constraints as
incorporated in the present analysis. Low Q2. meson
dynamics; high Q% perturbative QCD. Some of the leading
meson cloud contributions are shown, as well as the
lesding gluoh exchanges.



Introducing rmeson and quark-gluon scale parameters A,
angd A, respectively, very simple forms for both Fy and Fp,
which fulfill the sbove requirements are:

F1(Q2) - a‘hnzf(ﬁxg +a2) *‘/\22,/(A22+62)

F,{02) = Q0% A,2/(4,%+()
(4)

with
Q2=0210g(( A2+ QR A2/ 10gl A28 Agep)
Note that for Q2 »> A,% the form factors have the

asymptotic form required from POCD. Thus A; tells us
something about the range of applicability of PGCD,
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Resuits of the form factor analysis in compsarison with
the anslysed dats The deviation from the common
dipole form Fl02) = [1/(1+02/0.71)]2 is shown , except

The magnetic and electric form factors Gy, Gg ere defined
&8s ususl by:

GMD(HLF‘D(H) + FZD(N) ; GED(TI)._. Fin(n) ~ Q2/am? FZD(FI)

where FPM £ P(N) dengte Dirac and Pauli nuclean form
fattors:

Flp(n) - ]./2“:‘15 +{-) F1Iv] . FZD(h):,/z[KS F215 +{=) KVFZW

An analysic of the world nucleon cross section data in
terms of the above form factor description yields with
£20.342, KP:6_61 and x,,=0.32 the following scales:

A=0.785 GeV, A,=2.22 GeV and AQCD = 0.267 GeV.
Interested in a precise determination of the scale AQCD

one has to take into account alsg the contributions from
the anomalous dimensions of the three-quark
component®.  This we will not discuss here. The
parametrization from asbove gives already a satisfactory
description of the data. The inclusion of the anomalous
dimensions in the analysis leads to Appp = 180 MeV and

very small changes in the other parameters; see ref (6 )
for details of this analysis.
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for the electric neutron form factor G¢" - a) GcP/Fp, b)GMp/uDFD, €) G/ uFp. @ G Dats points are from the

analysis of the cross sections of refs(7-10).



One has a8 clear splitting between mesan and guark-gluen
scale. While the meson scale is about the mass of the
vector mesons (p,w) as expected from meson physics, the
quark-gluon scale is rather Targe A;x3A Note that A is
the only parsmeter in this picture where we have no
information from other sources.

in view of the constrainte on the model we realize @&
rermarkatle description of the data ( X2/date = 0.5). It is
interesting to note thaet the proton data aiready determine
the form factors. An interesting finding of the QCD-VM
model is the fact that the electric neutron form factor
turns out to be very large st high 02 in contrast to the
general belief . It even exceeds the magnetic neutron form
factor for 02 > 4M2 In view of the fact that the neutron
form factor turns out - in this model - to be dominsted
by the Peuli contribution, direct measurements of the
electric and magnetic nucieon form factors are of grest
importance and will yield important information on the
spin-flip parts of the form factor { see also refs 35,6 for
details).

A5 can be seen from the sbove equations { 354 ), the
Fouli form foctor- for both neutron aond proton - i
dominated by the isovector part. This means that the
electric neutron form factor iz strongly related to the
Pauli form factor of the proton Therefaore measurements
of the eleciric neutraon form factor as well as the Pauli
farm factor of the proton will give us veluable information
on the quark spin flip contributions. In the folowing Figé
we show  the importance of the Psull contribution to the
maqnetic form fector of the proton.

‘[—_“ 6MP=F 1P+F2P

s SLAC BS

Q%4 GMP [{GeVY/c)¥*4)

e —

20 30 40 50

Q**2 [(GeV/c)**2]

Fig6
High 0% behavior of the proton megnetic form factor
D‘Gmp. The relative importance of Dirac end Pauli

contribution is shown. The dotted line corresponds to the
asyrptotic form as obtained from POCD .
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¥Within the present model, which iakes care of direct and
vector-meson contributions to the form factor, we can
now answer the question of importance of the vector-
meson pole piece. A measure for this part et 42 =0 is the
constant ¢ in eq.3. For the above given analysis we have
£=0342 showing that the vector meson contribution is
rether small, 34 & at 02 =0.

It is interesting to see what replaces the dipole form at
low Q% For Q2 << A,2 the isovector pert has the
following form:

FAYa?) = Ay v (1= ] AR/AZ +QD)
~ [ mpz/(rnp2+02)12*0.34+O.66 mpz/(mp2+02)

Instead of 8 moving of the rho-rmeson mass to higher
values, a superposition of @ monopole and dipale gives the
gesired structure.

Note that the presented formulas are only thought for &
description of the space-like momentum transfer regiont It
fe 1s only an effective form faclor description and not
suited Tor any continuation inte time-like momentum
transfer.

The vectar-meson contritution to the magretic form
factor is shown in Fig7.
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Fig7

The rmagnetic form factor in the QCD-VM model. The part
which originates from the p,w contribution is indicated.
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Pion form factor eq.(9), in comparison with the evailable
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infarmation. F Q%) and Q% Fi(Q%) is shown. To stress the high momentum

region, alsc the non-vector meson part,ie. the part of the pion form factor

which approaches
contribution).

Due to the additional power suppression originating from
the  vector-meson  propagator, the  vector-meson
contribution dies out with increasing 02 and becomes less
and less important. This 15 an important finding in
connection with the relisbility of perturbstive QCD
calculations of the magnetic form factor. Associating the
vector meson contribution with the gluon part of the

the asymptotic form abtained in

proton wavefunction it might give us some hint about the
irnportance of the leading Fock states. We shall come back
to this point Tater in connection with the pion form factor .

where just the opposite behavior is found.

Pion form factor

An analysis equivalent 1o the one for the nucleon, suggests
g form factor for the pion of the type:

Fr(Q= &gt ge (1= eyl A1 AL2+02) 5

Cq 8/ Ty
FOr Q2= co: F(Q2) = (1-c.) A2/Q2

82 as defined in eqd
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POCD is shown { hard

An optimal description of the date is obtained for
Cyy =0975, AQCD =180 MeV and A,=2.19 GeV.

The rezult of such an analysis is shown in Fig & .

In contrast to the nucleon case, the analysis of the pion
farm factor data reveals a dominant contribution of the
vector-meson part up to high momentum transfer. What is
usually celled the hard contribution and is very large in

the case of the nucleon, plays here a minor rote.

+ oo 4 + o0

Fig9
interpretation of the vector meson part of the form factor
s & gluon contribution of the pion wavefunction.

If the vector meson contribution can be associated with
the part of the form factor connected with the gluon part
of the wavefunction this might be a hint that in the case
of the pion form factor the gluon part plays a dominant
role, while for the nucleon the situation is reversed and
the walence quarks dominate.



we note that the discussed snalysis is the most simple one
which sctually can be performed. However because of the
clesr dominance of the vector-meson contribution, the
situation in cormparison with the nucleon is not likely to
be changed qualitatively. In view of the importance of
these gquestions, measurements of the pion form factor st
high momentum transfer are highly desireable.

Kaon form factor

There are interesting consequences concerning the K* form
factor. Using SU(3)¢ and a universality condition

cﬂ:cpzc@ ,we have sccording to the quark assignement of
K’: us R
factor:

the following prediction for the Kaon form

FK"'(QZ) =

[(1/2 A% 176 Ay, +1738)e+(1-c)lA?/(A,2+82)

p

Comparicon with VMD form factor models

In the case of the nucleon there exist & variety of vector-
rmeson dominance models. we have seen that the
paint-1ike vector meson dominance model including only
the established mesans does not give & ressonable form
factor description. Most of the models therefore used
generalisations in the divection of including hesvier vector
mesong @5 plptpT,wLWLW and PP still with
point-like meson nucleon interactions. Although the
coupling constants of these hypothetical particles are
determined by a fit to the nucleon data no satisfactory
description could be obtained. Examples for these type of
form factor descriptions are given in Figure 10 where we
shaw the magnetic form factor of the proton, which is the
most important  form factor as it is best known
experimentaliy.

It is noticesble that the strict paint-like vector meson
dominance pictures of KK and ZE ere not able to give the
magnetic form factor, not even at low G2 The model of
Hohler et al. includes the information from pion nucleon
scatiering which gives additional information beyond YMD
for the isovector case. The model of IJL inciudes a direct
coupting of the photon to the nucleon as discussed above,
however only in the case of the Dirsc form factor. The
Pauli form factor is treated in VYMD. In addition, a
parametrized p-propagator was necessary to explain GMD.

Although both Hihler et 8. and IJL give & good description
of the proton  magnetic and  electric data st low
mormenturn transfer, they fail at high 0° and in the
description of the neutron form factors.
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In summary we note that cambining the infermation from
meson physics &t low (? and the perturbative QCD
predictions at high (%, a satisfactory description of the
present experimental dats is achieved The vector-mesan
pole contributions dominste  at low Q2 only in the case of
the pion . They play & minor role for the nuclean. Relating
the vector-meson  contributions 1o those arising from
the higher Fock state contributions of the hadron
wavefunclion one would expect that nucleon and pion
wavefunctions!  are very different in their nontrivisl
structure. in view of the importance of these problems for
the understanding of the hadronic interactions'®'9,
extended measuremenis of the nucleon as well as of the
pion form factors s&re necessary Especially the
measurement of the electric proton form factor, which 1s
presently known only up to @2 ~ 2 Gev2/c?, will give

important intg the

structure.

insight underlying quark-gluon



Thanks are due S.J Brodsky and N.G. Stefanis for
discussions.
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BARYON RESONANCES WITHOUT QUARKS:
A CHIRAL SOLITON PERSPECTIVE*

MAREK KARLINER

Stanford Linear Accelerator Center
Stanford University, Stanford, California, 94805

ABSTRACT

In many processes involving low momentum transfer it
is fruitful to regard the nucleon as a soliton or “monopole-
like” configuration of the pion field. In particular, within this
framework it is possible to obtain detailed predictions for pion-
nucleon scattering amplitudes and for properties of baryon res-
onances. One can aiso derive model-independent linear rela-
tions between scattering amplitudes, such as 7N and KN. A
short survey of some recent results is given, including compar-
ison with experimental data.

1. INTRODUCTION

This talk describes the application of chiral soliton ideas
to the meson-baryon S-matrix. Most of the original work re-
ported here was done in collaboration with Michael Mattis at
SLAC.*™

How can the chiral soliton picture of the nucleon be put
to a quantitative test? The flow chart in Fig. 1 illustrates two
potentially productive approaches to the problem. Both will
be described in some detail in the course of this talk. For now,
I will just summarize the two alternatives.

One possibility is to take the simplest realization of this
picture, i.e. the simplest mesonic Lagrangian admitting soliton
solutions with the right quantum numbers and then calculate
the properties of baryons in that model. The simplest model
satisfying such criteria is the Skyrme model. In that model
the pion-nucleon scattering matrix can be computed explicitly
and it is in good agreement with experiment. The Skyrme La-
grangian is of course only a very crude approximation to the
true low-energy effective Lagrangian of QCD. In addition, the
results obtained from the Skyrme model might therefore de-
pend on the details of the action. Hence the second approach
for testing the chiral soliton picture: it turns out that one can
derive mode! independent predictions, valid for all models in
which the baryon corresponds to a soliton of a hedgehog form.
In all such models the static soliton is not an eigenstate of
the isospin I, nor of the angular momentum L. Instead it is
invariant under the action of K = I + L. Therefore the meson-
baryon S-matrix has well-defined transformation properties
under K. This property of the S-matrix yields new and some-
what surprising relations between the various meson-baryon
scattering matrix elements. Some of these model-independent
relations are satisfied remarkably well in Nature. Let me now
describe the two approaches in some detail, addressing first the
Skyrme model calculation. I will begin with a very brief review
of some basic results in Ref. 3. The Skyrme Lagrangian with
a chiral-symmetry breaking mass-term is given by

» Work supported by the of

DE-AC03-765F00515.

Department Energy, contract
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S.M. vs EXP a(nN) <= o(KN)

Fig. 1. Flow chart illustrating two possible ways of putting
the chiral soliton ideas to a quantitative test: a model-
dependent and a model-independent one.

- {_iTr (w0 0.0") + 5T [0u0) U, 1) U]

32e (1)

2,2
+-fl;n—”(TrU—2).

Here fy is the pion decay constant (186 MeV in the real world),
my is the pion mass, and e is a new, dimensionless coupling
constant peculiar to the model. The “small parameter” 1/N
enters the Lagrangian through fy and e, which behave like N3
and N~% in the large-N limit, respectively.

The chirally invariant vacuum is U(z) = 1 and pions are
usually thought of as small fluctuations around this state,
hence the standard notation:

20, -
U =exp [-—lw(z, t) -r}
fr
For small 7/ fr we have U ~ 1+ 2i7(Z,t) - ¥/ fr and then the
first term in Eq. (1) becomes just the kinetic term for free
pions, as expected:

2

1 - .
{—’éTr (auu ') - 5 (0.7 -0,7) + 2)
In addition to the vacuum solution, (1) has static soliton so-
lutions which break the chiral symmetry and carry one unit
of baryon number. They can all be obtained by an isospin

rotation from the canonical “hedgehog” solution:
Uy = exp [F(r)f - T]

and Ug= AU A™! (3)



where A is a constant SU(2) matrix. When A is treated as
a collective coordinate, one finds that the nucleon corresponds
to a superposition of the Ug-s. Schematically we can write this
as

i) = [ dax(a) (4

where X(A) is the wave-function in the space of collective co~
ordinates. While |A) corresponds to a state pointing in a well-
defined direction in the internal space, it has an ill-defined
isospin and angular momentum. On the other hand, the state
|N) has well-defined spin and isospin, but does not point in any
specific direction in the internal space. The situation here is
completely analogous to the problem of a particle constrained
to move on a circular ring, as shown in Fig. 2.

4-87 5752A2

Fig. 2. A one-dimensional analogue of the collective coor-
dinate A: particle constrained to move on a circular ring.
Classical ground state corresponds to a particle at rest at
some fixed angle 8. In quantum mechanics this is no longer
true and we must have an eigenstate of the angular momen-

tum operator Ly = -—i%.

Classically, a particle at rest at any angle # is a ground state
of the system. In quantum mechanics the eigenstates of the
hamiltonian no longer are localized at a fixed angle §. Instead,
they are eigenstates of the angular momentum operator Ly =
—i%. Using this analogy, we see that a nucleon with a well-
defined spin and isospin corresponds to a rotating soliton.

Static properties of the nucleon in the Skyrme model ob-
tained in Ref. 3 were based on treating fy and e as free pa-
rameters, to be adjusted for the best fit to nucleon and A
masses. All other static quantities were obtained as functions
of e and fr. Some properties of the nucleon turned out very
well, but some others were in serious disagreement with ex-
periment. Most notably, the values of fy and g, had errors
of about 30% and 50%, respectively. At this point it is worth
reminding ourselves that the Skyrme Lagrangian is in principle
an equally good approximation to an underlying SU(N) gauge
theory with N = 3 or N = 5, etc. In the real world N = 3 and
it is therefore very unlikely that the Skyrme Lagrangian can
reproduce experimental quantities which explicitly depend on
N. Typically the most we can hope for is to reproduce exper-
imental quantities which do not depend on N in the leading
order of the 1/N expansion. For example, while fy ~ N 3 and
gs ~ N, the ratio f2/g, ~ N° and in contrast to fr and g,
. taken separately, it reproduces experiment to 3%. As shown
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in Table I, similar statements can be made about some other
N-independent ratios.

The purpose of this example is not to suggest that all N-
independent quantities should agree well with experiment, for
this is hardly the case. The results in Table I suggest however
that the N-independent quantities stand a better chance of
reproducing the real world data. If our guiding principle is
to look for such quantities, it is natural to examine the pion-
nucleon S-matrix, since meson-baryon scattering amplitudes
are independent of N in the large-N limit."!

The first step towards the computation of the 7 N S-matrix
is the realization that small fluctuations around the soliton
can be identified with physical mesons. This is schematically
illustrated in Fig. 3.*

Once that identification is made, it is clear that in order
to obtain the pion-nucleon S-matrix, we should in principle
find the eigenmodes of small fluctuations around a rotating
soliton. This is a very difficult problem. Fortunately enough,
in the large-N limit there is an important simplification: -in
that limit the soliton rotates very slowly, with angular veloc-
ity ws ~ 1/N. Thereason is as follows. The spin of the nucleon
is %h, independent of N. It is the product of the Skyrmion an-
gular velocity ws and its moment of inertia J;. The Skyrmion
radius R is independent of N and its mass M; scales like N i
Consequently

Io ~ MyR* ~ N while I w, = %h ~ NO

therefore
ws ~ 1/N

The characteristic time scale t,,¢ associated with the Skyrmion
rotation is large, trot ~ 1/ws ~ N. It is much greater than the
time t, that a pion moving with the speed of light spends in
the vicinity of the nucleon:
R, ~ N©; Rs/e ~ NC ~ ty € tyot ~ N

A pion will therefore not observe the rotation, but rather will
take a “snapshot” of the soliton in one of its possible orienta-
tions. The probability of any given orientation is proportional
to |X(A)|*. This justifies the impulse approximation: first ob-
taining the scattering amplitude for scattering of a pion by a
soliton pointing in a fized orientation and then superimposing
such amplitudes, according to their weight in X(A4).

In addition to neglecting the rotation, as described above,
we can neglect the nucleon recoil, since in the large-N limit the
pion kinetic energy in the domain of interest is independent
on N, while M; ~ N. In order to obtain the Lagrangian
describing scattering of mesons by a static soliton, we write
the chiral field U in the form:

(4)

U = exp [F(r)f' F 211r] .

T

This form of U is then plugged back into the original

# This identification breaks down for fluctuations which do not change
the energy of the system. Such fuctuations correspond to the trans-
lational and rotational xero modes of the soliton. In our treatment
this subtlety is neglected, spoiling the agreement with experiment in
the low partial waves.
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TABLE 1

PROPERTIES OF THE NUCLEON IN THE SKYRME MODEL
AND THEIR DEPENDENCE ON N.

Quantity N-dependence Prediction Experiment Error
LA ~ NO 0.59 fm 0.72 fm 18%
(N0 ~ NO 0.92 fm 0.81 fm 14%
Bp ~N 1.87 2.79 33%
Un ~N -1.31 -1.91 31%
Hp/btn ~ N° 1.43 1.46 2%
ga ~N 0.61 1.23 50%
fx ~ Ni 129 MeV 186 MeV 31%
ST ~ N 27,280 MeV? 28,127 MeV? 3%
grNN ~ N3 8.9 13.5 34%
grNA ~ N3 13.2 20.3 35%
grNA/gxNN ~ N°® 1.5 1.5 $1%

The predictions are from Ref. 3. Skyrme model is a priors an equally good effective Lagrangian
for N, = 3 and N = 5. So it does not reproduce well the quantities which depend on N in the
leading order of the 1/N expansion. On the other hand, as demonstrated by the table above, it

typically does much better for ratios in which the N-dependence cancels out.

5752A3

Us = exp [F(r)f - 7]

fx

U = exp [F(r)f- St ——2”'(”")}

Fig. 3. A two-dimensional example showing how fluctuations around the classical
soliton profile should be identified with the physical mesons. Time flows from left
to right and the fluctuation corresponds to an outgoing spherical wave.

Lagrangian (1) and the action is expanded in powers of 7/ fy:

LU) - L7 = FLF + O(F/f) ()
where[L is a second-order linear differential operator depending
on Uy. Forr — oo, Uy — 1 and then [, becomes just the
free four-Laplacian, as in (2). The term linear in # vanishes,
since Uy is an extremum of the classical action. In addition,

in the N — oo limit we can formally neglect the O (7%/f2)
terms, since fy ~ N1, and such terms are suppressed relative
to the quadratic one. We are left with a quadratic Lagrangian

and therefore with linear equations of motion, which can be
schematically written as:

L7=0
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These equations describe the motion of 2 meson in a potential
provided by the soliton background.” Since the potential is
invariant under K, K plays the role of the angular momentum
in the usual partial wave decomposition. The equations can be
explicitly solved for each value of K, yielding the eigenmodes
of # as functions of energy. For |Z] > R, F(r) — 0 (cf.
Eq. (3)), the potential vanishes, and up to a phase, the 7
wave function is that of a free particle. This phase is just the
scattering phase-shift defining the S-matrix element in a given
pion-Skyrmion channel. We shall refer to the latter as reduced
matrix elements. The reason for this name will become clear
in a moment.

* The explicit expression for [L is rather complicated and will not be
given here. Interested reader is referred to the original literature Refs.
4,6,8and 9.



In order to obtain the pion-nucleon S-matrix from the pion-~
Skyrmion one, we need to project the Skyrmion onto states
with well-defined isospin and spin. This projection is carried
out as follows. First, given the T-matrixT Ty, for scattering
off Uy, the corresponding T-matrix for scattering off Ug (cf.
Eq. (3)) is given by:

To, = D(A) Ty, D(A)! (6)
where D is the adjoint representation of A. Next we super-
impose the Ty,-s according to their weight in the nucleon
wave function X(A). The complete expression for the physi-
cal T-matrix is then:

Truys =

dA X}(4) B(A) Ty, D(A)1X(4)
SU(Ny)

(7)

where SU(Ny) is the flavor group and X,(y) is the wave function
of the baryon in the initial (inal) state. Integration over the
flavor group can be carried out in closed form (see Appendix
B of Ref. 9 for details.) The final result has a very simple
structure:

Truys = th’f?m} (8)

where TR®P are the T-matrix elements in the pion-Skyrmion

system and the Ci-s are group-theoretical factors. The struc-
ture of Eq. (B) explicitly demonstrates two ingredients on
which the physical answer depends: symmetry and dynam-
ics. C;-s reflect only the symmetry and are independent of the
details of the Lagrangian. They are determined by the flavor
group and by the fact that the soliton is invariant under K;
all dynamics is contained in the reduced matrix elements. We
are all familiar with this type of division into group theory and
dynamics. For example, isospin conservation dictates that the
T-matrix for 7N — 7N is given by

T,N=C%T%+C%T% (9)

where C;(%) are SU(2) Clebsch-Gordan coefficients and Ty
are the I = }(3) reduced matrix elements.

In the foregoing discussion we have focused on the 2-flavor
Skyrme model. Extension to 3-flavors is in principle straight-
forward. The embedding of the SU(2) hedgehog inside SU(3)

is done by setting
U
1

Technical details for SU(3) are however much more compli-
cated. The interested reader is again referred to the original
literature, especially Ref. 9.

(10)

At this point we can summarize the prescription for computing
the meson-baryon S-matrix in the Skyrme model:

¢ identify small fluctuations around the soliton with
mesons

t We interchange freely between the S-matrix and T-matrix, using
the one which is the most convenient. The two are related by
T = (S —1)/21.
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¢ meson wave function == phase shifts, T;°°

o K symmetry => Tpuys = )_; Ci11®P

e Approximations:

> my, = my m, = 0 => massless pseudoscalar
mesons, exact SU(3)

> Large-N == no recoil, linear eq’s of motions
> Zero modes for L = 0,1,2; neglected

We are ready to compare the Skyrme model T-matrix with
the experiment. It is customary to decompose the experimen-
tal data into channels with well-defined isospin I, angular mo-
mentum J and orbital angular momentum L. Such channels
are denoted by L,,;,, where L is denoted by an appropriate
letter: S,P,D,F,G,H,I,K for L =0,1,2,3,4,5,6,7, respec-
tively. The T-matrix for each L,, ,, channelis plotted as a func-
tion of the energy, on the so-called Argand plots (¢f. Fig. 4).

Re(T)
lnéoé"/?v\p.s
Im(T) 0.5 (y A/\
\ | AT RPN P
§:8 0 0.5 1 15 2
meson momentum
05| PI-N-->PI-N: F15
[ 2.0 l
1.0 ~ 15 L
[ W
L 3
b E LO0F
1.5 ;- %
3 0.5+
2.0 0.0 . Lol .
0 05 1 15 2
4-87 meson momentum
5752A4 arrow location; .86; sign of Im(T): o

Fig. 4. Sample Argand diagram. A resonance corresponds
to the maximum velocity of d|T|/dE ( here denoted by an
arrow ). In the Skyrme model the plot in the unitarity circle,
ImT vs. ReT, is independent of e and fy.

The part of the diagram bounded by the unitarity circle, ImT
vs. ReT is independent of e and f, and therefore provides
the most stringent test of the model. Fig. 5 compares the
experimental results for 1N — 7N S-matrix with those of the

3-flavor Skyrme model. ’

I’d like to stress again that the Skyrme model calculation
as shown in Fig. 5 contains no adjustable parameters. The pa-
rameters of the model determine the energy scale, but not the
shape of the Argand plots. Apart from the S, P and D partial
waves, containing the spurious zero modes, overall agreement
with experiment is quite good.

The most conspicuous feature of Fig. 5 is the fact that
the Ly_y/3 j=1-1/2 channel is much larger than Ly.y/2y=L+1/2
for all L's. This is true for both experiment and the Skyrme
model. A similar, albeit less pronounced pattern holds for



Fig. 5. #«N - xN: comparison
between the 3-flavor Skyrme model
and experiment (from Ref. 9). The
plots show Im{T) vs. Re(T') for each
channel. Channels are labeled by
Li:as, where L is the pion orbital
angular momentum, I is the total
isospin and J the total angular mo-
mentum.

Fig. 6. Spectrum of N and A
resonances: 3-flavor Skyrme model
{crosses) vs. experiment (points
with error bars) (from Ref. 9). Res-
onances are assigned stars accord-
ing to the Particle Data Book. The
Skyrme-model values for my and
mp are obtained from Eq. (9) of
Ref. 3, using the “best fit” param-
eters of Ref. 9 (e =4.79, fr =150
MeV.)
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Ly_3/2,7=L+1/2 and Ly_3/2 j11/2 channels. In the chiral soli~
ton framework this phenomenon has a very simple explana-
tion: there are eight reduced amplitudes entering Eq. (8) for
SU(3)s. Out of these, five turn out to be very small and only
three are significant, with roughly the same magnitude. The
magnitude of the physical amplitudes is therefore determined
by group theory, i.e. the relative strength of the C;-s multiply-
ing the three principal reduced amplitudes.

Having obtained the complete set of partial-wave channels,
we can compute the resonance masses from the maxima of
d|T|/dE. The resulting spectrum of N and A resonances is
displayed in Fig. 6. With over 30 resonances and two adjustable
parameters, masses are predicted with an average of about 7%.
While all of the 4-star resonances appear in the same place in
2- and 3-flavor calculation, the 1- and 2-star resonances in the
Fi5 and Fs7 channels supply a surprise: as demonstrated by
Fig. 7, these weak resonances appear only when the third flavor
is introduced. It is somewhat puzzling that the appearance of
non-strange resonances should be sensitive to the existence of
the strange quark. A possible explanation is that they couple
to the strange quark sea in the proton.

Fig. 8. 7N — wA : comparison be-
tween the 3-flavor Skyrme model

Experiment
-05 0 05 O 05 O 05 O 05

dITI/dE

.5 2.0 1.0

TOTAL ENERGY

1.5 2.0
(GeV)

2.5
12-85 5306A1

Fig. 7. Speed diagrams for the four F-wave amplitudes
in the 2- and 3-flavor Skyrme models (dotted and solid
lines, respectively).
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Fig.9. KN — KN : comparison between the Skyrme model and two experimental
solutions (from Ref. 9): “Experiment I” from Ref. 14 and “Experiment II” from
Ref. 15. Channels are labeled by L, ,,. Note that experimental and Skyrme-model
plots for L > 2 are shown on different scales. The resonance-like behavior in some

of the experimental channels is evident.

In addition to the elastic 7N — x N processes, we can also
consider inelastic processes, such as 71N — 7A . The only
change with respect to #N — nN is that X; stands now for
the A, instead of the nucleon wavefunction. The results are
shown in Fig. 8. The experimental partial-wave analysis of
7N — 7w A is somewhat less clear-cut than # N — 7N | since a
N=r final state may represent Np, as well as Ax. The sign of
Im(T) is however unambiguous in most cases and wherever it
is known experimentally, the Skyrme model yields the correct
answer. This is highly non-trivial: the only other theoretical
scheme which passes this test is the quark model.

The results discussed so far were obtained in the 3-
flavor model, but did not involve strange particles. We will
now review two processes with open strangeness, beginning
with KN — KN . That reaction is rather different from
7N — nN , because any resonances in the KN channels must
be exotics, involving more than three quarks. The question
whether such resonances exist experimentally has long been
a controversial subject.” The Skyrme model has no built-in
bias of this kind and therefore it is interesting to compare its
predictions with experiment, as shown in Fig. 9. In general,
the predictions contain too many resonances, compared to the
data. Of particular interest are the F-waves, where the model
typically works best. The theory predicts a clean resonance in
the Fos channel, similar to the one observed in Do3. This chan-
nel has not yet been analyzed experimentally and thus provides
an interesting prediction. Contrary to the KX N channel, there
is nothing exotic about XN — KN . The partial-wave anal-
ysis of experimental data is of good quality, although not as

» Some of our colleagues even refuse to be confused by data, as is
perhaps best illustrated by the 1984 Particle Data Book: *... The
general feeling, supported by prejudice agasnst baryons not made up
of three quarks, is that the suggestive counterclockwise movement in
the Argand diagram of some of the partial waves is not real evidence
for true Breit-Wigner resonances...” (p. $243).
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precise as mN — 7N | especially in the higher partial waves.
The theory reproduces most of the essential features of the ex-
periment, as shown in Fig. 10. Since we work in the chiral
limit, mg = 0, there is no point in attempting to extract the
spectrum of the strange resonances.

It is possible to study many more inelastic, strange and
non-strange processes. Details may be found in Ref. 9. At
this point I would however like to move on to the model-
independent tests of the chiral soliton picture, as outlined at
the beginning of this talk. Let me invoke the isospin analogue
once more. If we consider elastic scattering of charged pions
on nucleon, a priori there are four different amplitudes to con-
sider: T(z*p), T(zx"p), T(v*n) and T(x"n). From Eq. (9)
we learn that they can all be obtained from two reduced am-
plitudes:

T,n=C1T1+C3Ts
2 3 2 2

Only two out of the four can be independent, and so there
is a linear relation between any three of the four. This is a
rather generic phenomenon, with an interesting counterpart in
the chiral soliton framework, valid for all models in which the
nucleon corresponds to a soliton invariant under the K sym-
metry: with three flavors any elastic meson-baryon T-matrix
element is given by a linear superposition of the eight reduced
amplitudes. In the Skyrme model five reduced amplitudes are
negligible and the other three make the dominant and roughly
equal contributions to the physical amplitudes. Even though
we cannot compute the reduced amplitudes in Nature, it is
natural to make the dynamical assumption that this hierarchy
exists in the real world as well:

3
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Fig.10. KN — KN : comparison between the Skyrme model and the experimental
solution of Ref. 16 (from Ref. 9). Channels are labeled by L.

Such an assumption not only explains why for aN — =N

Licijag=L-1/2 ® Li=ij2,0=1-1/2, €tc., but also yields some
quite new and interesting predictions. For a given value of
L there are many experimental amplitudes, all determined in
terms of the three unknown reduced amplitudes. Consequently,
there are linear relations among the experimental amplitudes.
Such relations are almost model independent, relying only on
the K-symmetry group theory and on the assumption that
scattering is dominated by the three reduced amplitudes.

First, there are rather accurate linear relations between
N — 7N and #N — mA . Very similar relations can be de-
rived in the 2-flavor case, as was originally done in Ref. 5. In
that case there are only 3 reduced amplitudes and no dynami-
cal assumptions are necessary. In order to test the predictions
inherent to 3-flavors, it is however necessary to consider re-
lations between strange and non-strange a.mplitudes.l”l One
such relation reads

a FIY + ao Y = b, FEN + 5, FEN (12)
where a-s and b-s are purely group-theoretical coefficients ob-
tained from C;-s in Eq. (11), and F{V, FIN, FEN and FEN
are the experimental partial-wave amplitudes.

As shown by Fig. 11, the prediction contained in Eq. (12)
is satisfied with remarkable accuracy. It is also possible to de-
rive similar predictions for G-waves. At present the partial
wave analysis for the G-wave KN is not yet reliable enough.
The G-wave linear relation is therefore a real prediction for
what the KN G-waves should look like. I very much hope
that this prediction will be put to a test sometime in the near
future, perhaps with the advent of the K-factories. It is im-
portant to note that Eq. (12) cannot be obtained from SU(3),
by itself. While SU(3); is part of the symmetry used to de-
rive Eq. (12), it is clear that SU(3); alone cannot produce
such a relation, since it mixes amplitudes with different total
angular momenta. A more detailed argument shows that even
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Fig. 11. Test of the prediction for a linear relation between
7N — 7N and KN — KN , Eq. (12). The scattering ma-
trix T is plotted both as function of energy and in Im(T)
vs. Re(T) representation. Continuous lines: linear combina-
tion of the experimental Fis and Fay 7N — xN amplitudes.
Dotted lines: linear combination of the experimental Fys and

Fi7 KN — KN amplitudes. KN amplitudes are shifted by
the strange quark mass &~ 150 MeV.

the more elaborate “conventional” symmetries, such as SU(6)
are also incapable of reproducing Eq. (12)."" That being the
case, the very precise experimental confirmation of the F-wave
linear relations should be regarded as another strong testimony
in favor of the view that the nucleon indeed can be regarded
as a soliton of the meson field.



In closing, I would like to mention that the same ideas
which make it possible to obtain the pion-nucleon S-matrix
can be applied to the photoproduction of pions on nucleons.
This is done by coupling the photon field to the chiral field U
and then proceeding as in pion-nucleon scattering. An explicit
calculation of the photoproduction helicity amplitudes was re-
cently carried out along these lines in Siegen University."*

I hope that this brief review has convinced you that the
chiral soliton picture of the nucleon is not only valid on a qual-
itative basis, but also can be used to study details of low energy
hadronic phenomena in a way complementary to and on a par
with the quark picture.
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A H: GAS JET AS INTERNAL TARGET

R704 Collaboration at CERN, Geneva, Switzerland
J. Fay
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M. Macri
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Abstract: Experiment R704, the last to be performed at the CERN
Intersecting Storage Rings, has successfully applied a new method to
studying (Cc) states formed directly in antiproton-proton annihilations.
The novelty of the method lies in the capability of building a highly
performing annihilation source by letting a cold antiproton beam,
coasting inside ring 2 at the ISR, continuously interact with a dense
internal H; target. Details of the characteristics of the source are given in
this paper.

1. Introduction

The possibilities offered by the availability of an intense antiproton
source for the study of (Sc) states are now well established [1]. The
scheme adopted for the R704 experiment required the use of an internal
target (a molecular hydrogen jet) continuously intersecting a cold
antiproton beam coasting inside the vacuum pipe of ring 2 at the CERN
Intersecting Storage Rings (ISR).

The RF system and cooling equipment of ring 2 at the ISR provided
great flexibility of beam-control operations, while the well-localized,
high-density target permitted the small-size, high-luminosity source
required for charmonium formation studies. The method allows for an
absolute calibration in the centre-of-mass energy to a fraction of a MeV.,

The luminosity of the annihilation source was continuously
monitored by measuring, with a solid-state silicon telescope, the yield of
protons from small-angle pp elastic scattering, The coupled measurement
of energy and angle in the silicon detector provided an essentially
background-free sample of elastic events.

2. The Beam-Target System
In a formation experiment with antiprotons interacting on a
stationary hydrogen target, the energy of the beam is related to the value
(m,) of the mass of the resonance by the equation

E; = m2/2mp — mp .

To study charmonium states we operated ring 2 at the ISR in the range of

momentum from 3.5 to 6.5 GeV/c. The unbunched antiprotons coasted’

inside the ring with a revolution frequency of » = 3.1 x 10° s~/

crossing, at each turn, an internal target mounted in the straight section

upstream of the intersection region 17. The maximum beam current

reached was 5.5 mA corresponding to N 1.1 x 10" circulating

antiprotons. The target, a Hz gas jet, had a density of ¢ = 10" atoms

per cm® and a diameter, at the intersection with the beam, of d = 0.9 cm.
To summarize, the features of the source were:

i) High luminosity, up to a maximum value:

Lo = guaduaNy = 3 X 10°s ! cm™2,
ii) Long beam lifetime: Theam = 100 h at the maximum jet density,
almost entirely accounted for by beam losses caused by nuclear
interactions in the jet.
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iii) Small momentum bite, at best:
Ap/p = +4 x 107*,

corresponding to an incertitude in the centre-of-mass energy of
AVs = 0.5 MeV/c2,
iv) Small source volume:

height x width x depth 0.5 x 0.8 x 0.9 cm® (for 90%
containment) .

v) No energy drift during data taking.
The techniques by which the required performance of the operation
of ring 2 at the ISR was achieved are described elsewhere [1], while a
description of the target system is given in the following section.

3. The Jet Target

The optimal thickness of the internal target for this type of
experiment lies in the range of 1 to 3 x 10'* atoms per cm?. A much
thicker target would perturb the beam to an uncontrollable level, while a
thinner one would, given the limited supply of antiprotons, lead to an
unacceptably low luminosity. The target, intersecting an unbunched
beam, must operate continuously to minimize the ratio of instantaneous
rate on detectors to integrated luminosity, and have small transverse
dimensions, with maximum beam overlap.

A target in the required density range and with the appropriate
geometry can be built by letting molecular hydrogen at high pressure and
low temperature expand through a narrow throat injector of suitable
shape [2]. At a short distance from the nozzle throat, the flow field of the
gas is similar to that from a point source (Fig. 1). Stream lines are almost
straight with the stream core clustering in large agglomerates of
molecules which can move at supersonic speed (hence the name ‘jet’)
over long distances in high vacuum, without absorption or diffusion by
the residual gas.

P e,
saturation

cluster growthy |

boundary
layer

Fig. 1 Converging-diverging nozzle: schematic localization of phases in
the gas expansion [2].
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Fig. 2 Cross-section of the nozzle.

For experiment R704 we built a target with a trumpet-like injector
(Fig. 2). This shape maximizes the density of the jet core [2]. The values
of the nozzle parameters were: D = 30 um, the throat diameter: # =
3.5°, the angular half-acceptance; and L = 18 mm, the total length. It
was manufactured from copper in the CERN workshop (3].

We choose 1o operate at liquid N, temperature to simplify the
construction of the temperature-control system and for reliability of
operation over long periods.

Figure 3 schematizes the target system. The expansion took place in
chamber 1. Typical operating conditions were at po = 10 bar and To
77 K. A three-collimators system (C,, Cz,C3) (Fig. 4) selected the central,
denser part of the jet which, after crossing the ISR ring 2, was absorbed
by the sink pumps.

The injector was mounted on a movable mechanism to allow for the
possibility of optimizing its position relative to the collimation system.

B BEAM
y
EXPANSION SINK
|"| v
_ St Sl cy ~1%4 ~1Cs
Hy e ﬁ(\ - =
" -t
1
¥ ' ¥ ' 4
Sy S, Sa Sa Ss
Py > Py > P3 > pISR < P‘ < Ps
s [of
Stage (1/8}) (1/s)
1 7000 0.7
2 4000 3.0
3 4000 7.0
ISR 2000 80.0
4 $4=8000 1100.0
5 $5=120000

Fig. 3 Schematic of the target system: chambers 1, 2, and 3 constitute
the production stage, and chambers 4 and 5 the sink stage. The gas jet
intersects the antiproton beam at 90°. Listed are pumping speeds (S) for
each stage and conductances (C) between chambers.
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Fig. 4 System of collimators. The diameters are: 1.4 mm for C,,
2.4 mm for C, 5.6 mm for Cs.

Out of a total flux of 10 Torr-1-s~! expanding from the nozzle, the

collimation system selected 0.15 Torr-1-s™! = 10" atoms per second.
This corresponded to a density of 10'* atoms per cm?, at the interaction
point (26 cm downstream from the nozzle throat), as can be calculated
from the speed of the clusters (1290 m-s~') and the dimensions of the jet
(d = 9mm),

A major concern in the target design arose from the need to limit the
pressure increase in the ISR vacuum pipe to an acceptable level. As a
consequence, both the expansion and the sink chambers were separated
from the ISR vacuum pipe by the maximum number of pumping stages
compatible with the available space.

On the production side, the collimators, C;, C;, C3, which defined
the dimensions of the jet at the intersection with the antiproton beam,
connected three different chambers that were evacuated by the successive
stages of a differential pumping system. The pumping speeds acting on
each chamber and the conductances between chambers are listed in
Fig. 3.

On the sink side the jet was dumped on a cryogenic pump of high
speed (120,000 1-571). A differential pumping system, formed by two
cryogenic pumps of 4,000 157! each, separated the vacuum pipe from
the dump.

A pressure rise to about 1077 Torr in the vacuum pipe, around the
target region, was mainly due to clusters which hit the edges of the last
collimator on the production side and did not reach the sink system.
Backstreaming gas from the sink accounted for a negligible fraction of
the pressure increase in the vacuum pipe.

Two additional pumps, acting on the ISR ring section where the
target was mounted, limited to 1.5 m the region where the pressure was
larger than 107° Torr. The pressure rise in the vacuum pipe corresponded
to only 1.5% of the target thickness spread over a length of a few metres.



In order to avoid machine vacuum contamination in the case of
breakdown of the target system, two fast-acting ultra-high-vacuum
valves were installed to separate the production and sink systems from
the vacuum pipe of ISR ring 2.

To avoid blockage of the nozzle throat by impurities, high-purity Hz
was used and the injection line was provided with mechanical filters
(2 um), a condensation trap at liquid N, temperature, and an active
charcoal trap.

A system to monitor the jet intensity was mounted in front of the
large sink cryogenic pump. It consisted of a plate of stainless steel (6 X
100 mm?) which could scan across the jet. A pressure rise was then
produced by the gas backscattered from the plate. A typical profile of the
jet is shown in Fig. 5; the measured pressure rise has been converted into
thickness traversed by the antiproton beam.

The of the target were controlled by two
microprocessor-based systems which performed all tasks related to start
up, the jet on/off procedure, bookkeeping of the measurements, and
safety checks.

operations

P x 10" at/cma

0.5

Y

Fig. 5 Target-thickness profile as obtained from measurements with the
monitor described in the text.
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Fig. 6 Target system layout: top view.

A top view of the complete target system mounted on ring 2 at the
ISR is shown in Fig. 6.

Conclusion
The H; internal target described in this contribution has been
successfully operated in the R704 experiment.
The same novel technique will be used at the FERMILAB p
Accumulator and at the CERN Low-Energy Antiproton Ring (LEAR).
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NUCLEAR EFFECTS IN ELECTROPRODUCTION OF HADRONS
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We evaluate the possibility of observing nuclear effects in
semi-inclusive electroproduction of hadrons(h) from nuclei. We
assume factorization and nuclear independence of fragmenta-
tion functions in the current fragmentation region. Hence it is
shown that the production ratio of oppositely charged hadrons
h* /R~ for the same nucleus is quite insensitive to nuclear ef-
fects and the ratio of cross sections for the production of the
same sign hadron from different nuclei exhibit the same be-
haviour as the inclusive ratio which is sensitive to nuclear ef-
fects.

1. INTRODUCTION

Recent inclusive electroproduction experiments on nuclear
targets' have received considerable attention because of the
evidence they provide for the importance of nuclear effects on
quark distributions in nuclei. It is reasonable to examine other
high energy lepton-nucleus and badron-nucleus reactions for
the consequences of nuclear effects. For example, nuclear ef-
fects in lepton pair production in hadron-nucleus interactions
have received attention recently. In this work we consider the
nuclear effects in electroproduction of hadrons from nuclei.

This paper is organized as follows. In Sec. II we review the
conventional assumptions and resulting cross section expres-
sions for the electroproduction of hadrons. Details regarding
the fragmentation functions and quark distribution functions
used in this work are given in Sec. III. In Sec. IV we evaluate
the nuclear effects of quark distribution functions in various
cross sections and cross section ratios. Sec. V contains our
conclusions.

11, INCLUSIVE HADROPRODUCTION

First let us review the inclusive process e N — ¢’ X. The
cross section is given by?
dra

d*o — ’ 2 2 2
dody FzMNE[(l = y)F(z, Q%) + zy* Fi(z,Q?)]
where z is the usual Bjorken scaling variable, y = v/F where v
is the energy transfer and E is the incident energy, My is the
mass of the target and Q2 is the negative of the four-momentum
squared of the virtual photon. Fy and F; are the inelastic
structure functions. In the above expression we have neglected
%%Lzy with respect to 1 — y in the coefficient of Fy. In the
scaling region F o(z,Q?%) = F1 2(z) and further Fy and F; are
related by the Callan-Gross relation 2zF)(z) = Fy(z). Thus

we have,
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d*c  47ma? 1+ (1—-y)?

In the quark parton model we have Fp(z) = 3°. e?g;(z) where
gi(x) is the quark distribution function and e; is the charge of
the quark i.

For the semi-inclusive process® e N — ¢’ h... (see Fig. 1)
we define the variables e=h.p, x=h.q, u=«/p.q and z=¢/p.q.

Here p, q and h are the 4-momenta of the target, virtual

photon and the hadron respectively. The target fragmentation
region is defined by ¢ finite, K — +oo, u finite. The current
fragmentation region is defined by e finite, Kk — —o0, u and
z finite. In the lab frame current fragmentation corresponds
to the detected hadron moving in the direction of the current
(with allowance for a bounded transverse momentum h,). In
the lab frame z= E} /v where E}, is the energy of the hadron.

In the present work we restrict ourselves to the current
fragmentation region and further neglect the transverse mo-
mentum of the hadron.

In the parton model, the cross section for inclusive hadron
production is given by

d*s 4ra? 1+ (1-y)?
ThE = _Q;_zMNE——z——— Z e?zgi(z)Dh(2)

where the fragmentation function D! represents the probabil-
ity for the quark of flavor i to break up with the production of
hadron h carrying momentum fraction z. Factorization (seper-
ation of the cross section in x and z variables) and scaling (¢:(x)

FIG. 1

Inclusive hadron production in deep tnelastic electron scat-
tering with nuclear targets. Here thick lines represent hadrons,
a wavy line represents the virtual photon and thin lines
represent electrons or quarks.



and D}(z) do not depend on Q?) are characteristic assumptions
of the parton model. In reality both gi(x) and D¥(z) depend
on Q? due to QCD scaling violations. These scale breaking
effects can be possibly seen by comparing the data at different
values of Q%. At low values of Q2 we expect a breakdown of
factorization, due to finite strong coupling corrections. Due to
these complications that arise in the low Q? region we restrict
ourselves to the deep inelastic region.

111. FRAGMENTATION FUNCTIONS
AND QUARK DISTRIBUTION FUNCTIONS

For the calculation of cross section we need models for the
quark distribution functions and fragmentation functions. For
the fragmentation process there are hadronization models mo-
tivated by QCD. In the present work, however, we employ sim-
ple parametrizations deduced from experiment. For simplicity
we further assume that the detected hadron is the lightest one,
the pion.

Using isospin invariance, charge conjugation and the equal-
ity of unfavored funchons, we need only two independent frag-
mentation functions D’r (z) and DT (z). Neglecting sea quark
distributions (z =~ .2) zmd using an isoscalar target (deuteron),
these functions have been extracted? recently up to z=0.8. A
simple parametrization

zD:+(z) = 0.7(1 — )17,

DT (2) = zD’r (=)

fits the data reasonably well. We use this parametrization in
this work. It is worth noting that this parametrization tends
to fall faster with z than that® of the data at lower Q? (See
Fig. 2) which is consistent with QCD evolution of the valence
fragmentation function.
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For the quark distribution functions we use the quark clus-
ter model (QCM)8~8 which was proposed to explain the deep

inelastic 3He scattering results from SLAC®. In the QCM one
assumes the nucleus at all times is organized into color singlet
clusters. The clusters are labelled by their leading Fock space
component in the infinite momentum frame as three-quark (3-
q), six-quark (6-q), etc., clusters. Larger clusters are assumed
to form by the overlap of smaller clusters. As is customary
in parton phenemenology, we assume that the participating
quark or antiquark is quasifree. Second we assume that the
cluster is also quasifree. We also neglect quark exchange pro-

cesses between clusters. Since we are interested in qualitative
behaviour of cross sections and cross section ratios we have

further adopted the following simplifying assumptions in this
work. All clusters larger than 6-q clusters are approximated
as 6-q clusters and Fermi motion is neglected. The quark dis-
tribution function in a nucleus is g;(z) = pans,(z) + pene,(z)
where p; and pg are 3-q and 6-q cluster probabilities. In this
work we use the quark distribution functions n(z) for various
clusters from Ref. 7.

IV. NUCLEAR EFFECTS
From the expression for the cross section given in Sec. II
we have,
1 d%  ¥.elqz)Di(z)
do/dz dzdz ~ Y. elqi(z)

Denoting the quantity on the r.h.s of the above equation by
N* we can form the charged particle ratio

N¥ _ ¥ielgi(2)DE(2)
N* 7§ ebgi(2)DE (2)

Explicitly we have,

N™" _ 4gu(@)n(z) + qu(z) + s(2)[7 + 5n(2)]
N™ 7 4gu(z) + qa(z)n(z) + s(2)[7 + 5n(=))

where

D"' Dy (z) _ z‘
Dy (s)

n(z) =

N+/N-

The ratio X Tv_ (for definition see text) plotted versus z for

constant z (=0.1) for the nuclei, proton (solid line), 12C
(dot-dash line), *¢Fe [ps = 0.0} (dashed line) and 5% Fe
[ps = 0.3] (dotted line).

In Fig. 3 we plot — as a function of z (at x=0.1) for proton,
12C and *®Fe targets Introduction of six quark clusters barely



changes the ratio for }2C and *$Fe since the same nucleus occurs
in the numerator and the denominator. The difference between
the proton and the 12C curves, for example, comes simply from
the presence of neutrons in 12C. We expect similar predictions
for other models proposed to explain the nuclear effects in deep
inelastic lepton scattering.

Next let us examine what we can learn by studying the
normalized cross section ratios for different nuclei. Let us define

 eX(a)gF4(z)D](2)/56
R=) = ~at)@Dr ()72

In Fig. 4 we plot R(x) at z=0.1. It is readily seen that R(x)
exhibits the same qualitative behaviour as the inclusive cross

1.2 7!)‘!!V1ll¥T]l|lv’ll’llJ

FIG. 4

R(x)

08

The ratio R (for definition see the text) calculated in the
QCM plotted versus z for z=0.1. The dashed line cur-
responds to ps(D)=0.0 and ps(Fe) =0.0. The solid line
corresponds to pe(D)=0.0 and pe(Fe)=0.9.The small de-
viation from unity of the dashed line originates from the
non-isoscalar nature of % Fe.

F(x)

The quantity F (for definition see the text) plotted versus
z for z=0.1. The target nucleus is ¢ Fe. Dashed line and solid
line correspond to pg=0.0 and 0.5 respectively.

section ratio. Within the QCM the behavior of R in the region
x greater than 1 will exhibit steps just as the inclusive cross
section ratio!®.

To get an estimate of the magnitude of the cross section
to be expected let us write

d’c 4ra? 1+4+(1—y)?
T = g Mn B e,

We plot F(x) in Fig. 5. As can be seen the presence of 6-q
clusters produces an order of magnitude enhancement in the
z — 1 region over the result if there are no quark clusters.

V. CONCLUSION

Assuming factorization and nuclear target independence
for fragmentation functions we have shown that the semi-inclusive
hadron production cross section ratio for oppositely charged
hadrons with the same target nucleus is quite insensitive to
nuclear effects. On the other hand the ratio of cross sections
for the same hadron produced off different nuclei is seen to
exhibit the same striking behavior as the inclusive ratio.
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CAN PION ELECTROPRODUCTION PLUMB THE PION SEA?

R.S. HICKS

Department of Physics and Astronomy
University of Massachusetts
Ambherst, MA 01003

Abstract

An outline is given of the proposal that the nuclear pion
field can be determined by coincidence electropion production.
Experimental requirements for the measurement of (e, ¢'r) cross
sections are discussed, with particular regard to the properties
of the PEP storage ring.

Introduction

The meson field representation of the nuclear force provides
the basis for our most detailed, yet tractable, model for calcu-
lating nuclear properties. Although the roles of heavy and mul-
tiple meson exchanges remain open questions at present, there
is some evidence to suggest that the principal process, involving
one-pion exchange, is understood. The first such evidence came
from calculations of the thermal np capture (n + p — d +7)
rate. When only the neutron and proton were considered the
computed rates were about 10% lower than the observed value.!

e - —

N

(a) (b) (c)

FIG. 1. One-pion exchange current diagrams: (a) pionic cur-
rent, (b) pair current, and (c) nucleon resonance cur-
rent.

This discrepancy was subsequently removed by the evaluation
of the three one-pion exchange currents shown in Fig. 1, with
the pion-nucleon coupling constants being taken from measured
#-N scattering cross sections. More dramatic evidence for the
contribution of one-pion exchange currents is found in the cross
section for the electrodisintegration of the deuteron at thresh-
old, shown in Fig. 2. Calculations for nucleons only produce a
deep diffraction minimum near squared four-momentum trans-
fer Q* = 12 fm~2, in blatant disagreement with the data.
Again, consideration of the three one-pion exchange currents
of Fig. 1 is crucial for resolving this disagreement.? Compelling
evidence for the role of pion exchange currents is also found in
the cross sections measured for the break-up of the deuteron by
100 — 500 MeV photons,® as well as in the magnetic moments*
and elastic M1 form factors® of 3H and 3He. There is, however,
little evidence to confirm our understanding of the meson field
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in A > 4 nuclei, where the nuclear force is closer to saturation.

The lack of definitive data on the pionic content of heavy
nuclei has impeded the understanding of the EMC effect, where
a difference is observed between the cross sections per nucleon
for deep inelastic lepton scattering from the deuteron and from
heavier nuclei. Various theories, based on diverse ideas, pur-
port to account for this observation. Some theories explain the
difference by postulating an enhancement of the pion field in
massive nuclei. Other theories do not. Without clear experi-
mental information on the meson field in A > 4 nuclei, there
exists no means of identifying the correct ideas. One experimen-
tal investigation that has been made is that of Carey et al.,8 who
measured the scattering of polarized 500 MeV protons from deu-
terium and lead targets in the quasielastic continuum. Since the
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FIG. 2. Cross section for the electrodisintegration of the deut-
eron at threshold.? The dotted curve is for nucle-
ons only, the dash-dotted curve includes one-pion ex-
change currents, and the dashed curve includes in ad-
dition p-meson exchange. The total result, indicated
by the continuous curve, also takes into account the
contribution of A-isobars.



7-N coupling is strong, such experiments should be sensitive to
any A-dependence of the pion field. Carey et al. isolated the
axial-longitudinal coupling of the proton to the pion field from
other interactions by measuring a complete set of polarization
transfer variables. Within experimental errors, the results show
the axial-longitudinal response functions for d and Pb to be
equal, suggesting that there is no enhancement of the pion field
in massive nuclei. Notwithstanding the significance of this re-
sult, the question of the A-dependence of the pion field is one
of such importance that it should be explored by any means
possible.

It is unlikely that any single experimental study can re-
solve the issue. For example, the momentum distribution of the
virtual pions in deuterium may be somewhat different from that
in heavy nuclei, and hence measurements at a single momentum
transfer value, such as that of Carey et al., cannot be entirely
conclusive. The interpretation of the proton scattering mea-
surements is also compromised by the inherent complexity of
the proton-nucleus interaction; for example, the understanding
of polarization transfer asymmetries measured for discrete nu-
clear states in (p,p) has presented considerable difficulty. The
means of probing the pion field to be discussed in this paper,
the (e, e¢'n) reaction, is also subject to uncertainty, particularly
from the large final-state interaction effects.” For both reac-
tions, there is theoretical debate regarding the interpretability
of the data in terms of the nuclear pion field. In fact, on an
even more basic level, the range of applicability of the meson
field representation has yet to be defined.

Pion Electroproduction in the Continuum

Gittner et al.® have suggested that the nuclear pion field
can be investigated by longitudinal electroproduction of pions
in the continuum region. Gittner et al. argue that if virtual
pions can be interpreted as partons of nucleons and nuclei,
the pion distribution function could be determined in a man-
ner analogous to the determination of the quark distribution
functions from deep inelastic scattering. For low squared mo-
mentum transfer |t| onto the target nucleon, data for charged

LA n
T_

Yy P

t-channel

u-channel

FIG. 3. Born term diagrams for the reaction ep — e'n*n.
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FIG. 4. Components of the cross section for ep — e'r*nasa
function of the squared momentum transfer {t| onto
the target nucleon.®

pion electroproduction have been reasonably described by the
Born term model, the reaction diagrams for which are shown in
Fig. 3. It is the t-channel diagram which is of relevance for the
investigation of the nuclear pion field.

Four separate terms contribute to the cross section ob-
tained when the scattered electron and produced pion are mea-

sured in coincidence:®
d2o dor dogp dop do;
Tadg = dr TEa Tt V2e(e + Teosp L.

In this expression ¢ is the angle between the hadron production
and electron scattering planes and € measures the polarization
of the virtual photon. Due to the J* = 0~ spin of the pion,
the t-channe] diagram contributes mainly to the longitudinal
component of the cross section doy/dt, shown in Fig. 4. In
fact, a crucial element in the argument of Giittner et al. is that
the strong peaking observed at low |t| in the longitudinal cross
section arises almosts solely from the t-channel. The objective
of the experimental procedure is therefore to perform measure-
ments throughout a sufficiently comprehensive range of photon
polarization parameters € and out-of-plane angles ¢ to permit
the isolation of doy, /dt from the transverse (dor/dt and dop/dt)
and interference (do;/dt) components in the cross section.

Giittner et al. define the pion momentum distribution func-
tion G- /N (2, Q?) to be the probability of finding a virtual pion
7* in the nucleon with momentum fraction =z = P(r*}/P(N),

the familiar Bjorken scaling parameter. The distribution func-



tion G- /n(z,Q?) is then extracted from the longitudinal com-
ponent of the cross section at small || by means of

d*op(eN — 1 X)
dzdQ?

dogi(en® — ')

= Gw‘/N(Iv Qz) dg? ’

with the elastic scattering em* — e’n cross section being calcu-
lated using a dipole form for the electromagnetic form factor of
the pion.

Due to the lack of available data, Giittner et al. were able
only to analyze the case of the ep — e'n*n reaction, for which
the deduced distribution function had to be defined as the prob-
ability of finding a virtual 7+ with momentum fraction z in state
n*n. Values for G+, were extracted for z = 0.062,0.123, and
0.154, and, with an assumed functional dependence, the pion
distribution function was integrated, yielding (3.0 £ 0.5)% =+
mesons in the proton. The unexpected smallness of this value
has been attributed to various factors, some of which will be
mentioned below. In practice, one would seek to assess the to-
tal pionic content of the nucleon by performing a semi-inclusive
measurement for all possible final states X. Moreover, compre-
hensive measurements should be carried out for complex nuclei,
to study the A-dependence of the number of virtual pions per
nucleon.

Experimental Considerations

The objectives of the measurement, namely, to isolate the
longitudinal term in the cross section and check that it is dom-
inated at low |t| by the t-channel reaction diagram, demand
rather comprehensive experimental capabilities and procedures:

1. The spectrometer(s) should have large out-of-plane angu-
lar acceptances in order to exploit the ¢-dependence of
the cross section for separation of the dop/dt and do;/dt
terms.

. In order to separate dor/dt and doy /dt it is necessary to
measure the cross section for different values of the vir-
tual photon polarization parameter ¢ with the kinematic
parameters Q?,¢, and s, the squared invariant mass of the
~*N system, held constant. If dor/dt and doy /dt are to
be extracted with reasonable precision, a range of incident
electron energies are required. The operating range of the
PEP storage ring at the Stanford Linear Accelerator Cen-
ter (SLAC), extending from 18 GeV down to perhaps 4
GeV, appears to be well-suited to the needs of the (e,e'r)
experiment. Particularly for the higher incident energies, it
is essential that the apparatus be capable of detecting scat-
tered electrons and electroproduced pions at small angles
with respect to the beam direction. The scattered electrons
of interest will be primarily in the range 8, = 10° — 40°,
and the corresponding pions between 6, = 10° and 20°.

. Because the experiment calls for a semi-inclusive measure-
ment in the continuum region, fine resolution is not of pri-
mary importance.

. The spectrometer(s) should have good particle identifica-
tion capabilities. In particular, %, 7™, and #°-mesons
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FIG. 5. Ratio of 7~ and 7t production cross sections for deut-
erium.?

should be simultaneously detectable. Assuming a charge-
symmetric nuclear force, and an isospin T=0 target, equal-
ity of the 7~ and 7t production cross sections provides
assurance that the dominant reaction mechanism is the
t-channel diagram, for in this case, the ratio of the produc-
tion cross sections is equal to the ratio of the squared pion
charges:

p——

o(r”) _ (-1)? _
o(rt) ~ (+1)2

Data taken at DESY® and elsewhere on the deuteron show
that this is the case for |t| < 0.15 (GeV/c)?, as indicated in
Fig. 5. For high [t| the cross section ratio is closer to 1/4,
consistent with the result expected for hadronization after
scattering from valence quarks of charge % {for »~ produc-
tion) and 2 (for 7+ production). Due to lack of charge
for the n°, neutral pions cannot be produced through the
t-channel diagram. However, 7° production does occur for
the other diagrams, and hence measurement of the n° yield
would provide information on the contribution from these
background terms.

1.

. If it is the longitudinal t-channel mechanism which is dom-
inant at low |t|, the struck pion should be ejected close to
the direction of the momentum transfer and should carry
energy fraction z = E./v close to unity, where v is the
electron energy loss E — E'. The acceptance of the spec-
trometer(s) should be optimized to study such events.



6. Due to the smaller pion production cross sections at high
Q?, useful data will likely be confined to Q* < 2 (GeV/c)’.
As Q? increases so does the spatial resolution of the vir-
tual photon, and the experiment becomes more sensitive
to closely-bound virtual pions in the nucleon: What ap-
pears at low-Q? to be a bare nucleon, at high-Q? may be
resolved into a nucleon and virtual pion. (The situation
is directly analogous to the evolution of the deep inelastic
structure functions with increasing Q?.) The ep — e'n¥n
data analyzed by Glttner et al. had a maximum Q2 of 0.70
(GeV/c)?, inadequate to provide good sensitivity to these
pions.'® This, in part, explains the small #* admixture
found in the proton. It should be noted, however, that as
@? increases the use of the Born term model represented
in Fig. 3 becomes questionable as more and more reaction
diagrams can contribute to pion electroproduction.

7. In order to avoid the strong final-state interaction between
the nucleon and outgoing pion the energy transfer should
be greater than 2.2 GeV, sufficient to put the pion above
the resonance region. Nevertheless, even in this case, Monte
Carlo calculations by Stoler” show that the cross sections
measured for pion production from complex nuclei can be
reduced by a factor of approximately 2 by final state in-
teractions. Thus, even if one were to simply search for
a possible A-dependence of the pion field, the conclusive-
ness of the results could well be obscured unless the large
final-state interaction effects are understood. The neglect
by Giittner et al. of rescattering of the pion from the nu-
cleon also contributed to the small 7+ content found in the

proton.1?

8. The time structure of the incident beam should be con-
sistent with low accidental-to-real coincidence count rate
ratios. The standard 3-bunch mode of PEP, which pro-
vides a duty factor of less than 0.1%, is clearly far from
optimum. The feasibility of performing (e, ¢’'n) studies at
PEP would be greatly enhanced if future efforts to increase
the number of stored bunches are successful.

Previous electroproduction measurements have utilized con-
ventional magnetic spectrometers, one for the scattered elec-
tron, and the other to detect the pion ejected close to the
momentum transfer direction. In the experiment of Brauel et
al.,? for example, the two spectrometers each had an acceptance
solid angle of 3.2 msr, with + 100 mrad angular acceptance in
the vertical direction. The good ~ 5% duty factor of the DESY
synchrotron permitted Brauel et al. to use 10 cm long liquid hy-
drogen and deuterium targets and thereby achieve luminosities
L > 1034 cm~2% 871, despite the poor synchrotron beam current.
With the anticipated luminosity at PEP being no better than
10%% cm~2? 5!, small acceptance spectrometers are out of the
question.

One experimental possibility, proposed by van Bibber,!?
would be to use the septum magnets of the PEP-9 collabo-
ration in a modified field configuration. In principle, such a
spectrometer could provide acceptance angles close to £20° in
both the horizontal and vertical directions. Suitably instru-

mented with Cerenkov counters, time-of-flight hodoscopes, and

a shower counter comprised of alternating layers of lead and
liquid scintillator, the spectrometer could also have good par-
ticle identification properties. For this detector the estimated
true electron-pion coincidence count rate is quite encouraging:!4
about 105~ for £ = 1032 cm~? s~ 1. The difficulty of using such
a device in the standard low-duty factor PEP mode would be

the high background singles rate from recoil hadrons, estimated

to be about 4 per beam crossing.!® Most of the recoil particles
have momentum less than 2 GeV/c. Several measures may be
taken to reject these particles, for example, the construction
of highly-segmented detectors with multi-hit event processing
capability, and the use of an event trigger which demands the
production of a high-z pion. Nevertheless, the range of practi-
cable luminosities will be unavoidably compromised unless the
PEP duty factor can be raised.

Another concern of the septum magnet spectrometer is
the relatively low field strength of < 0.3 T existing close to
the transmitted beam path. The smallness of this field, in-
curred as a consequence of the mandate not to interfere with
the steering of the stored beam, results in relatively poor mo-
mentum resolution for particles emerging at small angles. An
alternative system, previously developed at SLAC for the mea-
surement of inclusive hadron production cross sections, utilized
a large-aperture dipole magnet traversed by a superconducting
transport tube to expel the magnetic field, thereby providing a
field-free region for the beam emerging from the target.!® In this
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FIG. 6 Large-acceptance, forward-angle spectrometer used by
Martin et al. for the measurement of inclusive hadron
production cross sections.!®
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way, magnetic fields > 1 T could be applied only a few cm from
the stored beam. A schematic representation of this apparatus
is presented in Fig. 6.

Summary

Preliminary studies indicate that the measurement of co-
incidence electropion production should be feasible at the PEP
storage ring, especially if efforts to improve the duty factor by
injecting more beam bunches are successful. The observation of
peaking in the longitudinal cross section at small |t|, combined
with a 7% to 7~ production ratio close to one, suggests a re-
action mechanism in which the longitudinally-polarized photon
couples directly to a virtual pion. Whether or not the nuclear
pion sea can be quantitatively determined from such measure-
ments is rendered uncertain by the possible importance of other
reaction mechanisms, as well as by the large final-state interac-
tion effects. Nevertheless, measurements of this type may well
help to define the region of applicability of the meson field rep-
resentation.

This work was supported by the U.S. Department of En-
ergy.
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(e,e’'7) AND THE PION NUCLEON FORMFACTOR

Andreas Schifer

and  Steven E. Koonin

W.K.Kellogg Radiation Laboratory, CALTECH, Pasadena, CA 91125, USA

It has been claimed® that the reaction

e+p— e+t +n (1)
tests directly the 'pion content of the nucleon’. Such a mea-
surement would be very interesting as it could test some of the
models? proposed to explain the EMC effect. We will argue that
this claim is invalid and that the only information one can ex-
tract from such an experiment is the pion nucleon formfactor
Frnn (and the electromagnetic formfactor of the pion).

Fig.1: The reaction (ep,e’ 7t n)

An experiment of the type (1) was carried out by Brauel
et al.? in 1979 at DESY. One might consider repeating this ex-
periment at PEP and comparing the results for different target
nuclei, e.g. for hydrogen and a heavy nucleus. Such an experi-
ment should show some characteristic differences due to nuclear
binding, i.e. due to the exchange of virtual pions between the
nucleons of a nucleus. Brauel et al. isolated the graph of Figure
1 by doing a Rosenbluth separation (which guarantees that the
photon is scattered off a spin zero particle) and by imposing a
cut on the total momentum squared of the outgoing baryon state
(Figure 2).

(p —k)u(p — k)* < (1.2GeV)? (2
For very large momenta Q2 = —g¢? or, more precisely, for
z 4/q* > 1 GeV the longitudinal cross section can be simply
written as

oy (ep - e'n*n)
dr dQ? = Grps(2)

dﬂclaatic(e'"" —* 3,7")
dQ?

where G - /5(z) is a Q? independent function, namely the proba-
bility to find a virtual 7t with momentum fraction x associated
with a proton. This interpretation holds only for large Q2. For
small values, i.e. for z \/& & 1 GeV, the ratio of the two
cross sections

®3)
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Fig.2 : The experimentally observed values for the square
of the four-momentum of the outgoing baryon state. Only the
shaded events were taken into account. The broad bump at 1.2
- 1.3 GeV is due to the reaction (e p , e’ # A). ( From ref. 2)

= G(=,Q) (¥

d’cr(ep— e'ntn) [/do.iamic(en® — e'n)
dr dQ? dQ?

becomes a strongly Q? dependent function with no simple phys-
ical interpretation. This is illustrated in Figure 3. The nucleus
emits virtual pions with a momentum squared t = —k2. The
further these pions are off mass shell, i.e. the larger the value of
|t|, the sooner they will be reabsorbed. Thus, strongly off shell
pions can only be found close to the nucleus. Due to the pion

Fig.3 : The virtual pion cloud of a nucleon. Pions which are
far off the mass shell are found close to the nucleus.



nucleon formfactor Fryn(t) there are no pions with arbitrarily
large |t|. The strong decrease of Fryn with ¢ renders the total
number of virtual pions finite. If one probes the virtual pion
cloud of a nucleus with photons the response one gets depends
on the resolution, i.e. on Q?. For small Q2 virtual pions with
large t cannot be resolved. Consequently G(z,Q?) decreases
with decreasing Q2.

Now the problem with the reaction (1) is that the Rosen-
bluth separation can only be done for small values of Q2, typi-
cally smaller than 1 GeV?, because the longitudional cross sec-
tion drops to zero. The question is therefore whether for such
a low Q? the function G(z, @?) is still a good approximation
to Gpejp() limg2 e G(z,Q?). We interpret the results
of reference 1 as a proof that this is not the case, in complete
disagreement with the authors of that paper.

They analyzed the data of ref. 2 under the assumption

G(z,Q* = 0.7 GeV?) m Gpeyplz) (5)
and claimed that there would be far less virtual pions associ-
ated with a nucleon than is usually assumed. Furthermore they
concluded that the proton radius is

R =154 01 fm (6).
The latter result they got from the relation®
2
= & [ tEan®
Gt p(z) = 2 G+ miy dt )
2002

luz

where the pion nucleon form factor is related to the nucleon

radius by

FNNN(t) = e—0.106 (t+m?) R’_ (8)
Because they got from the data very small values for G(z,Q? =
0.7 GeV?) they had to postulate such an extremely large nuclear
radius. The value in Eq.(6), however, is completely unaccept-
able. In Figure 4 we show the formfactor for R = 0.7 fm and
0.8 fm which is the physically reasonable range? (dashed lines).

The exponential form of the n NN formfactor (8) is motivated
by the bag model. From a phenomenological point of view one
can also advocate a dipole form®

(A2 ~ m? >2

Fenn(t) e

(9)

with A = (4.8 — 7.0) fm~! (dash-dotted lines) or even a
monopole form® (dotted line)
A2 -~ m?
Fann(t) = 57 (10)

with A ~ 5 fm~L

In fact, Frn N is tested experimentally only for small values
oft (t < 0.2 GeV?), where all of these functions coincide more or
less, whereas the formfactor used by Giittner et al. is definitely
ruled out.

Besides being incompatible with other experiments the anal-
ysis of ref.1 is also inconsistent with the analysis by Brauel et
al.. By fitting an exponential t dependence to their data Brauel
et al. got R = (1 £ 0.2) fm. We thus conclude

(11)

in agreement with our crude argument sketched in Figure 2. It is
therefore not possible to measure directly the ’pion content of a
nucleus’. One can only extract Fryn(2) for some limited ¢ range,
as was done by Brauel et al.. The ratio in Eq.{(3) becomes espe-
cially uninformative if the electrons are scattered off a nucleus
instead of a proton. The final state interactions are important
and they will blur the meaning of G(z,Q?) still further.

By doing an inclusive measurement as opposed to an exclu-
sive one the problem that the Rosenbluth separation works only
for too small values of Q? is not remedied. One just looses the
possibility to extract Fryn.

G(z,@*=0.7 GeV?) <« Grp(z)

Fig.4 : Comparison of the dif-
ferent F,yn formfactors discussed
in the literature. The two dashed
lines sketch the range expected for
an exponential formfactor (ref. 4).
The dash-dotted line bounds the
allowed range for a dipole formfac-
tor according to ref. 5. The dot-
ted line is the monopole formfactor
used in ref. 6. The result of ref. 1
is the solid line.
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MODIFICATION OF NUCLEON PROPERTIES IN NUCLEI

Carl M. Shakin
Department of Physics, Brooklyn College of the City University of New York
Brooklyn, New York 11210

Abstract: We interpret various nuclear physics
experiments as providing evidence for modification of
QCD order parameters in nuclei.

Introduction

I would like to emphasize that three topics of

current interest in nuclear physics: the EMC effect,1
the quenching of the longitudinal response seen in

and the use of the Dirac

equation to describe nucleon motion in nucle:l.,3-'5

are all related to a single effect, the modification

. . 2
inclusive (e,e') reactions,

of the gluon condensate in nuclei.6 We will argue
that, in all three cases mentioned above, we are
seeing the effects of a change of a QCD mass (or
length) scale away from its vacuum value. The order
parameter describing this scale change is an order

parameter of the gluon condensate.7 In the absence
of current quark masses, there is only a single mass
scale developed dynamically in QCD. It is possible

to construct an effective Lagrangian for QCD7 which
only contains a single dimensional order parameter.

A change in this parameter will lead to a correspond-
ing change of all dimensional quantities. 1In

particular, we have shown6’7 how a length scale may

be specified for QCD by making use of the gauge and
Lorentz invarijant parameter,

2 a v 4 4
<vaclg ngv d; lvac>= 3 g ¢O . (1)

4 52ﬂ2

Here g2 is the QCD coupling constant renormalized at

the mass scale, u2. (Equation (1) may be taken as a

definition of the quantity g2¢02.) We remark that a
value of 0.012 (GeV)4 has been obtained for the left-

hand side of (1) in work on QCD sum rules. (Note that
this quantity is a renormalization group invariant in
a physical gauge.)

As we have seen in other works, various
dynamical masses are given in terms of the quantity,

2 2 .
g ¢0 . We obtain a dynamical gluon mass,

1
m =zgz¢ s 2)

(mq) =gg¢ s (3)

as well as a number of other mass parameters, all of
which are proportional to the same order parameter.
The quark also obtains a dynamical mass via the
formation of a chiral condensate, however, in our
model the chiral condensate order parameters do not
define an independent mass scale. Therefore, if we
take the current quark mass to be zero for the up and
down quarks, there is only a single mass scale in our
effective Lagrangian, which we assume describes QCD

at large length scales.6’7

Now the presence of quarks tends to break down the
gluon condensate and in nuclear matter we claim that
¢o should be replaced by ¢NM<¢O. Indeed, we want to

show that if ¢o/¢NM = 1.25, we can understand the
various phenomena mentioned at the beginning of the
introduction.

The EMC Effect

There have been a very large number of theoretical

papers which deal with the EMC effect.9 The rescaling

model of Close, Ross, Roberts and Jaffelo is quite
interesting, although the physical basis of this model
is obscure. (It has also been noted that the model
really does not fully address the effects arising from

a mechanical change in the size of the nucleon.ll) In
this model moments of structure functions are assumed
to exhibit "rescaling'. With A specifying a nucleus
of mass number A, and N denoting the nucleon, it is
assumed that moments are related by the following

. 10
expression,
2
M, @%) = Mz, @Y, ()

where the quantity gNA(Qz) evolves with Q2 as follows,

2 2
2 2 O‘s(Qo)/cls(Q )
Ega@) = £, (@) : (5)

Here as(Qz) is the running coupling constant and Qi

is the momentum scale for which a valence quark model
(such as the bag model) is supposed to give a good
description of the nucleon structure function

2
Qo <1 GeVZ). The essential assumption is that

ENA(Qz) is given by a length scale modification,

A 2
2, A
ENA(QO) = ( i ) > 1. (6)
N
Here AN is a length scale appropriate to the nucleon

in vacuum, and A, is the length scale appropriate for

A
the nucleus. 1In the papers dealing with the rescaling
model one finds calculations of the ration AA/AN based

upon models of the nucleon-nucleon correlation

functions.lo We prefer to make the ldentification

Ml

o9y
where the brackets denote the average value of ¢(r)
in the nucleus. For example, we can write, using a
local-density approximation,

¢u)s¢o<1-§ ﬂﬁl) : (8

s (N

Y
where p(r) is the matter density of a nucleus and
PxM is the density of nuclear matter. Therefore, we

have

I
=



1 A
<¢p>, T ¢ 1 - =
A o 5 0 €))]
and
W ! i (10)
‘N 1 - L2e2y
"

Thus, the A dependence of the ratio AA/AN is here

related to the fact that nuclei of different mass
number
(A naive extrapolation of (10) higher densities would
indicate a deconfining phase transition of about five
times nuclear matter density.)

We have noted that in the effective Lagrangian
we have suggested to model QCD at large length scales
there is only a single dimensional quantity, if we
neglect the small current masses of the up and down

quarks.7 Dimensional quantities will then scale with
the value of this order parameter. For example, the
radius of a nucleon in nuclear matter will be given
by,

Rt %, an
Rvac ¢NM
where Rvac is the nucleon radius in vacuum. The
average radius of a nucleon in a nucleus is then
given by,
<2>A _ (¢S (12)
vac ¢ A
Thus, using (7), we can also identify
‘o Ry
A . (13)
A R
N vac

This result is consistent with the fact that in the
rescaling model one "rescales' the moments (or the
structure function) of the nucleon itself.

While the rescaling model has some attractive
features, we believe that further study is required.
In particular, one should actually calculate the
structure function of a nucleon, either in vacuum or
in a nucleus using an appropriate model of nucleon
structure.

Modification of nucleon electromagnetic form
factors in nuclei

Issues related to the effects of the nuclear
medium in modifying nucleon properties have recently

been reviewed by A. Gerard12 and we refer the reader
to that work for a more complete set of references.

We have published a number of papers on this
topic and have shown that the momentum transfer de-
pendence and the mass number dependence of the quench-
ing of the longitudinal response in nuclei may be
understood in terms of the medium-modified form

factors we calculated in earlier work.13 For example,
consider the usual phenomenological expression for the
electromagnetic form factor of the proton,

have different percentages of surface nucleorns.
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1 . (14)
GP
g8 2 \2
1 -3
2
a
vac
2 2
Here 8ac = 0.71 GeV™ is the value of this quantity in
vacuum. In nuclear matter we have
¢
va
= (15)
NM NM

or alternatively,

2.3
[r Jam ¢

75 | (16)
[rp]vac ¢NM

where [r ]!i is the r.m.s. radius of the proton calcu-

lated from the slope of the form factor at q —0 We
have shown in an earlier work 14 that the ratio
1
2B,
'_ILT;"'_ = . an
[x p]vac <¢>A

which we have calculated using a soliton model of the

nucleon,13 reproduces the values of (AA/AN) which are

required to fit the EMC effect. That is, the electro-
magnetic radius of the nucleon (calculated using a
soliton model of the nucleon) scales with the inverse
of the dynamical quark mass and that dynamical mass

scales as the ratio ¢/¢o.6’7

The medium-modified form factors obtained

earlier13 have been used to explain a large body of
data dealing with the longitudinal response in

nucle:i.ls_17 and the charge distribution of 208Pb.18

The situation with respect to the transverse response
is more complicated since there appears to be a large
amplitude for two-nucleon processes which is important

in the region of the quasi-elastic peak.15 More
theoretical and experimental work 1s needed to clarify
the situation in the case of the transverse response.

Some attempts have been made to study the modifi-

cation of nucleon properties in nuclei via y—scaling.19
One can use the analysis of y~scaling to argue that
there is little change of nucleon properties in

nucleizo; however, we believe this conclusion is pre-
mature. For example, the analysis of y-scaling pre-
supposes that one can use the impulse approximation to
understand the data. However, as can be seen from the
experimental data summarized in Ref. 12, the impulse
approximation (with free-space nucleon form factors)

cannot explain the data in the most recent (e,e') and

(e,e'p) experiments.21 Therefore, it is hard to
understand why the impulse approximation should provide
a satisfactory basis for the analysis of y-scaling.
While y-scaling may be an experimental fact, it is not
clear that one has identified the reaction mechanism
correctly so that firm conclusions may be drawn.

Again, further study is required.



Dirac phenomenology and the relativistic
Brueckner~Hartree-Fock theory

In the work of Noble22 one finds the first
attempt to relate the quenching of the longitudinal
response to a change of nucleon size. Noble uses the
scaling relation,

s (18)

vac eff

where

LIPPE + Us' - (19)

Here Us is the scalar potential felt by a nucleon in

Dirac phenomenologya’5 yields
1.74, or in 56

nuclear matter.

U, = 400 MeV so that RNM/Rvac T

<R>/R = 1.4,
vac

Fe
This represents an increase of the

average nucleon radius in 56Fe of about 40 percent,
while to explain the EMC effect (or to explain the
quenching of the longitudinal response) in iron, the

radius increase needs to be only 15 percent.lo’16

first sight there might appear to be a problem with
the rescaling analysis; however, as we will discuss
below, an understanding of the relativistic Brueckner-

At

Hartree-Fock theory3 allows us to clarify this situa-
tion and to see the applicability of the rescaling
analysis.

The problem with the simple analysis of (18) and
(19) is that US contains a number of effects which

have nothing to do with the change of mass scale. In

particular the various contributions to US include

exchange (Fock) terms arising from the exchange of
omega, rho and pi "mesons" between nucleons. We must
remove these terms from Us before we calculate a value

for the modified mass parameter, m. In our analysis
we found Us ¥ =350 MeV; however, only about 60 percent

of this scalar potential was due to sigma exchange.
(This may be seen from inspections of Figs. (2.8) -
(2.12) of [3], for example.) Therefore, = 938-210
= 728 MeV, and
Y (20)
R

va

=1.29 .

512?

[

There is certainly some theoretical error to be
associated with the estimate in (20), but the result
is quite close to that obtained from our previous
analysis.

More precisely, we can see that in the theory of
covariant soliton dynamics,11 the mass and radius of

2

a nontopological soliton are given by, 3

o3

m = £(g ,n) mgy , (21)
h(g_,n)
R=—p A, (22)
m yn
q

where mdyn is a dynamical quark mass arising from the

coupling of the quark to the QCD condensates and f
and h are dimensionless functions of a coupling
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constant, gx, and a mass ratio, n.

The mass ratio

does not change upon rescaling, so that

as

dyn
R_NM_ R (23)
R 7 dyn
vac g
$
o »
= (24)
*xm

noted earlier.

Summary

In summary, we can say that if we use the order

parameter of the gluon condensate to set the mass and
length scale both in vacuum and in nuclei, we can
understand several interesting phenomena from a unified

point of view.

Either theoretical analysis or

phenomenological considerations lead to the conclusion
that the gluon consensate order parameter is reduced

by

about 25 percent in nuclear matter. This effect

may be considered as a precursor of a deconfining

phase transition.24

10.

11.

12.

13.
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INFLUENCE OF SIX-QUARK BAGS ON ELECTRON SCATTERING

Gerald A. Miller

Institute for Nuclear Theory
Department of Physics, FM-15
University of Washington
Seattle, Washington 98195

Abstract

Possible signatures of the presence of nuclear

six-quark bags are discussed.
I. Introduction

In the past few years, many workers have tried to
use quarks and their interactions to compute nuclear
properties. One way to include quarks is to postulate
the existence of nuclear six-quark bags!, and then pre-
dict the influence of such objects on various nuclear
reactions. Information about how QCD determines nucle-
ar properties may be obtained if a given reaction turns
out to be very sensitive to the presence (or lack) of
such objects. The purpose of this communication is to
discuss some electronuclear reactions that might yield
information about six-quark bags.

Let me begin with an cutline. First, I discussmy
conception of the term “"six-quark bag", and the proper-
ties of such objects. Simple estimates show that
copious numbers of such objects might exist in nuclear
matter. Suppose 40 or 50% of the baryons in a heavy
nucleus were six-quark bags. One might expect that
this would contradict many observations. Consider one
spectacular piece of evidence for nucleonic degrees of
freedom: the measurement of the charge density differ-
ence between Pb and T1.2 1 found? that including (more
than about 50% of) six-quark bags does not affect the
predicted cross section very much. No strong disagree-
ment is found!3 One may even claim that including six-
quark bags improves the comparison between theory and
experiment. Kisslinger and Hoodbhoy" and others have
argued that recent measurements of the He and H charge
densities provide evidence for the existence of six-
quark bags at the 15% level. But the main message is
that elastic scattering is not extremely sensitive to
the six-quark bag presence in nuclei. (I say this be-
cause six-quark (6q) bags are generally one among many
“second order" effects yielding similar contributions.)
Thus, my purpose here is to instead consider inelastic
electron scattering and to examine regions of the (Q%v)
plane where 6q bags might be found. P. Mulders> has
already studied the role of 6q bags in the inclusive
(e,e') process. He finds that six-quark bags could be
responsible for the suppression of the longitudinal
structure function and can fill in the "dip" region be-
tween the nucleon- and A- quasielastic peaks. Further-
more, in the A production region (v = 300 MeV), the
contributions of six-quark bags to the transverse
structure function are about equal to those of the
A. I reproduced Mulders' results and extended them to
the case of a “He target. Six-quark bags are indeed
important numerically. However, their largest contri-
butions occur near the A region, so it is difficult to
tell a o from a six-quark bag. In the hope of obtain-
ing more definitive information, 1 suggest experimental
studies of the energy dependence of the angular distri-
bution of protons emitted in the (e,e'p) or (e,e'pp)
reactions.

II. What and Why Six-quark Bags?

Learning how confinement works in nuclei is a
fundamental issue. One way to make progress is to
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determine if quark effects (as opposed to nucleonic)
effects) contribute to making the nucleus. Quarks may
participate if they are confined occasionally in six-
quark (6q) bags. To differentiate from "ordinary" ef-
fects we suppose that the 6q bag is orthogonal to simple
product states of nucleonic wave functions. For present
purposes we take the 6g bag to consist of six (antisym-
metrized) quarks in the Yowest (xk = -1, L = 0) state of
the MIT bag. Eigenfunctions and energy eigenvalues
have been obtained in Ref. 6. Some relevant features
are shown in Table 1, taken from Ref. 5.

Table 1. Six-quark Bag Properties
1S Mass (GeV)
0,1 2.16
1,0 2.24
1,2 2.36
2,1 2.52

The numbers I,S represent the isospin and spin of
the 6q system. These states are expected to have a
width of about 150 MeV, which is a bit larger than that
of the A. If one decomposes the 6q wave function into
sums of products of baryon-baryon wave functions one
finds that 80% of the probability is contained in com-
ponents in which one of the "baryons" carry color.
About 10% of the wavefunction occurs in nucleon-nucleon
components, so there is some overcounting. However,
this is smaller than other uncertainties.

One may view the six-quark bags as off-shell com-
ponents in a generalized baryon-baryon wave function.
From the table one sees that the typical energy denomi-
nators are about 0.3 to 0.6 GeV. One needs that amount
of input energy to place these objects on the energy
shell where they can be observed (under sufficiently
lucky conditions).

Another property of six-quark bags is their size.
In ﬁef. 6 the radius of a six-quark bag (R6) is about

1
2 / times the radius of a nucleon. As discussed below,
this assumption has a significant incluence on the
Tocation of the quasielastic peaks for 6q bag knockout.
Lomon? assumes a smaller value of R6’

111. How Many Nuclear 6-quark Bags Are There?

1 would really like to know the answer to the above
question. Estimates range from zero to very many. Here
1 present a very simple estimate based on geometry. One
wants to use 6q bags instead of nucleons to represent
the short-distance baryon-baryon wave function. Our
procedure! has been to replace a two-nucleon wave func-
tion by a 6q bag whenever the motion of the pair brings
their centers closer than a distance, o Probability

conservation is maintained by taking the probability
for the 6q bag as equal to the removed probability for
the nucleons to be closer than ror The value of "o is

then an important number, and ro - 1 fm often leads to



results in good agreement with experiment.! This sepa-
ration occurs when the edge of one nucleon is at the
center of the other, provided the radius of the nucleon
is taken as about 1 fm. Then the volume of the overlap
region is large. The 6q probability per nucleon pair
turns out to be between about 3 and 6%, depending on
the state.

In heavy nuclei there are many possible pairs and
(in this picture) many 6q bags. Consider, for example,
a nucleon in infinite nuclear matter of density
N {= 0.166 Fm™3). The probability that another nucleon

lies within ry is %’l rg pp = 0.7. Although Pauli prin-

ciple effects multiply this number by 3/4, this seems
excessively large. I don't insist that there really
are that many 6q bags in nuclei, but it is likely there
are some. The most irritating feature of this is that
existing data cannot be used to rule out such an enor-
mous percentage.

205 205

Iv. Pb - T1 Charge Density Difference

This quantity is one of the best tests of the con-
ventional nuclear picture. One observes the structure
of the 3s proton wave function quite clearly.? Surely
copious amounts of 6q bags should spoil this result.
Calculation3 shows that this is not so! The reason is
that, in our treatment of elastic electron scattering,
the dominant effect of 6q bags is that they are bigger
than nucleons. But the difference between R6 and a

nucleon radius is very small compared to the size of
the Pb nucleus. Thus no effect remains. The size is
the only influence because six-quark bags are formed in
the interior. There, the effective density of the
center of mass of an NN pair is essentially the product
of the 3s density by the approximately constant density
of the nuclear interior.

V. Using (e,e') to See 6 Quark Bags

We want to ask what are the appropriate values of
the momentum transfer {Q% = -q2) and energy loss (v)
for 6q bags to be observable. Start with Q2. MWe in-
clude processes in which the virtual photon knocks the
6q bag out of the nucleus. In this mechanism the 6q
bag maintains its character. It is not blown to bits
in the absorption of the virtual photon. In that case
the 6q amplitude includes the appropriate form factor
GB(QZ). We follow Refs. 5 and 6 and assume that the

six-quark bags are larger than nucleons. That means
that the ratio of 6q to nucleon form factors:

G6(02)/G3(02) approaches zero as the momentum transfer

Q increases, and it becomes harder to find 6q bags at
higher momentum transfers. This does not mean that it
is harder to observe the influence of quarks at higher
values of Q2. It js just that the coherent effects of
the 6q bag acting as one particle go away at high mo-
mentum transfer.

If the radius of the six-quark bag were equal to
or smaller than that of the nucleon, as implied in Ref.
7, the opposite conclusion could be drawn. The calcu-
lations discussed below follow Refs. 5 and 6.

What about the photon energy loss, v? The basic
idea is that a 69 bag can be knocked out of the nucleus
if it absorbs a photon of large enough energy v. These
excitation energies are the masses of the six-quark bag
minus the mass of two bound nucleons. From Table 1,
this is about 0.3 to 0.6 GeV. Considering the expected
width of the 6q systems, these values of v are contigu-
ous with those needed for production of the aA.

Thus 6q bags might be important at fairly low Qz,
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but fairly high (by typical nuclear standards) values
of v.

VI. (e,e') Calculations

As mentioned in the introduction, I follow the work
of Mulders.® The formulae necessary to make calcula-
tions of the cross sections are given in Mulders' paper.

It is necessary to discuss the basic assumptions of
his model.

1. A photon strikes and knocks out either a three-
quark (nucleon) (with probability P3) or six-quark bag

In this mod-

el, pionic components of nuclei do not contribute.

with probability P6 given by P6 a1l - P3.

2. A plane wave approximation is used for all out-
going particles. The knocked out nucleons, 6q bags and
produced A's are all on the mass-shell. Thus no final
state interactions are included.

3. The final states are |3g> x [A-1> or
|6q> x |A-2>. These are treated as orthogonal states.
Thus there is no interference between the two terms.
This is a good approximation when Q2 is large enough so
that the one and two-baryon states are kinematically
well-separated, but 6g bags have effects at values of
Q s 500 MeV/c. Then ?on average) each baryon of the 6q
bag carries s 250 MeV/c, a value close to the Fermi
momentum.

As Mulders remarks, the model is oversimplified
but one can use it to determine the region of sensitiv-
ity to 6q effects in the (e,e') reaction. Furthermore,
the model is consistent with data from Q = 400 to 500
MeV/c when natural values of the parameters (P6 ~ 0.4)
are used.

During the oral presentation I showed several
figures from Ref. 5. These showed that the suppression
of the longitudinal structure could be understood in
terms of six-quark bags. This is because some 40% of
the strength occurs at values of v about .3 - .6 GeV
ABOVE the quasi-elastic peak for nucleon knockout.
There are also nice results for the transverse struc-
ture function. The six-quark bags fill in the dip
region between the nucleon and delta peaks. In fact,
the contributions of the six-quark bags are approxi-
mately equal to that of the delta. These results of
Muiders are for the 12C nucleus. I showed also calcu-
lations (but no data) for the “He nucleus. The values
q and v for which 6q bags are important are roughly the
same as for the 12C target.

The contributions of the individual six-quark bag
states exhibit interesting peaks as a function of v for
fixed Q2). However, these peaks are not directly ob-
servable since they occur in the A region.

The result of all of this is that there are large
6q bag effects seemingly in agreement with the data.
However, we encounter the problem of too many competing
mechanisms one more time.

VII. Better Identification of 6q Bags?

The six-quark bags of interest here are made of
quarks in L = 0 states. Therefore, the angular distri-
bution for the decay into two nucleons is isotropic,
in the 6q rest frame. This is very different than the
decay A ~ Nn (3 cos2e + 1). I propose to use this idea
to separate the contributions of 6q bags and delta de-
cays.

Consider, for example, measurements of the angu-
lar distributions of protons emitted in the (e,e') re-
action. One can look for a resonant enhancement of
isotropic correlations. The isotropy is to be with



respect to the direction of the photon momentum. If
the 6q bags 1 discuss are relevant there could be a 150
MeV wide region of energy (v = 0.3-0.6 GeV/c or higher
depending on the model) in which the angular distribu-
tions of high energy protons are isotropic. The re-
striction to high energy protons enters since we want
the products of the decay 6q + NN, not 6g -~ AN or

6q -+ Ab.

One could apply the rapidity analysis of McKeown
et al.8 to identify the isotropic distribution. Ref. 8
dealt with pion absorption on a cluster of nucleons.
After absorption, the cluster spews out nucleons. They®
found the velocity (essentially the rapidity y) of the
coordinate frame in which the emitted nucleons have an
isotropic angular distribution. The same technique
should work for the photon absorption under consider-

ation here. 1In that case y - tanh']IZﬂ/M6q is the

rapidity of the 6q bag that absorbed the photon. In
the frame of rapidity y, the nucleons from the 6q - NN
decay are emitted isotropically.

Another possibility is to look for a resonant en-
hancement of the isotropic angular distribution of two
protons emitted in the (e,e'pp) reaction. This could
be done with a 4n detector.

This hope for identifying the 6q effects lies in
combining two distinct effects: an isotropic angular
distribution (in the appropriate coordinate system) and
a resonant energy behavior. Combining these two sepa-
rate pieces of information may allow the separation of
6q bag effects from the background of ordinary two-
nucleon processes which are not expected to have those
two features.

VII1. Summary

The Summary is given in the Introduction.
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NUCLEAR FRAGMENTATION, PART I
PROTON-NUCLEUS COLLISIONS AT HIGH ENERGIES

Andrew S. Hirsch, Purdue University,
West Lafayette, IN 47907
John Molitoris, Lawrence Livermore National Laboratory
Livermore, CA 94550

Abstract: The features of p-nucleus collisions

Teading to the production of nuclear fragments are
briefly reviewed.
and what is unknown experimentally.

when a proton of incident energy exceeding about
1 Gev collides with a large target nucleus, such as
xenon, nuclei of up to about 1/3 the target mass (AT)

become likely reaction products. This has been known

for over three decades1 and has been studied
extensively using both emulsionsz'and radiochemical

techniques.3 Counter experiments have made detailed
and comprehensive examinations of these nuclear

fragmentss'6'7'8 although the vast majority of these
have been inclusive in nature. It has been clearly
established that fragmentation is a high energy

process with a threshold of about 1 GeV for incident

protons8 (fig. 1), and a high charged particle
multiplicity indicative of a central collision.
about 10 GeV, the typical fragment cross section
enters the limiting fragmentation region where it is
independent of energy up to the highest energies

studied, 350 Gev.7 Despite the great body of
experimental data that now exists, the production
mechanism of nuclear fragments by high energy protons

remains unclear.

Above

Processes such as evaporationg, cold
fracturinglo, and a phase transition (gas to liquid)

near the critical point7 have been proposed to account
for the systematics of the data.
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Fig. 1: Fragment cross section vs. incident
energy. Solid curve is fit to the data from

1-20 GeV (AGS data). The point at 48 GeV was
obtained at Fermilab, Ref. 7.

Emphasis is placed on what is known
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Fragment kinetic energy spectra are characterized
by a Maxwell-Boltzmann like shape, although they tend
to be broader than a single MB spectrum (fig. 2). The
peak in the kinetic energy spectrum for a fragment
such as carbon produced from p-xenon collisions occurs
at about 2 MeV per nucleon, and thus a significant
number of fragments emerge with very small kinetic
energies, Studies of the spectra indicate that the
Coulomb energies involved are small when compared to
the tangent sphere value of the fragment and the
target minus fragment system, A possible
interpretation of this fact is that fragmentation is a
multibody breakup involving the entire volume of the
disassembling system. This is in contrast to a system
undergoing sequential evaporation. We know from a

recently completed experiment at the AGS8 that the

slope characterizing the high energy tail of the
spectrum is independent of incident energy from 1 to
350 GeV, but the shape of the spectrum changes
dramatically between 1 and 6 GeV. The high energy
tails also indicate that all of the fragments come
from a common system which has been reduced in nucleon

number over the initial target.6'7 For a xenon
target, this ’‘remnant’ sytem is some 20 nucleons
lighter. By detecting fragments at both forward and
"backward scattering angles, the speed of the emitting
system has been found to be very small, 8 ~ .002 for
xenon. Thus, the remnant system is practically at
rest in the laboratory.
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Kinetic energy spectra obtained at the AGS.

Solid curve is the total fit

Fragmentation component

Gaussian component, Ref. 8.
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Fig. 2:
a)
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The fragment mass yields have a power law fall
off with fragment mass number (fig. 3). 1t has been
shown that fragment multiplicities and cross sections
for fragments in the range 2 < Zg < 12 are essentially

the same whether these events are observed with a
fragment trigger (Af =20-40) or not.11 Thus the

inclusive and coincident data are evidently the same,
reinforcing the notion of a multibody breakup.
Assuming that fragmentation is a multibody breakup, we
can estimate that the total energy in the regnant
system must have been on the order of 1 Gev.

The above paragraphs summarize some of the
*facts’ concerning fragmentation. Experiments have
also been performed with high energy protons incident
on nuclear targets with the focus on the outgoing
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Fig. 3: Mass yield vs. fragment mass
obtained at FNAL (Ref. 7).
nucleons.12 These studies show that the incident

proton produces a fast moving source of nucleons (B
~.1-.2) which, when fully developed contains (3-5) x

Azl/3 nucleons. We note that for a xenon nucleus, this
i4 in good agreement with size of the remnant system.
Thus, there is a hint that fragments may be produced
when a moving source containing a substantial fraction
of the nucleons in the original target is formed. A 4
GeV proton incident on a heavy target was found 30% of
the time to produce a moving source which carried away
about 75% of the incident energy. One might
conjecture that the remaining 25% was left in the
surviving nuclear system. This happens to agree with
the estimate made above for the energy in the remnant.

A 4n experiment capable of measuring the kinetic
energies of protons and heavy fragments, with charge
and perhaps mass identification, could resolve many of
the issues raised above. How much energy is in the
remnant system? Is the decay sequential or
simultaneous? Is fragment production correlated with
the formation of a moving source of nucleons? These
questions and many others may be addressed when
exclusive experiments are performed with high energy
probes on heavy nuclear targets.
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Electron-Nucleus Collisions at High Energies
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Some observed features of ei-nucleus collisions are discussed gnd similiari-

ties with high energy p-nucleus collisions are outllned.

A search for massive

nuclear fragments (A>Y) produced in these et-nucleus collisions is proposed.

In February 1986 an exploratory experiment! was
conducted at PEP using the TPC/2Y facility, where the
Time Projection Chamber (TPC) provided the primary
particle identification in electron-nucleus collisions.
A small quantity of gas was bled into the beam pipe
inside the TPC at the interaction region. This incre-
ased the pressure in the interaction region about two
orders of magnitude and was sufficient to increase the
incidence of target beam gas events well above that of
the residual gas. Although deuterium, argon, and
xenon were used, only some features of the ef+Xe col-
lisions will be discussed here. The analysis of this
data is still in a very preliminary state.

The e*+Xe data had a significant number of events
with large proton and deuteron multiplicities. The
energy deposition (v) in these events typically ranges
from about 6 to 10 GeV with Q2<¢0.1 GeVZ and x<0.01.

Figure 1 shows one of the most spectacular events in

the e*+Xe data. The left hand side of the figure
shows an end-cap projection of the charged particle
tracks and the right hand side shows the same tracks
folded in ¢. This event has 4 deuterons and 9 protons
in the TPC and the highest deuteron and proton multi-
plicities of all the data. The kinematic variables
take on the values: Q2=0.07, x=0.003, and v=10 GeV. A
plot of the rapidity (y) vs transverse momentum (p )}
is shown in figure 2, where <y>=0.146 and <pj >=0.55.
These high multiplicity events ieave such questions
unanswered as the source of the deuteron production
and the mechanism which produces the many fast pro-
tons.

lysis of the TPC data, but that data cannot determine

Such questions may be answered by further ana-
what happens to the remainder of the nucleus., The

energetic protons and deuterons account for up to 13%

%

14.5 GeVe™ + Xe (run 422, event 169)

of the target mass, which leaves most of the nuéleus
behind. A complete experiment should record the ener-
getic protons and deuterons as well as the subsequent
decay of the target remnant. This could not be done
in the exploratory run at PEP as any massive nuclear
fragments were stopped in the thick beam pipe and
vertex detector of the TPC. In addition to the rela-
tionship between the remnant and the observed high
energy nucleon and deuteron ylelds, it is important to
understand how the energy deposited by the incident
electron in the nucleus affects the target remnant.
This requires that the incident electron also be det-
ected,

A situation similiar to the above has been noted in
high energy p+A collisons. Here, Nakal et al? have

observed energetic nucleon emission much like that
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seen in the TPC data and estimate there to be about
t3-5) X AT1/3 energetic nucleons produced per colli-
sion. This estimate is in agreement with the higher
multiplicity proton eveﬁts (proton multiplicity Zﬁ) iﬂ
our e*+Xe data assuming that the proton and neutron
multiplicities are equal and summing in the nucleons
bound up as deuterons., Furthermore, Hirsch et al3
have studied massive fragment production in p+A colli-
sions (see Part I of this presentation) and were able
to estimate the mass loss between the initial target
nucleus and the remnant from the kinetic energy spec-
tra of the fragments. The mass difference determined
by Hirsch et al is also In good agreement with the
total mass of the fast nucleons observed by Nakai.
This and other common features of the two p+A meas-
urements allowed Hirsch to draw a connection between
high multiplicity energetic nucleon emission and mas-
sive fragment production3.

As Nakal et al2 only measured the fast nucleon
component and Hirsch et a13 only measured the frag-
mentation of the remnant system, a definitive experi-
ment detecting both processes in coincldence has yet
to be performed. Furthermore, neither measurement
detected the incident proton, so the energy deposited

in the nucleus was not well known., Whether or not

XAva

the energetic nucleons observed in e*+Xe collisions at
PEP are related to massive fragmentation of the rem-
nant nucleus has yet to be determined. Presently,
such a study would be unique to PEP due to the projec-
tile and bombarding energy. Also, the proposed detec-
tor scheme at a PEP nuclear physies interaction
regionu would allow an exclusive measurement to be
performed (described below).

Independent of any results in p+A c¢ollisions, one
would like to study the behavior of the remnant nuc-
leus in e*+A collisions and its dependence on the vari-
ous kinematic variables. Assuming that the remnant

does break up into massive fragments, it would be in-

teresting to determine f;agment production as a func-
tion of v for fixed values of Q2. While it is most
probable that the characteristics of.target fragmenta-
tion are only functions of v, one should keep an open
mind concerning the dependence on other kinematlec var-
iables, i.e. Q2. For example, one might conceive that
the later stages of fragmentation might "remember"” the
mode of initial energy deposition., Very low Q2 events
where the virtual photon appears hadron-like to the
nucleus might be different from true deep-inelastic
events (Q2>1) where one pictures the formation of a

string whose length scale may be comparable to nuc-

lear dimensions.

We can make a rough estimate of the coincident
counting rate by taking the deep inelastic cross sec-
tion per nucleon d?g/dRedE' from the parametrized
structure functions, and making the usual assumption
that the nuclear cross section is the incoherent sum
over the nucleons. This gives the inclusive cross sec-
tion for a given energy deposition v, and Q% To get
the coincident cross section where one also measures a
fragment with Azu, we note that in the p+A work (ref.
3), the fragment cross section (A>N4) was =0.3 of the
geometric cross section. Thus, taking the factor of
0.3, a total heavy-ion telescope éoverage of 0.5 sr,
and assuming isotropy of fragment emissiop, we find
rates of »3Hz for 0.00[30f51 and <1 Hz for 1£Qi§5.
This results from integrating over the electron
scattering angle range 0%@<11° (realizable with the
proposed septum spectrometer for the nuclear physics
region at pEPY)and v=5.5-14.5 GeV.

luminosity of 1.5 x 1029 cm? sec™? for Xe.

We have assumed a

This is a multifaceted experiment and can be per-
formed in three phases. Central to the experiment is

the implementation of a warm gas Jet target in PEP

_with the capability of using heavier gases (i.e. Ar, Kr

and Xe). It i{s also important that the target allow

. solid state detector arrays to be placed in close
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proximity to the gas jet with no obstructions. Solid
state detector telescopes have excellent Z and energy
resolution and have been used successfully by Hirsch
et al3 to detect heavy fragments from p+A collisions.
It would be advantageous to have the solid state det-
ector arrays subtend a reasonably large solid angle,
as the fragmentation cross section is not known and
difficult to estimate theoretically. With Just the

solid state detector telescopes, one could perform an

inclusive measurement simillar to the one for p+A col-

lisions.

A more interesting measurement and an improvement
on the above would be to include a small angle spec-
trometer to tag the incident electron and determine v
and Q2. Then any dependence of the fragment produc-
tion on v and Q2 could be observed.

Finally, the addition of a 4r detector centered on
the target would enable us to observe the energetic
protons and deuterons seen at TPC and ascertain if
there is a connection between these and fragment pro-
duction. ) ' )

bresently we are studying the feasibility of solid
state detectors in the PEP environment. The electrec-
magnetic field of the circulating beam is intense
enough to render these detectors useless if they are

placed too close to the beam or not shielded properly.

Furthermore, they are susceptable to radiation damage

which will continually degrade their energy resolution
and (again) if not shielded properly, the signal can be
swamped by synchrotron radiation. We hope to test
some of these effects on the solid”state detectors in
fall 1987, when PEP will be operated for high energy
physics. A simple apparatus could be incorporated into
the beam line which could move the detector array
toward and away from the beam. The effectiveness of
various foils to block the electromagnetic field could
also be investigated. Before this is done, a study of
the solid state detectors’ outgassing properties in
high vacuum must be performed as they will be coupled

directly to the PEP vacuum.
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A FRESH LOOK AT BOSE-EINSTEIN CORRELATIONS

Wemer Hofmann o
Lawrence Berkeley Laboratory, University of California, Berkeley, California

Recent experimental data on Bose-Einstein (BE)
correlations between identical bosons are reviewed,
and new results concerning the interpretation of the
BE enhancement are discussed. In particular, it is
emphasized that the classical interpretation of the
correlation function in terms of the space-time
distribution of particle sources cannot be directly
applied to particle production in high energy reactions.

Bose-Einstein (BE) correlations between like-sign pions, also
known as the GGLP effect, have first been observed over 25
years ago and have been of continued interest sincel. In this paper,
1 will summarize recent progress in our understanding of the BE
effect. First the “classical" BE effect and its interpretation is
summarized. Next, I will show that the classical description is not
appropriate for high-energy reactions, and will point out where
modifications are required. Following is a review a experimental
data and a discussion of experimental problems which complicate
the study of BE correlations, and some concluding remarks.

The classical "setup” to study BE correlations is indicated in Fig. 1:
given a (large) number of fixed, identical, incoherent ("chaotic")
pion emitters with lifetime T and a spatial distribution p(r) (with a
characteristic width R), plus two distant detectors looking for the
simultaneous emission of two identical pions with four-momenta p,
= (E,,p,) and p, = (E,,p,). For any pair of emitters, there are two
ways for the particles to propagate to the detectors, and those two
amplitudes interfere.

T
T z(?. :]detectorl(pl)
oo
R oo
) oo
)

] detector 2 (p2 )

identical (incoherent, "chaotic™) ¢
panticle sources of lifetime 7

Fig. 1. Amplitudes interfering in the creation of the Bose-Einstein
enhancement for identical bosons

Summing over all pairs of emitters, it is easy to show that the
resulting two-particle correlation function C is essentially the
square of the four-dimensional Fourier transform of the
(normalized) distribution p(r) = p(r,t) of emission points®3;

C = 0P(p,,p,) / 0P,y = 1 + {Jd*r p(r)eidr)? ¢V
with

q = p;-P2 = (99)
Here o®(p,,p,) denotes the measured two-particle cross section,
and o,®(p,,p,) stands for the two-particle cross section in the
absence of BE symmetrization. Since all sources are assumed to
have identical lifetimes, the Fourier transform factors into a term
depending only on q, = E;-E, and a term depending on
three-momentum difference q = p,-p,: C = 1 + if(q)g(qy)!% For
large q or q, the integral vanishes and we obtain C = 1; for small
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momentum differences C rises and reaches C = 2 for q = q,= 0.
In other words, BE statistics predict that identical bosons will be
preferentially emitted in the same quantum state, i.e. Igf R < 1 and
gy T <1 (we use h = ¢ = 1 everywhere), Since the correlation
function C(q) is rather insensitive to details of the distribution p(r)
— it is e.g. virtually impossible to distinguish a gaussian distribution
in space from a group of emitters arranged on the surface of a
sphere — experiments are typically limited to the determination of
R and 1. In case the events exhibit a preferred axis, such as in
ete- annihilation into jets of hadrons, one can make
futherstatements concerning the shape of the distribution of
emitters ("spherical” or “cigar-like" or "pancake-like") by studying
the effective size as a function of the angle between q and the
event axis.

At a first glance, the interpretation given by eqn. (1) works
extremely well: considering e.g. two rather different pion sources,
namely heavy ion collisions at 1.8 GeV/nucleon* and ete-
annihilations at 29 GeVcms energy’®, we find in both cases a
two-pion correlation function which is constant for large
momentumn transfers, and rises for small momentum differences
(Fig. 2). For the heavy-ion system, the correlation length of about
70 MeV/c translates into a characteristic source size of =3 fm —
just about the size of the composite nuclear system — whereas for
e*e” annihilation the enhancement extends over a larger range in
q, resulting in an effective source size of about 0.7 fm, consistent
with the expected range of the confinement forces responsible for
particle production.
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Fig. 2. (a) Two-pion correlation function measured in Ar + KCl
collisions at 1.8 GeV/Nucl, as a function of the momentum
difference Iqi 4. (b) Two-pion correlation function obtained in ete-
annihilation at 29 GeV cms energy®, as a function of g, the
component of q perpendicular to the total momentum of the pion
pair.

However, several authors®%7 have recently pointed out that eqn.
(1) is not appropriate to describe BE correlations among particles
produced in high energy reactions. As we shall see, several of the
basic assumptions are violated: 1) particle sources are typically not



at rest, but move with high velocity with respect to each other; 2)
because of this motion, the spectra of different emitters (as
observed in a common frame, such as the lab frame) will not be
identical; 3) for eqn. (1) to hold, the spectra should be
approximately constant over a range Iql = 1/R; however
momentum spectra in ete- reactions, e.g., show strong variation
over a range of a few 100 MeV. Finally one may question if the
different emitters are actually incoherent.

In order motivate these statements and to show how the
interpretation of BE correlations has to be modified to suit
high-energy reactions, I need to discuss the present model of the
space-time evolution of particle production in high-energy
reactions?, as it has evolved over the last decade or so. I will use
ete" annihilation as the simplest example. At t=0, a quark and an
antiquark are created from a virtual photon (Fig. 3). They recede
from each other at close to the speed of light, feeding energy into
the color force field which builds up between them. At early
times, corresponding to short gluon wavelengths, perturbative
QCD can be used to describe the structure of this color field; at
later times, large coupling constants cause any perturbative
treatment to break down, and we have to resort to the
phenomenological picture of a color flux tube (“string”9) spanned
from quark to antiquark. Such a string provides a linear
confinement potential, in agreement with measurements and
consistent with results obtained using QCD on discrete space-time
lattices. The energy stored in this color field is ultimately released
through the production of new quark-antiquark pairs, which screen
the color field and which recombine to form colorless hadrons.
Since the decay of the color field will occur on a typical time scale
T, in the rest frame of the corresponding string segment, particle
production points will scatter about the hyperbola £ - 22 = 1,2, On
average, the primary quarks will propagate over a distance Y1, =
(Vs/2m) T, before they are confined to a hadron. We expect 1, to
be of the order of typical hadron sizes; m is a typical hadronic
mass scale, O(mp). At PEP energies — Vs = 29 GeV — this
picture implies a longitudinal extent of the distribution of particle
sources of about 30 fm, as compared to a transverse extent of
order 1 fm (the diameter of a flux tube),

"Source size':

4~-—u=30fmat PEP —— —»
energies
t /‘

\ y

\ asymplotic /

\ particles particle
production

perturbaiive QCD

% >z

Fig. 3. Space-time evolution of particle production in e*e-
annihilation into hadrons

Since this general model relies mainly on invariance arguments,
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and since all models with specific dynamics constructed so far
agree with it%19, there is considerable confidence in this picture.
Why, then, is this large source size not observed experimentally ?

The key to the answer lies in the observation that for such a
space-time evolution source position in space and momentum of
the emitted particles are highly correlated. A source moving along
the z-axis with a velocity B will typically decay at a distance z,,, =
Byct, from the origin, and the average z-component of momentum
of one of its daughters will be <p, ,,> = PYE,, where E, is its
average energy in the rest frame of the emitter; hence <p, >
z,,,- This correlation implies the particles created at opposite
"ends" of the event are never closeby in phase space. As a
consequence, BE correlations will show no evidence of a large
source size. This is most easily demonstrated in the example of
two decaying "fireballs” of radius R and lifetime T moving rapidly in
opposite directions (Fig. 4). BE statistics enhances two-particle
production near the diagonal p,, = p,, (neglecting transverse
momenta, for simplicity). We note that regions where the
enhancement occurs are populated by particle pairs originating
from the same fireball, never from opposite fireballs. The BE
correlation length is therefore determined by the fireball size R/fy
(as seen in the lab), and not by the two-fireball separation D = yt!

Fireball a Fireball b
%. ) — l( r—— 7
hﬂ Pz BE
enhancement
particle 1 both
from fireball b, | :

2froma

Fig. 4. Simple model to illustrate BE correlations for moving
sources with B = 1. Lorentz boosts result in p,> 0 for most
particles emitted from 'b’, and in p, < 0 for most particles from 'a'.
The lower plot indicates the resulting two-particle density. In the
region of the BE enhancement, p,, = p,, (indicated by the black
band), both particles tend to stem from the same fireball.

For the more general case of ete- jets, it is easy to show that
each of the emitters indicated in Fig. 3 will spread particles over
approximately *0.7 units in rapidity y = (1/2) log (1+B,/1-B,),
centered at the rapidity of the emitter!! (assuming isotropic
emission in its rest frame). Particle distributions from different
emitters will overlap in momentum space provided that the rapidity
difference Ay of the emitters is of the order of one unit or less. In a
comoving frame, this in turn implies a maximum separation of the
emitters Az = T;sinh(Ay) = 1,. In such frame, the BE correlation
length both in longitudinal momentum difference and in energy
difference is therefore of order 1/t,. The equality of space and time
scales is a natural consequence of the covariant description. The
correlation length in transverse direction is determined by the flux
tube diameter, which is of the same order as t,. Since the BE
correlation length thus is similar for g-vectors parallel and



perpendicular to the jet (= z) axis, we would thus expect thr
distribution of particle sources to appear roughly spherical, and no
cigarlike with a large ratio of major to minor axes, as one migh
naively expect based on Fig. 3.

More detailed studies®6 confirm these features: one finds that

the correlation function C depends mainly on the (invariant)
square of the four-momentum transfer Q2 = -g = (p,-p,), and
hence cannot be represented in the form C =1 + If(q)g(q,)?
the apparent source size, determined from the correlation
length in Q?, is of order 1,

the source appears essentially spherical

the measured source size is almost independent of the cms
energy and the momentum of the pion pair

Let me briefly discuss one explicit implementation of BE effects - a
modification of the Lund hadronization model® proposed first by
Andersson and myselfS, and later studied in detail by Artru and
Bowler!2, The basic idea is simple: consider a typical space-time
diagram 2 la Lund? for particle production via string decay into
quark-antiquark pairs (top diagram in Fig. 5). In this scheme,
break-up points of the string uniquely determine particle momenta;
the energy of particle is proportional to the distance between the
production points of its quarks, and its momentum is proportional to
the difference in quark production times. It is plausible that the
matrix element M describing the decay of the color string is given
by M = ei&A | where E =x + iP/2. A denotes the (invariant)
space-time area spanned by the string. The real part of A, KA, is
essentially the classical string action (x denotes the energy per unit
length, x = 1 GeV/fm). The imaginary pant, PA/2, describes the
breaking of the string by quark-antiquark production at a constant
rate P per unit length. In order to properly symmetrize production
amplitudes for final states containing several identical bosons, we
need to sum over all diagrams corresponding to permutations of
those particles. In the context of BE correlations between two
given pions, let us consider the effect of exchanging those two
pions. Swapping two particles will change the space-time area
swept by the string, and hence both the amplitude and phase of
ei%A (bottom diagram in Fig. 5). Given the known magnitudes of x
and P 9, it is easy to see that the interference pattern between the
amplitudes corresponding to Fig. 5 is dominated by the phase
change of order Ad = Q%/2x. As a result, amplitudes interfere
constructively for Q2 <x = (0.4 GeV)2 and cause a BE
enhancement at low Q2?, compared to an effectively incoherent
superposition for larger Q2. As in the classical case, C(q) reaches
a limiting value C = 2 for q = q, =0, indicative of complete
chaoticity of the source. However, whereas in the classical case
the chaoticity is built in via the assumption that emission phases
vary randomly from emitter to emitter and from event to event,
here the strong momentum dependence of the amplitude eiSA
guarantees virtually random phases between amplitudes
corresponding to different permutations of particles, unless the final
state contains two pions with aimost identical momenta.

I should point out here that much of our revived interest in BE
correlations results from this point of view — BE correlations as a
measure of multiparticle production amplitudes and their phases —
as opposed to the classical geometrical interpretation, which
suffers from conceptual difficulties for systems with dimensions of
the order of the wavelength of the emitted particles.
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qq -> meson

new qq pair
produced

primary g

Fig. 5. Space-time structure of quark fragmentation in ete-
annihilation, as predicted in the Lund string model. The space-time
area swept by the color field is denoted by A and gives rise to the
production amplitude M = ei%A, An exchange of the two central
particles results in a change of that area by AA, with a
corresponding change in amplitude and phase.

In the remainder of this paper, I will summarize relevant
experimental data (with some emphasis on results from ete-
colliders) and discuss potential drawbacks in the experimental
procedures. To begin, let us see if there is indeed evidence that BE
correlations depend only on Q2, and not on q and q, in a
factorizable fashion.

2.0

1.8

1.6
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CQ

1.2

1.0
| 3 é
0‘8 L A "l . 1 P " L
0.00 0.25 0.50 0.75 1.00 1.25 1.50
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Fig. 6.Correlation coefficient C as a function of Q = V-q2, measured
in e*e- annihilation at 29 GeV cms energy>. Full line: fit to the data
based on eqn. (3). Dashed line: prediction of the model of ref. 6.
Possible dilution of the BE correlation due to long-lived resonances
is not included in the model curves. Predictions of the model of ref.
2 exhibit a very similar shape.

Fig. 6 demonstrates the that BE enhancement is certainly seen in
the variable Q = VQ2. A clean distinction between the classical
form



C=1+ o exp(-R?2@? exp(-1?q}) (2)
(where we have for simplicity used a gaussian space-time
distribution of emission points; the "fudge"” factor a will be
discussed later) and the relativistically invariant form (note the
different sign of the q, term)

C=1+aexp(-Rig}) =1+ a exp(-R’q?) exp(+7%q;?) (3)
however turns out to be rather difficult, since q and g, are of
course highly correlated. Basically, the distinction boils down to the
question of whether there is a positive correlation for large and
approximately equal Iql and q, Both the TASSO!? and CLEO
groups claim evidence in favor of eqn.(3). For the TASSO data,
the evidence is based on a global fit of the measured C(q,q,),
which prefers eqn.(3) over eqn.(2). However, their statistical
errors on the large Iql, large q, data are such that the evidence,

though statistically significant, is by no means striking. In the

CLEO paper, the main conclusion — absence of a exp(-12g,?)
dependence, as displayed in their Fig. 3 — depends strongly on the
maximum g (or, to be specific, q;) allowed; Fig. 6 of the same
paper indicates a significant q, dependence. In any case, higher
statistics data would certainly be welcomed!

An essential prediction of the new class of models is that the BE
correlation length is virtually independent of the reaction energy,
the dipion momentum, and the angle between g and the event axis.
Fig. 7 shows a summary of effective radii R determined using eqn.
(3) for different reaction types over a wide range of cms energies;

given the systematic problems to be discussed later, the data are
consistent with each other and point to an effective radius of about -

0.7 - 1 fm. The source shape is consistent with approximate
spherical symmetry513.14 (Fig. 8) and independent of the y-factor
of the pion pair (Fig. 9).
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Fig. 7. Size parameter R of the pion source, determined according
to eqn. (3) in various reactions, as a function of the cms
energylS13.14.15,

Both in Figs. 2 and 6 we note that C does not seem to reach the
predicted value C = 2 for vanishing momentum difference q of the
two pions. Parameterization of the BE enhancement in terms of a

gaussian (egn.(3)) typically yields a = 0.5 - 0.6 instead of o= 1
(after correction for particle misidentification, detection efficiency
etc.); see Fig. 10. The two exceptions are BE correlations in J/¥
decays and in two-photon collisions, for which a near 1 is
measured. Several explanations have been put forward for the
deviation of o from 1: BE correlations are absent for coherens
particle sources?3, hence @ < 1 could be evidence for a partial
coherence of the source.
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Fig. 8. Apparent size of the pion source in e*e- annihilation at
29 GeV, determined using eqn. 3, as a function of the viewing
angle with respect to the jet axis®. Curves are based on the
assumption the the pion emitting region is a three-dimensional
ellipsoid, with a transverse size R and a longitudinal extent cR,
for c=1 (dashed), ¢c=2 (solid) and c=3 (dotted).
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Fig. 9. Size parameter R of the pion source in high-energy ete-
annihilation, as a function of the boost Y = E,m/mpp of the pion
pair’?,

A much simpler explanation is that the measured value of a is
usually obtained from an extrapolation of data at finite Q*t0 Q=0
and is therefore sensitive to the assumptions concerning the
Q?-dependence of the BE enhancement. The usual gaussian shape
is used mainly for convenience and has no strong theoretical
motivation. In fact, the recent models discussed above2¢ predict
shapes which are much more peaked for Q — 0. As shown in Fig.
6, the models are in reasonable agreement with data in the range
typically covered by experiments, Q > 50 MeV, and nevertheless
extrapolate to C = 2 for Q — 0. Another reason for a non-gaussian
shape is pion production by long-lived resonances such as ®, N,
and n'. For pions created in such decays, the effective source size
is of the order 1/T, ... > 20 fm. Correspondingly, such pions
contribute!6 to the BE enhancement only for small Q < 10 MeV/c -
a region not covered by experimental data, resulting in an
underestimate of o (Fig. 11). The absence of detectable BE
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the definition of C (eqn. (1)): particle pairs in the interesting region
p, = p,tend to overlap in the detector and create pattern
recognition problems.

correlations for pion daughters from long-lived particles has been
demonstrated experimentally using pions from K, decays®,

before after corr.
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Fig. 10. Parameter a determined from fits of C(Q2) according to
eqn. (3), for different reaction types as a function of cms
energy!-5.13.14.15 Data points are corrected for particle
misidentification (except for the ISR data), but are not corrected

for the reduction in o due to pions from decays of long-lived
particles.
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Fig. 11. Expected Q-dependence of the two-pion correlation
function C, assuming that 50% of all pairs contain at least one
decay product of a long-lived resonance of decay width T". The
dotted region indicates the region typically covered by data points.

The CLEO group has attempted to correct their data for
resonance effects and obtain o = 1 after correction (Fig. 12). The
problem there is, however, that the decrease in the effective o is
very sensitive to the rates of 11 and n' production!?, which are not
well measured and probably overestimated in current
fragmentation models. It is therefore very difficult to draw any
clear-cut conclusion at this point. Obviously, there are several
fnechanisms which explain 0, ,,...s <1 in a rather natural fashjon;
1ts seems premature 1o invoke partially coherent sources at this
point. Clearly, more detailed data is needed.

However, major technical problems stand in the way of more
precise measurements. Let us first consider the 6®(p,,p,) term in
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Fig. 12. Two-pion correlation function C as a function of gy (see
Fig. 2), for q, < 0.1 GeV. (a) uncorrected data, (b) corrected for
the fraction of non-interfering pion pairs from decays of long-lived
particles. From CLEO

Furthermore, since the BE effects occurs only for identical
particles, some particle identification is required, otherwise the
data has to be corrected for a (typically 30%) contamination from
other species. Finally, one needs to remove (or correct for) pions
from very long-lived particles such as K§ or A, and ideally one
would want to reject pions from particles with C or B quarks.
These corrections introduce additional uncertainties. Finally, the
rate of pairs at low Q decreases rapidly with Q, since the available
phase space goes like Q2 Even worse, however, are the problems
caused by the 6,2(p,.p,) term in eqn. (1). Obviously, BE effects
cannot simply be "switched off" in the experiment in order to
determine &,?. One technique is to approximate 6(p,,p,) by the
product of single particle densities g™(p,)o")(p,). This procedure
removes the BE enhancement, but it also removes correlations
caused e.g. by phase space constraints, superposition of different
event types etc., and can result in a serious overestimate of
C(g=0). Another solution is to use unlike particles, i.e. unlike-sign
pion pairs, to derive . The problem here is that while natural
correlations due to phase space etc. are taken into account, the
unlike-sign pion sample shows many additional correlations due to
resonance decays and local charge conservation. Furthermore,
acceptance corrections will usually not cancel when comparing
like-sign to unlike-sign pion pairs. Even if great care is taken in
handling all these problems, one is typically left with a O(10%)
systematic uncertainty on the parameter R for "easy” data
samples - such as global BE correlations in e+e- annihilation. For
more difficult samples such as pions produced in VN reactions'®
(where event characteristics such as the hadronic' mass W vary
from event to event) or for specific phase space region in ete-
events, systematic errors due to the o, determination can easily
reach 50%; the systematic problems in the determination of o are
even worse.

Let me summarize: I feel that BE correlations provide a rather
interesting way to study multiparticle production dynamics;
however, given our limited understanding of even the simplest
cases (e+e‘) and the experimental problems discussed above, I
don't view BE correlations at this moment as a powerful diagnostic
tool for such complicated processes as electron scattering off
nuclei. Topics I would like to see studied (most likely in ete)



include: the precise shape at low Q?, the detailed dependence on q
and q, (or similar variables, see ref. 13), and the effect (and rates)
of resonances. As to applications in nuclear physics, I feel that one
first needs to understand results from simple (e*e”) systems in a
quantitative way. Nevertheless, it is certainly interesting to see
effective source radii measured in the current and target
fragmentation region, and for different values of Bjorken x - there
is always hope for a surprise!
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Abstract
We are presently involved in a feasibility and design study of a warm gas Jet
target system for PEP. Our aim is to construct a low throughput system which

will produce a target of dimensions less than 1 cm?® with areal densities in the

range ~ 107® - 107!° g/cm?,

Introduction

Warm gas jet targets (WGJT) have been used success-
fully in experiments at Fermi National Accelerator
Laboratory (FNAL) and Brookhaven National Laboratory
(BNL)1+2 and have been found to be reliable for long
periods of time. In fact, the implementation of a
WGJT at FNAL was motivated by the previous use of an
WGJT's work well for

a wide range of gases and cost much less than a cold

unreliable cold target system?Z.

target system due to the lack of a liquid nitrogen
handling mechanism. In view of this, we are using the
Purdue WGJT sys’(:em'l as a model for an internal target
for PEP,

The PEP base vacuum is typically ~ 3 x 10™° torr
and is maintained by ion pumps built into the PEP beam
line. Any internal target system implemented in PEP
must be able to locally confine the gas to a high
degree and recover the PEP base pressure in as short a
distance as possible both upstream and downstream
from the target. Such increases in the base pressure
not only do not add to the effective target thickness,
but serve to decrease the lifetime of the recirculat-
ing beam.

fig. 1.

A schematic of such a system is shown in
Here the flow is directed through a nozzle
into a receiver vessel which pumps out most of the
A well defined jet matched to a tight orifice on
the receiver volume keeps backstreaming from the
receiver into the target volume to a minimum. Most of
the gas that does not make it into the receiver is
pumped out by the first evacuation stage,

gas,

This sec-
tion is conductance limited from a second stage which
incorporates more pumps and is further conductance
limited from the main ring of PEP, Beyond the second
pumping stage the PEP evacuation system must be able
to maintain an acceptable vacuum,

Very stringent conditions are imposed on any target

system coupled directly to the PEP beam line. One
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Figure t. Schematic of a gas jet target system. The
gas flows from some inlet volume through a nozzle and
into the receiver. Most of the gas is pumped out
through the reciever.

}naior criteria is that the outgassing of héavy hydro-
carbons (A>50) be negligible. Figure 2 is a spectrum
from our residual gas studies of the PEP vacuum which
shows that for A>50 there are only three mass peaks
(even on the most sensitive scale). These peaks rep-
resent benzene (C,H¢) and two other trace gases (in
the 50 to 60 a.m.u. mass region). For A<50 a.m.u. sim-
iliar scans show carbon monoxide (CO), carbon dioxide
(CO,), nitrogen (N,), water vapor (H,0), hydrogen (H,)
and argon (Ar) to be present in the ring. The condi-
tion on heavy hydrocarbons makes it difficult to use
most conventional high throughput pumps in the target .
chamber, so we are presently investigating the possi-
bility of using specially modified magnetically levi-
tated turbomolecular pumps which are backed by a dry
pumping system to maintain the vacuum in the target
chamber. Pumps in the receiver volume (see fig. 1)
are highly conductance limited from the PEP vacuum (by
the receiver oriface) and can be sectioned off by two
gate valves (one close to the oriface and one at the

throat of each pump). Therefore these pumps may be
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Figure 2. Mass spectrum of the PEP vacuum taken with
a Residual Gas Analyzer (RGA). Scans are shown on two
sensitivity scales for the mass ranges 50-100 a.m.u.
and 100-150 a.m.u.

conventional turbo molecular pumps, but with some
modifications and a coldtrapped backing system.

Operation of a WGJT in PEP requires areal densities =
107® - 107'° g/cm? with as low a throughput as is
feasible. Low throughputs (<0.01 torr-8/sec) simplify
the pumping scheme and reduce the overall cost of the
system.

Although an actual WGJT system will incorporate the
features of this schematic, it will probably look much
different due to detector placement and other factors.
Crucial to the design of any such system is the nozzle
which produces the gas jet target.

Nozzle Considerations

A gas jet Is usually produced by an axially symme-
tric converging-diverging nozzle, where the gas passes
through a converging entry section and a diverging
exhaust section (see figure 3). The constriction where
these sections meet is the orifice which governs the
throughput and density of the jet. This is a de Laval
nozzle and its properties are well known3. In partic-
ular, for the correct conditions, a subsonic flow in
the entry section on passing through the orifice will
change into a supersonic flow in the exhaust section.
Here the flow becomes sonic at the orifice., For this
to occur the recelver pressure must be below a certain
critical pressure!, but this is always true for Jjets
flowing into a high vacuum region. On the exhaust end

of the nozzle there develop rarefaction waves tending
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Figure 3. Schematic of a de Laval nozzle and jet. Py

and Ty are the input pressure and temperature in °K of
the target gas. Z is the length of the jet and R is

its radius at beam intersection. ( From ref. 1).

to lower the pressure of the jet to that of the
receiver, Somewhere on the outer border of these

waves a shock front cuts across and intercepts them

(see figure 4). If the receiver pressure remains lower
than that of the exhaust, these shock- fronts emanate
from somewhere within the nozzle. The pressure dec-
reases across the rarefaction wave towards the inte-
rior of the jet, consequently there is a pressure gra-
dient acting from the boundary toward the interior
The

adjustment to receiver pressure occurs via this inter-

which makes the jet boundary curve inward.

cepting shock outside the nozzle and is the desirable

regime for operation of the target system. Within the

Nozzle wall Jet boundor

Nozzie wall

Intercepting  shock

Rarefoction wave

(b)

Figure 4. Shock patterns which may result in a diverg-
ing Jet emitted with a pressure greater than the
receiver pressure. (a) Here no shock disc is formed,
while (b) illustrates the shock front being cut off by
a disc perpendicular to the axis. (From ref. 3).



nozzle the boundary is defined by the diver‘ging sec-
tion. After the gas exits there is a free boundary

due to the axially directed layer of subsonic gas and
As the

boundary layer disperses into the target vessel, the

the low pressure region of the target vessel.

jet gradually loses its structure and any pattern
fades.

Figure 3 is a schematic of a converging-diverging
nozzle and the jet it produces. Mantsch and Turkot?
approximated the flow through such a nozzle by a
one-dimensional gas-dynamics model assuming an ideal
This model
takes the actual shape of the gas jet to be known.

Using the quantities defined in fig. 3, the density of

gas in steady state, isentropic flow.

gas (where the shock interfaces with the vacuum) is

—(L)z P|M 2 (‘/(7—”)('}"‘1)1/2
PEAR/) ety J\v+1 y+1)

and the throughput of the nozzle is glven by

B IP. 2 /=D 9y 120 1/2T
@=mrP 371 y+1) \M1,] v

where M is the molecular weight of the gas, C the
molar gas constant (83 mbar- £-mole™! °K"Y)and ¥ is

the ratio of the specific heats (Ymonoatomic=5/3 and

Ydiatomie=7/5). Here r is the radius of the throat, R
the radius of the jet profile, Pj the inlet pressure of
the gas, Ty the inlet temperature, and T¢ the tempera-
ture of the jet. Stringfellow et al have measured the
- throughput and density profile of jets produced with
0.004" and 0.006" orifice nozzles, they find agreement
with the above equations to be quite goodk However,
these workers were not able to obtain a narrow jet
below inlet pressures of 25 psig, which implies that
they may have approached the lower limit of viscous
flow for their nozzles (small Reynolds numbers, before
the onset of Stokes flow) or that other effects due to
the nozzle construction set in. As both of the above
equations are quadratic in r and linear in Py, it is
wise to reduce the orifice diameter and, if necessary,
accept a smaller Increase in the pressure to gain a
net reduction in target density and throughput.

Figure 5 shows the He gas throughput as a function
of inlet pressure for various orifice sizes <0.004".
For a 0.000125" nozzle one can obtain throughputs less
than 0.01 torr-i/sec for Pj<40 psi. Here we have
assumed that Ty is equal to To, and neglected the
cooling which occurs in the exhaust region of the
nozzle. As the increase of the Mach number from the
throat‘to the exhaust port will lower T¢, the curves
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Figure 5. Throughput as a function of inlet pressure

- for small orifice nozzles.

in figure 5 represent upper limits on the throughput.
As figure 5 is only for He gas, fig. 6 shows how
the throughput varies as a function of the mass for a
Here the
throughput is shown to decrease with increasing target

fixed inlet pressure of two atmospheres.

mass (Atgt), SO a target system which can handle the
throughput of the lighter gases, should have enough
It should be
noted that the pumping speed does decrease as Aygt in-

pumping speed for the heavier gases.

creases, which tends to make the design throughput a
constant. '

One is constrained to use a gas target in particle
storage rings by the fact that the beam is recircu-
lated. A thicker solid target will scatter the entire
beam in a few fractions of a second, hence gas targets
have been explored extensively for storage rings. The
density of a target should be such that the beam has a
reasonable lifetime in the ring. The solid curve in
fig. 7 is the maximal density allowable in PEP for a
two hour lifetime of a circulating 14.5 GeV e~ beam.
The dashed lines are the calculated target densities
for gas jets produced by an inlet pressure of two
atmospheres with various small diameter orifice noz-
zles, Only the 0.000125" nozzle is below the allow-
able densities for all target masses. One would like
to increase the density of the lower mass targets so
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Figure 6. Throughput as a function of target mass for
small orifice nozzles.

that a higher luminosity could be obtained. This could
be done by increasing the inlet pressure for low Atgtr
but for a fixed orifice P; must be increased about

three orders of magnitude to track the allowable den-
sity for PEP. If one could switch to a larger orifice
"‘nozzle, Pi could be varied within a more reasonable

‘range. It must be kept in mind that by Increasing the
densities by either of these methods, one also incre-

ases the throughput.

Nozzle Design and Fabrication

In order to achleve the desired throughputs and den-
0.000125" is

It is not possible to bore such small diam-
although
holes as small as 0.001" can be obtained with special
drills. For holes <0.001" one must use electron, ion

sities a nozzle with an orifice =
required.
eter holes with conventional techniques,

or laser beam techniques. We are presently pursuing a
laser method to obtain orifices of the desired diame-
ter. Figure 8a shows a 0.00015" hole which was obta-
ined with laser techniques. ‘A cross sectional side

view of the hole is shown in fig. 8b. This shape 1is

process is well known.
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Figure 7. Allowable target densities in PEP as a

function of target mass (solid line). The dotted lines
are the densities provided by a fixed orifice nozzles
under a constant inlet pressure of 29.4 psi.

actﬁally ideal for a nozzle throat as it diverges smo-
othly after the minimum constriction.

There are various ways to construct the rest of the
nozzle. One would like to guarantee the shape and
surface finish of the final piece through the orifice.
As it is not possible to inspect the interior of the
nozzle down to the orifice, we are pursding an elec-
trodeposition method. Here a mandrel is carefully
machined to the specifications of the interior of the
nozzle. The mandrel is easily inspected and the qual-
ity of the mandrel's shape and surface finish guaran-
tees that of the final piece ar long as the etching
The mandrel is electroplated
with a thick layer of material and the exterior is
machined to specifications. Finally the mandrel is
etched out. As the converging section of the nozzle
is typically less than a third the length of the div-
erging section and is less critical, it can be made by
standard high precision machining techniques. Figure 9
shows conical mandrels which will be used to produce
nozzle exhaust sections. These mandrels are aluminum
and will be elgctrodeposited with nickel.
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—0.0004""

0.00015"

—

0.0005"

(a) Laser drilled 0.00015" diameter orifice. Detail
in (b) shows shape of interior and dimensions.

Figure 8. (a) Photograph taken with a scanning electron
microscope of a 0,00015" dia. hole bored with a Neo-
dymium YAG laser. (b) Cross sectional view of hole.

By using the techniques described above, the con-
verging and diverging sections of the nozzle are built
separately and jolned via a laser weld. The initial
nozzles have orifice dlameters down to 0.001". This
configuration can be decoupled and smaller orifices
inserted. An orifice of the type shown in figure 8a
can be mated to the converging section via a circular
laser weld of 0.004" to 0.005" dia and the sections
Ideally the orifice should join smoothly
with the converging and diverging sections, but for
these small constrictions that is not possible. This
design will have a discontinuity where the orifice sec-

rejoined.

 tion mates to the converging and diverging sections of
The effect that this 'step' will have on
the flow through the nozzle should be small consider-
ing the dimensions involved to the overall length of
the nozzle and exhaust port area (although this is
still under study). The step should act to slightly
increase the boundary layer (the subsonic flow layer
which interacts with the wall of the nozzle exit) and
. perhaps create stream lines and a stable shock front
_within the nozzle itself.

the nozzle.

As the shock pattern repe-
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Finish is 1L down to 0.008" dié pin. Material is electro deposited on
mandret which is etched out.

Figure 9. Conical aluminum mandrels.

ats it.self, the diverging section will act to control
the expansion of the gas and reproduce the shock front
outside the nozzle,

The other variables in the nozzle design are the
overall length of the diverging section, the area of
the exhaust duct and the shape of the diverging sec-

tion. The length and the area define the geometric

~opening angle of the nozzle, which must be chosen as

to not interfere with the flow from the orifice. The
actual shape of the nozzle not only controls the
expansion of the jet in a specific manner, but it
should match the flow lines from the orifice and
allow suffiecient room for a boundary layer. Some of
the shapes the diverging section can take on are shown
in fig. 10. Although for axially symmetric flow a
parabolic nozzle should be preferred, the conical and
trumpet shapes are those mainly used in gas target
systems’ %56, In profiling studies of nozzles with
the same orifvice diameters and diverging section
lengths, the trumpet shaped nozzle has been shown to
have a slightly narrower density dist;ribution than the

conical onel.

Profiling Studies

At LLNL we are presently constructing nozzles using
the methods described above, Our first set of de
Laval nozzles will have conical exhaust sections with
throat diameters of 0.001" and 0.002". These nozzles
will be evaluated by studying the jets they produce
and their operation in a WGJT system on loan from
Purdue University. The density profile of the gas jet
will be measured by deuteron elastic scattering at the.

LLNL 30" cyclotron. In the present set up the beam



1

) Flow
[:> d%——q

Del aval nozzles {controlled expansion}

2)
A
g __ ’ 26 conical
y /// s “‘L
L
3)
T
d_l‘“ :/// / q:_-—L— Trumpet
f b2
4)
4= = ¢ Parabolic
T ./?/j»:;/} v

Figure 10, Axial cross sectional view of nozzles show-
ing the various interior shapes.

and detector are kept fixed and the jet 1s moved per-
pendicular to the beam. We are interested in the den-
sity profile across the jet and how this profile
changes as a function of the distance from the nozzle.
The effect of the Pj on the jet will also be stu-
died. In principle one should be able to produce a jet
at input pressures lower than that used by Stringfel-
low et all,
ing this.

In practice other factors may be prevent-

Using the above profiling studies we can attempt to
match the jet to the receiver opening such that the
amount of gas flowing into the target vessel is a min-
imum. Ideally one would like to direct all of the gas
jet into the receiver and leave the target chamber
vacuum unaffected, but in practice this is impossible
as the boundary layer begins to diffuse as soon as the
jet exits the nozzle. The Purdue WGJT only directed
about 80% of its throughput into the receiver. This
was due mainly to the distance between the nozzle and
receiver opening and the fact that they pulsed their
jet. Pulsing cuts down on the overall throughput, but
the jet is not well formed at the beginning and end of

the pulse. Consequently, less of the gas is directed
into the receiver then.

Our goal is a continuous operation WGJT that meets
the above density and throughput criteria and has a
nozzle receiver mating which directs >95% of the

throughput into the receiver. The above studies will
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enable us to model and ultimately design a WGJT
system for PEP.

The authors would like to thank Prof. Daniel Bur-
shader of Stanford University and Dr. Alfred Bucking-
ham of LLNL for enlightening discussions. We are
grateful to Prof. Andrew Hirsch of Purdue University
for the loan of their WGJT system and to Norman Dean
and the SLAC Vacuum Group for their help and advice.
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Abstract

We have examined many exclusive and inclusive reactions
to conclude it best to project real or virtual photons
on partons in a nucleus to probe the mechanism respon-
sible for the EMC effect. Such reactions could be
triggered on particles produced beyond usual (nucleon
target) kinematical limits from quarks in, e.g., multi-
quark color singlet structures. We show that the mul-
ti-quark fragmentation function may be measurable in
the quark (QCD or real) Compton effect.

Introduction

Deep inelastic scattering experiments on nucleons and
nuclei have unambiguously established that the partons
of QCD behave differently in nuclear matter than they

do in an isolated nucleon.1 To established what these
differences are and the sources of these differences
is an objective of future experiments for which pre-
dictions can only be made from model calculations at
the present time. A specific model which has been
remarkably successful in explaining this anomalous be-

havior is the quark cluster model (QCM).2 In the QCM
the quarks (q) in a nucleus are organized into multi-
quark color singlet clusters involving groups of i = 3,
6, 9, etc., quarks. For a 3-q cluster, a critical ra-
dius RC is assumed such that clusters of 6 or more

quarks are defined by the number of 3-q clusters joined
by the center of mass separations d < 2R.. This defi-

nition allows one to calculate probabilities for clus-

ter existence and to calculate the momentum fractiom x

distribution for quarks in a cluster with reasonable

facility and reliability.> One of the striking and
compelling features of the QCM is the prediction of x
values beyond those possible for quarks in free nucle-~
ons, i.e., 0 € x € i/3, for an i quark cluster. Cal-
culations have yielded excellent descriptions of deep
inelastic lepton scattering (DIS) data, of the EMC
effect, and of the elastic charge form factor of

3He.2 Predictions have likewise been made for the

Drell-Yan process and electroproduction on nuclei.A’5

The high momentum components of quarks in clusters
make unique contributions to these processes, and
particularly in pre-~threshold production of particles

in high energy collisions with nuclear targets.6

From an experimental study viewpoint, the injection of
nuclei into high energy electron beams or in some other
way colliding nuclei with electrons and photons appears
to be one of the best possible ways to study and to
probe for partons with high momentum components within
the nucleus. Though hadron reactions would yield
larger statistics on events originating from x> 1
partons, the background problems would be horrendous.
Of all reactions examined, the cleanest seems as if
they will be those done with a real or virtual photon
probe into the nuclear interior. Further DIS exper-
iments are well worth doing but would, most likely, not
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shed new light on the source of the EMC effect. 1In
Ref. 3,we pointed out that the QCM makes rather unique
predictions for ratios of DIS experiments from differ-
ent nuclear targets. If one takes the DIS cross sec-
tion times the energy transfer v divided by the Mott

cross section to get the nuclear structure function sz

and takes data for two targets of nucleon number A and
B, the ratio V = [VWZ(A)/A]/[vWZ(B)/B] will show a

sequence of unique steps in the x > 1 region. The size
of these steps is predicted by the calculable probabil-
ities for clusters, as mentioned above. Events in the
region 1 < x < 2 in the QCM will be most sensitive to
6~q clusters while events in the region 2 < x < 3 will
be most sensitive to 9-q clusters,etc. For each in-
crease in x by unity, the ratio. V will increase. Pre-
liminary results of an experiment at SLAC apparently

confirm this behavior.7 This is the strongest possible
motivation, then, for performing more sophisticated
calculations for exclusive reactions to encourage more
direct study of high momentum quarks in nuclei.

Mul ti-Quark Fragmentation

We shall pursue the possibility that (I) the QCD Comp-
ton process and (II) Compton scattering from quarks
may be the best probes for location high momentum
quarks besides providing information on an interesting,
previously unmeasured physical quantity, the multi-
quark fragmentation function.

In Fig. 1, we depict the collision between a photon (Y)
and a nucleon, with the microscopic y-q collision en-
larged within the circle. In the head-on Y-q colli-
sion, as drawn in the center of momentum (cm) frame
for (I) the QCD Compton process, the final state quark
9 and the gluon G go back-to-back and produce jets as

QUARK—JET

Di- QUARK JET

NUCLEON

GLUON-JET OR PHOTON
Fig. 1. The photon-nucleon (three quark cluster) col-
lision. The photon-quark interaction is shown
in the center of momentum fram with the final
state quark, gluon, and diquark jets for the
QCD Compton process. For the QED Compton pro-
cess, the final state gluon 1s relabelled as
the final state photon (with or without orig-
inating an EM shower).



labelled by the parent parton.8 For (II), usual Comp-
ton scattering, as also indicated in the magnified
region of Fig. 1, the final state gluon and its jet
are replaced by a photon (and its resultant electro-
magnetic shower, if present). The dynamical part of
the calculation is done in terms of the three basic
QCD or QED diagrams for (I) or (II) which are shown in
combined form in Fig. 2. Here, the label 8, €, and @
show the familiar s,t, and u Mandelstam channel for
the y-q interaction. With a nucleon, or 3-q cluster,

7 OR
G

Fig. 2. The QCD Compton effect (I) for photon + quark

-+ gluon + quark and the QED Compton effect (II)

for photon + quark - photon + quark with the
subprocess kinematical variables as labelled.

target the remainder of the event consists of two
quarks, or a di-quark, breaking up in the target frag-
mentation region. The 'di-quark' (two quarks which
need not be in a bound state) is still an interesting
object for study because of the basic QCD information
it contains. Its behavior when probedwith different

real and virtual photons will give Q2 evolution data
which 1s nonexistent to date,

The process in Fig. 1 is used to describe the photon-
3 quark cluster interaction when the nucleon target is
inside a nucleus. There is also a relatively large
probability that the photon will interact with color
singlet clusters of 6, 9, etc., quarks. The interac-
tion of the photon with a 6~q cluster is depicted in
Fig. 3 for (I) the QCD Compton process and (II) the
QED Compton effect. Two main differences from the 3-q

QUARK —JET

MULT |- QUARK JET,

NUCLEUS

GLUON-JET QR PHOTON

Fig. 3. The photon-nucleus collision with quark clus-
ter structure in the nucleus. The enlarged
interaction region sketched inside the circle
shows the photon interacting with a six quark
cluster. In (I), the QCD Compton effect, the
quark and gluon go out back=-to-back; in (II),
the QED Compton process, the quark and photon
go out back~-to-back. The remainder of the
six~quark cluster after the photon-quark re-
action continues in the direction opposite to
the incident photon and fragments as the
multi-quark jet (in the case drawn, as a
five-quark jet).

187

cluster target, as pictured in Fig. 1, stand out: The
kinematic range of x is 0 to 2, and the diquark frag-
mentation region is replaced by five-quark break-up.
This type of experiment , (I) and (II), thus offers the
unique possibility of measuring multiquark fragmenta-
tion functions. Furthermore, backgrounds can be dras-
tically reduced by selecting events coming from those
quarks with large x. These events could have abnormal-
ly large total energy in the jets or a hadron in a jet
with abnormally large momentum. Since the incident
photon disappears completely, the projectile fragment -
region is very clean. Therefore, the back-to-back
quark and gluon jets in (I) or quark jet with a recoil
final photon in (II) can provide a trigger to tag pho-
ton-quark events with unusually high cm energy, indi-
cating a reaction with a cluster. These events should
provide a good sample of multi-quark fragmentation.

It may be possible in the future to obtain data rele-~
vant to the Q-squared evolution behavior of this multi-
quark fragmentation function. The five-quark recoiling
object has many ways in which gluons might interact and
be emitted so it is possible to have deviation from the
most naive type of Altarelli-Parisi behavior.

Calculation

Detailed mathematical expressions will not be given
here nor details of the Monte Carlo procedure used for
the program, some of the output of which will be dis-
cussed, An effort to mainly sketch the physics in-
volved will be done to aid experimenters with thoughts
along these lines.

Calculations involving the multi-quark portion of this
investigation are highly preliminary, but the results
given on photon-3 quark cluster interactions are reli-
able. These were done by Monte Carlo methods to produce
the complete QCD Compton event in the photon-nucleon
cm frame. The QED Compton results follow by changing
gluon variables into photon variables and removing the
fragmentation aspect of the photon, gluon.

The dynamical input is described by the three diagrams
in Fig. 2. This input is supplemented by the addition
of fragmentation functions appropriate for the quark,
gluon, and diquark in the final state. In typical,
present day experiments, the photon energy will proba-
bly be so low that the jets overlap considerably. This
is no real limitation on the use or validity of the
calculation unless the cm energy is so low that there

is less than about 2.5 GeV available for each jet. The
photon-3q cluster calculation at any rate must be done
to get a reliable estimate of the background with which
photon-6q cluster reactions are to be compared.

To study three color systems in reaction (I) moving
separately in the cm frame, we essentially use the
Field-Feynman prescription for the fragmentation of
each color system. The diquark, for present purposes,
is approximated as a color anti-triplet system and
treated accordingly. The radiated gluon is treated as
a quark-antiquark pair of definite flavor. A cascade
chain or string is generated via Monte Carlo between
the quark of this pair and the diquark. Also, a string
of primary mesons 1s created between the antiquark of
this pair and the original final state quark labelled
q in Fig. 2. The Q-squared dependent fractional mo-
méntum distributions for quarks in the nucleons in the

target nucleus are those of Buras and Gaemers.9 The
momentum of partons created along the chain transverse
to the fragmentation axis is taken as Gaussian with
width 350 MeV/c. An appropriate suppression factor for
strange quarks created along the chain is used. Then,



the final distributions in the lab system for the fully
generated events are obtained by a Lorentz transfor-
mation along the photon direction to the laboratory
system.

Probably the dominant effect of the large x parton com-~
ponent in the nucleus will show up in the increased
cross section at large transverse momentum (p_). The
ratio of positive to negative pions will increase with
P, also. At high s roughly bigger than 3.5 GeV/c,

the processes under discussion should dominate the old
fashioned vector meson dominance terms, In Fig. 4, we
show plotted the invariant cross section as a function
of the transverse momentum of the gluon jet for a
number of photon energles. These curves are for real
photons, but the general trend stays similar for vir-
tual photons. The gluon is produced with low rapidity

O F T yp=(Gluonden X ]
% 0< Y<O.l

o

Fig. 4. Calculated invariant gluon jet production
cross section as a function of transverse
momentum for the QCD Compton effect on a
three quark cluster. The curves are labelled
by the cm energy 9.7, 15.6, 19.4, and 27.4
GeV in the photon-nucleon cm system and
correspond to photon laboratory momentum val-
uves of 50, 150, 200, and 400 GeV/c, respec-
tively.

0 <Y < 0.1 for each of photon energles as labelled by
9.7, 15.6, 19.4, and 27.4 GeV cm energy. These corres-—
pond to photon momentum of values 50, 150, 200, and

400 Gev/c, respectively, incident upon a nucleon. The
curves can be reinterpreted in terms of expectations
for collision of the photon with a six quark cluster,
nine quark cluster, etc. Suppose the incident momen~
tum is 50 GeV/c; the dotted curve will be produced in
collisions with quarks that have 0 < x < 1, The dot-
dashed curve then gives the general P, dependence for

events produced from quarks with 2 < x < 3, possible
in 9-q clusters; the dashed curve for events produced
from quarks with 3 < x < 4, possible for quarks in 12-
q clusters; and, the solid curve corresponds in trend
to the result for 4 < x < 5. The events produced off
quarks in 6-q clusters with 1 < x < 2 would lie inter-
mediate betweer the dotted and the dot-dash curves.
The relative normalization of these curves would fall
as photon energy increases, but the general trend with
a longer tail in P, should be a reasonable result to

expect from photon reactions with nuclei when clusters
are present, The detailed calculations explicitly for
these various big clusters should be completed soon

because they now appear relevant since the recent SLAC

NE3 experiment found events out to x values near 6.7
For and incident photon beam of 25 GeV/c, the dotted
curve gives the relative P, dependence for reactiomns

off 6-q clusters and the dot~dash curve correspondingly
off 12-q clusters.

Discussion and Conclusions

The Quark Cluster Model has achieved considerable suc-
cess in describing the ways that quarks seem to behave
differently in nuclei than they do in free nucleons.
Detailed cbmparisons and calculations now appear needed
for significant further progress. To reach this goal
we have begun complete Monte Carlo calculations of
events expected to be produced by photons interacting
with the quark clusters in nuclei. The QCM predicts
more large transverse momentum events then could occur
from a nucleus made of independent nucleons. We also
find that the ratio of positive to negative pions will
be larger if the photon is indeed interacting with
clusters in a nuclear target. These predictions are

a consequence of high momentum quarks in the clusters.
This leads to the occurence of events well beyond the
kinematic limits for photo reactions with free nucleons.
Triggering an experiment on such events leads to the
possibility of studying and measuring a new physical
quantity, the multi-quark fragmentation function. On
a free nucleon, a photon interaction with a quark
leaves behind a diquark which is an interesting and

legitimate object for QCD study.lo The object left

behind when a photon interacts with a quark in a six
quark cluster will be five quarks rather than a diquark.
An interesting reason for looking at the 5-q system is
to find out to what extent it behaves as a single en-
tity. If it does, then when it fragments as shown in
Fig. 3, the QCD activity between quarks is complicated
and one can enhance a sample for study by triggering

on events from large x quarks. From the counting
rules, then, one might expect to find a target frag-
mentation z distribution that is concentrated near

z = 0 with a very high power of (z ~ 1). Such a sam-
ple would contrast markedly with those from the diquark
fragmenting when a free nucleon interacts.
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PION ELECTROPRODUCTION FROM NUCLEI AND QUARK-PION NUCLEAR INTERACTIONS

Paul Stoler

Physics Department, Rensselaer Polytechnic Institute, Troy, NY 12181%

The theory of pion photo and electroproduction is electroproduction. An active program to study the
closely related to our understanding of fundamental properties of resonances is planned for CEBAF (Bu-87,
processes involving elementary particles. At Mu-87) .«
excitations below 2 GeV  these reactions have
provided much of our information about baryon Photoproduction data on nuclei 1is sparse in
resonances (Do-78). At higher excitations, in the comparison with that for the nucleon. In the
scaling region they are directly related to the resonance region nuclear programs have concentrated
processes by which quarks hadronize. The study of only on real photon experiments in the delta energy
these reactions are interesting 1in nucleil where one region (see e.g. St-87), and even 1in this energy

would like to learn about the influence of the nuclear
environment on the elementary processes.

In the past electro and photoproduction
experiments on nuclei have been strongly limitated by
the parameters of existing electron accelerators, the

most important of which are low energy and duty
factor. The new generation nuclear physics
facilities at CEBAF and PEP will complement each
other in making possible programs of pion
electroproduction not previously possible. CEBAF,
with an eventual maximum energy of ~ 6 GeV, will
cover the nucleon resonance region, through the
transition to x scaling. PEP with a maximum energy of
~ 14 GeV 1is well suited for experiments in the x

scaling and higher Q2 region.

The main features of both kinematic regions which
can be addressed by CEBAF and PEP are seen in Figure
1, which shows inclusive electron scattering data from
SLAC.
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Figure 1 Inelastic electron scattering data
obtained at SLAC (St-75) as a function of W for

various values of Q.

In the resonance region only the delta is free
from the 1interference of other resonances, whereas
above the delta there are about 20 known resonances,

all of which overlap strongly with each other. The
properties of these resonances can be disentangled
only from exclusive experiments involving pion
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region there have been no exclusive electroproduction
experiments on nuclei. This situation will certainly
change 1in the next several years with the arrival
first of MAMI-III at Mainz, and later CW accelerators
at Bates and Saclay. HoWwever only CEBAF and PEP will
have enough energy cover the entire resonance
reglon.

to

Because
excitation, is

the delta 1s the lowest energy nucleon

very strongly excited at low Q , and
plays an important role in medium energy nuclear
phenomena, one of the most actively studied subjects
in nuclear physics during the past decade concerns the
production and propagation of the delta in nuclei,
including the absorption of the delta by the medium
(Ge-83). The propagation of the pions in the nucleus
is part of the problem of the propagation of the delta
through the successive decay and formation
of the delta due to the strong pion-nucleus final
state interaction (FSI).

In the future there will be a strong interest in

studying some of these problems for the higher
excitation resonances. However, the problem of
overlaping resonances will add to the complications

in interpreting the data. A favorable energy to study
may be in the reglon of excitation near W = 1520 MeV,
where the 8); and Dj3 stand out clearly, and behave
differently as a function of Q

For example,
the width of
medium as

it will be interesting to see how

this peak 1s affected by the nuclear
it is for the delta. Pion FSI play an
important role at all excitation energies. This also
will complicate the interpretation of experiments
where the motivation is to learan about the initial
interaction process in the nuclear medium. Examples
at low and high energies respectively are the effects
of medium polarization on the spin-isospln operators
(Dy-86, Mu-79), and the modifications of the pion
distribution involved 1in t-channel electroproduction
in nuclei compared to the case of the nucleon (Hi-79).

Figure 2 shows the mean pion interaction length
in a nucleus, obtained by a simple convolution of the
elementary pion nucleon interaction with a wuniform
nucleon density., At the peak of the delta this length
i8 about 0.5 fm, increasing to 2 to 3 fm at higher
energles.

A more realistic picture emerges from experiments
on pion nucleus scattering in the delta region
performed at LAMPF (As-81)., Figure 3 shows the
various components of the pion-nucleus interaction
which they obtained for 12¢, In addition to quasi-
free scattering, nuclear effects such as
coherent scattering and true absorption are important
at the delta peak, but decrease relative to quasi-free
scattering at higher energles. It would be
interesting to see how these effects evolve with
increasing energy.



The effects of pion FSI in photo and
electroduction are most important at the peak of the
delta. They also depend upon the nuclear radius,

This is illustrated
of final

being smallest for light nuclei.
show the effect

in Figures 4 and 5, which
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Figure 2 a) Charged pion mean path in nuclei
obtained by convoluting the elementary pion nucleon
interaction cross section with a uniform nuclear
density. b) Fraction of pion nucleon interactions
resulting in inelastic events.
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Figure 3 The various components of the pilon
nucleus interaction for 12¢ from AS-81.
state interactions on charged pion photoproduction

from 2H, and 12¢ at energies corresponding to the peak
of the free nucleon delta. The 24 data, taken at
Saclay (Fa-84), show only a small effect of pion FSI.
(There is a large enhancement at the highest momenta
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4, due to the large
pair emerging in a
(Ar-82) data indicate a

in the spectrum of
interaction between
relative s state). The 12¢
large reduction in the quasi free production peak,
which can be explained by the cascading and true
absorpiton of the plons interacting strongly with the
other nucleons.
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spectrum is due to scattering of two
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5 Energy spectrum of positive pions from
reaction !2C(y,n*)X obtained at Bonn (Ar-82).
The dashed curve is due to a Monte-Carlo
cascade simulation with no pion FSI. The full curve

includes pion FSI.

Figure
the

At high energy, above the resonances, the cross
section for the reaction lH(e,e'n")n 1is much smaller
than that for more inelastic processes. Also, pions
may be the secondary result of the decay of primary
hadrons. Within the framework of mesons and baryons,
the pion electroproduction cross section at forward
angles can be reproduced by the t channel Born diagram
shown below.
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For unpolarized electrons the cross section can be
written as follows:
do do do
do T L
gtangn. ~ Tlam e team ety (D
e e W W L "
ch
+ ¥Y2e(et+l) Eﬁ;cos ¢"}
Because of the longitudinal coupling of the

photon to the pion, the longitudinal term o), dominates
at forward angle, and approximately follows the form
exp(At), which is characteristic of a high energy
diffractive process. In fact at high energies the
same function fits diverse high energy diffractive
processes such as Compton scattering, vector meson
production and proton scattering (Le-78). Figure 6
shows the result of an experiment separating the four
cross sections of equation 1. The t dependence of oy
is typical of t channel dominance.
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Figure 6 The separation of the various components
of equation 1 for kinematics corresponding to Table
la. The curves are the result of Lagrangian
calculations based on Born term diagrams. Data and

figure from Br-78.

From the quark-gluon point of view an interesting

question 1is
initial struck

evolution of the
quark, which carries the virtual
photon's energy and momentum, to the final hardronic
state. This subject was discussed in ample detail in
this workshop, and the reader is referred to other
sources 1in these proceedings and elsewhere (e.g.
Di-87). One of the most successful phenomenological
approaches to this problem has been the Lund hadron-
ization code (An-83), which is a Monte~-Carlo
simulation of the evolution of a string as 1t
successively dissipates the initial quark energy by
fragmenting into the final hadrons via the creation of

how to describe the

quark-antiquark pairs. Figure 7 shows an example of
the kind of results obtained by (Ch-87) wusing this
code for charged pion production. The figure

illustrates the distribution of charged pions as a
function of the variable 2Z (=E;/v), the fraction of
the initial quark's energy carried by the pion. Here,
v is the virtual photon energy absorbed by the quark.
Only near Z = 1 are the pions mainly primary, i.e.,
not the result of the decay of stable primary
hadrons.

When this reaction is imbedded in a nucleus, in
the simplest model the pions are produced on free
nucleons having a Fermi momentum distribution. The
emerging pion distribution will be strongly modified
by strong FSI. For example, Figure 8 shows a Monte-
Carlo simulation of the momentum distribution of pions
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due to the reaction
gas. The

p(e,e'm™)n from a uniform Fermi
pion FSI consists of multiple elastic
diffraction scattering, with inelastic events simply
absorbed. At energies considered here, only about
ten to fifteen percent of the high Z interacting pions
are elastically scattered.

Due to the strong FSI, the modification of the
primary electroproduction process by the nuclear
environment is just one part of, and cannot be
separated from the overall problem of electro-
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Figure 7 Spectrum of charged pions obtained by
C.C. Chang using the Lund hadronization code (An-83).

The lower curve is the spectrum of primary pions.
The upper curve includes plons resulting from
unstable primary hadrons.
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Figure 8 Simulated pion momentum spectra for the
reaction A(e,e’'nt)X corresponding to the quasifree
kinematics and spectrometer acceptances of Table I-a.

The three curves denote a)no FSI, b)Ry = 2.0 fm., c)Ry
= 4,0 fm.

production from nuclei, in which
uncertainty of the FSI must be taken into account.

the

During the workshop, the utility of
pion electroproduction reaction to learn
pion distribution in nuclel was disucssed,

using the
about the
with some



doubts expressed. However, some very interesting
points were raised (Br-87) about the effect of the
nuclear medium on the quark hadronization process and
the pion FSI.

The distance over which the hadronization occurs
in a nucleus is throught to be related to the momentum
of the hadron through the uncertainty principle and
relativistic time dilation effects (see Ar-84, Bj-76,
Ni-81, Bi-80). The higher momentum hadrons,
corresponding to Z > 0.5 are produced furthest from
the initial interaction site, according to the
approximate relationship r = E/wm2, where E is the
hardron energy and m it's mass.

is imbedded
the quark

When the electroproduction reaction
in a nucleus an Interesting question is how
interacts with the nuclear environment prior to
hadronization, and the subsequent evolution into the
final hadron state, including the FSI of the hadrons
themselves. It may be that the cross sections
nuclear matter for the quarks is rather small (Bi-80),
so that at high enough energies the high Z hadrons may
actually be produced at the edge of the nucleus, and
the final hadron spectrum may be relatively
independent of nuclear radius.

predicted
QCD point

This effect has also been
considerations (Be-81). From the
the high energy probe selects closely
quark—-antiquark pairs.
the produced high
results 1in a longer interaction
matter than would be expected from
scattering of mesons from nucleons in
This effect should also result in an
transverse momentum spectrum Z.

from QCD
of view

energy hadron with the nucleus

the nucleus.
altered jet

The
apparent
radius.
the deep
(Ar-84),

transparency effects are expected to become
when E >> Raym2, where Ry is the nuclear
They have been observed in moun scattering in

inelastic scaling region, by the EMC group
involving moun energy transfers of several
tens of GeV. It was found that the production of
hadrons with Z > 0.5 1is independent of Raj. In
electron scattering experiments at SLAC (0s-78) at
lower energy transfer the number of hadrons per
nucleon produced at high Z was observed to diminish

in |

spaced valence :
The diffractive interaction of

length in nuclear
ordinary multiple

with increasing nuclear radius indicating the presence

of FSI. However, due to poor statistics the data were
averaged over an energy transfer interval 3 ~17 GeV,
and a Z 1interval 0.5 - 1.0. From these two sets of
results Ar-84 conclude that r ~ 0.1 fm/GeV within a
broad statistical range. However, using E > RAm2 as a
cutoff, one expects a hadronization length for pions
on the order of several fm. Another possibility 1is
that the quark FSI in nuclear matter is 1increasing at
lower energy transfer.

Pion electroproduction on nuclei may be the best
way to study the effects of nuclear matter on quark
hadronization because of the 1/m?2 dependence of the
hadronization length. Experiments should be carried
out at high Z, where the observed hadrons carry most
of the virtual photon energy, and are not likely to be
the result of more complicated or secondary processes.
Also, at small t the nucleus is minimally disrupted,
and the diffractive properties of the pion interaction
are preserved.

Example of a Specific Experiment

An experimental measurement of the cross section
for pion electroproduction from nuclei at small Oy
and large Z was simulated using the Monte-Carlo code
mentioned above (St~87a). Two kinematic settings and
kinematic conditions, given in Table I, were chosen to
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conform to parameters likely to be available at PEP,
Kinematics 1

W=2.3 GeV Q2 = 0.6 GevZ/c2
E= 6 GeV E' = 3.4 GeV ©p = 10° Py = 2.6 GeV/c
Kinematics II

W =4.0 GeV Q2 = 2.0 GeV2/c2
E =17 GeV E' = 8.0 GeV B, = 7° Py = 9.0 GeV/c
Table 1

$20° 1is
at this

The pion angular acceptance, AQg = 8¢ =
in accordance with a possible design discussed
workshop, and the pion momentum acceptance of 10%
selects the highest interval of Z. The solid angle
for electrons coincident with the detected pions was
taken as 100 mr, with an. energy acceptance of 1 GeV.
The luminosity was taken as 1 x 1033,

The resulting pion for the
lower energy kinematics,
and Ry = 4.0 fm are shown
the spectrum with no FSI.

momentum spectra
for nuclei with Ry = 2.0 fm
in Figure 8. Also shown is
Although FSI are important,

with considerable depletion in the quasi-free peak,
the pions observed in the spectrometer would have
undergone very little FSI, since those pions which

would have interacted are elther scattered elastically
or inelastically out of the range of the spectrometer
acceptance, or they are absorbed.

To estimate the effect of a finite hadronization
length, a simple model was constructed, in which the
hadronization length distribution is given by N(L) =
N(O)exp(~L/H), where H = ExH,. The hadronization
parameter Hy is in units of fm/GeV. The ratio of the
simulated cross section relative to that for the
proton as a function of nuclear radius, for two values

of the parameter Hy; O fm and 1 fm is given 1in Figure
9.
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Figure 9 Stimulated ratio of high Z pions detected
from nuclei as a function of Ry, for two values of the

parameter H, defined in the text, corresponding to
kinematics-b of Table 1. The estimated number of
hours of beam on target necessary to obtain the ratio

to a statistical for various

points.

accuracy of 2% is shown



The elementary cross sections of Br-79 was used
to estimate counting rates at the lower energy
kinematics, and for the higher energy the
extrapolation 1/(W2-M2)2 was used. Counting rates

vary from about 30 per hr. to more than 1000 per hr.,
depending on atomic number and kinematic conditions.
The number of hours with beam on target needed to
obtain a statistical precision of 2% are also shown in
Figure 9.

In conclusion, it seems that pion electro-
production from nuclel may be an excellent way
of learning about the quark hadronization in nuclei,
and that such experiments may be quite feasible at PEP
with the appropriately designed experimental
equipment.

*Work supported in part by the National Science
Foundation, Grant no. PHY-8601006.
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ELECTROMAGNETIC PHYSICS WITH A POLARIZED *HE INTERNAL TARGET
R.G. Milner
W.K. Kellogg Radiation Laboratory,
California Institute of Technology,
Pasadena,
California 91125

Polarization observables provide one method of extracting
small components of wave-functions and reaction mechanisms.
Examples are the measurements of the D-state admixture in
the ground state wave-functions of *He ! and *He 2 ; mea-
surement of tyg in w-deuteron elastic scattering®; measurement
of tog in e-deuteron elastic scattering?; deep inelastic asym-
metry measurements on the nucleon; parity measurements in
electron-deuteron elastic scattering®. A program of measure-
ments of polarization observables on the proton, deuteron, and
3He would provide a very strict constraint for any model of nu-
cleons in the nucleus.

To date, the only targets of polarized nuclei considered
in detail for polarization studies in electromagnetic physics
have been the proton, the deuteron, and !%°Ho 7. The tar-
gets require both cryogenics and intense magnetic fields to
produce polarizations of order 50%. These intense magnetic
fields are a likely source of systematic error for measurement
of small asymmetries in that they will deflect both the incident
and scattered beams. Also, the proton and deuteron targets
are based on the method of dynamic nuclear polarization and
hence the polarized nucleus is part of a large molecule, e.g.
butanol, ammonia. This can dilute the measured asymmetry
by typically an order of magnitude. Luminosities are limited
to = 10%%cm™~2s~! by depolarization of the target.

A promising idea, which would eliminate many of the
above problems, is to use an internal target of density 2 x
10%%cm ™2 of polarized atoms in an electron storage ring with
a stored current of 100 mA. This would provide a luminosity
of 10*3e¢m~2s5~! and would use a new generation of polarized
few-nucleon targets based on the method of optical pumping.
These targets, if feasible, have the advantages of requiring only
few gauss holding fields and do not give rise to any dilution of
the measured asymmetry in that the polarized atoms are pure
atomic species. At Argonne Natijonal Laboratory, Dr. Roy
Holt is working on the development of a polarized deuterium
target using direct optical pumping of an alkali followed by
spin-exchange to a deuterium atom®. Such a technique would
also work for a hydrogen atom. At Caltech, we have been work-
ing on the development of a polarized *He target. *He has the
advantages that a direct optical pumping technique exists and
also that its interaction with containment walls is very weak.

I. Target technology

It is important to note initially that in inclusive electron
scattering from a spin-% particle, it is necessary to have both
beam and target polarized to obtain additional information
beyond unpolarized measurements®. Thus, it is imperative for
measurements on the nucleon or *He that there be the capa-
bility to deliver longitudinally polarized electrons at the inter-
action region in the ring.

The method used to polarize *He nuclei is an optical
pumping technique developed by Colegrove, Schearer, and
Walters'®. Experimentally one requires a source of 1.083um
light to excite the 3S;-3P, transition. Until recently, one was
limited to discharge lamps which because of Doppler broaden-
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ing were not very efficient at pumping. A French group ! has
developed a high power infra-red laser which reliably emits
300mW of 1.083um light. This laser yields polarizations of
70% in a sample of *He of density 10'%cm~2 and a feed rate of
3 x 10 polarized *He per second. With higher power lasers
now under development!?, feed rates of 10'” polarized *He per
second look reasonable. It is important to note that the small
holding magnetic field (= 5 gauss) required to maintain the
polarization of the 3He, allows easy orientation of the target
spins. As will be evident below, this is very important for
maximizing sensitivity to particular interesting pieces of the
cross-section.

Proposed Internal Target Design

10'®/em® at 300 °K

ANNND
I.OE;.L
o v 107/sec He
_density n = 10"/cm?

g;crn ‘(—————.l 10 cm-)l*—————l——————"

Fig.1 This figure is a schematic diagram of the proposed
internal target design.

A schematic diagram of the proposed polarized He inter-
nal target is shown in Fig. 1. A high power infra-red laser op-
tically pumps a sample of *He at a density of 10'®atoms cm™3
contained in a pyrex cell. This cell is connected through a nar-
row tube to a 10 cm long “bottle”. This “bottle” has a long
narrow tube of length 30 cm and i.d. 7 mm at each end to act as
an impedance for the gas flow. It may be necessary to arrange
the end tubes in a clam-shell configuration so that they have
alarge i.d. when tuning the electron beam and collapse to a 7
mm i.d. when running the internal target. A few gauss holding
magnetic field is required for the optical pumping process.

However, a possible problem is depolarization of the tar-
get by the intense beam. At Caltech, we have investigated the
depolarization mechanism in the region of a few torr and for
beams of several microamperes of 3 MeV protons!®. The de-
polarization rate due to the charged particle beam is found to
be consistent with a model based on the formation of the HeJ
diatomic molecule. This molecule is formed in 3 body colli-
sions and so the formation rate increases as the square of the
pressure. Extrapolation of this model to the low pressures and
high currents of an internal target indicate that target depolar-
ization is a problem for luminosities in excess of 103%ecm™2s~1,

I shall consider two interesting experiments that become
possible with such a target. One is a measurement of the neu-
tron electric form factor up to Q? = 0.8 (GeV/c)® with the
proposed 1 GeV pulse stretcher ring at the Bates laboratory
at MIT. The second is a measurement of the deep inelastic
spin structure function for the neutron at the PEP storage
ring at SLAC. In both experiments I shall assume a luminosity



of 10%3c¢m~2s~! and a longitudinally polarized electron beam
of polarization 0.4.

II. Quasielastic electron scattering

An impulse approximation calculation 14 with a wave func-
tion obtained by solving the Faddeev equation with the Reid
soft-core potential, has been performed in the quasi-elastic re-
gion for longitudinally polarized electrons incident on a polar-
ized 3He target. It is found that near the quasi-elastic peak
the contribution of the two protons to the asymmetry is small,
and so a polarization measurement can extract the contribu-
tion from elastically scattering from the neutron in *He. As
one moves out into the tail of the quasi-elastic peak, the con-
tribution of the two protons to the asymmetry increases. For
example, at incident energies of a few hundred MeV and at low
energy transfer, the asymmetry is large, and mainly due to D-
state admixture in the wave function. It is clear one needs
more realistic calculations that include effects like distortion
and meson-exchange currents, but it is certain that measure-
ment of the asymmetry in the tail of the quasi-elastic peak
would provide a direct test of the small components of the He
wave function.

Consider the measurement of the asymmetry on the quasi-
elastic peak as a measurement of the electric form-factor of
the neutron (G%) in *He. Our present knowledge of G 1%,
extracted from e-d elastic measurements, is quite poor. Clearly
it is important to improve our knowledge of this fundamental
quantity. The existing data has been parametrized as

—Tln
(1+n7)(1+Q?/B)*

GEH(Q?) =

where B = 0.71 GeV/c?, 4, is the neutron magnetic moment
and 7 = Q?/4M?. Present indications are that 1 < n < 10;
however, the entire range 0 < 1 < oo cannot really be excluded.
We have taken n = 5.

SN

K

Fig.2 This defines the angles 8, which is the angle be-
tween the nuclear spin vector, Sy, and the incident electron
momentum, k ; and 6*, which is the angle between Sy and q,
the 3-momentum transfer.
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The measurement of G is basically a measurement of the

asymmetry
A= a(6,6*,+) — 0(6,6*,—) 1)

" 0(8,0*,+)+ (6,6, )
where o(6,8*,+) is the cross section for quasielastic scattering
of longitudinally polarized electrons with positive helicity off a
polarized *He target whose polarization lies in the scattering
plane and where the angle 6 is defined in Fig. 2.

In the case of a free neutron the asymmetry is®

27G3%,? cos 8*vly + 24/27(1 + 7)G}3,GE sin 6* cos ¢* vy

Aen = vy (1 + -r)G'é2 + vTZTG’IjAQ
where
22
vy = (—q?)
2 2
e T
8 Q7
vT—ta.nE tan2§+7]7
o! Q? tang-
T V2

Here ¢® = Q2% + v? in conventional notation .

To a good approximation the asymmetry due to quasielas-
tic scattering off polarized 3He is given by

A ____ Acnon
on+ 20,

where A, is the asymmetry for the free neutron. The va-
lidity of this approximation was demonstrated by Blankleider
and Woloshyn in their Faddeev calculation. One can see that
by varying 6*, i.e. the angle between the nuclear spin and
the direction of momentum transfer, it is possible to pick out
the longitudinal and transverse pieces of the quasielastic spin-
dependent cross-section. In particular, if 8* % then the
asymmetry is proportional to G%; if 8* = 0, it is sensitive only
to G%. Also note that for a given @2, the asymmetry on the
quasielastic peak vanishes at a value of 8} given by

Gg
G

cot 03
cos p*

\/‘r+7'(1+1')ta.n2§

In what follows we assume that ¢* = 0 £ 8°, and so cos¢*
is always within 1% of unity. This provides an elegant way
of determining the ratio of g,.ﬁ as a function of Q?, indepen-

dent of the beam and target ;olaﬁzations. The cross-section
is obtained from a y-scaling model of quasielastic scattering
from 3He. This model is in excellent agreement with existing
unpolarized data.

Running times for a +20% measurement of G} are then
calculated using the following experimental parameters. We
assume a luminosity of I = 10%3em~2s~!. The polarizations
of the ®He target and incident electron beam are taken to be
pr = 50% and p. = 40% respectively. We assume a solid angle
of d? = 25 msr for the spectrometer and take half the total
yield of (do /dE')AE' over the quasielastic peak. All measured
asymmetries are greater than 1073, The running time in terms
of these parameters is then

d*o -

= | ——AE'AQL(p.prAA)?
oI AEA (PepTAA)

t

(2)



where AA is the required statistical uncertainty in the asym-
metry.

The resulting running times for a £20% measurement of
% and a 1 GeV incident electron beam for Q% = 0.2, 0.4, 0.6,
0.8 (GeV/c)2 are shown in Table 1. It is to be noted that the
direction of q varies as a function of energy loss and ¢ and so 6*
will vary over the spectrometer acceptance. A large acceptance
spectrometer would allow simultaneous measurement of the §*
and ¢* dependence of the asymmetry. Measurements with *
= Z provide information on Gj;.

Table 1. Running times for a £20% measurement
of G}
incident energy =1 GeV

luminosity = 10%* cm™?%s™?
Pr=05
P, =04
df) = 25 msr
___Q.Z_T i A T
(GeV/e)*) deg. meas days
0.2 27.4 1.9 x 103 4.5
04 41.8 6.8 x 103 4
0.6 56.0 1.3 x 1072 6
0.8 724 2.1 %1072 12

II1. Deep inelastic electron scattering

In the deep inelastic region, it is possible to measure the
spin- dependent structure functions of the neutron in the 3He
nucleus*®, The internal spin structure of the nucleon is impor-
tant as a constraint on the development and testing of theories
and models of nucleon structure. For a comprehensive review
of this subject, see reference 5.

One considers the case of deep inelastic scattering of par-
allel and antiparallel spins for the polarized electron and po-
larized nucleon. Then one measures the asymmetry of eqn. (1)
with # = 0, where

02 COs

4E?sin* %

d?e 2

dQdE"

o fo

[W, +2W, tan? g

é 8
+2tan? g(E + E'cos )M G, £ 8EE' tan® 3 sin? EGZ].

W, and W, are the well-known unpolarized structure func-
tions and G; and G, are two new spin-dependent structure
functions. From considerations of the total photoabsorbtion
cross-sections, it is found convenient to write A as follows:

A= D(A, +14,)

where
MuG, - Q*G Va?
A= —*V—-I—W;-Q-—?' jAr = TVI—(MGI +vG3)

197

po1=E/Be e/ Q?
T T15er "TE-—E
v? -1
6=[1+2(1+-é;)tan26’/2] .

Here E and E' are respectively the incident and final electron
energies; Q2 is the four-momentum transfer squared; v is the
energy transfer; R is the ratio of longitudinal to transverse
cross-sections.

In the Bjorken scaling limit

M*Gy(Q%,v) = g1(z) s Mv?G2(Q%,v) — ga(z)

i.e., the spin-dependent structure functions scale. 4; and A4,
can be readily expressed in terms of the quark spin distribution

functions. It can be shown that the asymmetry A, vanishes
for massless quarks. The asymmetry A, is the dominant term
in deep inelastic scattering with longitudinal polarization.

Bjorken has derived!? a sum rule for spin-dependent deep
inelastic electron-nucleon scattering. This sum rule may be
written as :

1
/ [g7(z) — g7 (2)}dz = 1194 _ 0.200 4 0.001
0 6 av

where g4/gv is the ratio of axial to vector weak coupling con-
stants in nuclear beta-decay. This may also be written in the
scaling limit as

/1 dz [Al(2)Fi(z) _AT()F7(z)] _1lga
o ¢ | 1+Rr 1+R» | 3igv|

This form is convenient for experimental comparison. The scal-
ing function Fy(z) is the scaling limit of vW,. Separate sum
rules for the neutron and proton have been derived!” using
quark light-cone algebra and under the additional assumption
that the net spin polarization of strange sea quarks is zero.
These are

[ o - [ EH@EE) _|oa178
0 o £ 1+RP gv| 12
and
! Vdr ANz)FP(z)  |gal—-0.22
n\dr = oo 2\ _ |JA T4e .
/0 93 (z)dz /(; z 1+ R" gv| 12

Recently, Jaffe has reconsidered these sum rules in light of
the non-conservation of the U(1) axial current in QCD!®. He
derives inequalities at large Q?

! Vdx AP(z)F2(z) o |gall.18 a,(Q%)
? - Sl (FAiE g Sely )
[ i = [ LA < Joal 108, 29y
and
o Vdz A} (=)FP(z) « |ga]—0.82 a,(Q?)
st = [ SRR RS (-2,

These are derived assuming the validity of the Bjorken sum-
rule and imply that the neutron sum-rule is bigger than the
SU(3) picture by of order a factor of four.

Data has been obtained on polarized e — p scattering. Ina
series of measurements performed at SLAC by the Yale-SLAC
collaboration in the late seventies®, the spin-dependent asym-
metry A; has been measured for the proton over the deep



inelastic kinematic range 0.1 < ¢ £ 0.7 and 1 < Q* <10
(GeV/c)? with an accuracy of 15-30%. The experimental data
confirm the Bjorken polarization sum rule under the assump-

tion that the neutron contribution is zero. The quality of the

SLAC data on the proton is not sufficient to distinguish be-
tween the SU(3) and QCD sum-rules for each nucleon isospin
state. New, as yet unpublished, data from EMC should have
sufficient precision to do this2?. The SLAC data also verify the
scaling behaviour of A¥ within their limited accuracy. Further-
more, the data successfully distinguished the phenomenological
models of the spin structure of the proton and support the pre-
diction of perturbative QCD that A;(z) — 1 as z — 1 for the
nucleon.

The prediction for A7(z) of the unsymmetrical quark
model®, which fits well the measured Af data, is shown in
Fig.3. We see that A7(z) — 1 as z — 1 and that it is negative
at small x. The bulk of the contribution to the sum-rule comes
from the low x region. Thus, a sensitive test of the QCD model
of the nucleon would be a measurement of A}(x) at low x as a
function of Q2. Fig.4 shows the statistical precision with which
one can measure A} as a function of x and Q? with a 15 GeV
polarized electron beam incident on a polarized *He target at
PEP. In the above notation I assume p, = 0.4, pr = 0.5, and
luminosity = 1033ecm=2s72, Also I take R{x,Q?) = 0.25, an as-
sumption which may be modified by the results of experiment
E140 at SLAC. The statistical precision obtained in a 16 day
run in a bin A8 = 10 mrad and Av = 200 MeV is shown in the
Q? vs. v plane. The cross-section is taken from the Bodek fit

10.0

T
1

05
Al (x)

-0.l 1
02— —

T

Fig.3 This figure shows the prediction of the unsymmet-
rical quark model for A7(x). It is taken from reference 5.
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Fig.4 This figure shows the statistical precision with which one can measure A}(x) as a function of
x and Q? in bins of A8 = 10 mrad and Av = 200 MeV in a 16 day run with a 100 mA beam of 15 GeV
40% longitudinally polarized electrons incident on a 2 x 10'3ecm~2s~! 50% polarized *He target.
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to the deep-inelastic region and no Fermi-motion is included.
The dilution of the asymmetry because of the two protons in
3He is included.

V. Summary

With a luminosity of 1033em~2s! of polarized electrons
incident on a polarized *He internal target, one could undertake
very fundamental measurements on the neutron in *He. In the
quasielastic region, one could measure the charge distribution
of the neutron up to Q2 of 0.8 (GeV /c)? at the proposed 1 GeV
pulse stretcher ring at MIT. In the deep inelastic region, mea-
surements on the spin structure of the neutron become possible
at PEP if longitudinally polarized electrons become available
at one of the interaction regions . It is strongly urged that a
design study be carried out to determine feasibility and cost
of implementing this. Using a reasonable choice of running
parameters, the running time for an interesting series of mea-
surements in each of these kinematic regions is of the order of
30 days. At Caltech an effort is underway to construct high
density, high polarization targets of polarized *He which would
permit these measurements.

This research was supported by the National Science Foun-
dation under Grants PHY85-05682 and PHY-8351737.
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(e,e’N) REACTIONS WITH POLARIZED BEAMS AND POLARIZED TARGETS

S.Boffi, C.Giusti and F.D.Pacati

Dipartimento di Fisica Nucleare e Teorica dell’Universita’, Pavia,
Istituto Nazionale di Fisica Nucleare, Sezione di Pavia, Italy

Abstract: The quasi-free nucleon knockout by the
studied in the

polarized beams and polarized targets.

electron is general case of both

The general
formalism provides nine structure functions, four of
which the target
polarized. Results obtained in a nonrelativistic DWIA
7Li 39K

and

appear only when nucleus is

framework on and for cross sections,

asymmetries electron polarization ratios are
presented. The particular case is also considered of a
nucleon ejected along the direction of the momentum
transfer from a target with spin oriented in the same
direction where only three structure functions survive

and can be simply separated.

In the one-photon exchange approximation and

neglecting the electron mass and the nuclear recoil

factor, the six~fold differential coincidence cross
gection for quasi-free nucleon knockout from a
polarized target nucleus by an incident polarized

electron may be written as follows 1

L QS Y ¢
dpy dp’ qy? po Py (€-1)
where « = e2/4m = 1/137 is the fine siructure constant

and the ultrarelativistic electron with initial helicity h
and momenium Py is scattered to a final momentum b

while a nucleon is knocked out with final momentum

P’. Then, the four-momentum transfer is qp? = w? -
q?, with w = pg - pp and @ = Do - 'ﬁé In eq. (1)
L =2 € Foot Fy,+ (€ (1+€)]1/2 Foy- € Fyy  , (2)
A= (1-€2)1/2 B}, + [€ (1-€)]1/2 Fg, . (3)

The quantity
[1 - 2 (q?/qy?) tan2e/2]!

€

(4)

measures the tiransverse linear polarization of the
virtual photon exchanged by the electron scattered at
an angle 8, and

€ = (~q?/q?) €. (5)
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In the laboratory frame, where the nucleon is

ejected at an angle ¥y # 0 with
- .

q the

assumed to be at rest and with a polarization direction

respect to the

momentum transfer and initial nucleus is
specified by the zenithal angle * and the azimuthal
angle ¢%, the six structure functions in egs. (2) and
(3) depend on the seven variables (w, q, p’, 7, « 8%,
%), where « is the angle between the hadron and the

electron planes. One has

Foo = Too >
Fyg = fyy
Fo; B fg, cos &« + Tg; sin &« ,
Fy, = fy_, cos 2a + T,_, sin 2x ,
Fily = fi,
Foy = f&, sin « + T3, cos « . (6)
where
foo = 1Jol2 >
fyy = 13412 + [J_412 ,
for = 2 Re (J, J% - 35 J¥) ,
fiy = 2 Re (J, J¥)) ,
fiy = 13312 = 13,12 R
£y = -2 Im (3, JE + 35 I ,
for =-21Im (I, J¥ - 30 3% ,
fioy = -2 Im (3, J¥) ,
foy B 2 Re (J, JX+ 3o 3% N
In eq. {(7) an average over initial states and a sum
over final undetected states of products of matrix

elements J are understood, where

3y = Jdfe 1 epp) ju(®) 19 (8)

are matrix elements of the nuclear charge-current
operator j; taken between the initial (|¥;>) and final
({¥¢>) nuclear states.

For an unpolarized targel nucleus the barred
structure functions and _f—én vanish
1J.413, ie. £}, B 0.

Therefore, in this case one recovers the expression of

?01’ ?1—1

identically. In addition, |J,]2

the cross mection in terms of five structure functions

already studied in ref. 2 with incident polarized
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Fig. 1. Cross section (fm® sar~2) vsa. recoil momentum
(MeV/c) for P32 Proton knockout from N-polarized 7Li
by unpolarized electrons of 700 MeV energy. The final
proton energy is 144 MeV and q=2.6 fm~!. Bound state
from ref. 7, optical model from ref. 5 (solid line) and
from ref. 6 (dashed line); dotted line for PWIA.

electrons. The same situation occurs when the target

polarization is perpendicular to the hadron plane,
because in this case J_y J¥% = ()2 gy 3&,,

The primed structure functions f}4, f5, and Fm
contribute only in the presence of polarized electrons.
If in addition to an unpolarized electron beam also an
unpolarized target is used, the familiar form in terms
of only four structure functions, fyy’, is8 obtained.®

When ¥ = 0, the decomposition (6) in terms of
nine structure functions is not possible because the
angle « is no more defined. However, L and A can still
be expressed in the form of egs. (2) and (3) in terms
in the socalled

of 8ix F-responses. This means that

parallel kinematics (¥ 0) six responses enter in the

cross section contrary to what happens in the case
wilth unpolarized targets where only two structure

functions survive.
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Fig. 2. Cross section (fm® sr-2) vs. recoil momentum
{(MeV/c) for d3/2 proton knockout from N-polarized 39K
by unpolarized electron of 500 MeV energy. The final
proton energy is 100 MeV and q=2.2 fm~%., Bound state
from ref. 7 and optical model from ref. 8 for the rolid
line, bound and scattering states with the hamiltonian
of ref. 9 for the dashed line; PWIA for the dotted line.

In the particular case of parallel kinematics and
orientation of the target polarization along q, i.e. of
what can be called a superparallel kinematics, for
symmetry reasons only Fgo, F;y, and F}; survive in
general, whereas the interference responses Fg;, F;_,
and Fg; vanish.

The

ingredients

the

describing the knockout

relevant quantity containing all

necessary for
process is the matrix element in eq. (8).

The results presented in this paper are obtained
with the nonrelativistic charge-current operator along
the lines of previous work.2»?

The general formalism is here applied to the case
of proton knockout by an electron of positive helicity
from a polarized target. For each target polarization
W, g, p' and

target

the nine structure functions depend on

Y. Specific cases can be studied with 100%



(L),
with respect to the

(m 3 longitudinally

and sideways

polarization oriented
(N) (S)

incident electron direction.* For symmetry reasons the

normally
N-polarization reduces the number of nonvanishing
structure functions to five: only fgoy f34s fo1r fi-y and
4, survive. Without final state interactions fg,; = Fm =
fi_y = 0 for L~ and S-polarization of the target.
1 figures are given for the different
?Li and 9% under standard
Their
with

In ref.
structure functions in
requires

of

kinematical conditions. geparation

out-of-plane experiments a high degree
precision.

As a first siep one can measure cross sections
which do

kinematics nor such a high precision as do structure

not necessarily require out-of-plane

In fact a measurement of the cross section
with

functions.

with coplanar kinematics either or without

polarized incident elecirons would be extremely useful
to give access 1o new information. The numerical
calculations indicate that peak values are obtained of
the with

As an example to set the scale

the same order of magnitude as ones

unpolarized targets.
and to show the sensitivity to final state inieractions
1 and 2 the cross section obtained with

7Li and 3%K

in figs.
unpolarized electrons for N-polarized is
reportied.

With coplanar kinematics one can also measure

asymmetries, i.e.

(N - S)/Ly, €L - Ny, , (€5 - L)z, (9)
where Ly is the cross section with unpolarized target

and electron.

unpolarized These asymmetries are
determined by the behaviour of the wusual four
structure functions fgq, fy4, fo;3 and f;_; with

different orientations of the target polarization. Only
two of them are independent. In fig. 3 the N-S and
the L-N asymmetiries are given for Pa/2 hole in 38K
as a function of the recoil momentum pRp under the
same kinematic conditions of fig. 2. These asymmetries
indication that different
results are expected for different orientation of the
the of the

increased by final

are not wvanishing as an

target polarization. Moreover, size

asymmetry is measurable and is
state interactions.

Another measurable quantity with coplanar
kinematics is the electron polarization ratio A/E with
L- and S-polarization of the target. For N-polarization,
(a/L)y,

is plotted for the py/, hole in 7Li. This result shows

A/ = 0 as already noticed in ref. 4. In fig. 4

that the electron polarization ratio is large and can be
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Fig. 3. Asymmetries a) (EN-IS)/Ly and b) (TL-LN)/f,

va. recoil momentum (MeV/c) for dss, hole in 29K
under the same conditions as in fig. 2.
measured, e.g., on top of the P3/z momentum

~

distribution (pp = 100 MeV/c) with a weak dependence

on final state distortion.
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Fig. 4. The electron polarization ratioc A/L vs. recoil
momentum {MeV/c) with L-polarization of the 7Li target
nucleus for pysp hole under the same conditions as in

fig. 1.
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Fig. 5. The response F,, (fm®) vs. momentum transfer
q (fm™!) for dy/2 hole in 39K polarized along q under
parallel kinematic conditions. The other conditions are

as in fig. 2.
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The superparallel kinematics a priori involving

only three nuclear responses 1is in principle
interesting in order to achieve their separation. In
fact, F}; is simply determined by flipping the electron
helicity., Then a Rosenbluth separation determines Fgq
and Fy,. In addition, in the present model based on
the impulse approximation, Fgo vanishes for a target
spin j 3 3/2 (m = j) and Fy; = % Fi,.

In fig. 5 F,; is plotted for the dj,, hole in 3°K.
It appears that the maximum corresponding to p’<q is
higher by . 20% than the one corresponding to p’»q.

This large asymmetry as well as the whole response

itself is entirely due to the final state interaction

because in PWIA Fy, = 0.

References

1. S.Boffi, C.Giusti and F.D.Pacati, to be published;
S.Boffi, C.Giusti, F.D.Pacati and M.Radici, Proc.
of CEBAF 1986 Summer Workshop, eds. F.Gross and J.
Mougey (to be published).

2. S.Boffi, C.Giusti and F.D.Pacati, Nucl. Phys. A435,
697 (1985).

3. S.Boffi, C.Giusti and F.D.Pacati, Nucl. Phys. A386,
599 (1982).

4. T.W.Donnelly, in Perspectives in Nuclear Physics at

Intermediate Energies, ed. S.Boffi, C.Ciofi degli

Atti and M.M.Giannini (World Scientific, Singapore,
1984) p. 244; T.W.Donnelly and A.S.Raskin, Ann. of
Phys. 168, 247 (1986).

5. A.K.Kerman, H.McManus and R.M.Thaler, Ann. of Phys.
8, 551 (1959).

6. 0.N.Jarvis, C.Whitehead and M.Shal, Nucl. Phys.
AlB4, 615 (1972).

7. L.R.B.Elton and A.Swift, Nucl. Phys. A94, 52 (1967).

8. P.Schwandt, H.0.Meyer, W.W.Jacobs, A.D.Bacher, S.E.
Vigdor, M.D.Kaitchuck and T.R.Donoghue, Phys. Rev.
C 26, 55 (1982).

9. M.M.Giannini and G.Ricco, Ann. of Phys. 102, 458
(1976).



SPIN DEGREES OF FREEDOM IN ELECTRON NUCLEON
SCATTERING IN THE RESONANCE REGION

Volker D. Burkert
CEBAF
12070 Jefferson Avenue
Newport News, VA 236806, USA

Abstract

Some aspects of using polarirzed electrons and/or
polarised targets in electron-nucleon scattering
experiments are discussed. Polarization measurements
can be used to extend the know}edge of nucleon form-
factor measurements to higher Q° and are indispensable
for a model-independent extraction of the helicity
acplitudes of exclusive meson production. Measure-
ments of polarisgation asymmetries may also help in
revealing the excitation of weaker resonances.

I. Introduction

The study of the electromagnetic couplings of the
ground state nucleon and its excited states should be
an essential part of any research program to investi-
gate electroweak interactions with nuclei. The ulti-
mate goal in studying the ’elementary’ process is to
obtain information on the 7 NN* vertex. Detailed
knowledge of this transition"provides the data base
which is necessary for the interpretation of electron
nucleus scattering at high momentum and high energy
transfer. The understanding of nucleon-nucleon corre-
lation, e.g., will depend essentially upon our under-
standing of the role played by nucleon resonances in
nuclei. Studying nucleon resonance transition is, on
the other hand, very important in itself. The knowl-
edge of the Q* dependence of the 7 NN® transition
appears crucial for the development of more realistic,
QCD based, interquark potentials for light quarks, and
finally for the definite implementation of QCD to had-
rons at intermediate distances where non perturbative
effects have to be taken into account.

II. The Electric Formfactor of the Neutron
and the Proton

The hadronic current in elastic electron nucleon
scattering is specified by the electric and magnetic
formfactors G.(Qz) and 6 (%) . The knowledge of these
quantities up to the hi;test possible Q’ is not only of
fundamental importance for testing microscopic models
of the nucleon and its electromagnetic coupling, but
has strong impact on the interpretation of electron
nucleus scattering in general. Our present knowledge
is practically limited to the magnetic formfactors
lGup| and |G, | which have been measured for Q? up to
30 and 20 GeV“, respectively. Gn has been measured up
to 3GeV? with uncertainties between 10% and 30% at
Qz)IGeV’. Little is known about the electric formfac-
tor of the neutron. In fact, our only solid knowledge
comes from scattering of thermal neutrons off electrons
from atoms,showing that dG'n/dQ’ > 0. at §%+0. There
is some information on G at Q’ < 1.G3V’, extracted
from elastic eD scatteringl. These results, however,
are necessarily model dependent in that they depend on
the specific deuteron wavefunction assumed in the anal-
ysis. Attempts to measure |G, | from quasielastic eD
scattering have not yielded satisfactory results®. A
model independent measurement of G n is urgently
needed. Studying quark effects in nué&ei at large Q’
will bear heavily on the knowledge of the nucleon form-
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factors, since new effects will reveal themselves as
deviations from the "conventional® picture of the
nucleus.

Several ways of measuring this fundamental quantity
have been proposed. One way is to measure G in scat-
tering of polarised electrons from unpolarizgﬁ neutrons
and to study the neutron rrcoil polarigation in a sec-
ond scattering experiment”. An alternative method is
to use quasielastic scattering of‘Polariled electrons
from vector polarigzed deuterium®. I will briefly
discuss this latter method which may be of interest not
only for use in storage rings but for external beam
experiments at Bates and CEBAF as well.

For an orientation of the neutron spin in the elec-
tron scattering plane perpendicular to the direction of
Z , the elastic electron peutron cross section is given

- (@) [1 - o)

(P =electron polarization, P =effective peutron polari-
salion, (do/dfl) =unpolariged®cross section).
The asymmetry i8 given by:

2 6 Gy T7(D) te %

G2+ 1ah + 27 (1en)GE tg? 2O
The appearance of the interference term allows the
measurement of G, if G, is known, without Rosenbluth
separation. Thi® is a&%antageous in determining the
electfic formfactor because G, is expected to be
snall®, and its cgntribution ¥3 the elastic cross
section at large Q° is negligible. Fig. 1 shows the
expected asymmetry for G, =0 and G, =-1G, /u_, both of
which are consistent witE® present &Sta at'hot® too small

Q

A2(e?) =

3 T

Fls,

1. An Experiment to Measure GEn in 3(;,e'n)p

Using a polarized ND_ molid state target with an
approximately 20m¥W coolihg power at 3 temperature of
22700k, luminosities of 20.6°10°° cm “sec”~ have been
obtained (only neutrons in deuterium are counted)'. A
cooling power of ~5Q0mW was achieved at ~270mK in a
dilution refrigerator’. This would allow measurements
to beagerfgrmed with effective luminosities in excess
of 10" "cm” “sec”™”. Neutron polarigations of 245% were
obtained in a 3.5T magnetic field . With a 5T field,
neutron polarizations of 80% can be anticipated. Using
appropriate kinematical cuts on the scattered electron
and the recoil neutron angle, background contributions
from neutrons in the nitrogen nucleus can largely be
suppressed, and effective polarizations of ~40% should
be achievable The expected running time of a
measurement of G, is shown in Fig. 2 for a specific
experimental settp. It is perhaps worthwhile noting
that the use of polarized deuterium as target material
bhas the advantage of allowing the same measurement to

be carried out with protons (from the deutercns). A
comparison of proton measurements with ND_ and NE_ as
target materials would allow the testing of effdcts

which may result from the binding of the proton in the
deuteron. This information provides a sensitive mean
in correcting the neutron data for nuclear effects.
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2. An Experiment to Measure GBP in ;(;,e’p)

The method outlined above can also be used to meas-
ure the polariged proton asymmetry using NH_ as polar-
ired target material. Hence the electric formfactor
G, of the proton can be measured. Since protoms can
be polarized to a higher degree than deuterons at
higher temperatures, polarized proton targets can be
operated at much higher cooling powers and therefore
can be used with higher electron currents. With a ‘Be
cryostate of 210 Watts of cooling power at 1 Kelvin,
luminosities of 510** cm™?sec™ (only free protons
count) can be achieved'®. The polarization asymmetry
as predicted by QCD sum rule calculations® is shown in
Fig. 3. The expected running time of an experiment to
measure %F is displayed in Fig. 4. Measurements of
Gl for § %p to 6 GeV? appear feasible using existing
poiarized target technology.

QCD Sum Rule Prediction P(E.ep)
0.50 Ty T 10t T T T T T

-
Y

3 = 0.

2 GG‘p/G'p 0.05

—

Asymmetry
°
>
T

M N 1 ] 3 -1
1o-t o

a® e/
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Fig. 3 QCD sum rule
prediction of the
polarised 3(:,eﬂ
asymmetry.

Fig. 4 Expected run-
ning time for an ex-
periment to measure
an with +5% and:20%,
respectively.

In summary, it appears that with presently avail-
able polarized solid state target technology, consider-
ably higher Q° values can be reached in measuring the
electric proton and neutron formfactors than has been
possible with the usual Rosenbluth separation.

ITT.

Electroproduction of Nucleon Resonances

Studying the Q’ dependence of the 7 NN transition
for the nucleon resonances gives us many details of the
wavefunction of the excited states. This knowledge is
essential in developing more realistic interquark
potfPtinls which are based on the fundamentals of
QCD"". It appears important to obtain as much infor-
mation as possible to probe the full electromagnetic
structure of the transition, including its spin struc-
ture. Before discussing exclusive measurements in some
detail, it is perhaps instructive to recall some fea-
tures of the inclusive cross section in the resonance
region.

1. The Inclusive Cross Section p(e,e”)X

It is widely assumed that the cross section for
electroproduction of nuclegn resonances would decrease
faster with increasing Q° than the nonresonant part
does. This, however, turns out not to be the case, as
can be inferred from Fig. 5, where the total photoab-
sorption cross section in the mass regi%ﬁ up to W2GeV
is shown for small and large values of § 2 I want tq
point out several interesting features in the {
dependence of the cross section:

-— The strong enhancement in the region of
tke A(1232) disappears quickly at large
Q.

-~ The enhancements near W>1.5GeV and
W~1.7GeV remain prominent up to the high-
est °. The signal/background ratio does
not appear to decrease at all over the
entire §° range.

~— The shoulder near W~1.45GeV in the Qz=0
data, which is generally attributed to the
excitation of the Roper P__(1440), disap-
pears very quickly with @°. Already at
Q’=0.1GeVz there are no indications of an
excitation of this resonance any more.

-- At Qa>3GeV’ a resonant structure near
W~1.4 GeV seems to emerge which may even
becone d%minant over the A(1232) at the
highest Q°.

In conclusion, the total phgtoabsorption cross
section indicates very different Q° dependences for the
various resonant parts of the cross section. The fast
decrease of the A(1232) excitation strength offers th
possibility to study the lower mass region at large {
in detail, where the cross section is no longer domi-
nated by the higher mass tail of the A(1232). This may
prove especially important for studying the excitation
of the P__(1440) and possible other P__ partners
nearby. 1 11

It is obvious that due to the large widths and
large number of resonances (approximately 20 with
masses below 2 GeV) iPinidual resonances can in gen-
eral not be isolated””~. A program to separate and
study details of single resonances requires studying
spin and isospin structure of the intermediate state
which can only be done by measuring the resonance decay
products in exclusive experiments.
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2. Bxclusive Reactions for Resonance Studies

Many of the lower lying resonances have a strong
single 7 or f decay channel. The reactions
ple,e’p)2°(n), p(e,e’s")n and n(e,e’x )p are therefore
most suitable for studying resonance properties. The
unpolarised coincidence cross section is given by

da

——-——dE.dn p = I‘T[aT+ €op+ €0ppcos2f + {e(@+e)/2 ancos¢]
e e

r

The first and third term depend on the transverse unpo-
larised and polarized coupling of the photon, the sec-
ond term depends on the the longitudinal part and the
last term is a transverse/longitudinal %Pterference
term. These quantities are functions of Q°, W, 8° and
can be expressed in terps of 6 complex, parity conserv-
ing helicity amplitudes

op = P/2k[ 18124 18,0 % 18512 18,1%]
o, = P/2K[1B51 % 1817
opp = P/K Re[BH; - H,E})
oqy, = 2P/K Re (5 (8,8 + B (B y)]

A complete and model independent determination of these
amplitudes requires at least 11 independent measure-
ments at each kinematical point. Unpolarised experi-
ments allow four independent measurements only. With a
polarised beam one additional combination of these
amplitudes can be measured. A polarized nucleon target
allows eight sensible measurements, and experiments
with polarized beams and polarized target allor meas-
urement of five more combinations of amplitudes 1t
one can measure the recoil polarization, e.g., if the
final state nucleon is a proton, one can obtain the
sane number of combinations as with a polariged target,
four‘gf which are different from the polarized target
case .
A separation of the various terms requires detailed
out-of-plane measurements. In addition to the cos¢ and
cos2¢ terms of the unpolarised cross section sing snd
8in2¢ terms appear in the polariszation dependent terms.
Also, measurements with different orientations of the
target spin will be necessary.

3. Existing Data

Although such a detailed experimental program has
not been conducted so far, some information, in partic-
ular on the most prominent resonances, has been
obtained from measuring the angular dependence of the
unpolariged coincidence cross section. From experi-
ments performed at the BONN, DESY, NINA synchro-
trons'?'® we have limited information on the transverse
helicity amplitudes A1 2 and A /3 for the P '(1232),
811(1535), D ‘(15205 and t%e F15(1688$ proton
resonances. ft is well known that the 7va,'(1232)
transition amplitudes drop faster with Qz than the
elastic formfactor. As can be inferred from Fig. 6,
the other resonances show quite a different behaviour.

The S1 (1535) which can only be excited by helicity
1/2 in the 7,P initial state exhibits a strikingly weak
Q® dependence.. At Q’=3 GeV?, the A1 has decreased by
only 50% of its value at §*=0. For the 013(1520) and
the F s(1888) the helicity-3/2 dominance at g*=0
switcﬁes to a helicity-1/2 dominance at large Q’, a
behaviour that is qualitatively in accordance with
quark model predictions‘l, as well as with expectations



from helicity conservation in perturbative QCDI’. The
transition to helicity 142 dominance seems to be a
general feature at high §°. It is the details, how-
ever, of how this transition occurs that would give us
insight into the dynamics of the multiquark-gluon
system. Very little information is available for reso-
pances other than the ones mentioned above, and prac-
tically no data exist for neutron resonances.

S11(1535) PROTONS D13(1520) PROTONS

120 RS
100 —
R .
L 4
0 - P
w [ }
b ]
]
F15(1688) PROTON
i A RARAR ARARS! L Fig. 6 Transverse
E ] helicity amplitudes
] A and A for
100 |- - vadibus nuclebh?reso-
] nances, The dashed
line for 8__(1535)
o ] represents thé dipole
formfactor. The other
lines are results of
1 various quark model
- | | L] calculations.
. L]
o* ewia’)

It should be noted that the data points in Fig. 6
are subject to systematic uncertainties, largely due to
the limited experimental information that could be used
in the data analysis. Also, there are uncertainties in
the degﬁfiption of the nonresonant part of the cross
section ”.

An experimental program to study electroproduction
of nucleon resonances should be able to combine very
high statistics unpolarized cross section measurements
and detailed polarization measurements of the r;levant
asymmetries, going up to the highest possible Q°. Pol-
arization asymmetries contain interference terms of
amplitudes. They are therefore especially sensitive to
small amplitudes and to relative phases between ampli-
tudes. Already information of limited statistical accu-
racy will prove extremely sensitive in determining
signs and absolute values of the less prominent ampli-
tudes. In the following chapter we give two examples to
illustrate the sensitivity of polarization asymmetries
to small amplitudes.

4. The Scalar A

Amplitude 8 in the 7 pA(1232)
Transition 1+ M

Quark models with SU(8) symmetry yield 8 =0 for
the scalar (longitudinal) multipole as a consedience of
the assumed pure magnetic dipole transition between two
states with angular momentum L =0 of the 3 quark sys-
tem. The inclusion of a hy%%rfine color magnetic
interaction arising from the {CD qgtivnted one gluon
exchange between the valence quarks ~ leads to a finite
longitudinal coupling, reflecting the (89{6) forbidden)
L=2 state of the multiquark wavefunction . Our present
knowledge on 8, for the A(1232) comes from studying
ple,e’p)r°. Aséﬁning s and p wave contributions only,
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are retained),

M . dominance (only terms with M
Witten as:

ubfolarised cross section can be
12- 3 me(i 2],] + me(uy 0 )]
3 [28e (B0, 11,
+ cos?}[-3 1y, 1%+ oRe(u; B} ) - 3me(u; W2 ]]
+ eonind}rcos2g -3 1My, 12-3me [u; B2 )]
+ [Ze(Tve) +sind}ecosp|-Re (3, 3] -Beost}ne(s, 1!, ]]

From studying the ¢ and B dependence of the cross
section one can separate the Tern Re(S, M’ ), which is
most sensitive to 8 Fig. 7 shd¥ws'results of
previous measurements. The accuracy of existing data
is clearly not sufficient to separate resonant and
nonresonant parts. Note that the quantity
Re(S. M® )/|M_ |? is displayed. A resonance-like
behaviout*of S *would_result in a flat distribution in
this quantity!* The Q*=1GeV” data show some W depen-
dence which may indicate that the measured quantity
contains nonresonant contributions. In order to enable
a full determination of the resonant and nonresonant
contribution to (8, M’ ), a measurement of the tern
In(S, M* ) is requi¥ed'ss well. This term is partic-
ularif dénsitive to nonresonant contributions. If only
S, and M. amplitudes of the resonance contribute,
bi¥ing th'' same phases, the term Im(S, M’ ) would
vanish identically. According to fixed ahd Afspersion
relation calculations the nonresonant contribution
ReS  (I=1/2) may be of the same order of magnitude as
ReS!* (I=3/2). This would result in quite different
phadés for ¥ and S , which consequently give rise to
a sizeable ﬁalnrizakion asymmetry in the vicinity of
the resonance.
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Fig. 7 The quantity xe(s“Eé?Mmhl’ in the A(1232)

region. Data from D

The quantity Im(S l‘*) can be measured by using a
longitudinally pol&&i&ed elgctron beam and measuring
the cross section asymmetry

A, = IEETI:ES°sin¢'sin9;[Im[SO+HI+] + Bcoso;Im[Sl*lI+]]

In this expression the same approximation as in the
unpolarised cross section has been assumed. This exper-
iment requires a measurement of the B distribution of
one of the outgoing hadrons at large ¢ (out of the
scattering plane). Measuring the 6 dependence of A
at fixed sing enables a separation of Im(So’l:+) an

Im(81¢l;+). Asymmetries of 5 to 10% can be expected'®.



5. Polarized Target Asymmetry in the Region of the
g:]!ﬂ[f““‘“JL"‘:“

There is an ongoing controversy as to whether or
not the P__(1440) is actually composed of two P__ reso-
nances as'’a recent analysis indicates’?. In Hectro-
production, however, only weak indications of a reso-
nant structure in this particular mass region have been
seen in unpolarized electroproduction experiments.
Single pion photoproduction data have on the other hand
revealed a rather strong resonance excitation®®. Pion
electroproduction may help solve the above controversy
because of the additional kinematical degree of freedom
given by Q°. The various resonances may exhibit very
different Q’ dependence.

Measurements of asymmetries with polarized targets
appear quite sensitive to the strength of the P 1(1440)
excitation. Fig. 8 shows the sensitivity of thb target
asyometry in & production to the excitation of the
P (1440). By choosing a suitable orientation of the
t %get polarigation and by carefully selecting the
kinematics of the decay particles, interference effects
may become large and exhibit sizable effects even from
weak resonances. In this example the amplitudes which
have been ohtained in an analysis®® of the world data
at Q%=1 GeY" were used. In the analysis, a sizable
longitudinal amplitude S, was found for the P__(1440).
This gives rise to strond effects in T which'}ontains
transverse-longitudinal interference térms.

Target Polarization Asymmetry T!(’y'p*pl'o) at Q’:!(GeV/c)’
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Fig. 8 Polariged target asymmetry T (7 p*pr°) for a

specific kinematical situation.’ The target
protons are polarizxed perpendicular to the
virtual photon direction, in the electron scat-
tering plane. Results of a recent analysis

have been used to predict the asymmetry
(1.h.s.). To illustrate the sensitivity to the
longitudinal coupling of the P, the expected
asymmetry is shown if the P #ire not excited

(r.h.s.). 11

8. Double Polarization Asymmetry

With a polarized beam and a polarized nucleon tar-
get, one can measure double polarization asymmetries
which require flipping the spin of the electron as well
as of the target nucleons. 0f particular interest is
the asymmetry D.

_ a(Ptzl,Pe=1]-a(Pz=1,Pe=-1)-a(Pz=—l,Pe=1)+a(P’=-1,Pe=-1)
L 0 (P.=1 'Pe'-'l) +0 (P’=1 ’Pe=_1] +0 [P.=—1 ,P‘=1] +0 P.=-1 'Pe='1)

D

where the nucleon spin is aligned parallel and antipar-
allel to the direction of the virtual photon. Fig. ®
shows that this asymmetry can be large. D measures
directly the helicity asymmetry .
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for the transverse cross section. The partial wave
analysis of this quantity at fixed Q’ and W yields the
helicity asymmetry for single partial waves. Unpolar-
ized measurements allow the determination of 0: +

6:/ for single partial waves. The two measurements
congined allow determination of a: 2 laA ’l’ and
a:/’ ~ IA' ’I’ for specific resonances (a}{er sub-

tracting the nonresonant background). Al and A' 2
have been predicted by microscopic nOJGEs of tﬁe
nucleon and provide tests of the helicity structure of
the resonance transition. In view of the quark model
and QCD predictions, e.g., that o should vanish at
large Q’, measurements of this type provide immediate
tests of essential aspects of theoretical approaches in
the nonperturbative regime. In Fig. 9 examples of
predictions for D. are shown.

Double Polarization Asymmetry D’(']vp*pro) at Q’:l(GeV/c)’
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IV. Parity Violation Measurement
in tﬁe K(1232) Region

In low energy (Q® << M? ) neutral current inter-
actions, the parity violatiﬁg contribution arises from
the interference between the one-photon exchange ann
the neutral weak boson (Z°) exchange graphs. In elec-
tron scattering, the interaction contains an isoscalar
as well as an isovector piece in both the vector (V,)
and axial vector (A ) coupling. The effective Lagraf-
gian which describés the parity non-conserving )PNC)
part of the énteraction for electron hadron scattering
is given by'

Cp

PNC T . [;7#75e{;Vi+;V2] + 37ﬂe[ﬁA:+zA2]]

eff

The a, 2, 3, ; denote the respective coupling constants
which have to be determined experimentally. In the



Glashow-Salam-Weinberg Model (GSW) of electroweak
interaction, these coupling constants can be expressed
in terms of a single parameter, the weak mixing angle
6_. By choosing appropriate kinematical conditions for
electron scattering from nucleons and nuclear targets,
one can determine the couplings by a set of four
linearly independent measurements.

The SLAC/Yale D(:,e')X scattering exper'rent", in
conjunction with atomic physics experigenis®”, enabled
a model ing;pendent deternination of a, 7. The Mains

experiment”’ measures a different combination of the
four coupling cqpstantg and allows the extraction of a
combination of f§ and 6, using the previously obtained

results as an input. It should, however, be noted that
this experiment measures quasielastic electron
scattering from "Be rather than elastic electron
nucleon scattering. This fact could be of importance
if the data are used for a detssmination of the weak
angle. The Bates experiment , which has recently
become operational, simply measures 7.

From this brief survey of existing measurements it
is obvious that for a complete determination of the
coupling constants additional measurements are _needed.
One should also attempt to measure a possible Q° depen-
dence of these couplings. Deviations frog_the GSW
model may occur at the level of one percent” . High
precision measurements are therefore needed.

Yarious arguments have been made for measureing
parity viﬁ}igion in elastic electron-proton
scattering” '"°. A precise measurement of the A-
excitation seems equally important. We summarise here
some arguments for measuring this process.

%legZ) excitation separates the isovector part
a, p).

It is an almost pure magnetic resonance with a
dominant magnetic dipole (M +) excitation. The
scalar coupling (8 +) and tte electric coupling
(E,,) are both smalll

At low @* (<0.6 GeV?) the nonresonant background
is small. Its effects on the PNC asymmetry
should be reliably calculable®®. In order to
understand the PNC effects of the nonresonant
part at the one percent level, more precise elec-
troproduction data in different isospin channels
will presumably be needed as well.

The a etry is predicted to be large in the GSW
nodelgl?yk.
S

Ay (1232)" [rﬁ_][igé][z + r(q2, B3

and has a strong sensitivity to sin’o'.

The factor F(§?,E) in the above formula is close to
1 in the energy range of interest. Assuming a weak
angle of sin®6_ = 0.225, one obtains AA(1:32)

v
-1.17x1074¢%,

V. Conclusions

Polarigation experiments open up a large variety of
possibilities to study electromagnetic properties of
the nucleon and its excited states with increased sen-
sitivity compared to unpolarized measurements. The
numerical examples chosen assumed an external target
situation at CEBAF energies. Most of the experiments
can, of course, be done with gas targets in storage
rings, if high enough 1uninosit%$s cap be fchieved.
'High enough" translates as 210°“cm “sec™ for the
mea;yrggeng'of the neutron electric formfactor and
210""cm “sec™ for the proton electric formfactor. The
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nucleon resonange pr_o;rm_rould also need luminosities

in excess of 10" “cm” “sec”” for a substantial improve-
ment of previous work, if full solid angle coverage is
provided.

Precision experiments for studying parity violation
in electron scattering require measurements with very
high luminosity (L)lO"cm"ae c'l) and large acceptance
detectors®®'??, Because of the luminosity require-
ments, these experiments will have to employ thick
targets in an external beam line.

2
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Abstract. A proposed monochromatic photon beam
produced by the tagging technique is described. The
radiator is a condensed molecular beam of argon

SEHESEEE .

(thickness 10_8 g/cmz) installed in a straight section 1 —_—
of the Adone storage ring. The recoil electron counters
are placed in the magnetic field of the next dipole

ring. The tagging system defines 80 channels (each 1% /\
resolution) covering the photon energy range (0.4 - 0.8

i =
8 1 2 !
Eo. The total photon intensity is about 10 sec . \\\\\\\\\\\\

3
In view of the great interest in nuclear physics \\\\\\\ — T
studies with electromagnetic probes, at Frascati it is o
foreseen to install an internal jet target on the
electron storage ring Adone to produce a monochromatic
high energy (up to 1.2 GeV) photon beam by the tagging

U

electron

technique. beam

The use of internal target in circulating beams
antedates the availability of external beam from
circular machines. In recent years, with improved

understanding of beam dynamics and the contruction of 3 ’//////

high energy synchrotron and storage rings, there have //”///‘,,/"

been a renewed interest in this option and growing P

activity in the development of suitable targets. The

target which gives the largest luminosity is a type of

condensed molecular beam(!) which provides a flow of a

gas at supersonic speed (hence the name of gas "jet"

target) due to the expansion of gas from a vessel at

high pressure and low temperature into the vacuum

through a nozzle of very small aperture (10-+150lmn) Fig. 1 - Side view of the argon jet target

and special geometry. The molecular jet flies forward proposed for Adone: 1 gas expansion chamber;

along the axis of expansion and it is absorbed after 2 collimators; 3 valves; 4 sink chamber.

having crossed the accelerator vacuum pipe. Only the

core of the jet reaches theultra-high vacuum of the

ring via several differential pumping stages where

almost all the uncondensed residual gas is pumped off. pumping system (two 1000 1/sec turbo-pumps) is acting
Fig. 1 shows the schematic view of the jet target on the straight section of the ring where the jet

proposed for Adone. The argon jet is produced in the target will be mounted, in order to reduce this rise

chamber 1 (installed on top of the Adone vacuum pipe) pressure and limit the length of the region where the

where the gas expansion take place. The injector is a 8

converging-diverging nozzle with special trumpet-shaped

end part. Then the jet moves across the machine vacuum

pipe to the sink system, installed below the storage

ring.

pressure is &210 ~ torr. Two fast acting UHV valves
separate the production and sink chambers from the
Adone vacuum pipe to easy the jet on/off operations
and to prevent the possible contamination of the ring
in case of a large pressure bump due to breakdown of
the target system. The operating conditions are inlet
pressure and temperature 6 bar and 150 °K respectively,
nozzle throat diameter 87 mm and semiaperture 3.5°.

We have interposed three differential pumping
stages {each equipped with a 360 1/sec turbo-pump) to
separate both the expansion and the sink chambers from
the vacuum pipe in order to minimize the pressure rise

20 ;
; s X . - Fro -
in the interaction region (£ 10 8 torr). An additional rom & total flux of 10 Ar-atoms/sec expanding from

210
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Fig. 2 - Schematic view of the tagging system

the nozzle the collimator system selects 5 lOlaatoms/s,
which corresponds to a target thickness of‘dlo'sg/cm2

(¢ =1 cm) on the path of the electron beam (that is a
distance of 225 cm from the nozzle).

The circumference of the Adone ring is approximately
105 m, so that a bunch of ultrarelativistic electrons
takes about Ty= 351nsec to make a round. The ring is
divided into twelve identical lattice elements each
consisting of a straight section, a bending magnet
(dipole) and a couple of defocusing-focusing magnets
(quadrupoles).

Electrons are injected into the storage ring at an
energy of 300 MeV (a few-turn injection will result in
about 100 mA current circulating in the ring) and then
accelerated to the desired energy by rising the magnetic
field of the guiding magnets (this operation requires
about 20 sec). The 51.4 MHz RF-cavity groups the
éirculating electrons into 18 bunches, each 1nsec wide
and 20 nsec apart.

After the rise in energy the argon jet will be fired
into the vacuum pipe and the electron beam lifetime
2=To/(G x) cut down to about 130 sec (T, is the
revolution period,cz the removal cross section and x the
jet target thickness). Then the cycle is ended by
lowering the field of the magnets to the injection value.
The removal cross section involves only that process of
bremsstrahlung in which the energy loss places the electron
outside the acceptance band-width of the ring (€=0.01 E,
Eobeing the machine energy). In fact the target thickness
is so small that neither the multiple scattering nor the
ionization losses contribute to the lifetime, being the
RF-cavity able to compensate for both the growth in
divergency and the mean energy losses.

In fig. 2 is sketched a lay-out of the apparatus:
the argon jet will be placed in a straight section (2.58
m long) between consecutive lattice elements and the
recoil electron is bended by the dipole magnet and
detected by a two-array scintillator counter hodoscope.
This hodoscope will be placed between the ring vacuum
pipe and the dipole magnet flux return joke. The
scintillators have different sizes to give the same
photon energy resolution (= 1% at Eg= 1.5 GeV and =2.7%

at Eo= 500 MeV) over the whole taggingrange. The complete
tagging system defines 80 energy channels covering the
photon energy range k = (0.4 +0,8)E;, . This implies an
extensive array of tagger detectors covering a side 1m
long of the bending magnet pole.

Since the determination of the photon energy relies
on a coincidence between the tagging counters and the
detector fér the photoejected particles, the tagging
method is limited by the random coincidences. In the
normal operating mode the facility produce!lOBphotons/
sec in the whole tagging range. To use the tagged photon
beam at the maximum intensity it is foreseen the
installation of a new 350 MHz RF-cavity which makes the
beam almost continuous in time (126 bunches 2.86 nsec
apart).

To compensate for the relatively low intensity of
the tagged photon beam, the detection apparatus for
photoejected particles has to cover a large solid angle
and energy range simultaneously. In our case this
apparatus will be a 4N BGO crystal ball (whose design
is presently going on), consisting of 300 +400 crystals,
each coupled to a photomultiplier. A 20 cm bore along a
diameter of the sphere will allow the passage of the
beam.

A partial list of experiments which will be carried
out with this beam are:

- measurement of the total hadronic cross section
through both the transmission method and the uranium
photofission;

— deuteron photodisintegration;

- photo-exitation of nucleon resonances;

- particle correlation and resonance propagation in
nuclei,
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SCATTERING OF POLARIZED ELECTRONS FROM ORIENTED ROTATIONAL NUCLEI
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The interest of using polarize eam an o] rec
P
target to extract information on current { i
distributions in rotational nuclei is pointed Ewhere Iy and fre are the standard5 Mott

out. The differential cross section for
elastic and inelastic scattering of
longitudinally polarized electrons from
oriented nuclei is analyzed in detail focusing
on the case of K=% ground state bands.

1. Introduction

The study of nuclear ground state
rotational bands by means of electron
scattering experiments has been a subject of
interest for many years. So far, a substantial
amount of experimental information is
available concerning longitudinal form factors

for transitions within the ground state band

of many deformed nuclei1 However, little is

known vet about the more interesting

transverse form factors2 that carry the
information on the nuclear current

distribution, and hence, on the nature of the
rotational mode.

fact that

This is mainly due to the
in ordinary electron scattering on
deformed nuclei

(i.e., with unpolarized beam

and target) the differential cross section is

dominated by the longitudinal form factor and,

therefore, extracting information on

transverse multipoles is hard, specially at
low g values. In this brief communication we

wish to point out that the best way to obtain

information on transverse multipoles is to use'

oriented targets and, or polarized beam and

target.
The differential cross section for

scattering of linearly polarized electrons

from an oriented nuclear target

is given in

first Born approximation byd

‘transverse multipoles,

cross section and recoil factor, respectively,

v h is the incoming electron helicity and

(8’,®’) is the target polarization direction

with respect to the direction of the momentum

transfer. The dependence on h and

(e*,¥’) 1in
eq. (1) can be written as
o{h; &', ') = g + (6°,¥ )+ (9’ ,¥)

{ ) o Gal'\ﬁ , ¥’ j+h Gpol“e P
(2}

where oO is the usual combination of
i
:longitudinal and transverse form factors
,occurring in ordinary electron scattering, and

cal.’ cpol. are, respectively, the alignment
and polarization cross section that depend on
the target polarization direction. While in

ordinary scattering the different multipoles

occurring in a given transition within the

band appear allways in the combination5

: 2 o2
c_ = VLIFL[ + VTIF |

o T

with

Pt -

z
rzodd

LR

Azeven?Z

c and © contain

al. pol.
different combinations

in general many

of the longitudinal and
some of which are
interference terms between coulomb and

transverse multipoles. Each of these

‘combinatiuns can be separeted by appropriate

!

choices of the target polarization direction,

as well as using the dependence on the target
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orientation along a leCd polar1zat10n
direction,

scatterlng angle.
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i
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‘M=+% propulated

on the electron helicity and on the;

g

To make this presentatlon as short as
possible only a specific case,
interesting physical features, will be
This is the case of K=¥%

3 5 7
%v i» §9 év LS
this case aligment of the target is not

discussed in detail.

bands with level sequence 1=

possible (ground state spin is I1=%) and to get

additional information to that contained in

o , experiments with polarized projectile and

o
target have to be done.

2. Application to K-¥ ground state bands

As it 1s well knownb the level sequence

of K=¥% bands depends on the value of the

ecoupllng parameter a. For -1<a<l the spin

sequence is I=¥%, 3/2, 5/2, ... this is for

that bears many

In

instance the case of the ground state bands of.

04 .
“351.183w and

239Pu Polarization

considerations are greatly simplified for spin

% targets and the discusion here will be
restricted to this kind of K=% bands.
target is prepared with its magnetic substates
with different probabilities,
PiM),

the polarization c¢ross section for

transition to any state within the band is

given by4

‘g =a%<51n 8’cos¥’y] 1 +cosé’ V } (5)
pol. 1 TL TL T

‘ v _ 1 oD Mo , ,

where a7 = — (1-2P(M=-%)}), VvV’ , V! are

: 1 - TL® T

‘electron kinematic factors and Fl

i
i

iinformation on the nuclear structure. F1

TL® T
q-dependent form factors that carry the

TL

.contains interference terms betwen
H

"longitudinal

:multipoles,

(CA) and transverse (EAa,MA)

while F; contains only transverse

‘multipoles.

In ordinary scattering [FTI can be

‘separated from ]F [ by the usual Rosenbluth

1
|
i
1
1
T

sparation method and ussually scattering at

180° is reguired. As said before, if
IFT|°/<IF | it is hard to extract informalion
on [F | from ordinary electron scattering.

i

When the

Fl are the

With polarized beam and target the different

terms in opol can be easily separated, since
for instance one has that
TL(’%(c(h 8°=5.,9'50) - o(h;e’=7,¥ =n)) =
= %(o(h;9'=g,?’=0) - c(vh;9’=g,?’=o)
1
Frl % (o(h,8’=0) - o(h,8’=m)) =

= % (a(h,8’=0) - o(-h,8’=z0))

Restricting ourselves to elastic and

inelastic scattering to the two first excited

istates, the measurable form factors
) 2 2 1
‘FL %y |F |“s F , Fl are given in
I T1 TLI TI
f f f f
Eterms of the transition multipoles F?A by the
following relation54 {where o = C,E,M.; the

index If is used to distinguish transitions to

different states in the band,

and a convention

is used in which the FOA s are real).

For elastic scattering (1f=%):
2 co, 2 T M1,2 1
R RN R
L% ¥ %I % i TL%
_ CO _Ml 1 2 ..
= J372 F% F% , FT = -/3 IFT%! (63

For scattering to the first excited state
If:3/2):

2 C2 2 Ml 2 E2
¥ = =|F. . =
{ L3/2I ! 3/21 l Tg/zi I 3/3' +IF3/2[
1 . c2 E2 M1 -
FTLg/o- J/378 Fd/z (/3 F3/2 FS/Z) (73
1 E2 2. ., M1 E2
FTB/‘-— /T/2<|F$,,,| S LEYPY RN S
For scattering to the second excited
state (I =5/2):
2. CZ 2 E2 2 M3 2
|F %= =|F +|F
T LA R L e LA e Lo
1 _ oC2 M3 E2
FrL o= Fs/z (F5/2 - 1/47 F5/2) (8)
5/2
1 2 M3 2 M3 E2
F = ~
s 2 1/J3'(|F5/,,[ [Fgya | “+avZ 7, oo
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Then, for every transition, one has four
measurable form factors to determine at most
three independent transition multipoles.
Furthermore, in the g-regions where transverse
multipoles are much smaller than longitudinal
ones, the combined information on |FL [ and

1

f
Fl information on
TLI

f

the transverse multipoles.

On the other hand,

can be used to extract

since the transition
multipoles can be parametrized in terms of

intrinsic multipoles that are common to s8ll

the transitions4’ (i.e., that are independent

of inicital and final spins), the information

{11)

of the K=% bands considered here,

Note that relation is characteristic
and provides
the most direct test of band mixing effects in
the charge distribution of rotational states.
Departures from this relation in measured
longitudinal form factors would give a direct

measure of the above mentioned band mixing

effects.
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