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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 out 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 accessikble 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 bv 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 poasibility 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 measureraents of nuclear structure
and reaction mechanisms not practical with external beams and thick targets. Finally it
may also be poasible 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 heams 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

il



rings. It is possible that if these developments continue there witl i ncrpe w now ~ublicld of
experimental research exploring a wide range of topics in nuclear el racloan ~tructure.

We would like to express our thanks to all the speabers v w a0 vhe papers pre-
sented here for their efforts in advancing our understanding o thee 1o We also want,
to thank those people who helped organize the meetings and ool o praceedings: the
Organizing Committee and the Working Group Chairtnen for arranging the speakers and
planning the program; Lynn Hanlon, Lesia Machicao. and Nina Adelinan, the Copference
Secretariat, who worked behiud the scenes and smoothly operated the front desk; Kevin
Johnston and Lucy Yuen who masterfully converted the manuscripts inta this proceedings,
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ROM THE HADRONIC PHOTON AT Q%=0 TO HARD SCATTEKRING AT SPACR-LIKE Q2

T.

Sloan

University of Lancaster
Physice Depariment
Lancaster, LAl AYB, fngland

Introduction

Real photons (Q?=0) show much larger crass scctlons
for Lhe production of hadrons than would beo cxpected
if they interacted only electromagnotically. In
contrast the scallng behaviour in deep inelastic
scattering shows Lhot Lthe space 1ike virtusl photons
scatter from point like nuclecon econstituents (quarks)
without any form factor effects. Thus space-like
virtual photona bchave as pure cloctromagnetic probes
wherecas real photons bchave more like hadrons.

Tn rcol photoproduction (Q%s0) & large cross
section for the production <f p* mesons is obperved
which is ~9 times the cross section for w meson
production. These obscrvations led to the formulation
of the vector meson dominance model (VMD) for the
interactlons of real photonsl. In this model the
eross section for the photoproduction of vector mesons
V is written as;

da _ g2 (8¢
T = £y @
Ypvp vprvp

where fv cepcescnts the coupling constant between
the photon and vector meson and (:—:) is the elastic
Vprvp

scatlering cross section for the veetor meson V. The
ratio of the coupling constants is expeeted to be

from 50(3) symmetcy (gquark charpes).

Clearly there is a substlantial difference between
the behaviour of real photons and that of virtusl
rholons at higher Q2. In this paper, I shall attempt
to trace the evolution of the hadron- llke hehaviour of
the photon at Q2=0 to its electromagnetic behavicur at
larger space like QF.

Exclusive Vector Meson Production st High EKnergies

Exclusive vector meson production is the process

Y"+posVtep
(Q2-0) or a wvirtual (finite

where y* is a real
electron or muon  deep

negative Q%) photon in
tnelastic scattering. Experimental data at high
enecgles are available on exclusive p* and 42 and
J/% productiond. Flgure 1 shows the total cross
sections as a function of Q. It can be seen from
this figuce that the ratio of og:04:07/y 1s tending
towards the values 9:2:8 as Q? {inereases 1l.e¢. the
values expected From the photon coupling to the quark
chacges.
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#) The ratlo 90(4)/20(p), b) The cross sectiong
sections for elastic p* and J/¢ production.
c) The ratio 9a(J/y)/80(p) as a function of Q%,

In the generalized vector dominance modell,
assuming p°* dominance and neglecting off diagonal
tetms, the cross sectlon for exclusive p* production
at higher Q7 should follow the farm
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m

2
a(Q”) = a(g?0) —B— (14c579-) RN
(Q’anJz n?

[ [
where m, is the mass of the " meson, ¢ is the ratio
of the longitudinal to transverse victual photon Eluxes
and E2Q?/m3-R. the ratio of the production cross
sections of lorgitudinally and transversely polarised
virtual photous (Ruap/op).

In real photoproduction (Q3=0) of p° mesons s
channel helicity is obscrved te be conservedl, i.c.
transverse photons produce p*'s in a helieity t 1
state in the s channel frame (which gives a pure
sin?0 ongular distribution of the dcecay pions).
If s channel helicity were conscrved at higher Q7
any longitudinal photon conkcibution would give a
cos?0 component to the angular distribution. The
EMC  observed? that the p°'s are produced with
almost a pure cos?0 angular dlsteibutlon at high
92, and that the 3in?0 component falls rcapldiy
ulth qQ2, From fits ta the angular distribution
assumlng 3 channel hellclty conservatlon this group
deduce that the parameter E? should be 0.440.1.
Figure 2 shows the measured cress scctlon  for
exclusive p* productlon as a function of Q2.
The solld curve (dashed curve) shows Lhe generalised

vector dominance wode! prediction (eqn. 1) with
£2:0.a (§2=0.0). It is clear that the data
prefer the wvaluve E2:0.0 and exclude the vslue
£20.4, Thus generalicted vector meson dominance

with s channel helicity conservation does not describe
the data at high Q7.
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p* photoproduction cross section versus Q2.
The smooth curves show the VMD predictions
(equation 1) with £2=0 and £*=0.4.

The EMC have measured independently (from the
incident muon enecgy dependence) the value of R=uLluTa
<0.4'°'9 by combining their data with the measuraments
of the CcHIo group, cach extrapolatad to Q2=2 Gev3.
This shows that exclusive p* production is matnly by
transversely polarised virtual photons. Projecting
out the observed s5in?0 and cos?8 components from the
decay pion angular distributions would imply & value
R=2.7:0.5 at Q2:2 Ce¥2 if s channel helicity were
consecrved. Comparing these two values of R one con-
cludes that s channel helicity is no longer conserved
at larger Q? 1.e. exclusive p* photaproduction occurs
mainly from transverse (helicity ¢ 1) photons and the
p*'s are produced mainly in a helicity 0 state.

Could the generalised vector meson deminance pict-
ure wark with s channel helicity fYip? Equation (1)
ghows that as Q7 becomea large the expected cross

i i . - 2 = . .
section ratio o '6¢.°Jf (large Q2) = -sem;.agm;.aJ,‘m;
(Q2=0)-9:1:0.75. The value of these ratios obsccrved at
Q2=15 GeV? are 9:1.6%0.4:5.6+1.0 and are inconsisient
with this picture. Thus the generalised vector donm-
inance model with or without s channel helicity
consecvation fails to describe the data at higher
Q2. liowever, the observed ratios are tending to
the values expected (9:2:8) from the electromagnetic
coupling ef the virtual photon to the quack chacrges.
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The exclusive p* yields as a function of
t*:[t tmin| in di€ferent Q2 hins from an ammonia
(mainly nitrogen) target

‘RS T T T T T T

x -0 M Ctelan et a1
@0 copper 1

© 0%:0 Astuy of ot
on Catben
® 12D GeY This experment
420G . .
¥
o
~
3
.4
2 4

Pig. 4

The ratio of the total coherent to incoherent cross
sections from nitrogen as a function of Q?. The
smooth curve shows the expected decrease due to the
inerease of iy, with Q2.



Figure 3 shows the measured t'({=t-tpmjpn) dependenco?
for exclusive p® production from an ammonia (mainly
nitrogen) target. The gharp peak at small t is due to
coherent production smeared by experimental tesolution.
The smooth curves are fits of the form e-Pt' gutside
the coherent region (t'<0.2). Figure 3 shows that the
value of b decreascs rapidly with Q2, This indicates
that at higher Q? exclusive p* production is dominated
by a hard scattcrcing mechanism. The cxponentials in
fig. 3 were cxtrapolated under the coherent peak to
measura the ratio of the coherent to incoherent cross
sections. Figure 4 shows that this ratlo decreases
with Q2. Such behaviour can be understood fram
the failure of s channel helicity conservstion at high
Q?. In thc Fforward direction, by angular momentum
copservatlon, the helfcity flip of the p* implies
that the nucleon spin must also flip. Such sepin flip
amplitudes cannot contribute to coherent production
since the final state of the nucleus changos.

The cohetent cross sectlon ratio decreases
spproximately wms 1/Q%. FPrepumably such a cross
section is due to thc residusl diffractive (i.e.
vector meson dominance type) behaviour. A 1/Q?
dependence indicates thet such behaviour is s higher
twist mechanism.

Mucla Photons*

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

. T
f = (2o __+No
ef ( Iip Yn)

where oy and oy, are the frec proton and neutron ¢ross
sections and 2 ond N are the pumber of protons and
neutrons in the nucleus. This is parameterised by

Aets _
eff

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

For real photons (Q°=0) of energy v210 GeV, ¢ ir
found to be approximately independent of =+ with 3
velue of about -0.07. This indicates partjal
shadowing of rceal photons. The data are well
represented by a model which gssumes that the photon
has @& point-like cross section ss well as a _part
interacting as in the vector meson dominance model”.

There are several experiments with have contri-
buted data on shadowing at flnite Q? in charged
lepton scattecing®:10.  Splitting these dats iato
different Q¥ ranges and plotting ¢ as a function of
X-Q?/2Mv, trends appear in the measurements. Here x
iz the fraction of the momentum of the nucleom ¢arried
by a struck parton in the quark parton model. Figure 5
shows ¢ a5 8 function of x for the low Q2 cenge$.’
{Q%*<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 dJescribe the real photo-
production data. Flgure 6 shows the ratio of Aeff/A
Coyp/Aoyy, where N is the average of the proton and
neutron cross sections) for carbon and iron or copper

for intermediate 7B, Q<4 Ge¥? and high @?10 Q7>2 evs.
The data of 9 has been omitted from this plot
because the two experiments neither agrec with each
other or with the other measurements® in the same
Q? range. AL x>0.1 the ratio decreases with x.
This effect 1s known as the EMC effect. For x<0.1 the
ratio decreases and tends to show shadowing i.e. the
ratio tends ta a value <1.

| I— ) 1 1 1 1
o Q! Q2 03 x Q4 05 06
Pig. 5

The parameter ¢ as a function of x for
low Q* data the hatched region shows the range
of varistion of the dats of° and the points are
the data of 7.

Hany theoretical models exist to explain the ENMC
effect at high xI!. There are threc models of the
contributing mechanisms ip the region x<0.2. The model
of Brodsky, Close and Gunion® predicts that shadow-
ing occurg st smsll %, but that it dlez unlformly 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,
n this model the nucleon structure Ffunction in the

‘2leus is given by

A A
o = lxt'"(z) Fhez + Jx £, Kl

where l': and F} are the structure functions and £ , £

are the fractionsl momentum distributions of" the
nucleon and pion in the nucleus respectively. The
increase of the ratio in fig. 6 above unity at
x~0.15 is ascribed to the excess pion content and
the decrzasc below unity at large x to momentum
consecvation. The shadowing at small x is not
predicted and is ascribed to a separate process e.g.
the Brodsky, Close a9 Gunion mechsnism.

A parton model of shadowing 2nd antishadowing was
developed by Nicholaev and  Zacherovl3. They
postulate that soft partons (e.g. Eluons) can fuse to
produce harder partons. Thus the tiny x reglon,
*<A™™ my/my (where my and mg are the pion and nucleon



magses), in deecp inelastic scattering is depleted asm
there are fewer soft partons which asccrete at

x~0.15, giving an excess in this reglon. In this
model the ratics will be approximately Q7
independent .

At present the data are too few and too imprecise
to separate these two pictures. It will be necessary
to measure the Q? dependence of the rzilio in
fig. 6 in the tiny x reglon to understand the detailed
mechanisms in the shadowing region.
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The ratio of the cross section for deep inelastic
scattering per nucleon from a) irom or copper
b) carbon to that from deuterium st high and
intermediate values af Q2

Conclusjons

In exclusive vector meson productlon in deep
inelastic scattering, the vector meson dominance
picture dies away and the praauc;.lon aechan!.u becomes
a hard scattering process at Q21 Cev?. The virtusl
ghaton hae been demonstrated to behnve as a pure

electromagnetic probe, In shadowing in nuclei there
sre indications far the eclectromagnetic behaviour of
the photon but the picture is still somewhat confused.
There iz a need to measucre the Q7 dependence of
the shadowing region at very small x in order to
btetter understand the processes involved.

I would like to thank the organisers of the BPAS
workshop at SLAC for their hospitality. I should alse
like to thunk Per Gratstcdm for halpful discussions.
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TESTING QUANTUM CHROMODYNAMICS IN ELECTROPRODUCTION*

STANLEY J. BRODSKY

Stanford Linear Accelerator Center
Stanford University, Stanford, California 9505

Introduction

Deep inelastic lepton nucleon scattering has been one of
the key testing grounds of QCD over the past iwo decades.
Meusurements of the nucleon and nuclear structure functions
have ot only tested the short-distance properties of the theory,
(such as Lhe scaling propertics of structure functions and their
logarithmic evolution with momentum transfer), but they have
also illuminated the nonperturbative bound state structure of
the nucleon and nucleci in terms of their quark and gluon de-
grees of freedom. For the mest part, this information has been
obtained from single-arm inc usive experiments where only the
recoil lepton was detected.

One of the important potentinl advantages of an inter-
nal target facility in an electron storage ring as discussed in
this workshop is that the entire final state of eleciroproduc-
tion can be meazured in coincidence with the scattered elec-
tron with close to 47 acerptance. In the case of the PEP ring
(E(e?) -~ 15 GeV), mensnrements can be performied above
the onset of jorken scaling. Both polarized and ynpolarized
hydrogen and nuclear targets may be feasible, and eveniually
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 eclectroweak
interference effects. The asymmetry in the ¢ross sections for
etp — e*4X can be sizeable,” 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 systern. {Sce fig. 1.} According to
QCD factcrication, 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 goark jets produced in e¥e™ annihilation. In con-
trast, the hadronization of the spectator systemn depends in
detail on the target properties. Uniike the quark jet, the lead-
ing particles of the tarzet spectator system do not evolve and
thus should not depend oa the momentum transfer @7 {at fixed
W? = (g + p)%l. At present we do nat have 2 basic understand-
ing of the physics of hadronization, although phenomenological
approaches, such as the Lund string model, have been success-
ful in parameterizing wany features of the data.
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Fig. 1. Struck quask and spectator
systems in electroproduction.
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At 2 more detailed leve], the features of the standard
leading twist description are modifed by coherent or nom-
perturbative offects. 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 tocl 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 positre-
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 @2, the interference between amplitudes where dif-
ferent constituents are struck become impeitant, 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-

nowmena called “jet coalescence™® which we discuss in & later
section. The Coulomb distortion factor must be inciuded 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 croes 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 ftwo currents, thus extending the renormalization group
analysisintoanc ‘omain.’ The diffractive production of vec-
tor mesons at high @? can test the basic composition of the
Pomeron in QCD. Further, az we discuss in the next section,
measuring exclusive reactions inside a nuclear target allows the
study of “color h’anspzu-em:y"',3’9 the “formation zone * 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 quaik and gluon scattering and their
reformation into hadrons at the amplitede 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 2 factorization theorsm'®™™ 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 formaliam, 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 Inrge momentum transfes exclusive
processes; eg. F(Q?) ~ (@%)'~* where n is the minimum
number of quark fields in the hadron. QCD is such a theory;
the factorization formula leads to nucleon form fac’ors of the
form:

Cu(@) = [%gﬂlz§%m (tn %ﬂ_) ~Ta=Tm

x [1 +O(eu(@)) + 0 (é-)]

The first factor, in agreement with the quark counting rule,
is due to the hurd scattering of the three valence quarks from
the initial to final nucleon direction. Higher Fock states lead
to form factor contributions of succeasively higher order in
1/Q2. The logarithmic corrections derive from an evolution

eqnntionw'“ for the nucleon distribution amplitude. The 7,
are the computed anomalous dimensions, reflecting the short
distance scaling of three-quark compcsite operators. The re-
sults hold for any baryon to baryon vector or axial vector
transition amplitude that conserves the barynn 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 wiih
J; = *1/2 dominance, ar predicted by the helicity conser-

vation rule.V It is very important to explicitly verify that

F2(Q?)/F1(Q?) decteases at large G, The angular distribution
decay of the J/¥ — pP is consistent with the QCD prediction
A’ + A’ = 0.

The normalization constants aum in the QCD prediction
for Gas 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 frem QCD. The pioneering QCD sum rule anal-
ysis of Chernyak and Zhitnitakii"? provides consatraints 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

The QCD sum rule analysis predicts a surprising feature:
strong flavor asymmetry in the nucleon’s momentue 1 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-quack which has the same he-

licity as the parent hadron. (See fig. 3.) A recent comprehen-
sive re-analysis by King and Suhujda.“ has now <onfierned
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 r-tationally-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 iz 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 aiso 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 @/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. Claime?® that a simple overlap of zoft hadron wavefunc-
tions could £it the form factor data were based or: 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.® Thelr resuits
show that the CZ wavefunction is consistent with the sign and
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Fig. 2. Factorization of the nucleon form factor at large @? in QCD.
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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 prediction™ is based on
a wavefunction with Gaussian fall-off in transverse momen-
tum but power-law falloff at large 2z, The Jacob-Kisslinger
prediction" is based on a rotationally symmetric form in the
center of mass frame. The perturbative QCD contribution cal-
culeted with CZ'? distribution amplitudes is consistent with
the normalization and shape of the data for Q% > 1 GeV3,

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 normalisation 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 Q*G},(Q?) at
iarge @%. 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 Q3. 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 —
xtx— and K+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. Comparinon of perturbative QCD predictions and data
for the proton form factor. The calculation, based on the C2
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 questionn with the consistency of
the perturbative QCD analysis, particularly for baryon teac-
tions at moderate momentum transfer:

1. The perturbative analysis of the baryon form factor and
large angle hadron-hadron scattering depends on the sup-
preasion 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
beer: 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 47 production of meson pa.irs.”

2. The magnitude of the proton form factor is sengitive to
the z ~ 1 dependence of the proton distribution ampli-
tude, where non-perturbative effects could be important.
The CZ asymmettic distribution amplitude, in fact, em-
phasizes contributions from the large = 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 geatter-
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
momeatum transfere 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 nucleor form factors assuming VMD
at low @* and perturbative QCD at high Q%. From ref. 25.

goal of the “discretized light-cone quantization™ Approach”
for finding the eigen-solutions of the QCD Hamiltonian quan-
tized at equal light cone time r = ¢ + z/e. using & discrete
basis. Thus {ar results have been obtained for the spactrum
and wavefunctions for QED and Yukawa field theories in one-
space and one-time dimension, The structure function of the
lowest mass bound atate in QED{1+1] as » 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 husis 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 §, < 1/Q controls the
form factor at large Q2. Such a Fock state compenent has
a small color dipole moment and thus interacts only weakly
with hadronic or nuclear matter.”® Thus if elastic electron-
scattering is measured as a quasi-elastic process insjde 2 nu-
cleus, one predicts negligible final atate interactions in the tar-
get as § becomes lasge. Integrating over Fermi-motion, one
predictsm that the differentiel croas section is additive in the
number of nucleone in the nucleus. A test of this novel of-
fect, “color transparency”, has recently been carried out at

10 T T T
r'(l) E
- L] ]
'¥ ¢ 1
x W E
- E
) - -
L3} L -
".;E. L 1 L
t wi M E
& 3 E
& C
© r 1

10" LA+~ .jL:J‘ " ‘_%

P

F 3

\ i
x e =
+ E El
I -l
* S I 7
._g F ]
1 “’"E =
£ d ~3
. b ]
NN WP WP BRI |

wl F] s ] 35
4-a7 Mu (Gev,'czj 5741A15

Fig. 7. Measurements® of exclusive two-photon reactions
compared with the perturbative QCD predictions of ref. 28.
The predictions are nearly independent of the thape of the
meson distribution ampiitudes.
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Fig. 8. Representation of electoweak hadron form factors in
the light-cone formaliam. The sum i 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 1+1 space-time dimensions, as calculated in the

DLCQ formalism. ¥

Brookhaven for large momentum tranafer elastic pp scattering

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



The strong upin-uymmetrié seen in elastic p-p st:ltl:e:ingn
and the oscillations of the data modulating the predicted
dimensional counting rule power-law fall-off® suggest poe-
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 i interesting to apeculate
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.3®
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 niechanisms 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
orbitai gqg states should have large color final state interac-
tions.

Perhaps the most dramatic application of color trans-
parency is to the QCD analyais 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 @3. 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” ${ed — ed(A—1)]/%ed — ed] will incresse 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
~4*p = p°p. At large momentum transfer, QCD factorization
for exclusive amplitudes applies, and we can write each helicity

amplitude in the form:"°

M-,-'_.,u’(s, t,qz) = f H dIi TH(‘!’!P%‘: acm, q2)
x ¢k (zir pr)¢} (2, Pr) 5 (2in PT) -

This represents the convolution of the distribution amplitudes
#(z,Q) for the ingoing and outgoing hadrons with the quark-
gluon hard scattering amplitude T (v* + (g99); — (9),0 +
(aq9)p) for the scattering of the quarks from the initiai to final
hadron directions. Since Ty involves only large momentum
tranafer, it can be expanded in powers of a,(Q?). The Jis-
tribution amplitudes ¢(zi, pr) only depend logarithmically on
the momentum transfer scale, as dutermined from the meson
and baryon evolution equations. As we discussed above, (he
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 analysis'® of the
distribution amplitude of helicity-zero mesons is the prediction
of a double-hump shape of ¢ar(z, Q) with a minimum at equal
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Fig. 10. Spin asymmetry for polarized pp elastic scattering. From ref. 32.
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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-
menta by Martinelli and Sachrajda_" Similar conclusgions also
emerge from the wavefunction ansatz of Dziembowski and
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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 as(p}),
Ty can be caleylatzd from minimally-connected tree graphs;
power counting predicts

QZ
( ems E)

22

and thus

B(pl 2

2D £ (00m, )

(PT) nr
to leading order in 1/p% and a,(p}). This prediction is consis-
tent with the dimensional counting rule do{df ~ s*~" {(8cm)
where n = 9 is the total number of initial and final fields. Ti:s
scaling laws hold for both real and virtual photons. As shown
in fig. 12, the data® for ~4p — wtn are consistent with the
QCD scaling law prediction.
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Fig. 12. Comparison of pion photopro-
duction data®™ at B, = 7/2 with the
quark counting rule prediction.
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The leading contributions at Jarge momentum transfer in
QCD satisfy hadron helicity conservation’”

Ap=Aprt+ 3.

This selection rule is an important test of the vecter coupling
of the gluon in QCD. The resuit 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 ¢7 atate 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 seetion at fixed Op,.

The dependence on the pholon mass in exclusive electro-
production amplitudes in QCD occurs through the scaling vari-
able Q¥ /p%. Thua for Q* « pk, the transverse photon electro-
production amplitudes are predicted to be insensitive to Q%,
This is in striking consequence to the vector ineson dominance
picture, which predicts a universal 1/(1 + @?/m?) dependence
in the amplitude. Furthermere, since only the point-like com-
ponent of the photon is impertant at large pr, one expecis no
absotption of the initial state photon as it penetrates a nuclear
target, The reaction 4*n — 7~ p is & particularly interesting
test of color transpareicy since the dependence on photon mass
and momentum transfer can be probed.

1-Step 2-Step

87 74143

Fig. 13. Conventional description of nuclear shadowing of low
Q2 virtual photon nuclear interactions. The 2-step amplitude
is oppogite in phase to the direct contribution on nucleon N;
because of the diffractive vecior meson production on upstream
nucleon Ny.

‘The conventional t.heory:‘9 of shadowing of phaton interac-
tions is illustrated in fig. 13. At large @? the two-step ampli-
tude iz suppressed and the shadowing eflect becomes negligible.
This is the basis for a general expectation that shadowing of
nuclear structure functions is actvally a higher-twist phenom-
ena, vanishing with increasing Q* at fixed z. {A recent analysis
on shadowing in electroproduciion by Qiu and Mueller*® hased
on internucleon interactions in the gluon evolution equation in
a nucleus suggests that shadowing is a higher twist effect, but
derreases stowly 25 0% incroazss ] Thus we predict simple ad-
ditivity for exclusive eleciroproduction in nuciei

H *A— ° - = E A g0
= (vA—- N4 l))—AdthN p°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 @2, even
Q* = 0! Note that the leading contribution in 1/p} (all orders
in a,(p%)) comes from the ¥+ — ¢ point-like photon coupling
in Ty where the relative transverse momentum of the g7 are
of order pr. Thus the “impact” or transverse size of the gg
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 p2. and Q? decrease.



Electroproduction of Diffractive Channels

Exclusive processes such as virtual Comption scattering,
~4*p — 4p and p° electroproduction 4*p — p% play a special
role in QCD as key probes of “pomeron” exchange and ite
possible basis in terms of multiple-gluen exchange.T At large
photon energy, the diffractive amplitudes are dominated by
J =1 Regge singularities.

Recent measurements of y*p — p°p by the EMC gl’oup‘“l
using the high energy muon beam at the SPS show three un-
expected features: {1) The g° is produced with zero helicity at
@% 2 1 GeV?; (2) the falloff in momentum transfer becomes
remarkably flat for Q% > 5 GeV3; and (3) the integrated croes
section falls as 1/Q14.

The most surprising feature of the EMC data is the very
slow fall-off in ¢ for the highest @7 data. (See fig. 14.) Us-
ing the parameterization e¥’, t/ = |t = tminl, the slope for
7 < Q@ < 25 GeV?, Ep = 200 GeV data is & ~ 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 fl.ctor,“ representing the probabil-
ity to keep the scattered proton intact, (See fig. 15(b).) The
predicted slope for |t| < 1.5 GeV? is b ~ 3.4 GeV~3, much
steeper than the EMC data. The backgroand due to inelastic
effects is eetimated by the EMC group to be less than 20% in
this kinematic domain.
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Fig. 14. The slope parameter 4 for the form do/dt = A fit
to the EMC data (ref. 41) for up -+ up®p for |¢!] < 1.5 GeV3,

In the vector meson dominance picture one expects: (1)
dominantly transverse p polarization (s-channel helicity con-
servation); (2) fali-off in ¢ similar to the aquare 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 Q3 » pl 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, kp ~ 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 virtua!l Compton scatter~
ing 1*p — 7p', one measures product of two el=ctromagnetic
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

i1

rt

(a)

{0}
Local
Pomeran

[{3]
Perturbative
Pomeron

4-87
574148

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
&} rs Q? two-gluon exchange contzibutions are dominant.

amplitude that appeers in large momenturm transfer exclusive
reactions, Since the gauge interactions conserve helicity, thia
implies A, = 0, A, = A} independent of the photon helicity.
The predicted canonical @* dependence is 1/Q*, which is also
consistent with the EMC data.

Since the EMC data is at kigh energy (E, = 200 GeV,
ay> p;-) one expacts that the vector gluon exchange diagrams
dominate quark-exchange contributions. One can show that
the virtuality of the gluons directly coupled to the v —
transition is effectively of order @3, 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.°

The dominant exchange in the t-channel should thus be the
iwo-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 momenturn
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 Q2 {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 myself*? for the asymptotic properties of the
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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 controle large
momentum transfer deuteron reactions, becomes fully symmet-
ric among the five possible color-singlet combinations of the six
quarks. One can aiso study the evoiution of the “hidden color™
components {orthogonal to the rp and AA degrees of freedom)
from intermedizte to large momentum transfer scales; the re-
sults also give conatraints 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 riew degrees of freedom may be found by
careful searches of the 4*d — yd and 4*d — 7d channels.

#hix,00

3, (v,Q}

Fig. 16. Factorization of the deuteron form factor at large Q3.
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The QCD analyses suggests a consistent way to elimi-
nate the eflects of nucleon compositeness in exclusive nuclear
reactions.’®*!  The basic observation is chat for vanishing nu-
clear binding energy ¢z — 0, the deuteron can be regarded
as two nucleons sharing the deuteron four-momentum. The
~4'd — np amplitude then contains two factors representing
the probability amplitude for the proton and neutron to re-
main intact after absorbing momentum transfers

T=(pp—Lpi)' and G=(pn—1ima)?.
The “reduced” amplitude
M(y*d = np)
Fn{)FRn(E)

in predicted to have the same fixed angle scaling behavior as
4*M — ¢J ; i.e., the nucleons are reduced to point particles.
We thus predict

me(7'd — np) =

= (1'd — np) - f(Bem)
Fiy@)Fiy(8) (r})?

to leading order in 1/p3.
The analogous analysis (see fig. 17) of the deuteron form
factor as defined in
do do 2012
— (d—td)=—1 |R(Q'}|
dt Gt | it

yields a scaling law for the reduced form factor

2y Fa(@%) -~
fd(Q ) = Fin (Q‘_') Fin (g‘:) Q?

i.e,, the same scaling law as & meson form factor. As shown in
fig. 18, this scaling is consistent with experiment for @* = p2. 2

12
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1 GeV3, There ia also evidence for reduced amplitude scaling
for 7d — pn at large angles and p} 2 1 GeV?. (see fig. 19).
We thus expect similar precocious scaling behavior to hold for
$d — x~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.

e e’
9 d’ p+qsp’
€-86 5446a10

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 ld
E]dz,]dzb/:i{
[

abedy o

do(AB - CX) _
&p.(E, =

X GyyalZs, Q)Goyp (2, NGoye(2e, Q)
X 6(' + 1 + u) ";' ‘:_;', (ab— ed)

for the inclusive production processes AR — 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 eq — eg. The electron structure
function G,/.(2,Q) automaticaily 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 — gg 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 eq — eg produces one quack 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 eg — 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 in
jet fragmentation from the recoil quark and spectator diquark
jeta. When the momentum transfer is in the intermediate range
1 S Q? 510 GeV?, several other contributions for meson pro-

duction are expected to become important in eN -+ e/MX.
These include:
{1) Higher twist contributions to jet fragmentation:

dNy

ar Dr/q(zi Qg) = AQl- z)’

Q’ (z—1).

The scaling term reflects the behavior of the pion fragmen-
tation function at large fractional momentum (z — 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 croas section will be dominantly
longitudinal rather than transverse R = o /or > 1.

Jet Fragmeniation Isolated o
el
e o
.8
4
T
{r)
Exclusive Primakoff
el
e e
rx

wsr (<) (d)  sra1m8

Fig. 21. QCD contributions to pion electroproduction. () Jet
fragmentation, including leading and 1/Q3 higher twist con-
tributions. (b) Isolated pion contributions at order 1/@*4. (c)
Exclusive production. (d) Primakoff contribution.

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

do do
daidz, = Sunle) g

eF—ex

do _ 4za?
— Fe(@)°1-y) .
dde’ ermen (Qng ' T(Q " ( y)
Here y = q- p/pe - p. In the case of a nuclear target, one can
test for nor-additivity of virtual pions due to nuclear effects, as

predicted in models* for the EMC effect** at small zpgj. Jaffe

and Hoodbhoy“ 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/y(2,Q) structure function is predicted to behave roughly
a5 (1—z)° at large £, as predicted from spectator quark count-
ing rules.’®*®  Applications of these rules to other off-shell
nucleon processes are discuased in refs. 20 and 49.

(3) Exclusive Channels. (See fig. 21(c).) The mesons can
of course be produced in exclusive channels; e.g. 7*p — xn,
4'p — g%p. Pion electroproduction extrapolated to t = m?
provides our basic knowledge of the pion form factor at apace-
like Q%, With the advent of the perturb. tive QCD analyses of
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large momentum transfer exclusive reactions, predictions can
be given over the whole range of large t and Q. We discussed
some of the features of o° electroproduction above.

(4) Another possible meson production channel is Pri-
makoff production 4*y -+ #9, etc., identifiable from very
low target recoil eveants. (See fig. 21(d).) Such measure-
ments would allow the determination of the 4 — x° 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,(@3)} solely from exclraive
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
Desp Inelastic Scattering

One of the most difficult aspects of electroproduction phe-
nomenology is the separation of logarithmie 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 Agep 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 saction, which is a valid parameterization at fixed:
Q3, persists into the scaling region or whether it is associated
with higher twist dynamical effects. The fact that the non-
singlet structura functiona obey additive sum rules suggests
that Regge behavior is absent in leading twist.

In some cases the higher twist eftoct 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 = zg; ~ 1 the cross section has the simplified form

do 4ira’

—_— 2
iz = Qv [A(l -2} +B{1- ) (%)

+C(1 -2y (EIT)‘J :

The three terms correspond to lepton scaitering off of one,
two, or three quarks, respectively. The power in 1/G? in-
creases with the number of active quarks: (Q3)3(*4-1) The
power in (1 — z) counta the number of spectators required to
stop as z — 1: (I — z)*®~). The “diquark” term gives a
large oz contribution.* The analogous structure in the pion
structure function has been confirmed in the Drell-Yan reaction
aN — ptu~ 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 Nazon™ Suggests very
large eoefficients B and C. If this is true for the physical sit-
uatjon, 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 Aggp is small. In-
ternal target experiments may be able to confirm the different
contributiona by studies of the recoil and spectator systems as
functions of Q? and z together with separation of oy, and or.

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

Formatlon Zone Phenomena in
Deep Inelastic Scattering

One of the remarkable consequences of QCD facterization
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 ¢§ — utu—
subprocesses in Drell-Yan reactions occurs with equal effect on
each nucleon throughout the nucleus. At firat sight this seems
surprising since one expects energy loss from inelastic initial
state interactions.

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

E; > w Ly

Here 42 is the difference of mass squared that occurs in the ini-
tial or finl atate collision. This phenomenon has its origin in
studies of QED processes by Landau and Pomeranchuk. The
QCD analysis is given by Bodwin, Lepage and my.-.e]t'.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 x4 — utp—X by the
NA-10 group® at the CERN-SPS confirm that the cross sec-
tion for muon pairs at large transvarse momentum is increased
in a tungsten target relative to & deuteron target. (See fig. 24).
Since the total cross section for lepton-pair production scales
linearly with A (2side from relatively small EMC-effect cor-
rections), there must be a correaponding 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.
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Fig. 21. The ratio o(x~W —~ ptu~X)/o(n~D — utp~X) an
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 recail quark jet in deep inelastic eléctron-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-quatk 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.

A

e
Fig. 25. Propagation of the struck quark through 4 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.

4-8B7 ST741A3

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 arz unitary to leading oz-
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 racoil quark and its leading par-
ticles will increase as A1/3,

The tranaverse momentum of the recoil quark reflects the
intrinsic transverse momentum of the nucleon wavefunction.
The EMC effect *! implies that quarks in a nucleus havesmaller
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 Lave smaller transverse momentum. This effect
can counteract to a certain extent the collision broadening of
the outgoing jet.

ANL-P-18,56T

—T T T
x EMC/1.05

° BCOMS

4-87 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 atruck 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 behavioz of the transverse
momentum of the quark and spectator jets as a function of z;.
For zg; ~ 1, the 3-quark Fock atate 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 (k1) in that regime, Evidence for
a significant increase of (k3) in the projectile fragmentation
region at large quark roomenturm 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 z < (1/ML4). In the case of QED, analogous processes
such as y*4 — ptu—X yield nuclear-coherent contributions
which scales as A.rp = Z7/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-nucleun scattering that leave the target intact.
(a) QED example. {b) QCD example.

recoiling target. An interesting question is how the gluon mo-
mertum 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 vecause
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 oppoeite charge
Zie, — Zze, the QED Born cross sections are corrected by the

factor™ :

c=a 2x 21 Zaafv
T T T exp(eZ1 Zrfv)

which increases the cross section dramaticslly at low relative
velocity v. We expect similar effects in QCD when two jets
cen coalesce to attractive color channels () Zacx -+ Cra, for
q{ color singlets). In the case of electropreduction, the low
relative velocity anhancements provide a simple estimate of
the increase of the ep — eX cross section at low values of
W2 = (g+p)3, 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 anotnalously large cross section™ observed at
the SPS for T°N — A+(ese)X at large zz. [The hyperon
momentum was 135 GeV/c.] In the case of heavy quark elec-
troproduction e.g. y'g — 8%, cé, one predicis 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 givesignificant 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:

~a
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(a) A primsry goal is the channel-by-channel reconstruc-
tion of the final state in electoproducticn 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 astudies 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 dyramics 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 elso allow the study of
the non-forward matrix elements of the same operator pred-
uct entering the near the light-cone analysis of deep inelastic
structure functions.

{c) A nuclear target provides a unique probe of short~
distance QCD dynamics. The basic subprocesses can be stud-
ied in & 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 sliadowing mecha-
nisms, effects of modification of mesonic degrees of freedom,
the predicted “color iransparency” of quasi-exclusive ampli-
tudes at large momentum iransfer inside a nucleus, and the
propagation of quark jets through the nuclear medium. Fur-
ther, as discusased in ref 20, one can use large z measuremenis
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 traosfer 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 pogitron
beam experiments, one can probe’ virtual Cormupton scatter-
ing; the sum of the quark charges cubed can be obtained from
the ratio of the e£p — e*~+ X cross sections. Palarized 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 beamns allow measure-
ments of the spin dependent structure functions and their sum
ruhl,“ checks of helicity selection rules, and the separation of
different electroproduction channels.

Altkough there has heen 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 siructure of the (non-evolved) spectator jet
system, Regge behavior in non-singlet structure functions, and
other phenomsna at the boundary between perturbative and
non-perturbative effecis, all are central topics in hadron and
nuclear dynamics, ideally studied in electroproduction.
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A SPATE-TIME ANALYSIS OF MUO-PRCDUCED HADRONIC SHOWERS

Jorge G. Morfin
Fermi National Laboratory
Batavia, IL 60510

Abstract

Hadron showers, produced by high energy muons
interacting on variocus targets, have been aralysed
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

Introduction

what | will be discussing in this presentation
is the latest step in the process which has taken
the concepl of partons from being a theoretical
exptanation' for a surprising experimental result
to a particle in its own right. While it is true that
the unconfined parton has not yet been detected,
the characteristics of the parion have been fairly
well defined through experimentation?. By
studying the space-time development of a high
energy mug-produced hadron shower, we are trying
to answer two more fundamental questions about
the nature of the quark. First, what is the

quark-nucleon crosssection? Second, when does
the struck gquark start Yragmenting into

hadrons? Since the relevant distances and time
intervals will turn out to be relatively large we
will have opportunity to briefly look at the
problem of quark copfinement, Furthermore, we
will see that a study of puelear 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 Coilaboration (EMC), which used
muons of energy 100 - 300 GeV on various targets,
and the Tevatron Muon Experiment3 (THMC),
scheduled to start running thic spring at Fermi
National Laboratory with 600 Gev muens. It is not
coincidental that the primary goal of the TMC is a
high statistics analysis of these nuclear effects.

Experimentally we are trying to determine
what happens between the time a muon is
detected as enteriny the experimental target
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and a shower of hadrons emerges. The

process can be divided into three stages:

1. The muon transfers a fraction of its energy

to a parton,

The parton travels through the nuclear

medium and hadronizes.

. The hadrons continue the passage through
Lhe target imgterial and emerge.

2.

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

Kinematics
uin i’ out
\ {
¥(Q)
N 1
Hadron
Shower

Fig 1. Feynman Graph representation of deep

inetastic 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


http://Batavia.IL

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

Q2 = 4EE’sin? /2 = -¢°
and the transferred energy is
v=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 formutated by Bjorken;

Xgj = Q2 / 2Mo,

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

w2 = M2+ 2Mp - 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

z2=p/ Ppax = Ep /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
e = -
(PL)max
E+P
Y=051In
E-P
L
v T i P A
Multiplicity Di ibuti

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 long time intervals and large
distances which had been hinted at earlier by
Landau and coileagues8. At the time, the emission
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of hard hadrons was postulated to be a tail effect
of a bremsstrahlung-type piocess of soft hadron
emission. In this case, the distance required for
the hadron to form in the {ab is simply the
time/distance for the quark to fragment to the
hadron in the quark rest frame - a distance of =
1/my, - boosted by its Lorentz factor ( E, / my )

into the 1ab. This hypothesis was consistent with
the observed? absence of intra-nuclear cascading
of high energy hadrons since if Ey, / mh2 > nuclear

size, the hadron is formed Qutside of the
nuclear matter.

A series of increasingly complex models
foilowed 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-nucleon cross section (Gqy) of i3 mb they

were able to successfully describe the existing
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 0f Ggy = 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.

Bialas and Biglas!? -- This model was relatively
sophisticated in that it contained muitiple etastic
and inelastic quark - nucleon scattering. A
separate analysis of the longitudinal and
transverse hadrqn momentum spectra yielded
information on oq'“e' and oqt"t respectively.
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Fig. 4 The A-dependence of the ratio of hadronic
yields from nuclei and Hp Tor different values of
the total quark~nucleon cross section. The data
are from reference 17.

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 cq and the

formation length =, __» p.

Fig. S The ratio of multiplicities from nucleus A
versus H, for various values of the formation
length and the quark nucleon cross section, The
data are from reference 17.

Nikolagv!4 —- A wvery sophisticated model which
uses a nuclear transport equation combined with
the concept of formation ilength to predict
mylitiplicity 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 = = v / qu where the quark
life-time has been assumed to be = | / Mg If 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, vercus the formation length for various values
of the quark nucleon cross section. The data are
from reference 17 and early EMC results.

QCD ™Moqgels'® -- 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 outlined.

One common thread which binds 2all of the
models which we have discussed and which has
guided our planning of the Tevatron Muon
Coltaboration 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

Experimental Results: A-Dependent Multiplicity
Distributi

The EMC experiment was not the first to study
teptoproduced 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
experiments and an 88 event miuon (EJl = 150 GeV)
emulsion experiment20,

The European Muon Collaboration, running
without a2 vertex detector, took data with Carbon
and Copper targets2! and compared it with earlier
data?2 using a hydrogen target. The main thrust of
this phase of the experiment was to study the
ratigs of multiplicity distributions of hadrons
produced off of these different nuclei. Examined
was the ratio of dqifferential multiplicity
distributions

1_dn 1_dn
R 2) = (——— J (= L£0
Al’Az() (N dz N dz )Az

[ n
and, Lo emphasize any nuclear effects on the
leading hadrons, the ratio of integrated 2z
distributions

1.0
an 1_dn
/| dz (———=
dZ)Al -[ z (N dZ)Az
Znin H

1.0
=3 - 1
RAIIAz(Zmin) - IdZ (N
zmln K

Kinemati 0

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

Q? > 5.0 GeV?
v > 50.0 GeV
XBJ > 0.02

w2 > 25.0 Gev?2
Phag > 6.0 GeV
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After these cuts had been made, the foliowing
sample sizes were used in the Tinal analysis:

N_{.[g_l_t.a_us___ﬁ‘h.l Events  <w2> <p> <Q2> <w>
Hydrogen 120 9.0 K 121 7t 12 .10
GeVv GeV2 GeV Gev?
Hydrogen 280 98K 174 108 29 .15
Carbon 200 139K 186 110 21 11
Copper 200 10.4 K 188 1z 21 BRI

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

Analysis

Since the analysis concentrates on the ratios
of hadronic distributions from the three targets, it
is the gifferences in the corrections which are
crucial. For the gggeptance corrections it was
determined that at high z the acceptance during
hydrogen running was twice as high as for the
heavy nucieus runs. For the ragdiative corrections,
the C and Cu data had to be corrected for coherent
radiative processes in addition to the corrections
which had been apptied to the hydrogen sample.
This amounted to, at most, a S% correction to the
Cu data in the lowest x range. The only other
correction required 1o account for the difference
between hydrogen and the heavier nuclei is a
compensation for hadronic interactions with other
nuclei of the target. Absorption or the creation of
secondaries modified produced multiplicities.
Using Monte Carlo techniques the maximum
correction was found 1o be < 5%. Note that after
this correction the results correspond to

Zero target length.

Besults
The overall average multiplicities are 1.38 *

.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 difference between the carbon and copper data.
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Fig. 8 shows the charged hadron muitiplicity as a
function of z for £ 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 < v <
70 GeV, 70 < v < 90 GeV, and v > S0 GeVv. The
results are shown in Fig. 9.

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

Ratio [ 50<v<70 | 70<u<90 | v>90 GeV
Cu/C .782.13£.05 1.27:.20£.10 1.04:.12+.14
C/H, 1.07£.132.17 0.77+.42:01  1.16£.122.20
Cu/Hy 0.84+.12x.14 0.97x.142.13 1.202,12:.20

The overall trend of the u-dependence is a
depletion of leading hadrons and an overall
broadening of hadron showers at low v in Cu
compared te € and Hp.

There is a simiiar although statistically less
significant effect when we look at the XB |

dependence of the multiplicities. We 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

rnuitiplicities 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
! sd limits.

we can combine these EMC results with the
earlier SLAC'? resutts for 3 <v <17 GeV.
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Fig. 10 The ratio of multiplicity distributions
from EMC and the low energy SLAC results plottec
together.
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The nuclear effects are much more pronounced at
the low SLAC values of v. Assumipg that the
effect depends only on v (not on Q2), the model of
Bialas'3 can be used to fit the two u ranges
(roughly 3 < u < 180 GeV) of the SLAC and EMC
results. Using the measured ratios of C:Cuy <1.25
{2 5.0) by EMC at <v> =~ 100 GeV and C:Cu > 1.17
by the SLAC group at <u> = 8 GeV, and expressing
the formation length T as

e

z(fm) = ${fm/GeV) * v(GeV)

then Fig. 11 shows the region in the S-UqN plane
allowed by the two results.

16.0
12.0
{mb)
N
q 8.0

4.0

F
.25

T 1
50 .75
8(fm/GeV)

0.0 1.0

Fig. 11 Allowed region in the §-Ogn Plane by
poth the SLAC and EMC results using Bialas® model.

It can be seen that the SLAC resuits Tavor smaller
values of § while the EMC results exclude 3 = 0.
Cross sections larger than = 10 mb are excluded by
the EMC results. It should be quite obvious that
much more exact data af_all values of ¥ are
necessary before further model dependent
interpretation is possible.

e Al

There is a depletion of leading particles
and a broadening of hadron jets at low v
with increasing A of the target. Analysis
of the EMC and SLAC resuits in terms of the
Bialas model implies that 7, the formation
length, is 2 dependent and comparable to the
size of the nucleus (re = 2.7 fm and rey =
4.8 fm) and the quark-nucleon cross section
would have to be less than 10 mb.



Experiment

Following is a list of the major improvements we
expect from the upcoming Tevatron experiment on
nuclear targets compared to the recently completec
EMC heavy target experiment:
1. Increase statistics by an order of
magnitude
2. tmproved acceptiance for high-z particies.
3. various A targets will be exposed in the
same run to the same muon energy distribution
rasulting 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 @2 dependence of
the rormation length .
S. Much better particle identification (i.e. K/7
separation from 1 to 120 GeV) should improve
the chance of measuring % and SaN for

different hadrons.
-Einstef f

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
wouid be doing professionatly. This next method
for studying the development of a2 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
$50'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 coileagues24 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
contempiation 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?S and high
statistics experiments now use correlation
densities to extract the effect. Defining the one
and two particie densities

24

.1 dg
plpy) S o,
1 _d3c
(P1.p2) = =
pP1.P2 C dpidpz

respectively, the two body correlation coefficient
is given by

c - plp. b))
2 plp)) plp,)

To remove kinematic and dynamic correlatijons 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,

puike . P, Py
o pyp,. P,

The quantity (Rg-'*® - 1) is the Fourier
transform of the space-~time distribution of
the particle scurce.28

The important thing for experimentalists is
that the consequences of the Bose-Einstein effect
should be an genhancement of n(>1) identical boson
Linal states compared to a final state composed of
pdissimilar bgsons, Using the parameterization
chosen by the EMC collaboration??, if Ap = p; - Pj
is the difference of the 4-momenta of two like
sign pions, then the ratio of like-sign pairs to
non-interfering pairs ¢an be expressed as

1=1+Xexp( - FM2R2)

with fi2 = -(Ap)2 the square of the difference of
the pions 4-momenta and R is the rms size of
the pion sourcel The factor A is necessary to
compensate for coherently produced pions.

Ihe Bose-Einstein Effect: EMC Resylts
The Eurgpean Muon Collaboratiorn's fuil
spectrometer (with streamer chamber and

associated vertex detectors) was used to study the
Bose-Einstein effect in muopbroduced 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<0.9

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 Carlo results which showed that the
ratio T : K : P was 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 timited the particles to XE

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

126,000 (*®™) combinations

60,000 (7t*7t*) combinations
38,300 (") combinations
98,300 like sign pion pairs

Results

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-~pg(py.pz). In the EMC analysis three
reference groups were formed;

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

(r*1™) combinations from the
same event but with transverse
momentum from random pions
within the event,

LIKE combinations constructed
from random tracks from various
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 f{2
approaches 0, but there is an inconsistency in the
shapes as wetl 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 etiminating 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. I[n 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 results now show a trend which is similar ir.
both shape and magnitude indicating that the
non-interfering correlations have been more
successfully remaved. A fit to fiZ2 and A yields the
following values, using the double ratios, for the
three reference samples

XZ

R(fm) A (12 DF)
REF 1 0.84 + 0.03 1.08 £ 0.10 12.4
REF 2 0.66 + 0.01 0.60 + 0.06 12.2
REF 3 0.46 + 0.03 0.73 + 0.06 20.3

The results giill 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 shown2® how
intertwined the Bose-Einstein and resonance
correlations can be.

Conclysion

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

1. The Bose-Einstein interference effect has
been seen in muopraduced like-sign pion pairs,
2. Tne results are consistent with a
sphericatly 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.

L

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, 3side from the
difficulty of extracting the signal due to
interference from the non-interfering correlations,
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the question of interpretation of the result is quite
crucial.

The method used by the EMC and others, which
involvas 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 dat3 can only be described
by this form if the source density of the emission
region depends only on the length of the 4-vector
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) region! It is, at best, @
measure of the spatial extent of gither current
fragment sources or target fragment sources. &ven
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 Carle, so
that particles with similar momentum have been
emittied at neighboring space-time points in the
evolution of the hadronic shower!

target fragments current fragments

(k) 1K)
ﬂt(kll)
Lab Frame
(k)
Fig. 13 ldentical pion in one frame are not

identical pions in all frames.




There have been attempts3®:3! particularly in
the interpretation of e*e” Bose-Einstein analyses,
to determine whether currently acceptable
hadronization models, such as the Lund-type string
model, 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.
{ rticles in the

spat xtent of t

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 off various targets.

Qverall Conclusion

The topic of the space-time development of a
hadron  shower, although of fundamental
importance, has barely progressed tejond the most
elsmentary level of experimental investigation.
The conhcepts of guark-nucleon cress 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
questions posed in this presentation.
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Ahstract

The use of internal targets to iavestigate the nuclear re-
sponse at medium energies is discussea with emphasis being
placed on what can be learned by employing polarized 1ar-
gets to study electromagnetic spin physies.” The importance
of having longitudinally polarized electrons is siressed. Both
single-arin and coincidence reactions are discussed and con-
trasted with simnilar 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 freedam: polarized electrons, polar-
ized targets and measureinent of final-statle 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, swhereas with the ex-
tremely high current which can be obtained in electron stor-
age/stretcher rings it becomes feasible to contemplate wsing
(low density) internal 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 inforima-
Ltion can be obtained using unpolarized targets but measuring
some final-state polarization; these are noted in the following
discussions.

Two tlasses of reactions are considered, the first being
singie-arm (inclusive) studies of the Lype

e+ A—e+X

FrA—id+ X s

in which a (possibly polarized) electron is scaitered 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 nuctear level (such as the ground state itself

*This work ;s supported in part by funds provided by the
U. S. Department of Encrgy (1).0.E.) under contract # DE-
LC02-TOERO3069,

TAlexander von Humboldt Foundation Senior U.S. Scien-
tist Award holder.
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Fig. 1:  Single-arm electron scattering from polar-
ized targets including the possibility of having lon-
gitudinally polarized electrons (helicity b = %1),
A(Z,€'). The target polarization axis is specified by
the angles (0°,¢°) as shown.

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-
fous open channels are populated when above particle emis-
sion threshold (for vxample, the relative weightings of proton
kn'ocknut, neutron knockout, two-nucleon knockout, pion pro-
duction, etc.).

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

erA—ée 4z X
Ev A+ 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 scaitered electron;
here we restrict. onr attention only to the simplest class of
exclusive-1 or double-arm coincidence reactions.

For either of the two general clusses we may or may not
assume that the electron is polarized. The kinemal.ic_g are
specified in Fig. 1. lere, an electron with 3-momentum & and
energy ¢ is scattered thraugh an angle 4, to be detected with
3-momentuni E’ and energy ¢’. The 3-momentum transfer is



i=k- £ with magnitude ¢ = [§] and the energy transfer
is w = ¢ ~ ¢, The 4momentum transfer ¢,¢* = w? - ¢?
is space-like (< 0). In general, we may consider coordinate
systems fixed by the electron momenta so that % is along
k, iy is normal to the electron scattering plane and @g =
in X1, with a similar form labelled L', N’, §’ going with the
scattered electron. Here L + longitudinal, ¥ «— normal, § «
sideways (as used in hadron scattering). The cross section
may be broken down into specific projections, ¢ cP'® , where
P=L,Nor §and PP=1, N or §" We are specifically
interested in the Extreme Relativistic Limit (ERL) in which
9 =¢/me>>1and v = €/m, >> 1 and so where terms of
order 47! or 47! 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!

oP'P o o(1) for PPP=L'",
O lor4~') for PP#£L'L ,

and so we practically only need to consider longitudinelly
polarized electrons having helicities & = %1 and ' = £1.
Furthermore, the scattering process is helicily conseruing to
O(y~" or 4'~1), h’ = 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
=T +hA, 1)

where the helicity averaged cross section

=1 (et +a7) (2a)

N

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

A=_(ott~a™) (2b)

[ RS

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'~!)
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-
jzed 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
crose sections labelled £; and Aj;, where “f™ and *i” 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 Zy;
and Ay;, where [ 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.

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,e'). Only the cross sec-
tion By 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:*

Ty = ao{uLW“ + u'rW‘I +cos¢” UTL“’TL
+ cos 2¢° vTTH“ } N

@
where 0o 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 §):

vL = Az

1 [/
= -A+tan? =
T 3 + tan 2

_
g (4)

vir = —%A\/k +tan? =

vrr = —'EA N

where A = —g,4*/¢® so that 0 < X < 1, These factors to-
gether with gg contain the entire dependence on & 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 J. and 45' itis possxble to extract the
four nuclear response functions W, L. and W,

what might be termed 2 super-l{osen luth dacomposﬂ.non
Each 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 g (and w,
which we take to be fixed to study some specific excitation):

Wi =Fig)+ Y 1P (cos 0 )WE(a)s  (5a)
W = F3(a) + 3 £ Prlcos8" W] (a):  (5b)

22
even

=Y 1 PHeos 0" )W H (a)ys (5¢)
22
=¥ PP} cose" W T (0)yi (5d)

123
even

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

FEa) =Y F&,(a) (6a)
J>0

Fig) =Y {FEs(a) + Fiula)} (6b)
J>1



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

ple, suppose the ground state has J = 2 and we <onsider

anly electro-excitation to a state having J3/ = §+, The al-
lowed multipoles ate C1/E1, M2, C3/E3 and M4, and we
have

Ff=F& +F&y

FR=F% +Flys+ Fis+ Fiyy -

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 zre presumed to be known.
The entire 6*-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 Egs. (5) are finite: 2 < I < 2J;, with I = even
only. If J; = 0, clearly none of the sums occur and we have
only W,II =Wph = F, Wi = Wg‘. = FZ, W;;L = W;;T =0,
yielding for Eq. (3) just the familiar Rosenbluth formula for
unpolarized electron scattering (indicated f4). Mote 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 F2. Thus,
lacking polarized electrons (see below) there is no 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 2. For instance, for
elastic scattering there are three basic ferm factors, C0, M1
and C2 (see Refs. [1] and |3]}. The unpolarized cross section
involves the longitudinal and transverse form factors,

FZ = F&y + F,
FIZ‘ = FJ\zru ’

but the CO and C2 contributions are summed incoherently
and no relative phase information is available. The additional
reduced response functions which are accessible with polarized
targets arel»3:®

1
WE = —23F, (F + —=F )
2 cz2 | fco 2‘/—2- [27]
13
WzT=*§ EF}“

Clearly with this polarization information it is possiblz 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 Fca2Fco
or FuyFes interferences above) becomes availabls,

s0

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, althougit 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 reccil is usuaily too
hard to handle}.

lari 1
Now'let us extend the above ideas to include the scat-
tering of polarized electrons from polatized targets, A(E, ¢').

In this case the cross section Ay; becumes accessible together
with Zg5. The analog to Eq. (3) is

tron:

A“ = dg {UTAWITI" + cos ¢'v1-yW;;L'} '

(7

and so we have two more classes of responses, giving six in
general: L, T TL, T'T, T’ and TL'. The two new clectron
kinematical factors are!

f 8, 8
vrr = 1/ A + tan? E’ tan E‘
1

5 (®
v = —V.Z—tan? .
Furthermore, analogous ta Eqs. (5) we now have
Wi = 3 1 Pr (cos0") W (g)ys (9)
Iy
odd
WAV = 3 1OP] (cos0) W[ ¥ (g)s . (0b)

izt

odd
where the sums are restricted to odd tensors only with 1 <
I<2J;.

For J; = 0 these electron helicity difference responses are
zero. In obtaining this fact we have assumed that the scatter-
ing process is purcly electromagnetic and so is parity conserv-
ing. However, at the level of the weak interaction there are
interferences between the y-exchange and Z%exchange (neu-
tral current) diagrams which can occur which lead to non-zero
polarization asymmetries.? '® An experiment at Bates involv-
ing the elastic scattering of polarized electrons from 12C is in
the final stages of preparation.

For J; = 35 we saw above that the Ey; cross section con-
tained only the familiar unpolarized responses involving the
form factors F# and F32:

.1
[spm- 3 ]

The helicity difference cross section is now not zero but, con-
tains interesting information since rank-1 responses can be
obtained (1< J < 2J;= I=1for J; = %]

54 = op {vrLFE + vrFE} (10a)

Agy = }‘)vu {coso" uT-W,T‘ (9)

, (10b)
+5in#" cos @* VTL'W(TL (q)ﬁ} .
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Fig. 2:  Special choice of polarization directions
for use with polarized spin-—} targets (see text}.

Note that the W% 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 upin—% targets there
are four observables that are accessible: F2, FZ, W' and
WTL', 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 Foo anc £
form factors occur (equivalently, we can use Gg and G
for the nucleon). The unpolarized cross section involves
F} = F%, and F} = F};, whick 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 g 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 g the present information on G%
cornes from unpolarized electron scattering using deuterium
as pzrhaps the simplest target containing neutrors. But at
low to-intermediate values of g, |G| << |G} and the sep-
aration is very poorly defined. Now suppose this polarized
electron/polarized target information is added. We have!:®8

W1T' = —\/EFE,,
WlTU = —2V2FcoFu -

The former just involves F2 again, whereas the latter is the
one of interest for the present purposes: it involves the inter-
Jerence 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 5(,¢')p (to extract G%
from Gﬁ,,; even this is interesting for some values of momen-
tum transfer) and *H{£,¢') or 3He(%,¢') 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).

Next consider inelastic scattering for the transition %i —

%i in which Fysy, Foz and Fgp form factors occur. The four
accessible responses here are’

FE =Féz
Fi=Fi + Fgy

' 1
W' = — (Fi - F3 - 2V3Fu:1 Fe2)

V2

wlﬂ" =—V2Fc (FMJ + \/iFEz)

a1

(i {e.e) Elastic Scottering

40+ € = 500 MeV
'/-
20 -
I, -Iy
| #‘—;:zg;///f—\\\
f
0 6° 0" ©
-2
a0l
[ I!'Z;
-60 - Io
-80 ~ PR
L T
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Fig. 3: Elastic electron scattering from the £~

ground state of polarized 7Li. The polzarization
asymmetries displayed correspond to taking the tar-
get to be 100% polarized along the L, N and § di-
rections in Fig. 1 and ther “orming differences and
dividing by the unpolarized cross section Ty.

A specific situation i3 the N — A transition, say in 5(€, '} 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 contribuiion is dominant and
the C2/E2 pieces, which reflect the baryon deformations, are
small. Again, a straightforward Rosenbluth separation of the
unpolarized cross section yields Fg and F,ﬂ. 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 WTZ' contribution is interesting,
since it can only be non-zero when Fcs # 0. Moreover, the
wT L’ response is linearly proportion-~] to Fc, whereas F?
involves the square FZ,.

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 t* ¢ %_ ground state and inelastic

scattering to the first excited state at 0.478 MeV, £~ — 37,
The resulting polarization effects are displayed in Figs. 3—8.
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Fig. 4: Elastic polarized electron scattering from
the §7 ground state of polarized L. The polariza-

tion ratios A /Z 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
tross sections above 1073% em? s7~! and dashed lines
to smaller cross sections. The incident electron en-
ergy in MeV at which 10~ c¢m? st—? 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 = 10732 em? sr—1 over an interesting range of mo-
mentum transfers (this will have implications for the relevant
range of luminosities, as discussed in the last seetion), and
(2) the polarization asymmetries ar2 typically Jarge and vary
significantly as ¢ is ¢hanged or as the polarization direction is
changed.

Coincidence Reactions

Let, us now turn briefly to the exclusive-1, (e,¢'s) coinci-
dent reactions in Figs. 7 and 8. W2 consider two situations,
the firat 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 longitudirally 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 th= last section).

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

7Li involving the transition 3~ (gs.) — 1~ (0478

MeV), The asymmetries are defined as in Flg 3.

dependence of the cross section in the ERL snd, as above,
two sels of responses may be separated using this dependence
(see Egs. (2)):

B~ v R+ vpRT + vp RTL 4 vrpRTT
A~ UT’RT, +1JTLrRTL' '

(11a)
(12)

in parallel with Egs. (3} and (7) for inclusive scattering, The
six responses here depend on (g,w), the energy and angles for
the outgoing particle z (E, 6, ¢ see Figs. 7 and 8) and
the polarization angles. For the case of the reaction A(7,e'T)
in Fig. 7, these are the angles (4, ¢2) as shown; for the case
of the reaction A(Z, ¢'x) in Fig. 8, these are the target polar-
ization angles (0%, ¢") where ¢* is now measured relative to
the plane with azimuthal angle ¢,. The dependence on the
azimuthal angle ¢. can be isolated:5 12

RTY = cos g, WTL 4. sin ¢, W T2 (122)
RTT = cos 2. W77 +sin2¢, W77 (12b)
RTY = sin g WTE 4 cos g, WTL {12c)
RY, AT, BT independent of ¢, ,
and so at this stage there are nine basic classes to consider i1

general.

Let us specialize first to a discussion of inclusive-1 elec-
tron scatiering with only the electron possibly being polar-
ﬂed Ale,e'z) and Ajc.c I) Then it can be shown®1! that
WTL = WTT ~ T = 0. In the completely un-
pola.nzed situation, A(e,e ::), thnre are the four familiar re-
sponses te consider (R%, RT, WTL and W7T), which may be
separated using the 8,- and 8.-dependencrs displayed above.
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functions of the target polarization angles 8* and ¢°
(sce Fig. 1). The points corresponding to the Z, N
and § directions in Fig. 1 are indicated.

Having polarized electrons and studying the electron helicity-
difference cross section for A(€,e'z) yields another, the so-
called “fifth” response function WTZ" (note that this requires
an out-of-plane measuremer.t because of the factor sin¢g: 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(€, ¢’} 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)
WTY wIm(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 x, A(€,e'Z).
The direction of the particle z is specified by the an-
gles (82, $2) referred to the zyz coordinate system as
shown. Furthermore, the polarization of the particle
z is specified by the angles (62, ¢1), but now referred
to the z'y'2’ coordinate system where 2’ is along 7.,
¥’ is orthogonal to § and 7, (along §x B.), and ' is
orthogonal to both of these (along &y X @~ and so
is in the plane containing § and B_).
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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
(02,9=) as in Fig. T and the target polarization di-
rections is specified by (8*,¢*) where 8* 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|c*® , with the same &), the T*L
is real and, while WTZ is non-zero in general, WTZ' vanishes.



Moreover, it happens that WL’ also vanishes in the absence
of final-state interactions. Therefore, if WTZ £ 0, then in-
teresting effects must be coming into play. For example, in
the A-tegion evincidence electron scattering will be driven to
& large degree by the 33-amplitude with a single phase, f1a,
and, while W5 T:TLTT may all be non-zero, WTL' may be
expected to vanish. To the extent that it does not vanish,
we wili 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-
reversa| 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 wheu target polariza-
tions and/or final-state polarizations (other than the acattered
electron) are presumed to be known. This polarization infor-
nation may be organized into spherical tensors charac!erized
by rank f, 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 x in (e, e’'3)
and {,e’Z) is measured, then [ labels the tensor polarizatiorn
measured in some second scattering experiment. The generil
break-down into time-reversal even and odd responses is as
follows:12

I=even [=odd
T L TRE TRO
{ien Y 7 TRE  TRO
7L TRE TRO
TT TRE  TRO
A T TRO  TRE
{fesron) T TRO  TRE

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

Let us consider a more specific situation *o help clarify
these ideas. Suppose the target is unpolarized ani we consider
reactions of the sort (e, ¢'p), (€, €'p), (¢, ¢'F) and (&, P}, where
in fact the proton (z = p) could be any spin-j particle as far
as the characterization of the cross section is considercd. Since
the particle whose polarization may be detected in the final
state has spin-3, the only allowed valuesof Jare 0 and 1{I =0
corresponds to the unpolarized cross sections discussed above,
the first two in this list; J = 1 corresponds to measurements of
the vector polarization of the out-going proton, the last two in
this list). So for the I = O pieces we have the previous results:

(e! "p) : R?=D = R&npol.

le:o = Rs-:lpol.

RI% = cosdWanpa,

R;‘;u = CcOos 2¢PW“’;TPQL (13)
(Fep): R, =0

TL _ TL
Rl‘ =0 = sm¢PWnnpuL E]

L

where the first four are time-reversal even and the fifth re
sponse function is time-reversal odd. For the J = 1 pieces we
have

R, = a,{costy RE, (£) +sin8)cos 8y RE, (s') (14)

+sindysings RE, (»)}
where a, is the vector polarization of the proton, -1 < g, <1
and where we have decomposed the responses . ,, K = L.-
T,TL, TT, T' and T1L', into components involving the £, '
and »' directions, i.e. the 2/, 2’ and y' directions in Fig. 7 {sec
Refs. (12] and [13]). In this case, the following ¢,-dependences
are found for the I = 1 responses (Cf. Eqs. 12)):

¢ s r’
(e,d'B): L ] o 1
I 0 0 1
TL singp sing, cosg, (15)
TT sin2¢, sin2¢, cos2¢,
(e.ep): T 1 1 4
TL' cos¢, cos¢, sing, ,

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

R* =RE , +RI-, (16a)
= Rfupol. + apsin 0; sin lﬁ; Rpl;ol. (“l) (lﬁb)
and the entire T'L response is

RTE = RTE, 4 BT, (172)

= {cos qb,,Wf__‘!;) + sin ¢,Wf___“u}
+ {cos WL + sin 9, W75 } (17b)

= {C°s ¢pw|£.f;nl.}

+ ap {cos ¢, (sin 8 sin $3WTL (n")) {17c)

+ sin ép (cos ;W5 (&) + sind} cos g, WTE ()}

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 (¢, ¢’s); the latter use (Z,¢’p) and (e, ¢'p).

A specific set of measurements of this sort which may re-
quire the determination of several of these responsus is the fol-
lowing. One way to obtain informaticn on G% is to use an un-
polarized deuteron target and study the (TR E) polarization
transfer reactions 2H (€, e'p)n or 2H(E,¢'A)p in the quasi-free
region where final-state interactions are supposed to be weak
enocugh to permit the (small] effects which are proportional to
G to beisolated. An important question will be: How jmpor-
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 2I(¢,e'p)n
ar 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, A(e,e'z) and A(Z,e'z). The general
TR E/TR O decomposition involving / = even and odd ten-
sors pertains as well. In fact, for spin- targets the same
characterization given above for (e, e'p) also works, now with
angles (8;,¢;) repiaced by (6°,¢"), the angles specifying the



target polarization direction. For targets with spin > 1,
however, the iesponse structure is richer. For example, for
the reactions 2H(e,¢'p) and 2H(g,e'p) with polarized deu-
teriurn, 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(3TR E), TL{3TR £,~ cosd;),
TT(3TR E,~ cos2¢,}, T'(0), TL'(3TRE, ~ sing,). Using
polarized targets there are then 33 responses available in this
exarnple.

The formalism for the general problem with any spins
with/without electron, target or outgoing coincident particle
polarizations now exists;!? onr current efforts are directed to-
wards sperific 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 responsesa
little more concretely. Let us consider the reactions p(e,¢'p) X,
p(g,e'p) X, ple,e'T)X and p(€, ') X (or equivalently for the
last two, Fi(e,e’p)X and p(%,e'p)X). The general decomposi-
tion is given in Eqs. {13) and (15). Let us first specialize to
co-planar geometry where ¢, = 0; then we have four TR E
I = 0 responses, no TRO I = 0 responses (Eqgs. (13), four
TRO I = 1 responses, all of n’ character and four TR E
I = 1 responses, two of £ character and two of &' 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 B). Let us be even more specific and
consider parallel kinematics where 8, = 0 so that the proton is
detected along § (see Fig. 9). Now the T'T response vanishes
and we are left with the following behavior:}?

RY = Rlpo. = NPISI? (18a)
RT = R, . = N*|T? {18b)
RTE = apsin 6 sin du;Wg:,?_(n')
= —apsin b singpN*2Im (§°7) (18¢)
R™ =0 (18d)
RT =g, cos6 W, (£) = apcos63RT  (18e)
RTY = a,5in6) cos ;W EE (s")
= apsinf; cos g N?2Re (5°T) (18f)
where N2 is an overall kinematic factor and where
1
S§=— 25 +{£+1)38 192
‘/-2' ; { 2 ( ) 4+} ( )

T= %g{(z +1)(€+2)Ees

8 —1)Ee_ + £(L+1) IMey — M,_]} , (19b)

using the multipole notation familiar from studies of pion elec-
troproduction. These are for the reactions where the outgoing
proton polarizatien is possibly measured. For the correspond-
ing situation where the proton target is polarized, it is neces-
sary only to change (6;,45) into (6*,¢°) and to replace a, by
-vasfi.

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, |

BT =a,cos g RT .
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Fig. 9:  Specialization of Figs. 7 and 8 to the situ-
ation where 7_ 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

RY = N%8|5,, P

RT = N?|My. + 3B,

RT% = —a,5in 03 sin osN24vZ Im (S7,(My+ +3E1.))
RTT =0

T = apcos ﬂ;RT
RTY = a,6in 6] cos g3N?4VZRe (5§, (Mys +3E13)) -

The T'L and T'L' responses in particular are interesting, since
they involve the imaginary and real parts of the interference
514+ (Mis + 3E14), respectively. For fixed 6, as the angle
¢, varies the proportions of these two contributions also vary
(weighted by — sin ¢, and cos ¢y, respectively.

Of coutrse, 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-
ized 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 irmportant (or essential, such as with single-arm scattering
from polarized spin-] targets) to have longitudinally polarized
electrons available,

The practical implications are gevere. For detection of
fina)-state polarizations, a polarimeter is required and these
are usually devices with limited efficiencies. For palarized
target studies the praoblem is to obtain sigrificant 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, 10%°cm~257! (and frequently considerably above this).
To have good resolution capability in general requires that the
target not be too thick. Typical external cryogenic polarized
targels cannot withstand more than a few x 1 nAmp before
depolarizing and so 1o 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 it 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'4). 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 nuclei/cm?.
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Storage Rings, Internal Targets and PEP*

J. E. Spencer
Stanford Linear Accelerator Center
Stanford University, Stanford, Ct 94303

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 eflort worthy of a business school. This is especially debatable for colliding
beam storage rings and leads to the corollary that most rings wil! be born, live and die as dedicated systems. 3PEAR
is a notable exception while PEP is not - even though PEP scems to provide more unique opportunities aver a broader
spectrum of physics, Examples include one and two photon physics with real and virtual photons to make all J”C quark
combinations as well as high luminosity QCI confinement studies with internal targets as discussed at this workshop. Seme
related possibilities include cxternal 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 tlie viewpoint of
accelerator physics, such examples fall into three categories: colliding beam physics, internal and external target physics.

How unique vuch 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 o 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 seera no better than PEP, perhaps Evelyn Waugh

should have the last word here: “If politicians and scientists were Jazier, how much happier we should all be.”

1. Introduction

The goal is to describe starage 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
of bypass insertions for mote exotic experimments. Finally, I
compare PEP to other rings, in vatious contexts, while exam-
ining and verifying the statements made in the prologue e.g.
that it is an ideal ring for many fundamenial and practical
applications that can be carried on simultancously.

A. Some History and Perspective

In a sense, the SLAC linac was buill 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 reconznt production
of charmed quark pairs(q., g.) as well as the Leavy, clectron-
like particle called the tau. Related work is st being done at

SPEAR together with a considerable atnount of syuchrotron
radiation research. Fig. 1: Perspective of the PED tunnel.

* Work supported by the Department of Energy. contract DE-ACD3-765F00515. The Gary Larson cartoons are copyright
Universal Press Syndicate and Chronicle Features, reprinted with permission - all rights reserved.
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Fig. 2: Ecily expetimenis intronsp

With the higher energies available at PEP, higher-order
processes become important with the space-Jlike 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 3c
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 firat experimental work at
SLAC will be discussed at this workshop. My own interest
in this area began in 1981 with the questionS: “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-
provemment 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 interasting.

More recently, the subject was again considered® at an high
energy e¢t-¢~ workshop on PEP hecause 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-v, 2) 4-v, and 3) e-A and «-A. Using high current,
stored bunches to praduce the primary photon beam which is
Compton converted to high energy by backscattering on a high
current, high energy linac beam appeared o 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 eignificant 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 sysunetry and divides into 12 regiona of al-
ternating arcs and long straight sections for experiments called
insertions. The odd-numbered regions are the arcs which are
subdivided into 18 FODO cells containing a Focusing quad(F),
bending magnets with little or no focusing{O) and a Defocusing
quad{D). Insertions for injection, extraction or experiments are
8o labelled because they perturb the otherwise simply periodic
structure of identical FODC or unit cells introducing what are
called superperiods inte 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%em~3s~! at 11GeV by June.
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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 £ =~ 3 — 4 x 10% giving integrated luminosities per IR of

/ £dt = 1500 b1 or P & 1.8x10% cm~2s71,

Day

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

The different detectors then were an upgraded Markll 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 Kg 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 measurecross
sections on the order of tens of femtobarns(10~*cm?) with
storage rings which is an impressive achievement. Notice that
the basic annihilation crosa ection is

R = ira?/s = 868/ Eon(TeV)? fb

for processes such as Fig. 1(b} which is independent of mass
m Ig

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.
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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 siable 3-dimensional potential wells for
long periods of time. In the rest frame of the bunch, a trans-
verze 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 = l‘i’ = [Ilmd + Hyart + Hinl‘)q’

1
Hyot = g (E? + B)6v; Hpart + Hine = S H
3

Hi(p,q) = e:6{7) + (5 — s A(71))? + mi /2

where 4 = (¢, E) is the external field from the magnets, atoms,
or lasers as well as the fields produced by the charges them-
selves, H,,4 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 Bear at 15GeV 2.1 x 10'*
Maximum Colliding Bunches per Beam 3

Design Luminesity per Interaction Region

Lep(Below 15 GeV) 10%(E/15)? em~? sec™?

Number of Interaction Regions 6
L7 (Constant 7 and I)¢ 10M/Z(Z +1) e gec™?
Average Vacuum in Ring 19-° Torr

Energy Spread (og/E) 8.7 x 1075 E(GeV)

5.5E(GeV)® A

Natural Emittance ()¢

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 S 24
Number of 0.5 MW Kl ¢ 12
RF Frequency 353.2 MHz
Hurmonic Number 2592

a This energy has not been well defined as discussed in the text.

b For single beam operation this scales up as the number of beams.
¢ Assumes lifetime 1 = 2h, curzent [=100mA for atomic number Z.
d T['us can be s:gmﬁcmﬂy reduced as discussed in the text.

e are now available with twice this power,




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 A,, ' the rest frame,
gives

Hyi — m; = (Pos — e Ap(Foi))}/(2m4) + €id(7) + V.

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

The fields 4 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;,, for fields with Fourier components wS¢/L),
one expects that both single and multibunch instabilities will
be possible.

Even sssuming 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 induee and cure
such coherent effects. Thus, as the bunch oecillates, the poten-
tial well dynamically distorts which can produce an cacillating
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, g, 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 ~ ymg' where ¢ = dg/ds so the important Liouville
invariant is
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jpdq:m['yq’qum'yEEme,.

for any particle with € its area in treasverse phase space.
A beam of particles has a distribution function in phase space
which convention describes by
3
o

[

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

& =00 =

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

9= veB(s) cos ((s) ~ 41}

o = =[5 0 80) ~ o) - acon (905) - )]

where a = /{2 and the phase

¢(s)=°];,i(",—)

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

The transformation of {g} = (g,¢') from one place to an-
other, {2} = R{;}, is derivable from these expressions in a
number of ways® e.g. using two linearly independent solutions
such as ¢ = 0,  giving:

Ru= g—:[m A¢+ oy sin Ad)

Rz = V/A1Ba8inAd

1
VB

Rp = ‘/—gg [cos A¢ — azsin Ad]

where A¢ = ¢3 — ¢;. These expressions are the first order
transformations for the transverse mation of the Hamiltonian
system and allow tracking with nonlinear perturbations etc.
More importantly we have defined moat of the terms used in
Table 1 and needed for a more detailed study of rings such as
PEP.

R =

[ler — 22} cos 8 — (1 + @iaz)sin Ag]



3. Three Kinds of Luminosity

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

A. Colliding Bearn Luminoaity

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 ¢* collisions, expressed as a
tune perturbation per crossing, is®

feNeﬂ'

Avzy = '(0. + o;)

2x0;

where o is the rma 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, L
Notice that v 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 Auj, S 0.05.

With internal targets, this number can serve as a bench-
mark to compute the allowable number of ions replacing N,
with —sgr(3}N;, depending on whether we use an ¢* 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 gauasian bunches it is
best thought of as the tune spread in the core of the bunch®.
At some limiting value of this tune spread {Ar*) or bunch cur-
rent (N} the bunch cross-section (o}¢}) 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 8;/8; ~ K(= ¢y/¢;), the tune indepen-
dent, x-y coupling in the machine), one expects the maximum
achievable luminosity when o} 3> o} to be:

< )R

mazr ~
xa’a'

fn= (AP 5!

where e = 702/, 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 10 < 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 ¢; ~10-
50mg/cm?. Typical currents with a consistent phase space and
energy spread ate I, ~50-100uA. Translating these numbers
into an equivalent luminosity gives:

_ T, a5 12
Ler=(2 SINAZ) =31x10 [mm] [m,,,g Torl (2]
where N4 is Avogadro’s number, A 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 II: Som.: current operating parameters for the SPEAR and PEP storage
rings for both eollidirg and single beams. These numbers do not involve the use
of wigglers except during PEP injection at 6 GeV.

Energy[GeV) 2 5 10 15
SPEAR PEP PEP PEP
Beam Current, 145 100 30(7) 120(7) 02 mA
Beam Current, ff 25 5 20 46 mA
Coupling, K= e,éc, 8.3 63 78 75 %
Emittance, ¢; £ 01/f; | 0105 | 00138 | 0.08§ U124 | mm-mr
Emittance, ¢, = o2 /5, 12.2 0.866 4.19 943 | pmemr
Energy Spread, og/E o8 0.033 0.087 0.10 %
5|mpin! Time, 5y z 28.3 100 27.5 8.2 msec
Revolution Time, T, 0.7 7.34 734 .4 psec
R Bels, A2 0.9/70 | 30/15_| 3.0/i5 | S0/15 ™
m 0.03/35 [ 0.12/0.6 | 0.12/06 | 0.12/06 | m
IR §il¢. A 0.42/1.97]0.20/0.45 |0.41/0,01|0.61/1.36| mm
TR Size, oy .010/0.65 §.010/.023 |.022/.050 |.034/.075] mm
Divergence, o3, .485/.009 | .068/.030 {.136/.061 | .203/.091 mre
Divergence, A .838/.010.085/.038 |.187/.084 [ .280/.125| mr
Enﬁ Lou{f(‘um 0.110 0.333 5.33 27.0 MeV
tage, ¥V, 0495 0.650 8.49 9.1 MV
Burch ngh. Oy 3.5 2.8 23 2.0 <m

C. Internal Target Luminosity

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

e

~1
1075/ cm? :

Lir=(2 )N,_("’) = 6.2x10% [t ] em™s

IOOmA] [

One will find that luminosities on the order of 1¢3? are possible
without significant effects on the beam. Targets on the order
of ny ~ 10%fcm? or tens of ngfem® are very thin but the
currents are greater than for £ pp 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 Hed 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 4 configuration with small angu-
lar spreads at the target and small Lop. 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 Ar < Av*, De-
creasing either 8 or increasing the horizontal emittance ¢:
reduces the beam-beam force but is difficult because this in-
creases the sensitivity o 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 ¢; 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!?® that Av* S 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 hend 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-beam 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 2 sclf-consistent way.
Furthermore, very little effort has gone into this and related
questions such as multibunch instabilities.

I will not go into the many attempis to compensate or
cancel Av except to mention the charge-neutralization scheme
of the Orsay Group!* using 4 beams and double rings. It was
hoped this approach would provide an improvement in L4z 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 2 pinch
effect. Another attitude we have taken is to avoid the beam-
beam problem®! 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 differen: 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, Bqy) in @ mini-maxi beta scheme. This is clearly
not a problem but bremsstrahlung from “residual-gas” is — be-
cause the differentizl probability for radiation loss is roughly
constant up to the full electron energy for the electron energies
of intereat here.

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

md(z)dz=[ 1ﬂ( By RF :]
(3)ar

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

dy
Ny

Ldz_,l
r

X

cp
(1 Ux;
sssuming a simple terget unifo diatributed around the ring
like residual gas. Here 1/X, = ¥ 7.,4/4 with o,,4 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

c p',srp

=[x

ZJ—( )(~)(ﬁn

where I /ig is the ratio of target length to ring circumference.
Including both the atomic bremsstrahlung cross section for
electrons and nucleusso that o ; = 422;(Z;+1)r3[In 183/Z:I3+
Il's'] 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:

=2 []40Z(Z +1) In(183/2%/3) [NA STP), ( )(ﬁ)]'

The last factor in brackets is just the target thickness n; (# funit
area), 0, = ar? and T, is the revolution time around the
ring (see Table II). For hydrogen, p‘fgp = 0.080 ¥G/m? s0
for ig = 10 cm

n = %N—pﬂiplz( i ) =5.38x 10’0( )[atoms/cm i-

For ny = 1014/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 i/l factor (~ 4.5 x 1075 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 fe. /e, = £1%
in both SPEAR and PEP, the corresponding partial lifetime for
a 10'¢/cm?, hydrogen target is:

H
-T,_,ir ~ (5.31 x 4 x 0.58mb x 10.42 x 10M)"?

159 hrs (PEP})

=78 x 10"
169 hrs (SPEAR)

This indicatea these experiments can be done on both SPEAR
and PEP without requiring dedicated operation with £ 2 103
cm~?s~? using state-of-the-art polarized gas targets! This is
independent of beamn energy and valid for all energiea of cur-
rent interest (€ & 1.5 GeV) as well as elements with aZ <« 1.
PEP, with its Inrge radius and lerge energy range, would seem
to be an ideal system for these experiments especially when
multibunch operation with higher duty factoy 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 (Vy); bunch number (n) and distribution; both high
and low 8} ,; vy, 0, 0, and Vpr; and vgy. These should be
done at a couple of energies e.g. a low (5 GeV), intermedi-
zte (10 GeV) and high energy (15-17 GeV). Any instabifities
observed should be characterized by their threshold behavior
(i3} 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 mosat important param-
eters characterizing both accelerators and storage rings are
the energy range (C-M) and the beam current or luminosity
avpilable over this range. While the primary goal is to reach
higher energies, it also seems important to improve the lu-
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 iry 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 moat 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 hav«
shown some bypasa 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 2 number of new,
low emittance configurations possible for PEP!¢, some of which
are shown in Table IIl, such options seem inevitable.
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Fig. 5: Comparison of PEP’s synchrotron radiation spectrum
with a number of existing and propoeed rings such as the
European Synchrotron Radiation Facility and the Argonne Syn-
chrotron Light Source.
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of Table ITI around the Interaction Region(IR) and RF cavities.

For high brightness you need low emittance. Let's compare
to SLS whose design emittance!’” at § GeV is ¢ = 664 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 Ligher brightness also requires high current ca-
pability at the lower energies which is discussed in the next
section.
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Table 11I: Some New Cpesating Configurations for use at PEP.

Mini-Beta | Low Emittance | Low Emittance

1-Fold &-Fold 1-Fold
Hor._Tune, vy 21.28 20.28 29.28
Vert. Tune, v 18.22 13.20 13.20
Mom. Comp.,a_ | D.00255 0.000986 0.000973
G EGeV)T 549 1.30 1.27 X GevT
[CE/EVE(GeV 000668 0.00668 0.00688 KGev- !
8; 1.00 67.9 §4.0 m
. TR 0.04 1000 356.6 m
" -0.093 -2.0 Q.0 cm
3. 22.8 20.8 20.2 m
B, _Cell 36.. 43.0 44.0 m
7 1.2 055 0,51 m
s 32.4 260 264 m
“8, 85 55 5.1 5.3 ™
" 149 [KF] 0.53 ™
[-A 4,50 79.3 m
B, 51K 0.18 96.6 m
n* 0.004 0.0 cm

B. Internal Targets

PEP, with its large radius (2xR = 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 bremstrahiung cross-section
and the target thickness. The log factors can each be approx-
imated by 5, so one has:

tir = (g i) i) ) % 1 ™

Such conditions are ideally maiched to simultaneous ayn-
chrotron radiation operation so long as there is no significant
increase in emittance. The lifetime due to single coulomb scat~
tering goes as E2A2/2%8,8,n; and is orders of magnitude larger
than for bremstrahlung so that setting the aperture (of 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
2lso a problem. Similarly, the harmonic number of the ring ia
h = 2592 but only three bunches per bearn have been seriously
giudied.

A major limjtation 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? basxed on optics changes and measurements
of the limiting currents observed?!. Figure 7 shows the latest
calculations for PEP based on Table 1 and the new colliding
beam configuration3? in Table HI. Figure 6 shows 8,4 in the
vicinity of the cavities. This distribution is clearly not optimal
and never was which explains why the previous single-bunch,
fast, hesd-tail threshold was roughly consistent?®! with the PEP
transverse cavity impedance.
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Fig. 7. Some representative RF limited current characteristica
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 [imits 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 a3 adding and removing cavities, increasing the number
of bunches and running with a single gas cell such aa the one
described in Ref. 23 with conditions where the effects should
be most evident. A properly terminated cell of thia type does
not infiuence the beam significantly but the reverse may not
be true. Although the beam will tend to drop some energy in
it, this shou!ld 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
dota represent the threshold for dominance of the the trans-
verse mode coupling inatability or fast, head-tail effect2021, 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 ¢an be thought of
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as N coupled oncillators with N normal modes which requira
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
c2n 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 a% 4.5 GeV has been verified
80 we have used very conservatives numbers for the beam cur-
rents at the lower energies in the various Tables, Concerning
higher energies, Fig. 8 showa 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 operatisn from 2 < F(GeV) < 25.
Several systematic machine phy: :a siudies 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 o magnetization cycle. Every
PEP magnet was measured in tais way with data taken from
1-27 GeV.

Other questions also include various polarization effects.
The scattering of circularly polarized light by ¢* can be used
to measure polarization of the e and can alto be used to in-
duce it but with poor efficiencics at these energies. A low-
energy, polarized electron beam can be used in a similar way
to the photon beam to measur the polarization of a stored
electron beam or to polarize ph- tons via Compton scattering.
Implementing longitudinal polar zation with the new, efficient,
tensor polarized gas targets could then provide an absolutely
unigue facility for nuclear QCD studies from 2-17(25) (Eev that
would allow high luminosity &+ 5 and #+ 4 and 4 + 4 studies
etc. A numberof alternative insertions to provide longitudinal
polarization in one or more interaction regions are possible in
PEP but IR 6 appears best.

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 211 IR hall for detectors, spectrameters,
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 disperasion 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 haa a very low energy spread compared to the
linae, it can etill be improved to do high resolution spectrom-
eter studies at much higher energies than Bates or LAMPF. 1
won't discuss the various uses of wigglers implied in the Table
but leave this as & topic for future discussion among interested
parties.

Table IV: Operational corapatibilities between Colliding Beam physics(CB), In-
ternal Target physica{IT) and Synchrotron Radiation physics(SR). “D" stends
for experi requiring Disp “SP™ stands for Symmetry Point, “IR" for
Interaction Region, *U" for Undulator, “W" for d
Robinson wiggler located at high n e.g. at the SP.

d Wiggler and Wy is a

E(GeV) 5 10 15 20
CB Wsp Wsp Wir,Wa
1T Any Any Any Any
1ITD U U U 1]
SRSP UWg UWg U, Wg UWg
SRIR A uw uw W

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. Firat on the list is the new mini-beta
upgrade which allows a variable mini-maxi scheme aa shown in
Table ITL. This will be tested this fall. Variable density targets,
in conjunction with wigglers sould improve low-energy, collid-
iug beam operation by providing independent control aver 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 erergy 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 unduls-
tors to name a few. An ipjection IR is clearly preferred for
this work which would allow high luminoeity £+ and + A
studies as well as § + ¥ over & 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 2nd multi-bunchbeams
as a function of energy or cperating configuration. How should
one use the various wigglers, bunch lengthening cavities, higher
order multipoles, internal targets snd 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 teat 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: Alf
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 that at a
particular point in the ring the directior 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
is maintained at as high a level as possible. Possible
solutions for the PEP storage ring anc the proposed
MI1i-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. TFirst, the evolution of the electron spin
vector in the presence of 2 magnetic field E is described

by the Ba.rgmann—l\«ﬁchel-TelegdiU (BMT) equation:

e
[#) (a8 e )
s the electron chatge,
the electron energy divided by its rest masa,
(e-2)/2 0.00118 and g is the electron
gyromagnetic ratio, and
Bt(Bl) P
(perallel) to the electron momentum p.

2 -
8=895Xx

aas

where:
is

e
g
a

is the component of B perpendicular

The cortesponding equation of motion for the

electron is:
2 . e
P=px | TH,
Thus, an axiz] field does not affect the momentum but

does produce & precession of the spin about the
momentum, 5 The angle of precession is given by:

8 [rad] = E%%I B,L(T-x)
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where L is the length of the trajectory in the field B
A transverse field affects not only the spin, but
also the momentum:
d S . e}
a;ll'p)=[—;]l'pxﬁt
Thus, the spin precesses about ﬁt' The magnitude of
the precession is given by:

E(CeY
6, = 2.27 E{GeV] 8y =

EfSeVl

0.44065 “B

where 05 is the arngle between the spin and the
momentum and 9B is the angle through which the
electron is deflected. Note that an electron with an
energy of o x 0.44085 GeV will have its spin aligned in
the same direction after each time it is bent through
360*. For electrons with any other energy, the spins
will be pointing in some other direction after deflection
through 360°.

The second phepomenon which must be
considered is that of radiative polarization.
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 umit 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).Y)
from the SPEAR results in particular is that the
observed polarization properties were very accurately
deseribed using matrix methods (a la TRANSPORT)
developed by A. Ch»m.4
improvements of the methods give one confidence that

An important observation to be drawn

Subsequent refinements and



these effects can be accurately computed.s)
The development of the polarization is generally
slow, approaching its limiting value P() exponentially:
P(t) =Py {1- exp(t/‘rp) }
where the time constant L is given approximately by:

- 18 5 G0l plel®

E[Gev]®

where C is the circumference and p is the magnetic
Clearly, these times are strongly energy-
Table 1 contains representative polarization
times for several electron storage ringe being cousidered

7, 18]

radius.

dependant.

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 I
Radiative Polarisation Rates

PEP:

'rp=1.2:10:|'-'34h. 8 GeY
=0.5x10° s 3h0 10 Ge¥
=1.8x10°8230 08 14 Go¥
=50x10°s= SaQ 18 GeV

MIT-Bates:

rp=1.sz1o;.= 8a8 0.5 GeY

=5.1x10%s= 6d81.0CeV

Saskatchewan Accelerator Laboratory:
7 =1.8x10%2~ 5y 00.1cey
=7.2x10° s~ 8d80.3Ce¥

The ebsence of significant radiative polarization at
MIT-Bates and Scskatchewan dictates that the beam
injected into thes: 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 8 GeV) the polarization time is long compared to
anticipated storage times so radiative polarization effect

At the lowest energies

can be ignored. At higher energies 7 _ is sufficiently

short that radiative polarization will cause a buildup of

polarization perallel to the vertical guide field over times
comparable to the storage times. Above about 12-14
GeV the rate is fast encugh to be useful as & means of
obtaining polarized electrons; below, it is not.
Consequently, as at MIT-Dates the injection of polarized
electrons will be required.

The existence of s 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
terget and to rotate it back into the vertical direction
just after, In this way, the radiative polarization can be
useful in either enhancing the polarization of the injected
beam or, at lesst, 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 radistion
and one which does. However, both arise from
imperfections and miselignments 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 amell) vertical and
horizontal fields. Consequently, their spins will precess
differently and, after a Jarge number of revolutions of
the machine, may point in significantly different
divections. This *diffusion” of the spins sets a limit on
the ability of a ring operating at energies at which
radistive 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 slign its spin along the field
generating the kick. Consider the case where the

When an electron undergoes a kick it

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 io polarize the beam upward



102 p—r A T —r—3
F T ™ 3
[ —_—
} ) Polarized :
I Injection '
[} Required t
ol - i ' —
F ] t E
e Radiative ! } Radiative 1
2 Polarization 1 Polarization
-'-; L Negligible I | Ugetu) 4
= — N ——e
N ! : —
F ! Rotation 3
C : Chicane 1
[ 1 Required 4
[ e—— o 4
r 1
et b b b
0 5 15 20

Efectron Energy In GoV

Figure 1.
Polarization Time in PEP

then that during the leftward kicks will tend to polarize
it downward and the two effects will [zroughly) 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. Either way, it generates a loss in vertical
polarization.

Figure 2 (taken from Reference €) shows the
results of a calculation of the asymptotic polarization
(PO) in PEP as 2 function of eleciron energy. Note
reach the ideal

that for no energy does value of Py
value of 92.4%.
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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 motiona of the
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electron. The condition defining the three strongest and
most damaging resonances is:
[‘;_2] TV 4oyt B,

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

Er = n x 0.44065 GeVY

"imperfection™

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 oacillations,
Similarly, the term containing n, corzesponds to a
"synchrotron” Both of these resonances can
be avoided by varying the tunes of the ring.

The depolarizing effects presented here do not

Iesonance.

preclude the storage of polarized electrona but they do
provide a siringent set of constraints to be satisfied by
any possible solution.

Possible Solutions

Resonant Energies

The simplest solution is to operate a planar ring
at energies Er = n x 0.44065 GeV. At these energies,
an electron with a properly aligned longitudinal spin on
one past 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
Moreover, these energies correspond to
discussed

is not met.
conditions for the imperfection resonance

earlier, Hence, their use is not viable.

Siberian Snake of the First Kind

Firast suggested by Ya. Derbenev and A.M.
Kondratenko in 1916,7 the Siberian Snake will, in
principle, enable a atorage ring to store longitudinally
polarized electrons of any energy. In particular, a first
order calculation shows it to be extremely stable with
respect to deviations in the electron epergy; the degree
to which the polsrization is maintained in the
longitudinal ditection (at the target) is proportionsl to
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only fourth and higher powers of the energy deviation.
The basic concept is illustrated in Figure 3. A
solenoid which precesses the spin of an electron with an
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 Eg) at the
solenoid. After the solenoid it will be at the same
angle but on the other side of the momentum direction.
The ensuing 180° bend will return it to the longitudinal

direction at the target.

/s% Sol
T
Op=1  §

)

Figure 3.
Siberian Snake of the First Kind

A ring with a Siberian Snake operates, essentielly,
atop an imperfection resonance. However, the solenoid
stabilizes it sgainst 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 palarization 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 ho:izontal 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.

G,=n

v,

Figure 4.
Siberian Spake 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 apin 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 adv .ntages of

working for =ll 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



Figure 5.

Figure 8 Scheme

as a pulse stretcher whick 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 verticael kicks caused by extraneous horizontal

maganetic fields.

Resonant Snake

Since the Siberian Snake already operates by
construction atop en imperfection resonance, little harm

is done by operating at a resonance energy ( Er nx
0.44065 GeV). In these cases it has been shown®) that
2 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*
is sufficient to maintain the polarization at the target
within 1% of the stored beam polarization (for & beam
with an energy spread of 10'3). For the second

jerlarization.

resonant energy it still requires only a precession angle
of 10* (see Figure €).

For higher energies the required precession angle
grows rapidly (45° for E, = 3.965 GeV) until the
scheme has no significant advantages over the regular
Siberian Snake. It also retains the weakness of the
Siberian Snake with regards radiative polarization. As »
result, it is a useful possibility for the MIT-Bates storage
ring but not for PEP.

When considering schemes which are useful when
radiative polarization plays & role one is inexorabily
drawn toward the schemes svherein the spin is
maintained paralle! to the (vertical) guide field as much
as possible. By so doing, the radiative effects in a large
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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
The schemes to be
considered now differ only in the technique used to

then back into the vertical.
perform these rotations.

Richter-Schwitters (R-S) Scheme

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

has two striking
First, it has the spins aligned vertically
throughout miost of the ring. Second, it involves only
bends in a single plane. Conceptuslly, it consists of a
series of vertical bends inserted into a straight section of
an otherwise planar ring (see Figure 7).
are deflected first up then down so they approach the

The electrons
target at an angle & to the horizontal. A mirror image
sequence returns the electrons to ihe 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/8. For any reasonable
value of #, this means a single energy.
not such a serious problem as the system is stable for a

This is however
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:

x

5)

T=lin[%5x
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Figure 7.
Richter-Schwitters Stheme

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 8 GeV and 14 GeV.

A remaining shortcoming of this design is the
large number of magnets that are required in the area
These would severely limit the space
A simplified version of the

of the target.
available for detectors.
scheme that would invelve fewer magnets would have
the shape of an inverted V. The beam would simply be
bent upwards through an angle +6 as before and the
target would be placed in the sloped straight section.
After the target an angle of -26 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

10) of precessing a vertical spin into

Another way
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-
§ 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
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 acheme (for
the same nominal energy EO) so the resultant
depolarizing effects are reduced by a factor of two.

to be minimal.
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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
and associated quadrupoles would be needed prior to the
Jast 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 merita serious study.

insertion where the target would be located.

Mini-Rotator

In 1983 K. Steffen proponedu) 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 solencids 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 Sclenoid Rotator schemes
electrons in this scheme pass through significantly more
magnetic field wherein their apins are not aligned
parallel to that field. This increases the rate of
radiative depolarization. Similarly, for epergies other
htan the ncminal energy the equilibrium direction for the
spins in the wmain ring magnets is not quite vertical; this
also increases the rate of depolarization. It was for
these latter reasons that work on the Solenocid Rotators
was initially pursued.

Conclusions

The problem of obtaining longitudinally polarized
electrons in the propased MIT-Bates ring and in PEP
appears solvable; nat 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 posaible 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,
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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 been proposed since 1084, It
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 prope-
sal also inctudes a unique facility for conducting
experiments using internal targets (IT}. The present
layout of Bates fs shown in Fig, 1. The machine, as
shown, produces a beam whose quality 15 summarized hy
the parameters in Table I. The laboratory currently
supports three experimental halls wfth five main heam
Tines, On the "B" 1ine exists thrae spectrometers
with characteristics that make them well suited for
coincidence measurements [1], However, at present as
listed fn Table I, the duty factor available {s
limited to one percent, the proposed additions to the
lahoratory 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 lower long straight section,
The internal target hall is currently envisioned as
heing 12,2 m x 15.25 m (40' x 50'). There appears to
be sufficient room in the ring for optical inserts
that may he useful for internal target experiments.

It is workshops Such as this one that are important
for defining the detailed requirements of such a faci-
lity. 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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The beam quality available from the Rates Linac
is important in the consideration of the possible
experiments that might be undertaken. Both the trans-
verse and longitudinal phase space are very small,
especially for a pulse machine, 1In normal operation,
the longitudinal phase space is characterized by a 3°
bunch width and is contained within 0.3% irn energy
spread. The transverse phase space is, for example,
Nle mm-me at 500 Mev, This aliows sub millimeter
beam size with reasonable strength quads at reasonable
distances from a target. In this way, the manochroma-

tic spot size at the target af the energy loss spec-
trometer has enahled the Spectrometer to resolve
better than 5 x 10

in energy.
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The spacial stability of the beam 15 another
cantributfon 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 heta of
approximately 30 m),

The Linac energy has been increased over the past
few years by a variety of methods, and is continuing
ta 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 b2 seen in Fig, 1, The design constraints
included maintaining the 1% duty capability of the
accelerator and, therefore, required long pulse
simultaneous recirculation. Far optical reasons, this
limits the peak current (while recirculating) to Tess
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 ysec. The turns of
injection into the 1.3 usec ring will provide 80 mA of
circulating current, and 100 yA 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 Jongitudinal 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 complemeat 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 MM peak to over
5 M peak to aliow a recirculated beam energy up to
1

.

The propesed 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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Bates Linear Accelerator Ceater CW upgrade facilities plan.

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
laboratorfes have enjoyed simiiar benefits when with
such systems.

The “numbers" distussed 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 he due to AF fluctuations or ramps
whose time constant might be on the order of the heam
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 cotlaboration with
J. Calarco (UNH) for preparation of a coincidence
experiment in the giant resonance region[2], This
experiment requires the use of solid state detectars
in the scattering chamber and is very sensitive to
background caused by beam halo. Measurements made
with the medium energy pfon 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
focus 1s 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 1imit on the beam size, including over
99.9% of the beam, especially 1f target frames of
1imiting 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 107 outsfide 2 4 cm diameter. On the same figure,
the fraction of a guassian peam outside a particular
radius is also plotted, The difference between the
two curves can be considered the beam halo. Better



conditions have alse been achieved with more cone
siderable tuning. The above situation s 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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The layout of the proposed ring lattice is shaown

in Fig. 4. The basic rectangular shape is made up of
four 90° bend 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 inciude bend cells (12); FODO cells (7, {5)) on
the long straight sections; FODP cells on the shaort
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, % with the dashed line
that of an internal target optics cell,

The basic criterfa 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 fi1)
the ring with 80 mA of circulating current;

~ The bend cells, in combination with the short
straight sections, are designed to be secand
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.

56

! 1 1 i
93 186 279 372 465 558 651 T44 BIT

LENGTH (M)
Figure 5. Long Straight Section with Internal Targt

- 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 Tower 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 dynamit¢ range
and synchrotron losses are minimized, along
with a minimized synchrotron oscillation period
neaded for extraction. This minimizes the RF
requirements, however, it does increase the
damping times.

Table II summarizes some of the interesting ring
operating parameters. Given 80 mA of circu1ating
current, the possible Tuminosity attainable in the
proposed ring can be found in Fig. 6 for a range of
internal targets.
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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
targats, 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 10~ torr, Consider an 1Rterna11§arget
in the r;ng with a density of from 10" to 10
atoms/cem”, This coaverts to a local pressure of from
10-7 to 1N torr. Table III shows the nearby vacuum
assuming differential pumping speeds of 60,000 1/s per
chamber and conductance limiters of 1 ¢m 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 callisions within the
gas, evaporation of the clusters, and evaporation
1nduceq hy lonization., The approximate total loss can
be 10-° of the gas, Assuming thermal velogity and a
1 cm jet thickness, this corresponds to a Teakup rate
of .1 torr 1/sec. This leakup rate also requires a
conductance 1imiter device (at least one, probably
two), It may be possible to reduce the vacuum
constraints 1f the storage time 15 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 intreduced these targets.[3]
Included on the graph is the region that proposed

TABLE I

IT YACUUM CONSIDERATIONS

P L2 43 LE4 [> 20 L T - I B T |
Target cm* Tarr gis | torr t/s | TYore ers i torr |
10t 10+ 2| sy
10°% 10! a | s-ay| o] at-mr| 4| < n?
10! 10-"| .5 | af-10)
10'? 10! S| oaesy] a5 | rewm
Assumptfons - 60,000 r/sec pumping capacity <ach cell

4 t/sec conductance - | ca diymeter pige

N.5 t/sec conductance - 0.5 ca dlaneter pipe

Conclusion - Ar Teast one {f not two canductance limitars

on each c<Tde.
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Batas facility hopes to operate, It should be noted
that the operational vacuum measurement i5 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:

1. RF cavity (4 cm diameter)

2. Injection septum (12 mm from closed orbit)

3. Extraction septum (8 mm from closed orbit)

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

(5. Other energy and emittance limiting apertures}

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

The horizontal phase space coordinates at the
internal targetr 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 comparfson purposes. The smallest
represenis one turn of on-axis fnjection. The largest
represents the porma) phase space filled for extrac-
tion. The intersecting parabolas depict the bhoundary
between stable and unstable oscillation of a particle
in the ring. This is used far extracting im the pulse
stratching mode, The intermediate case represents two
turn injection with a minimum of phase space filled.
This is defined by allowing the mirimum of room
required for the injected beam to cleanly pass by the
injection septum.

To safely contain the beam within the ring and
enable an internal target experiment, the heam 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

Figure 8, Rinn Admittance with restrictina apertures

Figure 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, {f
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, thep the next
aperture is the RF, {n which case, a collimator of

6 cm diageter would be necessary at the extraction
Tocation, 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) psec of 40 mh Ti11s the ring in two
(one) turns with B0 (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 he extracted 1f 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, {f 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 Ge¥, to over a second,
Thus, filling times will be secends. The beam would
have to be stored long, relative ta this, for useful
efficfency or the tradeoffs mare carefully examined.
Even without guestion of more current than 80 mA, the
storage time question is still useful to discuss,

The ring can be filled every msec, To fi11 less
often would save linac power, However, if ane is
anticipating using the linac puised beam elsewhere
during that time, beam sharing techniques which allow
recovary of machine parameters quickly, when it was
tfme to refill would be necessary. Finally, there is
the possibility of parasitic experiments that can run
while the beam 35 being extracted, without damaging
the extraction beam,

It 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 infarmation 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 heam 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 callimatars

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 cperation
are summarized below.
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Modes and Conditions
Any mode:

a, background manageahle

b. sufficient Juminosity

c. beam emittance acceptable

d. target density/polarizatfon acceptable

Storage made (any current):

a. Emittance does not grow beyond detector
limitations for i) resolution or i1} track
reconstruction. For 1), e < 4n ™ mrad.

Emittance does not grow so as to have hale 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 impiies that pgrt of the heam
containing more than 1.-" of the beam.
B = 1m, & < 0.5n mm mrad.

At

c. Emittance does not grow bheyond admittance.

With extraction septum e < 4x, Without
extraction septum, e < 40w mm mrad,
Parasite Mode
a. Emittance does not grow more than 10%
b. Experiment can stand extracted heam tail which
contains up to .1% of heam up to a radius of
1 mm,

Beam Loss Mechanisms

Scattering

0f the emittance growth mechanisms discussed
above, the maost talked about and the most serious is
that due to scattering. Maloney, Craft and Williamsan,
Crannell, and Norum, have all shown that this effect
is toterable over an acceptahle range of parameters.
There have been three approaches ta this subject,
Craft and Williamson shawed the relationship between
passing through an internal target once and many times
within a ring, thus allowing analytical calculations
based on multipie scattering[4] through a thicker
target. This was compared with simulatfons of a
particle traced through a ring undergaing 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 mms scattering angle agreement
with the resuits 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 fs possible when
a beam crosses a transition in pipe diameter., In this
case, the magnetic field lags hehind the electric
field caused by the beam image charges. This mismatch
causes a transverse force on the beam, proportianal to



the charge. This is, therefore, a spread in the
angles and an increase in emittance, fallowing 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
effzct, even considering the fact that actual wake
forces in rings generally tend to be over an order of
magnitude more than expected from calculations.

Figures 10 and 11 show the results for 440 and
880 MeV,

1isted above are limited to an emittance growth under
1., It is interesting that for long storage times
{seconds), the effect of damping is important.

Figures 12 and 13 compare the 2ffects of long storage
times with and without damping.

The horizontal lines on Figs. 10-13 represent
the 1imits imposed by tie constraints discussed ahove
for the different modes of operation. By noting the
time it takes to reach those lines, the plot of
storage times in Fig. 14 can be formed. FEach linre
in Fig, 14 represents a different condition as
described earlier.
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target thicknesses of a 440 MeV beam during

With a beta equal to one meter at the inter-
nal target region, all reasonable operating conditions
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Longitudinal Phase Space

The admittance in longitudinal phase space is
restricted by the RF power available, There is room
in the RF bucket for 0.08% in energy. This is cam-
pared to the expected .04% to he injected. The phys{-
cal limitation comes about at the point of largest
dispersion which is 3.8 cm/%, SGiven 2 beam pipe size
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 ysed as coaductance iimiters and
emittance protectors, The wakefields from these
discontinuities fn the vacuum pipe effect the energy
of the beam as a fuaction of beam positton and charge.
The curve in Fig. 15 shows a beam bunch traversing a
target cell. The wakefields are seen not to he per-
pendicular, the Jongitudinal component causes enmergy
change. Figure 1f shows the wake function for that
case per picoCaulomb. Given a bunch with 28
picoCoulomhs the maximum energy spread incurred by
this transition is 200 volits. 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
taoa swmall to cause the beam to shift out acceptance of
the main source of RF. MNote, hawever, in the figure
the dependence of the wakefield amplitude on taper of
the collimator edge. With four collimators o the
ring, this is doubled. Compared to other sources,
however, this is still small, Judicious design of
coYYimators is sti1) prudent, considering the general
discrepancies between calculated and measured ring
impedances,
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Bremsstrahlung

There ts 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 Timit 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 Toss 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 rieed to be investigated for background pro-
duction, Sources of the latter include:

- Emittance growth halo hitting target aperture;

~ Myltiple and single scatterings hitting nearby
beam pipe and ring elements;

- Bremsstrahlung losses coupling the energy
dependence of guadrupole focussing (e/xs)
causing overfocussing after the first quad near
the internal target.

Assuming the first effect is controlled by limiting
the Yifetime in the ring, the other effects are inde-
pendent of the 1ifetime and still must he 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. Due to
the strength of the nearhy quad, any beam having Tost
more than 25% of 4ts energy will strike the pipe bet-
ween the first and second quad. Table IV summarizes
the fraction of beam lost in these areas, Also in the
table is the corresponding beam lost in electrons
assuming 80 mA circulating current in the ring.
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Canclusions

The calculations described indicated that a wide
range aof operational mades are possibie in the pro-
posed ring. Given thelgast Eefi]l time possible,
targets as thick as 10la cm=" are feasible, and
targets as thick as 10 are possible in a parasitic
mode. It 1s 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 1imiters 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 wakefieid effects,



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

1. Large admittance

. Flexibility high beta and low beta
3. High space/elemant ratio

. Excellent heam quality

2 WMo

The budget for this facility includes the cost of
solenoidal magnets to contain longitudinal polari-
zation of the electrgn heam in the ring as described
by 8. Norunm (Y.¥a,) in this workshop.

At present, no facility for photan tagging 1s
planned, The Bates staff is currently evaluating the
exparimental needs for the planned internal target
hall, Figure 1B shows the internal target hall and
beam line as presently planned. Input from potentfal
users would be helpful at this stage,

I would like to thank several people who helped
in the preparation of this talk. Particularly
Claude Williamson and Michel Garcon for contributing
detatls of their related work, 1 also would 1ike to
thank Ken Jacobs for his calculations of the longitu-
dinal wakefields. Finally, thanks to Jim Spenser,
Phil Morcon, and Karl Bane for conversations relevant

to this workshop.

This work was supported in part by DOE and MIT,
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INTERMAL TARGET PHYSICS AT 1 GeV
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Absgract

The use of internal targets operating at high
luminesity in an electron storage ring in the energy
range 0.3-1.0 GeV {s discussed. Examples are
presented of fundamental physics problems which would
be ideally suited to such a wunique new capability.
Special emphasis is placed on the use of polarized
targets to measute 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 nuclesr species to
useful densities. The imporcance of longitudinally
polarized electrons for studying nuclear structure is
also discussed.

I. Introduction

The electromagnetic probe is an important tool as
a preclse microscope in unraveling the structure of
nucleons and nuclef. It involves a fundamental well
understood weak iInteraction (QED) with wunmatched
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
capabllities; particularly those for colncidence
experiments and those emphasizing the measurement of
spin observables.

The proposed Bates upgrade invelves the use of a
storage ring which would make possible experiments
with very thin internal targers at high luminosicy.
The description of this pulse stretchexr ring is
suamarized in a contribution to this conference by

Flanz. Key parameters for internal target operation
are:

Energy 0.3 - 1.0 Gev

AE/E ~0.04%

Current 40 mA/rurn

Duty Factor 1004

Emittance (1-turn) .0lx omemr

Beanm Polarization ~40%

Vacuum 10" torr

Intarnal Targets < 10'®%/A nue/cm?

There has developed a strong interest over the
past few years for such an internal target facility
that could provide a unique capability for addressing
fundamental problems 1In nuclear physics. The
combfnation of ultra-thin targets ~1037/cm? and large
circulating currents ~80mA results in high effective
luninosities ~5x10%¢cm s *. This is competitive with
luninosities generally used with external beams. In
additfon the low target density opens up entirely new
fields of study.

One important area imvolves experiments detecting
relatively low energy, highly lonlzing reaction
products. Such studies would include electrofission,

giant resonances and threshold pion production. In
all cases there will be an emphasis on exploiting cur
ability to map out the (q,w) plane for the reaction
process as well as to isolate contributing multipeles.

Polarized electrons and/or polarized targets have
up to now played only a minor role in nuclear physics.
At high energies the SLAC parity violatfon experiment?
involving the scattering of longitudinally polarized
electrons from quarks provided a crucial test of our
understanding of electro-weak processes. Qther
experiments? using polarized electrons and polarized H
studied the spin structure function of the proten.
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 vielation. Recent theoretical
studies? have shown that the capabilities of polarized
electrons and polarized targets will praovide 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 nuclel.
Electron scattering can achieve this in a model
independent way.

The full power of the electromagnetic probe is
realizable only with the measurement of spin
observables: polarized targets, polarized beam and
recoil polarizatfons. In stuch neasurements one can
exploit the Iinterference 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 (101 nuc/cm?) . corbining a
storage cell geometry with the high circulating
current of a storage ring would make spin measurements
in electromagnetic physics for the first ctime
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 ifonizing recolls, some
fundamental measurements on nucleons and few-body
systems and wegk inceraction studies.

II. Internsl Targets

An important practical comsideration for carrying
out an effective internal target program 1is the
question of luminosity. Comparing  typical



luminosities for beth external and internal beams we

have:
External Beam:
1 ~ 2544
t ~ (1-100)mg/cn?

34-36_ -2
cm s

L = 10/a x 10 1
oxt

Internal Beam:

I ~ 80mA

14-18

t - 10 nuc/cn? (polarized targets)

> 1077 nue/em? (unpolarized jets oz
microfoils)

L =5z 10" %cq %t

int
Although the internal target luminosities are in
general smaller, such luminosities are more than
sufficient to carry out a broad oprogram of
electronuclear studies, Experiments detecting low

energy highly 1lonizing reaction products, such as
those resulting from electro-fissfon or threshold pion
production, require the use of very thin targets,

A very important class of experiments for an
internal taxrget program invelves the use of polarized

targets, The standard techniques used to produce
dense polarized targets in nuclel such as H and B
involve low temperatures and very high magnetic
fields. Such targets have limited 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
luninesity 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 1B=erna1 beams, such targets with

densities of 10" ®nucl/cm? give high luminosities.
They have, in addition, much higher polarization
resulting in a better overall figure-of-merit. Since
the internal tarpgets can operate &t low magnetic
fields the spin orientetion 1is easlly contreolled and
rapid spin reversal for control of systematic errors
is a relatively stralght 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 advartages 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 naintain low vacuums outside of the target

region. The most promising target configuracions are
gas jets and storage cells. These are illustrated in
Figure 1.
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+  TARGET MATERIAL UNDER HIGH PRESSURE
+  SPECIALLY DESIGHED MOZZLES
+ GAS COLLECTION/PUMPING

PUMP

LAVAL HOZILE

o=,

STORAGE CELL TARGET

N
-

Fig. 1: Schematic gas jet and storage
cell internal target geometries.

Another important consideration 1in the use of
internal targets involves the beam-target interaction,
Important issues fnclude:

+ energy loss
+ emittance growth
» pumping apertures
+ target depolarization,
A complete discussion of these and other targeting

problems in the proposed Bates l-GeV ring 1s reviewed
in the contribution to this conference by Flanz.

III. Hyclesr Spectroscopy

High resolution single-arm electron scattering is
the source of much of our precise and detailead
information on the electromagnetic structure of
complex nuclei. An example which emphasizes both the
specificity and shortcomings of this simple process is
3170. The data® for the transverse form factor of the
170 ground state in the effective momentux transfer

range 0.5 < i < 2.8 fm-l are shown in Figure 2.



F1!(q)

o-5
| N |
Q 2 3
g(fm™)
Fig. 2: The 70 data of Hynes et al.,
are compared to the prediction of the
extreme single-particle model ecalculation

using a harmenic oscillator wave function
{solid curve and dotted curves for
individual multipoles). The dashed curve is
calculated using & Woods-$axon radial wave

function.

In the simplest picture of 170 a d__ neutron is
bound to a possibly deformed %0 corf#é. Both the
longitudinal and trensverse form factors have
contributions from several multipoles,

2 2 2 2
Fp=Feoo+ Foy + Fey
2 2 2 2
Fr=Fn + o * By
These 1incoharent combinations of wmultipoles

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

The detalled discussion of the nuclear structure
information made accessible through the uss of
polarized cargets and longitudinally polarizad
electrons 1s summarized in s recent review by Domnelly
and Raskin.® The "Multipole Merer" aspect of spin
observables Is demonstrated by examples involving
elastic and irnelastic 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 1s allowed by a messurement of the
individual electromagnetic form factors.

As a specific example we will consider elastic
electron scattering from ??K(I=3/2), This nucleus can

be described in the axtreme single-particle model as a
1d proton hole velative to 7*%°a using simple
haMffonic osciilator 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 asymoerries. The plotted asymmetries are:

Ays = By - BT,
Ay = B - RHE
A = (- 245,
where the £, are the respsctive polarizacien cross
secticns and " Z, is the unprlarized cross section and i
=1L, Nand § tefer to the usual? target polsrization
directions with respsct to the incident electron
direction. The polarization ratio (A/2),, calculated

for specific orisntations of the target éol-ruadon,
is shown in Figure 5.

and

Tha results show significant variations for both
the asymsstries and polarization ratios as a function
of momsntum transfer. Thesa varigtions result from a
complicated tnterferenca betwaen the contributing form
factors and ars particularly emphasized when any of

Fiq)
1074
03
10-®
° '
q (fm™)
Fig. 3: The 39K dsta of Delager et
al., are compared tg¢ a phenomencloglcal £it
wade using 4 and satrix elements and

a harmonic o¥6illatof kadial wave function.
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from polarized 3°K. The polarization
asymmetries correspond to taking the target
to be 100% polarized along the L, N, and §
directions and forming the differences and
dividing by the unpolarized cross section
ED.
the individual form factors goes thraugh zero.
Precise measurements of cross sections and asymmetries
when combined with the usual longitudinal-transverse
separation usfng unpolarized targets will allow a

complete separation of the four form factors which
contribute in this case.
IV. Ionizing Reco
Internal targets will alse offer a unique

capability for studies of the nuciear continuum.
Experiments requiring the detection of highly ionizing
re.ction products are in many cases severely limited
by targeting requirements in external beams. Gas jet
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Fig. 5: Elastic longitudinally

polarized electron scattering from polarized
3%). The polarization ratios (A/E)L (solid

line), and (A/E)s (dashed
calculated for a 1008 polarized target.

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:

+ Elsctrofission
s Giant Regonance
+ Pion Electroproduction

1. Electrofission

Reactions such as ?4Mg(e,'2C 12C)e’ have been
studied wusing CW acceleracors. Several sharp
structure resonances were discovered? in the GR region
of 24Mg and 7%Si. They exhausted a significant
fraction of the E2 and E0 sun rules and decayed
primarily into “exotic" channels such as binary or
near binary fission. The nuclear structure of these
resonances still remains a puzzle, 1t 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 400pA average
currents on targets of 3ug/cm? the luminosity was
I%10%%cm “sec’” for ?4Mg. 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 f£ull coincidence program.



2. Giant Resonsnce
The objective of much of the current work in
glant resonance studies 15 to separate mades of

to carry out a spaclal
various decay channels.
and intermal target
are, however, other

of thin internal

aifferent multipolarity and
vapping of the coupling to
Luminosities for both external
experiments are similar. There
advantages offered by use
targets.

the

resolution in
target thickness £s a

One can achieve betcter
(e,e’'x) experiments where
serious limiting facter. The use of thin targets,
either gas jets or very thin foils, allows the study
of rare (and/or expensive) nuclear species.

energy

One final important consideration is rhat
internal targets allow the detection of very heavy and
highly ionizing recoil particles. For example,
experiments such as (e,e’n), which are difficulc to do

otherwise, could be carried out by detecting the
recolling residual nucleus 1if it 1is sufficiently
stable., The study of *%C(e,e'n) by detecting '?C and
measuring 1its energy 1s one possibility. Other

interesting examples of light nuclei include “He, 7LE,
1Ly, 3¢, 1SN, etc... Recoil species such as '3C,
150, 19Ne are sufficlently 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 ctypical apparatus of a
coincidence GR experiment® in the Novosibirsk ring and
some results for the '°0(e,e’a,) decay channel. This
was a relatively low energy (130 MeV) experiment using
a gas jet target.

3. Threshold Electroproducticn of Pions

A speclal type of experiment which requires thin
targets and high luminosity 1is the study of pion
electroproduction from nucle! near cthreshold. The
standard technique involveg pion detection in
reactions of the type zA(e,e'x )leA.
the recoiling

One could alternatively measure

+
daughter nuclel in the reactions zA(e.e‘leA)x_. The

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

Coincidence experiments such as these would
involve a ecomplete mapping of the {q,w)-plane for
which the relative energy of the pion daughter-nucleus
system is near threshold. The (+¥.%) 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 nucleus kinetic energy in
the laboratory frame. The nucleus energy distribution
yields a measurement of the pion angular dis:tributfon.
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 to compliment
rea) photon results.
« Measure the spatial distribution of the pion
wavefunction and use it to decide on the
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correct form of the =x-nucleus optical
potential at low_energles.

= Study x and x  production between anslog
states, Coulomb interaction modiffes the

strong luteraction and could provide a
measure of where the strong Interaction
distorcion is turmed on and off.

+ Study the production amplitude as final
state CM energy Is increased from threshold.
At higher energies the leading Kroll-
Ruderman ¢ « ¢ term 1is modified by the
addfcion of momentum dependent terms.

V. Fundspental Nessyregents

The high lurinosity of a stretcher ring will make
practical che precise measuremenc of spin observables
in nucleon and few nucleon systems using polarized
electrons and/or polarized targers. Some of the most
fundamental of such studies which now appear feasible
include the sepuration of the deuteron charge monopole
and quadrupele form factors, the neutron charge form
factor and the deformation of the delca.

1. Dsuceron Fora Fectors

The deuteron 18 our simplest bound nuclear
system. All of its static properties have been
o~
e
’
2 A 0 (e,e'oxo)
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Fig. 6: Data and schematic
experimental layour for an ‘®0(e,e’a )
measurement using internal targets in the

VEPP-2 ring ac Novosibirsk.



Electron-deuteron scattering
provides important informarijon on the short range
behavior of the deuteron wavefunctions as well as &
measure of non-nucleonic degrees of freedom such as
isobar and meson exchange currents, Quark degrees of
freedom are expected to contribute ac large g2.

precisely measured,

A complete description of the electromagnetic
properties of the deuteron (J=1) requires a
measurement of three form factors: charge monopole
(FC), charge quadrupole (FQ) and magnetic dipole (FH)

as a function of an extensive range Iin momentum

transfer.

The unpolarized e-d alastic cross section Is

usually written as:

€., {aed + B(q2)can20/2}

where
aa®y = 52Dy + BoPral + Bnrgcahy
B(a) = Fntm1)E2(aD)

2
2
AHD

n=

The two structure functions A(q?) and B(g?) have been
measured to high q? and are separated using the usual
Rosenbluth method. Such an angular distribution
provides a measure of FH but Fc and FQ cannot be

separated in a model independent manper. The location
of a zero 1in the charge monopole contribution is
important to our understanding of the validity of
different potential models as well as providing a
measure of two body currents,

The measurement of a spin observable in principle
allews the complete separation of the individual
multipole contributions. Electron scattering from a
tensor-polarized deuterium target iz sensitive Gto
additional interfering bilinear combinatfons of
deuteron form factors. The t;, component of the
tensor polarization,

42 2.4 2 2
ty = - rzan[;n Fy +§11FCFQ+%nFH []2‘+(1+n)tnn %]] /-

The most inpertant contribution to t, in the momsntum
transfer range q° < 1.2(GeV/c)? comes from the
interference term F,F,. This provides the additfonal
handle which allows ta separation of the multipole
contributions.

In a recent Bates axperiment,!? the tensor
polarization was determined by measuring the
pelarization 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
Eensor polarized deuterons. In this case the reactien
d(%He,p) was used, The extracted valuas of t,, are
compared with theoretical predictions of several
realistic potential model calculations in Figure 7.
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Fig. 7: Conparison between different
theoretical predictions for deuteron ty,
including QCD scaling, A-A admixXtures 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-vange and anticipated sensitivity of the
proposed new measurements.

Extensions of these measurements to regions of
momentum transfer Q-1GeV/c are under way“ and invalve
some very interesting physics. The potential madel
dependences are sizeable and perturbative QCD
predictions are completely at variance with the
potential model rezults. 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
asympetry in elastic electron-deuteron scattering from
2 tengor polarized target. Such measurements are
currently underway at the Bonn synchroton where lnA
beams of electrons are incident on a tensor polarized
1iquid ND, terget., A Q% up to 0.7 Gev¥/c will be
probed and in the future extended to Q?> 1 GeVZ/c on
the ELSA ring.

developing a tensor polarized
deuterium target for use as a gas jet internel to the
Aladdin 1 GeV storage ring. A target density of -101*
atoms/em? 1n a circulating current of 100 mA results
in luminosities of the order of 10%%cm s ~. Such a

Holt? at ANL is



high density of polarized deuterium nuclei Is cbtained
by using optically-pumped polarized alkall atoms which
transfer polarization to deuterium atoms by atonic
spin exchange. Densities in excesas of 1015 atoms/co?
appear feasible with present-day techniques,

2. Neuytron Electric Form Factox

The elastic scattering of unpolarized electrons
from unpolarized nucleons (J 1-1/2) {nvolves a
weasurement of the cross section

L _ 5l [G;N(QZ)-HG!%N{QZ){MKH-:)tan2 %}]

vhere

s = -y
The electtic and pagnetic form factors, GEN(Q’) and
Gy (Q%),
respectively, are related to the FL(Q) and I-'T(Q) by

J'Z?FL = (141)Gp, and Janl = JZF r)'G’m.

A Rosenbluth separstion of the form factors allows for
reasonable accuracy only when the two amplitudes are
comparable, In the rnucleon <case the magnetic form
facter 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 ronentum transfer.

The electric form factor is directly related te
the charge distribution of the nucleon and is a
fundamental quantity whose knowledge is imporcant for
the detalled understanding of both nucleon and nuclear
structure. For the proton, reasonable knowledge of
G, exists only up to 4(GeV/c)2. 1In the case of the

ng‘gtron, which 1s charge neutral, GEn is  very small

and as & result is very poorly known for all q, except
for q~0.

The usual method of measuring G, Involves the
Rosenbluth decomposition of eleccron-deuteron elastic
and quasi-elastic scattering. Interprecation of che
resules is plagued with both wodel dJdependence and
large systematic errors. The availahle body of data
for GEn up to q?-1.5(CeV/c)? are shown In Figure 8.

For the nucleon case (J,=1/2) polarized targetrs
without polarized electrons yfélds no new information.
The polarization cross sgection for scattering from
polarized nucleons 1s

2 *
8y = -S:n{J-Z'FT(q)vT, coss +zﬁFL(q)FT(q)vT .

» sin# *cos¢*}/ﬁl-'2

where

1 2 2

Fi(q) = v F (q) + vy Fr(q).

A mnmeasurement of the polarization ratioc &4 . /‘1:°
(asyametry) or equivalently that cf the recoil nuéteon
polarizatfon by means of a second scattering involves

o2~ R (§m)
n L or
S¢
0.08,
L 1} 0.8
0.04 0.9
I Lo
L1
o ~1 L it
() 5 L 10 5
g (R
Fig. 8: Neutron elsctric form facter

for different bag radii and

experimentel data.

existing

the interference tern FL(q) FT(q) whi-h is direcely

sensftive to the small form factor and ro their
relative sign. The simple Rosentluth separation {s
insensitive to the small aaplitudes

Feasible experfiments which _an be exploited to
weasure the neutron electrie form factor Gﬁn' {nclude:

’ﬁ(:,e'n)p exclueive
’ﬁ(;,c')x inclusive
L TIPS

’ﬁ‘e’(e,e')x inclusiva,

The sensitivity of the olarized-electron
polarized-deuteron experime > to GEn has recently been

calculated by Cheung and  oloshyn.1? The results for
the cyoss section and polarization asymmetry at an
electron energy of 1 GeV are shown in Figure 9. The
deuteron is polarized in che sgcattering plane at 45°
to c¢he incident electron direction. The neutron
electric form factor has been parametized by:

- pnf

2
Gp (@7 =
En ;212 :22
(Lamry Lo+ 555750y }

with 0 € p < w, The asysmetry shows large sensicivicy
to GEn and appears o be measurable.

The sensitéivity to G, has also been calculated!s
for scatrering frem pola¥ized JHe. In the simplest
plcture of 3He the protons have opposite spins, and
their contributions to spin-effects should essentially

cancel. The spin-dependent effects are then primerily
due ta the neutxon and the results for inclusive
scatvering are showm in  Figure 10. The same

parameterization was used for the neutron electric
form factor and £ is the angle in the scattering plane
ptetween the polarization axis of 3He and the Incident
electron dir-ction.
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(g, e'n)p at
different neutron
using 1 GeV {incident
with respect to change
longitudinal polarization for different
neutron electric form factors, The deuteron
is polarized at 45° to the incident electron
dirervion.
An experiment to measure G using polarized
electrons and a recolil neutron polarization
measurement is being planned at MIT-Bates.}4 Future
experiments involving polarfzed 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 ans

The N-+A transition Iinvolves the lowest spin-
isospin excitation of the nucleon. Angular momencum
and parity considerations allow three form factors
FHl' FE2 and Fcz. In a nafve spherically symmetric
quark model thé nucleon and delta are each made up of
three ls-quarks. The transition then corresponds to a
pure Ml spin-isospin flip of a 1l& 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 used to estimate the
quadrupole €2 contribution. In such models a nucleon
s-guark makes a transition to a d-quark in the delta,
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Fig. 10: Asymnztries as a function of
target polarization angle B for a) polarized
electron-polarized neutrom scattering, b)
inclusive polarized electron scattering from
polarized 3He at the quasi-free peak.
Incident 1.5 GeV electrons are scattered at
60° for different choices of the neutron
clectric form faetor,

A precise measurement of the G2 amplitude could shed
some light on a possibly deformed delta.

The polarization eross section for a I/Z =+ 3/2
transition >n polarized nucleons is given by

-1 2 2
4 - "’“’nfmc{"r""’s’ [Fm'r Ez'zﬁ"mrsz]/ﬁ

-z VTL,sina*cosoa*[Fcz(FP;l + ,|'3FE2)]}

and the spin-averaged cross section

2 2, 2
ViFea * "1‘[‘111 * Fsz]}

Previous experiments have tried to make the usual
Rosenbluth separation to determine F.,. The results!®
are shown in Figure 11. The sSmall longltudinal
contribution is poorly known and is consistent with

zero.

-1
E=- b’aHftec
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Experiments involving polarized electrons on
polarized nucleon targets would be directly sengitive
to the interesting FCZFHI interference term and

provide a measure of F.,. Possible experiments

include:

1H(e,e')a and ’Fﬁ;(;,e’)A
The combination of both experiments would allow for a
separation of neutron and proton contributions to the

transition.

VI. WHe nge: t

A more speculative ("Science-Fiction”) experiment
involving the use of internal tar_sts would be a
measurement of the charge changing weak interaction
process such as

’He(e'.’li)ve.

This reaction, although not as fundanentel as the
single-nucleon process ple ,n)ue. involves a charged
final state making it more amenable to experiment.
The basic process £&s {llustrated {n Figure 12 for
which cross section predictions have been made by
Donnelly.?®

The cross sections (~10 cn?sr™)) are very small
and {nclude contributions from vector and axlal-vector
terms which could in principle be separated. Combined
with elastic electron scattering resulta this would
provide a test of CVC. Based on the standard model
with massless left-handed neutrinos, the crosas 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 require a
large acceptance detector system, Reaction kinematics
show a strong correlation between recoil

T4

*®
Vg
e - SHe ev
%
3
H
e
T
e
3

He

Fig. 12: SHe(e” ,’H)ve charge-changing

weak interaccion physics.

angle and triton energy. This
exploited to Treject background
circulating current of 100mA, a

and a targev of 10%%atomsfem?
approximately 2/hr.

would need to be
events. With a
solid angle of 0,5sr
the event rate is

involves serious
the kinematics are

The experiment, however,
background problems. First,
identical to elastic scattering. Since this is 12-14
orders of magnitude greater, the 3He target must be
ultrapure; the SH component must be less than 10°'*,
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 opporcunity co weasure a weak
interaction form factor. It may be impractical. It

should, however, be looked at as an interesting
example of the kinds of “"exotic" but very exciting
experlments which may be possible *..ng internal
targets.

VII. Sumpagy

Ve have tried to show in this brief review, using
a few select examples, & glimpse of the new puysics
that would be made possible using Internal targets at



a 1-GeV storage ring. The abilicy to measure
accurately small amplitudes and interfering processes

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.

To make the propesed experiments a realicy will
require. a nominal investment in the upgrade of
existing accelerator facilities. The accelerator
technology is well understood and only a modest
investment in research equipment would be needed for

carrying out many of the first iInteresting
experiments.
There 1is currently much activity 1in the

development of optically punped polarized targets.
The results look very promising.

Vorldwide, 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 rinsg.
The proposed Bates CW upgrade would provide a unique
facility for =such studles over an extended enexgy
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.Carlson
Physics Department
College of William and Mary
Williamsburg, VA 23185, USA

Abstract: We 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 weli
enough to be pursued and what limits QCD says they
should tend toward at higher energies.

L_Introduciion

We will examine a trio of “old" topics, which have
often been analyzed using vecicr 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-4&
transition form factors (where we don’'t mention WMD),
the nucleon form factors, and Compton scattering from a
proton target,

We will try to see either why VMD gave decent
results in some situations or what contraints QCD will
sel upon putative models 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 cowrse is
the problem. Wwhen an adequate caiculation beginning
from QCD is intractable, we use models like VIMD that
use some experimental data to say for example that
there exist bound states with certain masses, that have
the same coupting 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.

L N-A transiti

The goal here is to compare expectations al high Q2
and low Q2 particularly regarding spin observables such
as the £2/M) ratio, and to see how the underlying theory
gives high Q2 trends and helps interpret the data.

E2/H11_ratio, At low Q2 it is natural to analyze
reactions in terms of muitipole amplitudes, which we
could well calli multipole form factors. For N-A
electromagnetic transitions with the photon off shell,
there are two eleclric quadrupole amplitudes catled E2
and C2 and a magnetic dipole amplitude M1. [f the N and
A both have spherically symmetric spatial wave
functions and recoil is neglected, then the £2 and C2
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amplitudes are both zero and the M1 dominates2.

At high Q2, because the quarks are loathe to flip
their helicity, it is more natural to analyze in terms of
helicity amplitudes?, The three helicity amplitudes are
illustrated 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 Lhat 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 0{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).
Transtating into helicity amplitudes,

6. =R (-/3Fq *
G+=1/7?( Fi

where we have followed Donnelly et al's notationt. The
cancetlation necessary for the asymptotic G./G, resuit

leads to®
Fe/Fi) = /3 Donnelly et alt,
EqefMys = 1 Many authors$, @
E2Ml =-S5  Durand, DeCelles, and Marr?,

FEZ )r

+ ﬁFE? ). (i)

where we have quoted the same result in several
different conventions. The result is in great constrast


file:///~Aj~vs

to the low Q2 expectation. The data at 3 GeV? is still
consistent with zero® and it will be interesting to see
what happens just a few GeV? higher.

2 cadi The data on the
high Q2 falloff of the leading N-A form factor is usually
quoted in terms of a form factor Gy which is defined

operationally? from the cross section for eN - enN and
plotted compared to the dipole form. We show this in
Fig. (2a) where

Gyta')

G;(O) (1 + @10, 7160v*)

G, (0)

Z
6,09

(3)

is squared and shown platted vs. Q2 sﬂ"(a?) clearly
fatls faster with Q2 than the dipole form.
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Fig. (2)

However, we must also consider what QCD would
teach us to expect. By direct calculation or dim=nsional
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. (4)

2
C

Fig. (3)

Chasing down the kinematic factors ore discovers thats

Gy = (myvB /02) G, ~ 1/ (s)

at high Q2. Hence one expects that Gy will fall faster
with Q2 that the nucleon elastic form factors. One
shauld really plot =1 GH'/GD]"’ 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.

11 VD and nucleon form faclors

VMD can be implemented in several ways. How does
it get the right Q2 fatloff and why can it fit the data so
well? We will see how Iachello, Jackson, and Lande'®
(1JL) did it in 1973 and how Gari and Kriimpelmann!!
(6K) did it in 1985. Those two treatments are similar
enough Lo be discussed together but are by no means
unique, as one can learn by examining Hohler et 3112 or
Korner and Kuroda', 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 3 vector meson connecting
the photon o the nucleon so

F(O) « 5 Foo(©)
Qo .7

()]
Data (even before QCD!) show a 1/0* falloff so that
giving va a monopole fatloff implied the correct high

Q? form. (This is one of the arguments for using
monopole forms for the meson-nucteon-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
v N
Fig. (4b)

Instead, 1JL and Gk add a "direct term,” Fig. {4b),
as well as the VDM term, Fig. (4a). For the isovector
ang isoscalar dirac form factors including just the p and
w vector mesons, they have

Fa?) = (a)gled) [ t - Bp+ ﬂpmp"’l(mpi' +Q)]

Fi5(Q2) = (V) gQD) [ 1 - By + By, ?/(m 2+ Q%) ]
)

The "intrinsic form Tactor” is given by

Q¥ = (1 + 20~ ()
(Actually IJL give several choices for the intrinsic form
factor, bul with hindsight we should only consider the
one that gives the asymptotic falloff predicted by QCD.)
Note that

(i) we have Lhe right falloff at high Q2 but it comes
form the extra intrinsic form factor and the direct
coupling.

{ii) The VMD term is not significant at high Q2.
(Also, the argument given parenthetically above that
Fypgy has a monopole form is no longer valid.)

(iii} From Titting data

LI @
P" lo7 11 (T}=0 choice, below)

so that the VD terms are nol in fact dominant for any
@>o0

Asymptotic VMD coptribution. Wwhat does QCD say
about the high Q2 behavior of ¥-nucleon couplings via
vector mesons. The relevant diagram is deawn in Fig.
(5).
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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. (S)
gives a 1/Q5 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 oucleon form
factors, and clearly the vector dominance term has a
pole in the right lecation, so one can understand why the
fits Lo the form factors can be good.

Asyrptotic neutron/proton ratio. 4 and €K give
rather different values for the ratio Fy./Fy ), 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 Q2
the form factor Fy falls like 1/Q" and will dominate the

cross section unless it is unusuatly smatl and the form
factor F5 fall like 1/Q5. This means that at sufficiently
high @2, F; and Gy are identical. We can also give a
brief cataiog of what is firmly known about the neutron
form factors:

(a) Fyn(0) =0 and Fyn(0) = Xy = -1.913.

(b) From scattering of thermai neutrons off
atomic electrons'S,

Fig.(5)

dG dr K
-—255(0) - —1:(0) -~ = 0.510£0.007 GeV "
[ ) d0 im

n
aF

—%:o; = ~.003120.007 Ge¥V -
a0

(10)



Thus the siope of F, is small.

(c) The ratio of differentiai cross sections
0,/0), is measured'® at Q2 = 2.5, 4, 6, 8, and 10 Gev? at
one scattering angle. The ratio is about 1/4 at 10 Gev?
which allows us to state

[Gpn/Gip | < 172 (1)
at 10 GeV2 and the upper limit is falling betweeen S and
10 GeVv2,
Soif
a0 [ -8 _Eﬂ_.;_ _BD::?_ 1
F,o =5 g(0) -8 - +
a2 Qp:‘ff 12402
@
(12)
and my = mg, then forcing Fin ® 0 at low Q2 makes F
% 0 at all Q2. But the p has a large width and we should
account for it, for example following, as IJL do, Frazier
and Fulco!?. Using labels fy 5 for convenience below we
make a replacement for the p propagator in the
preceding formu!a,
2

»
fl = TL =
m+ 0
p
Iz + 8 /2
f = | E— 1 |
(m+0°) + (4m+0")T A(C)
p R [ 4
(13)
with
2 2 020412 [ lozdl; + 0 ]
AQT) = = / 1n
L 02 2"
(14)

After this replacement, we still have F 0) = 0,
but

1
—(0=-=
(19)
whereas

1+ 8T 13%m 2

— -2 —E .

m + 8 m/x a

[ PR [
(16)

thus upsetting the balance between ﬁp and B, when the

79

slope of Fyp, is fit. One then gets the asymptotic resuit

) Fin 440 ML (Tp=0)
1im g2.9 ""__‘-'—*= _
Ip -0.028 GK(rp=0) (17)

(More accurately, 6K do say they account for the width
of the p but in 3@ way that doesn’'t have any affect on
their fitting of the §'s.)

The result seems unfair. The width of the p is large
and should be taken into account, but the result 1JL got
by doing so is incompatible with the high Q2 neutron
data subsequently obtained. The result of GK fits the
cross sections well.

1. Proton Compton scattering
The elastic reaction dp + ¥p rpovides another check
of vector meson dominance. We separate discussion of
the high momentum transfer and low momentum transfer
regions. Al 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

e
dt

Here s is the c.m. energy squared, t is the momentum
transfer squared, and ny is the rumber of elementary

fields in particie A,

2npncn,
] =3

If we mix QCD with vector meson dominance, then
Fig. (6b) pertains and VHMD tells us that
do 2 do
. wd | Z s _Vpvp
dt 2 dt
v £y
(19).



Fig. (6b)

Since there are now two extra elementary fields
invoived in the actual scattering,
do

k) SO
dt

(20).
Data from Shupe g1 1'% is shown in Fig. (7), and it is
clear that the s-6 behavior is more compatible with the
data than 58, The direct coupling dominates.
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1o*
* L E0* "6‘
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107"~ 0g% 105 t
~
do ] Sy
ar Ay * s—’
e T r1 T
4 6 . 10 12
3(Gev™)
Fig. (7)

Compton scottering cross seclions at
constant c.n. scattering anglad®. The
straight |ines ere fitls to the dato.

On Lhe other hand for. total cross sections, the VHD
relation!

2
L

o = >

e § o Ve
@n
works to at teast the 80% level with just V=p, w, and ¢.
The total cross section of course is dominated by low
momentum transfer processes, so 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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V. Concluding Remarks

Vector meson dominance is 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 it to
nucleon electromaagnetic form faclor data inspired if
not dictaled 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”, pru'N", ¥popp, etc. (S
Sakurai published in 1966 a Physical Review Letter2®
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 VID is not useful if one
has to use a large number of veclor mesons, so its
ctility domain is an intermediate one where ihe energy
is high enough so that time dilations allow any vector
meson that the photon fluctuales 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 10 quarks dominate the VIMD 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 — €'h X, including a
discussion of the special subprocess ex — ¢’x 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 nuclej 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 inetastic inclusive (or single-arm) lepton
scattering, eN — ¢'X, prompted by the cbservation?3* of in-
triguing differences between the incjusive structure functions of
nucleons and nuclei {the “EMC” effect). In eN — ¢'X, ¢ and
e' denote the initial and final electron, and N may be a free
nucleon or a nuclens. 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 — e'hX; h labels a specific final
state hadron {e.g. =, 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 — ¢'xX. Summariesof many general properties of the distsi-
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.b
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In Section 2, | define the five independent kinematic vari-
ables and four independent structure functions, H"**, necessary
1o 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 conttibution!®! to the quark fragmentation function.!”
Section § includes statements concerning the nuclear (A} dc-
pendence of eA — ¢'hX based on the pion exchange model*?
used to explain the nuclear dependence of the inclusive process
¢A — ¢'X. In Section 6, I present predictions for the contribu-
tion of the elastic scattering process er — e'm lo ed — e'n X,
where the initial 7 in em — e¢'r is a pion bound in nucleus 4. A
summary is found in Section 7.

2. Kinaeipatics, Definitions, Crass Sections,
and Structure Fupctions

I begin with the fully inclusive scaltering of an electron
or muon from either 2 nucleon NV or a nuclear target A, sketched
in Fig. 1(a). This process is usually denoted €4 — ¢'X, where
symbo] X represents an inclusive sum over all final states. The
initial four-momenta of the lepton and the target are denoted
by & and p. The four-vector ¢ is the momentum transfer from
the initial Jepton 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 ia the energy transfer, E — F', in the laboratory frame. It is
conventional to define Q* = @* — u? = ~¢* > 0, and two di-
roensionless variables r and y, r = 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,

AIQE = QY (2Muz) > 1. (1)
Light-front componeunts p* of any four-vector p are defined by
p*=p"+n-p, 2)

where n is a unit vector chosen in the direction of the mo-
mentum transfer, n = —qf|q|. For deep-inelastic scattering,
¢ =2, q" =0, p-qg= ip*q = ptv. Light-front momen-
tum fractrons 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 4 — e'nX.

In the one photon exchange approximation, the differen-
tial cross section for inclusive inclastic scattering of a charged
lepton (e4 — e'X or uA — p'X) by any target is proportional
to tensors f»,(g, k) and F**(g, p) that depend respectively on the
properties of the lepton and the target only:

da _4mcl2Myy
drdy Q4

F¥ . (3
The tensor F* is & 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',@%), z' = Q*/(2p-q) =
z(Mpv/p-q).
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In the deep-inelastic approximation,

Fitfre = E{(1 ~ 9)Ff (2",Q%) + 22" F (=", @ Ny /D) /v,
¢

for scattering by a nuc’., and

F' oA = E{11 ~ ) (2%, @) + 224 Fi' (24, @) /2}} /v,
(5)
for & 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 2 multiple of 2', is defired by =/, = @*A/(2p4 - q). If
the nucleus is at rest, 2/, is approximately equal to z: z{ =
2AMpy [My = z. The ranges allowed kinematically for z' of the
nucleon and for =/, 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 varieble z’, This means that for a collection of in-
coherent free nucleons the momentum avereged cross section is
related to momentum averaged structure functions in the same
manner as the croas section per nucleon of the nucleus is re-
lated to the structure functions of the nucleus per nucleon. The
momentium average is called Fermi smearing.

To separate the contributions of F{* and F}! at fixed =
and @? it is necessary to study the cross section as & function
of y = v/E = @/ (2MnE), .., as & function of energy E. If
the Cellan-Gross relation is imposed, i.e. {(F; — 2zF)) /2z4,] =
oy [or = 0, then the cross section per nucleon may be expressed

in terms of F§(z,Q?) alone:

&Fo _ And’MyE

Za - o Ha-DRELE). ©

In the semi-inclusive or two-arm coincidence process,
eA — e'hX, sketched in Fig. 1(b), four momenta &, k’, and
p» of the initial and final lepton and of hadron A 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 specifv the final
state. Two of these variables, = and @* 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 Ah. I'll work with a set which has become standard
in particle physics: 2, |r|, ¢. Here, z is a ratio of dot products
of four vectors:

2= PII‘PA;
qPa

g]

Pr is the component of the final hadron’s three-momentun trans-
verse to the direction specified by q; and ¢ is an azimuthal angle:
cos¢ = (-q x k) -(~q x pa) /|a x kila x pal. (8}

I note that in the deep-inelastic approximation, z is the ratio of
the minus-component of the momentum p, to that of ¢:

z=pilq . (9)



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
Tdenote H (2,Q%,2,p%). In the deep inelastic limit, the cross
section becomes

doAh
drdydzdpd dg

dna’2MnE
Q'

) (e~ — 4)"? cos pHM*
+(Q)(2 D)1 - ) cosgHSS (1)

[Iy’Hf"' + (1~ y)H{

+ g—;‘(l - y)casZatHf'“].

Note thet it is necessary to study ¢ dependence in order to
isolate H3* and H;"". Furthermore, y dependence (i.e. £ de-
pendence at fixed z, Q) must be measured in order to sepayale
the four structure functions.

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,@?,2):

4!’&’2M~E
Qt

doAk
dzdyd: =

(=B (2,@% 2)

(12)
+{1 - ) (2,@%,2)).

In terms of its dependence on y, this expression has the same
structure as Eq. (4) or (5). If R = or/or ~ 0 in the semi-
inclusive case, either because it is measured to be such or be-
cause the simple parton model is invoked, then H, =~ 2zHj, and
Eq. (11) collapses to

doA*  4ma’MyE

dzdydz Q* (12)

[1+ (1 - 9] B (2,Q% 2)-

For any inclusive process, conservation of four-momentum

specifies that

> f d’pﬂ':%; = Ploa. (13)
.3

Here P* is the total four-momentum, and p” s the four-
momentum of a hadron of species . When this equation is
applied to the difference (Ey — p14), where £, is the energy, and
P14 1 the longitudinal component of py, along the current-target
axis, a relationship is obtained between the semi-inclusive func-
tions, A (z,Q%, 2), and the fully inclusive structure functions,
FA (z,Q?). For cach value of 1,

Z/;l dz 2T (z,Q’,z) = (I,Qz) . (14)

In the next section I discuss expectations for the z, Q?,
and z dependences of HA(z, Q%,z) based on the parton model.

3. Parton Model Description

Probabilities ¢ (£,Q%), 7/(€, @%), and GA(¢, Q?) are de-
fined which represent the quark, antiquark, and gluor number
densities in a nucleus, A. These are densities per nucleon, just

_asare F{,(5,Q?), meaning that a factor of A has been removed.
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(These densities “per nucleon” should rot be assumed to be the
parton densities of “nucleons within nuclei”.) Subscript f on ¢f
and gy labels the flavor of the quark or antiquark: v,d, s, ¢,b,2.
Variable £ is the light front fraction of the momentum of the
target A cairied by a parton of a given type.

In the parton model,’® £, ¢}£,Q%), a}(£,.Q%), and
GA(£,Q%) are messurable quantities. Indeed, { = z, with z
determined from the lepton kinematics, as defined ebove. Fur-
thermore, the ohservable {4 measures the (raction 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
e

Firz,0%) = Z!:e;:: [f(z. Q%) +af(z.0)]. (19

3.1 Quark Fragmentation Region

Tutning now to the semi-inclusive process eA — e'hX,
let’s ask what A3 (z,Q?,z) measures. Recall, z = ps-pa/q-pa,
Eq. (7). The answer to this question involves a discussion of
what happens™® to the struck quark after it absorbs the en-
ergy and momentum of the virtual photon. If quarks or gluons
could be liberated, then, for sufficiently lasge @2, 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 pot observed as asymptotic
states, Thus, z spray of hadrons is observed in the final state,
hadrons said to be “fragments of the struck quark”. For sul-
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, Dyyy(z,@%). (At sufficiently Jarge @3, there will be a
discernable gluon jet or jets in the final state in addition to the
guark jet. Gluon fragmentation is also described by a fragmen-
tation function, Dye(2,@%). In this paper I -7ill restrict my
remarks to quark fragmentation.)

1 define two regions of physical interest, distinguished by
the magnitude of p,. In the first region, the dot product py-p, i8
finite, whereas g-p4 grows in proportion to Q2. The final hadron
h moves with small momentum in the rest frame of the target.
Hadron k 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 H{z,@? 2), and the con-
cept of a fragmentation function does not apply in this region.
However, one does expect scaling, i.e. approximate Q? indepen-
dence, at fixed z.

In the second region, pa-ps grows in proportion to @2,
0 < z < L. It is in this region that hadron £ is said to be a “frag-



ment of the quark” or antiguark 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 k.

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 — ¢'hX is
defined as

_ 1 1B +o4s

“=2 tn [Eh -]’

where Ej, ps,. are the energy and longitudinal component of mo-

mentum of hadron k. (Longitudinal is defined by the direction

of the momentum q.) The full range of yy aflowed kinematically

(16)

is Y = InW2 = (n(Q*(1 — £)/z); Wy is the invariant mass of the
system X in the fully inclusive ed — ¢'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

Wy = [Q’(l - z)] 2
z

2 7.4GeV. (17)

Studies of hadrons produced by neutrino interactions on protons®

confirm that the separation of quark and target fragmentation
products is apparent for Wy > 8 GeV but not for
2 < Wy < 4 GeV. The values of Wx accessible in the CERN
EMC® and Fermilab E-665 experiments extend high enough to
satisfy Bq. (17). However, it appears doubtful that large enough
values can be obtained at SLAC with £ 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 2,0 < 2 < 1. Somewhat smaller values of Wx may
be adequate if attention is restricted to the large z region. As

V is increased above 2, or
Wy 2 3 GeV, (18)

the quark and targel fragmentation regions begin to separate.
As long as ¥ = 2, the hadrons with the largest values of z are

most likely quark fragments. Data't from e*e~ — kX show
that a distinct function D{z) may have developed for z = 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 — ¢'x* X at
E = 11.5 GeV, with 3 < Wy < 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 H{(z,Q?% z) at modest values of @* could not be attributed
cleanly to nuclear dependence of the fragmentation process.

3.2 Quark Fragmentation Functions

In the region 0 < z < 1 a function Dys(z,@%) is defined
which is the probability for a quark of flaver f to fragment into
hadren £ in an interval dz about z. In other words, Dyjy(z, @7)
is the number density in the quark of flavor f of hadrona of type
k which carry a fraction z of the (light-front) momentum of the
quark.

In the simple parton model D(z, @) is independent of
Q% just as is g7(z,@%). Gluonic radiation in QCD generates
logarithmic dependence® on @? in both D(z, @*) and q/(z, Q%).
Neither the full £ dependence of ¢(z,Q?) nor the full z depen-
dence of D(z,Q?) can be calculated as yet from first princi-
ples in quantumm chromodynamics. At small values of z one
expects’ D(z,Q%) to be proportional to 1,2, whereas 2t large
z constituent counting rules and spin considerations may be
used to specify'®!™1° the power p in an expansion of the form
2D(2,Q%) o (1 — 2)*.

In addition to @* dependence of ¢;(z,Q?) and D(z,Q?),
gluonic radiative contributions in QCD generate a finite longitu-
dinal structure function Hy(z,Q%,2) Hi(z, Q% 2)—
2zHy(%,Q% z) as well as finite contributions'® proportional to
Hs and Hy in Eq (10). In eA — e'hX, intrinsic transverse
momenta'® of the partons in the initial hadron A and final
hadron A are also a source of finite Hy and H; contributions,
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 Ha(z, ©Q?,2), valid in the quark fragmentation
region, z > 0:

H}Mz,Q%,2) = 1 e}z (g} (2. Q") Dayr(2, Q%)
! (19)
+ qf(:i QZ)D,,”(Z, Q’)]:

with

);/n’ dz sDyy(5, Q%) = z,,:/ol dez Dyy(, @) =1, (20)
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Combining Egs. (6), (12), (15), and (19), we may observe
that when op/or = 0,

do(eA— e'h X
1 dofeA e’k X) _ zdy

dz do | cAz—-ye X)
_ T [ @) 0w s, @) + 37 (2 ) Duys (5. )]
=r ¢} (g1 Q%) + 2}z, Q%)

Ceor

(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{ed — 'k X)

e 208 = % [4Da1u(=.Q2) + DA]d(‘uQ’}] .

EET

Otot
(22)
The number of independent fragmentation functions is

limited by isospin and charge conjugation invariance. For exam-
ple, for pion production,

Doty = Dy-ja = Dysja = Dy-po. (23)
Derjg = De-ju = Dyeju=Dp-pa. (24)
Dty = De-pe = -.+/. = Dy (25)
Dyejy+ De-jp =2Dgyy. (26)

Data on differences of x* and »~ spectra obtained in
studies with fsoscalar targets may be used to isolate specific
fragmentation functions. Using Eq. (22), together with Eqgs, (23)
and (24), I obtain
il do(ed — e'nt X}
30, dz

1 1 dofed = e's~ X)
- 50_..,: dz

Dx“/u[zy Q:) -
(27)

and
4de(¢A —e'n X)
3oia dz
11 dofeAd—e 1r+X)
3 Otot dz

Dy- /u(zy Qz) =
(28)

Relationships (23) and (24) may be used to obtain a very
simple expression for the sum of the 7* and n~ yields from a
nucleus with an arbitrary neutron/proton ratio. Ignoring the
contributions from sti 4nge, charm, and heavier quarks and an-
tiquarks (but retaining the contributions from the up and down
nntiqunrks), we may show that
dof{ed = e'7* X) du(eA — 'y X)]

dz dz

= Det1ul2, Q%) + Dy- 12, Q%)
et/a(2, Q%) + Ds- 14(2, Q).

Equation {29) should be valid as long as it is safe Lo ignore the
strange quark and antiquark densities, i.e. for z > 0.1.

Uzo:
{29)
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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-
iation functions, Eqs. (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-
tiquark densities of nuclei. Equation (21) shows that extract-
ing information on g}(z,Q?) and §}(x,Q?) from semi-inclusive
measurements is possible only if the fragmentation functions are
known fairly precisely.

‘To appreciate the property ol process independence of
fragmentation functions, it is useful to examine briefly the de-
scription of hadron production in electron-positron annihilation
at large @%, ete” — AX. In the one-photon approximation
{ignored are effects assaciated with the 2°), the cross section
differential in z and angle # is

= et ) B Q) 3 gy iln @)
")

In this case z = 2p,  ¢/Q? and, in the e*e” center of mass
frame, @ is the polar angle of hadron & with respect to the e*e”
collision axis. The variable cos8 replaces the variable y defined

for eA — e’ X. In the parton model, 2s extended by QCD,

da}(z,Q°)

& (31)

= 3cu;¢} [th(z,Qz) + bn“(z, Q!)] ,

where g = 47a?/3Q*. Through O{a,), the total cross section
for ete- — X is
a,(0?
2@ = 30,5 ¢ (1 + %’) , (32)
L
where the term proportional to the strong coupling strength
ay(Q?) is due to o}(2,Q%) in Eq. (30). Note the relative sim-
plicity of Eq. (31} when compared with Eq. (19). Because quark
and antiquark structure functions are absent from Eq. (31), the
e*e” data permit a more direct measurement of the fragmenta-

tion function, albeit averaged over contributions from all flavars .
of guarks 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 s(z, Q7),
implicitly suggesting that this function does not depend on tke
target A, Should the fragmentation functions Dy (2, Q%) and
Dy/4(2,Q%) 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

If the stalement of factorizaticn is correct,

Dis{z, Q%) must be independent of A because factorization is
the assertion that this function is & process independent prop-
erty of hadron k. In QCD, there can be gluon exchanges be-
tween the active quark and the spectator partons in either 4 or
k. To demonstrate the validity of factorization one must show
that these gluon interactions cancel. A proof exists*® for the
Drell-Yan process kA — 7 X, but no proof of factorization in
QCD has yet been attempted for the crossed process of inter-
est here, 7'A — kX. Presumably a “target-length condition”
would emerge from such a proof, analogous tc the relationship
between @7 and A necessary for factorization in the Drell-Yan

case: Q% 2 cAV?,

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 regiomn, 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 ag v, the energy of
the struck quark, increases. For large erough 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

87

have a small interaction probability,?

To explore these issues, it is of obvious interest to study
possible nuclear A dependence of fragmentalion as a function of
v, z, and @*. The dependence on all these variables is impor-
tant. Equations (22}, (27), (28), and {29) show that {ragmenta-
tion functions, or combinations thereof, could be extracted from
experiments done on different nuclei. The ratios of these results,
DA(z,@%)/ DP3(z,Q%), should be independent of A 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 conficrmed.

Available data on nuclear dependence of fragmentation
are of limited atatistics.’” 3! Effects of quark andjor hadron
reinteraction ere se«n at low p, but there is no evidence for
such effects for » > 70 GeV. 1 will not discuss further here
physical processes which may be important at low ~ where the
characteristic quark fragmentation length is comparable to or
less than the radius of the nucleus. Treatments may be found in
Refs. 8, 25, and 26.

4. High-Twist Contribation

High twist terms’%?! jn the structure functions, g7(z, Q?),
and fragmentation functions, D(z, Q*), are contributions which
decrem<e in proportion to an inverse power of Q7 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~2. The presence of
additional gluon or quark propagators supplies the additional

inverse powers of @ in the hard scattering amplitude.

In this section I call attention to a particular high-twist
contribution to the fragmentation function'® D,/ (2,Q%). It is
of interest in its own right and quantitatively important for the
range of values of Q* accessible in eA — ¢’k X experiments at
SLAC. Moreover, it is an important “background” to the coher-
ent ex — ¢'x signal, discussed in Section 6, where the initial x
is bound in the nucleus.

Consider the diagram for ¥'¢ — #g 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
compornent |g7). For “favored” fragmentation prosesses such a5
v — a* X or d —» 7~ X, this diagram perniits one to calculate
both the expected large z form of the scaling term in D(z, Q%)
and a @* contribution appropriate at large z. Higher compo-
nents, including gluons or additional 4§ pairs, are present and
would supply terme suppressed by added powers of Q%.

Extracting 2 fragmentation function from Kig. 3, one

obtains™%
Deje(5:@) = A [(1 - = + 374 (33)

where A is a normalization constant discussed below, and F(Q?)



q q

Figure 3: Diagram illustrating a higher-twist sukzrocess which
contributes to 4°¢ — 7X.

in the electromagnetic form factor of the pion. In the scaling
limit, Q2 — oo, Eq. (33} shows that D.() shculd fall off as
(1-2)? as z — 1. However, for finite @*, the function D,,(2) is
predicted to approsch a finite value as z — 1 whose magnitude
decreases as Q2.

Information on the z dependence of D(z, Q?) at large 2
comea from ¢te™ — xX. 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 » = 2. The value of Q? for these data,
@* = (28 QeV)?, 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, (1-2)%,
is not fixed, but data®' at large = can be used to determine a
value of A in Eq. (33). Doing so, I find values in the range
1SAS2

For large z, the cross section corresponding to Fig. 3 has
the form?®

da(”! Q’ ] 7') 1 2 2
finid bt 208 12 PN I} - 1-
dzdydz °‘2 [ +-y) ] (1-2)
) (34)
+ 6(1 - V)Ff(Qz)-

Note that the high twist term discussed here contributes only to
the structure function Hi. A test of Eq. (34) requires examining
data on ¢eN —+ e'nX for large z and verifying whether there is a
contribution to a{z,Q?, z) which is proportional to (1 — y)/Q%.
Tests made with neutrino and entineulrino data have shown
encouraging results, >~ byt much higher statistics are desirable

over a broad range of Q?.

5. Nuclear Dependence of H"* (¢4 — ¢4 X)

Models! have been proposed to explain the nuclear (4)
dependence of the fully inclusive structure functions F(z, @?}.
In all appreaches 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 & nucleus. These mode)s provide expectations for

Y

i L

the A dependence of the quark and antiquark densities, ¢4(z, @)
and #*(z,Q%).

If factorization is invoked, then ali of these models of the
nuclear dependence of Fi(z,Q?) lead to the exvectation thal
at sufficiently large Q* the A dependence of the semi-inclusive
atructure function is expressed as

BN, 0%,2) = 3 eiaofz, @)D (2. 0%
! (35)
+ 7(2) Doy (2,7

The only dependence on A resides in ¢*(z,@%) and g4(z, Q%)
which are the measured parton densities of a nucleus,

In the remainder of this section 1 will comment briefly
on further implications of the pion exchange mode} developed at
Argonne.’® It begins with the basic hypothesis that a nucleusis a
bound system of A nucleons plus an sndefinite number of mesons.
The mesons are associated with nuclear binding. The structure
functions {and hence the guark distributions) of the nucleons
and mesons are not affected by the nuclear medium. They are
the same as those measured on free nucleens and mesons.

The many-body bound state wave function of the nu-
cleus is expressed in terrus 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 ='s, and
zy for nucleons, Number densities per nucleon of mesons and
nucleons are also defined, f3(z,) »nd f§(xn), and computed
from the bound state wave function. The mean number of pions
per nucleon is given by the integral [ fA(z) d=y = {n#). Use of
light-front dynamics guarantees that the number densities are
invariant under longitudiral Lorentz boosts.

In the pion exchange model, the fully inclusive structure
function of a nuclens, per nucleon, Ff{r,13?) is expressed in
terms of the structure funztions FJ¥(z, Q%) and FJ (z, Q%) mea-
sured on unbound nucleons and pions:

@) = [ faars (2.0%) i

) (36)
A N[{Z 2
+ [RenE (£.7) don.
Analogous expressions may be derived for the quark and anti-
quark densities per nucleon, g4(z, Q?) and §*(z, Q%), as well as
for the gluon density GA{z,Q*). For example,

M@ = [ IMeas (£.07) o,

(37)
+ [ itania” (i.o ) dzn.
= N
According to the pion exchange mode: calculations,
{nf") = 0.085, meaning that in an Fe .ucleus, there are on
sverage 5 to 8 pions from which deep inelastic scatlering oc-
curs. The mean momentum per nucleon carried by those pi-
ons is (zf*) = 0.052. The “bocks are balanc .d” in the sense



that momentum lost to nucleons through binding, {z#) < 1,
is carried by exchange pions. The average nucleon momentum
{zf} = 1 — {23} ~ 0.95. This average nucleon momentum may
be related to the mean one-nucleon separation energy observed
in the reaction (e,€'p). As shown in Fig. 4, the pion exchange
model provides a unified description of Remc(z) for all z. The
value of {n?) controls the size of the enhancement of Rpmc(z)
above unity at small z, whereas {z2) conlrols the shape and size
of the depression below unity for intermediate z, In the model,
there is a modest change of {n#) with A. Vor Al, Fe, and Au,
(r2) = 0.089, 0.095, and 0.114.

Without further approximations, the pion exchange

mode] may be uzed to obtain a convolution formula for semi-
inclusive siructure functions per nucleon:

ff;"b(I. Qz) = j;. o 4;11:,,}',:‘(:l:,r)l‘i,fr'h (5? Q% z)

+ j;"” dznfﬁ[zu)fff"‘h (%,Q",z) .

This eguation expresses the semi-inclusive structure function of
a nucleus as the incoherent sum of Lhe semi-inclusive structure
functions of the nucleon and pion constituents of the nucleus.
The pion and nucleon densities, f{z.) and f(zwy) are un-
changed from the fully inclusive case.

(38)

Structure functions A;"*(z, @%, z} are those measured on
a deuteron target. The structure functions A7 (z, @2, 2) would
require experiments on a pion target: ex — e'AX. In the

T T 7
x EMC/1.05
° BCOMS
* SLAC

Figure 4: A compilation of data published prior to 1986 on the
ratio of structure functions Remc(z, @) = Ff*(z, Q%)/FP(x, Q%)
for deep inelastic electron and muan 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 indi-
cates the EMC group’s estimate of experimental systematic un-
certaintics. The solid curve is calculated from the pion exchange
model of Ref, 12. The dashed curve shows the expectation of
Q? rescaling (Ref. 37) with Q* = (200z + 10) G&V? appropriate
for the kinematics of the EMC data.
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fully inclusive case, it was possible to construct the functions
q7(z, Q%) and Ff(z,@Q%) used in Eqgs. (36) and (37) from mea-
surements of pion induced massive leplon pair production 7N —
pieX. I know of no similarly direct way to obtain the function
H™A(z,Q? 2) which enters Eq. (38). Thercfore, in order to ex-
tract specific predictions from Eq. (38}, the z and z dependences
of ** would have to be modeled. In this sense, Eq. (38) is less
predictive than Eq. (36).

One particularly interesting contribution to ¢4 — e'x X
is associated with elastic scattering from pions bound in the
nucleus. This term is described in the next section.

6. Special Term ex — &'x

In this section I consider briefly the possibility of elastic
scattering from a constituent pion in the nucleus’®® In the
deep-inelastic limit, this subprocess provides the following spe-
cific contribations® to Af:

H]A"(I,Q’,z) =0 (39)

(@2 < o(1- R [ dnaftens (Z-1)
(40)

= §(1 - 2)zfMz) F3(QY).

Since the pion electromagnetic forin factor, F,(@?), falls as @2
at large Q’_, this special contribution to eA — e’'r . decreases
as @1, llowever, il it could he identified it would allow a direct
measurement of the pion momentum density zf (z in nuclei.
The characteristic signatures of the contribution are the delt.
function, §(1 — 2}, in Eq. (40) and thc @~* dependence.

If Eq.(40) is integrated over z, one obtains

B (2.@%e =50 - AEAFHQY). ()

Recall that {z}) is the mean momentum per nucleon carried by
constituent pions in the nucleus.

A high twist @~* contribution of the form of Eq. {40)
is also expected for scattering from a free proton, ep — e'x X,
and is therefore included in the function *(z,@? 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 Q7 dependence of &j "(z,Q? z) at large
2. The special term in Eq,(40) could then be determined from
the difference

BA(z,Q%, 2} — dzn 3 ay~ (i ’.z) .
2 (5,@%2) /‘N" zre [ (2n) H; ::N'Q

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 Jarge enough @?. Exclusive reactions such as er — ¢'r are
dominated at large @2 by contributions from the valence Fack
state of the pion, [¢§). The valence state has small iransverse
separation of the constituents and thercfore 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 em — e'm, aother exarnple would be x4 — ap(A'~1). To
obtain a rough estimate of the expected background to en — e'n,
1 adopt Eq.(19) for the contributien 1o single pion electroproduc-
tion from “conventional sources”. Since the ex — e'r signal is
prominent only at large 2, Eq.(33) can be used for ihe fragmen-
tation function, with A = 1. Summing over the charges of pions,
and integrating over all z and 0.9 < z < I, | obtain

[laz [ aempr gt =1 [ "EMe Qe [ deFi(@),
o 0.9 3J/o 0.9

(42)
valid for values of @* such that the high twist term in Eq.(33) is
dominant at large z. Since [ F(z,@%)dr ~ 0.5(5/18), I derive
a signal to background ratio of

Ao o[special term)
~ o(background)

200(z7) F(Q7). {43)
The mean momentum per nucleon carried by pions is computed'®
to be (zf*) ~ 0.05, and I approximate® F,(Q?) by Fy(Q?) =
(I+Q%/0.4 GeV?)~'. Corsespondingly, r > 1 for Q? < 3 GeV2.

This computation indicaies that when an integral is made
over all x, the contribution of the special term exceeds that of
conventional sources of single pions as long as Q* < 3 GeV?,
An experiment Lherefore looks feasible. However, at least two
reservations should be stated. First, the restriction @? £ 3 GeV?
is in conflict with the assumption of the deep inelastic limit. A
more thorough computation of the structure functions, Eqs. (39)
and (40) should be made with non-asymptotic lerms retained in
the kinematics. Second, since experiments are done at fixed z or
over a limited interval in , 2 more relevant estimate of the signal
1o 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:

o There are four independent structure funciions for eA —
e'h X. To separate them at fixed z and @2, il is necessary
to study the ¢, pr, and y(= v/ E) dependences of the cross

section.

s Values of Wi = Q*(1 — z)/z 2 50 GeV? are required for
clean separation of quark and target fragmentation effects

1.

in the data and unambiguous extraction of fragmenta-
tion functions Dz, Q%) for the full range of 2. Values of
Wyx 2 5 GeV may be adequate if attention is resiricted to
z2 02

In the region z > 0, facterization 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 4 dependence of fragmentation as a
function of @?, v, z, and 2 will provide information on the
breaking of factorization and on the dynamics of parton
and hadron interactions in nuclear matter.

Interesting high twist conts :utions to the quark fragmen-
tation function D.,,,(z,Q’) ay be extracted by studying
the behavior of D,/ (z, @) a. iarge z and madest Q2.

The pion exchange model developed to interpret the 4 de-
pendence of inclusive structure : .nctions, Ff {z, @), leads
to specific convolution formulas for the semi-inclusive struc-

ture functions H?‘A(I,QT-Z)-

A special term, ex — e'm, in which scattering occurs co-
herently from pions bound in nuc i provides a distinct
contribution to eA — ¢'rX. lden:ication of this con-
tribution would allow a direct mea: ‘rement of the pion
momentum distribution in nuclei, fr, - ).
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EXPERIENCE WITH & 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
FNAL and the Brockhaven AGS in order to study proton-—
nucleus .
collisions. We have produced ultra-thin targets in

the range of 1-100 nq/m2 using a variety of pure and
mixed gases.

Introduction

The viability of a gas jet target situated in
the main accelerator ring has Desn demonstrated in a
series of experiments conducted at both FNAL and the
AGS at BNL. our primary objective in these
experiments has been to “gtudy proton-nucleus
collisions, and to this end we have used a variety of
noble gas targets mixed with molecular hydrogen. This
paper summatizes our several thousand hours of
experience with the gas jet.

In 1975, a feasibility study of a room
Lemperature gas jet target for use in FPermilab’s main

ring was undertaken by Frank Turkot and Paul Hantsch.l
A gas jet target built in the U.5.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 vacium chamber
and to crycpump 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/m2 to 100 nq/cnz, 2) a
jet pulsing time at least 10%y or 300 msec of the
acceleration period, 3) a transverse dimension of the
jet approximately equal to the horizontal size of the
beam, 4) a density of gas not in the jet proper
12000 of that in the jet, 5) good access to the
interaction region for detectors, $) contimous
operation with good reliability, 7) a design which
permitted the installation of a spare nozzle in about
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,

The de Laval Nozzle

The nozzle chosen for use at Fermilab was a 100
«m diameter de Laval nozzle {fig. 1} When a gas
initially at rest in the entrance chamber under
pressure escapes through such a nozzle, in general,
two possibilities arise, The first is that the
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
remains subsonic throughout. This occurs when the
receiver pressure remains - above a certain value, P,
(fig. 2).
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Fig 2: Area and Pressure as a function
of distance along the nozzle

At PZ' the pressure at the throat achieves its
critical value and is given by

2 -1
Pc'Pi[v-v-I]r (1
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where v is the ratio of specific heats and P, is the
inlet pressure. wWwhen the receiver pressure fails
below the value By, 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
adjustrent to the receiver pressure fs 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 tegime in which the
nozzle was operated in our experiments,

Approximating the flow using a one-dimensional qas
dynamice model that assumes an ideal gas in steady-
state isentropic flow, we can find a relation

the parameters of interest, namely tho density in the
Jet when its radius is R, the radius r, of the nozzle

at its throat, the pressurs, Pi' at the inlet, and the

temperature, T, ©f the gas at the inlet. (fig. 3)

2 (P L
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M is the molecular weight of the gas and C is the
molar gas constant. The gas flow through the nozzle
is given by

—
Q = nr’e; [7_31)7 -t [7_21'1) [Tc'.i;}"': 13)

where Ty is the temperature of the gas in the target

box. We have seasured the throughput of both a 100 and
150 m nozzle by injecting a known quantity of helium
gas into the nozzle. As shown in fiqure 4, the
agreement with eq. {3) is quite satisfactary,

Measurement of the density profile of the jet
can be made using the technique of hot wire
anemometry. This technique, when used to measure a
Single component gas, gives reasonable agreesent with
the predicted results based on eq. (2). Typically,
the measured values are about 70% of the predicted,
Beasurements performed on a 100 sm de Laval nozzle
gave a linear relation between the jet full width at
half maximm (fwhm}, 2R, and the distance 2 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 {8)
where both R and Z ate in mm., At pressures below 40
psia, there is a transition to a wider profile. At 35
psia,

2R = 0.382 + 0.25 (5)

can now be expressed in
and the distance from the

The target thickness, 2Rp,
terms of the inlet pressure
nozzle.
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The Jet Housing and Target Box

The de Laval nozzle was contained within a jet
housing, shown in fiqure 5, which was situated above
the target chamber. The housing was isolated from the
target box by means of a 12 in. vacinm gate valve.
During operation, the nozzle was positioned via remote
control in both the wvertical and horizontal planes by
saximizing 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

e the nominal beam center line. Horizontal motion
of the jet was £0.5 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
fiqure 5 was actually an electrically operated
solenoid located inside the vacuum immediately before



the nozzle. when the solencid 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 amcunt 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
recovet, a small 75 liter buffer volume at 1 ym 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 pumos
(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,

12 INCH
ASCLATION,
VALVE
’E”g"“m NOZZLE
CONE

SIDE VIEW

Fig. 5: Target box and lousing 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, 1t 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. Two 10 in. DPs, each 4000 1/s,
were located on the target box. Additiomally, there
were three upstream and two downstream DPs on the main
ring and at the ends of the straight section there
vere two ion pumps upstream and one ion puep
dounstream. 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

Pressure fluctuations at various locations in the FNAL
vacuum system (see Fig. 6).

Location Peak Recovery
{Torr) {Torz)
IP downstream 2 xlozs 6 xlo_g
2nd DP downstream 1 510 o 5 210
1st DP downstream 4 x107, 1 x10 4
Buffer Volume 3.5x10_, 1 x10 5
Target Box 1.5210 ¢ 5 %10
1st DP upstream 2.5x10 - 1 x10 o
2nd DP upstream 7 x10_4 1 x10_
3rd DP upstream 9 x10_g 6 x20_o
IP upstream 1 x10 4.5x10

Installing the jet at the AGS required that all
of the up and downstream punping 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

(fig. 71 Each end box was on by a 5600 1/s 10
in, DP with a cold water baffle. This cut the
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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 pusping chamber which further reduced the
pressure rise as it travelled down the main ring beam
pipe. Each differential chamber was on by two
batfled 750 1/5 6 in. DPs. Any gas getting past the
differential pumping chambers entered the main ring
vacuum system. During nommal pulsing, the pressure
fluctuation was 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 Feak Recovery
(Torr) {Torr)

Upstream target box 5 x10:5 1.3:10:?,
Downstream target box 7 x10 ¢ 7«10 o
Central target box 4 x10 ¢ 9 x10_

Buffer volume 1 x10 5 2.8x10_
TELl lst DP 5.2x10 o 5.2»].0_6
TEL1 MCP Box 3.Bx10_., 3.8)(10_7
TEL3 1lst DP 1 x10, 1 x10_
TEL3 MCP Box 7 x10 7 %10

The entire vacuum system was monitored via cold
cathode discharge gauges {DG) on all high vacuum boxes

(¢207° Torr) and by thermocouple gauges (TC) louated
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,
bPs shut down, and the jet turned off.

The operation of the jet and vacinm systems was
conducted from the operations trailer some 40 m away
from the internal target. The jet was positioned,
first wvertically, 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 maximm p-p
elastic counting rate was found. The timing of 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 cycle.
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 acguisition
are summarized in table 3.
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Fig. 8:

85

Table 3
Typical times for the operation of the gas jet at FNAL

and BNL.

Time after 'I“,J

Occurrence Time after To
at FNAL at AGS (ms)
Gas valve cpens 2.00 200
Gas valve closes 3.00 250
Evacuation valve opens 4.05 270
Evacuation valve closes 5.05 470
| LR
JET INLET GATE
UNPOUT & Fig. 9: CRT Dispiay
1 JET POMPOUT SATE of Gating Signals
SEAM INTENSITY
unlnu‘ul: FIELD RAMP
L [}
Ny TARGET I‘OX VACUUM
-
] 400 800 1200 1800

TIME AFTER Ty IN MSEC

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 prodvction of heavy nuclear
fragments which emergy from the interaction between
high energy (>1 GeV} protons and heavy nuclear
targets, guch 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 reascnable profile. At the same tiwe,
the target thickness becomes so high that it causes
significant beam losses. For this reason we used
mixtures of mclecular 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 sectien.

The kinematics of p-p elastic scatteri ives
the gglllcging_ result for the relation bet:egeg the
recoi netic energy and the angle between thi
proton and the incident beam dired:igng: :

Zchcoszs

PP P TR
((E+%c®) AE-NC?)) - cose

™) - {6)

where E is the total energy of the incident proton and
M is the mass of the proton. The appropriate choice
of 8 will give recoil energies in a range that is
manageable for silicon surface barrier detectors. At
l?t'tt‘l FNAL and the AGS, @ was close to 85°., Quer the
incident energy range at the AGS, the recoil energy
given by eq. {6} necessitated two two monitor arrays.
Trese were located at 84.8° and inclined out of the
piane defined by the AGS =main ring by 30° and 34°.
These telescopes were designated M4 and M5
tespectively. The detector thicknesses were chosen to
cover the range of 5 to 18 MeV in M 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. A1l detectors had an active area of 50 mm® 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 dlameter 1360 yg/cm® 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 onthe
target chaxber.

Table &
Monitor silicon surface barrier detector thickness at
BNL

Detector Thickness (um)
M4DE 200
M4E 2000
Mdv 1000
M5DEL 500
MEDEZ 2000
MSE 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 ¢
Pine € 15.1 Gev/c, and a 50 ms jet of Hy at 25 psig.

The p-p elastic cross section in this region varies
slowly with beam energy and is about 6.5 mb/sr at
84.8°. In order to extract the target thickness of
hydrogen, we have modeled the jet density distribution
as a Gaussian,

2,2
~(X-X_ )"/ 20,
pX) =pe O % n

where b, is the pesk 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
partion of the jet density distribution, as shown in
figure 11. fThus, the density distribution becowes

-(I—Qo)zﬂ(a./coslo}z

i) ae 8:3)

where, ¢ = 5 - 8, q/cos#, = o /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 praten’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 1085

atcns/cnz and a fwhm of 11,8 + 0.1 mm. These results
lie in between those predicted on the basis of eqs.
(2), (4), and (S5) 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 ard fitting procedures
can be found in references 2 and 3.
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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 wvia ionivation. In additiom,
one must 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 zebslman, et al.? Since these

detectors require a vacuum of less than 5 x 10~% 7orr
to ensure their long-term operation, they were housed
in aluminum boxes which could be vacuum isclated from
the rest of the system. A turbomolecular pump (450
1/5) 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, B0 pg/cn® thick separated the alumirm 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 rted by an
aluminum frame which was attached at its back end to a
remotely controlled mechanical driving mechanism. In
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 barcier detector (STOP) in the
ionization chamber. Corrections were made for the
energy and multiple scattering losses. The excellent
mass resolution permitted the measurepent of fragment
kinetic energy spectra to quite low energies. Some
typical specica 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 wmain ring, where
multiple travecsals 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.



1.

sss@s_g§§§3§§§§§§§§§§
s
i

|
1_1

!
o
a
1

= ch 7

- ] e

0 20 40 &0 80 100

FRAGMENT KINETIC ENERGY {MaV)
Fin. 14

o

References

D. Gross, P, Mantsch, and F. Turkot, FNAL Report
TH~534-0710.0 (Januvary 1975). P. Mantsch and F.
Turkot, FNAL Report TM=582-0170.0 and FNAL Report
TM~586-0710.0 (June 1975}.

T. C. Sangster, Ph. D. Thesis, Purdue University
(1986} .

M. Mahi, Ph. D, Thesis, Purdue University (1986).

A. M. Zebelman, et al,, Nucl. Instr. and Meth.
141, 443 (1977).

J. E, Finn, Ph. D, Thesis, Purdue University
{1982).

98



POSSIBILITIES FOR POLARIZED INTERNAL TARGETS

R. D. McKeown
W. K. Kellogg Radiation Laboratory
- California Institute of Technology
Pasedens, 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 diseussion
of advantages, disadvantages and possible problems that will
need to be addressed.

Introduction

Many experiments in electronuclear physics benefit from
the use of polarized targsts. 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 araplitudes. 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 eleciron scattering exper-
iments was pioneered at SLAC!, and improvements in the
technique have been recently reported by the Bonn group?.
These polarized bydrogen targets contain hydrogen (or deu-
terium) in beads of a2lcobol 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
polerization 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 radietion 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 iarget thickness
allowed in the ring. Note that a thin (10pg/cm?) carbon foil
corresponds to 6 x 10'%/4 atoms/cm?, so we should consider
windowless, differentially-pumped gas targets.

For definiteness, 1 will cansi-ler the aucleon 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

Table I. Relevant Storage Ring Parameters

PEP Bates PSR
Energy (GeV) 4-18 0.3-1.0
Current (mA) >20 40
Max. Target Thickness A <6 6x101%/4 101%/4
(atoms/cm?) A =40 6 x 1012 2% 10%7

range and the MIT-Bates range.) Then we roughly find that
the cross-section per nucleus is given by

do -33 oz , Cm0?
o) S25x 1077 FE A?, (1)

where E is the incident beam energy. For a solid angle of 10
msr (0.01 ar) at E = 2GeV the croes-section becomes

51 x 107 4em?. {2)

To obtain a rate of 0.1 Hz (10* counts per day) then requires

a luminosity of I 2 10°*/4 cm®/eec, and assuming a beam
current of 40mA the target thickness must be

ne 2 4 % 10'°/A atoms/em?. (3)

T will use the reference value of 10¥cm =2 as a zoal for target
izckiness. Of course, some expetiments will require more or

less, } - s is usually within an order of magnitude of the
Tequ’ . «ness for experiments that have been considered
recen

I <urvey the development of hydrogen and *He tar-

gets. Cer.nly 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 applicebility in the field.
Hydrogen Targets
I 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 besm of ~ 5 x 10! /em® could be
used to form a target by intersection with the electron beam
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Figure 1. Polasized hydrogen atomic beam apparatus

of ng ~ 5 x 10'2/cm?. This falls short of our goal by about
a factor of 100, and two methods are being explored to try to
increase the density: (8) cooling the H beam*, and (b) storing
the H atoms in a bottle®. Cooling the beam slows the atoms
50 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'%/em? one will
need tc 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 collisiona.
The Argonne group expects to achieve a polarization rate of
~ 5 x 1018 /sec with 100 milliwatts of laser power. This feed
rate is equivaic. to the best atomic beam available, and one
could expect te .ncrease the laser power to several wutts. 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 procesding to
make improvements.

An interesting mew 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
» superconducting magnet, but certainly looks quite promising
at the moment.

Dye Laser -5
+
D, -»| Dissociator - -K’ — ';

| Potassiumn l

Figure 2. Polarized deuterium using spin exchange

3He 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 selecis
the neutron with only small cotrections for the protons, which
<an be caleulated 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 ig. 4. The *He
is in a cell with & small amount of rubidium and about 20% ni-
trogen. The rubidium is optically pumped with a dye laser and
transfers spin to 3He by spin exchange collisions. The Rb is
optically thick to facilitate efficient angular momentum trans-
fer, but this causes the phenomenon of “radiation trapping”,

==

| —

H, s Dissociator |-

Still {0.5 K) RF

Y —
===

Figure 3. Uttracoid polarized hydrogen apparatus
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Dye Laser

Figure 4. Polarized 3He 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 & noble gas, wall collisions
are not severely depolarizing.

Another technique, shown in fig. 5, haa been developed by
Leduc and Laloe at L'Ecole Normale Superieur in Paris’?, Qur
group at Caltech is presently adapting this technique to build
realistic targets for use in electronuclear physics experimenta??.
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-
jze the ground state population. The polarization rate with
present laser technology is ~ 10'7/sec, and the 3He is pure.
This appears at present to be » 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 & storage bottle to hold the gas in order to generate the
appropriate target density. The typical bottle is shown in fig.
6. 1t conaists of 2 10 cm long cell with gas at 10**/cm? and two

1017 1sec
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long, tubes (length 1 and radius @) 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'*

F o 3% 100/ 5ec
10 /cm? °
Ko

= —-z'ai,

4

(4

where K x: 32, 5 = 1.5x10%/T/A cm/sec (thermal velocity),
and we have assumed a feed rate of 10'” atoms/sec into the
bottle which is at temperature T degrees Kelvin. For typical
values of 4 = 3, [ = 30cm, and T = 300°, one computes that
the tube radius must be @ = 0.36cm. The tube radius is the
sensitive parameter, as the couductance 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 103 — 104,

I will consider two possibis sources of depolarization by
the electron beam: ionizaticn and magns=tic field effects. The
ionization rate is easily computed for minimum ionizing pas-
ticles at 40mA intensity by assuming ~ 30~V /ionized atom is
required. Thin yields the result 1.5 x 10 /sec, which is much
less than the typical feed rates of ~ 1017, This does not seem
to be a problem.

(oo 7 - W
—>
*He (@ 4K)

Figure 5. Polarizad 3He by Optical Pumping of Metastables

10"* 1em® @ 1°K

—» 5x10'® Jsec

T

< | —pt10cm-—ag— | —P

Figure 6. Bottle design for polarized gas fargat
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The maguetic field of the beam is a rather subtle issue.
We consider & hydrogen target, and a pulsed beam structure
with pulse length 7 and peak current I,. The peak magnetic
field in the vicinity of the beam is B, and occupies about 10=4
of the target volume (this gives tbe number of affected atoms).

If
Bp 2 B (5)
(B is the holding field) and
T R (188,)" (6)

(v is the Bohr frequency 1.7 x 10°12d /G fsec), 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 B, with
little depolarization. If r € (ygB,)~!, then an atom only

precesses a small amount during the beam pulse, and then
precesses shout By, so & random walk takes place, and the
depolarization is not severe.

At PEP with 40 mA beam, B, ~ 5kG and 7 ~ 10~ %sec,
so that a hydrogen ‘arget would be depolarized in ~ 10~3sec
(this calculation assun.es 3 bunch operation). If the beam is
spread out in hundreds of bunches, the peak magnetic field iz
reduced by ~ 100 and the target will retain its polacization.
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 “He,
the frequency of spin precession is & factor of ~ 2000 smaller
and these effucts 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 handied adequately. Neverthe-
less, one should consider these effects carefully in designing
specific experiments.

Finally, it seems that with the anticipated target tech-
pology 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 fucilities. 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-
jous schemes for maintenance of longitudinal polarization’®,
but more work and some engineering need to be done to really
assess the feasibility of these experiments at PEP. 1 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 LARCE ACCEPTANCE MAGNETIC SPRCTROMETER FOR CEBAF

Bernbard A. Mecking

CEBAF
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Newport News, Virginia 23806

Abstract

A large acceptance magnstic spectromater for the
investigation of electron- and photon-induced nuclear
reactions at CEBAF is described.

L. Intreduction

The scientific program for the CEBAF 4 GeV elac-
tron sccelerator aims at studying the structure and
the motion of the nuclear constituents. The experi-
mental equipment that has been proposed consists of
focusing magnetic lp!ftro..tlrl with relatively small

accaptances (801 = 107 +4x, &p/p = 10%) but high momen-
tum resolution {Ap/ § 107°) and s lsrge mcceptance
spectrometer, In tgo 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 mbout the structure of nuclei. HNow-
ever, our knowledge is limited to the slectromagmetic
structurs of ground states and excited states of
nuclei (explored in (e,s’) ozftrinntc) and to some
aspects of the nuclear single-particle structure
(explored in (e,e’p) experiments). Very little is
koown aboyt the many-body sspscts of the nucleus, like
v.g. the structure of bound nucleone, the origin of
short-range corrslations or the propagation of meson
or nucleon resonsuces in the nuclear msdium. The
resason for this limitation is largely due to the tech-
nical features of the available experimental
facilitien:

a) The jow duty-cycle of sxisting electron
accelesators limits coincidencoe experiments to a
narrow kinematical rogion where a sufficient
wignal-to-noise ratio can be achisved. It also
s the operation of large acceptance detectors
inefficient because their counting rates are
limited by the instantansous background rates.
b) li!h accuracy in charged particle detection can
only be achieved in small acceptance magnetic
spactrometers.

Inportant technical developmsnts harve changed this
picturs

a) Blectron accelerators with 100% duty-cycls are
being built.

b) The quality sund versstility of large acceptance
detectors has isproved dramatically.

A large scceptaunce detsctor will be required for
the detection of multiple particle final states and
for measurements at limited luminosity. Examples will
be given for thews expsriments:

1. Multipls Particle Final States

For reactions involving several particles in the
finel state, high detection efficiency and a model-
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free analysis of the data can only be achieved by
using s detector with a wide coverage of the angular
and energy range for sll cutgoing particles. Examplea
for reactions which are of special interest for CEBAF
are:

») Hadronic final states in inclusive slectron
scattering off puclei. Single arm elezstron
scattering snd (e,e’p) coincidence experiments
have generated pussles which can only be solved by
a detailed investigation of the hadronic final
state. Using a large scceptance detector, a bims-
free investigation can be carried out by
triggering on the scattered electron only. In the
off-line analysis, the inclusive scattering cross
section csn then be decomposed into itm hadronic
channels. With incressing energy loss for the
elsctron, the following phenomena can be studied:

{1) Blectron scattering at large negative y (y=
momsntun component of the struck nucleon
paralle) to the direction of the virtual
photon 3) yields higher croes secticum 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 inttractioh 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.

Quasi-free electron scattering off bound
nucleons (requiring the hadronic final state
to contain a recoiling nucleon arcund the
direction of q). A long-standing problem is
the failure cf the Coulomb sum rule to
account correctly for the number of protons
in the pucleus. This has been interpreted as
a change of the nucleon form Iactor in the
puclesr medium or as evidence for a direct
interaction of the virtual photon with a six-
quark bag.

@

Nulti-nucleon emismion (requiring the
badronic final satate to contain 22 nucleons).
Two nuclecn emimsion is sssumed to be respon-
sible for filling the dip between the quasi-
free pank and the A-peak; there should also
be strength in the A-region due to A-
excitation with subsequent A-N interaction.

Production and propagation of non-strange (A
and higher nnc{eon resonances) and strange
(A, £ and their excited states) 3-quark ob-
jects in puclei (requiring the hadronic final
stute to be a 7N, 9N, w#N, Kk etc. system in
the appropriate mass range). Modifications
ol the properties of thess resonances in the
ouclear medium can be studied.

®

CH

(6) Desp inelmstic electron scattering. The aim
of this program is to study the hadronisation
of the struck quark in the region of large
momentum and energy transfar and to under-
stand how the inclusive cross section is

built up out of individuml hadronic channels.



Good particle identification for multiple
particle final states down to very small
angles (# S 5°) is important for this
progras.

b) Photo- and electro-excitation of the higher
nuc¢leon resonances. The harmonic cscillator quark
model with GCD motivated additions (like a one-
gluon exchange term) predicts, in addition to the
known gucleon resonances, many statea which have
not been observed. A plausible explanation™ is
that these states decouple from the rN elastic
channel and can, therefore, not be observed in
eluatic zN scattering. Since, on the other hand,
the photocoupling is still strong, photoexcitation
becomes the only available formation mechanisa.
Promising decay chennels are:

TN+ N >sd+7v9sN
N+Np+rrrN
N+ Ne+xsxs1XN

c} Ph;to-'(;nd electro-) excitation of vector mesons:
-

}' = p,W,4). An important goal of this program is

to measurs the 7-¥ coupling constant to get iff°r'

mation on the hadronig content of the photon™ and
its variation with Q. In addition, the vector
megon 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) Byperon production and interaction: 7N+ K1 (I)
The basic cross sections and coupling constants
for these reactions have to be known for the
anslysis of the electrocagnetic excitation of
hypernuclei. Using the outgoing kaor to determine
the A kinesatics, a tagged low intensity hyperon
besn can be generated. The production rates ars

' large enough so that the decay and the interaction
of the produced hyperon can be studied in the
reactions:

(1) Ap+ Ap (elastic scattering)
Bocause of its short decay length, the inter-
action of low momentus A’s is best studied in
the production target. Using the 7p + K'A
reaction for A production, sbout 500 A
scattering events can be observed psr day in
a large acceptance spectrometer.

4 +X' A

his reaction allows also to study the AN
interaction. Especially iatereating is the
search for long-lived S=-1 dibaryons; the
masses of these objecty, have been predicted
to be around the I-cusp Y,

Badistive hyperon decay: A®(1520) + 7 4 and
A°(1520) + 7 E. D+ .
U!ing a tagged photon beam, about 5¢10

4" (1520} can be produced par day. The
radiative decay width yields a sensitive test
of the quark structure of the system.

2)

@

e) PExclusive photoreactions on few-body systems

yd+*NNT
LX)

'Ha +ppn
+ NNrx + 1 (aN)

The basic properties of bound 3-guark 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 potentisl model).
Interen}in; questions are the ¢ff-shell behavior of
the JNN® vertex, the lbructgra of the N°N internc&}on.
}30 existence of dibaryons™ and of 3-body forces™ in

8.
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£} Interaction parmmeters of unstable particles.
The measurement of the A-dependence of totsl pro-
duction croms sections for unstable particlea will
determine their total hadronic cro=s sections. In
contrast to hadronic preduction reactions, the
electromagnetic production offers the big sdvan-
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 intereating is = comparison ¢ the
hadronic interaction of the n(540) and n’(958)
which are supposed to be different aixtures of the
same SU(3) states. The large g’ mass ia
attributed to a sizesble exotic 2;1uonic or
hybrid) component; this should show up as a
Q}fferenee in the badronic hehavior of 7 and 5*

A comprebensive study of the reactions h} -~ e)
requires the use of polarised beams (longitudinally
polarised elactrons, linearly and circularly polarised
photons) and polarised targets (polarised protons,
vector- and tensor-polarized deuterons).

2. Limited Luminomity

The luminosity (target density * beam intensity)
limitation can be due to the target or due to the
beam.

») Limitation dus to the beam intensity,
Expsrimental programs using secondary particle
beass (real 7, &, 7, K) need large accsptance
coverage to collect sufficient count rate,
independent of the number of particles in the
final state. Especially important are tagged
pboton boan exper;lnntu 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 polarised target.
(1) Folarised solid state hydrogen and deuterium
tagets.
For present solid state polarised targets
(ammonia or deutersted lllonil; the
luminosity has to be kept low (=10%"ca?sec™*
for tensor-polarised deuterium, =10%cn 2zec?
for polarised hydrogen) in order to avoid a
reduction of the polarisation due to beam
heating and radiation damsge.

Polarised gas targets.

The diwadvantages of polarised solid tatgets
(high magnetic fields, nuclesr background,
low temperstures, limited to bydrogen and
deuterium) can, in principle, be avoided by
usipg » low density polariszed gar target in
combinstion with a high intensity electron
bhean. A dedicated electron storage ring
would clearly be ideal for this program.
However, the rapid progreas in gas target
technology will make experiments in the
external electron beam possible.

@

Compared to = storage ring, polarised gas target
experiments in an exteraal beam will have lower

luminosity. However, there are alsc some important

advantages:

a) No difficulties to achieve longitudinal electron
polarisation.

b} Modest vacuus requirements + less differeatial
pusping will be required.

c} Greater flexibility in the arrangement of the
experimeptal apparatus.

d) Since the bean passes through the target only

once, small beam losses are acceptable + thin



windows or very small diameter openings for bottle
targeta can be used.

These features should also make it possible to
achieve higher target denféty than i* a storage ring.
A minimum density of ~10°" atoms/cm” is necessary to
give reasonable counting rate. At tbis luminosity
(=10*°ca ?sec™?), the combinstion of a polarised gas
target and a large acceptance spactrometer will be
useful for the investigation of reactions induced by
quasi-real photons.

For e, the densities :Irelii; n_v’clled_':)") give
a luminosity of several 10 "ca”“sec™ " . This
luminosity is high enough to allow for an extensive
nuclear physics program especiglly with a large
acceptance detector. Polarised “He targets can he
used to investigate the structure of the 3-body systea
or as a source of polarised neutrons. The following
experiments arm ol special interest:

(=) 'H;(;,e’n)pp to determine the slactric form
factor of the neutron
(b) 'H:(:,e'a°)pp to determine the C2/Ml ratie for

the n*A° transition.

III. General Design Considerations

A large acceptance detector that is muitable for a
broxd range of photonuclear oxperiments using electron
and photon beams should have the following properties:

1. Homogeneous caverage of a large angular and energy
range for charged particles (magnetic snalysis),
photons (total absorption counters) and possibly
neutrons,

Good momentum and angular resolution (+ magnetic
analysis for charged particles).

Good particle identification properties in the
momentus range of intsrest (+ combination of
magnetic soslysis and time-of-flight).

No transverse --;ugeic fisld at the beum axis (to
avoid smeeping o e -pairs into the detector).

No mugpetic field in the target region to provide
for the installation of polarised (solid state or
gaseous) targats requiring their own guiding field
or other complicated equipment (cryogenic or track
sensitive targets, vertex detectors etc.).

Syametry around the beam axis to facilitate
triggering and event reconstruction.

Large [Bedl for forward going particles to sccount
for the Lorents-boost.

High luminosity and count rate capability. The
detector should operate in the difficult
background environmert encountered in electron
scattering experiments. The background clu'ed by
a tagged bremsstrahlung pboton beam (N_ = 10"/sec)
is much lower and will give no ddditional
constraints.

Open geomstry 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 soleamopidal
and toroidal fields have been considered. In all
cases, the target has been asmsumed to be inside the
magnatic field volume. The results ara summarised in
table I. To fulfill requirsments §2 and §3, a largs
JBsdl and a long time-of-flight (ToF) path is
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necessary. This can be achieved by all field
configurations. The transverses dipole field is ruled
out by #4 in combination with §8; it also violates §B.
The solenoid which has become the standard mmgnetic
field configuration at e'e” colliders viclates
requirements #5, #7 and §9; therefore, it has to be
ruled out. The only configuration that fulfills all
requirements is the torcidal magnetic field. Since
the g-range for msgnetic analysis is limited due ta
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 specialise it for high multiplicity
reactions.

IV, The Large Acceptance Dstector

The solution that has besn proposed for the CEBAR
Large Acceptance Spectrometer (LAS) is a supercon-
ducting toroidal magnst equippad with drift chambers,
scintillation counters and shower counters. A
description of the main features of the LAS will be
given balow.

1. Toroidal Magnet

The toroidal magnet consists of B coils arranged
aroynd the beam lins to produce essentially a magnetic
field in ¢-direction. The sixs, fisld strength and
coil shape were determined on the basis of the physics
requirements (see table 1I for detaila)., A
perapsctive 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 smeter
lopg and 2 meter wide). Details of the ccil layout,
construction and protection have been worked out
during the Workshop CEBAF Spectrometer Magnet
Design and Technology The coils are housed in
individual cryostats to facilitate manufacturing,
assenbly and testing. For the magnetic field calcu-
lations, the finite sime of the coil was simulated by
adding up the contributions 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 ca dimmeter mround the
sxis the magnetic field is 10 Causs. As demonstrated
in fig. 4, the field lines are essentially circles
écorrolponding to a pure ¢-field) with important

eviations close to the coils. Pigure 5 gives the
integral over the p-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.

Figure 1

Perspective view of the toroidal magnet.
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The inner ssction of the eoil im circular to avoid
trangverse (in #-direction) motion of thoss outgofing
particles that do not form a 90° angle with the
conductor. This is demonstrated in fig. 6a for a
ractaogular coil -hi. (the current has been adiusted
to mske the total bend angle the same ss for the
circular coil). The transzverse deflection depends on
the acgles & (ralative to the sxis), ¢ (asimuthal
angle} and on the particle momentua and {ollrity. The
resulting lows of avents will be difficult to corract.
By using a circularly shaped coil, the anglae of
incidence can bs kept normal to the coil, independent
of 8. As shown in fig. 6b, the transverms particle
sotion is very much reduced.

2. Particle detection system

The proposed particle detsction system consists of
drift chasbers to determine the track of charged
particles, scintillation counters for the trigger and
for time-cf-flight, and shower counters to detect
photons. A side view of the detecticn systes is given
in fig. 7, a cut in the tu-rt rogion in fig. 8. MNote
that 11 3 segments are individusily instrumented to
fora 8 independent magnetic spectrometers. This will
#acilitate track reconstruction in a large background
anviroament.
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Pigure 4 Piqld lines (giving the direction of the
e magoetic field) for s=1.8a {forward part of

the magnet.
integral B = &t
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Rigura £ #-decocdance of ths integrsl B edr. 6 is

the particle emission angle relafive to the
sxis; the target has been assumed to be at
5 =0 m. Particle momentum 1 GeV/c.

3.1 Tracking chambers

Oharged particles are tracked by planar wire

bers. Bach planar chamber consists of 4 layers of
sense wires stretched in ¢-direction. The position of
the hit along the senss 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 conaist of 8¢8 counters, each about 400 ca
long, 20 ca wide, and 6 ca thick. The counters ars
viewed by 2% phototubes st both ends for improved
tining and position resclution. The endcaps zre
coversd by 8¢4 pis-shaped counters, each viewed by one
photomultiplier. Because of tie high rate, the
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Transverse particle deflection in toroidel

magnets for particles with #=40°, - 0.2,

0.4 snd 2.0 QGeV/c and ¢=218° (§=0

corresponds to the mid-plane).

a) ract lar coil shaps. Particles that
are deflected away from the axis by the
¢-component of the field are bent back

to the mid-plane; particles that ars

deflected away towards the axis are
t the coils and are lost.
coil with a circular inner section.

Note that there is no transverse motion
at ipner edge of the coil.

Figure 6

b)

Toroidal Delecior
T

Figure 8 View of the detection systam in the
direction of the beam for s=0 (target
position).

2.3 Bhowsr Counter

The detector is surrounded by shower counters for
the detection of showering particles like high energy
botons from the decay of hadrons like x*, 3, %' etg.
e to the sise snd the weight of the counter (250 m”,
2100 tons), inexpsusive saterials and comstruction
techniques bave to be used (e.g., a sandwich of lead
lates interleaved with mctive material like scintil-
ators or detectors). The expscted emorgy resalu-
tion is a/i,’ s .13/\/37(607).

3. Naxjwus Luminosity
In an electron beam, the main background is caussd

by slactron-slectron seattering and wide sagle
br trablung. At s lusinosity of 10"%ca?enec?,

208,

tem)

target 2

-18e,

-200,

28,
-324. ~204.  ~lee. .. 1. 2. I, Ccakpe.  SE8.

Transverse view of the particle detection
systenm.

Figure 7

forward endcap counters are split into two rings: one
ring at lsrge aand one at small angles. Tha
scintillation counters serve the doqblc purpose of
providing the trigger and the tu.-gf—!h;ht
inforsation. Also, a fraction of the high energy
neutrons (=5%) will interact in the scintillation
counters and will thus be detected.
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the rate of lgller scattered electrons is sstimated to
be of the order of 5°107sr Yegac? Since the
enecgies are low, the electrons are beat back even by
the small sagnetic fringe field. A fraction of the
alectrons will, however, radiate photons that will
subsequently generate spurious signals iz the
chasbers. The total integrated flux of photons due to
wide nngle bremsstrablung has been estimated to be of
the order of 10%r Yesec® (luminosity 10™ca ¥rgec™?,
!.- 2 Co¥, 270 target, all photons above 10 keV).
COompared to these slectromagnetic background rates,
the hadronic rates are nearly pegligible. The total
rats of slectrons scattered into the angular range
15*<#5150°* due to hmdronic processes is less than
1000/sec. The total hadron rats (mainly produced by
bty quasi-real photons) ie 25+10%/gec. 0o the besis of
these counting rate estimates and also due to past
operating experience of a large acceptance detsctor at
aa electron accelerator™’, one can sxpsct that the
detector can be opersted st a lusinosity of = 10"%za”
*sec  (corresponding to & 1 gA electron beam on a 1
ag/ca® target).

There will be no difficulties to operats the
detector at tagged photon beam intensity (2107 1/5ac) .
(At this photou besm intsnsity, the hadroric
production rate ism about the same as in electron beam



with a luminosity of lO"cl"uc"; however, dus 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 sand multiple
scattering into account. The momentum resolution Ap/p
for knoan vertex positicp is shown in fig. © 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;
therefors, it is nearly constant in the whole momentum
range of interest. The initial angle can bs
determined with an uncertainty 48 < 1 mrad for 1 GeV/c
particles (2 arad for 0.2 GeV/c).

Mosenlun Rygalution
T

%] —— v . -
\ 1 H
‘é “sr
<
- «
rone
[
L1
2ef ®
1.2
U «
N T
ae J0.08 5.0 .5 . T8 158,85 0.
Figure 9§ Momentum resolution 4p/p (FPWEM) am &

unction of the particle emission sagle ¢

for p = 1 Ge¥/c. The vertex is ass to

be kaown.

x contribution of the chamber position
resoluticn

sultiple scattering contribution
sum of both contributions.

5. Particle Identification

+

The combinaticn of momentus and time-of-flight Sn

1 ] O
“IN> O oo

Figure 10 8ingle event display for a Monte Carlo
enerated event from the reaction (e,e’pp).
g = 2 Ge¥, § =40, The left hand side of
the display Shows a view of the event in
the direction of the beam, the r.h.s.
presents the tracks in the 8 individual
seguents.

FEUN 3 o) ¢ Mlts -2 s 5 s b B

Figure 11 Single event display for » Noote Carlo

gonerated event from the reaction 7 p +
N+ 2 &' + 1 ¢ p induced by resl
photons. !1 = 1.8 GeV.

njd T-i cuts are used.

b4

. The sddition of the ¢-cuts
the total detection efficiency to 30%.

time resolution of A7=200 psec (sigma) was
gives clean particle identification over a wide momen-
tus range. In the forward direction, pions can be
separated from kaons up to 1.5 GeV/c, the limit for
kaon/proton separation is 3.5 Ce¥/c. f/e, T/p and :‘c
ssparation can be achieved by using the pulse height
in the shower counter in addition.

6. Acceptance

Using a Monte Carlo technique, random multipie
particle events were generated to determine thes accep-
tance. Examples for single events as they would be
reconstructed and displayed on-line by the detector
single~event display are presented in fige. 10 and 11.
For the cslculation of the acceptance, the f-raage of
the detector was taken to be 15° S 8 S 150°, 20% of
the ¢-range was assumed to be obstructed by the coils.
In wdditior, cuts in the kinetic enmergy of the emitted
particies were applied to account for detsction
thresholds: T_ 2 40 We¥ and T 2 50 MeV. For the
process 7 + p 4+ F35(1976) + & T 8** + 5~ &* p abous
80% of the all ~ r* p events are accepted if only @
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s}  (e,e'X)
El counting rate for have been estimated for
U(e,0”) at B =2 CeV mnd # =15°*. 4
luminosity of 10**ea®sec™® (per nicleon) and
80% ¢-coverage bave been assused. The total
rate of electrons scattered into the sogular
interval 14°-16* and the energy interval
(1.3-2.0) CaV is =100/wsc.
b) photon induced resctions
Combining a tagged photon beam with an
intensity of 107 7/eec and a hydrogen target
of 0.5 g/c-’ (27 ca liquid) results in »
total hadronic production rate of =400
events/sec (B.= 2 Gev, O™ 140 b).



8. Layout of Eud Station B

The dstector will be located in end station B, A
possible layout of the end station is shown in fig.
12. ZEud station and beam dump are fully shielded to
allow for experiwents using a high intensity beas on a
thio gas target (also to allow for a second high

€£nd Stolion B

-, — v T v —T —
» Counting House 8
2 ooi 14

‘ Stegang Arew | Truck scceer

~28,

Figure 12 Proposed layout of the low intensity end
station B.

intensity experiments in this mres). The detector can
be moved on rails into an adjscent staging area for
sxtended service. For photon experiments, a2
vertically deflecting tagging spectrometar is located
in an enlarged tunnel sectionm.

V. Symsary

A large acceptance magnetic spectrometer has been
proposed for the investigation of electrom- and
photon-induced nuclear reactions at CEBAF. The
wmagnetic field is generated by eight toroidal coils.
Charged particles are tracked using scintillation
counters and drift chambers; bigh energy photons are
detected by shower ters. e spectrometer will be
indispensable for the investigation of multiple
particle final states from (s,e'X) reactions and from
the decay of excited qq and qqq-states. In additionm,
it will provide the highest possible counting rate for
experiments in which the luminogity is limited due to
low target density or low beam intensity.
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Table I1 Braluation of magnetic field contigurations
for a large acceptance spectrometer to be
used for electron- and photon-induced
reactions

{(+ denotes advantage, - drawback)

Dipole {Solenoid |Toroid
Large solid sugle _(+) ++ {+}
No transverse fisld - - + +
No field at the target -~ - - - +
Symmetric configuration - + +
Open sachanical structure \v) - +
Large fBedl at small wngles + - - *
High luminosity capability - + +

Table IT: Design considerations for the toroidal magnet
1) Sise

time-of-2light path required for particle
identification via momentus and 4

L 2 2 u for particles going wideways
L 2 3 u for particles going forward
+ diameter 2 4 m, total length > 4

2) Field level

a) amall destabilising forces
b) momentum resolution Ap/p =1 %
+ [Bedl = .5 Tem Ampeturns = 5e10°

»



1
H

3) Number of coils

8) 4-f0ld symmatry for polarised target

experiments
+4, 8,13, ...

b) low obstruction of the ¢-renge due to the coils
+ 8 coils

4) Coil shaps

s) no transverss focusing/defocusing effects dus
to r-and s-components of the field
+ circular inner coil shaps

b) large fBedl in the forward dirsctica

+ asysmetric 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
University of California
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 + dexp(—q20?)
where g is the relative four-momentum difference
of the pions. The fitted value to the chaoticity is
A =037 +0.19 and o = 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
letectors for doing high energy zlectron 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
th.. TPC-2+ detector, for future experiments, a sec-
oud important topic is in the area of detector design.
The general feasibilty of any proposed detector fa-
cility must be addressed firat, 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-2y
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-2~ facility,
makes two importaunt 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
slsewhere!™" » along with a good summary of the

PEP-9 or forward spectrometer!® .



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 subsysiems. The entire central detector sys-
tem is cylindrically symmetric about the ete™ heam
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 "¢~ 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 solencidal 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.

. A set of electromagnetic calorimeters, sur-
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.

112

Fig. 1.1 Artist schematic view of the TPC-27 facility. One arm
of the forward spectrometer is shown here,

The rms energy resolution of the calorime-
ter using 14.5 GeV Bhabha cvents 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.
Qperation of the TPC

The central detector of the TPC-2v system is
the time projection chamber. The device is a large
cylinder twc meters long and two meters in diam-
eter. The chamber is filled with a gas mixture of
80% Argon ané 20% Methane and has operated at
8.5 atmospheres of pressure.

The volume is divided into symmetric haives 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 directior. 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 feld.

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™ ipteraction 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 witk a
set of 185 twenty micron diameter gold plated tung-
sten sense wires (of which 183 are read out). These
are alternating with 75gm 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 undergn 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 4-700 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-

(@
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Fig. 1.2 (3] Schematic of the TPC volume. (b} View of one
TPC eadeap showing the sectors and the dE/dx wires.
The magnetic bending and electric drift fields are par-
allel finto the page).

termined by measuring the time it takes for the
electrons to drift to a sense wire. Krowing this
time and the constant drift velocity of the elec-
trons in the uvniform electric field in the gas mix
allows us to praject back in Z to find the original
creation position of the eleciron-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
iorization energy loss (proportional to the sense wire
signal amplitude) through the gas volume and its
momentum through the magaetic 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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Pig. 1.3 Detail of the TPC endcap wire/p-"' | _:nct:y chow-
ing placement of the cathode pads and the central wire
ovar the pad rows. Pictured is one particle irsjectory

and its projection onto the pad plase,
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where
m, is the mass of the electron

I i3 the effective ionization potential for the
material

0 is the electzron density of the material
w is the plasma frequency of the material.

For a < dE/dz > resolution of better than 4%
the TPV samples & track’s ionization energy loss up
to a maximum of 185 times. In practice a ‘truncated
mean’ is used, being the m=an 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 resolvab.e due to

" the mementum resolution obtained and their small
(33.9 MeV) mass difference. The hizh and low mo-
mentum regions with respect to minirnum joniz-
ing are referred to as the one-over-beta-square and
relativistic—rise regions respectively.

To quantify the probability of identifying a spe-
cific particle type, a dEfdx x? is defined. For a
measured track momentum P the x2 is the distance
squared bctween 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®5 aources. These were
located underneath the «~7-'-neo and switchable,
irradiating the wires through holes drilled in the
endplanes.
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Fig. 1.4 Plot of eneigy low (dE/dr} ve. momentam for our
data sample. Energy loss carves showing ¢he pres-
eace of electrons, pions, kaoas and protons are seen.

First Test Run

Qur 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 tes’, was a 24 hour run with D3, raising
the pressure in the PEP bearmnline in the neighbor-
hood of the TPC from 10~9 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

1i4




raised to (2.0) — (5.0)1078 torr.

To trigger the detector during this fest we re-
quired the following. Ar identified electron fag 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™t,

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 runa where gas was injected into the
beampipe.

Data Analysis and Scanning
Data Selection

In order to filter out internal target (nuclear)
physics from the ¢*e™ or 2-y processes also present
in the data a set of offline selections were imposed:

1. The event had to have a associated e tag

2. The event veriex had to be offset from the
e*e” interaction point. We required 80.0 >
Zyerter > 6.0 o,

. 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 semsitivity time), where both
were readout and written to tape as a single
event.

. Any event was also kept even if Zyprs,r 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-2v data anal-
ysis system OASIS (originally QASYS for Offline
Ampalysis SYStem), we did a selection and event-
by-event hand scan of a selected sample. QASIS
is a software interrupt driven program allowing for
gingle 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, asse-
ciated strangeness production, deep-inelastic scat-
tering and a unique example of massive target frag-
mentation from a Xenon nucleus.
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Fig. 1.5 Example of an eveut as seen by the PEP-{ syaterm.
In this case, possible target frag
tron on a Xenon pucleus.
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.

of an elec-

What 1s 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.

ose Finstein 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
shove Xenon event. Along witk mumerous protons,
four dauterons ars seen.

nibilations 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 carrelation analysis is a too) 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, 2 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(ps,pz) is defined:

R(p1,72) = p(p1,P2)/Polp1, P2)

where p; and ps are the pion four momenta and
£, Po are the pion densitiess for a correlated and
uncorrelated (no BE statistics) sample respectively.
The parameter ¢ = p; — ps GeV, the relative
four momenta of the pions, is defined so that
R(g) is proportional to the fourier transform of
the emitfing source’s space time distribution. For
sources that have a lifetime 7 and have a gaus-
sian distribution in space S(f) o« ezp(—r?/242)
then R(g) = 1+ ezp(—g2a®)/[1 + (¢.7)?]. Here
g = f1 — pa GeV/c is the pion three momenta dif-
ference and g, = |E; — Z2| GeV. In our analysis an
exponential form R(Q?) = 1+ ezp(—Q%s?) where
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Q% = \/p1 - p2)? GeV was used.
Analysis Procedure

For our study the higher statisties sample of
beam-residual gas events was used. We required

Nuaber of Fioa-Pair Combinationz

e
Relative four~momerts {(GeV})

2] i3

Number of Pion-Pair Combinatians

.
1Gev)

odam
24

L L X
24 . 12
Mlative four-momenta

Fig. 1.7 The pion density p(py,£2) as a function of Q? GeV.
The top plot is for the corzelated 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/c
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
plot of £(p1,P2).

For p,(f1,52) the pion density in the absence of
BE correlations, event mixing was used. Event mix-




ing uges 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.

esults

Figure (8) is a plot of the correlation function
R(Q?) An enhancement is seen at Q2 < 0.25. Fit-
ting to the exponential form above we get A =
0.37 £ 0.19 and o2 = 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 = |py + 52| GeV/c and as a function of
the mediating virtual photon’s momentum transfer
—q? (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 1-421
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 27 (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, 7). 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 hLere is a conceptual design of a small
angle, large acceptance forward spectrometer for
PEP. It is interded 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: (i) inclusive electron scatter-
ing {e.g. from polarized targets); (i) semi-exclusive
measurements in hadronization studies (where the
inelastically scattered electron and one or more
kadrons normally will be detected); and (i%Z) vec-
tor meson production, e.g. (¢,€'¢), p — K+ +
K~. The suitability as is for quasielastic scatter-
ing, e.g. (c,¢'p), (e,e'2p) is less clear in view of the
wide angle at which the struck nucleons normally
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go0. 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 2 mov-
able smell aolid 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 fized-target kinematica. 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 ete™ physics) will be put for-
ward.

The Interaction Regica

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
addea 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
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Fig. 1 Top view of PEP Interaction Region 8. The slsctron dirsction ie from top to bottom in the
figure.
direction. This feature was added to the design for T T I | . T
PEP when it was anticipated that it might become
an ep collider at some later date. Such an alcove
would permit detectors at very amall angles, should
that be desirable in the future.

For fixed target physics, the gas target need not
be located at the et interaction point, and in any
case the electron and positron beams will be sep-
arated everywhere except at IR-2 (this separation
Luing = 1 em). Figure 2 shows the 100.y beam
envelope and the horizontal and vertical ‘beam stay
clear’ (= 106 + 1 em). 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 2y Spectrometer

The PEP-9 2+ Spectrometer is part of the TPC- 10
2+ Detector, which is described in detail in the pa-
per of S. Melnikoff™ . The 2v 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 Z(m)
of a Cerenkov detector, drift chambers, a magnetic
volume, a time-of-flight hodoscape, calorimetry and
muon identifiers. Subtending 20-200 msr, their chief
function is to tag inelastically scattered ¢* in two-
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Fig. 2 PEP beam profile for non-interacting IR’ daring high-
lumisosity era. Not final.
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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
whick made the TPC-2y 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-24 collaboration has been
approved for several years of high luminosity run-
ning at PEP. Under the high luminosity upgrade,
the two final quadrupoles in TR-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 (< 10~2); and (iv) good particle identification
(e, 7, K,p,d) up to § GeV. Of particular importance
is excellent 7 — ¢ discrimination for processes where
the inclusive hadron production cross section in re-
lation to the inelastic electron cross section may be

. h
!

e
R
—

A
e

2240 mm

1
Cu vn
= l =

Fig. 4 View from beam axis of existing PEP-9 Septum Mag-
net. Magnetic field lines are indicated.
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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-8 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. QOur 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
7.8 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 atm 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
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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 aronnd ¢he magnet nose. From 2-d code POISSON.

wire per cell, there is a double sense wire spaced by
250 u.

The sense and cathode wires for DC2-5 are
38 2 and 250 p respectively, and the gas mixture

T - T —7 is Ar — COj3 (16.4%) at one atmosphere. Windows
X y=225" for DC2-5 are aluminized mylar 25 u thick. The

- i typical resolution is o = 125 z. The most compre-

y;x=225") hensive document on the PEP-9 drift cells is that of

y: X = 0.0" White™ .

7] The TOF Hodoscope

] The TOF bodoscope 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 em wide, and is read out by a single photomul-
tiplier tube {(PMT).

| - !

Fig. & Profiles of vertical magnetic field component (By),
Ve, Z,y. Guls refer to dashed, and heavy solid lines

in Figure 5.

|
20 0 40 50 Corrections are made in analysis for time slew-
X,y (inches) 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 em/nsec). The resulting time resolu-
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Fig. T Time-of-Flight for x, X, p vs momentum left ordinate;
=, K fraction surviving right ordinate.
tion is found to be & = 0.47 naec for horizontal or
vertical strips alone, and ¢ = 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 x, 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 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 1/3Xy 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
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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-
olution was about 3 mm. One practical difficulty
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 bave to be countenanced
in this spectrometer as well.

ere etecto

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-
prave the xr /¢ separation, and second, to improve the
K /n 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 pf 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/ sepa-
ration (indistinguishable above 1.5 GeV /e by time-
of-flight alone) is more difficult. A combination of
2 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,
pf = 0.71 GeV /e, whereas pff = 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 estimaied assuming a Dy tar-
get, a luminosity £= 1032, and an effective coverage



in polar angle for the spectrometer of 4° < 6 < 20°.
Numbers below refer to incident energies of 14.5 (4)
GeV.

Inclusive Eleciron Rate

The rate of inelastically scattered ~electrons
from nuclei have been estimated using parameter-
ized structure functions for deep inelastic scatter-
ing (Emin = 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.

usjvi te

Useful parameterizations of inclusive hadron
production at high energies are almost non-existent.
Based on the data of Boyarski™ using a 0.3 radia-
tion length Be target at 18 GeV, the hadron singles
rates should be less than 40 kH 2.

Moller Electrons

The Moller electron spectrum diverges with in-
creasing lab angle out to the maximum angle of 907,
but the electron energy falls rapidly. (Wide angle
electrons in the lab frame correspond to ‘grazing’
collisions in the ceater-of-mass frame.) Within the
spectrometer’s angular acceptance, the tofal 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
Foin = 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
15—~ (B)=5kG R
L=2m
opc. =150
132 (x<107%) 10~ -
P
5; ! | ]
0 5 10 15
p (GeV/c)

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
f 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 pm. (It is casy 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 liinited by mul-
tiple scattering, and it is difficult to achieve much
better than 5 x 1073

p (e, e n) acceptance map 4.5 GeV

R
Q2
(GeVrc)?

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,¢'n)n at 14.5 GeV as a fune-
tion of z, % 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 e!'%, where t = (pr—q)? in the usual
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way). The acceptance is significant throughout z,
and for all but the lowest Q*. 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
eagily 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 Hz.
The former should be achievable within conventional
VAX-based systems, the latter would require either
maultiple 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 fatrly 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 ete~ 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 Q~* 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 anglus, 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 MeéeV 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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Fig. 10 {a} Energy of Moller electrons vs. angle; (b} Differen-

tial crosa section of Moller electrons vs. angle.
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KADN ELECTROFRODUCTION FROM THE FROTON AND EUTERON‘r

Staephen R. Cotanch and Shian S. Hsiao

Department of Physics, North Carolina State University
Raleigh, North Carolina 27695-8202

Abstract

Ca,lculatlons for the elr;ctroproduction reactions
ple,eKI¥ (Y=A,£) and dle,e KYN are reported to moti-
vate future experiments using different faciiities at
SLAC.' Study of the ,elementary production processes
ple,e’K)r and ple,e 'K)z will provide important infor-
mation about KNY coupling constants, the kaon form fac-
tor, and possible differences between Quantum
Hadrodynamic and Chromqdynamic formulations. Inclusive
measurements for d{e,e KJYN 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

fs 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 unigue, theoretically ™clean” handle for
studying individual and composite hadron structure and
hadronic interactions. Investigsting kaon electro-
magnetic protuction is perhsns the most appropriate
example of this philosophy since the K* meson has the
simplest hadronic reaction mechanigm, Further, photo,
(y,K), and electronroduction, (e,e'K), studies
directly address several fundamental issues in both
nuclear and particle physics. These issues are
detalled 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-
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mentary reaction is not significantly grezter than it
was twenty years ago. The quallity of existing data
also needs lmprovement as cross sections are only
accurate to about 10X and polarizations are only deter-
mined to within 25 to 50%. Additional, more accurate,
measurements will provide new information and insight
intas the fundamental production mechanisms the quark
structure of the participating hadrons (i.e. static
properties, form factors, etc.)y tests of various SUCN)
symmetry predictlons 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 plyys, K)a. Complete detalls of the calculation
are given in ref, 1. As indicated in the figure, the
different curves correspond to various cosbinations of
-oupling constants (labeled set I and II, obtained from

3 phenomenological photoproduction analysisz) and kaon
form factors. Notice that set I coupling constants
provide a better description of the KA productlon data
{asterists denotes experlmental 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 A to £° pro-
duction. Using vector dominance, the kaon form factor
1s represented by a simple monopo.2 term, (1 -
Qe+2/M*x2), where M is the mass of the vector meson
mediating the process. A detailed examinacion of both
figures suggests that the phi meson (M = 1.02 GeV)
generated form facter provides a slightly better
description of the overall data than the rho which is
more appropriate for w electroproduction (this conclu-
sion appeared much more dramatic in ref. 1, however,
the first figure In that work contalned 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 mudel3. This form factor
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Fig. 1 Experiment and theory for v, + P = K+ n.
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Fig. 2 Experiment and theory for A K"+ z°.

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 bourds.
Because the current uncertainty in the data (error bars
are shown in ref. 1) precludes extracting more detajled
form factor infprmation, 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 r® production

relative to A production. Arguments have been gl\ceﬂ‘:"5
which relate the E/A ratlo 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 0 which, with
the addition of an isospin 0 s quark, favors A for-
mation over the isospin 1 I preoduction. Another
related and important study is the high Q**2 behavior
of kaon electroproduction. According to (HD the
leading diagrams involve kaon exchange (t channel) and
the crass section should scale like the kaon form fac-
tor squared (Q**-4 dependence). This prediction is P
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 energy reglons of

applicability for each theory. Clearly, for these and

the above reasons it is paramount that additional and

:g:eiacgurate KY¥ electromagnetic production data be
ained.

Production From the Deuteron

The reactions dle,e K)YN and dy,K)YN afford an
uvnigue method for studying AN and N 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 praoblem
(see ref. 7 for full details) for the three mass par-
titions an, 1*n, and :~p using potential O provided by

Nagels and de Swarta. This interaction, which contains
hard core, tensor, and antisymmetric spin-orbit com-
ponents, provides a reasonable comprehensive descrip-
tion of limited Ap elastic and irelastic, Ap+IN, data.
This cusp is due to an enhancement in the triplet s
wave sigma channel which 1s the strange analogue af the
deuteron. Since An measurements are not possible the
only direct way to investigate this system is through
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Fig. 3 Theoretical An total elastic cross section.
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final state interaction studies of the rmaction
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 1nvariant mass. Again notice the pre-
sence of the EIN cusp near the sigma threshold (M = 2,13
GeV). Because this is an inclusive process it is not
possible to resolve 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
wiil determine the urknown relative phase between A and
& elementary production amplitudes (this calculation
assumed +1 phases 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 TN
threshold (the singlet spin 0, D,, has a calculated
mass between 2C 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 quark composite

objects, which are distinct from a partial wave reso-
nance between two three quark structures, have a pre-
dicted p wave internal configuration and also couple

to p wave AN channelsm. Consequently, the kaon angular
distribution from d(yy,KJ¥YN should be markedly dif-
ferent for strange dibaryon formation than for the cusp
excitation which is predominantly s wave, This is
demonstrated, in part, in Figure 5 where the cusp in
Figure 4 1s 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). PiekarzM has used this signature to argue
for the formation of the triplet D, dibaryon using the
reaction d{x~,K~)iAp. He reports d!lservlng a maximum

gbout 10 MeV above the IN threshold. Ideally, a search
for the singlet D0 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 chamnel. This is
illustrated in Figure S where the cross section for
pure sigma production is shown to be relatively small
at threhold (bottom curve is pure * production}.
Unfortunately the (x-,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 electromagnetie 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
dibaryon produciion from the deuteron.

Finally, it is also possible to study K*n final
state interactions using dlvy,K)YN. In contrast to K'p
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 rrovide important information concerning the
exotic Z¥ strangeness +1 baryom resomances. Because
the current experimental evidence is weak the existence
of the Z* is highly controversial, however this reso-
nence has alsg emerged from recent Skyrme model

calculations12.
Experimental Considerations At SLAC

The luminosity avallable to the Nuclear Physics
Interaction Reglon praject at PEP for proton and
deuteron targets, l0**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 coiwentional iwo arm colncidence experiment
involving a kaon and electron spectrometer each have 50
and 10 msr solid angle acceptance, respectively, and &
5% momentum acgeptance could anticipate 2 counts per
hour for d{e,e’K)AN. If a large acceptance &4 detector
is used the count rate would be increased by at least
an order of magnitude. These count rate predictions
assume a 50% kaan detectlon efficlency 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 rumber of
counts. Even higher counting rates, however, ctould be
gbtained 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 kaan with AR
= 3 msr, Ap/P = #5%; use the 8 Gev spectrometer for
the electron with AQ = .75 mst, &/p = £ 2%) the effec~
tive luminosity is significantly higher, about 10+*37.
Predicted count rates for a double coincidence, inclu-
sive measurement of d(e,e KJYN in the cusp region are
about 1 every 2 minutes,

Conclusion

In summary, several important issues affecting both
ruclear 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 productlon studies would provide a declsive
compazative 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 eleclromegnetic form
factors of nucieon and pion. A generalisstion of this
approach is given which includes the constraints st high 02
as obtained from pertlurbative guentum chromodynamics.
An interesting possibility in the interpretation of the
analysis 1s thet nuclean and pion are very different in
their quark-gluen structure. The {importance for
measurements of the electric form factors of neutron end
proten as well s the pion form factor s emphasized.

The determination end understonding of the
electromagnetic form factors of hadrons belongs to the
fundamenta] problems in hadron phystcs. It is needless to
say that with the knowledge of the form feclors over @
vride range of momentum transfer, important information
on the underiying quark-giucn structure of the hedrons is
obtained. As nucleon and pion are the simpiest quark, resp.
quark-antiquark systems they play a very special role. The
sirmultaneous understanding of these bound states is of
outstending importance.

In the present discussisn we investigate the quality of
the vector-meson dominance (VHD) spproach! in the
description of the em. form factors of nucleon and pion.
The cornections to the quark-gluon description of the form
factors is  indicated together with the necessary
modifications of the form factor description in view of
the constraints obtlained from perturbative QCD234,
we follow the descriptioh of refs.5,6.

According {o our ungerstanaing o 8 physicel photon, the
interaction of a virtusl photon with a hadron consists of
two different pieces: (i) a direci contributien which
describes the inieraction of the bare photon, and (ii) a
contribution which is associated with the hadronic
slructure of the photon. This second part can be visualized
by the interaction of the neutral vector mesons pwg,J/y
with the hadron.
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Fig.1

Hadronic {querk-gluen) struclure of the photon and the
interaction of & physical photon with & hadron.

Assuming that the vector meson contriutions (Fig.1b) to
the form factor, which dominate for momentum transfers
close to the masses of the vector mesors, also dominate

f{ 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-like 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
em. form factor is given by the p-propagator:

Fa(@?) = mo2/my2+0?) = £V(0) = 6y P02/ 6P(0)

It is interesting to see the quality of such a simple
description in the space-like region for the em. pion and
nucleon magnetic form factor. A comparison with the
available esperimental information is shown in the
following Fig.2.
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We realize that VMD, assuming point-like ¢ - nuclean
interaction, gives remarkeble differences in the form
factor description for nucfesn and pion. While far the pion
YMD gives a rough description of the dots - showing very
large devistion from the experiment only at high 0 - in
the case of the nucleon the description is completely
insufficient already at jow 07,

How can we understand this difference? Does this
finding already tell us thal VMD is not a good way to
describe hadron form factors?

Actustly this is nol the case as can be sean by considering

structured perticles. in & meson picture this seems to ba
rether an indicalion for & diffsrent importance of the
mesaon cloud contribution of nucleen end pion, Consider the
interattion of & photon with a hedron in the case of
nucleon and pion. The emission probability for & virtusl
meson seems 1o be very different for nucleon and pion. The
energy violation due te the uncertainty principle is very
different in beth cases. While aE is small for the
nucleon, it is rather large far the pion, indicating e strong
voriation of the y - nucleon interaction with momentium,
while no such effect {s expected for the plen. A similar
effect is to be espected if we replace the photon by a

p-meson. Compare Fig3 (V=y, p, w9, J/y).
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The em. faorm factors of pion and nucleon in the vector-
meson dominance approach assuming point-like particles.
Data are from refs(7-10) for the nucleon and ref.(11) for
the pion.
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ustration of the 1importance of meson cloud

contributions to the interaction of the photlon with
nucleen and pion in @ ‘meson picture’.

This indicales that the strong disegreement of ¥YHD with
the data in the case of the nucleon disappears when we
introduce s momentum dependence of the p - nucleon
interaction:

G1PQ%/ GP(0) = m2/(m,24Q%) * AP A2+Q7)

Here we denoted by A; a meson scale parameter giving
the variation of the p - nucleon interaction with
momentum transfer. This is the simplest possible
essumption as long as wa are only interssted in the low 2
behavior. With Ay ~ Ma this corresponds roughly to the

dipole form Fp = [AZ(A2+QY))2  with A=/0.71 GeV,
which 1s the optimael ane perameter fi1 to the nucleon date



For tne pion we do not expect such a large effect
according to the above discussisn. Thus & smell
modification of the simple VMD picture gives a rough
description of the experimental dats - both for nucleon snd
pion - at teast ot low rmomentum transfer.

A closer look at the compoarison of theory with experiment
however shows that in order to obtsin a satisfying
description of the data several deficiencies have to be
cured. First of all the parameter A in the best rit dipole
form is nol exactly the p-w mess, a fact which is
disturbing; A is sligntly taerger than 0.64 Gev,

A mora severe point is the feilure of this simple picture to
describe the experiments for momentum {ransfer larger
than 1 GeV/c - for 811 form factors under consideration.

In the following we will see thet taking into account
(i) the direct interaction of the photon wilh the
hadron - and {ii) the form factor predictions from
perturbative QCD - s catisfaclory description of all
available nucleon and pion experimental data is possible.
For more details see also refs.(5,6).

Applying the factorization approach of Erodsky and
Lapage, perturbative QCD predicts the following high @
behaviour of gion and nucleon form factors:

Pion

Q2+ o0 F{G2) + 167 (Q32 /02 1

Note that as the pion decay constent =93 MeV is

measured, the asymptotic form fector is known in form
and_magnituded.

Nucleon
Here we have gdifferent esymptelic forms for Dirac and
Pauli form factors, namely:

Dirac Q2-eo: FNoz) - = (0%)? /Q*
2
Pauli Q2 oo: FMed - FNeasz ~qe

The Pauli form fector is power suppressed as compared
to the Direc form fector refiecting the suppression of
helicity chenging emplitudes in GCD.

Considering the vector mesens in & one-field
spproximation we cen consider e universal vector-
perticle nucleon vertex function, which strongly
simplifies the piclure. Wwe see that YMD contradicts
the high 02 prediction from perturbative QCD. This
is due te the additional power suppression originating
from the vector-reson propagators and emphasizes the

need for additiona! corrections to the form feclors. The
vector-meson contributions 1o the em. form factors die
out with increasing (* as compered io the direct
intersction coniribution.

Nucleon form fectors

Using the known information on the vector meson nucleon

interaction which we have from pion-nuclecn scattering,
SU(3)F and the 2weig rule ( Q\PNN“O )}, the nucleon
isoscelar, isoveclor form factors are reduced to universel
Dirac ond Pauli vector-particle nucleon vertex functions
F{Q?), F»{Q?). Correspondingly, we have the following
expressions for the isoscelar, isovector em. nucleon form
factors:

Fi¥Q2) = | Apts(16)] F(Q)
3

Ky FZIV(QZ) = AP cx,P + (xv—cxp) 1 F(QY),

with A,=m,2/( mP2+0?) and  c=Goun/Tp= Guonn/ -
rnp(w)zlfp(@) denotes the ¥-p{w) coupling constant.

M=0.776 GeV, m,=0.784 GeV, k,=3.706, Kg= -0.12.

The isoscalar form factors F;15(q2), Kg F,1%Q2) are
obtained from eqi3) for p - w and x,~*x¢.

The crucisl information on the meson, resp. quark-gluon
dynamics is hidden in the universal intrinsic Dirac- and
Pautli-vertex functions Fy and F,. These Tunctions have also
10 TUITill the requirements from meson physics' at low OF
end POCD al asymptolic @, s illustrated in the fellowing

Figa.
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Fig4

ltustretion of the low (8 ~ high @ constreints es

incorporeted in the present analysis. Low Q2 meson
dynamics; high G2 perturbative QCD. Some of the leading
meson cloud contributions are shown, as well as the
tegding gluon exchanges.



Introducing meson and guark-gluor scale perameters A,
ant A, respectively, very simple forms for both Fq and Fy,
which fulfill the above requirements are:

F{Q2) = AR/(A2 +32) *A21(A+0%)

F,(Q2) = Fy{Q2)* A,2/(A,2+02)
e

with
Q2=Q210g((A,2Q7) AZep))/Tag(A,?/ A2cp)
Note thet for Q2 » A,? the form factors have the

asymptotic form required from PQCD. Thus A, tells us
something shout the range of applicability of PQCD.
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Resulls of the form factor anslysis in comparisen with
the anslysed dals. The devistion from the common
dipole form Fpy(Q2) = [1/(1+G2/0.71)} is shown , except

The magnetic and electric form fectors Gy, Gp are defined
8s usual by:

an(n)zp1p(n) +EP0); GEp(n)= £ 20) - g2/ qp2 £ PO

where F,p(“),sz(") denote Dirac and Pauli nucleon form
factors:

FP = 1720658 (=) FIVE 5 £ 00021720 1S o) x 1Y

An snelysis of the world nucleon cross section dota in
terrns of the above form factor description yields with
£0.342, xpzb.bi end x.,2032 the following scales:

£y=0.785 GV, Ap=2.22GeV end Aqrp = 0.267 GeV.
Interested in & precise determination of the scele AQCD

one has to take into account aiso the contributions from
the anomalous dimenstons of the three-quark
components. This we will not discuss  here. The
parametrization from above gives already a satisfactory
description of the data. The inclusion of the anomalous
dimensions in the analysis leads to Agepy = 180 MeV and

very smell changes in the other parsmeters; see ref.(6 )
for details of this anslysis.
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analysis of the cross sections of refs{7-10).
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One has & clear splitting between meson and quark-giuon
scale. While the meson Scale is aboul the mass of the
vector mesons {p,w) as expected from meson physics, the
quark-gluon scale is rather large A,=3Aq. Note that A, is
the only parameter in this picture where we have no
information from other sources.

In view of the constraints on the model we realize a
remerkable description of the date { X2/date =~ 0.5). It is
interesting to note chat the proton dete siready determine
the form factors. An interesting finding of the QCD-VM
model is the fact that the electric neutron form factor
turns eut to be very lerge st high G2 in contrast to the
general belief . It even exceeds the magnelic neutron form
factor for @ > 4. In view of the fact that the neutron
form factor turns out - in this model - to be dominated
by the Peuli contribution, direct measurements of the
electric and magnetic nucieon form faciors are of great
importance and will yield important information on the
spin-fiip parts of the form factor { see alsa refs.3,5,6 for
details).

As can be seen from the abave equetions ( 384 ), the
Pouli Tform factor- for both neutron ond proton - is
dominated by the isovector part. This meens that the
electric neutron form factor is strongly related to the
Pauli form foctor of the proton, Therefore measurements
of the electric neutron form factor as well as the Pauli
form factor of the proton will give us valuable information
or the quark spin T1ip contributions. In the following Fig.6
we ghow the importance of the Peuli contribution te the
magnetic form factor of the proton.

20— SNP:FIPsF2P

a4 GHP [(GeV/c)¥i4)

0**2 [(GeY/c}*#2]

Figb
High Q2 behavior of the proton magnetic form fector
W4GyP. The relstive importence of Dirac end Peuli
contribution 1s shown. The dotted line corresponds to the
asymptotic form as obtained from PACD .
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within the present model, which takes care of direct and
vector-meson contributions to the form factor, we con
now answer the guestion of imporience of the vector-
meson pole piece. A measure for this part st Q2 =0 is the
constont ¢ in eq.3. For the above giver snalysis we have
c=0.342 showing that the vector meson contribution is
rather smoll, 34 % at G2 =0.

1t is interesting to see whet replaces the dipole form at
Tow Q2 For D2 << A% the isovector part has the
following form:

Vo = Apc+(1-0)] AR/(Af +QD)
~ [mg2/(m,2+Q2)12%0.34+0.66 m 2/(m 2+Q?)

Instesd of o moving of the rho-meson mess to higher
values, 8 superposition of @ monopole snd dipole gives the
desired structure,

Nate that the presented formulas are only thought for a
description of the space-1ike momentum transfer region! It
fs is only 8n effective form factor description snd not
suited for any continuation into time-like momentum
trensfer.

The vector-meson contribution to the magnetic form
factor is shown in Fig.7.

QT*4 * PROTON BAGNETIC FORM FACTOR
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Fig.?

The magnetic form factor in the QCD-VM model. The part
which originates from the p,.w contribution 1s indicated.
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Pion form factor eq(S), in comparison with the availeble experimentel

informetion. F;{Q2) and Q2 F;{Q?) is shown. To stress the high momentum
region, also the non-vector meson part,ie. the pert of the pion form fecior

which approaches
contribution).

Due to the additional power suppression originating from
the wvector-meson propsgator, the vecter-meson
contribution dies out with increasing Q2 and becomes less
and less important This is an importent finding in
connection with the relisbility of perturbative QCD
celculations of the magnetic form factor. Associating the
vector meson contribution with the gluon pert of the
proton wavefunction it might give us some hint about the
importance of the leading Fock states. We shsll come beck
to this point later in connection with the pion form faclor
whera just the opposite behevior is found.

Pign form factor

An onelysis equivalent to the one for the nuclaon, suggests
a form factor for the pion of the type:

FrlQDl Ageqe (1- el A2A(AE0)

Cn=9pmn’p (s
FOrQ2 s oo: FodQ?) = € 1-cp) A2/Q?

{2 as defined in eq.4
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the asymptotic form obtained in PQCD is shown ( hard

An optimal description of tha data is obtained for
€4 =0.975, Agrp =180 MeV and A,=2.19 GaV.

The result of such an enalysis is shown in Fig .8.

In contrast to the aucieon case, the analysis of the pion
form factor dota revesls a dominant contribution of the
vector-meson port up to high momentum transfer. wWhet is
ususlly called tite hard contribution and is very large in
the case of the nucleon, plays here a minor role.

* sew @ - o9e

Figg
Interpretation of the vactor mesen part of the form factor
as a gluon contribution of the pion wavefunction.

If the vector meson contribution con be associated with
the part of the form fector connected with the giuon part
of the wavefunction this might be a hint that in the case
of the pion form factor the gluon pert plays o dominent
role, while for the nucleon the situation is reyersed and
the wvalence quarks dominete.



We note that the discussed analysis is the most simple one
which actuatly can be performed. However because of the
clesr dominance of the vector-meson contribution, the
situation in comparison with the nucleon is not likely to
be changed qualitatively. In view of the importence of
these questions, measurements of the pion form factor at
high momentum trensfer are highly desiraable.

Keon form factor

There are interesting consequences cancerning the K* farm
factor. Using SU(3)y and a universality condition

c”=cp=c¢ ,we have according to the quark assignement of

K*'= uS , the following prediction for the Kaon form
factor:

FK"(QZ) s

[(1/2 Ay + 116 Ay, +1/38gIeqe(1-codlag2/(A2+00)

P

Compartson with YMD form fector models

in the case of the nucleon there exist a variety of vector-
meson dominance models. We have suen that the
point-1ike vector meson dominance model including only
the established mesons does not give a reasonable form
factor description. Most of the madels therefore used
generaltsations in the direction of including heavier vector
mesons 85 p*,p”,p" W' w",w and P97, 9, still with
point-like meson nucieon interactions. Although the
coupling constants of these hypothetical particles are
determined by a fit to the nucleon data no satisfactory
descriptian cauid be obtained. Examples (or these type of
form factor descriptians are given in Figure 10 where we
show the magnetic form factor of the proton, which is the
most important form factor 2s it is best known
expertmentaliy.

It is noticeable thet the strict paint-like vector mesen
dominance pictures of KK and 2B ere not able to give the
magnetic form factor, not even at low Q2. The model of
Hohler et al. includes the information from pion nuclecn
scattering which gives additional informetion beyend YHD
for the isovector case. The model of IJL includes a direct
coupling of the photon to the nucleon as discussed above,
however only in the case of the Direc form factor. The
Pauli form factor is trealed in VMD. In addition, a
parametrized p-propagetor was necessary to explain an.
Although both Héhler et al. and JJL give a good description
of the proton magnetic and electric data et low
momentum transfer, they fai) at high @® and in the
description of the neutron form factors.
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Fig.10
Comparison of different types of form factor descriptions
in the case of the magnetic proten form factor ; a) lowl?:
anlupFD 1s shown: KK'3,1JL' , Hohler et al.%® , ZB'S end

GCO-VH b) high 0% Q4GP for KK'S, 1LY , Hahler et al1% ,
Z5'S,

In summary we note that combining the information from
meson physics at low % and the perturbative QCD
predictions at high 0%, a sotisfactory description of the
present experimental data is achieved. The vector-meson
fole contributions dominate at low G2 only in the case of
the plon . They piey a minor role for the nucleon. Relating
the vector-mesor ceontributions to those arising from
the higher Fock state contributions of the hadren
wavefunction one would expect that nucleon and plon
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 measurements of the nucleon as well as of the
pion form facters ere necessary. Especially the
mossurement of the electric proton form factor, which is
presently known only up to (2 ~ 2 GeW2/c2, will give

important insight into the underlying quark-gluon
Structure.
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Thanks are due S.J. Brodsky and N.G. Stefenis for
discussions.
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BARYON RESONANCES WITHOUT QUARKS:
A CHIRAL SOLITON PERSPECTIVE*

MAREK KARLINER

Stanford Linear Accelerator Center
Stanford Univeraity, Stanford, California, 94805

ABSTRACT

In many processes involving low momentum transfer it
ia fruitful to regard the nucleon a3 a soliton or “monopole-
like” configuration of the pion field. In particulsr, within this
framework it is possible to obtain detailed predictions for pion-
nucleon scattering amplitudes and for properties of baryon res-
onances. One can also derive modelindependent linear rela-
tions between scattering amplitudes, such as xN 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 Mr:tis at
sLAg.**

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 astion. Hence the second approach
for testing the chiral soliton picture: it turns out that one can
derive model 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 1, nor of the angular momentum L. Instead it is
invariant under the action of X = 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 Department of Energy, contract

DE-AC03-765F00515.
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QCD: SU(N.)
quarks, gluons

¥

Ne = o
nerrow mesons, glueballs

!

baryons
solitons of the meson field

7 ~

“minimal” model: symmetries of the
Skyrme baryon soliton
a(xN}, e(KN) linear relations

S.M. vs EXP o(xN) <> o(KN)

Fig. 1. Flow chart illustrating twe possible ways of putting
the chiral soliton ideas to a quantitative test: a model-
dependent and a model-independent one.

+ o Tr

= {—';'I\' (v a.ut) —

[yt @]
(1)

Bty o)

Here fr is the pion decay constant (186 MeV in the real world),
my is the pion mass, and e is a2 new, dimensionless coupling
constant peculiar to the model. The “small parameter” 1/N
enters the Lagrangian through f, and e, which behave like N#
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 stendard notation:

U=exp [%ﬁ(;,:) -1'-']

For small 7/ fx we have U ~ 1 4- 2¢#(#,t) - 7/f» and then the
first term in Eq. (1) becomes just the kinetic term fcr free
pions, as expected:
2

En(ouaut) - 50T 87) + @
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:
and Up=AUoA™!

Up = exp [F(r)# - 7] (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 U4-s. Schematically we can write this
as

) = [ aax(ay|a)

where X(A) is the wave-function in the space of collective co-
ordinates. While |4} 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 or 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 = —l'%.

Classically, a particle at rest at any angle 4 is 2 ground state
of the system. In quantum mechanics the eigenstates of the
hamiltonian no longer are localized at a fixed angle 8. 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 madel 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 ¢ 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 fx 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 warld N =3 and
it is therefore very unlikely that the Skyrme Lagrangian can
reproduce experimental quantities which explicitly depe:d on
N. Typically the most we can hope for is to reproduce esper-
imental quantities which do not depend on N in the leading
order of the 1/N expansion. For example, while fy ~ N 7 and
g. ~ N, the ratio f2/g, ~ N° and in contrast to fr and g,
taken separately, it reproduces experiment to 3%. As shown

0

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 71N §-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 [imit the soliton rctates very slowly, with angular veloc-
ity ws ~ 1/N. The reason is as follows. The spin of the nucleon
is £A, independent of N. It is the product of the Skyrmion an-
gular velocity wy and its moment of inertia J;. The Skyrmien
radius R is independent of N and its mass M, scales like N.""!
Consequently

I~ MiR2 ~ N while Lw = %n ~ N°

therefore
ws ~ 1/N

The characteristic time scale ¢,,; associated with the Skyrmion
rotation is large, ;o1 ~ 1/ws ~ N. It is much greater than the
time &y that a pion moving with the speed of light spends in
the vicinity of the nucleon:
Ry ~ N°; Refe ~ N m bty Kbyt ~ N

A pion will therefore not observe the sotation, but rather will
take a “snapshot” of the soliton in one of its possible orienta-
tions. The probability of any given orientation is propcrtional
t [x(A)J?. This justifies the impulse approximation: first ob-
taining the scattering amplitude for scattering of a pion by a
soliton pointing in a fized ortentotion and then superimposing
such amplitudes, according to their weight in X(4).

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 My ~ N. In order to obtain the Lagrangian
describing scattering of mesons by a static soliton, we write
the chiral field U in the form:

U=exp [F(r]f T+ —2!—*.} .

Ed

)
This form of U is then plugged back into the original

« This identification breaks down for Auctyatione which do not change
the energy of the system. Such Buctuations correspond to the trans-
lational and rotational sero modes of the soliton. In ovr treatment
this subtlety i neglected, spoiling the agreement with experiment in
the low pariial waves.



TABLE 1

STATIC PROPERTIES OF THE NUCLEON IN THE SKYRME MODEL
AND THEIR DEPENDENCE ON N,

Quantity N-dependence Prediction Experiment Error
eyt ~ N9 0.50 fm 072fm 18%
o ~N? 0.92 fm 0.1 fm 14%
Hp ~N 1.87 2.79 33%
¥n ~N -1.31 -1.91 31%
tpftin ~ N9 1.43 1.46 2%
ga ~N 0.61 1.23 50%
r ~Ni 129 MeV 186 McV 31%
T3194 ~ NO 27,280 MeV2 | 28,127 MeV? 3%
IrNN ~ N% 8.9 13.5 34%
Gra ~ N3 13.2 20.3 35%
gxNalgrNN ~N° 15 15 21%

The predictions are from Ref. 3. Skyrme model is & priori an equally good effective L

for No =3 aad N = 5. So it does not

wall the g i 'whir.b depend on N in the

leading order of the 1/N expansion. On the other hand, as demonstrated by the table above, it
typically doas much b-tter for ratios in which the N-dependence cancels out,

5752A3

Vo = exp [F{r)# - 7)

U = exp |[F@)e -7+ —2‘*}5"’]

Fig. 3. A two-dimensional example showing how fluctuations around the classical
soliton profile sho:!d be identified with the physical mesons. Time flows from left
to right and the fl ictuation corresponds to an outgoing pherical wave.

Lagrangian (1) and the action is expanded in powers of 7/ fy:
LU - L) = %mf + 0 (R/12) )

wherel[L is a second-order linear differential operator depending
on Up. Forr — o0, Uy — 1 and then 7, becomes just the
free four-Laplacian, as in (2). The term | near in # vanishes,
since Up is an extremum of the classical : ction. In addition,
in the N -+ oo limit we can formally neglect the O (#%/3)
terms, since fr ~ N %, 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:

L¥=0

These equations describe the mation of a meson in a potential
provided by the soliton background.” Since the potential is
invariant trder K, K plays the role of the angular momentum
in the usual partial wave decownposition. The equations can be
explicitly solved for each value of K, yielding the eigenmodes
of 7 as functions of energy. For |£] 3> Ry, F(r)} — 0 (¢f.
Eq. (3)), the potential vanishes, and up to a pher.e, the #
wave function is that of a free patticle. This phase is just the
scattering phase-shift defining the $-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. Inicrested reader is referred to the original literature Refs.
4,6,8and 9, O
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In order to obtain the pion-nucleon S-matrix from the pion-
Skyrmion one, we need to project the Skyrmior onto states
with well-defined isoapin and spin. This projection is carried
out as follows. First, given the T-matrix’ Ty, for acattering
off Up, the corresponding T-matrix for scattering off Uy (cf.
Eq. (3)} is given by:

T"A = ﬁ (A) Tu, ﬁ (A)f (6)
where D is the adjoint representation of A. Next we super-
impose the T,,-s according to their weight in the nucleon
wave function X(A}. The complete expression for the physi-
cal T-matrix is then:

Trnvs = dA X}(A) ﬁ(A) Tuo ﬂ(A)txu‘(A)
SU(Ny)

)

where SU{Ny) is the flavor group and X;( ) is the wevefunction
of ths baryon in the initial (final) 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:

(8)

Trays = Ecif?'p

where #*° are the T-matrix elemenis in the pion-Skyrmion
system and the C;-» are group-theoretical factors. The struc-
ture of Eq. (8) explicitly demonstrates iwo ingredients on
which the physical answer depends: symmetry ind dynam-
ics, C;-s reflect only the symmetry and are independent of the
details of the Lagrangian. They are determined by he faver
group and by the fact that the soliton is invariant under K;
all dynamics is contained in the reduced matrix elements. We
are all farmliar with this type of division into group theory and
dynamics. For example, isospin conservation dictates that the
T-matrix for xN — xN is given by

T = C§T,} + C;_T;_ (9)
where Cy(s, are SU(2) Clebach-Gordan coefficients and Tyy
are the I = (2} reduced matrix elemeats.

In the foregoing discussion we have focused on the 2-flavor
Skyrme model. Extension to 3-favors is in principle straight-
forward. The embedding of the SU(2) hedgehog inside SU(3}

is done by setting
Uy ~ ,UO_‘_\)
1

Technical details for SU(3) are however much more compli-
cated. The interested reader is again referred to the original
literature, especially Ref. 8.

(10)

At this point we can summarize the prescription for computing
the meson-baryon §-matrix in the Skyrme model:
¢ identify small fluctuations around tne soliton with
mesons

t We interchange freely between the S-matrix and T-matrix, using
the one which iz the mowt convemient. The two are related by
T=(9-1)/2.
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« meson wave function => phase shifts, 775°
» K symmetry =+ Tpays = »_; Ci7I=P

« Approximations:

D my = my m, = 0 =—> massless pseudoscalar
mesons, exact SU(3) ¢

p 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 7, angular mo-
mentum J and orbital angular momentum L. Such ck~nnels
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,, ,, channel is plotted as a func-
tion of the energy, on the so-called Argand plots (cf. Fig. 4).

Re(T)
1.60'5 Q Q.5
Im(T) 0.5
88 9 05 1 15 2
E meson momentum
0.5 F PI-N-->PI-N: F15
20—
10 15 ¢
u
[ S w0
15 5"
0.5+
IR T
20 009=55 171572
4-87 mescn momentum
5752A4 arrow logataon: L86; s1gn of Im(T):

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 unitasity circle,
ImT vs. ReT, is independent of ¢ and [

The part of the diagram bounded by the unitarity circle, ImT
vs. ReT is independent of e and f, and therefore provides
the most atringent test of the model. Fig. 5 compares the
experimental results for xN — xN 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 plotd. Apart from the S, P and D partial
waves, containing the spurious zero modes, overall agreement
with experiment is quite good.

The most conspicuous featute of Fig. 5 is the fact that
the Lj_1 3 y—7-1/2 channel is much larger than Ly_y /5, 5-r41/2
for all L's. This is true for both experiment and the Skyrme
model. A similae, albeit less proncunced pattern holds for
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Li=3f2,5=r41/2 04 L33 51173 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)y. 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, s.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 reaulting 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
Fis and Fa7 channels supply a surprise: as demonstrated by 1
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.

dIT|/dE

Ol ottt Lot
10 5 20 10 15 20 25
12-88 TOTAL ENERGY (GeV)  saoca:

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. 16. Channels are labeled by Z;,,. 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 *N — xN processes, we can also
consider inelastic processes, such as N — xA . The only
change with respect to N — xN 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
xN — xA is somewhat less clear-cut than x N — xN , sincea
Nxr final state may represent Np, as well as Ax. The sign of
Im(T) is however unambiguous in moat cases and wherever it
is known experimentally, the Skyrme model yields tke 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 strangeuess, beginning
with KN — KN . That reaction is rather different from
xN — «N , because any resonances in the AN 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 predicta a clexn resonance in
the Fos channel, similar to the one observed in Dps. This chan-
nel has not yet been analyzed experimentally and thus provides
an interesting prediction. Contrary to the KN channel, there
is nothing exotic about KN — KN . The partial-wave anal-
yais of experimental data is of good quality, although not as

- Somlofonrcolln(u-ntnnhutobcconfnudbyddt,uh
perbaps best illustrated by the 1984 Particle Data Book: *... The
generai foeling, supported by prejudics qmut hryau not mdc y
of three guarks, is that the suggestive in
the Argand diagram of some of the partial waves is not real avidence
for true Breit-Wigner resonances. . .” (p. 5243).

precise a3 #N —» xN | 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 tesonances.

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 conesider elastic scattering of charged pions
on nucleon, @ priori ther2 are four different amplitudes to con-
sider: T(x*p), T(x"p), T(x*n) and T{x~n). From Eq. (9)
we learn that they can all be obtained from iwo reduced am-
plitudes:

T,y = CiTi + C;T;

Only two out of the four can be independent, and 8o 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 physica! 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
Teouys = Zciﬂmn

i=1

(11)
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Fig. 10, KN — XN : comparison between the Skyrme mode! and the experimental
solution of Ref. 16 (from Ref. 9). Channels are labeled by ;...

Such an assumption not only explains why for 7N — aN

Lic1jag=i-1y2 ® Lps1fst=t-1/30 etc., but also yields some
quite new and interesting predictions. For a given value of
L there are many experimental amplitudes, 21l determined in
terms of the three unknown reduced amplitudes. Consequently,
there are linear relations among the experimental amplitudes.
Such relations are almoet 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 — #aN and #N — xA . 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 conlshl']er re-
17]

lations between strange and non-strange amplitudes. One
such relation reads
aFlF +osF3F = W FRN + 0, FEY (22)

where a-8 and b-s are purely group-theoretical coefficients ob-
tained from Ci-s in Bq. (11}, snd F§FN, FFN, 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 analyasis 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 & 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 Bq. (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. Teat of the prediction for a linear relation between
#N — xN 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 Fi5 and F37 x N — N amplitudes.
Dotted lines: linear combination of the experimental Fys and
Fiy 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 stould 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 rucleona.
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 alsc can be 1zed 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
IPN, Lyons, France

M. Macri
INFN, Genoa, Italy

Abatract; Experiment R704, the last to be performed at the CERN
Intersecting Storage Rings, has successfully applied a new method to
studying (€c) states formed directly in antiproton-proton annihilations.
The novelty of the method Jies 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. Inmtroductlon

The possibilitics offered by the availability of an intense antiproton
source for the stndy of (St) states arc now well established [1]). The
scheme adopted for the R704 experiment required the use of an internal
target {a molecular hydrogen jet) continuously imtersecting a cold
antiproton beam coasting inside the vacuum pipe of ring 2 st 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 fot charmonium formation studics. The method allows for an
absolute calibration in the centre-of-mass energy to a fraction of a MeV,

The luminosity of the annihilstion 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 ¢lastic events.

2, TheBeam-Target System
{n 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

Ep = m:2/2mp — m, .

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 » w 3,1 x 10° 577,
crossing, at each turn, an internal target inounted 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 Hj 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 lusinosity, up to 2 maximum value;

Lo = guaduNy = 3 x 10¥s™' -em™2.
ii) Long beam lifetime: Toam = 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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iif) Small momentum bite, at best:
Ap/p = 4 x 1074,

corresponding to an incertitude in the centre-of-mass energy of
AvVs ~ 0.5 MeV/c2,
iv) Small source volume:

height x width x depth = 0.5 X DB x 0.9 em?® (for 0%
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 achicved are described clsewhere [I], while a
description of the target system is given in the following section.

3. TheJdet Target

The optimal thickness of the internal target for this type of
experiment lies in the range of 110 3 x 10" atoms per em?® 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

ptably low | ity. The target, int an
beam, must operate continuously to minimize the ratio of instantaneous
rate on detectors to integrated luminosity, snd have small transverse
dimensions, with maximum beam overlsp.

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 thrcugh 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.

1 (Y

Fig. 1 Converging-diverging nozzle: schematic localization of phases in
the gas expansion [2].



8:0.05 1:0.05

$

o

£

= 1]002{A]
© o
g‘ — === — -+—H;
* B\ 4

O’ threat
®

1120.08 7°0.06

18:05

Fig. 2 Cross-scction of the nozzle.

For experiment R704 we built a target with a trumpei-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: 8 =
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 to operate at liquid N2 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 pp = [0 bar and Tp =
77 K. A three-collimators system (Ci, Cz, C») (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.

{ P WEAM
4

EXPANSION

te pump 1 expansion chamber

‘ LN2

to pump 2 = —-

w €3 to pump 3 —

—__ 3

Fig. 4 System of collimators, The diameters are: 1.4 mm for C,
2.4 mm for Cz, 5.6 mm for Cs.

Out of a total flux of 10 Torr-1-5™' 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 acceptabie level. As a
both the and the sink chambers were separated

Stage {1/s) {1/s)
7000 0.7
4000 3.0
4000 7.0
2000 BO.0

S4=8000 1100.0

55=120000

Ed

e

(L e

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.

from the ISR vacuum pipe by the maximum number of pumping stages
cempatible with the available space.

On the preduction side, the coliimators, Ci, Cz, Cs, which defined
the dimensions of the jet at the intersection with the antiproton beam,
connected three different chambers that were e d by the ive
stages of a differential puinping 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 cryegenic pump of high
speed (120,000 1-57"). A differential pumping system, formed by two
cryogenic pumps of 4,000 I-s™! each, separated the vacuum pipe from
the dump.

A pressure rise to about 10”7 Torr in the vacuum pipe, around the
target region, was mainly due to clusters which hit the edges of the Jast
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 10~° 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 productior 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 condcnsation trap at liquid N2 temperature, and an active
<harcoal trap.

A systemn to monitor the jet intensity was mounted in frent 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 1ypical profile of the
jet is shown in Fig. 5; the measured pressure rise has been convened into
thickness traversed by the antiproton beam.

The operations of the target weré controlled by two
microprocessor-based systems which performed all tasks related to start
up, the jet an/off procedure, bookkeeping of the measurements, and
safety checks.

A
p x10™ atzem®
1 =
0.5}
1 1 i [ i 2
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xmm

Fig. 5 Target-thickness profile as obtained from measurements with the
monitor described in the text.

Lo

Fig. 6 Target system layout: top view.

A top view of the complete 1arget system mounied on ring 2 at the
ISR is shown in Fig. 6.

Conclusion
The H: internal target described in this contribution has been
successfully aperated in the R704 experiment.
The same novel technique will be used at the FERMILAB p
Accumulator and a1 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
htfh™ 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 exkibit 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 ie reasonable to examine other
high energy lepton-muclens and hadron-nucleus reactions for
the consequences of nucleer effects. For example, nuclear ef-
fects in lepton pair production in hadron-nuclens 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. IIL 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.

II. INCLUSIVE HADROPRODUCTION

First Jet us review the inclusive process e N — ¢’ X. The
cross section is given by?

d*s

dody = 2M~EI(1 WFi(z,Q%) + 2y Fi(z, Q%))

Q4
where z is the usual Bjorken scaling variable, y = v/E where v
is the energy transfer and E is the incident energy, My is the
mass of the target and @2 is the negative of the four-momentum
squared of the virtual photon. F) and F, are the inelastic
structure functions. In the above expression we have neglected
—gzy with respect to 1 — y in the coefEcient of F,. In the
scaling region F} 2(x, @) = F12(z) and further F; and Fj are
related by the Callan-Gross relation 2zFy(z) = Fa(z). Thus

we have,
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dloc _ 4ma’ 14+ (1—-y)?
H— Q‘ 2MN’E‘—'_F( )

In the quark parton mode! we have Fy(z) = 2 e?g,(<) where
gi(x) in the quark distribution function and ¢; is the charge of
the quark i.

For the semi-inclusive process® e N — ¢’ h... (see Fig. 1)
we define the varinbles e=h.p, k=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 e finite, x = +oo, u finite. The current
fragmentation region is defined by € finite, x — —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 k). In
the lab frame z= B /v where Ej 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 mode), the croes section for inclusive hadron
production 35 given by

d’o dxa? 14+(1—y)?
Todydz — Qv MNE—5—— 2 efzqi(z) D}X(z)

where the fragmentation function D¥ represents the probabijl-
ity for the quark of flavor i to break up with the production of
hadron k carrying momentum fraction z. Factorization (seper-
ation of the cross section in x and z variables) and scaling (g;{x)

FIG. 1

h(z)

Inclusive hadron production in deep inelnstic electron scat-
tering with nuclear targets. Here ihick lines represent hadrons,
& waevy line represents the virtual photon end thin lines
represent elecirons or quarks.



and D?(z) do not depend on Q?) are characteristic assumpt:ons
of the parton model. In reality both g;(x) and D}{z) depend
on Q? due to QCD scaling violations. These sca(e breaking
effects can be possibly seen by comparing the data at different
values of Q2. At low values of Q% 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 calculution of eross 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 funct:ons, we need only two independent. frag-
mentation functions DX (z) and DI (z). Neglecting sea quark
distributions (z 2 .2) and using an Jsoscala: target (deuteron),
these functions have been extracted* recently up to z=0.8. A
simple parametrization

D7 (2) = 0.9(1 ~ 2),

- 1—2
2D7 (2)= 1752077 ()
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 that5 of the data at lower @2 (See
Fig. 2) which is consistent with QCD evolution of the valence
fragmentation function,
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Fragmentation functions eztracted fmm ezperiments, Solid
line and dot-dash line represents DT (2} and zD7 (z)
respectively (taken from Ref. 4). Dashed line and dotied
line represents zD" (z) and 2D (z) respectively (laken

from Ref. 5 ).

For the quark distribution functions we use the quark clus-
ter model (QTM)?~? which was proposed to explain the deep
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inelastic >He scattering results from SLAC?. In the QCM one
assurnes 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) = pyna () + pana(z)
where ps and ps are 3-q and 6-q cluster probabilities. In this
work we use the quark distribution functions ri(z) for various
clusters from Ref. T.

IV. NUCLEAR EFFECTS
From the expression for the cross section given in See. II
we have,
1 M HE)
do/dz dzd. IO

Deroting the quantity on the r.h.s of the above equation by
N* we can form the chn.rged particle ratio

_ X, etalz)DE (2)
T ¥ etqiz)DY (2)

N "“
Explicitly we have,

N=*
N"

_ Agu(z)n(2) + galz) + s(2)I7 + Sn(2)]
494(z) + ga(z)7(2) + s(2)[7 + Sn(2)]

where
D)
Dr (z)

142

7(z) = i—s

25

2a

Ke/ni-

The ratio £ F {for definition see tezt) plotted versus z for

constant z (=0.1) for the nuclei, protor (solid line), 32C
(dot-dash line), **Fe [ps = 0.0] (deshed line) and *SFe
[ps = 0.3] {dotted line).

In Fig. 3 we plot & F as a function of z (at x=0.1) for proton,

120 and % Fe targets. Introduction of six quark clusters barely



changes the ratio for '*C and %0Fe since the same nucleus occurs
ir the numerator and the denominator. The difference between
the proton and the *2C 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 leam by studying the
normalized cross section ratios for different nuclei. Let us define

_ eXz)gf*(2) D} (2)/56
R = ae)P@Dr )2

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 crass

R(x)

a8

Tke ratio R (for definition see the iext) colculated in the
QCM plotted versus z for z=0.1. The dashed line cur-
responds to pe(D)=0.0 and ps(Fe) =0.0. The solid line
corresponds to pe(D)=0.0 and pg(Fe)=0.8.The small de-
siation from unily of the dasked line originaies from the
non-isoscalar nature of * Fe.

F{x)

1072

The quantity F (for definition see the text) plotted versus
z for z=0.1. The target nuclens is 3*Fe. Daghed line and solid
line correspond 10 ps=0.0 and 0.8 respectively.
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section ratio. Within the QCM the behavior of R in the region
x greater than 1 will exhibit ateps just as the inclusive crosa
section ratiol®.

To get an estimate of the magnitude of the cross section
to be expected let us write

4?0 4xa? 1+ -y
drdydz le= FWNE 2 Fz).

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
ouclear 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
Amherst, 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 (¢, ¢'r) croes
sections are discussed, with particular regurd to the properties
of the PEP storage ring.

Intreductiog

The meson field representation of the nuclear force provides
the basis for our moet detailed, yet tractable, model for calcu-
lating nuclear properties. Although the roles of heavy and mul-
tiple meson exchanges remain open guestions 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 +1)
rate. When only the neutron and proton were considered the
computed rates were about 10% lower than the observed value.!

(a) (b) (¢)

FIG. 1. One-pion exchange current diagrams: () pionic cur-
rent, (b) pair current, and (¢) nucleon resocnance cur-
rent.

This discrepancy wes 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
x-N scatiering croes 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 @2 12 fm~2, in blatant disagreement with the dats.
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 croas 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 *H 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 differenca in observed hetween 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 feld in
maassive 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-
1al investigation that has been made is that of Carey et al.,® 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 elecirodisintegration of the deut-
eron at threshold.? The dotted curve in 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,



#x-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 net 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 mears
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 & single momentum
transfer value, such as that of Carey et al., cannot he 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 (5,5) has presented considerable difficulty. The
means of probing the pion field to be discussed in this paper,
the (¢, ¢'7) 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 appliczbility of the meson
field representation has yet to be defined.

Pion Electroproduction in the Continuum

Giittner et al.® have suggested that the nuclear pion field
can be investigated by longitudinai electroproduction of pions
in the continuum region. Giittner et af. 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

u-channel

FIG. 3. Born term diagrams for the reaction ep — e’x*n.
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FIG. 4. Components of the cross section for ep — e's*nasa
function of the squared momentum transfer |¢] 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:®

d'ﬂ dD’T L

X = — +de
dtd¢

dop do;
2 T Ec”(%)d_t +v2e(e + l)cowg.

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-channel diagram contributes mainly to the longitudinal
component of the cross section doy/df, shown in Fig. 4. In
fact, a crucial element in the argument of Guttner e al. is that
the strong peaking observed at low || 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 (doy/dt) components in the cross section.

Gittner et al. define the pion momentum distribution func-
tion G (2, @?) to be the probability of finding & virtual pion
7 in the nucleon with momentum fraction z = P(x*)/P(N),
the familiar Bjorken scaling parameter. The distribution fune-



tion G- ;v (2, @?) in then extracted from the longitudinal coru-
ponent of the cross section &t small |¢| by means of

&0, (eN — e'nX)
dzdQ?

= Goopuilm, Qn,égg(_%;_eﬂ,

with the elastic scattering ex* — efx 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 ei al. were able
only to analyze the case of the ep — e"ntn reaction, for which
the deduced distribution function had to be definied as the prob-
ability of finding a virtual #* with momentum fraction z in state
#*n. Values for G4+, 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 wili 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-
hersive 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-chanpel 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 dap/dt and deo;/dt
terms.

. In order to separate dop/dt and doy /d! it is necessary to
measure the cross section for different values of the vir-
tual photon polarization parameter ¢ with the kinematic
pararneters Q2,¢, and s, the squared invariant mass of the
4*N system, held constant. If dor/dt and do,/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, ¢'n)
experiment. Particularly for the higher incident energies, it
is essential that the apparatus be capable of detectirng scat-
tered ejectrons and electroproduced pions at smali angles
with respect to the beam direction. The scattered elestrons
of interest will be primerily in the range 8, = 10° — 40°,
and the corresponding pions between @, = 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, r*,n~, and 7%-mesons
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FIG. 5. Ratio of #~ and 7+ 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 #~ and =T 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:

o) _ (1P _ |

olxt)  (+1)2

Data taken at DESY® and elsewhere an the deuteron show
that this is the case for j#] < 0.15 {GeV/c)2, 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 7= produc-
tion) and £ (for x* production). Due to lact «of cnarge
for the x°, neutral pions cannot be produced through the
t-channel diagram. However, x° production dres uccur for
the other diagrams, and hence measurement of the 7° yield
would provide information on the contribution from these
background terms.

If it is the longitudina) t-channel mechanism which is dom-
inant at low [¢|, the struck pion should be ejected close to
the direction of the momentum transfer and should carry
energy fraction 2z = 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.

5.



6. Due to the smaller pion production cross sections at high
Q?, useful data will likely be confined to @ < 2 (GeV/c)?.
As @ increases so does the spatial resolution of the vir-
tual photon, and the experiment becomes more sensitive
to closely-bound virtuai pions in the nucleon: What ap-
pears at low-@? 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 @2.) The ep — e’z n
data analyzed by Giittner et al. had a maximum Q2 of 0.70
(GeV/c)?, inadequate to provide good sensitivity to these
pions.!? This, in part, explaina the small =+ admixture
found in the proton. It should be noted, however, that as
Q? 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 obacured unless the large
final-state interaction effects are understood. The neglect
by Giiitner ei al. of rescattering of the pion from the nu-
cleon also contributed to the small x+ content found in the
proton.!2

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, e’} studies at
PEP would be greatly enhanced if future efforts to increase
the number of stored bunches are successful.

Previous electroproduction measuremnents 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 twn 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 permitied Brauel et al. to use 10 ¢cm long liquid hy-
drogen and deuterium targets and thereby achieve luminosities
L > 103 cm~2 57!, despite the poor synchrotron beam cursent.
With the anticipated luminosity at PEP heing no better than
10%* em~? 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 zlternating 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:!*
about 105! for £ = 10°% cm=2 s~ !, 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 meay 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 js
the relatively low field strength of < 0.3 T existing close to
the {ransmitted beam path. The smallness of this field, in-
curred as a consequence of the mandate not to interfere with
the steering of the stored heam, results in relatively posr 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

Superconduciing
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[ frrors 00 N ! [
. Mognet: 11.4kG-m
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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 efforta to improve the duty factor by
injecting more beam bunches are successful. The observation of
peaking in the longitudinal cross section at small |¢|, combined
with 2 »* to x~ 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 mechaniams, as well as by the large final-atate 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’r) AND THE PION NUCLEON FORMFACTOR

Andreas Schafer

and Steven E. Koonin

W.K.Kellogg Radiation Laboratory, CALTECH, Pasadena, CA 91125, USA

It has been claimed® that the reaction

et+p—+e+at+n (1)
tests directly the 'pion content of the nucleon’. Such a mes-
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
Frenn (and the electromagnetic formfactor of the pion).

Fig.1: The reaction (ep, e’ 7* n)

An experiment of the type (1) wes 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. Braue] 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 — B)" < (12GeV)? @

For very large momenta Q* = -q° or, more precisely, for
z /g2 > 1 GeV the longitudinal cross section can be simply
written as

d’ar(ep — e'ntn)
dz dQ?

d”el'uti:(""' — C"")
d@?

where G () is & Q2 independent function, namely the proba-
bility to find a virtual #+ with momentum traction x associated
with a proton. This interpretation holds only for large @?. For
small values, i.e. for z ﬁ <« 1 GeV, the ratio of the two

cross sections

= Gw'/p(z) (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 , €’ A ). ( From ref. 2)

'PGL(CP_' e‘”+") A0 etagtic(em™ — e'r)
dz dQ? d@?

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 ¢ = —£2, The
further these pions are off mass shell, i.e. the larger the value of
|}, the sooner they will be reabsorbed. Thus, sirongly off shell
pions can only be found close to the nucleus. Due to the pion

= G(z,Q) (4)

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 Fxnn(t) there are no pians with acbitrarily
large [ The strong decrease of Fxnn 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 tesolution, ie. on Q2. For small Q? virtual pions with
large t cannot be resolved. Consequently G(z,Q?) decreases
with decreasing Q.

Now the problem with the reaction (1) is that the Rosen-
bluth separation can only be done for small values of Q?, 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, Q?) is still a good approximation
to G yp(z) = Bmg:_Glz, 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?) = Geappl2) *)

and claimed that there would be far less virtual pions mssoci-
ated with a nucleon than js usnally assumed. Furthermore they
concluded that the proton radius is

R =15+ 01fm (6).
The latter result they got from the relation®

t Fenn(t)

+ miy ™

2 oo
g9
Grijplt) = g3 ]
.I M2
i=x

where the pion nucleon form factor is related to the fiucleon
radius by

Fonn(t) = ¢ 0% (e+ml) 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), bowever, 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 exponeantial form of the x NN formfactor (8) is motivated
by the bag model. From a phenomenclogical point of view one
can also advocate a dipole form®

2 232
A —m,)
1

Fant) = (%55

®

with A = (48 — 70, fm~! (dash-dotted lines) or even a
monopole form® (dotted line)

2 2
A? — m%

T (10)

F-N'N(t) =

with A =~ 5 fm~1.

In fact, Fanw is tested experimentally only for small values
oft (t < 0.2 GeV?), where all of these functions coincide more or
Jess, whereas the formfactor used by Giittner et al. is definitely
ruled out.

Besides being incompatible with other experiments the anal-
ysis of tef.l is also inconsistent with the analysis by Brauel et
al.. By fitting an exponential ¢ dependence to their dats Brauel
etal got B = (1 % 0.2) fm. We thus conclude

(11)

in agreement with our crude argument sketched in Figure 2. It is
therefore not possible to messure directly the 'pion content ofs
nucleus'. One can only extract Feyn(t) for some limited ¢ range,
as was done by Braue! 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(2, @%) still further.

By doing an inclusive measurement ®s oppoeed to an exclu-
sive one the problem that the Rosenbluth separation works only
for too small values of @2 is not remedied. One just Jooses the
possibility to extract Feyn. .

G(z,Q% = 0.7 GeV?) & Gyyy(2)

F(PI-NN)

Fig.4 : Comparison of the dif-
ferent Fyen n formfactors discussed
in the literature. The two dashed
lines sketch the range expected for
an exponential formfactor (ref. 4).
The dash-dotied 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 QF NUCLEON PROPERTIES IN NUCLEI

Carl M.
Departwent 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.l
the guenching of the longitudinal response seen in

and the use of the Dirac
equation to describe nucleon motion in nuclei,J-s
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 lts vacuum value. The quder
parameter deseribing this scale change is an order

parameter of the gluar condensar_e.7 1n the absence
of current quark masses, there is only a single mass
scale developed dynamically in QCD. It 1s 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 dimepsional quantjries. In
particular, we have shownb‘7 how a length scale may
be specified for QCD by making use of the gauge and
Lorentz invariant parameter,

4 4
2 e bo -

5202

a

<vac{52 G,
i
4t

)

¢ V{vae>_
a =

Here gz is the QCD coupling canstant renormalized at
the mass scale, u2 (Equation (1) may be taken as a
defipition of the quantity gzoaz.) We remark that a
value of 0.012 (Ce‘V)4 has been obtained for the lefr-

hand side of (1) in work on QCD sum ryles. (Note that
this quantity is a renormalization group fnvarfant in
a physiecal gauge.)

As we have seen in other works,6'7 various
dynamical masses are given in terms of the quantity,

g2¢02. We obtain a dznamical gluan mass,

2 _1 2 2
Mo =78¢, (2}
and a dynamical quark mass,
ce2 1 2 2
(mq o= 6 B, [€D]

as well as a number of other mass parameters, all of
which are propertional to the same order parawmeter.
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 independeat mass scale. Therefore, if we
take the current quark mass to be zero for the up and
down quarks, there is orly a single mass scale in our
effective Lagrangian, which we assume describes QCD

at large length scales.a'7
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Now the nresence of quacks temds to break down the
gluon condensate and in nuclear matter we claim that
¢° should he replaced by Yy 9, Indeed, we want to

show that if ¢o/¢NM “ 1.25, we can understand the
»

varicus phenomena mentioned at the beginning of the
introduction.

There have been a very large number of theoretical

papers which deal with the EMC effecl.g The rescaling

model of Cluse, 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 speclfylng a nucleus
of mass number A, and N denoting the nucleon, it is
assumed that moments are related by the folleowing

10
expression,

2
M%) = moe @90, @

where the quantity E“A(Qz) evolves with Q2 as follows,

2 2
a Q) a_ QD)

2
(@) = g, @0 . (s

2
Here uS(Q ) is the running coupling comstant and Qg

i1s 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

ENA(QO) is given by a length scale modification,

a
< 1 GeV“). The essential assumption is that

) 2
2, _ ‘A N
Q) = ( . ) > 1. (6)
N
Here i, is a length scale appropriate to the nucleon

N
in vacuvum, and A\ is the length scale appropriate for
4

the nucleus. In the papers deallog with the rescaling
model one finds calculaticns of the ration AA/AN based

upon models of the nucleon-nucleon correlation

. t
functions. O We prefer to make the identificacion

X 4
A o
= e, . (7)

Y >

N TTA
where the brackets denote the average value of ¢(r)
in the nucleus, For example, we can write, using a
local-density approximation,

4{r) {8)

1.4 w{r)
@ > bgy ’

is the matter density of a uucleus and
Therefare, we

where ( (r)
Sy is the density of nuclear matter.

have



1 P7s
<>, 29 (1-1
A o 5 ¢ NH) (9)
and
M oe ! (10)
Ay 1 - Lz,
™

Thus, the A dependence of the ratio AA/AN is here

related to the fact that nuclei of different mass
number have different percentages of surface nucleons.
(A naive extrapolation of (10) higher densities would
indicate a decanfining 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,

[

B _ %

Rvac QNM

n

where Rvac is the nucleon radius in vacuum. The

average radius of a nucleon in a nucleus is then
given by.

<R>A
R
vac

¢0

<¢>A

. (12)

Thus, using (7), we can also identify

*a
Ay

<R>A
R .
vac

($%))

This result is consistent with the fact that in the
rescaling model one “rescales" the moments {or the
structure function) cf the nucleon itself.

wWhile the rescaling model has some attractive
features, we believe that further study is required.
In particular, come should actually calculate the
structure function of a2 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. Cerard “ 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 wedium-modified form

1
factors we calculated in earlier work. 3 For example,
consider the usual phenomenological expression for the
electromagnetic form factor of the proton,
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2y . 1 B (14)
c? E
pla”) 7 \2
1 -3
a
vac
2 2, - :
Here e T 0.71 GeV™ is the vaiue of this guantity in
vacvum. In nuclear matter we have
¢
E!EE = 3E_ , as)
NM NM

Egi.‘i“‘-» fo, (16)
k}
‘rp]vac q"N}‘.(

,
where [r2]5 is the r.m.s. radius of the proton calcu-

lated from the slope of the form factor ar qzco.

We
have shown in an earlier work14 that the ratio
<[r2]%>A ¢o
5 - , (17
Irp]vac <¢>A

which we have calculated using a soliton model of the

nucleon,13 reproduces the values of (AAIXN) which are

required to fit the EMC effect. That is, the electro-
magnetic radius of the nucleon {calculated using a
soliteon madel of the nuclean) 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

nucleils_l? and the charge distribution of 2°BPb.18

The situation with respect to the transverse response
is more complicated since there appears to be a large
amplitude for two-nucleonm processes which is important

in the region of the gquasi-elastic peak.l5 More
theoretical and experimental work is needed to clarify
the sitvation in the case of the transverse response.

Some attempts have been made to study the wmodifi-

cation of nucleon properties in nuclei via y-scaling.19

One can use the analysis of y-scaling to argue that
there is iittle 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 (g,e’) and

{e,e’p) experinents.zl 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 canclusions may be drawm.

Again, further study is required.



Dirac phenomenology and the yelativistic
Brueckner-Hartree-Fock theory

In the vork of :Moblez2 one finds the first
attempt to relate the quenching of the longitudinal

.

responge to a change of nucleon size. Noble uses the
scaling relation,
:_NH . ;1“_. , (18)
vac = eff
where

Bore = Oy + US. {19)

Here US is the scalar patential felt by a nucleon in
nuclear matter. yields

o . 56
U, ® 400 MeV so that R'NH/RVAC & 1.74, or in “ Fe
<R>IRVEC = l.4. This vepresents an fincresse of the

average nuclecn 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

radiue increase needs to be only I5 percent.m'w At
first sight there might appear to be a problem with
the rescalin; analysis; however, as we will discuss
below, an understanding of the relativistic Brueckner-

Hartree-Fock them:y3 allows us to clerify this situa-
tion and to see the applicability of the rescaling
analysis,

Dirac phenomnoloqu’ 3

The problem with the simple analysis of (18) and
(19) 1s that UB contains a number of effects which

have nothing to de with the change of mass scale. In

particular the various contributions to U. include

exchange (Fock) terms arising from the exchange of
omega, rho and pi "mesona" 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, i = 938-210
= 728 MeV, and

I'IJN

T @
m

R

L

Rvat:
There 1s certainly some theoretical error to be
asgociated with the estimate in (20), but the rvesult
is quite close to that obtained from our previous
analysis.

More precisely, we can see that in the theory of

covariant soliten dynamics.n the mass and radius of

a nontopological soliten are given by.23

dyn
= 21
m (gx.n) LA {21)
h(g ,n)
Re—2Xo ' 22)
dyn
o
q
where m:yn i3 a dynamical quark mass arising from the

coupling of the quark to the QCD condensates and f
and h are dimensionless functious of a coupling
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constant, gx. and a mass ratlo, n. The mass ratic

does not change upon rescaling, so that

dyn
B % (23
R @ dm
vac g
‘0
.oO s (26)
¢NH

as 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
phenonenclogicel considerations lead to the conclusion
that the gluon consensate order parameter is reduced
by about 25 percent in nuclear matter. Thia effect
may be considered as a precursor of a deconfining

phase trangition. 2
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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

Abstract

Possible signatures of the presence of ruclear

six-quark bags are discussed,
1. 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 pastulate
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 sixeguark bags,

Let me begin with an outline. First, I discussmy
conception of the term "six-quark bag”, and the proper-
ties of such objects. Simple estimates show that
copious aumbers 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 I 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!® 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 152 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 (02v)
plane where 6q bags might be found. P. MuldersS has
already studied the role of 6q bags in the inclusive
(e,e') process. He finds that six-quark bags could be
responsibie 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 = 30D MeV), the
contributions of six-quark bags to the transverse
structure fimction are about equal to those of the
a. 1 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 A from a six-quark bag. In the hope of obtain-
ing more definitive information, 1 suggest experimental
studies of the energy dependence ¢f the angular distri-
bution of pratons emitted in the (e,e'p) or (e,e'pp)
reactions.

I1. 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. Forpresent
purposes we take the 6q bag to consist of six {antisym-
metrized) quarks in the lowest (x = -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
LS Mass (GeV)
0,1 2.16
1,0 2.24
1,2 2.36
2,1 2.52

The numbers 1,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 cne deccmposes the 6q wave function into
sums of products of baryon-baryon wave functicns 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 accurs 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 2 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 abjects on the energy
shell where they can be observed (under sufficiently
lucky conditions).

Another property of six-quark bags is their size.
Iq ﬁef. 6 the radius of a six-quark bag (RB) is ahout

2" times the radius of a nucleon. As discussed below,
this assumption has a significant incluence on the
location of the quasielastic peaks for 6q bag knockout.
Lomon? assumes a smaller value of R

IT1I. 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
procedurel has been to replace a two-rucleon wave func-
tion by a 6q bag whenever the motion of the pair brings
their centers closer than a distance, rg 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 o The value of o is

then an important number, and o - 1 fm often leads to



results in gocd 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 abcut 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
0 (= 0.166 Fm™3),  The probability that another nucleon
Ties within ry s 2 rd o0 = 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 Tikely 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 gquantity 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,
Calculation® 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 (02 = -q2} and energy loss (v)
for 6q bags to be observable. Start with Q2. We in-
clude processes in which the virtual photon knocks the
6gq 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 ampiitude includes the appropriate form factor
GG(QZ). We follow Refs. 5 and 6 and assume that the

six-quark bags are larger than nucleons. That means
that the ratio of 6gq to nucleon form factors:

GS(QZ)/G3(QZ) 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 is 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. Thkza celcu-
lations discussed below follow Refs. 5 and 6.

What about the photon energy loss, v? The
idea is that a 6q 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 A.

Thus 6q bags might be important at fairly low 02,

basic
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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.5 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 moedel.

1. A photon strikes and knocks out either a three-
quark (nucleon) (with probability P3) or six-quark bag

with probability P6 given by P6 =1- P3‘ In this mod-

el, pionic components of nuclei do not contribute.

2. A plane wave approximation is used for all out-
going particles. The knocked out nucleons, 6q »ags and
produced A's are all on the mass-shell, Thus no final
state interactions are included,

3. The final states are |3q> x |A-1> or
|60> x {A-2>. These are treated as orthogonal states.
Thus there is no interference between the two terms.
This i5 a good approximation when Q2 is large enough so
that the one and two-baryon states are kinematically
well-separated, but 6q bags have effects at values of
Q 5 500 MeV/c. Then ?nn average) each baryon of the 6q
bag carries s 250 MeY/c, a value close to the Fermi
motientum.

As Mulders remarks, the mode! 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 § = 400 to 500
MeV/c when natural values of the parameters (P6 -~ 0.4)
are used.

Buring 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
Mulders are for the 12C nucleus. 1 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 ot-
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 ldentification 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 cosZe + 1). | propose to use this idea
to separate the contributions of 6q bags and deita de-
cays.

Consider, for example, measurements of the angu-
lar distributions of protons emitted in the (e,e') re-
action. One can Took for a resonant enhancement of
isotropic correlations. The isotropy is to be with



respect to the direction of the photon momentum. I¥
the 6q bags I discuss are relevant there could be a 150
MeV wide region of energy (v = 0.3-0.6 GeY/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 6q - sN or
6q + a4,

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 nucleans.
After absorption, the cluster spews out nucleons, They®
found the velocity {essentially the rapidity ¥) of the
coordinate frame in which the emitted nucleons have am
isotropic angular distribution. The same technique
should work for the photon absorption under consider-

ation here. In that case y ~ tanh™} m/"sq 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 emittad in the (e,e'pp) reaction. This could
be done with a 4n detector.

This hope for identifying the 6q effects 1ies 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.

VIII. Summary
The Summary is given in the Introduction,
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TIGN, PART I

NUCLEAR FRAGMENTA
PROTON-MUCLEUS COLLISIONS AT HIGH ENERGIES

Andrew S. Hirsch, Purdue University,
West Lafayette, IN 47907
John Molitoris, Lawrence Livermace National Laboratory
Livermote, CA 94550

Abstract: The features of p-nucleus collisions
Teading to the production of nuclear fragments are
briefly reviewed. BEmphasis is placed on what is known
and what is unknown experimentally.

When 2 proton of incident enerqy exceeding about
1 GeV collides with a large target nucleus, such as
xenon, miclei of up to about 1/3 the target mass (A.r)

become likely reaction products. This has been known
for over three decadesl and has been studied
extensively using both emlsion52 and radiochemical
techniques.” Counter experiments have made detailed
and comprehensive examinations of these nuclear
frag!!ventss's'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

prctcns8 {£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.' Despite the great body of
experi.ental data that now exists, the production
mechanism of nuclear fragments by high energy protons

remains unclear. Processes such as evaparation”, cold
fracturingm, and a p:  : transition (gas to liquid)

near the critical point7 have been proposet] 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.
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Fragment kinetic energy spectra are chatacterized
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 rucleon, and thus a significant
number of fragments emerge with very small kinetic
energies. Studies of the spectra indicate that the
Coulomb energies invelved 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 265°% that the
slope characterizing the high energy tail of the
spectrum i5 independent of incident energy from 1 to
350 GeV, but the shape of the spectrum changes
dramatically between ) and 6 GeV. The high energy
tails also indicatz 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 ’'resnant’ sytem is some 20 nucleons
lighter. By detecting fragments at both forward and
backward scattering angles, the speed of the emitting
system has besn found to be very small, 8 ~ .002 for
xenon. Thus, the remnant system is practically at
rest in the laboratory.
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Fig. 2: Kinetic energy spectra obtained at the AGS.
a) Solid curve is the total fit
b) Fragnentation component
¢) ©Gaussian component, Ref. 8.

The fragment mass yields have a power law fall
off with fragwent mass number (fig. 3). It has been
shown that fragment multiplicities and cross sections
for fragments in the range 2 < Z < 12 are essentially

the same whether these events are observed with a
fragment trigger (A =20-40) or not.n Thus the

inclusive and coincident data are evidently the same,
reinforcing the notion of a multibody Lreakup.
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
rfacts’ concerning fragmentation. Experiments have
algo been performed with high energy protons incident
on nuclear targets with the focus on the cutgoing
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Fig. 3: Mass yield vs. fragment mass
obtained at FHAL (Ref. 7).
rmclem\s.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

Ag.l/ 3 nucleons. We note that for a xenon nucleus, this
i8 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 founa 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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Nuclear Fragaentation, Part IT
Blectron-Nucleus Collisions at High Enmergtes

John D, Holitoris
Lavwrence Livermore National Laboratory
Livermore, CA 94550
Andrew 5. Hirach
Purdue University
West Lafayette, IN 37907

Some observed features of ef-nucleus collisions are discussed and similiari-

ties with high energy p-nucleus collisicns are outlined. A search for maasive

nuclear fragments (A>4) produced in these e*-nucleus collfsions ls proposed.

In February 1986 an exploratory experimen'o‘ was
conducted at PEF using the TPC/2Y facllity, where the
Time Projection Chamber (TPC) provided the primary
particle identification in electron-nucleus collistons.
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 interactfon reglon about two
arders of magnitude and was sufficlent 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 tne e*+Xe col-
ligions will be discussed here, The analysis of this
data 1s still in a very preliminary state.

The e*+Xe data had .
with large proton and deuteron multiplicities. The

slgnificant number of events

energy deposition (v) in these events typically ranges
from about 6 to 10 GeV with §2<0.1 GeV2 and x<0.01.
Figure 1 shows one of the most :pecr.acuflar events in
the ex+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 &.
in the TPC ang the highest deuteron and proton multi-
plicities of all the data.
take an the values: Q%=0.07, x-0.003, and v=10 GeV.

riot of the rapidity (y) vs transverse momentum (py)

This event has 4 deuterons and 9 protons

The kinematic variables
A

is shewn in figure 2, where <y>=0.146 and <p, >=0.55.
These hizh multiplicity events leave such questions
unanswered as the aource of the deuteron production
and the mechanism which produces the many fast pro-
tons, Such questions may be answered by further ana-
1ysais of the TPC data, but that data cannot determine
The
energetic protons and deuterons account for up to 13%

what happens to the remalnder of the nucleus.
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Figure 1. 14.5 GevaeT 4 Xe (rur 422, event 169)

of the target mass, which leaves most of the nucleus
behind.
getic protons and deuterons as well as the subseguent

A complete experiment should record the ener-
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
verte:t detector of the TPC. In addition to the rela-
tionship between the remnant and the observed high
energy nucleon and deuteron yfelds, 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—
ectad.

A situation simillar to the above has been noted in
nhigh energy p+A collisons. Here, Nakal et 212 have
observed energet._lc nucleon emission much 1like that
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seen in the TPC data and estimate there to be about
(3-5) x Ap1/3 energetic nucleons produced per colli-
Thia estimate ia in

sion. agreement with the higher

multiplicity proton events (proton multiplicity z}) in
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 a13
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 initlal target
nucleus and the remnant from the kinetice energy spec-
tra of the fragments. The masa difference determined
by Hirsch et al is also in good agreement with the
total mass of the fast nucleons observed by Nakal.
This and other common features of the two p+tA meas-
urements allowed Hirsch to draw a connection between
high multiplicity energetic nucleon emission and mas-
sive fragment productlon3.

As Nakal et al? only measured the fast nucleon
component and Hirsch et al3 only measured the frag-
mentation of the remnant aystem, a definitive experi-
ment detecting both proecesses in coincidence has yet
to be performed. neither measurement
detected the incident proton, sc the energy deposited
Whether or not

Furthermore,

in the nucleus was not well known,
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the energetic nuclecns observed 1n 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 physics Iinteraction
r‘eglcm"l would allpow an exclusive measurement to be
performed (described below).

Independent of any results in p+A cocllisions, one
would like to study the behavier of the remnant nuc-
leus in e*+A collisions and its dependence on the vari-
ous kirnematic variables, Assuming that the remnant

does break up into massive fragments, it would be in~
tereating to determine fragment production as a fune-
tion of v for flxed 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 kinematic var-
iables, l.e. Q2.
the later stages of fragmentation might "remember" tne

For example, one might concelve that
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 comparzble to nuc-
lear dimensions,

We can make a rough estimate of the colncident
counting rate by taking the deep inelastic cross sec-
tion per nucleon d0/dfiedE' from the parametrized
structure functions, and making the usual assumption
that the nuclear cross section is the incoherent sum
over the nuclecns, This gives the ilnclusive cross see

tion for a given energy deposition v, and Q3. To get

the coincident cross section where one also measures ¢
fragment with A_>_1|. we note that in the p+A wWork (ref.
3), the fragment cross section (A>L) was =0.3 of the
geonmetric cross section.A Thu‘s, tzking the factor of
0.3, a total heavy-ion telescope éoverage of 0.5 sr,
and assuming isotropy of fragment emission, we find
rates of >3Hz for 0.001<Q%1 and <1 Hz for 1£Q%5,
This results from integrating over the electron
scattering angle range 0°CG<11° (realizable with the
proposed septum spectrometer for the nuclear physics
region at PEPY)and va5.5-14.5 GeV,
luminosity of 1.5 x 1029 cm? sec™ for Xe.

We have assumed a

This i3 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 is 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 obstruections. Solid
state detector telescopes have excellent Z and energy
resolution and have been uSed successfully by Hirsch

et al3 to Getect heavy fragments from p+*A collisions.
It would be advantageous to have the solid state det-
ector arrays subtend a reasonably large solld angle,

as the fragmentation cross section is not known and

difffcult to estimate theoretically, With just the

solid state detector telescopes, one could perform an
inclusive measurement similiar to the one for p+A col-
lislons.

A more interesting measurement and an improvemenf:
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 #n detector centered on
the target would enable us to observe the energetic
protons and deuterons seen at TPC and ascertaln if
there 18 a connectien between these and fragment pro-
duction,

.Pr‘esently we are studylng the feasibility of solid
atate detectors In the PEP environment. The electro-
magnetic field of the circulating beam §s Lntense
enough to render these detectors useless If they are
placed tao close to the beam or not shlielded properly.
Furthermore, they are susceptable to radiation damage
which will continually degrade thelr 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 sSolid”state detectors in
fall 1987, when PEP will be operated for high energy
physics. A simple apparatus couid be incorporated into
the beam line which could move the detector array
toward and away from the beam. The effectiveness of
various foils tc block the electromagnetic fleld could
also be investigated, Before thls 1s 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 Califomia, Berkeley, Californiz

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 classicat interpretation of the
correlation function in terms of the space-time
distribution of particle soutces cannot He directly
applied 1o 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 cominued interest since!, In this paper,
T 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 desctiption 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 {"chaatic")
pion emitters with lifetime t and a spatial distribution p(r) (with 2
characteristic width R), plus iwo 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 1o propagate to the detectors, and those two
amplitudes interfere.

plr) T

t % ] detector 1 (p)
[ X}

K oo

1 -
®e 7] detector 2 (p,)

identical (incoherent, "chaotic®) T
particle sources of lifetime 1

Fig. 1. Amplitudes interfering in the creation of the Bose-Einstein
enhancement for identical bosons

Sumrming aver all pairs of emitters, it is easy to show that the
resuliing two-panicle correlation function C is essentially the
square of the four-dimensional Fourier iransform of the
(normalized) distribution p{r) = p(r.1) of emission points?3:

C = a(p,.p,) / 6,0p,.py) = 1 + [K*r plr)ei®r}2 )
with

9=p-P, = Q)
Here o®(p,,p,) denotes the measured two-particle cross section,
and 6,%%(p,,p,) stands for the two-panicle 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 g = p,-p,: C = 1 + H(q)g(g)?. For
large q or g, the integral vanishes and we obtain C = 1; for small

momentum differences C rises and reaches C =2 for q = ¢, =0.
In other words, BE statistics predict that identical bosons will be
preferentially emitted in the same quantum state, i.e. Igl R < I and
QeT < 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. vinually 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 7. In case the events exhibit a preferred axis, such as in
e¥e- 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 egn. (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
momentum transfers, and rises for small momentum differences
{Fig. 2). For the heavy-ion system, the cormelation length of about
70 MeV/c wanslates into a characteristic source size of =3 fm —
Jjust 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.

T 51 r 1 5717
AreRCl = 21"+ X

Gamew pprrocind

<t 14>

50
0 025 05 078 1 128
qr (GeV/c)
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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 ki 4. (b) Two-pion correlation function obtained in et*e”
annihilation at 29 GeV cms energy’, as a function of gy, the
component of q perpendicular to the total momentum of the pion
pair.

However, several authors267 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 Iab frame) will not be
identical; 3) for eqn. (1) to hold, the spectra should be
approximately constant over a range Ilql= I/R; however
momentum spectra in e*e- 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, 1 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 ta 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"?) spanned
from quark to antiquark. Such a string provides a lincar
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
1, in the rest frame of the comesponding string segment, particle
production points will scatter about the hyperbola ©? - 22 = 12 On
average, the primary quarks will propagate over a distance ¥ 7, =
(¥s/2m) 7, before they are confined to a hadron. We expect 7, to
be of the order of typical hadron sizes; m is a typical hadronic
mass scale, O(m,). At PEP energics — s = 29 GeV — this
picture implies a longiiudinal extent of the distribution of particle
sources of about 30 fm, as compared to a transverse extent of
order | fm (the diameter of a flux tube).

"Source size":
=30fmat PEP —__ _ _»
energies

-

ymplotic
particles

-t

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>10, there is considerable confidence in this picture.
Why, then, is this Jarge 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 (8 will typically decay at a distance 2, =
Pret, from the origin, and the average z-component of momentum
of one of its daughters will be <p, ,> = BYE,, where E, is its
average energy in the rest frame of the emitter; hence <p, ;> =
2, This correlation implies the particles created at opposite
“ends” of the event are never closeby in phase space. As a
consequence, BE comelations 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 decermined by the fireball size Rfy
(as seen in the 1ab), and not by the two-fireball separation D = yt!

Fircball a Fireball b
‘%) —D —as |(«—-z
hd BE
enhancement

Fig. 4. Simple model to illusirate BE comelations for moving
sources with B = 1. Loremz 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 e*e- jels, it is easy to show that
each of the emitters indicated in Fig. 3 will spread panticles 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 = Tsinh(Ay} = 1, In such frame, the BE correlation
length both in longitudinal momentum difference and in energy
difference is therefore of order 1/%, 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
twbe diameter, which is of the same order as 7,. Since the BE
correlation length thus is similar for g-vectors parallel and



perpendicular to the jet (= z) axis, we would thus expect the
distribution of particle sources to appear roughly spherical, and no
cigarlike with a large ratio of major 10 minor axes, as one migh
naively expect based on Fig. 3.

More detailed studies2¢ confirm these features: one finds that

the correlation function C depends mainly on the (invariant)
square of the four-momentum transfer Q? = @2 = (p,-p,, and
hence cannot be represented in the form C = 1 + If(g)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-aptiquark pairs (top diagram in Fig. 5). In this scheme,
break-up points of the string uniquely determine particle mementa;
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 = ciSA, where E =x + iP/2. A denotes the (invariant)
space-lime area spanned by the string. The real pan of EA, %A, is
essentially the classical string action (x denotes the energy per unit
length, x = 1 GeV/fm). The imaginary part, PA/2, describes 1he
breaking of the string by quark-antiquark production at a constant
rate P per unit length. In order to properly symmietrize production
amplitudes for final states containing several identical bosons, we
need to sum over all diagrams corresponding to permutations of
those particies. In the context of BE cormelations 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
&i&A (botom diagram in Fig. §), Given the known magnitudes of K
and P 9, it is easy 10 see that the interference paitern between the
amplitudes corresponding to Fig. 5 is dominated by the phase
change of order A¢ = Q%/2x. As a result, amplitudes interfere
comstructively for Q2 < x = (0.4 GeV)2 and cause a BE
enhancement at low (7, compared to an effectively incoheren
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 1 emitter and from event to event,
here the strong momentum dependence of the amplitude c! A
guarantees virtually random phases between amplitudes
corresponding to different permutations of particles, unless the final
state contains two pions with almost 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 2
measure of multiparticle production amplitudes and their phases —
as opposed 10 the classical geometrical interpretation, which
suffers from concepruat 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 q

Fig. 5. Space-time structure of quark fragmentation in ete-
annihilation, as predicied in the Lund string model. The space-time
area swept by the color field is denoted by A and gives risc to the
production amplitude M = e%*. An exchange of the two central
panticles results in a change of that area by AA, with a
corre * nding 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
correlationz depend only on Q2 and not on g and g, in a
factarizable fashion.
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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-q?, measured
in e*e- annihilation a1 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 resanances
is not included in the model curves. Predictions of the model of ref.
2 eahibit a very similar shape.

Fig. 6 demanstrates the that BE enhancement is cenmainly seen in
the variable Q = YQ?2. A clean distinction between the classical
form



C=1+a exp(-R;2q?) exp(-T*qs}) (03]
(where we have for simplicity used a gaussian space-time
distribution of emission points; the “fudge"” factor & will be
discussed Jater) and the relativistically invariant form (note the
different sign of the q, term)

C=1+aexp(-R%q?) =1+ o exp(-R*q?) exp(+1%q}) (3)
however turns out to be rather difficult, since q and q, 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 Igl 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 Igl, 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(-12q,?)
dependence, as displayed in their Fig. 3 — depends strongly on the
maximum q (er, 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
carrelation 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 symmetry®13.14 (Fig. 8) and independem of the y-factor
of the pion pair (Fig. 9).

1.50
1.25T
1.00T

g ¢

< 075 -°#' {

a * ® cte-cont
0.50¢ 2 Y
0.25f M

o B

0.00 L
0 10 20 30 40 50 60 70

Js (GeV)

Fig. 7. Size parameter R of the pion source, determined according
to eqn. (3) in various reactions, as a function of the cms
energy! 131435,

Both in Figs. 2 and 6 we note that C does not seem to reach the
predicted value C = 2 for vanishing mementum difference q of the
two pions. Parameterization of the BE enhancement in terms of a

gaussian (egn.(3)) typically yields @ = 0.5 - 0.6 instead of =~ 1
(after comection for particle misidentification, detection efficiency
etc.); see Fig. 10. The two exceptions are BE comelations in JAY
decays and in two-phaton collisions, for which « near 1is
measured. Several explanations have been put forward for the
deviation of & from 1: BE correlations are absent for coherent
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 0 1he jet axisS. Curves are based on the
assumption the the pion emitting region is a three-dimensionat
ellipsoid, with a transverse size Rq and a longitudinal extent cRg,
for c=1 (dashed), c=2 (solid) and c=2 (dotted).
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Fig. 9. Size parameter R of the pion source in high-energy ete
annibilation, as a function of the boost Y = Ey,/m,, of the pion
pair’>.

A much simpler explanation is that the measured value of @ is
usually obtained from an extrapolation of data at finite 7 to Q=0
and is therefore sensitive 1o the assumptions concerning the
Qz-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 above?$ 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 M¢V, and nevertheless
extrapolate 1o C = 2 for Q — 0. Another reason for 2 non-gaussian
shape is pion production by long-lived resonances such as ©, 7,
and n'. For pions created in such decays, the effective source size
is of the order 1/T,,, ... > 20 fm. Correspondingly, such pions
contribute!é 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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correlations for pion daughters from long-lived particles has been
demonstrated experimentally using pions from K,* decays’,
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Fig. 10. Parameter a determined from fits of C(Q? sccording to
eqn. (3), for different reaction iypes as a function of cms
energy'. 5131415, Dara points are corrected for particle
misidentification (except for the ISR data), but are not corrected
for the reduction in & due to pions from decays of long-lived
particles.
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Fig. 11. Expected Q-dependence of the 1WO-pion correlation
function C, assuming that 50% of all pairs contain at least one
decay product of a iong-lived resonance of decay width I'. The
dotted region indicates the region typically covered by data points.

The CLEQ group has atempted to comrect their data for
resonance effects and obifain o = 1 after correction (Fig. 12). The
problem there is, however, that the decrease in the effective @ is
very sensitive 1o the rates of 1j and 7’ 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
mMsms which explain o, <1 in & rather narural fashion;
Its seems premature to invoke partially coherent sources ar this
point. Clearly, more detailed data is needed.

o . '
Hov{evcr. major technical problems stand in the way of more
precise measurements. Let us first consider the S3(p,,p,) tem in
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the definition of C (eqn. (1)): particle pairs in the interesting region
P1 = pptend to overlap in the detector and create pattern
recognition problems,

after corr.

q,(Gev]

Fig. 12, Two-pion comelation function C as a function of g (see
Fig. 2), for ag < 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 panicle identification is required, otherwise the
data has 1o 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,S 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 rapidty with Q, since the available
phase space goes like Q2 Even worse, however, are the problems
caused by the o,2(p,,p,) term in eqn. (1). Obviously, BE effects
cannot simply be "switched off” in the experiment in order 10
derermine 6;@. One technique is to approximate 6 @(p,,p,) by the

product of single particle densities o(p,)o("(p,). This procedure
removes the BE enhancement, but it also removes correlations
caused ¢.g. by phase space constraints, superposition of different
event types elc., 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 5,@. The problem bere is that while natural
correlations due to phase space etc. are taken into account, the
unlike-sign pion sample shows many additional cosrelations due to
resonance decays and local charge conservation. Furthermore,
acceptance ccrrections 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 1ypically 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 10 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 waorse.

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 (ete-) und the experimental problems discussed above, 1
don't view BE correlations at this moment as a powerful diagnostic
100! for such complicated processes as electron scattering off
nuclei. Topics I would like to see studied (most likely in eter)



include; the precise shape ar low Q2, the detailed dependence on g
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!

This work was supported by the US Department of Energy under
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Development of a Warm Gas Jet Target for PEP

John D. Molitoris and Karl A, Van Bibber
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Absiract ..
We ara presently involved in a feasibllity 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/em®,

Introduction

Warm gas jet targets (WGJT) have been uned succesa-
fully in experiments at Ferml Naticnal 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 motlivated by the previous use of an
unreliable cold target system?, WGIT's work well for
a wide range of gases and cost much less than a cold
target system due to the lack of a liquid nitrogen
handling mechanism. In view of this, we are using the
Purdue WGJT system! as a model for an internal target
for PEP.

The PEP base vacuum is typically = 3 x 1077 torr
and {s maintained by ion pumps built into the PEP beam
line. “ny 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 increasee in the base prassure
not only do not add to the effective target thickness,
but serve to decrease the lifetime of the recirculat-
ing beam. A schematic of such a system is shown in
fig. 1. Here the flow 13 directed through a nozzle
into a recelver vessel which pumps out most of the
gas. A well defined jet matched to a tight orifice on
the receiver volume keeps backstreaming from the
recelver into the target volume to a minimum, Most of
the gas that does not make it into the recelver is
pumped out by the first evacuation stage. This sec-
tion is conductance limited from a second stage which
incorporates more pumps and I3 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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The
gas llows from some inlet volume through a nozzle and

Figure 1. Schematic of a gas jet target aystem.

into the recedver. Most of the gas is pumped out
through the ceclever,

major criteria is that the outgassing of heavy hydro-
carbons (A>50) be negligible. Figure 2 is a spectrum
from our residual gas studies of the PEP vacuum which
shows that for AX50 there are only three mass peaks
{even on the most sensitive acale). 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
1liar 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, 30 we are presently investigating the possi-
biiity of using speclally 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 rig, 1)
are highly conductance limited from the PEP vacuum (by
the recelver orifzce) and can be sectioned off by two
gate valves (one close to the oriface and one at the
throat of each pump}. Therefore Laese 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 turdo moleculac pumps, but with some
modifications and a coldtrapped backling systen.

Operation of a WGJT in PEP requires areal densities =
107 - 107:° g/em? with as low a throughput as is
feasible. Low throughputs (<0.01 torr-L/sec) simplify
the pumping scheme and reduce the overall cost of the
syatem,

Although an actual WGJT system will incorporate the
features of this schematfc, 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 {3 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 conatriction where
these secttons meet is the orifice which gover.a the
throughput and density of the jet, This is a de Laval
nozzle ang {ts properties are well known3. In partie-
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 cceur the recelver pressure must be below a certain
eritical pressurel, but this s always true for jets
flowing {nco a high vaeuum reglon. 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 T, are the Input pressure and temperature in °K of
the target gas. 2 13 the length of the jet and R is
1ts radius at beam intersection. ( From ref. 1).

to lower the preasure 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). 1If the recelver pressure remains lower
than that of the exhaust, these shor.'k. fronta emanate
from somewhere within the nozzle, The pressure dee~
reases across the rarefaction wave towards the inte-
rlor of the jet, consequently there is a pressure gra-
dient acting from the boundary toward the Interior

-which makes the Jet boundary curve inward., The

adjustment to recelver pressure occurs via this inter-
cepting shock outside the nozzle and 13 the desirable
reglme for operatlon of the target system, Within the

Kozaie well

Racefectica wawe

()

Figure L. Shock patterns which may result in a dlverg-
ing Jet emitted with a pressure greater than the
recelver pressure. (a) Here no sheck dise is formed,
while (b) 11lustrates the shock front being cut off by
a dise perpendlcular to the axis. {From ref, 3).



nozzle the boundary is defined by the diverging sec—
tion., After the gas exits there is a free boundary
due to the axially directed layer of subsonle gas and
the low pressure region of the target vessel. As the
boundary laye- dlgperses into the target vessel, the
Jjet gradually loses its structure and any pattern
fades.

Figure 3 1s 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
gas in steady state, i1sentropic flow. This model
takes the actual shape of the gas jet to be known.
Using the quantities defined In fig. 3, the density of
gas (where the shock Interfaces with th: vaouum) is

r\ PM ( 2 )""”‘"’(i-_-_l_)”z
P'(E) Ch [\v+1 y+1

and the throughput of the nozzle is given by

2 (I g N2 o 12
2 L L —_
e-erir(zh) (7)) L) ™

where M {3 the molecular weight of the gas, C the
molar gas constant (83 mbar- %-mole™! °K™%and Y is
the ratio of the apecific heats (Ygenoatomic=5/3 and

Ydiatomic=7/5). Here r is the radius of the throat, R
the racius of the jet profile, Py the inlet pressure of
the gas, Ty the inlet temperature, and Tt the tempera-
ture af the jet. Stringfellow et il have measured the
throughput and density profile of jets praduced with
0.004" and 0.006" orifice nozzles, they find agreement
with the above equations to be quite good!. However,
these workers were mot able to obtain a narrow Jet
below inlet pressures of 25 psig, which implies that
they may have approachea the lower limit of viscous
flow for thelr 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 d'meter and, if necessary,
accept a smaller increase in the pressure to galn a
net reduction in target density and throughput.

Figure 5 shows the He gas throughput as a funection
of inlet pressure for variocus orifice sizes <0.0D4™.
For a 0.000125" nozzle on. can obtain throughputs less
than 0.01 torr-i/sec for Pi<40 psi. Here we have
assumed that T¢ i3 equal to Ty, and neglected the
cooling which occurs In the exhaust region of the
nozzle. As the increzse 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 amall 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 (unction of the mass for a
fixed Inlet pressure of two atmospheres. Here the
throughput i3 shown to decrease with Increasing target
mass (Atg), 30 a target system which can handle the
throughput of the lLighter gases, should have enough
pumping speed for the heavier gases. It should be
noted that the pumping speed does decrease as Apgt in-
creases, which tends to make the design throughput a
constant.

One is constralned to use a gas target in particle
atorage 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 solld curve in
fig. 7 is the maximal density allowable in PEP for a
two hour lifetime of a efrculating 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 dlameter orifice noz-
zles. Only the 0.000125" nozzle 1s below the allow-
able densitles 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 inleét pressure for low Aggt,
but for a fixed orifice Py 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 2 more reascnable
‘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 Fabrleation

In order to achleve the desired throughputs and den-
sitles a nozzle with an orifice = 0.000125" i3
required. It is not possible to bore such small diam-
ster holes with conventional techniques, although
holes as small as 0.001" can be obtained with special
drills, For holes <0.001" one must use electren, ion
or laser beam technigues. We are presently pursulng a
lagser method to obtaln orifices of the desired diame-
ter. Figure 8a shows a 0.00015" hole which was obta-
ined with laser techniques. A cross secticnal side
view of the hole 1s shown in fig. 8b. This shepe 13
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Figure 7. Allowable target densities in PEP as a

runction 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.

actually ldeal 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 plece through the orifice.
As 1t is not posalble to inspect the interior of the
nozzle down to the orifice, we are pursulng an elec~
trodeposition method. Here a mandrel is carefully
machined to the specifications of the interior of the
nozzle, The mandrel is easily lnspected and the qual-
ity of the mandrel's shape and surface finish guaran-
tees that of the final plece ar long as the etching
process 18 well known. 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 conleal mandrels which will be used to produce
nozzle exhaust sectiond. These mandrels are aluminum
and will be eleqtrodeposlted with nickel,



(a}

{b)
0.00015"

L— 0.0004"
=SSN

~———0.0005"

(a} Laser drilled 0.00015"" diameter orifice. Detail
in {b) sho .vs shape of interior and dimansions.

Figure 3, (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 diameters 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 smoothiy
with the converging and diverging sections, but for
This
design will have a discontinuity where the orifice sec-

rejoineg.

these small constrictions that is not possible.

tion matas 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 invclved to the overall length of

the nozzle.

the nozzle and exhaust port area (although this Is
The step should act te slightly
{nerease the boundary layer (the subsonic flow layer
with the wall of the nozzle exit} and
perhaps create stream lines and a stable shock front

still under study).

whieh interacts

within the nozzle itself. As the ahock pattern repe-
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Finish s 1L down to 0.008" dia pin. Material is electro deposited on
mandsel which is etched out.

Figure 9. Conical aluminum mandrels.

ats 1tself, the diverging section will act to control
the expansion of the gas and reproduce the shock front
outside Lhe 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 arifice. 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 sufficient room for a boundary layer. Some of
the shapes the diverglng section can take on are shown
in fig. 10,
parabolic nozzle should be preferred, the coricnl and

Although for axially symametric flow a

trumpet shapes are those mainly used In gas t=rget
systemat %56, In prefiling studies of rozzles with
the same orifice diameters and diverging section

lengths, the trumpet shaped nozzle has been shown to
have a slightly narrower censity distribution than the

cordcal oned.

Proriling Studies

At LLNL we are presently constructing nozzles using
the methods descrided above.
Laval nozzles will have comical exhaust section~ with
throat dismeters 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.

OQur first set of de

The density profile cf the yas jet
will be measured by deuteron e .itic scattering at the

LLNL 30" cyclotron. In the present set up the bear
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Figure 10. Axial cross sectional view of rozzles show-
ing the various Interior shapes.

and detector are kept fixed and the jet 13 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 Py on the jet will also be stu-
dled. In principle one should be able to produce a Jet
at input pressures lower than that used by Stringfel-
low et all. In practice other factors may be prevent-
ing this.

Using the above profiling studies we can attempt to
match the jet to the recelver 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
vacuun 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
Jjet, Pulsing cuts down on the overall throughput, but
the jet 1s not well Formed at the beginning and end of
the pulse. Consequently, less of the gas s directed
into the receiv.r then.

Our goal Is a continuous operation WGJT that meets
the above density and throughput criteria and has a
dozzle recelver mating which directs >95% of the
throughput into the recelver. The above studies will
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enable us to model and ulilmately deaign 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 discusaions. We are
grateful to Prof. Andrew Hlrach of Purdue Unlversity
for the loan of thelr WGJT system and to Norman Dean
and the SLAC Vacuum Group for thelr help and advice,
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Abstraet

We bave examined many exclusive and inclusive reactions
to conclude it best to project real or virtual photouns
on partons in a nucleus to probe the wechanism respon-
gible for the EMC effect. Such reactions could be
triggered on particles produced beyond usual (nucleon
target) kinematical limits fromw quarks in, @.g., oulti-
quark color singlet structures, We show that the mul-
ti-quark fragmentation function may be measurable fn
the quark (QCD or real) Compton effect.

Introduction

Deep inelastic gcattering experiments on nucleons and
nuclel have unambiguously established that the partons
of QCD behave differently in nuclear matter than they

do in an {solated nucleon.l To established what these
differences are and the sources of these differences
is an objective of future experiments for which pre-
dictions can enly 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 guark cluster model (QCI‘().2 In the QCM
the guarks (q) in a nucleus are organized into multi-
quark color singlet clusters involving groupe of 1 = 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 mumber of 3-g clusters joined
by the center of masa separations d € 2R., This defi-
nition allows one to calculate probabilitles for clus-
ter existence and to calculate the momentum fraction x
distribution for quarks in 2 cluster with reasonable

facility and reliability.3 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 €1/3, for an 1 quark cluster. Cal-
culations have ylelded excellent deseriptions 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
4,5

Drell-Yan process and electroproduction on nuclei.?
The high momentum components of quarks in clusters
make unlque concributions to these processes, and
particularly in pre-threshold production of particles

in high energy collisions with nuclear targets.ﬁ

From an experimental study viewpuint, the injection of
nuclei into high energy electron beams or i{n some other
way colliding nuclei with electrons and photons appears
to be one of the best possible ways to study and ta
probe for partons with high momwentum components withim
the nucleus. Though hadron reactions would yleld
larger statistics on events originating from x> 1
partons, the background problems would be horteundous.
Of all reactions examined, the cleanest seems as 1f
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 1likely, not
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shed new light on the source of the EMC effect, In
Ref. 3,we pointed out that the QCM makes rather unique
predictions for ratios of DIS experiments from differ-
ent nuclear cargets If one cakes the DIS nross sec-
tion times the energ transfer v divided by the Mott

cTous section to ger -he nuclear structure function vuz

and takes data for tw. targets of nucleon number A and
B, the ratia V = [vllZ(AJ/A]/[vwz(B)/B] will show a

sequence of unique ster: in the x > 1 reglon., The size
of these steps 18 predi ted by the calculable probabil-
ities for clusters, as tentioned sbove., Events in the
region I € x < 2 fn the QCM will be most sensitive to
6-q clusters while events in the region 2 < x < 3 will
be most sensfitive to 9-q clusters,etc. For each in-
crease in x by unity, the ratio V will increase. Pre-
liminary results of an exp riment at SLAC apparently

confirm this behaviol:.7 Ti.'s 1s the etrongest possible
motivation, then, for perfc ming more sophisticated
calculations for exclusive ~actions to encourage more
direct atudy of high moment - quarks in nuclei.

Multi-Quark Fragmentation

We shall pursue the possibility that (I) the QCD Comp-
ton process and (I1) Conpton scacttering from quarks
may be the best probes for location high momentum
quarks besides providing information on an interesting,
previously wnmeasured physical quantity, the multi-
quark fragmentation function.

In Fig, 1, we depict the collision between a pheton ()
and a nucleon, with the microscopic Yy—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,
PHOTON
NUCLEON
GLUON-JET QR PHOTON
Fig. l. The photon-nucleon (three quark cluster) col-

itsion, The photon-quark interaction is shown
in the center of momentum frame with the final
atate quark, gluon, and diquark jets for the
QCB Compton process. For the QED Compton pro-
ceas, the fipnal state gluon is relabelled as
the final gtate photon (with or without orig-
inating an EM shower).



iabelled by che parent patcon.B For (II}, usual Comp-
ton scattering, as also indicated in the magnified
reglon of Fig, 1, the final state gluon and 1its 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 &, €, and 4
show the familiar s,t, and u Mandelstam channel for
the y-q interaction. With a nucleon, or 3-q cluster,

R

4
G

Fig, 2, The QCD Compton effect (I) for photon + quark

+ gluon + quark and the QED Compton effect (TI)

for phaton + quark - photon + quark with the
subprocess kinematical vari{ables as labelled.

target the remainder of the event consists of two
quarks, or a di-quark, breaking up in the target frag-
mentatlion region. The 'di-quark' (two quatrks 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 Qz evolution data
which I{s nonexistent to date,

describe the photon-
the nucleon target is
a relatively large

The process in Fig. 1 is used to
3 quatk clustar interaction when
inside a nucleus., There is also
probabilicy that the photon will interact with coler
singlet clusters of 6, 9, etec., 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

DUARK —JET

MULT I- QUARK JET,

NUCLEUS

GLUON-JET QR PHOTON

The photon-nueleus 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; 1in (II),
the QED Compton process, the quark and photon
go out back-to-back. The remalnder of the
six-quark cluster after the photon-quark re-
action continues in the direction opposite to
the incident photon and fragments ag the
multi-quark jet (in che case drawn, as a
five-quark jet).

Fig. 3.
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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 (I1), thus ocffers the
unique possibility of measuring multiquark fragmenta-
tion functiong, Furthermore, backgrounds can be dras-
tically reduced by selecting events coming from those
quarks with large x. ~“hese events could have abnormal-
1y large total energy in the jets or a hadron in a jet
with abnormally large momentum. Since the incident
photon disappears completely, the prejectile fragment
region is very clean, Therefore, the back-to-back
quark and gluen jJets in (I) or quark jer with a recoil
final photon {n (II1) can provide a trigger to tag pho-
ton-quark events with unusually high cm energy, indi-
cating a reaction with a cluster. These events sbould
provide a good sample of multi-quark fragmentation.

1t may be possible in thé future to obtain data rele-
vant to the Q-squared evolution behavior of this multi-
quark fragmencation function, The five-quark recolling
object has many ways in which gluons might interact and
be emitted ao {t is passihle to have deviation from the
most naive type of Altarelli-Parisi behavior.

Calculation

Detalled mathematical expressions will not be given
here nor details of the Monte Carlu procedure used for
the program, some of the output of which will be dis-
cussed. An effort to mainly sketch the physics in-
volved wlll 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 dene by Monta Carle methods to produce
the complete QCD Compton event in the photon-nucleon
cn 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 validicy of the
calculation unless the cm energy is so low that chere

15 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
FPield-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
9 in Fig. 2. The Q-squared dependent fractional mo-
mentum diseributions for quarks in the nucleons in the

target nucleus are those of Buras and Gaemers.9 The
momentum of partons created along the chaln 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 syatem for the fully
generated events are obtained by a lorentz transfor-
mation alang the photon direction to the laboratery
system.

Probably the dominant effect of the large x parton com-
ponent in the nucleys will show up in the increased
cross section at large transverse momentum (p ). The
ratio of positive to negative pions will incrfase wich
P, also. At high Ps roughly bigger than 3.5 GeV/e,

the processes under discussion should dominate the old
fashioned vector meson dominance terms. In Fig. 4, we
show plotted the imvariant cross section as a function
of the transverse momentum of the gluon jet for a

number of photon energies. These curves are for real
photons, but the general trend stays similar for vir-
tual photons. The gluon is produced with low rapidicy

y —(élum :Jet) x
4 D<Y<Ql

{cm® GeV'%c*)

iy
dp?
2

E

5°

5
B (GeV )

1]

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 epergy 9.7, 15.6, 19.4, and 27.4
GeV in the phaton-nucleon cm system and
correspond to photon laboratory momentum val-
wes of 50, 150, 200, and 400 GeV/c, respec-
tively.

D € ¥ < D.1 for each of photon energles as lahelled by
9.7, 15.6, 19.4, and 27.4 GeV c¢m energy. These corres-
pond to photon momentum of values 50, 150, 200, and
400 Gevfe, 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 clusterg; 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 Py 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 scon

because thcy now appear relevant since the rccent SLAC

7
NE3 experiment found events out to x wvalues near 6,
For and incident photon beam of 25 GeV¥/c, the dotted
curve gives the relative P, dependence for reactions

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 1in describing the ways that quarks seem to behave
differently in nuclel than they do in free nucleons.
Detailed comparisons 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 im nuclei. The QCM predicts
more large transverse momentun events the could ocecur
from a nucleus made of independent nucleons. We also
find that the ratio of positive to nepative pions will
be larger if the pheton is indeed interacting with
clusters in a nuclear target. These predictions are
a consequence of high momentum quarks {n the clusters.
This leads to the occurence of events well beyond the
kinematic limits for photo reactions with free nucleons.
Triggering aun experiment on such events leads to the
possibility of studying and measuring a new physical
quantity, the mulri-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 stud).r.10 The object left
behind when a photon Interacts with a quark 1n 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 te 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

2z = 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 NUCLEL AND QUARK-PLION NUCLEAR INTERACTIUNS

Paul Stoler

% Physfcs Department, Rensselaec Polytechnic Instituce, Troy, NY 12181*

The theory of pion photo and electroproduction is electroproduction. An active program to study the
closely related to our understanding of fundameatal properties of resonances 1s planned faor CEBAF (Bu-87,
processes involving elementary particles. At Mu-87).
excitations below 2 GeV these reactians have
provided much of our information about baryon Phaotaproduction data on auclel 1is sparse fa
resonsnces (Do-78). At higher excitations, in the comparison with rthat for the nucleon. In the
scaling region they are directly related to the tesonance region nuclear programs have coacentrated
processes by which quarks hadronize. The study of only on real photon experiments in the delta energy
these reactions are interesting in nucleil where one region (see e.g. St-87), and even 1in thies energy

would like to lLearn about the influence of the nuclear
eanvironment cn the elementary processes.

In  the past electro and  photoproduction
experiments on nuclel have been strongly limltated by
the parametecs of existing electvon acceleratars, the

most important of which are low energy and duty
faccor. The new generation nuclear physics
facilities atr CEBAF and PEF will complement each
other in moking possible programs of plon
electroproduction not previously possible, CEBAF,
with an eventual raximum energy of ~ 6 GeV, will
cover the nucleon resonanec regien, 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 boch 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

obtalned at SLAC (St-75) as a Ffunction of W for

various values of Q.

In the resonance region only the delta is free
from the {ntecference of other resonances, whereas
above the delta thére are about 20 known resonances,

all of which overlap strongly with each other. The
properties of thede resonances can be disentangled
aonly from exclusive experiments involving pion
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exclusive electropraduction
experiments on nuclef. This situation will .ertainly
change 1in the next several years with the artival
first of MAMI=-IIL at Mainz, and lacer CW accelerators
at DBates and Saclay. However only CEBAF and PEP will
have enough energy cover che entire resonance
region.

reglon there have been no

Lo

Because
excltation, is

the delta 18 the lowest energy nucleon

very scrongly excited at low Q , and
plays an {mportant role in medium energy nuclear
phenomena, oane¢ of the most actively studied gubjeects
in nuclear physics during the past decade concerns the
production and prapagation of the delta 1in nuclel,
including the absorption of the delta by the medium

(Ge-83).  The propagation of the pions in the nucleus
ig part of the problem of the propagation of the delta
through the successive decay and formation
of the delta due cto the strong plon-nucleus final

state interaction (FSI).

In the future there wlll be a strong interest in

studying some of these problems for the higher
excitation resonances. However, the problem of
averlaping resonances will add to the compiications

A favorable energy to study
1520 MeV,
and behave

in fnterpreting the data.
may be in the regloa of excitatioen near W =
where the 5|3 and D)3 stand out clearly,
differently as a function of Q .

For example, 1t will be interesting to see how
the width of this peak 1is affected by the nuclear
medfum a6 it i1s for the delta. Pion FSI play an
important rtole at all excitation energies. This also
will complicate the interpretation of experiments
where the motlvation {s to learn about the initial
Ltateraction process in the auclear medium. Examples
at low and high energies respectively are the effects
of medium polarization on the apin-isospin operators
(Dy-86, Mu-79), and the modifications of the plon
distribucion involved in t-channel electroproduction
in nuclel compared to the case of che nucleon (H1-79).

Figure 2 shows the mean pion 1interaction lLength
in a nucleue, obtained by a simple convolution of the
elemencary pion nucleon interaction with a uniform
nucleon density. At the peak of the delta this teagth
is about ©0.5 fm, increasing to 2 to 3 fm at hilgher
energles.

A more realistic plcture emerges frum experimencs
on plon nucleuws 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 !2¢. 1In additfon to quasi-
free scattering, nuclear effects such as
coherent ,cattering and true absorption are important
at the delta peak, but decreasc relative to quasi-free
scattering atc higher energles. It  would be
interesting to see how these effects evolve with
fucreasing enecgy.



The effects of plon FSI in phota and
electroduction are most important at the peak of the
delta. They also depend upon che nuclear rtadius,

Thls 1s fllustraced

being smallest for light nuclei.
of final

in Figures 4 and 5, which show the effect
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Figure 2 a) Charged plon mean path 1n nueclei
obtained by convoluting the elementary pion nucleon
interaction cross secrion with a uniform nuclear
density, b) Fraction of picen nocleon interactions

resulting in inelastic events.
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a
(me1

€, (MaV)
Figure 3 The various components of the pion
nucleus interaction for l2¢ from AS-8t.
state 1interactions on charged pion photoproduction

from <H, and 12¢ ar energles corresponding to the peak
of the free nucleon delta, The 2H data, caken at
Saclay (Fa-84), show only a small effect of plon FSI.
(There 1s a large enhancement at the highest momenta

due teo the large
the p-p pale enmerging in a
relative s state). The L4C (Ar-82) data indicate a
large Tteduction ir the quasi free production peak,
which can be explained by the cascading and true
absorplton of the pilons interacting strongly with the
other nucleonse.

in the spectrum of Figure 4,

interaction between
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Figure & Momentum spectrum of positive pions due
to the reaction 2H(y,**)X for E = 300 MeV, obtained at
Saclay (Fa=-B4). The dashed curve, due to a
calculation by J.M. Laget, is a simple quasifree
process with no pilon FS1. The solid curve includes
FSI. The enhancement at the high momentum part of the
spectrun is due to scattering of two protons emerging
in a relative s-state.
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positive pions from
Bonn (Ar-82).

Monte-Carlo
The full curve

5 Bnergy spectrum of
reaction 12C(y,a*)X obtained at
The dashed <curve is due to a
cascade simulation with no pion FSI.
includes pion FSIL.

Figure
the

At  high energy, above the resonances, the cross
section for the reaction lH(e,e'n*)n is 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
showa below,.
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For unpolarized electrons the cross section can be
written as follows:

dg, do do

do L P
acanan. - Tl tegp tegpcon, (D

e e ® » ] n

dal
+
+ ¢2e(etl) Zﬁ;c°5 ¢"}

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
game function fits diverse high energy diffractive
processes such as Compton scattering, vector meson

productian and procon scattering (Le~78)s Figure 6
showe the regult of an expeyiment separating the four
crcesg sections of equation 1, The t dependence of oy,
ia typlcal of t channel dominance.
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Figure 6 The separation of the various components
of equation ! for kinematics corresponding ro Table
la, The curves are the result of Lagraogian
calculations based on Born term diagrams. Data and

figure from Br-78.

From the quatrk-gluon polat of vied an interesting
question 18 how to describe the evolution of che

initial struck 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 i1s referred ro other
sources 1in these proceedings and claewhere (e.g.
Di-87). (ne of the most successful phenomenological

approaches to this problem has been the Lund hadron-
ization code (An-83), which 1is a Monte-Carlo
simulation of the evolution of & string as it
successively dissipates the initial quark energy by
fragmenting into the final hadrons vis the creation of
quark-antiquark pairs. Figure 7 shows an example of
the kind of results obtained by (Ch-B7) using this
code for charged plon production. The figure
{llustrates the distribution of charged pione as a
function of the variable Z (=Ej/v), the fraction of
the initial quark's enargy carried by the plon., Here,
v is the virtual photon energy absorbed by Lhe gquarke.
Only near 2 = | are the pilons 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 pians are produced on free
nucleons having a Ferml womentum distributfon. The
emerging plon 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 p(e,e'xt)n from a uniform Fermi
gas. The pior FSI consdlats of multiple elastic
diffraction acattering, with inelastic evente simply
absorbed. At energies considered here, only about
ten to fifteen percent of the high Z inceracting pions
are elastically scattevad.

Due to the strong FS1, the modification of the
primary electroproduction process by the nuclear
environment i1is just one part of, and canmot 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 1s the gpectrum of primary pions.
The upper curve includes pione resulting from
unstable primary hadrons.
3000 j.
.‘ R=0 [ ] -
2000 = ~
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Figure B Simulated pion momentum spectrs for the
reactian A(e,e'wt)X correeponding to the quasifree
kinematics and spectrometer acceptances of Table I-a,
The three curves deaote a)no FSI, b)Ry = 2.0 fm., C)Ry
= 4,0 fm.

production from nuclei, in which the
uncertainty of the FSI must be taken into account,

During the warkshop, the utility of using che
pion electroproduction reaction to learn about the
pion distribution in nuclei was disucssed, with sgome
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some very interesting
about the effect of the
process and

doubts expressed. However ,
points sere raised (Br-87)
nuclear medium on the quark hadronization
the pion FSI1.

The distance over which the hadronization occurs
in a nucleus 18 throught to be related to the momentum
of the hadron through the uncectainty principle and
relatfvistic time dilation effects (see Ar-84, Bj-76,
Ni-81, B1-80). The higher nomentum  hadrons,
cortresponding to Z > 0.5 are produced furthest from
the initial interaction site, according to the
approximate relationship r = E/m2, where E 1a the
hardron energy and m it's mass.

When che electroproduction reaction 1s imbedded
in a nuecleus an interesting question 13 how the quark
interacts with the nuclear environment prior to
hadronization, and the subsaquent evolution 1into the
final hadron sgtate, including the FSI of the hadrons
themselveg. It may be that the cross sections in
nuclear matter Eor the quarks is rather small (B1-80),
80 that at high enough energies the high 2 hadrons may
actually be produced at the edge of the nucleus, and
the €inal hadron #pectrum may be relatively
independent of nuclear radiue,

This effect has also been predic.ed from QCD
consideracions (Be=81). From the QCD point of view
the high energy probe selects closely spaced valence
quark-antiquark pairs. The diffractive interaction of
the produced high energy hadron with the nucleus
results 1in a longer interaction length 1in nuclesr
macter than would be expected from ordinary multiple
scattering of mesons from nucleons in the nucleus.
This effect should also result in an altered jet
transverse momentum spectrum Z,

The transparency effects are expected to become
apparent when E >> Ram2, where Ry is the nuclear

radiuss They have been observed in moun scattering in
the deep inelastic scaling region, by the EMC group
(Ar-84), involving moun energy transfers of Beveral

tens of GeV. 1t was found that the production of
hadrons with Z > 0.5 1is independent of Ry, In
electron scatrering experiments at SLAC (0s~78) at
lower energy transfer the number of hadrons per
nucleon produced at high 2 was observed to diminish
with increasing nuclear radius indicating the presence
of FSl. However, due to poor statistics the data were
averaged over an energy transfer intervak 3 =17 Gev,
and a 2 {interval 0.5 - 1.0. From these two sets of
results Ar-84 conclude that r ~ 0.1 fm/GeV within a
broad staristical range. However, using E > RAIZ as a
cutoff, one expects a hadronization length for plons
on the order of several fm. Another poasibility 1s
that the quark FSI in nuclear matter 18 increasing at
lower energy trangfer.

Pion electroproduction on nuclef may be the hest
way to study the effects of nuclear matter on quark
badronization because of the 1/mé dependence of the
hadronization length. Experiments should bhe 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 1a minimally disrupted,
and the diffractive properties of the pion interactton
are preserved.

Example of a Specific Experiment

An experimental measurement of the croas section
pion electroproduction from nuclel at small Oy
and large Z was simulated using the Monte-Carlo code
mentioned above (St-B87a). Two kinematic settings and
kinematic condicions, given in Table I, were chosem to

for

confora to parameters likely to be available ac PEP.
Kinematics I

W= 2.3 GV Q2= 0.6 GeV2fcl
E# 6 GeV E' = 3.4 GeV B, = 107 Py = 2.6 GeV/c

Kinematics IL

W o~ 4.0 GeV Q2 = 2.0 GeV2/c2
E =17 GeV E' = 8.0 GeV 8 = 7° Py = 3.0 GeV/c
Takle I

*20° 18
at this

The pion angular acceptance, AQy = A¢ =
in accordance with a possible design discusaed
workshop, and the pion momentum acceptance of 10%
selects the highest interval of Z., The solid angle
for electrons colncident with the detected pions was
taken aa 100 mr, with an energy acceptance of 1 GeV,
The luminosity was taken as 1 x 1G22

momentum spectra for the
lower energy kinenatice, for nuclei with Ry = 2.0 fm
and Ry = 4.0 fm are shown in Figure B. Also shown is
the apectrum with no FS$1. Although PSI are fmportant,
with considerable depletion in the quasi-free peak,
the pions observed 1in the spectrometer would have
undergone very little FSI, since those plons which
would have interacted are either scatterad elaatically
or inelsstically out of the range of the apectrometer
acceptance, or they are absorbed.

The resulting plon

To estimate the effect of a finite hadronization
length, a simple model was constructed, in which the
hadronization length distribution 1s given by. N(L) =
N{O)exp(-L/H), where H = ExH,. The hadronization
parameter H, 18 in units of fm/CeV. The ratioc of the
simulated cross section relative to cthat for the
proton as a function of nuclear radius, for two values
of the parameter Hy; O fm and 1 fm 18 given in Figure
9.

1.0
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85
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=2 1
0.4 ] [
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Figure 9 Stimulated ratio of high Z pions detected
from nuclel as a function of Ry, for two values of the
paraseter H, defined in the cext, corresponding to
kinematice-b of Table 1. The estimated number of
hours of beam on target necessary to obtain the ratfo
to a statistical accuracy of 2% is shown for various
points.
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The elementary cross sections of B6r-79 was used

to eatimate couwotipg rates at the lower energy
kinematics, and for the  fhigher energy the
extrapolation 17(w2-42)2 was used. Counting rates

vary from about 30 per hr. to more than 1000 per tr.,
depending on atomic nomber and Kinematic conditions.
The nupmber of hours with beam on carger n=eded to
abtain a sratiscical precision of 2% are also shown in
Figure 9.

In conclusfion, 1Ir seems that pion electro~
production from nucleli may be an excellent way
aof learning about the quark hadroaizaticn Ln auclef,

and that such experiments may be guite feasible at PEP
with the appropriately designed experimental
aquipment,

*Jork supported in part by the Nationmal Science
Poundatlon, 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 ? ; mea-
surement of tgp in 7-deuteron elastic scattering?; measurement
of tyg in e-deuteron elastic scattering?; deep inelastic asym-
metry measurcments 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 nueleus.

To date, the only targets of polarized nuclei considered
in detail for polarization studies in electromegnetic physics
have been the proton, the deuteron, and %*Ho ™. The tar-
gets requite both cryogenics and intense magnetic ficlds 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. Luminasities are limited
to & 10%*cm=25™! 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%em™? of polarized atoms in an electron storage ring with
a stored current of 100 mA. This would provide a luminosity
of 10¥m™2s~? 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 Dot give rise to any dilution of
the measured asymmetry in that the polarized atoms are pure
atomic species. At Argonne National Laboratory, Dr. Roy
Holt is working on the development of a polarized deuterjum
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. *Hz has t} -
advantages that a direct optical pumping technique exists a
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 3He 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
Walterst®, Experimentally one requires a source of 1.083um
light to excite the 35,-3Py transition. Until recently, one was
limited to discharge lamps which because of Doppler broaden-

ing were not very efficient at pumping. A French group ' has
developed a high power infra-red laser which reliably emits
300mW of 1.083;un light. This laser yields polarizations of
70% in a sample of *He of density 10'®cm ™3 and a feed rate of
3 x 10" palarized *He per second. With higher power lasers
naw uncler development !, feed rates of 10'7 polarized *He per
second look reasonable. Tt is important to note that the small
holding magnetic field (= 5 gauss) required to maintain the
polarization of the He, allows easy orientation of the target
spins. As will he evident below, this is very important for
maximizing sensitivity to particular interesting pieces of the
cross-section.

Propcsed Internal Target Design

"V'\W[ Je—10"sem® at 300
1.08p
o 4 107/sec  Fe

density n = 10"/cm®

——-———-—J—ﬂ'ﬁ_—_—_—-

—_—

beam g —— 10 emAp———t——]

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 3He at a density of 10*®atoms em—3
contained in a pyrex cell. This cell is connected through a nar-
row tube to a 10 cm Jong “bottle”. This “bottle” has a long
narrow tube of length 30 em 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
a large i.d. when tuning the electron beam and collapse to a 7
mm i.d. when running the internal target. A few gauss holding

agnetic field is required for the optical pumping process.

However, a possible problem is depolarization of the tar-

by the intense beam. At Caltech, we have investigated the
«i :polarization mechanism in the region of a few torr and for
veams of several microamperes of 3 MeV protons!y. The de-
polarization rate due to the charged particle beam is found to
be consistent with a model based on the formation of the He;
diatomi¢ molecule. This molecule is formed in 3 body colli-
sions and so the fortnation 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-
jzation 1s a problem for luminosities in excess of 18 em=2s~".

I shall consider two interesting experiments that become
possible with such a target. One is a measurement of Lhe neu-
tron clectric form factor up to QF = 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%m =25~ and a longitudinally polarized electron beam
of polarization 0.4.

I1. Quasielastic electron scattering

An impulse approximation calculation 4 with a wave func-
tion obtained by solving the Faddeev equation with the Reid
soft-core polential, 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 guasi-elastic peak
tie coutribution of the two protons to the asymmetry is small.
and so a palarization measurement can extract the contribu-
tion from clastieally scattering from the neutron in He. As
vue moves out into the tai} of the quasi-elastic peak, the con-
tribution of the two protons ta the asymmetry increases. For
example, at incident energies of a few hundred MeV and at low
energy trunsier, the asymmetry is large, and mainly due to D-
state admixture in the wave function. It is clear one needs
more realistic caleulations that inciude effeets like distortion
snd meson-exchange currents, but it is certain that measure.
ment of the asymmetry in the tail of the quasi-clastic peak
would provide a direct test of the small components of the *He
ware function,

Consider the measarement of the asymmetry on the quasi-
elastic peak as a measurement of the electric form-factor of
the neutron (Gi) in *He. Our present knowledge of G 5,
extracted from e-d elastic measurements, is quite poor. Clearly
it is important to improve our knowledge of this fundamental
quantity. The existing duta has heen parametrized as

an 2) - ~Tin
MO =t + 0By

wiore B = 0.71 GeV/c3, Hn 15 the neutron magnetic moment
a. T = Q?fAM?. Present indications are that 1 < 5 < 10,
however, the entire range 0 < 7 < oo cannot really be excluded.
We have taken » = 5.

k

Fig.2 This defines the angles @, which is the angle be-
tween the nuclear spin vector, Sy, and the incident electron
momentum, k ; and 8°, which is the angle between Sy and q,
the 3-momentum transfer.

The mensurement of G} is basically a measurement of the

asymmetry
2(6.8%, +)— (6.8, -}

= (1)
(6.6 4) +0(d,8", -}

where o8, 8%, +) is the rross section for quasielastic scattering
of longitudinally polarized electrons with positive helicity off a
palariced "He target whose polarization lies in the scattering
plane aud where the angle 87 15 defined in Fig. 2.

Int the case of a free nentron the asymmetry is®

20U om0 1 23001 + 7)G, Gl sin 8 cos ¢l
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Here ¢* = Q% 4 1% in conventional notation .
To a good approximation the asynunetry due to quasielas-
tic seattering off polarized SHe is given by

. Acnln
T, + 20,

where A, is the asynunetry for the {ree neutron. The va-
lidity of this approximation was demonstrated hy Blankleider
and Woloshyn in their Faddeey calculation. One can see that
by varving §*, 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 crass-section. In particular, if 6 = 4 then the
asymetry is propartional to G if 8* = 0, it is sensitive only
to G7;. Also note that for a given Q2, the asymmetry on the
quasiclastic peak vanishes at a value of 6% given by

G cotfy | 28
— = tan® -
G, pre 747l 4 r)tan 3

In what follows we assume that ¢* = 0 % 8°, and so cog ¢*
is always within 1% of unity. This provides an elegant way
of deternining the ratio of g—% as a function of @?, indepen-
dent of the beam and target polarizations. The cross-section
is obtained frotn a y-sealing maodel of quasielastic scattering
from *He. This mode} is in excellent agreement with existing
unpolarized data.

Running Yimes for a +20% measurement of G are then
calculated using the following experimental parameters. We
assume 2 luminosity of L = 10%%cm~3%"). The polarizations
of the “He target and incident electron beam are taken to he
pr = 50% and p, = 40% respectively. We assume a solid angle
of dQ = 23 msr for the spectrometer and take half the total
vield of (do /dE")AE" over the quasielastic peak. All measured
asypumetries are gres. er than 1073, The running time in terms
of theze parar cters is then

1
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where AA is the required statistical uncertainty in the asym-
metry.

The resulting running times for & +20% measurement of
2 and a 1 GeV incident electron beam for Q% = 0.2, 0.4, 0.6,
0.8 (GeV/c)” are shown in Table 1. It is to be noted that the
direction of q varies as & function of energy loss and 8 and so 8*
will vary over the spectrometer acceptance. A large acceptance
spectrometer would allow simultaneous measurement of the 8*
and ¢* dependence of the asymmetry. Measurements with 8*
= ¥ provide information on GJ;.

Table 1, Running times for a £20% measurement
of G§
incident energy =1 GeV

luminosity = 10** ecm™2s~?
Pr=05
=0.4
dfl = 25 mer
@ 8 A =
[GeV/R)  deg. mens ays
0.2 27.4 1.9x107* 4.5
0.4 413 6.8x 1073 4
0.6 56.0 13x10-2 6
0.8 724 2.1 x 10-2 12

IIL Deep inelastic electron scattering

In the deep inelastic region, it is possible to measure the
spin- dependcent structure functions of the nentron in the 3He
nucleus'$. The internal spin structure of the mucleon is impor-
tapt 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 dtep 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

d?o ea*cos? £ 28
—_— ___.2.. w. W
dOdE’ ~ 4E%sinf [ 2 +2Wi tan’ 5

+2tan? g(E + E' cos )M Gy £ 8EE’ tan? gsin2 g-Gz].

W, and W; ave the well-known unpolarized structure func-
tions and Gy a~d Gy are two new spin-dependent structure
functions. From considerations of the total photoabsorbtion
cross-sections, it is found convenient to write A ss follows:

A= D(A; +n4,)
where
A= M (A= ﬂ(MG; + v6G,)

Wy
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pol=E/Ee _ «/QF
T iR T E—<E

€= [1+2(1+ )tanzﬂf”]ml.

Here E and E' are respectively the incident and final electron
enecgies; @ is the four-momentum transfec squared; v is the
energy transfer; R is the ratio of longitudinal to transverse
cross-sections.

In the Bjorken scaling Timit

M2Gi(Q%,v) = gi(2) i Mi*Ga(Q%,v) — g2(2)

i.e., the spin-dependent structure functions scale. 4; and A,
can be readily expressed in terms of the quark spin distribution
funciions. 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 hes derived!® a sum rule for spin-dependent deep
inelastic electron-nucleon scattering. This sum tule may be
written as

! n 1 gA
jé [o](2) - 97 (=)= = & wl= 0.209 + 0.001

where ga/gv is the ratio of axial to vector weak coupling con-
stantg in nuclear beta-decay. This may also be written in the
scaling limit as

/‘ dz [Ai’(z)F;tz)
1+Re

g4
av|’

A“(.:)F“(.:)I
1+ R" 3

This form is convenient for experimental comparison. The scal-
ing function F3(z) is the scaling limit of »W,. 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

_ [M = @) _|9a|LT8
/ sile)dz = ./ T1v R 2
and
Ydz A"(J:)Fz"(z) 94]-0. 22
/ T(z)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?S. He
derives inequalities at large Q2

1 _ ' dz Al(2)F](z) gA 118 a,(@%)
_/ogf(‘)d" T 1+ Re PR " )
and

T _ 1Az A FN) « |94 -u 82 a,(Q2
A.g,(r)dz—/o M) < |oa 202 - ).

These are derived assuming the validity of the Bjorken sum-
rule and imply that the neutron sum-rule is higger than the
SU(3) picture by of order a factor of four,

Data has been obtained on polarized ¢ —p scattering, Ina
series of measurements performed at SLAC by the Yale-SLAC
collaboration in the late seventies®, the spin-dependent asym-
metry Ay has been measured for the proton over the deep



inelastic Xinematic range 01 € z £ D7and 1 < @* £ 10
(GeV/c)? with an accuracy of 15-30%. The experimental data
confirm the Bjorken palarization 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 this?. The SLAC data also verify the
scaling behaviour of A} withia their limited accuracy. Further-
more, the data successfully distinguislied the phenomenclogical
models of the spin structure of the proton and support the pre-
diction of perturbative QCD thet A;(z) — 1 28 z — 1 for the
nucleon.

The prediction for AJ(z) of the unsymmetrical quark
model®, which fits well the measusred A data, is shown in
Fig.3. We see that AT(z) — 1 as z —+ 1 and that it is negative
at amall x, The bulk of the contribution to the sum-rule comes
from the low x region. Thus, a sensitive test of the QCD mode]
of the nucleon would be a measurement of AP(x) st low x asa
function of Q2. Fig.4 shows the statistical precision with which
one can meagure AT as a function of x and Q% with a 15 GeV
polarized electron beam incident on & polarized 3He target at
PEP. In the above notation I assume p, = 0.4, pr = 0.5, and
luminosity = 10**cm~?s~}. Also I take R(x,Q?} = 0.25, an as-
sumption which may be modified by the results of experiment
F140 at SLAC. The statistical precision obtained in a 16 day
tun is a bin Af = 10 mrad and Ay = 200 MeV is shown in the
Q? vs. v plane. The cross-section is taken from the Bodek fit

AN (x)

1.0

05

Ry}

Fig.3 This figure showa the prediction of the unsymmet-
rical quark model for A(x). It is taken from reference 5.
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Fig.4 This figure shows the statistical precision with which one can measure AJ(x) as a function of
x and ©? in bins of A§ = 20 mrad and Av = 200 MeV ir a 16 day run with a 100 mA beam of 15 GeV
40% longitudinally polarized electrons incident on a 2 % 10"%cm~2s~! 50% polarized *He target.
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to the deep-inelastic vegion 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 10%%cm™2s™! of polarized electrons
incident an a polarized *He internal target, one could undertake
very fundamental measurements on the neutron in 3He. In the
quasielastic region, one could measure the charge distribution
of the neutron up to @2 of 0.8 (GeV/c)a 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 3He which would
permit these measurements,

This research was supported by the Nationsl 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

Dipurtimento di Fisica Nucleare e Teorica dell’Universita’, Pavia,
Istituto Nazionale di Fimica Nucleare, Sezione di Pavia, [taly

ie studied in the general case of both

electron
polarized beams and polarized targets. The gencral
formalism provides nine structure functions, four of
which

polarized.

appear only when the target nucieus s
Results obtained in a nonrslativistic DWIA
K for

polarization

ftramework on 7Li and cross mections,

agymmetrice and electron ratioe are
praesented. The particular case is also considerad of a
nucleon ojeciod along the direction of the momentum
transfer from a target with spin oriented in the same
direciion whore ovn)y three structure funclions survive

and can be simply separated.

In the onc-photon exchatuge approximation snd
neglecting the elactron mass and the nuclear recoil
factor, the coincidence cross

eaction for

six-fold differential
knockout from a
incident polarized

quasi-free nucteon
polarized lurget nucleusr by an

electron may be written as followa !

h
B e ] E+ha&) , (D
dpy dp” a2 po Ph (e-1)

where « = e2/4W = 1/137 ig the fine struciure conetant
and the uitrarelativistic slectron with initial helicity h
mnd momentum Py is scallered to a final momentum B
while a nucleon is knocked oui with finul momentum
P'. Then, the four-momentum transfer is qu2 = w? -
q?, with w = py ~ p and § = Pg - Po, In ea. (1)

L= 2 € Fpot Fyyt e (14€)13/2 Foy~ e Py, (2)

A= (1-€)/2 Fy 4 e, (1-€))3/2 B, 3
The quantity

€s[1-2 (q;»/qu) '_an!e/z]-l (8)

meagurea the trangverse linear polarization of the
virtual photon exchanged by the slactron scattersd at

an angle 8, and

€ = (mqu?/9?) € . (5)

In the laboralory frame, wkare the nucleon is
ejected at an angle » ¥ 0 with reapect 1o Lhe
and the
assumed to be at reat and with e polarization direction
specified by the zenithal angle 6% and the azimuihal

anglo 8%, tho six structure functions in eqs. (2) and

- " .
momentum  transfer q initial nucleus is

(3) depend on the seven variables (w, q, n', ¥, «, 6F,
%), where o is the angle between the hadron and the
elsctron planes, One has

Foo * foo .
Fyy = 14y,
Fog = Toy coma+ Tgy sina
Fi.g = T4y cOB 2x + Ty, sin 2&
Fis = fi1
By = f3; sina+ Tj, cos a. (6}
where
fng = ]J°|2 *
fiy = |J1|z + 1J.412 N
for = 2 Re (J, 33 -71,3%) ,
Ty—y = ZRe (3, 73 .
fi, = 13412 - 13412 ,

fhy =-2Im(J, 35+ 3, 0%) ,

Tor =-20n (3, 33 -3, 3% ,
Fiy = -2 Im (3, T%) R
T3 = 2Re (3, 38+ 3, 7% (7

In eg. (7} an averuge over initia) stutes and a sum
over final undetected stiates of products of matrix
eloments Jy are understood, where

3y = Jate Fovg) 3 191> (8)
are matrix elements of the nuclear charge-current
operator jy taken beiween the initial {|1¥;>) and final
{1%¢>) nuclear states.

For an unpolarized targel nucleus the barred
structure functions fgy, f3., aad {5y vanish
identically. In addition, |J,)2 = [J_4]3, ie.

Therefors, in this case one recovers the expression of

s = 0.

the croas section in terme of five structure functions

already studied in ref. 2 with incident polarized
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Fig. 1. Crosa scclion (fm® sr—2) ve, reecoil momentum
(MeV/c) for pys, proton knockout from N-polerized ?Li
by unpolarized elecirons of 700 MeV energy. The final
proton energy is 144 MeV and g=2.6 fm~1, Bound siate
from ref. 7, optical model from ref. 5 (solid line) and
from ref. 6 (dashed line); dotted line for PWIA.

electrons. Tha same dituation occura when Lhe targat
polarization is perpendicular to the hudruﬁ plune,
becausc in this case 1. J¥5 = (<P 5y g,

The primed structure functions f},, 1, and !—,'”

contribute only in the presence of polarized electrons.
If in addition to an unpolarized electron beam also an
unpolarized targat i8 used, the familiar form in termas
of only four structure functiona, fyjr, is obtained.3
When ¥y G, the decomposmition (6} in terms of

nine structure funcitions is not possible because the

angle « is no more dsefined. However, L and A can still
be expressed in the form of eqs. {2) and {3) in terms
of six F-responses. This means that in the socalled
paralle) kinematics (¥ = 0) Bix responses enter in the
cross section contrary to what happena in the case
with unpolarized targets where only two structure

functions survive.

201
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Fig, 2. Cross section (fm® sr—2) vs. recoil momentum
(Mev/c) for dy;z proton knockout from N-polarized 3%K
by unpolarized cloctron of 500 MeV energy. The final
proton energy ia 100 MeV and g=2.2 fm~1. Bound state
from ref. 7 and opticael model from ref. 8 for the solid
line, bound and scattering states with the hsmiltonian

of ref. 9 for the dashed linc; PWIA for the dotted line.

in the parlicular cuse of parallel kinematics and
orientation of the target polarization aolong g, ie. of

what

cen be dallsd & superparallel kinematics, for
symmetry reasons only Foq, Fy; and F}, survive in
Keneral, whereas the interference responses Fo,, Fy_,
and F§y; vanish.

The relevant quantity containing all the
necensary ingredients for describing the knockout
process is the matrix element in eq. (8).

The results presented in this paper are obtained
with the nonrelstivistic charge-current operator along
the lines of previous work.?)3

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
the nine structure functions depend on w, q, p’ and

Y. Specific cases can be studied with 100% target



polarization (m J) oriented longitudinally (L),
normally (N} and wsidewnys (5) with respect to the
incident electron direction.* For symmelry resscns the
N-polarization reduces the number of nonvanishing
siructure functiona to five: only f40, f13, fo3, £33 and

fo; =

fhy survive. Without final gtate interactions fj,
fi~y = O for L- and S-polarization of the target.
1 figurcs are given for the different
’Li and 3% under standard
Their

with a

In ref,
structure functiona in
separation requires

high degree

kinematical conditiona,

out-of~plane experiments of
precialon.

As a first stop one can momsure cross sections
which do

kinematice nor such m high precision aa do structure

not necessarily require out-of-plane
functions. In farl a measurement of the croas wsection
with with or without
polarized incident electrons would be extremely useful

The numerical

coplanar  kinemaiics either

to glve nccess to new information.
calculations indicate that peak values mre obtained of
the reame order of mugnitude wus the ones with
unpolarized targets. As an example lo set the scale
and to show the esneitivity to final state interactions
in figa. 1 and 2 the cross section obtained with
unpolarized electrons for H~polarized 7Li and 3%K ia
reporied.

With coplanar kinematict one can also measurs

asymmetries, i.e.

&N - S, , (£l - Ny, , €S - elys, (9

where Eq iv the cross saction with unpolarized iarget

and unpolarized electron. These weymmetries are
determined by the behaviour of the usual four
structure functions fo, fyy, fo, and f3_; with

different orientations of the target polarization. Only
two of them arc independent. In fig. 3 the N-S and
the L-N nasymmstries
as a function of the recoil momentum pp under the

ars given for pysn hole in 3%K

same kinematic conditions of fig. 2, These asymmetries
are nol vanishing as en indication that different
results are expected for differsnt orientation of the
target polarization. of the
asymmetry is measurable and by final
state interactiona,

Another measurable quentity with

Moreover, the aize

ia ircreased

coplanur
kinamatica is the electron polarirstion ratic &/F with
L- and S-polarization of the target. For N-polarization,
4/ = 0 as already noticed in ref. 4. In fig. 4 (&/E)y,
is plotted for the py,, hole in 7Li. This result shows
that the electron polarization ratic is large and can be
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Fig. 3, Asymmetries a) (EN-TS)/T, and b) {(EL-gN)/,
v3. recoil momentum (MeV/c) for disp, hole in 29K
under the same conditione as in fig. 2.

mesdured, e.g., Oon top of the Pasz momentum
distribution (pp = 100 MeV/c) with a weak dependence

on final state distortion.



-0.35

L H L 1 1 i 1

~06y 40 00 120 160 200 240 280 320

Fig. 4. The electron polarization ratic &/L vs recoil
momentum (MeV/c) wilh L-polarization of the 7Li target
nucleus for pys; holo under the sime conditions us in

tig. L.
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Fig. 5. The response F;, (fm?) vs. momentum transfer
q {fm=1) for dy/p hole in ?®K polarized along 9 under
parallel kinematic conditions. The other conditions are

as in fig. 2.
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The superparallel kinemstice a priori involving
only three nuclear responses is in principle
interesting in order to uchieve iheir separation. In
fact, F}, is simply determined by flipping the electron
helicity. Then a Rosenbluth separation determines Fgp
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 Fyy = % Fi;.

In fig. § Fy, is plotted for the dy,, hole in 3%K.
It appears that Lhe waximuwm corresponding to p'<q is
higher by . 20X than the cone corresponding to p*>q.

Thiv large asymmetry as well as the whole response
itself is entirely due to the final atlate interaction
because i PWIA Fy; = 0.
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SPIN DECRERS GF FREEDOM IN ELECTRON WUCLEON
SCATTERING IN TNR RESONANCE REGION
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12070 Jeffarson Avenus
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Abstract

Some aspects of using polarized electrons aad/or
polarisad targets in slectron-nucleon scattering
axperinents nre discussed. Polarisstion messurements
can be used to extend the know}cdn of nucleon form-
factor measurements to higher §° and are indispenssble
for a modsl-indepsndent extraction of the helicity

factors, since new sifacts ®ill ravesl thensslves as
deviations from the "conventional® picture of the
nuclous.

Several ways of seasuring this fundamental guastity
have been proposed. One way is to measurs gh in scat-
tering of polarised electrons from unpolaris®d nsutrons
and to study the neutron rpcoil polarisstion in a wec-
ond rimeat . An alternative mathod is

suplitudes of exclusive meson production. N (]
uents of polarisation asymmstries may slso help in
ravesling the excitation of weaker resonsnces.

1. Iatroductiop

The study of the slactromagnetic couplings of the
ground state nucleuon and its excited states should be
an essential part of any research program to investi-
gits slactroweak interactions with nuclei. The ulti-
mste goal in studying the 'elementary’ process is to
abtain information on the 7 NN° vertex. Datailed
knowledgs of thism transition"provides the data base
which is nscessary for the interprstation of electron
nucleus scattsring at high somentum snd high energy
transfar. The undsrstanding of nucleon-nucleos corre-
lation, #.g., will depend essentially upon our or-
standing of the role fhyod by nucleon resonances ia
puclei. Studying nucleonm resonsnce traasition im, on
the other hmd’ very importsat in itmelf; The knowl-
edge of the §° dependence of the 7 NN° trameition
appears crucial for the development of mors realistic,

based, inte k potentisls for light quarks, and

inally for the definite implementation of §CD to had-
rons at intermsdiate distances where nom perturbative
effacts have to ba taken into account.

II. The Blectric Forafactor of the Neutron
and tae Froton

The badronic current in elsstic slectron nucleon
scattering is spacified by the electric and asgaetic
forafactors @ (q%) asd G (§") . The knowledge of thess
quantities uwp to the ii;int possible 0’ is pot only of
fundasental importance for testing microscopic models
of the nucleon and its electromsgnetic couplimg, bat
bas strong impact on the interpratation of electron
nucleus scattering in gensral, Our present knowledge
is practically limited to the magnetic formfactors
lG.’! and |G} which have baen measured for ¢ up to
30 and 20 Ge¥Y", respactively. has bsen mensured up
to 3CeV® with uncertsinties betweez 10% and 30% at
@%1Gev". Little is known about the slectric forafsc-
tor of the neutron. In fact, our only solid knowledge
comss from scattering of thermsl neutrons off slectrons
{rom atoms,showing that dﬂ.hfdﬂ’ > 0. at Q740. There
is some information on G.. at g' ¢ 1.Ge¥? , extracted
from elastic eP scattoring . Thess results, however,
are necessarily model dependent in that they depsnd on
the specific deuteron wavefnnction assumed in the maal-
ysis. Attaupts to measuras (G _| fram quesielastic e
scattaring have not yielded sstisfactory resulta®. A
aodel independent measurement of G is urgentl
needed. Studying quark effects in auclei at largs §
will bear beavily on the knowledge of the nucleon fora-

ttering ox
to use quui:fut ¢ scattering of polarised slectrons
from vector polarised deuteriuan®. I will briefly
discuss this latter method which may be of interest not
only for use in storage rings but for externasl beaa
experimants at Bates and MA‘ as well.

Yor sa orientation of the neutron spia in the elec-
tron scattering plane perpendicular to the direction of
Z’, the elastic electron neutron cross section is givan

%= [3]0[1 + 2 p20%)

(P mslactron polarisation, P meffective neuntron polari-
sation, (&/dﬁ sunpolurisedcross section).
The asysmetry 1B givan by:

n 2 T{1+7) te o
e

The sppearance of ths interfsrence term allows ths
stagureneat of d’. if ¢ is ksown, without Rogsnbluth
separation. ThiF is lhutlgoou: in determining the
elactpic fornfactor because G  is expacted to be
small”, aad its cpatribution 18 the -!ntic croas
ncti::d at lu-;: ﬂf is nnﬂ.z:::lou. l‘:.ag. /l :h%:lhth:
expected asymmetry for = , both o
?icb are coasistent 'igl'prnnt Mea nf'ho‘t"t.oc saall

1. As Bxveripest to Measyre G ip d(3,e°s)p

Using s polarised ND_ solid state target with an
approxizately 20aW coolillg power. at 8 temgerature of
*270aK, lumipositios of 20.8°10°" cm “wec™ " have baen
obtained (omly neutroms in deuterium ars counted)®. A
cooling power of = W was achieved at 227 in a
dilutioa refrigerator . This would allow msssurements
to be performed with effective lumiposities in excess
of 10" ca Ypac-t. Newtron poln-ilntiou of =45% were
obtained in a 3.5T magnetic field”. With a 5T field,
neutron polarisations of 60% can be saticipated. Using
sppropriate kinemstical cuts on the scattared elactren
and the recoil neutron angie, background contributions
{ros neutrons iz the nitrogen nucleus can largely be
suppressad, md.o!!uctin polarigations of 240% should
be achievable”. The expscted running time of a
massuremsnt of is gshown in Fig. 2 for a specific
exparinental sot8f. It is perbaps worthwhile noti
that the use of polarised deuterium ss target ntn-iif
bas the advantage of allowing the same measursment to
be carried out with protons (from the deutercns). 4
couparison of proton measurements with ND_ and as
target materiale would sllow the testind of efficts
which may result from the binding of the proton in the
deuteron. Thiz information provides a sensitive mean
in correcting the neutron data for nuclear effects.
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Fig. 2 Runaing time
for an sxperiment to
measure the neutron
asymmatry with §A =
10.02, for polarised
targst cryostats with
different cooling
pover.

Fig. 1 Po%uinbion
usysaetry n{e,en) for
elactron scattering
sngles. G Q. /[y

has been ulmd.ll =)
if G, =0. The dashed
lines indicate an
uncertsinty 5A =%0.02.

2. An Experivent to Measure G“ in ﬁ‘:,e'gl

The msthod outlined above caz also be used to meas-
ure the polarised proton asymmetry using NH_ as polar-
ized target material. Mence the slectric formfactor

of the proton can be mearured. Since protans can
be polarissd to a higher degres thaz deuterons at
higher temperatures, polarised proton targets can be
operated at much higher cooling powers and %hereforse
can be used with higher electron currents. With s *He
cryostate of =10 Watts of cooling power at 1 Kelvin,
luminowities of 5¢10** ca ?sec” (only free protons
count) can ba achieved'®. The polarisation asymmetry
as predicted by QCD sum rule calculations” is shown in
Fig. 3. The expected running time of an experiment to
measure gp: is displayed in Fig. 4. Measurements of

for §" up to 6 Ge¥V" appear feasible using existing
polarised turget technology.

QD Sum Rule Predicuion pleep)

1 I Ll 1
8Gy /Gy, = 085

In summary, it appears that with presently avail-
able polarised 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.

IIT. Electroproduction of Nucleon Resonances

Studying the §* 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
potﬂptixll which are bassd on the fundamentals of
§CD™". It appeara importsat to obtain as much infor-
astion as pogsible to probe the full electromagnetic
structure of the transition, including its spin struc-
ture. Before discussing exclusive memsurements in some
detail, it is perhaps instructive to recall some fea-
tures of the inclusive cross section in the rasonsnce
region.

1. The Inclugive Cross Section p(s,e’)X

It is widely assumed that the cross section for
slectroproduction of nuclegu resonances would decrease
faster with increasing Q" than the nonresonant part
does. This, however, turns out not to be the case, as
cen ba inferred from Pig. 5, where the total photomb-
sorption cross sectiocn in the mass regiqp up to W2Gea¥
is shown for sasll and large values of 7. I want tg
point out several interesting features in the J
dependence of the cross section:

~- The strong enhancement in the region of
tb‘ 8(1232) disappears quickly at large
¢.

The enhancesents near W¥1.50eV and
|51.1i.V remain prominent up to the high-
est §°. The signal/background ratio does
not appqer to decresse at sll over the
entire §° range.

The shoulder near W21.46GeV in the §*=0
data, which is generally attributed to the
excitation of the Roper P (1440), disap-
pears very quickly with (. Already at
Q’zo.IGGV' there sre no indicatione of an
excitation of this resonance any mors.

At Q’)SG.V' s resosant structure near
¥=1.4 GoV seuns to emerge which may even
become dgminant over the 4(1232) at the
highest {°.

In conclusion, the total phg
section indicstes very different §° dependences for the
various resonant parts of the cross section. The fist
decrease of the 8(1232) excitation strength offers th;
possibility to study the lowsr mass region at large
in detail, whers the cross smaction is no lenger domi-
nated by the higher mass tail of the A(1232). This may
prove aspecially important for studying the excitation
of the P__(1440) and possible other P__ partners
nearby. 12 11

toabsorption cross

11
°

o” fewsa™y a” fiewvia)

Pig. 3 QCD sum rule
pr.diction‘oa the
polarised p (e, ep)
asymmetry.

Fig. 4 Expected run-
ning time for ap ex-
periment to measure
G, with 25% and:20%,
respectively.

It is obvious that due to the large widths and
large number of resonances (approximately 20 with
masses helow 2 GeV) ipdividual rescoances can in gen-
eral not be isolated’". A program to separate and
study datails of single resonances requires studying
spin and isompin structurs of the intermediate state
which can only be done by ing the r decay
products in exclusive experiments.

205



#{sbam]

«[pbaen)

L) L
"....u". a0y ?"0s,

9
verervene,d

(21

AT 14

o[abarn)

o{nbarn|

w [Gc\'/c']

Pig. & EICI\IIiV. cross section tor p(e,e”)x at fixed

206

Kany of the lower lying resonances have s sirong
single ¥ or § decay channel. Thea reactions
p(.,.'p)l‘t’), p(s,0°x")n and n(e,a’7 )p are therefore
most suitable for studying resonance propsrties. The
unpolarised coincidence cross section is given dy

ﬁ; = [‘T[a.l.f €2y + €Tqucanly + (v /2 ’TL""“’l
¢ e f

The first and third term depend on the transvaerse unpo-
larised snd polarimed coupling of the photon, the sec-
ond term depends on the the fon;itudinnl part and the
last term is a transverse/longitudinal J"nt.rfngence
tern, Thess quantities are functions of Q°, W, 8° and
can be_expressed in tarpy of 6 complex, parity couserv-
ing helicity amplitudes’®:

op = B/2x[18,1% 1812 ing12, 1,17
o, = B/zx[1mg1 %+ 18,17
opy < V(i - 18]
om, = P B - B 1)

A complets and modsl indepandent determination of thess
awplitudes requires st least 11 indepandent measurs~
sonts at each kinematical point. Unpolarised experi-
senta allow four indapwndent msasurements only. With a
polarised benn one additional combination of these
awplitudes caa be measursd. A polarissd nucleon target
sllows eight sengible wemsurements, and experiments

vith polarisad besms and polarised targst alloy mess-
urement of five more combinations of asplitudes’”. If

one can measure the racoil polarisstion, s.g., if the
{inal state nucleon is a proton, one can obtain the
sane number of comblpatbions as with s polarised target,
four, of which are different from the polarised target
cass .

A separation of the various terme requires detailed
out-of-plane mensurements. In addition to the cos¢ and
cca2g terms of the unpolsrined cross sectior sing mnd
»i taras appear in the polariwation dependsnt terms.
Also, messurements with different orisntations of the
target spin will be necessary.

3. Existing Pata
Although such s detailed experimentsl program has
oot bean conducted so far, some information, in partic-
ular on the most prominesnt resonsnces, has been
obtained from asswuring ths angular dependence of the
unpolarised coincidence cross section. From sxperi-
nents performed at the BONN, DESY, NINA synchro-
trona®®® we have limited information on the transverse
helicity amplitudes A ,_and & 79 fot the P__(1232),
snd +Ee F (1688

811(1535), D .(152&5’ proton
resonances. 1t is well known that the 7 rP' (1232)
transition amplitudes drop faster with d than the

elastic formfsctor. As can be inferred from Pig. 8,
the other resonances show quits a different bebaviour.

The S“ (1536) which can only be excited by helicity
1‘2 in the ¥ P initisl state exhibits s strikingly wesk
Q" depandenca. At P=3 Ge¥®, the A, /2 has decreased by
only 60% of its value at ﬂ’=0. For the Du(l.SZO) and
the F _(1688) the helicity-3/2 dominance st (*=0
switches to a helicity-1/2 dominance st large °, a
behaviour that is qualitatively ir accordsnce with
quark model predictions’!, as well as with expactations



from helicity conservation in perturbative QC‘D". The
transition to halicity 1/2 deminance seems to be a
genoral feature at high §°. It is the details, how-
sver, of bow this transition occurs that would give us
insight into the dynssics of the multigquark-gluon
systen. Very little information is available for reso-
nances other than the anes mentioned above, and prac-
tically no dsta exist for neutron resonances.

D13(1520) PROTON>
T

S11(1535) PRUTONS

29

Fig. 8 Transverse
helicity amplitudes

A and A for
vidibus pucldbh®reso-
nances. The dashed
line for 8 ’ i
reprasents th? U3
orafactor. Tae other
lines nre results of
various quark model
calculations.

o [evra

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 umed
in the data anslysis. Also, thers ars upcertainties in
the duﬁription of the ncnrasonant part of the cross
section . -

An experimental progrsa to study electroproduction
of nucleon resonances should be able to combine very
high statistics unpolarised cross section measurements
and detailed polarisation meagsurements of the rglevant
ssymsetries, going up to the highast possible §°. Pol-
arisation asymmstries contain interfersnce teras of
ssplitudes. They are therafors espscially sensitive to
small anplitudes and to relative phases betwsen ampli-
tudes. Already information of limited statistical accu-
racy will prove sxiremely sensitive in determining
signs and absclute values of the lsss prominent ampli-
tudes. In the following chapter we give two examples to
illustrate the sensitivity of polmrisation asymsetries
to small amplitudes.

i. T§¢°Sclllr Asplitude 8“ in the 7 pd(1232)

Quark models with SU(8) syasetry yield 8, ¥0 for
the scalar (longitudinal) multipole as a consedilence of
the assumed pures magnetic dipols transition betwsen two
atates with angular momentum L =0 of the 3 quark sys-
tem. The inclusion of a hydbr?ipe color magnetic
ioteraction arising from the {CD “tiutod one gluon
exchange betwaen the valence quacks" lesds to s finite
longitudinal coupling, reflecting the (8y{0) forbidden)
L=2 state of the multiquark wavefunction” . Our prssent
knowledge on 8, for the A4(1232) comes from studying
pla,o’'p)x°. Anlulin' s and p wave contributions only,
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aad ¥ dominance (only terms with M. are retainad),
the uffolarised cross section can be #fitten as:

%; = [g Il1+|2— 3 IE{HI+EI+] * la[llol;-]]

v cont?[ane (0,17 )]
+ con®d?]-2 iy 1% one[u, B} ] - 3me[i, )]

+ eomin’d}e

+ [TE(Tve) *windeconp|-Re (3, M5, ~8contfera(s, 4} ]]

Froa studying the § and 8] dependence, of the cross
saction one can separata the ferm Re(S M. ), which is
most semsitive to 8 . Pig. 7 shi¥s'‘rasultes of
previous measurements.” The accuracy of existing data
is clearly not sufficient to separats resonsnt sad
nonresonant parts. Note that the quantity
Re(S_ M +) W“l is displayed. A resonance-like
behaviout*of 8 + would,resuly in s flat distribution in
this quantity.” The {*=1GeV" data show some W depen-
dance which may indicate that the measured quantity
contains nonrasonant contributions. In order to enable
a full determination of the resonsnt and nonresonsnt
contribution to (8 Ji.), » messurement of the tera
In(3, ¥ ) is requited'is well, This term is partic-
ularl$ dinsitive to nonresonsnt contributions. If only
8 and N . aaplitudes of the resonance contribute,
bh¥ing thh* wame phases, the term Im(S. K" ) would
vanish identicelly. According to fixed abd Afsparsion
relation calculations the non:swonant contribution
Re8 .(Isllﬂ) may be of the same order of magnitude as
l!sl.’(1=3/3). This would result in gquite different
phades for M ,» Which consequently give riss to
s siseable #o‘lu'inhon asyusstry in the vicinity of
the resonance.

con2p[-3 14, 12-3meu 27 )]
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Fig, 7 The quanticy lo(S‘.
region.

M° )/IM, 1? in the A(1233)
bttt 1

Dats from

The gqusntity Im(8 ¥ )} can bs measured by using a
longitudinally poﬂ'ri“d ckctron beas and measuring
the cross saction asymsetry™ .

Aa 2 m"w"u’:[h[sm“;J * a‘;""’;I'[sh- 4-]]

In this expression the ssme spproximation as in the
unpolarised croms section has besn assumed. This exper-
iment requiras a measurwment of the 8° distribution of
one of the outgoing hadrons at large ¢ (out of the
scattering plane). Measuring the 0; dependence of A
at fixed sing enables a separation of Im (S“I; ") and

In(S, ¥'). Asymsetriew of b to 10% can be oxpacted'®.



There is an ongoing controversy as to whether or

not the P _(1440) is actually two P__ reso-
nances -auh( recent analysis indicates In Bectro-
production, howaver, only weak indications of a reso-
nant structure in this particular sass region bave been
saen in unpolarised electroproduction experiments.
8ingle pion photoproduction data have oo the er hand
revealad a rather strong resonance oxcitabion Pion
slectroproduction may help solve the abova controversy
because of the additional kinematical degres of freedom
given by q". The various rssonsaces say exhibit very
different " dependence.

Neasurssenta of asyamatries with polarised targets
panr quite sensitive to the strength of the P ‘(1440)
axcitation. F¥ig. 8 shum the sansitivity of tha target
ssyawetry in f production to the excitation of the
P (1 . By chooming s suitable orientatiom of the
thtget polurisation snd by carsfully selscting the
kinematics of the decay particles, interfersnce effecis
may become large aod exhibit sissble effacts even fros
weak resonances. Iu this example ﬂ- asplitudes which
Iun'bun ohtained in an analysis®” of the world data
at §"=1 Ga¥" were used. In the mamlysis, a sisable
longitudinal amplitude 8. was found for the ’: {1440) .
This gives rise to stronk effects in T which 2ontains
traneverss-longitudinal interference térms.

Targt Polarization Asymmetry T (7 g4} w Q=1(Gev/ef”
(¢ = n/2; 8 = 10%)

10 e AR RARAS AAARS aant

L
o |- 1 F -

[ [ 1
oo [~ ] - -

t 11 ;

1 1 . 1
-08 [~ With P“(l“ﬂ) 41 F Wihowt r“,mo] -~

-
R SUUS TN FUUUE TUE B SUUT DU TUUT
’ 19 14 1.8 [E ) 14 1
w /ey w tovry

Fig. 8 Polarised target asymmatry T (7 p*ps°) for a

mpecific kXinematical situatibon' Tha target
protons are polarised perpendicualar to the
sirtusl photon direction, in the elsctron mcats
tering plane. Results of 3 recent analysis

hare been used to predict the sayaumetry
{1.b.s.). To illustrate the sensitivity to the
longitudinal couplin’ of the P

z.lyh-et;'y is shown if the P“ 1
r.n.s.).

, the expected
re not excited

8. Doyble Polarisstion Asymmstry

With a polarised besm and & polarised nucleon tar-
gst, one can measure double polu-intiun asysastriss
which require flipping the spin of the electron as well
as of the target nucleons. Of particulsr interest is

the asymmstry D_

where the nucleon spin is sligned psrallel sod antipar-

allel to the direction of the virtual photon. Fig. 9
shows that this asymmetry cap be large. D. measures
directly the helicity asysmstry

" and QCD predictions, e.g., that a,
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ﬂ'] !2 - 0'3 !2
2,

1
2r

{o,[@00;9)e -
for the transverse cress saction. The partial wave
analysis of this quantity at fized Q¥ and W yields the
helicity asymmetry for single partial waves. Uppolor-
ised measuremsnts allow the deteraination of a: +
L for single partial waves. The two measurements
cc-gincd allow determipation of ¢ ~ lgk ’l’ sad
l:" ~ lA ,l' for specific resonances (n’{cr sub-
tracting t’b’c nonrssonant background). A and A'
bave been predicted by microscopic lodl:ls (34 t‘:
nucleon and provide tests of the helicity structure of
the resonsnce transition. In view of the quark modsel
should vanish at
large Q’, messurements of this type provide immediate
tests of essential aspects of theoretical approaches in
the nonperturbative ragime. In Pig. O sxumples of
pradictions for D. are shown.

Dewble Polarizstion Asymmetry D_(7_p*o7") st Q"=1(Gev/e)”
1

M

no[ i LS A R T ]
E aee® 80" ] =0 80" ]
os |- d 17 1
f 1t
oo - 1 F E
\/\\_/ ] : :
sl - LP ‘1
]
% U U VU PO [ SRS DU I S
- 18 14 18 13 14 14
w IGIVIG'I W [Gav/ L']
10
o
Fig. 9 Double polari-
sation D_ for specific
oo kinematical mitus-~
tions. The graphs
indicate s strong 6
I depeadence. luuli,
of the Bonn mnalysis
bave besn used.
-0 12 14 1.8
w feavsd’)
. Parity Yiolstion Neaguremsnt
ip the egion

Ia low energy (€ << ¥ ) neutral current inter-
wctions, the parity viohtiu contribution arises from
the interferance between the one-photon exchangs man
the neutral weak boson (2°) exchange g-aphs. 1In elec-
trop scattering, the intsraction contains an isowealar
sz vell as an isovector piece in both the vector (V)
and axial vector %) coupling. The effective Lagrad-
gian which describdhs the parity non-conserving }PNC)
part of tho'inhnction for electron badron scattering
is given by

m % I w3 - 3 4,0
L'ﬂ = - T [11‘150(¢V:+1Vﬁ] * -1‘1{;AF+EA‘]]

The &, }, 2 B 7 denote the respactive caupling constants
which have to be determined experimentally. In the



Glashow-Salan-Weinberg Model (GSW) of electrowesk
interaction, these coupling constaats caa be expressed
in terss of a single parameter, the weak mixing le
8_. By choosing appropriats kinematical conditions for
eYectron scattering from nucleons snd auclear targets,
one can determine the couplings by a mset of four
linearly independent t

The SLAC/Yale D(:,.')X scattering oxporirnt.“, in
conjunction with atomic physics sxperigengs™", emabled
s model ing’pnndont determination of &, 7. The Mains
experiment”’ measurss a different combimation of the
four coupling tantg and allows the sxtraction of a
combination of § and 0, using the previously obtmined
results as an input. It should, howevar, 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 dats ars used for s detgrminaticn of the weak
aogle. The Batas experiment ", yhich has recently
become operational, simply measures 7.

Prom this brisf survey of existing measurements it
is obvicus that for a complete determinmation of the
coupling constants additional messurssents are _needed.
Ons should also attempt to measure a possible §° depsn-
dence of these couplings. Devistions !ro‘-tho sy
nodel may occur at the level of one percent™ . High
precision measursments are thersfors needed.

Yarious arguments have besn made for messureing
parity vif.'l.“ion in elastic electron-proton
scattering ' . A preciss messurement of the 8-
excitation seems equally important. We sumsarise hers
some arguments for measuring this process.

- %‘(12 2) excitation separates the isovector part
a, .

- It is an almost pure magnetic resonmice with a
dominant magnetic dipole (M .) excitation. The
scalar coupling (S, ) sad the electric coupling
(Bh) ars both lllli

At 1ow §* (<0.6 Ge¥') the nonresczant background
iz small. Its effects on the FNC asyametry
should be reliably calculable””. 1Ia order to
understand the PNC effects of the noarasoaant
part at the one percent level, more precise elec-
troproduction data in different isoapin channels
will pr bly be ded as well.

-2; ;'mtry ig predicted to be large in the GSW
L) i

Ay 1232y [;!2_ ] [EE; [z + »(g3, 07

and has a strong sensitivity to |in’0'.

The factor r(q‘,n) in the abovs formula is closs to
1 in the entr,y rangs of interest. Assuming » weak
angle of sin 9' = 0.225, one obtaizs ‘B(uu) ~
-1.17x107¢".

Y. Conclusions

Polarisation experiments opsn up a large variety of
possibilities to study electromagoetic properties of
the nucleon wund its excited states with incremsed sen-
sitivity compared to unpolarised measurements. The
numerical cnsg;; chosen assumed a1 exteraal target
situation at snergies. Nost of the experiments
can, of course, be done with gas targets in storage
rings, if hi{h enough luminositiys cap be pehieved.
*"High enough trnl{ntn am 210" "ca "sec” " for the
seaguregent lof the neutron slectric forafactor and
210"°cu™"sec™ for the proton electric formfactor. The

nucleon resonance prograa yould also need lumincsitiss
in excess of 10""cn "mec for a substantial improve-
sent of previous work, if full solid angle coverage is
provided.

Precision sxpsriments for studyiog parity violation
ic electron scattcrini require measurements with very
high lunino-it.{ >10"ca 86 c!) and largs acceptance

detectors®®**®. Bacause of the luminosity require-

ments, these experiments will have to empley thick
targets in an external bemm line.
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Abstract. A proposed monochromatic photon ueam
produced by the tagging technique is described. The
radiator is a condensad molecular beam of argen

(thickneas 3078 g/cnﬁ) installed in a straight section
of the Adone storage ring. The recoil electron counters
are placed in the magnetic field of the next dipnle
ring. The tagging system detines 80 channels (each 1%
resolution) covering the photon energy range (0.4 - 0.8

E;. The total photon tntensity is about 10° mec!.

In view of the great interest in nuclear physics
studies with electromagnetic probes, at Frascati it is
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
technique.

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
high energy synchrotron and storage rings, there have
been a renewed intereat in this option and growing
activity in the development of suitable targets. The
target which gives the largest lumirosity 1s a typz of
condensed moleculsr beam(l) which provides a flow of
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 «f very small aperture (10+150,n)
and special geometry. The molecular jet flies forward
along the axis of expansicn and it is absorbed after
having crogsed 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.

Fig. 1 shows the schematic view of the jet tarput
proposed for Adone. The argon jet is produced in the
chamber 1 {installed on top of the Adone vacuum pipe)
where the gas expansion take place. The injector is o
converging-direrging nozzle with sjecial trumpet-shaped
end part, Then the jet moves across the mechine vacuum
wipe to the sink aystem, installed bdelow the storage
ring.

We have interposed three differentiaml pumping
stages (emch equipped with a 360 1/sec turbo-pump) to
separate both the expansion and the sink chambera from
the vacuum pipe in order to minimize the pressure rise

in the interaction region (&€ 10°% torr). An additional

1
——
r
2
T~
3 —

electron

beam

Fig. 1 ~ Side view of the argon jet target
proposed for Adesie: 1 ges expansion chamber;

2 collimators; 3 valves; 4 sink chamber.

pumping system (cwo 1000 l/sec turbo-pumps) is acting
on the straight section of the ring vhere the jet
target will be.mounted, in order to reduce this rise
pressure and limit the length of the region where the

pressure is &10” % torr, Two fast acting UHV valves
separate the production and sink chambers from the
Adune vacuum pipe to easy the jet on/off cperations
and to prevent the poasible contamination of the ring
in came of a large prassure bum» due to breakdown of
the terget system. Tne operating conditions are inlet
pressure and temperature 6 bar and 150 °K reapectively,
nozzle throat diameter 87 am and memiaperture 3.5°.
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From a total flux of 10°" Ar-gtoms/sec expanding from



Tagging counters

quadrupoles
nagnets

JET TARGET

#f beam
./;’ .
/ D
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()
dtpole ot front array

back srray ___X\J .

straight section

Fig. 2 - Schematic view of the tagging system

the nozzle the collimator system selects 5 10“-!:0.-/-,

which corresponds to a target thickness of w10t l/cnz
{#=1cm) on the path of the electron beam (that im a
distance of 225 cm from the nozzle).

The eircumference of the Adone ring is approximately
105 m, mo that a bunch of ultrarelativistic electrons
takes about T,= 351nsec to make a round. The ring is
divided into twelve identical lattice elements emch
consisting of a straight section, m bending magnet
(dipole) and a couple of defocusing-focusing magnets
{quadrupoles).

Electrons are injected into the storage ring at an
energy of 300 MeV (m few-turn injection will result in
ebout 100 mA current circulating in the ring) und 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
circulating electrons into 18 bunches, each lnsec wide
and 20nsec apart.

After the rise in energy the argon et will be fired
into the vacuum pipe and the electron besm lifetime
gzrof(q'x) cut down to ebout 130 mec (T, is the
revolution period,U5 the removal cross section and x the
jet target thickness). Then the cycle is ended by
lowering the field of the magnets to the injettion value,
The removal cross section involves only that process of
bremastrahlung in which the energy loss places the electron
outside the acceptance band-width of the ring (E=0.01 E,
Eybeing the machine energy). In fact the target thickness
is s0 small that neither the multiple scattering nor the
lonization lomses 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-cut of the apparatus:
the argon jet will be placed in a straight section {(2.58
m long) between consecutive lattice slements and the
recoil electron is bended by the dipole magnet and
detected by a two-srray scintillator counter hedoscope.
This hodoscope will be placed betweaen 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%
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at Eo= 500 MeV) over the whole taggingrsnge. Tho complete
tagging system defines 80 energy channels covering the
photon energy range k= (0.4 ¢0.8)E,. This implies an
sxtensive array of tagger detectors covering a side 1 m
long of the bending magnet pole.

Since the determination of the photon energy relies
on & coincidence between the tagging counters and the
detector for the photoejected particles. the tmgging
method ic limited by the random coincidences. In the
nornal operating mods the facility produce 210%photons/
sec in the whole tagging range. To use the tagged photon
beam at the maximum intensity it is foreseen the
insgtallation of a new 350 MHx RF-cavity which makes the
beam almost continuous in time (126 bunches 2,86 nsec
apart],

To compensats 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 8 4% BGQ cvrystal ball (whose design
is presently going on), consisting of 300 +400 crystals,
each coupled to a photomultiplier. A 20 cm bore along a
disseter of the sphere will allow the passage of the
beam.

A partial list of experiments which wlll be carried
out with thid heam are:
neasurenent of the totsl hadronic cross smection
through both the transmissicn method and the uranium
photefission;
deuteron photodisintegration;
photo-exitation of nucleon reésonances;
particle correlation and resonmnce propagation in
nuclei.
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ABSTRACT

The interest of using polerized beaw sud
target to extract intormation on current
distributions in rotational nuclei is pointed
The differentiml cross section for
elastic and inelastic scattering of

ocut.

lopgitudinelly polarized electrons from
oriented nuclei 1s analyzed in detail focusing
on the case of K=¥% ground state bands,

Lo.lptreduction

The study of nuclear ground state
rotational bands by mesns of electron
scattering experisents has been s subject of
interest for many years. So far, a subatantial
amount of expsrimental information is
available concerning longitudinaml form factors
for transitions withip the ground state band

rittle is
known yeti about the more interesting

of many deformed nucleil- However,

tranaverse form flctorlz that curry the
information on the nuclesr current
distribution, on the nature of the

rotastional mode. This is mainly due to the

and hence,

fact that in .rdinsry electron scattering on
deformed nuclei (i.e., with unpolarized beanm
and target) the differential croza section is
dominated by the longitudinal form factor and,
therefore, cavlf@Cllug shiOrmatlon on
transverse muitipoles is hard, specially st
In thie brief communication we
wiah to peint out thst the best way to obtain

low q values.

information on transverse multipoles is to use
oriented targets and,
target.

or polarized beam and

The differential cross section for
scattering of linearly polarized electrons
from an oriented nuclear target is given in

first Born approximation by3'4
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do 4n Iy

olh: o7, #*) (ry
de f
rec.

5

- and irec. are the standard

cross section and recoil factor,

where o Mott
respectively,
h is the incoming electron helicity and
(#’,?') is the target polarization direction
with respect to the direction of the momentum
transfer. The depandence on h and (¢',?’) in
eq. (1) can be written as
alh; ', #°) = 0046.1.("-f')+h opol_(o',r’l
(2)

where e, is the usual combingtion of
longitudinal and transverse form factors
occurring in ordinary electron scuttering, and
Oay." “pol. are, respectively, the alignaent
aud polarization cross section that depend on
While in
ordinary scattering the different multipoles
occurring in a givep transition within the

the target polarizetion direction.

band appear alliways in the co-bin-tion5

- 2 b4
a, = VPFL] + V|r,] (3)
with
2 CA 2
F = z F
I L' A=even3( ; ’
2 Ma 2 BA 2
F = £ |F + z ¥ 4)
! T' a=odd ! a:evenzzl =

Ogt. and apol. contain in general many
different combinations of the longitudipal and
transverse multipoles, aome of which sre
interference terms betweea coulomb and
transverse nultipoles. Rach of these
combinations csn be aepareted by sppropriate
cheices of the target polarization direction,
aa well as using the dependence on the target



orientation along a fixed polarization
direction, on the electron helicity and on the
scattering aongle.

To make this presentation as short ams
possible only a specific case, that beara many
interesting physical features, will be
This is the case of K=%

5 7
3+ 20
this case eligment of the target is not
possaible (ground state zpin is I=¥X) and to get
additional information to that contained in

o, experiments with polarized projectile and

target have to be done.

discusesed in detail.

bande with level sequence 1=4, 3 ves In

As it is well knownE the level sequence
of K=¥% bands depends on the value of the
decoupling parameter a. For ~1<a<l the spin
sequence is I=%, 372, 5/2, ... this is for
instance the case of the ground state bands of

Zﬂsi.183u and 2399“.

considerations are greatly wimplified for spin
% targets and the discusion here will be

restricted to this kind of K=% bands. When the
target is prepared with its magnetic substates
with different probsbilities,

Polarization

M=+% Propulated
P(M), the polarizatien croas section for
transition to apy state within the band is

given hy4
°pol.=°¥(’in #’cosr’ VTLF;L+CQI.’ViF;] (5)
where ax =1 (1-2P(M=-%)), V. Vi are

1 S LR ¢ AN

electron kinematic factars and EiL. F; are the
q-dependent form factors that carry the

information on the nuclear structure. F;L
contains interference terms betwen
longitudinal (CA) and transverse (Ea,Ma)

muitipoles, while Fl contains only trausverse

T
aultipoles,

In ordinary scattering |FT| can be
separated from lFLl by the usual Rosenbluth
sparation method and ussually scattering at

180° is required. As said before, if
|?T|2<<\?L|2 it is hard to extract information
on IFT' from ordinary electron scattering.
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With polarized beam and target the different

‘terms in o pol. can be easily separated, since

ifor Jnntance one has that

z

F#L( Klathie=5,#'=0) -~ c(h‘l"%,f’:n)) =

=0) - o(-hi#’=],%"=0)

m
= { Q' == 1]
Kic(h:e z.* Z

1l?.}.nc % (a(h.9'=0) - o(h,e=m)} =

| = % (o(h,0°=0) - a(~h,8'=0))

Restricting ourselves to elastic and
inelastic scattering to the two first excited

atates, the measurable tform tactors

i 2 2 1 1 s

(IFLI (att IFTI 1 FTLI ' FT’ are given in
] f T t f

‘tersms of the transition multipoles F?‘ by the
f

following relations®
index If is used

(where @ = C,E,M.; the
to distinguish transitions to
in the band,

different states and a convention

the F°* »

scattering (If=5):

is uesed in which s are real).

For elastic

co,2 T2 Mi,Z2 _1
HF = = -
fl L*I PR 1% [Pyl [Ey 1 FTI.“
|
i €O M1 1 _ 2
LR ML PR 17z, ] (8)

For acattering to the first excited state
-(If=3/2):

: 2 2
F = =
| L3/2| 3/2| IFp /Zl 3/21 *|F3/2|

1 cz
Fry. = Y373 F

u1
a2 352 (43 ra/z - Fgyg) (7)
bl = w1282 (Zam
T3, sz a7zl 3/2 Fire)
For scattering to the second excitea
state (I.=5/2):
L 1= 855513 17y Ly LA
rl =882 (M e
T, ~ Tes2 5/2 4 Fs/z’ (8)

1 M3
F = 1/53( (F -
T5,2 ALk [F5z 120872 "5/2 5/2)



Then, for every transition, one has four
seasurable form factors to determine at mest
three independent transition multipoles.
Furthermore, in the g-regionos where transverse
myltipoles are such smaller than longitudinal
ones, the combined information on [F; | and
Te

F;LI can be used to extract information on
3
the transverse multipoles.

On the other hand, since the transition
sultipoles can be parametrized in terms of

intrinsic sultipoles that are cosmon to all

the transitions®’’ (i.e., that are independent
of inicital and finel spins), the information
on multipoles corresponding te different
trangitions can be combined to extrmct
intormation on the intrinmic structure of the
rotational band and on the nature of the
rotational mode. For inatance, the Ml
multipoles of the intrinmsic single particle

(F”l,fgé) and collective (E:L) currents can

be obtained fron4‘7:

F

1 ML, _ . M1_ M1
R -ZEa) = 2B (R 102 Y

Ml M1
13 !F* + 2 F3[2}
(9)

Similarly the EZ myltipoles of the
intrinsic single particle Lfgi) and collective

Qng) currents can be obtained from

E2 B2 B2
§ R = (BT Fyyy + ST Bgyy)
E2
2K

(10)

E2
130 (3 F5,

B2
- 47 Fgyp)

Also, the C2 multipole of the intripnsic

charge distribution (§°%) is obtaioed, to
lowest order in anguier momentuym, from

c2
- = 1)
§%%) = wB72 |FL3/2[ |FL5/2| Qa
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Note that relation (11} is characteristic
of the K=% bands considered here, and providea
the most direct test of bend mixing effects in
the charfe distribution of rotational states.
Separtures from this relation in measured
longitudinal forw factors would give a direct
weasure of the above mentioned band wixing

effects.
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