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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 accessible with internal 
targets, and to share information on recent developments in internal target technology, on 
the impact of internal targets on ring operation, and on the detector requirements. The 
workshop was sponsored by NPAS, the program of Nuclear Physics at SLAC, and it was 
attended by more than 100 physicists from the U.S., Canada, Europe, and Japan. 

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

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

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

m 



rings. It is possible that If these developments cent 'www ti-.vie v, U! . -o< -',:<• A >I* V MIMICIII of 
experimental research exploring a wide range of topics in uu<-It•;•.; nvl INK |,.OI; -tructure. 

We would like to express our thanks to all the hfieakeru ,.N,! „,.••.,.-.,. ,i • 'i*. papers pre­
sented here for their efforts in advancing our undcr.soirniir,^ of (ie ••< <<>\•-.< . We also want, 
to thank those people who helped organize the meetings aroi ••.;•,-,.;•;, . <. •.,• proceedings-, the 
Organizing Committee and the Working Group Chairmen for arr^itRing the speakers and 
planning the program; Lynn Hanlon, Lesia Machicao. and Xlna Adeliin-m. tin- Conference 
Secretariat, who worked behind the scenes and smoothly operated die front desk; Kevin 
Johnston and Lucy Yuen who masterfully converted the nirinusciipis into i his proceedings. 
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FROM THE HADROiriC PHOTO* AT Q*=0 TO HARD gCATTKRIIfQ AT SPACg-LICT Q 3 

T. Sloan 

University of Lancaster 
Physics Department 

Lancaster. LAI 4YB, England 

Introduction 

Real photons (Q3-0) show much larger crass sections 
Tor the production of b&drons than would be expected 
if they interacted only elcctromagnotlcally. In 
contrast the scaling bohavLour In deep Inelastic 
scattering shows that the space like virtual photons 
scatter from point like micleon constituent* (quarks) 
without any form factor effects. Thus space-like 
virtual photons behave as pure electromagnetic probes 
whereas real photons behave more like hadron*. 

In real photoproductlon CQ'^O) a large cross 
section for the production of pm mesons is observed 
which is ~9 times the cross section for « CMS on 
production. These observations led to the formulation 
of the vector meson dominance model CVMD) for the 
interactions of real photons*-. In this model the 
cross section for the photoproductlon of vector mesons 
V is written as; 

do fa do 
vdt' V vdt 

where f represents the coupling constant between 
the photon nnd vector meson and (TT) is the elastic 

C CVp»Vp 
scattering cross section for the vector meson V. The 
rat to of the coupl ing constants is expected to be 

f :f :ff:f* :f a -; 9:1:2:8:2 P u> $ j/a- \> 

from 50(3) symmetry (quark charges). 

Clearly there is a substantial difference between 
the behaviour of real photons and that of virtual 
photons at higher Q 3. In this paper, I shall attempt 
to trace the evolution of the hadron-like behaviour of 
the photon at Q 3-0 to its electromagnetic behaviour at 
larger space like Q 7. 

Exclusive Vector Meson Production at Hlah Energies 

Exclusive vector meson production is the process 

Y* + p » V + p 

where Y* is a real <Q2-0) or a virtual (finite 
negative Q J) photon in electron or muon deep 
inelastic scattering. experimental data at high 
energies are available on exclusive p* and + a and 
j/>y production3. Figure 1 shows the total cross 
sections as a function of Q*. It can bo seen from 
this figure that the ratio of afi:o+:aj/y is tending 
towards the values 4:2:8 as Q 2 increases I.e. the 
values expectctj From the photon coupling to the quark 
charges. 
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Fig. 1 

a) The ratio »o(»/2o<p), b) The cross sections 
sections for elastic p' and J/+ production, 

c) The ratio 9o(J/*)/8o(p) as a function of <J». 

In the generalised vector dominance model 1, 
assuming p" dominance and neglecting off diagonal 
tentis, the cross section for exclusive p* production 
at higher Q a should follow the form 
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<KQ ) - O(Q -o) > — l U c ^ 2 - ] U) (Q*+m )* 

of the longitudinal to transverse virtual photon fluxes 
and £2Qa/m£---R. the ratio of the production cross 
sections of longitudinally and transversely polarised 
virtual photons (R-C[/OT>-

In real photopreduction (Q2=0) of p" mesons s 
channel helicity is observed to be conserved1, i.e. 
transverse photons produce p*'s in a holieity t 1 
state in the s channel frame (which gives a pure 
sin'O angular distribution of the decay pions). 
If 3 channel hclicity were conserved at higher Q 3 

any longitudinal photon contribution would give a 
cos'O component to the angular distribution. The 
EMC observed that the p"s are produced with 
almost a pure cos^O angular distribution at high 
Q 3, and that the sin a0 component foils rapidly 
with Q», From fits to the angular distribution 
assuming s channel hollclty conservation this group 
deduce that the parameter t 1 should be 0.410.1. 
Figure 2 shows the measured cross section fur 
exclusive p* production as a function of Q s. 
The solid curve Cdashed curve) shows the generalised 
vector dominance model prediction (eqn. 1) with 
X2^0.A (5**0,0). rt is clear that the data 
prefer the value £2^0.0 and exclude the value 
5*^0,4. thus generalised vector meson dominance 
with s channel hclicity conservation does not describe 
the data at high Q 7. 

Kig. 2 

p* photoproduction cross section versus Q*. 
The smooth curves show the VMD predictions 

(equation IJ with %am and V"*"̂ -*-

The EMC have measured independently (from the 
incident muon energy dependence) the value of H=o /o_-

fQ 9 L. r 
•0.4 * by combining their data with the measurements 
of the CHIO group, each extrapolated to Q 2=2 Gov 2. 
This shows that exclusive p* production is mainly by 
transversely polarised virtual photons. projecting 
out the observed sin a0 and cos a6 components from the 
decay pion angular distributions would imply a value 
R=2.7±0.5 at Q 2=2 GeV 2 if s channel helicity were 
conserved. Comparing these two values of R one con­
cludes that s channel helicity is no longer conserved 
at larger Q3 i.e. exclusive p* photoproduction occurs 
mainly from transverse (helicity ± I) photons and the 
p*'s are produced mainly in a helicity 0 state. 

Could the generalised vector meson dominance pict­
ure work with s channel helicity flip? Equation (1) 
shows that as Q 3 becomes large the expected cross 
section ratio a '.e.'-a-. (large Q 2) - a m4:*. m*:o,.,.m* 

p $ J/* ° f> p H J/+ ^ 
(Qa=0)=9:l:0.35. The value of these ratios observed at 
0 a=15 GeV* are 9:1.610.4:5.6+1.0 and are inconsistent 
with this picture. Thus the generalised vector dom­
inance model with or without s channel helicity 
conservation fails to describe the data at higher 
Q 2. However, the observed ratios are tending to 
the values expected (9:2:8) from the electromagnetic 
coupling of the virtual photon to the quark charges. 
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The ratio of the total coherent to incoherent cross 
sections from nitrogen as a function of Q7. The 

smooth curve shows the expected decrease due to the 
increase of *min with Q a. 
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Figure 3 shows the measured ft-l-l^i,,) dependence2 

for exclusive />* production from an ammonia (mainly 
nitrogen) target. The sharp peak at small t is due to 
coherent production smeared by experimental resolution. 
The smooth curves are fits of the form e _ b t ' outside 
the coherent region (t'<0.2). Figure 3 shows that the 
value of b decreases rapidly with Q*. This indicates 
that at higher Q 3 exclusive p* production is dominated 
by a hard scattering mechanism. The exponentials in 
fig. 3 were extrapolated under the coherent peak to 
measure the ratio of the coherent to incoherent cross 
sections. Figure A shows that this ratio decreases 
wi th Q a. Such behaviour can be understood from 
the failure of s channel helicity conservation at high 
Q 3. In the forward direction, by angular momentum 
conservation, the helicity f 1 ip of the />* implies 
that the nucleon spin must also flip. Such spin flip 
amplitudes cannot contribute to coherent production 
since the final state of the nucleus changes. 

Tho coherent cross 
approximately as 1/Q*. 
section Is due to the 
vector meson dominance 
dependence indicates that 
twist mechanism. 

section ratio decreases 
Presumably such a cross 

residual dlffractlvc (i.e. 
type) behaviour. A 1/Q* 
such behaviour is a higher 

»Jclnr Shadowing of Photons* 

This is studied by measuring the A dependence of 
the total hadronic photoabsorptlon cross section 

°Y* where A is the atomic mass number. For any 
nucleus we define 

"eff 

where a^p and o^.n are the free proton and neutron cross 
sections and Z and N are the number of protons and 
neutrons in the nucleus. This is parameterised by 

2eff 
A 

Such a parameterisation fits Imperfectly the pion-
nucleus cross section variation with a value 
c-Q.14, However, it will suffice for the less 
precise photon data. 

For real photons (<ja=0) of energy y>!0 CeV, * if 
found to be approximately independent of v with « 
value of about 0.07. This indicates partial 
shadowing of real photons. The data are well 
represented by a model which assumes that the photon 
has a point-like cross section as well as a part 
interacting as in the vector meson dominance model-*. 

There are several experiments with have contri­
buted data on shadowing at finite Q 3 in charged 
lepton scattering 6' l 0. Splitting these data into 
different Q ? ranges and plotting c as a function of 
x-:Q*/2Mu, trends appear in the measurements. Here x 
is the fraction of the momentum of the nucleon carried 
by a struck parton in the quark parton model. Figure 5 
shows c as a function of x for the low Q a range 6* 7 

(q*<l). The measurements show that shadowing turns off 
smoothly as x increases (i.e. \> decreases) as would be 
expected in the model used to describe the real photo-
production data. Figure 6 shows the ratio of Aeff/A 
(_<f.y£/AaY||, where M is the average of the proton and 
neutron cross sections) for carbon and iron or copper 

for intermediate Q a B , Q a<4 GcV a and high Q a l ° Q 2>2 UeV 1. 
The data of * has "been omit ted from this plot 
because the two experiments neither agree wibh each 
other or with the other measurements8 in the same 
<?a range. At x>0.1 the ratio decreases with x. 
This effect is known as the EHC effect. For x<0.1 the 
ratio decreases and tends to show shadowing i.e. the 
ratio tends to a value <1. 

w^i l 

-0 12 
01 02 0 3 M M E6 

Fig. 5 

The parameter c as a function of x for 
low Q* data the hatched region shows the range 

of variation of the data of 6 and the points are 
tha data of '. 

Many theoretical models exist to explain the EHC 
effect at high x 1 1 . There are three models of the 
contributing mechanisms In the region «0.2. The model 
of Brodsky, Close and Gunion5 predicts that shadow 
ing occurs at small x, hut that It diej uniformly with 
Q a- 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 antishadowlng excess at x-0.15 1 2. 
"n this model the nucleon structure function In the 
'ileus is given by 

F£(X> - J fH(Z> F*(*)dZ f„<Z> K^>dz 

where t { and P, are the structure functions and f , f 
are the fractional 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 decrease below unity at large x to momentum 
conservation. The shadowing at small x Is not 
predicted and is ascribed to a separate process e.g. 
the Brodsky. Close a?rf Gunion mechanism. 

a parton model of shadowing and antiBhadowing was 
developed by Nicholaev and Zacharov13. They 
postulate that soft partons Ce.g. Bluons) can fuse to 
produce harder partons. Thus the tiny x region, 
x<A m«/nin ("here m, and gig are the pion and nucleon 
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masses), in deep inelastic scattering is depleted aa 
there are fewer soft partons which accrete at 
x-0.15, giving an excess in this region. In this 
model the ratios will be approximately Q* 
independent. 

At present the data are too few and too imprecise 
to separate these two picturea. It will be necessary 
to measure the (J1 dependence of the ratio in 
fit. 6 in the tiny x region to understand the detailed 
mechanisms in the shadowing region. 
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Fig. 6 
The ratio of the croas section for deep inelastic 
acattering per nucleon from a) iron or copper 
b) carbon to that from deuterium at high and 

intermediate values at q* 

conclusions 

In exclusive vector meson production in deep 
inelastic scattering, the vector meson dominance 
picture dies away and the production mechanism becomes 
a hard scattering process at Q >1 CeW2. The virtual 
photon has been dewmstrated to behave as a pure 

electromagnetic probe. In ahadowing in nuclei there 
are indicationa for the electromagnetic behaviour of 
the photon but the picture is still somewhat confused. 
There is a need to measure the <3* dependence of 
the £hadowing region at very small x in order to 
better understand the processes Involved. 

I would like to thank the organiaers of the BPAS 
Workshop at SMC for their hospitality. I should alao 
Like to thank Per Grafstrom for helpful discussions. 
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TESTING QUANTUM CHItOMODYNAMICS I N ELECTROPKODUCTION* 

STANLEY J . BRODSKY 
Stanford Linear Accelerator Center 

Stanford University, Stanford, California 94SOS 

I n t r o d u c t i o n 
Deep inelastic lepton nuclcon scattering lias been one of 

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

One of the important potential advantages of an inter­
nal target facility in an electron storage ring as discussed in 
this workshop is that the entire final state of clectroproduc-
tion can be measured in coincidence with the scattered elec­
tron with close to 'Iff acceptance, in (he cane of the CEP ring 
(/ i , (e ± ) •-- to C W ) , measurements can be performed above 
the onset of IJjor'icn scaling. Both polarized and unpolarized 
hydrogen and nuclear targets may be feasible, and eventually 
even polarized electron beams may be available. High pre­
cision comparisons between electron and positron scattering 
would allow the study of higher order QED and clectroweak 
interference effects. The asymmetry in the cross sections for 
e*p —> e±^X 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 leptori. The spectator systern-
the remnant of the target remaining after the scattered quark 
is removed-is a colored 3 system. (See fig. 1.) According to 
QCD factorisation, the recoiling quark jet, together with the 
gluonic radiation produced in the scattering process, produces 
hadrons in a universal way, independent of the target or par­
ticular hard scattering reaction. This jet should be identical 
to the light quark jets produced in e + e~ annihilation. In con­
trast, the hadronization of the spectator system depends in 
detail on the target properties. Uniike the quark jet, the lead­
ing particles of the target spectator system do not evolve and 
thus should not depend on the momentum transfer Qz [at fixed 
W* — [q -y p)2). At present we do not have a basic understand­
ing of the physics of hadronization, although phcnomenological 
approaches, such as tiic Lund string model, have been success­
ful in parameterizing many features of the data. 
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Fig. 1. Struck quark and spectator 
systems in electroprouuction. 
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At a more detailed level, the features of the standard 
leading twist description are modified by coherent or non­
perturbative effects. For example, higher twist-power-law sup­
pressed contributions arise when two or more quarks recoil 
against the scattered lepton. At high energies, the quark jet 
does not change its state or hadronize over a distance scale pro­
portional to its energy. Thus inelastic or absorptive processes 
cannot occur inside a nucleus-at least for the very fast hadronic 
fragments. We will discuss this target length condition 3' 3 in 
more detail below. Nevertheless, a nuclear target can pro­
vide an essential tool for studying the detailed features of jet 
hadronization since the fast fragments are expected to Matter 
elastically in the nuclear medium, and the slow particle* can 
interact inelasticaUy and shower inside the nucleus. A review 
of the QCD predictions for jet hadronization can be found in 
Berber's contribution to this Workshop, 

Many of the novel features expected in QCD are also ap­
parent in QED. It is thus often useful to keep a QED analog in 
mind, replacing the target by a neutral atom such as positro-
n'mm. Even in QED where there is no confinement, one ex­
pects in certain kinematic regions significant corrections to the 
Bjorken scaling associated with positron or electron knockout, 
in addition to the logarithmic evolution of the QED structure 
functions associated with induced photon radiation. For exam­
ple, at low Q~, the interference between amplitudes where dif­
ferent constituents are struck become important. Near thresh­
old, where charged particles emerge at low relative velocities, 
there are strong Coulomb distortions, as summarised by the 
Sommerfeld factor. In QCD these have their analog in a phe­
nomena called ^jet coalescence11 which we discuss in a later 
section. The Coulomb distortion factor must be included if one 
wants to maintain duality between the inelastic continuum and 
a summation ova exclusive channels in electroproduction. 

My main emphasis is this talk, however, is in the study 
of exclusive channeb in electroproduction. It is clearly inter­
esting to study how the summation of such channels yields 
the total inelastic cross section. More important, each indi­
vidual exclusive channel can provide detailed information on 
basic scattering mechanisms in QCD and how the scattered 
quarks and gluons recombine into hadrons. In certain cases 
such as Comptrm scattering and meson electroproduction, we 
can study new aspects of the light cone expansion for the prod­
uct of two currents, thus extending the Tenormaiization group 
analysis into a n* J omain. T The dtffractive production of vec­
tor mesons at high Q1 can test the basic composition of the 
Pomeron in QCD. Further, as we discuss in the next section, 
measuring exclusive reactions inside a nuclear target allows the 
study of "color transparency", ' 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 lfQ1, the 
cross sections and jet hadronization can be understood at the 
probabilistic level. In contrast, in exclusive electroproduction 
processes, one studies quark and gluon scattering and their 
reformation into hadrons at the a-mpHttide level. Exclusive re­
action? thus depend in detail on the composition of the hadron 
wavefunctions themselves. 
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There is now an extensive literature, both experimental 
and theoretical, describing the features of large momentum 
transfer exclusive reaction*. The QCD predictions are baaed 
on a factorization theorem " which separates the uon.-
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 provided one of the most 
valuable testing ground of this QCD formalism, since the in­
coming photon provides a probe of variable spacelike mass di­
rectly coupling to the hard-scattering amplitude. 

It has been known since 1970 that a theory with under­
lying scale-invariant quark-quark interactions leads to dimen­
sional counting rules for large momentum transfer exclusive 
processes; e.g. F{Q*) ~ (G 5 ) 1 - ' 1 where n is the minimum 
number of quark fields in the hadron. QCD is such a theory; 
the factorization formula leads to nucleon form facers of the 
form: ° 

( J \ - 7 . - 7 ~ 

The first factor, in agreement with the quark counting rule, 
is due to the hud scattering of the three valence quarks from 
the initial to final nueleon direction. Higher Fock states lead 
to form factor contributions of successively higher order in 
1/Q2. The logarithmic corrections derive from an evolution 
equation ' 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 axis] vector 
transition amplitude that conserves the baryon helicity. He­
licity non-conserving form factors should fall as an additional 
power of l / i? 1 . Measurements of the transition form factor to 
the J = 3/2 ff [1520) nucleon resonance are consistent with 
Ji = ±1/2 dominance, as predicted by the helicity conser­
vation rule. It is very important to explicitly verify that 

Fi(Q 2)/fi (Q2) decreases at large Q*. The angular distribution 
decay of the J/* -» pp" is consistent with the QCD prediction 
A, + A* = 0. 

The normalization constants a* n in the QCD prediction 
for G/u can be evaluated from moments of the nucleon'a distri­
bution amplitude 4>(xi, Q). There are extensive on-going the. 
oretkal efforts computing constraints on this nonperturbative 
input directly from QCD. The pioneering QCD sum rale anal­
ysis of Chernyak and Zhitnitakii provides constraints on the 
first few moments of at(x, <?). Using as a basis the polynomials 
wh>ch are eigenstatea of the nucleon evolution equation, one 
gets a model representation of the nucleon distribution am­
plitude, as well as it* evolution with the momentum transfer 
scale. 

The QCD sum rule analysis predicts a surprising feature: 
strong flavor asymmetry in the nucleon's moment*, -n distribu­
tion. The computed moments of the distribution amplitude 
imply that 65% of the proton's momentum in its 3-quark va­
lence state it carried by the u-qua»k which has the same he­
licity as the parent hadron. (See fig. 3.) A recent comprehen­
sive re-analysis by King and Sachrajda has now confirmed 
the Chernyak and Zhitnitakii 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 rctationally-invaiiant CM wave-
function transformed to the light cone using a Melosh-type 
boost of the quark spinors. The transverse toe. of the valence 
wavefunctionis 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 a'iso show 
that the perturbative QCD contribution to the form factor* 
dominates over the soft contribution (obtained by convoluting 
the non-perturbative wave functions) at a scale QjN as 1 GeV, 
where N is the number of valence constituents. Similar crite­
ria were also derived in ref. 20. Results of the simitar Jacob 
and Kisslinger analysis of the plon form factor are shown in 

fig. 4. Claims that a simple overlap of soft hadron wavefunc-
tions could fit the form factor data were based on wavefunctions 
which violate rotational symmetry in the CM. 

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

* £ + & * 
(C) =f ) . + ={£+ <E + 

Fig. 2. Factorization of the nucleon form factor at large Q1 in QCD. 
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* N(x)=V<x)-A(x) 

x 2 = l 

5207/\7 

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 x. The Jacob-Kisslinger 
prediction 3 1 is based on a rotationally symmetric form in the 
center of mass frame. The perturbative QCD contribution cal­
culated with CZ distribution amplitudes is consistent with 
the normalization and shape of the data for Q* > 1 GeV 2 . 

magnitude of the proton form factor at large Q* as recently 
measured by the American University/SLAC collaboration. 
(See fig. 5.) The fact that the correct 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 X{ ~ 1/3 then one obtains the wrong sign for the nu­
cleoli form factor. Furthermore symmetrical distribution am­
plitudes predict a much too small magnitude for Q4G^f[Q*) at 
large Q1. Gari and Stefannis have developed a useful model 
for the nucleon form factors which incorporates the CZ distri­
bution amplitude predictions at high Q1 together with VMD 
constraints at low Q s . Their analysis predicts sizeable values 
for the neutron electric form factor at intermediate values of 
tp. (See fig. 6.) 

Measurements of the two-photon exclusive processes 7 7 —» 
jr+)r_ 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. Comparison of perturbative QCD predictions and data 
for the proton form factor. The calculation, based on the CZ 
QCD sum rule distribution amplitude, is from ref. 23. The 
prediction depends on the use of the running coupling constant 
as a function of the exchanged gluor momentum. The data are 
from ref. 24. 

Nevertheless, one can question with the consistency of 
the perturbative QCD analysis, particularly for baryon reac­
tions at moderate momentum transfer: 

1. The perturbative analysis of the baryon form factor and 
large angle hadron-hadron scattering depends on the sup­
pression of the endpoint regions z,- ~ 1 and pinch sin­
gularity contributions. This suppression occurs auto­
matically in QCD due to Sudalcov form factors, as has 
been shown by Mueller based on the all-orders analy­
sis of the vertex function by Sen . 2 7 Since these analyses 
require an all-orders resummation of the vertex correc­
tions, they cannot be derived by standard renormaltea-
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 7 7 production of meson pairs.2* 

2. The magnitude of the proton form factor is sensitive to 
the x ~ 1 dependence of the proton distribution ampli­
tude, where non-perturbative effects could be important. 
The CZ asymmetric distribution amplitude, in fact, em­
phasizes contributions from the large x region. Since non-
leading corrections are expected when the quark prop­
agator scale Q s ( l - x) is small, relatively large Q1 is 
required to clearly test the perturbative QCD predic­
tions. A similar criterion occurs in the analysis of correc­
tions to QCD evolution in deep inelastic lepton scatter­
ing. Dziembowski and Mankiewicz claim that one can 
consistently fit low energy phenomena (the nucleon mag­
netic moments), the measured high momentum transfer 
hadron form factors, and the CZ distribution amplitudes 
with a self-consistent ansatz for the quark wavefunctions. 

A complete derivation of the nucleon form factors at all 
momentum transfers would require a calculation of the entire 
set of hadron Fock wavefunctions. (See fig. 8.) This is the 
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Fig. 6. Predictions for the nucleoc form factors assuming VMD 
at low 0 s »nd perturbative QCD at high Q*. From ref. 25. 

goat of the "discretized light-cone quantization" approach*9 

for finding the eigen-solutions of the QCD Hamiltonian qtiaa-
tized at equal light cone time r = t + zjc. using a discrete 
basis. Thus far results have been obtained for the spectrum 
and wavefunctions for QED and Yukawa field theories in one-
space and one-time dimension. The structure function of the 
lowest mass bound state in QED(1+1] as * function of a scaled 
coupling constant is shown in fig. 9. 

Color Transparency 
The QCD analysis of occlusive processes depends on the 

concept of a Fock state expansion of the nucleon wavefunction, 
projected onto the Wis of free quark and (luon Fock states. 
The expansion is done at equal time on the light-cone and in 
the physical light-cone gauge. At large momentum transfer 
the lowest particle-number "valence" Fock component with all 
the quarks within an impact distance b± < 1/Q controls the 
form factor at large Q2. Such a Fock state component has 
a small color dipole moment and thus interacts only weakly 
with hadronic or nuclear matter. ' Thus if elastic electron-
scattering is measured as a quasi-elastic process inside a nu­
cleus, one predicts negligible final state interactions in the tar­
get as Q becomes large. Integrating over Fermi-motion, one 
predicts that the differential cross section is additive in the 
number of nucleons in the nucleus. A. test of this novel ef­
fect, "color transparency", has recently been carried out at 

Fig. 7. Measurements of exclusive two-photon reactions 
compared with the perturbative QCD predictions of ref. 28. 
The predictions are nearly independent of the shape of the 
meson distribution amplitudes. 

Fig. 8. Representation of electoweak hadron form factors in 
the light-cone formalism. The sum is over all charged quark 
lines and all Fock states ip„. 
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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.50 

Brookhaven for large momentum transfer elastic pp scattering 
in nuclear targets by a BNL-Columbia collaboration.31 The 
initial results tie consistent with diminished absorptive cross 
sections at large momentum transfer. If these preliminary re­
sults are verified they could provide a striking confirmation of 
the perturbative QCD predictions. 
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The strong spin-asymmetries seen in elastic p-p scattering 
and the oscillations of the data modulating the predicted 
dimensional counting rule power-law fall-oft suggest pos­
sible resonant interference effects with the perturbative 
amplitude. [See also ref. 34.] These features evidentially can­
not be explained in terms of the simplest QCD perturbative 
contributions.35 (See fig. 10.) It is interesting to speculate 
whether one is observing an interference with pinch singular­
ity contribution or di-baryon resonances associated with the 
"hidden color" degrees of freedom of the six-quark state. 
Since the resonant contributions are not coupled to small va­
lence Fock states, one could expect significant final state cor­
rections at energies where the resonances are important. Thus 
color transparency can be used to distinguish mechanisms for 
hadron scattering. 

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

Perhaps the most dramatic application of color trans­
parency is to the QCD analysis of the deuteron form fac­
tor at large momentum transfer. '" A bask feature of 
the perturbative QCD formalism is that the six-quark wave-
function at small impact separation controls the deuteron 
form factor at large Q1. 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" %\tA -» ed[A - 1)|/ %[cd — ed\ wUI increase with 
momentum transfer. The normalization of the effective 

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 
f'p —• p°p. At large momentum transfer, QCD factorization 
for exclusive amplitudes applies, and we can write each helicity 
amplitude in the form: 

x ^.(zt.Pr^Jte.PT^fOzi.Pr) • 

This represents the convolution of the distribution amplitudes 
4[x,Q) for the ingoing and outgoing hadrons with the quark-
gluon hard scattering amplitude TH[I' + {qqq)> -• («$)*• + 
(qqq)f) for the scattering of the quarks from the initial to final 
hadron directions. Since TH involves only large momentum 
transfer, it can be expanded in powers of a,(Q*). The dis­
tribution amplitudes <j>{zi,pr) only depend logarithmically on 
the momentum transfer scale, as determined from the meson 
and baryon evolution equations. As we discussed above, the 
functional dependence of the meson and baryon distribution 
amplitudes can be predicted from QCD sum rules. A surpris­
ing feature of the Chernyak and Zhitnitsky analysis of the 
distribution amplitude of helicity-zero mesons is the prediction 
of a double-hump shape of <J>M(X, 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
ments by Martinelli and Sachrajda. Similar conclusions also 
emerge from the wavefunction ansatz of Dziembowski and 
Mantiewicz. 

Fig. 11. Theoretical predictions for the 
piou distribution amplitude. 

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

TH = (4) f ( e c , 

and thus 

da 
dt (~l'p -> PP) • «oMl ('-%) 

The leading contributions at large momentum transfer in 
QCD satisfy hadron helicity conservation 

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

The dependence on the photon mass in exclusive electro-
production amplitudes in QCD occurs through the scaling vari­
able Q s j-p\. Thus for Q 1 <£. pip, the transverse photon electro-
production amplitudes are predicted to be insensitive to Q2, 
This is in striking consequence to the vector meson dominance 
picture, which predicts a universal 1/(1 + Q2/m2) dependence 
in the amplitude. Furthermore, since only the point-like com­
ponent of the photon is important at large pr, one expects no 
absorption of the initial state photon as it penetrates a nuclear 
target. The reaction Vn. —> x~p is a particularly interesting 
test of color transparency since the dependence on photon mass 
and momentum transfer can be probed. 

N, Nj 
2-Step 

Fig- 13. Conventional description of nuclear shadowing of low 
Q2 virtual photon nuclear interactions. The 2-step amplitude 
is opposite in phase to the direct contribution on nucleon Nz 
because of the dilfractive vector meson production on upstream 
nucleon N\. 

to leading order in 1/pj- and «,(pj-)- This prediction is consis­
tent with the dimensional counting rule dtr/dt ~ s2~n[{8cm} 
where n = 9 is the total number of initial and final fields. Ti: 5 
scaling laws hold for both real and virtual photons. As shown 
in fig. 12, the data for ip -* JT +B are consistent with the 
QCD scaling law prediction. 

Fig. 12. Comparison of pion photopro-
duction data 3 8 at fle« = f / 2 with the 
quark counting rule prediction. 

The conventional theory of shadowing of photon interac­
tions is illustrated in fig. 13. At large Q2 the two-step ampli­
tude is suppressed and the shadowing effect becomes negligible. 
This is the basis for a. general expectation that shadowing of 
nuclear structure functions is actually a higher-twist phenom­
ena, vanishing with increasing Q2 at fixed x. [A recent analysis 
on shadowing in electroproduction by Qiu and Mueller based 
on internucleon interactions in the gluon evolution equation in 
a nucleus suggests that shadowing is a higher twist effect, but 
derrpji-ics slowly as Q2 inrr£6~?5.j Thus we predict simple ad-
ditivity for exclusive electroproduction in nuclei 

-fib A- >p°N{A^l)) = A^{-,'N-

to leading order in l/pj>. (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 Q2, even 
Q2 = 0! Note that the leading contribution in 1/pj. (all orders 
in a,(Px)) comes from the 1 -» ?? point-like photon coupling 
in Tff where the relative transverse momentum of the qq are 
of order p j . Thus the "impact" or transverse size of the qq 
is 1/PT, 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 pj. and Q2 decrease. 



EJectroproduction of Diffractive Channels 
Exclusive processes such as virtual Compton scattering, 

1*P -» IP and p" electroproduction t*p -» p°p play a special 
role in QCD as key probes of "pomeron" exchange and its 
possible basis in terms of multiple-glucn exchange.7 At large 
photon energy, the diffractive amplitudes are dominated by 
J = 1 Regge singularities. 

Recent measurements of i'P ~* P°P by the EMC group 
using the high energy muon beam at the SPS show three un­
expected features: (1) The p° is produced with zero helicity at 
Q2 > 1 GeV3; (2) the falloff in momentum transfer becomes 
remarkably flat for Q1 > 5 GeV2; and (3) the integrated cross 
section falls as 1/Q*. 

The most surprising feature of the EMC data is the very 
slow fall-off in t for the highest Q2 data. (See fig. 14.) Us­
ing the parameterization e k' , t' = \t - tm/m\, the slope for 
7 < Q2 < 25 GeV8, EL = 200 GeV data is o ~ 2 GeV-1. 
If one assumes Pomeron factorization, then the fall-off in mo­
mentum transfer to the proton should be at least as fast as the 
square of the proton form factor, representing the probabil­
ity to keep the scattered proton intact. (See fig. 15(b).) The 
predicted slope for |(| < 1.5 G«V* is 6 ~ 3.4 GeV -', much 
steeper than the EMC data. The background due to inelastic 
effects is estimated by the EMC group to be less than 20% in 
this kinematic domain. 
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Fig. 14. The slope parameter b for the form dv/dt = Ae u < fit 
to the EMC data (ref. 41) for up -* npcp for |«'| < 1.5 GeV2. 

In the vector meson dominance picture one expects: (1) 
dominantly transverse p polarization (s-channel helicity con­
servation); (2) fall-off in t similar to the square of the proton 
form factor (Pomeron factorization); and (3) a 1/Q2 asymp­
totic fall-off when longitudinal photons dominate. 

The physics of electroproduction is quite different in QCD. 
At large Q2 > p|. diffractive channels take on a novel 
character. (See fig. 15(c).) The transverse momentum kj in 
the upper loop connecting the photon and p° is of order the 
photon mass scale, kf ~ Q. (Other regions of phase space 
are suppressed by Sudakov form factors). Thus just as in 
deep inelastic inclusive scattering, the diffractive amplitude in­
volves the proton matrix element of the product of operators 
near the light-cone. In the case of virtual Compton scatter­
ing 7*p —* ip1, one measures product of two electromagnetic 
currents. Thus one can test an operator product expansion 
similar to that which appears in deep inelastic lepton-nucleon 
scattering, but for non-forward matrix elements. In such a 
case the upper loop in fig. 15(c) con be calculated using per-
turbative methods. The p enters through the same distribution 

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 
k2 w Q2 two-gluon exchange contributions are dominant. 

amplitude that appears in large momentum transfer exclusive 
reactions. Since the gauge interactions conserve helicity, this 
implies A, = 0, Xf = Â  independent of the photon helicity. 
The predicted canonical Q2 dependence is 1/cJ4, which is also 
consistent with the EMC data. 

Since the EMC data is at high energy ( £ 7 = 200 GeV, 
a >• pj.) one expects that the vector gluon exchange diagrams 
dominate quark-exchange contributions. One can show that 
the virtuality of the gluons directly coupled to the -y -* p 
transition is effectively of order Q2, allowing a perturbative 
expansion. The effect is a known feature of the higher Born, 
multi-photon exchange contributions to massive Bethe Heitler 
processes in QED.8 

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

In the case of quasi-elastic diffractive electroproduction in 
a nuclear target, we expect neither shadowing of the incident 
photon nor final state interactions of the outgoing vector meson 
at large 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 (J 1 - t o o 
limit ths: deuteron distribution amplitude, which controls large 
momentum transfer deuteron reactions, becomes fully symmet­
ric among the five possible color-singlet combinations of the six 
quarks. One can also study the evolution of the "hidden color" 
components (orthogonal to the np and A A degrees of freedom) 
from intermediate to large momentum transfer scales; the re­
sults itlso give constraints on the nature of the nuclear force 
at short distances in QCD. The existence of hidden color de­
grees of freedom further illustrates the complexity of nuclear 
systems in QCD. It is conceivable that six-quark d' resonances 
corresponds to these new degrees of freedom may be found by 
careful searches of the *i*d -* -yd and i*d -»ird channels. 

Fig. 16. Factorization of the deuteron form factor at large Q*. 

The QCD analyses suggests a consistent way to elimi­
nate the effects of nucleon compositeness in exclusive nuclear 
reactions. ' The basic observation is that for vanishing nu­
clear binding energy (g —• 0, the deuteron can be regarded 
as two nucleons sharing the deuteron four-momentum. The 
~l'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 = {pt -\pi) and v = {p*-\pi)'1 • 

The "reduced" amplitude 

m , h o —» np) = —i-^r r~ 

ia predicted to have the same fixed angle scaling behavior as 
-fid —* q5 ; i.e., the nucleons are reduced to point particles. 
We thus predict 

*a»ffl*SvW ~ »)* 
to leading order in 1/pj-

The analogous analysis (see fig. 17) of the deuteron form 
factor as denned in 

da[ld->td) = d° 
dt it <pvint 

|iW*)ll 

yields a scaling law for the reduced form factor 

/.(«*) = 
fi* (¥)**(¥) Q2 

i.e., the same scaling law as a meson form factor. As shown in 
fig. 18, this scaling is consistent with experiment for Q 1 = p\ fe 

1 GeV*. There is also evidence for reduced amplitude scaling 
for fd -» pn at large angles and p\ ~Z. 1 GeV s . (see fig. 19). 
We thus expect similar precocious scaling behavior to hold for 
pd —* T~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. 

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. 

Electroproduetion: A General V iew 

The factoriiation formula 4 
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for the inclusive production processes AB — CX has gen­
eral validity in gauge theory. The systems A,B,C can be 
leptona, photons, hadrons, or nuclei. The primary subpro­
cess in electroproduction is eq —• eg. The electron structure 
function Gejt[z,Q) automatically provides the (leading loga­
rithmic) QED radiative corrections. The energy distribution 
of the beam itself plays the role of the non-perturbative or 
initial structure function. (See fig. 20(b).) The subprocess 
7*0 —» gq corresponds to photon-induced two-jet production. 
(See fig. 20(a).) This subprocess dominates reactions in which 
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Fig. 19- Scaling of the reduced amplitude for deuteron 
electrodisintegration. The data are summarized in ref. 44. 
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Fig. 20. Application of gauge theory factorization to electro-
production, (a) The 79 -* gq subproceu produces hadron jets 
at high pr- (b) The eg -» eq produces one quark jet and one 
recoil electron jet at high pr. The QED ladiative 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 tq -» eq scattering subprocess is just one of the several 
modes of electroproduction. 

The dominant contribution to the meson semi-inclusive 
cross section is predicted by QCD factorization to be due to 
jet fragmentation from the recoil quark and spectator diquark 
jeta. When the momentum transfer is in the intermediate range 
1 S Q* & 10 GeV1, several other contributions for meson pro­

duction are expected to become important in cN -» t'MX. 
These include: 

(1) Higher twist contributions to jet fragmentation: 

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/Q3 term is computed from the same per­
turbative diagrams. For large z where this term dominates, we 
predict that the deep inelastic cross section will be dominantly 
longitudinal rather than transverse R = OL/BT > 1. 

Jet Fragmentation Isolated n 

I t ) 

Fig. 21. QCD contributions to pion electroproduction. (a) Jet 
fragmentation, including leading and l/Q2 higher twist con­
tributions, (b) Isolated pion contributions at order l/Q*. (c) 
Exclusive production, (d) Primakoff contribution. 

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

** _ n u \ *° I 
dQ'dx, 

da I txc? 
**J*L~» W1)1 | f rW J ) | 3 ( l -J / ) . 

Here y = q • p/pt - p. In the case of a nuclear target, one can 
test for noa-additivity of virtual pions due to nuclear effects, as 
predicted in models47 for the EMC effect" at small xgj. 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 
G„/f(x,Q) structure function is predicted to behave roughly 
as (1 — x) 5 at large z, as predicted from spectator quark count­
ing rules.1 '* Applications of these rules to other off-shell 
nucleon processes are discussed in refs. 20 and 49. 

(3) Exclusive Channels. (See fig. 21(c).) The mesons can 
of course be produced in exclusive channels; e.g. i'p —»jr+n, 
•y'p -* p°p. Fion electroproduction extrapolated to t = mj 
provides our basic knowledge of the pion form factor at space­
like Q'. With the advent of the perturb^tive QCD analyses of 



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 fP electroproduction above. 

(4) Another possible meson production channel is Pri-
makoff production Yl ~* *Ci «tc., identifiable from very 
low target recoil events. (See fig. 21(d).) Such measure­
ments would allow the determination of the t -<• jr° transition 
form factor. This quantity, combined with the QCD analysis 
of the pion form factor leads to a method to determine the 
QCD running coupling constant a,[Q') solely from exclusive 
measurements. 

The above examples make it clear tbat 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 Contribution! to 
Deep Inelastic Scattering 

One of the most difficult aspects of electroproduction phe­
nomenology is the separation of logarithmic scaling violations 
predicted by QCD evolution from the scale violations induced 
by power law corrections. The lack of a full understanding of 
these higher twist terms has prevented the extraction of reli­
able values of the QCD scale AQCD from the data. As we have 
noUd above, shadowing behavior in nuclei is likely associated 
with higher twist contributions. In addition, it is not clear 
whether ordinary Regge behavior of the inelastic lepton scat­
tering cross section, which is a valid parameterization at fixed-
Q1, persists into the scaling region or whether it is associated 
with higher twist dynamical effects. The fact that the non-
singlet structure functions obey additive sum rules suggests 
that Regge behavior is absent in leading twist. 

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

do __ Ara1 

dCfidx ~ Q* A(l-x)3+B(l- x) 
' ( * ) ' 

+C(1 -**(*)'] 
The three terms correspond to lepton scattering off of one, 
two, or three quarks, respectively. The power in 1/CJ5 in­
creases with the number of active quarks: ((J'J't**-1) The 
power in (1 - x) counts the number of spectators required to 
stop as £ -» 1: (1 - »)*"•-". The "diquark" term gives a 
large oL contribution. The analogous structure in the pion 
structure function has been confirmed in the Drell-Yan reaction 
•KN -* it+fi~X at large z.4* 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 Nasons0 suggests very 
large coefficients B and C. If this is true for the physical sit­
uation, then the existence of such terms would make it very 
difficult to isolate the logarithmic corrections to scaling, ex­
cept at very high momentum transfers-where unfortunately 
the sensitivity to the numerical value of AgcD i* small. In­
ternal target experiments may be able to confirm the different 
contributions by studies of the recoil and spectator systems as 
functions of Q 1 and x together with separation of at, and or-
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Fig. 22. Leading and higher twist contributions 
to deep inelastic lepton scattering due to multi-
particle hard scattering subprocesses. 

Formation Zone Phenomena In 
Seep Inelastic Scattering 

One of the remarkable consequences of QCD factorization 
for inclusive reactions at large pr is the absence of inelastic 
initial or final state interactions of the high energy particles in 
a nuclear target. Since structure functions measured in deep 
inelastic lepton scattering are essentially additive (up to the 
EMC deviations), factorization implies that the qf -» n+p~ 
subprocesses in Drell-Yan reactions occurs with equal effect on 
each nucleon throughout the nucleus. At first sight this seems 
surprising since one expects energy loss from inelastic initial 
state interactions, 

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

E, > it1 £ A 

Here /i 3 is the difference of mass squared that occurs in the ini­
tial or final state collision. This phenomenon has it* origin in 
studies of QED processes by Landau and Pomeranchuk. The 
QCD analysis is given by Bodwin, Lepage and myself. 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 it A -* u + u~X by the 
NA-JO group" at the CERN-SPS confirm that the cross sec­
tion for muon pairs at large transverse momentum is increased 
in a tungsten target relative to a deuteron target. (See fig. 24). 
Since the total cross section for lepton-pair production scales 
linearly with A (aside from relatively small EMC-effect cor­
rections), there must be a corresponding decrease of the ratio 



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. 

interactions. The elastic corrections arc unitary to leading or­
der in 1/(3 and do not effect the normalization of the deep 
inelastic cross section. Thus we predict that the mean square 
transverse momentum of tiie recoil quark and its leading par­
ticles will increase as A1/3. 

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

T . 1 , 1 -
* EMC/1.05 
o BCDMS 
• SLAC 

Fig. 24. The ratio o{it~W -> n+ii-X)/o(*-D -
a function of the pair transverse momentum. From ref. 51. 

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

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

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

4-B7 5741A3 

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

It should be emphasized that the absence of inelastic initial 
or final state collisions for high energy partons does not pre­
clude collision broadening due to elastic initial or final state 

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

It is also interesting to study the'behavior of the transverse 
momentumof the quark and spectator jets as a function of XBJ-
For xgj ~ 1, the 3-quark Fock state dominates the reaction. 
If the valence state has a smaller transverse size 1 0 than that 
of the nucleon, averaged over all of its Fock components, then 
we expect an increase of (fcj) in that regime. Evidence for 
a significant increase of (i^.) in the projectile fragmentation 
region at large quark momentum fractions has been reported 

S3 by the SFM group 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 
Q2 and low x which nevertheless leave the nucleus completely 
intact x < (1/MLA)- In the case of QED, analogous processes 
such as i'A -t ft*l*~X yield nuclear-coherent contributions 
which scales as Aeff = Z3/A. (See fig. 27(a).) Such processes 
contribute to the Bjorken-scaling, leading-twist cross section.63 

In QCD we expect the nuclear dependence to be less than 
additive for the analogous gtuon 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 
leptort-nucleus scattering that leave the target intact, 
(a) QED example, (b) QCD example. 

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

Studying "Jet-Coalescence" in Electroproduction 

What happens if two jets overlap in phase-spaciiC Cer-
tainly independent fragmentation of the jets will fail oecause 
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 ease of particles of opposite charge 
Zte, -Zit, the QED Born cross sections are corrected by the 
factor 5 

0- = <To 
2irZi%q/v 

1 - exp(2irZiZzatv) 

which increases the cross section dramatically at low relative 
velocity v. We expect similar effects in QCD when two jets 
can coalesce to attractive color channels (Z\Z\a -* Cpa, for 
qij color singlets). In the case of electroproduction, the low 
relative velocity anhancements provide a staple estimate of 
the increase of the ep —* tX cross section at low values of 
W2 — (o+p) 2, beyond that given by simple duality arguments, 

Cunion, Soper and I have recently proposed this jet co­
alescence mechanism as an explanation of the observed lead­
ing particle correlations seen in charm hadroproduction exper­
iments and the anomalously large cross section observed at 
the SPS for E _W -< A+(eau)X at large XL- [The hyperon 
momentum was 135 GeV/c.| In the case of heavy quark elec­
troproduction e.g. f'g —> si, ci, one predicts an enhancement 
of the cross section when the produced quark is at low rapidity 
relative to the target fragmentation region. The correction to 
the rate, integrated over relative rapidity, is found to vanish 
only as a single inverse power of the heavy quark mass, and 
thus may give significant corrections to charm production rates 
and distributions. 

Summary 
Electroproduction at intermediate energies on an internal 

target in a storage ring such as PEP could allow the study of 
many fundamental phenomena in QCD: 

(a) A primary 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 studies can also provide checks on the effect 
of the higher-twist coherent contributions to electroproduction 
cross sections. The hadronization of the target jet is a still 
largely unexplored phenomenon. 

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

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

(d) Given sufficient luminosity, internal target experiments 
could allow the study of strange and charm particle electropro­
duction near threshold. By comparing electron and positron 
beam experiments, one can probe virtual Corapton scatter­
ing; the sum of the quark charges cubed can be obtained from 
the ratio of the e*» —» e±ry+X cross sections. Polarized proton 
and nuclear targets allow the study of detailed effects of spin 
via correlations with final state properties. The combination of 
polarised target and polarized electron beams allow meaauie-
ments of the spin dependent structure functions and their sum 
rules, checks of helicity selection rules, and the separation of 
different electroproduction channels. 

Although there has been extensive of many aspects of elec­
troproduction over the past decade, there are still many phe­
nomena not fully explored. The distinction between logarith­
mic and power-law scale breaking effects is still in a confused 
state. Shadowing, diffraction, the interrelation with vector me­
son dominance, the structure of the (non-evolved) spectator jet 
system, Regge behavior in non-singlet structure functions, and 
other phenomena at the boundary between perturbative and 
non-perturbative effects, all are central topics in hadros and 
nuclear dynamics, ideally studied in electroproduction. 
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A SPACE-TIME ANALYSIS OF MUO-PRCDUCED HADRON1C SHOWERS 

Jorge G. Morfin 
Fermi National Laboratory 

Batavia.IL 60510 

Abstract, 

Hadron showers, produced by high energy muons 
interacting on various targets, have been analysed 
ror evidence of a space-time structure of parton 
fragmentation by the European Muon Collaboration. 
Target-dependent m u l t i p l i c i t y r a t i os and 
Bose-Einstein interference phenomena both yield 
information on this subject 

Introduction 

What I w i l l be discussing in this presentation 
is the latest step in the process which has taken 
the concept of partons from being a theoretical 
explanation 1 for a surprising experimental result 
to a particle in its own right. While i t is true that 
the unconfined parton has not yet been detected, 
the characteristics of the parton have been rairly 
we l l defined through experimentat ion 2 . By 
studying the space-time development of a high 
energy muo-produced hadron shower, we are trying 
to answer two more fundamental questions about 
the nature of the quark. F i rs t , what is the 
g i ^ r k -n i i c l eon crosssection? Second, when does 
the struck qiiapK s t a r t f r a g m e n t i n g into 
hadrons? Since the relevant distances and time 
intervals w i l l turn out to be relatively large we 
w i l l have opportunity to br ief ly look at the 
problem of ouark confinement. Furthermore, we 
w i l l see that a study of nuclear effects becomes 
not only very intriguing but crucial to answering 
the above two questions. As experimental 
references I w i l l concentrate on the results of the 
European nuon Collaboration (EMC), which used 
muons of energy 100 - 300 OeV on various targets, 
and the Tevatron Muon Experiment 3 (TMC), 
scheduled to start running this spring at Fermi 
National Laboratory wi th 600 GeV muons. It is not 
coincidental that the primary goal of the TMC is a 
high stat ist ics analysis of these nuclear effects. 

Experimentally we are trying to determine 
what happens between the t ime a muon is 
detected as enteriny the experimental target 

and a shower of hadrons emerges. 
process can be divided in»o threfi stages : 

The 

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

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

3. The hadrons continue the passaqe through 
the targei material and emerge. 

Stage 1 covers such topics as the hadronic nature'1 

of the photon which mediates the deep inelastic 
interactions (to be covered in these proceedings by 
T. Sloan) and the measurement or the nucleon 
structure funct ion 5 . These results te l l us the 
probability w i th which we w i l l interact w i th a 
quark of a given flavor and what fraction of the 
total nucleon's momentum w i l l be carried by the 
quark Stage 3 has been studied for many years 
and is covered well by references6 dealing w i th the 
passage of a particle through matter. Naturally 
stage 3 phenomena also includes hard final state 
scatters which would take us back to stage 2 ... 
etc. 

Kinematics 

ji In 

N 

*H' out 

Hadron 
Shower 

Fig 1. Feynman Graph representation of deep 
inelastic muon scattering 

In discussing the phenomena of deep inelastic 
scattering, there are standard kinematic variables 
that are most helpful in characterising the 
interaction. If the incoming muon has energy E 
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whi le the scattered muon has energy E' and 
scattering angle e then the amount of 4-momentum 
transferred to the struck quark is : 

Q 2 = 4EE'sin2 6/2 = - q 2 

and the transferred energy is 

u = E - E' . 

The rat io 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 f i rs t formulated by Bjorken; 

x B J = Q2 / 2Mo. 

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

W 2 = M2 + 2M» - Q 2. 

and individual hadrons w i th in the shower are 
characterized by the ratio of the hadron's energy to 
the total energy transferred to the hadron system 

P / P: max E h / » . 

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 i t 's 
direct ion relat ive to the photon propagator's 
direction: 

C " L \ 

Y = 0.5 In-
E - P, 

Snrveu of Thporetical Ideas; A-Deoendent 
Multiplicity Distributions 

The significance of a space-time analysis of 
high energy processes as well as the basic ideas 
were summarized by B jorken 7 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 colleagues8. At the time, the emission 

of hard hadrons was postulated to be a ta i l effect 
of a bremsstrahlung-type process of soft hadron 
emission. In this case, the distance required for 
the hadron to form in the lab is simply the 
time/distance for the quark to fragment to the 
hadron in the quark rest frame - a distance of * 
l / m h - boosted by i ts Lorentz factor ( E h / m h ) 

into the lab. This hypothesis was consistent w i th 
the observed9 absence of intra-nuclear cascading 
of high energy hadrons since if E h / m h

2 > nuclear 
size, the hadron is formed outside of the 
nuclear matter. 

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

Par and Takagi 1 0 — postulated that the leading 
quark either escapes completely or is entirely 
absorbed in a single interact ion. With a 
quark-nucleon cross section ( o q N ) of 13 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 of o q N = 20 mb to f i t 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 S ia las 1 2 — This model was relatively 
sophisticated in that i t contained multiple elastic 
and inelastic quark - nucleon scatter ing. A 
separate analysis of the longitudinal and 
transverse hadron momentum spectra yielded 
information on a q

i n e l and o q

t o t respectively. 
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Fig. 4 The A-dependence of the rat io of hadronic 
yields from nuclei and H 2 for different values of 
the total quark-nucleon cross section. The data 
are from reference 17. 

Bialas 13 — This was the f i rs t model to stress the 
simple idea of measuring the A-dependence of the 
mult ipl ic i ty of different leading hadrons. If i t is 
the same, the intermediate state which escapes 
the nucleus is a quark. Bialas also stressed the 
importance of the interplay Detween o q and the 
formation length -c, __> h . 

01 
—i-

*»* 

20 
I 

01 

f i g . 5 The rat io of mult ip l ic i t ies from nucleus A 
versus H 2 for various values of the formation 
length and the quark nucleon cross section. The 
data are from reference 17. 

Nikntaev^ — A very sophisticated model which 
uses a nuclear transport equation combined w i th 
the concept of format ion length to predict 
mul t ip l ic i ty distr ibutions for deep inelastic and 
photoproduced hadron showers. 

- 0 1 
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ittYv=£=3 
7<«31GeV ! 

w 
chg q ib?tia 

o . <1.0 
• . >1.0 
A - <H> * - >«> 

_1_ 

v=5 G»V 
vsSGeV 

0.1 02 03 0.4 05 OS 0.7 08 03 

Fig. 6 The predicted Behavior of o<. the exponent of 
A " , vs z in the cm system and compared to the 
data of reference 17. 
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Bialas and Chinaj 1 5 — Introduced an alternative 
definition of formation length by postulating that 
fragmentation may be similar to the decay of the 
quark into a hard hadron. In this case, the 
formation length is z - o / m q ^ where the quark 
l i fe-t ime has been assumed to be ~ I / m q . If this 
is the case, then the formation length should be Q 2 

dependent. Fig. 7. 

1-R» 

Fig. 7 The ratio of hadrons produced on copper and 
K2 versus the formation length for various values 
of the quark nucleon cross section. The data are 
from reference 17 and early EMC results. 

QCP Models 1 6 — The application of QCD to the 
space-time development of hadron showers does 
not appreciably change the basic scale 
invar iant parton model predict ions we have 
just out l ined. 

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

To determine the va l id i ty of the various 

i deas contained in these models , a 

measurement of the A-DEPENDENCE 

of the hadron shower character ist ics 
is crucial!! 

Experimental Results: A-Dependent Multiplicity 
Distributions 

The EMC experiment was not the f i rs t to study 
teptoproduced hadron showers. There have been 
electron and neutrino as wel l as earl ier muon 
experiments which have studied lepton-nucleus 
scattering. However, the earlier experiments were 
handicapped by a lack of stat ist ics and/or a low 
and l imited energy range. Except for the SLAC 
resu l t s 1 7 using a 20.5 GeV electron beam wi th 
stat ist ics of 10000 events per target, the earlier 
experiments were limited to 600 (<BV> =* 20 GeV) 

and 3100 (<£„> * 200 GeV) event neu t r i no 1 8 ' 1 9 

experiments and an 88 event niuon (E y = 150 GeV) 

emulsion experiment 2 0. 

The European Muon Collaboration, running 
without a vertex detector, took data wi th Carbon 
and Copper targets 2 1 and compared it wi th earlier 
data 2 2 using a hydrogen target. The main thrust of 
this phase of the experiment was to study the 
rat ios of mul t ip l i c i ty distr ibut ions of hadrons 
produced off of these different nuclei. Examined 
was the ra t io of d i f f e ren t ia l m u l t i p l i c i t y 
distributions 

and, to emphasize any nuclear effects on the 
leading hadrons, the ra t io of integrated z 
distributions 

i o i .0 

"A /A fe ) = f dz C - 1 - ^ / f dz t - 1 ^ 1 - ) , 
A/A, mm' J N fe'A, J V

N a z \ 
2ffiln " ^Ylift r 

Kinematic Cuts and Data Sample 
To keep acceptance corrections small and 

consistent for the di f ferent nuclear runs, the 
fo l lowing kinematic cuts were made on a l l 
samples: 

Q 2 > 5.0 GeV2 

o > 50.0 GeV 
x B j > 0.02 

W2 > 25.0 GeV2 

Phad > 6 - ° e e V 
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After these cuts had been made, the fol lowing 
sample sizes were used in the final analysis-

Nucleus E^ Events <W?> <«> <Q2> <x> 

Hydrogen 120 9.0 K 121 71 12 .10 
GeV GeV2 6eV GeV2 

Hydrogen 230 9.8 K 174 108 29 .15 

Carbon 200 13.9 K 186 110 21 .11 

Copper 200 10.4 K 188 112 21 .11 

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

Analuajs, 
Since the analysis concentrates on the ratios 

of hadronic distributions from the three targets, it 
is the differences in the corrections which are 
crucial. For the acceptance corrections it was 
determined that at high z the acceptance during 
hydrogen running was twice as high as for the 
heavy nucleus runs. For the radiative corrections, 
the C and Cu data had to be corrected for coherent 
radiative processes in addition to the corrections 
which had been applied to the hydrogen sample. 
This amounted to, at most, a 5 * correction to the 
Cu data in the lowest x range. The only other 
correction required to account for the difference 
between hydrogen and the heavier nuclei is a 
compensation for hadronic interactions with other 
nuclei of the target. Absorption or the creation of 
secondaries modified produced mu l t ip l i c i t i es . 
Using Monte Carlo techniques the maximum 
correction was found to be < 5* . Note that af ter 
t h i s co r rec t ion the results correspond t o 
zero target length. 

Results 
The overall average mult ip l ic i t ies are 1.58 ± 

.02 for Carbon and 1.69 +.02 for Copper. This 
represents an increase of 1% t 2£(stat ist ical) ± 
395(systematic) which is hardly signif icant. A 
more detailed look at the mult ip l ic i t ies 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 mult ip l ic i ty as a 
function of z for C and Cu. 

To see if the mult ip l ic i t ies are dependent on 
the energy transferred to the struck parton, the 
data has been divided into three v bins; 50 < u < 
70 GeV. 70 < u < 90 GeV. and u > 90 GeV. The 
results are shown in Fig. 9. 

The average mul t ip l ic i ty ratios for leading 
(z>0.5) hadrons in the three u bins is : 

Ratio 50<n<70 70<u<90 o>90 GeV 

Cu/C .78±.I3±.05 
C/H 2 1.07i.l3±.17 
Cu/H 2 0 . 84 i . l 2 i . l 4 

1.27±.20±.I0 
0.77±.121.1 1 
0.97±.14±.13 

1.04±. 121.14 
I.16t.l2±.20 
1.20i,12i,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 tc c and Hz. 

There is a similar although stat ist ical ly less 
s igni f icant effect when we look at the x B : 
dependence of the mul t ip l i c i t ies . We find a 
depletion of leading hadrons and a broadening of 
the hadron showers at large x. Since x = Q 2/2Mu 
we are probably seeing a ref lect ion of the 
previously mentioned u dependence in the 
x-distribution. 
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Fig. 9 The ra t io of copper and carbon 
mult ipl ic i t ies as a function of z in three different 
vir tual gamma energy bins. The solid lines are 
linear f i t s to the data and the dashed lines are the 
1 sd l imits. 

We can combine these Eric results with the 
earlier SLAC 1 7 results for 3 <u <I7 GeV. 
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Fig. 10 The ratio of mul t ip l ic i ty distributions 
from EMC and the low energy SLAC results plottec 
together. 

The nuclear effects are much more pronounced at 
the low SLAC values of v. Assuming that the 
effect depends only on u (not on Q2), the model of 
B ia las 1 3 can be used to f i t the two u ranges 
(roughly 3 < u < 180 GeV) of the SLAC and EMC 
results. Using the measured ratios of OCu <1.25 
(2 s.d) by EMC at <u> * 100 GeV and OCu > 1.17 
by the SLAC group at <u> = 8 GeV, and expressing 
the formation length r as 

r ( fm) = S(fm/GeV) * u(GeV) 

then Fig. 11 shows the region in the 5 - a a ^ plane 

allowed by the two results. 

16.0' 

12.0' 
aN(mb) 

M 8.0' 

4.0' 

EXCLUDED 
I BY EMC 

EXCLUDED 
BY SLAC 

0.0 1 — 
.25 

I — 
.50 .75 

6(fm/GeV) 
1.0 

Fig. 11 Allowed region in the 8 - a . ^ plane by 
both the SLAC and EMC results using Bialas' model. 

It can be seen that the SLAC results favor smaller 
values of 5 while the EMC results exclude 5 = 0 . 
Cross sections larger than = 10 mb are excluded by 
the EMC results. It should be quite obvious that 
much more exact data at al l values of a are 
necessary before rurther model dependent 
interpretation is possible. 

Conclusions: A-Dependent Mult iDl ici tu 
Distr ibutions 

There is a deplet ion of leading par t ic les 
and a broadening of hadron j e t s at low o 
w i t h increasing A of the target . Analys is 
of the Erie and SLAC resul ts In terms of the 
Bialas model impl ies that r, the fo rmat ion 
length, is u dependent and comparable to the 
size of the nucleus ( r c = 2.7 fm and r C u = 

4.8 fm) and the quark-nucleon cross sect ion 
would have to be less than 10 mb. 
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Improvements expected from the Tevatrnn Mimn 
Experiment 

Following is a l ist of the major improvements we 
expect from the upcoming Tevatron experiment on 
nuclear targets compared to the recently completes 
EflC heavy target experiment 

1. Increase statist ics by an order of 
magnitude 
2. Improved acceptance for high-z particles. 
3. Various A targets w i l l be exposed in the 
same run to the same muon energy distribution 
resulting in reduced systematic errors. 
4. There w i l l be a ractor > 2 larger kinematic 
range which should allow finer binning in u 
and a measurement of the O 2 dependence of 
the formation length x. 
5. Much better particle identification (i.e. K/7T 
separation from 1 to 120 GeV) should improve 
the chance of measuring r and OqN far 

different hadrons. 

The Bose-Einstein Effect-- Introduction 

I am sure we all recall studying the difference 
between Fermi s ta t i s t i cs and Bose-Einstein 
s ta t is t ics in Quantum Mechanics and, perhaps, 
thinking that this w i l l never apply to much that we 
would be doing professionally. This next method 
for studying the development of a hadron shower is 
a vindication of the hours invested in studying 
Bose-Einstein! 

A method to use Bose-Einstein interference to 
determine the spatial extent of an object was f i rs t 
proposed by Hanbury-Brown and Twiss 2 3 in the mid 
5Q's to determine the diameter of stellar objects 
using photon interferometry. Several years later, 
and unaware of the Hanbury-Brown Twiss work, G. 
Goldhaber and colleagues 2 ' 1 noticed a dist inct 
difference between the rate of like-charge and 
unlike-charge pion pairs as a function of the 
opening angle between the pions. After a month of 
contemplation they interpreted this result in terms 
of the Bose-Einstein effect for pions and were able 
to obtain a quantitative f i t to their data by 
symmeterizing the two pion wave functions for 
like pions. In the intervening years the analysis 
has become much more sophist icated 2 5 and high 
s ta t i s t i c s experiments now use corre lat ion 
densities to extract the effect. Defining the one 
and two particle densities 

o dp, 

a dpidp 2 

respectively, the two body correlation coefficient 
is given by 

c - P ^ V ^ 
2 p(p,) p(p 2) 

To remove kinematic and dynamic correlations not 
associated wi th 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, 

R U M . P(Pr PP 
0 " P 0

( P , - P P 

The quant i ty ( R 0

L U e - l ) is the F o u r i e r 
transform of the space-time d i s t r i bu t ion of 
the particle source. 2 6 

The important thing for experimentalists is 
that the consequences of the Bose-Einstein effect 
should be an enhancement of n(>1) identical hnsnn 
fipal states compared to a final state compnspri nf 
p dissimilar hnsnns Using the parameterization 
chosen by the EMC collaboration 2 7 , if Ap = pj - p.-

is the difference of the 4-momenta of two like 
sign pions. then the rat io of l ike-sign pairs to 
non-interfering pairs can be expressed as 

I = I + X expC - M 2 R2) 

w i th M 2 = - (Ap) 2 the square of the difference of 
the pions 4-momenta and R is the rms size of 
the pion sourcel The factor \ is necessary to 
compensate for coherently produced pions. 

The Bose-Finstein Fffect^ Erie Results 

The European Muon Collaboration's fu l l 
spectrometer (w i th streamer chamber and 
associated vertex detectors) was used to study the 
Bose-Einstein effect in muoproduced hadronic 
showers. Using 280 GeV muons on a H 2 target, a 
sample of events was collected which survived the 



following kinematic cuts; 

Q2 > 4 GeV2 

4 < W < 20 GeV 
20 < v < 260 GeV 
H < 0 - 9 

e^. > o.75« 

After further resolution associated cuts, the final 
sample consisted of 17.343 events. 

Since only 5 0 * of the hadrons were 
ident i f ied, i t was assumed that al l negative 
hadrons were pions. This was just i f ied by the 
Lund Monte Carlo results which showed that the 
ratio rr : K : P was 80 ' 9 •' 11. Furthermore, wi th in 
the hadronic shower al l part icles had to have 
momentum measurements wi th AP/P < 205t> and. 
most signif icantly, al l accepted tracks had to be 
measurable in the streamer chamber. This last 
requirement effectively limited the particles to x F 

< 0.2 which is re la t i ve ly low momentum 
par t ic les. Under these conditions the fol lowing 
combinations were found 

126.000 ( T T * 7 0 combinations 

60.000 (n*7t +) combinations 
38.300 (7t"jt") combinations 
98,300 l ike sign pion pairs 

Results 
The most d i f f i cu l t task in the analysis is 

separat ing the Bose-Einstein Ef fect f rom 
elementary kinematic and dynamic correlations. 
The standard technique, mentioned above, is to 
form ratios of the l ike-sign pairs—p(p, ,p z ) - - to 
pairs where the Bose-Einstein effect should be 
absent - -p 0 (p , .p 2 ) . In the EMC analysis three 
reference groups were formed; 

REF I (TT + JT~) combinations from the 
same event in which a like-sign 
pair was found, 

REF 2 (7t*jr~) combinations from the 
same event but w i th transverse 
momentum from random pions 
within the event, 

REF 3 LIKE combinations constructed 
from random tracks from various 
events. 

The LIKE/REF ratios as a function of fi2 are shown 
in Fig, 12a. There is an increase in the rat io as ff 2 

approaches 0, but there is an inconsistency in the 
shapes as well as the overall normalization of the 
three curves. This is an indication that there are 
s t i l l dynamical or kinernatical correlations that 
remain uncompensated in the ratios. The next step 
in eliminating these non-interfering correlations 
involves the use of the Lund Monte Carlo 2 8 which 
does not contain interference effects. Subjecting 
the Monte Carlo events to the same cuts as the 
data the ratio L1KEMC/REFMC is formed. Again i t 
is seen—Fig. 12b—that there is a disagreement in 
shape and normalization between the three ratios 
which must arise from residual dynamic and/or 
kinematic correlations. In an attempt r id 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- inter fer ing correlat ions have been more 
successfully removed. A f i t to M2 and X yields the 
fol lowing values, using the double ratios, for the 
three reference samples 

X 2 

R(fm) X (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 s t i l l depend on the reference sample 
which indicates that there are some correlations 
that have not been removed from the LIKE sample. 
Berger and his colleagues have shown 2 9 how 
inter twined the Bose-Einstein and resonance 
correlations can be. 

Conclusion 
The Eric analysis continues in an attempt to 

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

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

These results are approximately consistent 
w i t h almost every other experiment, 
regardless of energy or target, which has 
attempted the analysis. This, as wel l 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. 

Critique 
No one doubts the validity of Bose-Einstein 

s ta t i s t i cs so that there should indeed be an 
interference effect that would enhance the number 
of "similar" bosons. However, aside from the 
d i f f i cu l t y of extract ing the signal due to 
interference from the non-interfering correlations, 

the question of interpretation of the result is quite 
crucial. 

The method used by the EMC and others, which 
involves describing the pion emission region with a 
single spatial variable R, is realistic in only a very 
few si tuat ions 3 0 . There is obviously no directional 
information in R so the dat i 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 tel l ing, the 4-momentum difference of 
any pair of pions as wel l as the "shape" of the 
source has to depend on the frame in which they 
are being evaluated. Fig. 13 i l lustrates 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 
lab 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 result ing pion source size can be a 
measure of the tota l emission Ccurrent + 
target fragments) regionl It is. at best, a 
measure of the spatial extent of either current 
fragment sources or target fragment sources. Even 
this interpretation is not necessarily correct if 
there is an ordered momentum/space-t ime 
cor re la t ion , as postulated by Bjorken and 
incorporated by the successful Lund Monte Carlo, so 
that particles wi th similar momentum have been 
emitted at neighboring space-time points in the 
evolution of the hadronic shower! 

target fragments current fragments 

n t ( k ) n c (k ) 

Lab Frame rigjFtT~^L — 

Fig. 13 Identical pion in one frame are not 
identical pions in all frames. 
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There have been attempts 3 0 , 3 1 , 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. 
However, this length has little to do with the 
soattal extent of the source of all particles in the 
shower. 

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

The topic of the space-time development of a 
hadron shower, although of fundamental 
importance, has barely progressed beyond the most 
elementary level of experimental investigation. 
The concepts of quark-nucleon 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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Abstract 

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

Introduction 

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

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

c-rA-^e' + X 

c f- /I -> c' + X , 

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

*This work is supported in part by funds provided by the 
U. S. Department of Energy (D.O.E.) under contract #• DE-
:.O02-76EU030fi0. 

Alexander von Humboldt foundation Senior U.S. Scien<-
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POLAtttZATtON AXIS 

fig. 1: Single-arm electron scattering from polar­
ized targets including the possibility of having lon­
gitudinally polarized electrons (helicity h = ±1) , 
ji(e,e'). The target polarization axis Is specified by 
the angle:. {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, "/-decay with several 
branches) and no knowledge of the specifics of how the var­
ious open channels arc populated when above particle emis­
sion threshold (for example, the relative weightings or proton 
knockout, neutron knockout, two-nucleon knockout, plon pro­
duction, etc.). 

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

e r A —* e' -t x -i- X 

c -r A — c' -V x -r X , 

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

For either of the two general classes we may or may not 
assume thai the electron is polarized. The kinematics are 
specified in Pig. 1. Here, an electron with '{-momentum k and 
energy e is scattered through an angle Qt to be detected with 
3-momentum k and energy c'. The 3~rnomentum transfer is 



q — k -k with magnitude q = \q\ and the energy transfer 
'a ID = c — c'. The 4-momentum transfer f„o'' = w 3 - o 2 

is space-like (< 0). In general, we may consider coordinate 
systems fixed by the electron momenta so that uj, is along 
k, Ufi is normal to the electron scattering plane and us — 
ttwxSi, with a similar form labelled £', N', S' going with the 
scattered electron. Here L «- longitudinal, JV «- normal, S «-
sideways (as used in hadron scattering). The cross section 
may be broken down into specific projections, c p F, where 
P = L, N or S and P' = V, N' or $'. We are specifically 
interested in the Extreme Relativistic Limit (ERL) in which 
t = e /m e » 1 and -y' = e'/m, > > 1 and so where terms of 
order t ' 1 or Y _ l can safety be neglected [i.e. in all but a 
few very specific circumstances such as when 6t < T - 1 ) . In 
the ERL we find that 1 

F-P fO(l) 
\0(T(- 1on'-«) 

(or P'P = L'T, 
for P'P £ L'L 

and so we practically only need to consider longitudinally 
poiariud electrons having helicities h = ± 1 and h' = ±1 . 
Furthermore, the scattering process is htlicity conserving to 
Ofa"1 or V - 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 

<7,l = E + ftA , 

where the helicity averaged cross section 

(1) 

(2a) 

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

H<* + *) (2b) 

requires the use of longitudinally polarized electrons. There 
are then two general classes of responses to be addressed. Note 
that in the very low energy case (electron energy ~ mt; or 
equivalently muon energy ~ m ,̂, which may have some appli­
cation for muon scattering), when terms of O f f - 1 or 7 ' - 1 ) 
are also considered, then transverse polarizations and helic­
ity flips become accessible and Eq. (1) needs to be extended.1 

The practical implications of requiring longitudinally polar­
ized electrons for internal target studies are important and 
will have a non-negligible impact on the facility requirements 
(see the talk by B. Norum at this workshop). 

We may now proceed with a discussion of the nuclear re­
sponse itself. The general situation involves a treatment of 
cross sections labelled E/i and A / j , where "/" and V 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 E/i 
and Af„ 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 (fl*,^*) as shown 
in Fig. I, We begin with a discussion of single-arm (inclusive) 
scattering. 

Single— Arm Scattering 

Recently,1 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 En 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:1 

+ cas2<t>'vTTWf{

T} 
(3) 

where 0*0 is the elementary cross section (proportional to the 
Mott cross section) and the o's are factors involving the elec­
tron kinematics (£, T <— longitudinal and transverse projec­
tions with respect to q): 

or = j A + t a n J y 
1 1 a 

«tr = --^AyA + tan sy 
(4) 

VTT = - - A , 

where A = -q^/q* so that 0 < \ < 1, These factors to­
gether with ao contain the entire dependence on 9C for fixed 
q ami w. The entire dependence on the azimuthal polariza­
tion angle 4* ( s e e Fig. 1) is contained in the factors cos<£* and 
cos 2#* and so by varying 0C and <t>" it is possible to extract the 
four nuclear response functions Wj[, W7V Wfi1-, and Wf

T-T in 
what might be termed a "super-Rosenbluth" decomposition. 
Each response still depends on (q,u) and the polar angle of 
polarization S" (see Fig. 1). This latter dependence may also 
be made explicit 1 yielding a decomposition into reduced re­
sponse functions which contain the dependence on q (and w, 
which we take to be fixed to study some specific excitation): 

wf\ = Fl(q) + £ /W/Mcosnw^Mr. (5a) 

wfi = Frit) + £ fPPA<z>*nwT(<ih <sb) 

Htf£ = £ / ^ / ( c o s f l - X ^ V , (5c) 
' 2 3 

Wfi* ='Efli>Pi(«»r)Wrl9);i • (5 d) 
r>3 

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

FlM-'ZrtAi) ( 6 a ) 
J > 0 

*?(«) = E {**/(»)+*&.»(«)} ( 6 b ) 
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These involve only incoherent sums of squares of Coulomb 
(C), Electric (E) and Magnetic (M) form factors. For exam­
ple, suppose the ground state has J*' = | ~ and we consider 
only electro-excitation to a state having Jf = § + . The al­
lowed miiltipoles are Cl/El, A/2, C3/E3 and Mi, and we 
have 

f L = FCl + ^ 0 3 
FT = FEl + FM2 + Fj 2 -i- F 2 

B3 + rMt 
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 
Eqs. (5) the terms involving the sums occur only when the 
target is polarized. The factors / ' contain all the informa­
tion on how the target M-states are populated (these are the 
Fano tensors, see Ref. (1|) and are presumed to be known. 
The entire 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 Eqs. (5) are finite: 2 < / < 2Jj, with / = even 
only. If J{ = 0, clearly none of the sums occur and we have 
only Wft = Wft = Fl Wfl . Wf} = F}, W™ = W™ = 0, 
yielding for Eq. (3) just the familiar Rosenbluth formula for 
unpolarized electron scattering (indicated f/i). Note that the 
same is true when the target has spin-1; in this case we cannot 
form any even-rank tensors except for the 7 = 0 ones which 
constitute the unpolarized form factors Fl and P.2.. 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 2H. For instance, for 
elastic scattering there are three basic form factors, CO, M l 
and C2 (see Refs. [1] and [3]). The unpolarized cross section 
involves the longitudinal and transverse form factors, 

FL ~ FC0 + FC2 
FT = FMi > 

but the CO and CI contributions are summed incoherently 
and no relative phase information is available. The additional 
reduced response functions which are accessible with polarized 
targets are ' - 3 ' 8 

{Fc0+^Fci) W,L = -2V3Fc3 | FCo + r ) f *C2 ] 

W. 

V2 

= \ \ 2 F l i • 

W* 

WJL = -j^mFc* 

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

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.7 It should be remarked, however, that inelas­
tic excitations are not generally accessible with the final-state 
polarization measurements (since the final states generally de­
cay too fast, although the reaction (e, e'f) can be a powerful 
alternative tool here and can be related directly to the present 
polarization discussions8} and that all but the lightest targets 
are probably impractical (since the slow recoil is usually too 
hard to handle). 

Polarized Electrons 

Now let us extend the above ideas to include the scat­
tering of polarized electrons from polarized targets, A[e,e'). 
In this case the cross section A^ | becomes accessible together 
with Zf\. The analog to Eq. (3) is 

Afi ~ o0 {vr-Wfi + cos fvTvW/l1'} , (7) 

and so we have two more classes of responses, giving six in 
general: I, T, TL, TT, V and TV. The two new electron 
kincmaticat factors arc1 

••• = i / A + tan — tan — vT, 

1 Be 

U T 1 . = _ _ t a n _ . 
(8) 

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

o d d 

where the sums are restricted to odd tensors only with 1 < 
/ < 2J,. 

For Ji = 0 these electron helicity difference responses are 
zero. In obtaining this fact we have assumed that the scatter­
ing process is purely electromagnetic and so is parity conserv­
ing. However, at the level of the weak interaction there are 
interferences between the Tf-exchange and ^'-exchange (neu­
tral current) diagrams which can occur which lead to non-zero 
polarization asymmetries. 8' 1 0 An experiment at Bates involv­
ing the elastic scattering of polarized electrons from 1 2 C is in 
the final stages of preparation. 

For Jj = ^ we saw above that the E/i cross section con­
tained only the familiar unpolarized responses involving the 
form factors Fl and F}: 

Zf> = o0{vLFl + vTF$} spin-; (10a) 

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

A / i = /J'V ) {cosflV'"' , r , (<7)/ i 
+ einff' cos 4>'vTL.,Wj'L'{q)p} 

(10b) 



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

Note that the Wfh response in the helicity difference cross 
section can be isolated by placing the target polarization in the 
special directions shown in Fig. 2, Thus for inclusive scatter­
ing of polarized electrons from polarized spin-| targets there 
are four observables that are accessible: Fl, F%, W? and 
WfL . The general character of these responses is discussed 
in Ref. (s] while here we only consider two special cases 

First, consider elastic scattering in which Fca and / M I 
form factors occur (equivalently, we can use GE and GM 
for the nucleon). The unpolarized cross section involves 
Fl = Fca and F$. — F^ which can in principle be sepa­
rated by making a Rosenbluth decomposition of Eq. (10a). 
In practice, however, one may be dominant (as occurs for 
some values of q for the nucleon) and it may be very diffi­
cult to extract the srr-aller from the larger. For example, at 
all but the lowest values of q the present information on G% 
comes from unpolarized electron scattering using deuterium 
as pjrh&ps the simplest target containing neutrors. But at 
lo«- to-intermediate values of q, |GJ| « | G M | and the sep­
aration is very poorly defined. Now suppose this polarized 
electron/polarized target information is added. We have 1 ' 3 ' 6 

W™" = -2V2FC0FMl . 
The former just involves F$ again, whereas the latter is the 
one of interest for the present purposes: it involves the inter­
ference between the two form factors and, when one is small in 
magnitude and the other large, it provides a much more sen­
sitive way to extract one from the other. Note that this is the 
contribution which is isolated by using the special polariza­
tion orientation shown in Fig. 2. The specific measurements 
which are of high priority here are p(e,e')p (to extract GE 

from Gf

M; even this is interesting for some values of momen­
tum transfer) and "'/ffe.e') or sHe[e,e') in the region where 
the process corresponds best to quasi-free scattering from a 
nucleon (to extract GJj from GJ, and to check the approxi­
mations involved by extracting Gr

B and Gr

M as well). 
Next consider inelastic scattering for the transition | —> 

| in which FMI, Fa and FB2 form factors occur. The four 
accessible responses here are 1 

FL - FC2 

H? ' = - ^ (F&, - F j a - 2y/3FM1FE1) 

W?L' = -V2>C2 (pM1 + y/iFE3) 

Li (e,e) Elosric Scattering 

0 100 200 300 400 500 
q{MeV/c> 

Fig. 3: Elastic electron sc?.Uering from the | ~ 
ground state of polarized 7Li. The polarization 
asymmetries displayed correspond to taking the tar­
get to be 100% polarized along the L, N and 5 di­
rections in Fig. 1 and ther "arming differences and 
dividing hy the unpolarized cross section So-

A specific situation is the JV —t A transition, say in p(e,e')A. 
To the extent that other channels than the | + final state 
can be neglected, we have the above responses. For the 
JV —» A transition the Ml contribution is dominant and 
the C2/E2 pieces, whidi reflect the baryon deformations, are 
small. Again, a straightforward Rosenbluth separation of the 
unpolarized cross section yields JF| and F$ 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 WfL contribution is interesting, 
since it can only be non-zero when Fa ^ 0. Moreover, the 
W, r £ response is linearly proportion-.] to Fa, whereas F£ 
involves the square Fa-

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. [l] for scattering of electrons (polarized or 
unpolarized) from polarized 7Li. Two transitions are consid­
ered, elastic scattering from tvr ~ ground state and inelastic 
scattering to the first excited state at 0.478 MeV, §*" -» j ~ . 
The resulting polarization effects are displayed in Figs. 3—6. 
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160 
7 L i ( e , « ' ) 7 L i < 0.478) 

Fig. 
the | 

4: Elastic polarized electron scattering from 
ground state of polarised 7L5. The polariza­

tion ratios A/£ are given for the situations where the 
target is 100% polarized along the L, N and S direc­
tions in Fig. 1. Solid tines correspond to unpolarized 
cross sections above 1 0 - 3 3 cm2 s i - 1 and dashed lines 
to smaller cross sections. The incident electron en­
ergy in MeV at which 1 0 _ a 3 t m s s r _ 1 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 (l) the cross 
sections are > 1 0 - 3 3 cm ! s r _ 1 over an interesting range of mo­
mentum transfers (this will have implications for the relevant 
range of luminosities, as discussed in the last section), and 
(2) the polarization asymmetries ar« typically large and vary 
significantly as q is changed or as the polarization direction is 
changed. 

Coincidence Reactions 
Let us now turn briefly to the exclusive-l, (e.e'sc) coinci­

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

The decomposition made above into the six major classes 
of response ( I , T, TL, TT with electrons unpolarized; T\ TV 
with polarized elections) is quite general and applies here as 
well. The form of Eq. (1) is valid for the electron helicity 

100 200 300 400 500 
qtMtV/e) 

Fig. 5: Inelastic electron scattering from polarized 
TLi involving the transition | _ (g.s.) -» | ~ (0.478 
MeV). The asymmetries are defined as in Fig. 3. 

dependence of the cross section in the ERL and, as above, 
two sets of responses may be separated using this dependence 
(see Eqs. (2)): 

S ~ vLRL + vTRT + vTLRTt + vTTRTT (11a) 
b.~v7«R7" +VTL-RTL' , (lib) 

in parallel with Eqs. (3) and (7) for inclusive scattering. The 
six responses here depend on [q, w), the energy and angles for 
the outgoing particle x (EIt 9X, <f>x: see Figs. 7 and 8) and 
the polarization angles. For the case of the reaction A(e,e'x) 
in Fig. 7, these are the angles (flj, <j>'x) as shown; for the case 
of the reaction A(e, e'x) in Fig. 8, these are the target polar­
ization angles {9*, <j>') where <j>* is now measured relative to 
the plane with azimuthal angle <j>z. The dependence on the 
azimuthal angle <f>i can be isolated: 5 ' l I 

RTL = cos <j>xWTL + sin <j>xWTL (12a) 
RTT = cos2^xWTT + Bm24>xWTT (12b) 
RTL' = sin 4>ZW T V + cos ̂ WTL' (12c) 

RL, RT, Rr : independent of <t>x , 

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

Let us specialize first to a discussion of inclusive-1 elec­
tron scattering with only the electron possibly being polar­
ized, A[t,t'x) and .Afe.e'x). Then it can be shown 6 ' 1 1 that 
WTL = &TT = RT' = WTL' = Q I n t h e c o m p l e t e l y u n _ 
polarized situation, A(e,e'x), there are the four familiar re­
sponses to consider [RL, RT, WTL and WTT), which may be 
separated using the 8t- and fl^-dependen'-is displayed above. 
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Fig. 6: Inelastic electron scattering from polar­
ized 7Li using unpolarized (upper figure) or polar­
ized (lower figure) electrons for the same transition 
as that in Fig. 5. For specific electron scattering 
kinematics the quantities E and A/£ are shown as 
functions of the target polarization angles t* and 4>' 
(see Fig. 1). The points corresponding to the L, N 
and 5 directions in Fig. 1 are indicated. 

Having polarized electrons and studying the electron helicity-
difference cross section for A(e,c'x) yields another, the so-
called "fifth" response function WT'/ (note that this requires 
an out-of-plane measurement because of the factor sin 4>x in 
Eq. (12c)). In contrast to single-arm scattering with polarized 
electrons but unpolarizcd targets, this fifth response function 
is non-zero in general even when parity is conserved. Thus 
only the helicity-difference cross section in j4(?,e') 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 TV fifth response func­
tion and the usual TL response have similar structures: 

WTL ~ Re( r ' i ) 
WTL' ~ Im(r '£) , 

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 

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,e'x). 
The direction of the particle x is specified by the an­
gles (tz, 4>x) referred to the xyz coordinate system as 
shown. Furthermore, the polarization of the particle 
x is specified by the angles (£*,, <t*'z), but now referred 
to the x'y'z' coordinate system where z' is along p r , 
y' a orthogonal to g and pz (along ? x p , ) , and x' is 
orthogonal to both of these (along u v ' X £*> and so 
is in the plane containing 5 and px). 
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Fig. 8: Coincidence electron scattering from po­
larized targets including the possibility of having lon­
gitudinally polarized electrons, A{e,e'x). The di­
rection of the particle x is specified by the angles 
(#x> 4>x) as in Fig. 7 and the target polarization di­
rections is specified by {6',$') where 6' is as in Fig. 
l'and #* is measured relative to the plane with az-
imuthal angle di­

stant 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\cis, L ~ \L\ci6 , with the same 6\, the T'L 
is real and, while WTL is non-zero in general, WTL vanishes. 
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Moreover, it happens that WTL also vanishes in the absence 
of final-state interactions. Therefore, if WTL' £ 0, then in­
teresting effects must be coming into play. For example, in 
the A-iegion coincidence electron scattering will be driven to 
a large degree by the 33-ampIitude with a single phase, £33, 
and, while w l ' T ' T t " T T 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 TV (polarized electrons, but otherwise unpo­
larized) response on the other may be characterized by their 
time-reversal properties, even and odd, respectively. Time-
reversal even responses are always real parts of bilinear prod­
ucts involving the currents, while time-reversal odd responses 
involve imaginary parts (as for TL and TV above, respec­
tively}. The specific responses discussed so far where the 
electron was the only particle whose polarization was pre­
sumed to be known are members of larger sets of responses all 
of which may be characterized as time-reversal even or odd. 
These extended sets become accessible when t*r£«.t polariza­
tions and/or final-state polarizations (other than the scattered 
electron) are presumed to be known. This polarization infor­
mation may be organized into spherical tensors characterized 
by rank / , where / may be even or odd with / = 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 sinyle-
arm scattering; when the polarization of particle x in (e, e'i) 
and [e,t'x] is measured, then / labels the tensor polarization 
measured in some second scattering experiment. The general 
break-down into time-reversal even and odd responses is as 
follows: 1 3 

E 
J electron 
\ unpolarUi '4 

1 = even J = odd 

L TRE TRO 
T TRE TRO 

TL TRE TRO 

A 
I electron 
\ polarii «} 

TT 

T 
TV 

IRE 

TRO 
TRO 

TRO 

T R £ 
T R £ 

where T R E (TRO) refers to time-reversal even (odd). 
Let us consider a more specific situation to help clarify 

these ideas. Suppose the target is unpolarized and we consider 
reactions of the sort (e,e'p)> (?,e'p)i (e,e'p) and («'. e'p), where 
in fact the proton (z = p) could be any spin-j particle as far 
as the characterization of the cross section is considered. Since 
the particle whose polarization may be detected in the final 
state has spin- | , the only allowed values o f /are 0 and 1 ( / = 0 
corresponds to the unpolarized cross sections discussed above, 
the first two in this list; 1=1 corresponds to measurements of 
the vector polarization of the out-going proton, the last two in 
this list). So for the 1 = 0 pieces we have the previous results: 

(e.e'p): i?I=0 — ^unpol. 

^ J = 0 = ^lopol . 

H j i 0 = c c * 4 p W £ V 
i c f i 0 = c o s 2 ^ H ' u ^ o , (13) 

{i.t'p): RfL0 = 0 

where the first four are time-reversal even and the fifth re­
sponse function is time-reversal odd. For the / - 1 pieces w< 
have 

A / L , =«P{cos<?;/?£,.(f) + sm»;costfp7?£1V) 
+ siufl,sin«> pfl£ > L(n')} 

(14) 

where a, is the vector polarization of the proton, — 1 < ap < 1 
and where we have decomposed the responses Rj^-i, K = L.' 
T, TL, TT, T' and TV, into components involving the I', s' 
and «' directions, i.e. the z\ x' and y' directions in. Fig. 7 (se« 
Refs. [12] and [13]). In this case, the following c^p-dependences 
are found for the / = 1 responses (Cf. Eqs. 12)): 

(c.e'p): L 0 0 1 
T 0 0 1 

TL sin^p sin^p cos(4p 

TT sin2cip sin?0p cos20 p 

(15) 

(e.e'p): T 1 1 
TV cos <t>r cos (j>p 

0 
sini^p 

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

R — Rj~a+ Rj=i 
= fiJnpoi. •+ a p sin «; sin «s; «£,,.(„') 

and the entire TL response is 

RTL = Rf£0+Rjii 

= {cos 4>pW™, + sin trWTJr0 } 

+ {cos <j>pwf^ + sin bTWj£i} 

(16a) 
(16b) 

(17a) 

(17b) 

TL' 
RfJ;0 = sin4pK»U. 

+ o,{costf , (ame;Bm<t>;W*,l(n')) (17c) 

+ sin si p (cos 8;W%. ( O + sin 0'p cos <t,;w™ (*'))} , 

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) a nd (?,e'p); the latter use [c,e'p] and (e.e'p). 

A specific set of measurements of this sort which may re­
quire the determination of several of these responses is the fol­
lowing. One way to obtain information on GJ is to use an un­
polarized deuteron target and study the (TRE) polarization 
transfer reactions 2H[e, e'p)n or 2H(e, e'S)p in the quasi-free 
region where final-state interactions are supposed to be weak 
enough to permit the (small) effects which are proportional to 
GJ to be isolated. An important question will be: How impor­
tant are the final-state interaction uncertainties in confusing 
the G£ determination? A possible answer may lie in measur­
ing one of the time-reversal odd responses using ,/x'(?, e'p)n 
or 2H[t, t'p)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'x) and A(e,e'z). The general 
TRE/TRO decomposition involving / = even and odd ten­
sors pertains as well. In fact, for spjn-| targets the same 
characterization given above for (t,e'p) also works, now with 
angles (8p,<jtp) replaced by (8',<j>'), the angles specifying the 
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target polarization direction. For targets with spin > 1, 
however, the response structure^ is richer. For example, for 
the reactions 2it(c,e'p) and 2H{e,e'p) with polarized deu­
terium, I may be 0, 1 or 2. The first two are classified just 
as above, while IS new 1 = 2 responses have the following 
breakdown:1 5 I(3TRJS), T(3TR£) , TX(3TRE,~ cos^,) , 
r r ( 3 T R £ , ~ cos2^ p ) , Z"(0), TL'(3TRE,~ sine*,,). Using 
polarized targets there are then 33 responses available in this 
example. 

The formalism for the general problem with any spins 
with/without electron, target or outgoing coincident particle 
polarizations now exists; 1 2 our current efforts are directed to­
wards specific problems of interest to evaluate the relative 
merits of using external unpolarized targets but presuming 
that an outgoing particle polarization is measured and of us­
ing polarized internal targets without requiring final-state po­
larization determinations. 

To end these discussions, let us conclude with one very ex­
plicit example to illustrate the content of the many responses a 
little more concretely. Let us consider the reactions p(e,c'p)X, 
p[e,e'p)X, p(e,e'x)X and p(e,e'p)X (or equivalent^ for the 
last two, p[e,t'p)X and j5(e,e'p)X). The general decomposi­
tion is given in Eqs. (13) and (15). Let us first specialize to 
co-planar geometry where «5P = 0; then we have four T H E 
1 = 0 responses, no TRO 1 = 0 responses (Eqs. (13), four 
T R O 1 = 1 responses, all of n' character and four T R £ 
7 = 1 responses, two of I' character and two of s' character 
(Eqs. (15)). Such measurements are made easier by not having 
to place a proton spectrometer out of the electron scattering 
plane (Cf. Figs. 7 and 8). Let us be even more specific and 
consider parallel kinematics where 8P = 0 so that the proton is 
detected along q (see Fig. 9). Now the TT response vanishes 
and we are Jeft with the following behavior: 1 1 

** = J&pei. = .«rW (18a) 
« T = «L^ . = Jv*|rr (isb) 

RTL = af sine; sin 4>'?W^{n') 

=-arsmSpsm^PN22lm{S'T) (18c) 

RTT = 0 (lSd) 

R*" = a„ cos <£«£',. {I •) = a„ cos 6'pRT (18e) 

J t r L '= a p s in f l ; cos^ lv - p

T

0 f . ' ( s ' ) 

= dp sin fl; cos 4 ^ 2 Re (S*7") (18f) 

where N2 is an overall kinematic factor and where 

s = ^ £ { /25<- +1*+ J)*M (19a> 

T = l"£{[t + l){t + 2)Et+ 
i t 
••e{l-l)Et-+l(l + l)[Mi+-Ml-}} , (19b) 

using the multipole notation familiar from studies of pion elec-
troproduction. These are for the reactions where the outgoing 
proton polarization is possibly measured. For the correspond­
ing situation where the proton target is polarized, it is neces­
sary only to change (fip,4>P) into [8',$') and to replace ap by 

-VS/f". 
Suppose only the Ml piece of the N —* A transition is 

important. Then M\+ is non-zero, but all other multipoles 
may be neglected. Then we would have 

Rh = RTL = RTT = RTL' = „ 

RT = Nt[Mx+\t 

Rr = ap cosB'pRT , 

Fig. 9: Specialization of Figs. 7 and 8 to the situ­
ation where px is along <j (parallel kinematics). (Fig­
ure shown sideways.) 

If, on the other hand, the C2JE2 multipoles are also non-zero 
(Cf. discussion of inclusive scattering above), then we would 
have 

RL = N28\Sl+\2 

RT = N2\M1++3E1+\2 

RrL = -a p sin9;sin<A;Af 2 4v^Im (Sl+{M,+ + 3E1+]) 

RTT = 0 

Rr =apcosB'rRT 

RTL' = o p s inf f ;cos^Ar 2 4v^Re (S,* +(M,+ + 3£ ,+) ) . 

The TL and TL' responses in particular are interesting, since 
they involve the imaginary and real parts of the interference 
SJ + (Mi+ + 3 £ i + ) , respectively. For fixed Sp, as the angle 
<j>p varies the proportions of these two contributions also vary 
(weighted by - s i n a ^ and cos^J, respectively. 

Of course, the analysis can be continued to include other 
partial waves and rrultipoles in the final state. Furthermore, 
relatively simple expressions are also obtained 1 2 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. 

I 



LUMINOSITY 2 <cm-2 »-*> 

— i i i 1 1 1 1 1 1 1 — • — 

10"* i O " (0" s 10° 
CURRENT (Amp) 

Fig. 10: Luminosity as a function of target thick­
ness and electron current. The former is given 
in units of nuclei/cm 2 with the specific values of 
/ l g / c m 2 , mg/em 2 and tig/cm2 indicated as well. 
The various regions are discussed in the text 

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 important (or essential, such as with single-arm scattering 
from polarized spin-^ targets) to have longitudinally polarized 
electrons available. 

The practical implications are severe. For detection of 
final-state polarizations, a polarimeter is required and these 
are usually devices with limited efficiencies. For polarized 
target studies the problem is to obtain significant luminosities 
and slill 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, 1 0 3 0 c m ~ 2 s - 1 (and frequently considerably above this). 
To have good resolution capability in general requires that the 
target not be too thick. Typical external cryogenic polarized 
targets cannot withstand more than a few x 1 nAmp before 
depolarizing and so to reach the desired range of luminosity 
requires a very thick target. In fact, with such targets the de­
gree of polarization is usually rather low and so the effective 

luminosity is actually quite a bit smaller than the nominal 
value. With internal target* using a circulating electron beam 
the current can be very high (Bates is designed for 80 m Amp 
internal current, for example 1 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 1* nuclei/cm 2. 
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Sto rage Rings , I n t e r n a l Targe ts a n d P E P ' 

J. E. Spencer 
Stanford Linear Accelerator Center 

Stanford University, Stanford, CA 94305 

P r o l o g u e 

Most of the talks here will be on physics from accelerators and storage rings rather than the physics of such systems 
since the "physics" is hard enough without having to worry about the beams or how you get them. As a result, this remains 
transparent to the user via an equipartition of effort worthy of a business school. This is especially debatable for colliding 
beam storage rings and leads to the corollary that most rings will be born, live and die as dedicated systems. .3PEAR 
is a notable exception while PEP is not - even though PEP seems to provide more unique opportunities over a broader 
spectrum of physics. Examples include one and two photon physics with real and virtual photons to make all JFC quark 
combinations as well as high luminosity QCD confinement studies with internal targets as discussed at this workshop. Some 
related possibilitie? include external beams of high energy photons; single-pass, free-electron lasers and x-ray sync hrotron 
radiation which could all be the highest energy, resolving power, intensity and brilliance anywhere. From the viewpoint of 
accelerator physics, such examples fall into three categories: colliding beam physics, internal and external target physics. 

How unique tuch 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.l showing his perspective of the PEP tunnel relevant to this 
occasion. Figure 2 is about reinventing the wheel(or ring in this case) with a lot of people trying to figure out what it is 
and how you use it. While one can't be sure what they'll cotne up with it's certain to be "interesting". However, because 
there have been several proposals for dedicated rings with properties which seem no better than PEP, perhaps Evelyn Waugh 
should have the last word here: °J! politicians arid scientists weie lazier, how much happier we should all be." 

1. I n t r o d u c t i o n 

The goal is to describe storage rings with internal taTgets 
using PEP as example. Although fixed-target experiments 
were suggested some twenty-five years ago 1 little work of this 
kind has been done 2 . 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 more exotic experiments. Finally, I 
compare PEP to other rings, in various contexts, while exam­
ining and verifying the statements made in the prologue e.g. 
that it is an idea] ring for many fundamental and practical 
applications that can be carried on simultaneously. 

A. Some History and Perspective 
In a sense, the SLAC linac was built to provide space­

like photons 3 for deep inelastic scattering experiments on few 
nucleon systems. Such experiments demonstrated the basic 
underlying parton structure of the miclcon. Tn direct contrast, 
the subsequent development of SPEAR provided highly time-
like photons via the («"* ,e~) annihilation process shown in Fig. 
3(b) which led to the first observations of resonant production 
of charmed quark pairs(e f , $<?) as well as the heavy, electron-
like particle called the tau. Related work is still being done at 
SPEAR together with a considerable amount of syrn lirotron 
radiation research. 

' Work supported by the Department of KnerRy. contract DE-AC03-7CSF00515. The Gary Larson cartoons are copyright 
Universal Press Syndicate and Chronicle Fpiiturpp. reprinted wilh permission •• all rights reserved. 

3? 

Fig. I: Perspective of the PEP tunnel. 
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Fig. 2: Ec!lyfixpeilm«n1ifnltonspoitatlon 

With the higher energies available at PEP, higher-order 
processes become important with the space-like photon pro­
duction processes of Fig. 3{c) being dominant. This two pho­
ton reaction is the main production channel for C-even parti­
cles with the physics at the internal vertices in diagrams such as 
Fig. 3(f) where X = / / . In all diagrams except Fig. 3(c), the 
cross sections fall with energy predominately as 1/s whereas 3c 
increases3'4 in such a way that the crossover between it and pro­
cesses such as 3b occur at beam energies above y/sj2 = lGeV 
depending on the mass m/. 

Concerning internal targets, the first experimental work at 
SLAC will be discussed at this workshop. My own interest 
in this area began in 1981 with the question5: "Is it possible 
to use internal foils to reduce phase space and simultaneously 
serve as a scattering target for an external, high-resolution 
spectrometer?'' With dispersion at the target and the low 
ring emittance, this would be a consistent and significant im­
provement in SLAC's capabilities. Unfortunately, the answer 
to both questions was no unless the foil was a scraper or strip­
per which was neither new nor very interesting. 

More recently, the subject was again considered4 at an high 
energy e + - e _ workshop on PEP because of new developments 
in polarized gas targets6. In this context, the results were quite 
positive and led to simple scaling relations for internal target 
luminosity. Furthermore, this option was just one of several 
to obtain higher luminosities with alternative incident chan­
nels: 1) e--y, 2) i-f, and 3) e-A and -y-A. Using high current, 
stored bunches to produce the primary photon beam which is 
Compton converted to high energy by backscattering on a high 
current, high energy linac beam appeared to be an excellent 
way to upgrade the effective energy and luminosity of existing 
storage rings. Reaction rates would be improved because pho-
toproduction cross sections are larger than electroproduction 
arid higher current densities are possible by eliminating the 
conventional beam-beam interaction. While the primary and 
secondary photon beams would be a significant new research 
tool, only the e-A option will be discussed further here. 

B. A Short History and Description of PEP 
Figure 4 shows a schematic layout of the Positron-Election 

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

A good description, including initial operating results and 
funding history, is available elsewhere7. In brief, formal ground 
breaking took place in June 1977, the ring was completed by 
April 1980 and delivered £ > l O ^ e m - V at HGeV by June. 

-X 
(t>) r.z* 

(0 

(10 
4-IS J? 

Fig. 3: Low older diagrams in the standard mod*) fen (*,fe) etutic, clectro-
wemk scattering; (b) electren-pafitroa aanihilatioa into elementary fermioni / — 
«. n,r... f», ft, fy... vt^t^ «t well as elementary batons {W*, Z"S'% B*?); (c) two-
b-won, electro-wttk production; (d) Camptos; scattering or conversion (7 ~* (V*); 
(e) potential brrm*strsiJmu; (f) two-photon unuhiUtion to fermiou; (f) two-
photon annihilation to boson*; and (h) photon-photon scattering, inverse photon 
bremsstrafelung (harmonic production) and Delbrifck scattering. 
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Fig. 4: Schematic layout of PEP showing some characteristics 
of interest here. 

Typical values circa 1984 with all interaction regions active 
with good detector deadtimes and beam lifetimes at 14.5GeV 
were H « 3 - 4 x 10 3 1 giving integrated luminosities per IR of 

/ Zdt 1500 nb _ 1 or I » 1.8 X 10 3 1 cm"2a 

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 K£ 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 femtobarna(10_39cms) with 
storage rings which is an impressive achievement. Notice that 
the basic annihilation cross ection is 

R = ~xc?/s = %Q&IEm(TtV¥ fb 

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

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. 

2, The View From Mt. Hamilton 

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

U * = itf = [Hrad + Hrart + #.„()* 

HTai = ~ (E2 + B*)fv; Hpart+BM = ] T > i 
i 

Hi(P,q) = «*&) + |(A - rim* + m]]1* 

where A — {$, A) is the external field from the magnets, atoms, 
or lasers as well as the fields produced by the charges them­
selves. HTad is the field energy and Hi 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 Beam4 2 GeV 

Maximum Current per Beam at ISGeV* 46 mA 

Number of Particles per Beam at 15GeV 2.1 x 10 1 ! 

Maximum Colliding Bundles per Beam 3 

Design Luminosity per Interaction Region 
£CB(BC1OW 15 GeV) 10 M (£/15) 3 cm"' sec"' 

Number of Interaction Regions 6 

C IT {Constant Tt and I)' ltF/ZiZ •*• 1) cm"' sec"1 

Average Vacuum in Ring 10"' Torr 

Energy Spread (os/E) 6.7 x I0-s.e7(GeV) 

Natural Emittance (e s ) ' 5.5£(GeV)= A 

length of Each Straight IR Insertion 120 m 

Available Free Length for Experiments 15 m 

Circumference 2200 m 

Symmetry 6 

RF Power Installed' 6.0 MW 

Number of Accelerating Sections 24 

Number of 0.5 MW Klystrons' 12 

RF Frequency 353.2 MHz 

Harmonic Number 2592 

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, 
c Assumes lifetime rt = 2h, current r=I00roA for atomic number Z. 
d This can be significantly reduced as discussed in the text. 
e Commercial klystrons are now available with twi« this power. 
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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 as ideal place for 
them. 

Retaining only first degree terms in A„, in the rest frame, 
gives 

Bm• - mt = (pa - aAofatf/pmi) + «*(>*) + V . 

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

The fields A 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 Gelds). 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 Gelds can be either 
transverse or longitudinal as well as fast or slowly decaying 
(rjl /wj or l/aij,^ for fields with Fourier components w>c/£), 
one expects that both single and multibunch instabilities will 
be possible. 

Even assuming only one beam and one bunch, there are 
a number of current dependent effects which can cause beam 
blowup and subsequent particle loss by leakage out of the well. 
A good general reference for single-particle effects is Ref'B. 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 quadiopole motion that can be 
quite dramatic. There are many ways to both induce and cure 
such coherent effects. Thus, as the bunch oscillates, the poten­
tial well dynamically distorts which can produce an oscillating 
force back on the beam that can either drive or damp it. Sim­
ilarly, the external potential well can be made to act the same 
way - usually via negative electronic feedback that senses and 
then feeds back to damp an instability. One can also add har­
monic cavities to statically distort the potential well for various 
reasons'1 such as bunch length control or power consumption. 

The canonical position, q, 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-
alentty, the distance along the central orbit s (or z). The mo­
mentum, p ss img 1 where g" = dj/ds so the important liouville 
invariant is 

/ piq = m J 1<idq = rrryt = me„ 

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

- J « S 

e» = ~to<r = 1-j 

where £„ defines the normalized, "invariant", transverse omit­
tance in any direction with <r, u* the rms size and divergence 
and 0 the focusing or betatron function of the cells in that 
coordinate(x,y). It is also called a Twiss parameter". 

The phase space trajectory of a representative particle that 
defines the rms beam envelop can be expressed8'9 as 

o = V«/f(s) cos ( * ( * ) - & ) 

4 = -Jjj[«n(«i(j) - <fo) - «cos (^(s) - 0o)] 

where « = fi'/2 and the phase 

* > - / * w 
with 4(0) = 0 and 4>{a) is another twiss parameter. Integrated 
around the ring, it gives the tune or betatron number 

-JL [JL- -Li* 
2* J 0 

The transformation of {g} = (a,?1) from one place to an­
other, {43} = R{Qi}i is derivable from these expressions in a 
number of ways* e.g. using two linearly independent solutions 
such as #0 = 0, j giving: 

*ii = J j - [cot &<)> + a, sin M] 

flu = y/jh!h»ui&4 

R21 = - — T = [(at - aj) cos &<t> - [1 + aiaj) sin &4] 
VP1P2 

•#22 = y^r- [cos A4 — aasin A#] 

where A<f> = fo~ 4\- These expressions are the first order 
transformations for the transverse motion of the Hamiltonian 
system and allow tracking with nonlinear perturbations etc. 
More importantly we have defined most of the terms used in 
Table I and needed for a more detailed study of rings such as 
PEP. 
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3. Three Kinds of Luminosity 

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

The incoherent beam-beam interaction between collid­
ing bunches produces strong, nonlinear forces on the bunches 
which limit the operation of present rings. The leading-order, 
linear focusing force for head-on e* collisions, expressed as a 
tune perturbation per crossing, is9 

to - T'N'^ 

where a a the rms bunch size, Nt is the number of particles 
per bunch and /3" is the beta function at the crossing point or 
IR. For protons one would use the classical proton radius, r>. 
Notice that f 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 &.u'x% £ 0.05. 

With internal targets, this number can serve as a bench­
mark to compute the allowable number of ions replacing Nt 

with -sgn(*)Ni, 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 gaussi&n bunches it is 
best thought of as the tune spread in the core of the bunch". 
At some limiting value of this tune spread (Ai/*) or bunch cur­
rent (JV*) the bunch cross-section (trjoj) 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 malting Py/0Z — K (= e./ti), the tune indepen­
dent, x-y coupling in the machine), one expects the maximum 
achievable luminosity when cj > tfj to be: 

where t* = TCT*//^, / 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 3 1 < ZCB < 1031-
B. External Target Luminosity 

For resolutions of order 20-50 keV at energies typical of 
Bates or LAMPF one must use target thicknesses of tt »10-
50mg/cm2. Typical currents with a consistent phase space and 
energy spread are Jj ss50-100|tA. Translating these numbers 
into an equivalent luminosity gives: 

where NA 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. 

Table H: Sonu current operating parameters far the SPEAR end PEP storage 
rings for botb colliding sad" Mingle beams. These numbers do not involve the use 
of w'eilen except during PEP injection »t S GeV. 

Eaerur(QeV) 2 
SPEAR 

5 
PEP 

10 
P E P 

15 
PEP 

Beam Current, !*••» 100 30(?) 120(?) 02 mA 
Beam Current, Jf'* 25 5 20 48 mA 

Coupling, K s e*/cc 6.3 e.3 7.4 7.C * Eminence, r, s cJ/A 0.185 0.0138 0.055 0.124 mn>mr 
Eminence, r, = e\jp. 12.2 o.see 4.19 8.43 um-mr 
Energy Spread, og/C 0.048 0.033 0.067 0.10 % 
Damping Time, Twp 2S.3 100 27.5 S.2 msec 
Revolution Time, X. 0.71 7.31 7.34 7.34 usee 

IR Bete, K 0.9/20 3.0/15 3.0/15 3.0/15 m 
IR beta, ti 0.03/35 0.12/0.0 0.12/0.S 0.12/0.e m 

IR Sin ,«; 0.42/ 1.97 0.20/0.45 0.41/0,0) 0.61/1.36 mm 
1R Size, c; .010/0.65 .010/.023 .0M/.050 .034/.075 mm 

Divergence, e'., .465/.0W .OM/.030 .13S/.0BI .203/.091 mr 
Divergence, *£ .8317.010 .0M/.03S .1I7/.0S4 .280/.125 mr 

Energy LoM/Turn 0.110 0.333 5.3] 27.0 MeV 
Peak » V c W , V. ' 0.499 O.SSO 8.49 39.1 MV 

Burcb Length, Oa 3.5 2.8 2.3 2.0 cm 

C. Internal Target Luminosity 
One can write the internal target luminosity in terms of 

the target thickness, nt, as 

One will find that luminosities on the order of 1C33 are possible 
without significant effects on the beam. Targets on the order 
of rtf ~ 10 l s/cm* or tens of ng/ctt? ate very thin but the 
currents are greater than for £BT because of the more than 105 

traversalsper second in the ring. Such thicknesses appear ideal 
for optically pumped, po/arized targets because of depolarizing 
effects due to beam heating in solid targets. Furthermore, there 
appears7 to be a large range of (A,Z) available including H 1, 
D* and He3 i.e. the 3, 6 and 9 quark systems. 

Because L does not depend on the beam cross-section, one 
can operate in a mini-maxi p configuration with small angu­
lar spreads at the target and small CCB- 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 Af * 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 0' as well as various tune modula­
tion and feedback effects just to mention a few possibilities. 
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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 Af < Ac*. De­
creasing either /?' or increasing the horizontal emittance tx 

reduces the beam-beam force but is difficult because this in­
creases the sensitivity to transverse instabilities. Decreasing 
/?J also implies shorter bunches which increases the sensitivity 
to transverse-longitudinal couplings i.e. synchrobetatron res­
onances. Using wigglers in existing rings to increase ix with 
decreasing energy12 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 shown13 that At/' £ 0.05 
and that it is difficult to keep this matched in both directions 
with increasing beam currents. Nevertheless, this number can 
presumably be increased in a variety of ways e.g. by increasing 
damping by going to higher bend fields (and thus also increas­
ing / ) 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 £ self-consistent way. 
Furthermore, very little effort has gone into this and related 
questions such as multibunch instabilities. 

I will not go into the many attempts to compensate or 
cancel At/ except to mention the charge-neutralization scheme 
of the Orsay Croup14 using 4 beams and double rings. It was 
hoped this approach would provide an improvement in Cmaz 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 AJ/' with high bunch cur­
rent and low-emitt&nce to enhance luminosity through a pinch 
effect. Another attitude we have taken is to avoid the beam-
beam problem3'4 through conversion of the charged particles 
into photons. The limits in this case are presumably the max­
imum, single bunch currents which a linac can provide and 
a storage ring can store with good stability and emittance. 
This can be limited by many external effects before internal 
space-charge becomes important but again there is very little 
systematic information available on this question. The "exter­
nal" photon beam from this technique would also be a unique 
resource for fixed target experiments. 

B. Internal Targets 
The current limits discussed above apply here as well. In 

addition, there is the beam lifetime and emittance due to in­
ternal target density. The PEP handbook shows the expected 
lifetimes due to various sources of loss in PEP. While this im­
plies the importance of three differem processes over the range 
of energies of interest, the most important one for our purposes 
is atomic bremsstrahlung since we assume the Touschek effect 

\i\\\ 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 (/?„,„,/̂ roiii) m a mini-maxi beta scheme. This is clearly 
not a problem but bremsstrahlung from "residual-gas" is - be­
cause the differential probability for radiation loss is roughly 
constant up to the full electron energy for the electron energies 
of interest here. 

Integrating Rossi's expression15 for the differential radia­
tion probability per unit radiation length gives: 

i 

where x is the fractional photon energy, u/e. The fractional 
particle lots is then 

$- - [ ] £ * - S-uj 
assuming a simple target unifo distributed around the ring 
like residual gas. Here l/X0 = -.'" lrrai/A with aTai the total 
bremsstrahtung cross section per nucleus or atom and x is the 
lineal thickness. In terms of both ring and target components, 
the expression is 

I = r i rv £*£!( A) + £ f^(iLK i ) (?ra « 
T i n ^ Xci

 V760' V Xcj V K

n 7 6 0 n Tj >> 

where It/In is the ratio of target length to ring circumference. 
Including both the atomic bremsstrahlung cross section for 
electrons and nucleusso that a*^ = 4a,?;(.Z1-f-l)r2[lnl83/Z?'3+ 
i ] 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: 

| <* [ ]to.^+ l)ta(18S/^)[^/r-"».(4)f^)]-

The last factor in brackets is just the target thickness nt (# /unit 
area), c0 = ar\ and T„ is the revolution time around the 
ring (see Table II). For hydrogen, p$£p = 0.090 JfcG/m3 so 
for it = 10 cm 

For nt = 10 1 4/er» !, this implies Pt - 1.4 x 10 _ < Torr or a re­
quired differential pumping rate of ~ 10~5 Torr at room tem­
perature which is reasonable. One wants this differential rate 
to roughly correspond to the U/IR factor ( s 4.5 x 1 0 - 5 in 
PEP) since the two main, residual gas components observed 
with mass analyzers are hydrogen and carbon monoxide. 
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Because the RF capture bucket width can be Seejft >i ±1% 
in both SPEAR and PEP, the corresponding partial lifetime for 
a 10 1 4/cm 2, hydrogen target is: 

\ - = (5.31 x A X 0.58mo X 10.42 X 1 0 " ) - 1 

-Ee 

= 7.8 X 10' 
, 159 hrs (PEP) 

\ 16.9 hrs (SPEAR) 

This indicates these experiments can be done on both SPEAR 
and PEP without requiring dedicated operation with £, «£ 10 3 3 

c m " V using state-of-the-art polarized gas targets! This is 
independent of beam energy and valid for all energies of cur­
rent interest (e >S 1,5 GeV) as well as elements with uZ < 1. 
PEP, with its large radius and large energy range, would seem 
to be an ideal system for these experiments especially when 
multibunch operation with higher duty facto) 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 (Nb); bunch number (nj) and distribution; both high 
and low /3* i f; v„ at, a, and Vgp', and i/Z)y. These should be 
done at a couple of energies e.g. a low (5 GeV), intermedi­
ate (10 GeV) and high energy (15-17 GeV). Any instabilities 
observed should be characterized by their threshold behavior 
(JVjk) versus these parameters including possible differences be­
tween electrons and positrons. 

5. PEP Capabilities 

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

A. Synchrotron Radiation 
Figure 5 compares the synchrotron light spectra available 

from the cell bending magnets for a number of existing and 
proposed facilities. While most of these have wigglers which 
enhance such spectra, these comparisons appear to be easily 
biased and also change rapidly. Nonetheless, PEP has some 
unique possibilities here as well e.g. it has 5m symmetry 
straight sections midway between interaction regions which al­
ready have 2T wigglers as shown in Fig. 4. In addition, I hav< 
shown some bypass possibilities in Fig. 4 and from Table I and 
Figs. 4 and 6 one sees there are already several long, straight 

insertions with lengths up to 120m which could be used for 
coherent undulators. Because there are also a number of new, 
low omittance configurations possible for PEP 1 8, some of which 
are shown in Table III, such options seem inevitable. 
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Fig. 5: Comparison of PEP's synchrotron radiation spectrum 
with a number of existing and proposed rings such as the 
European Synchrotron Radiation Facility and the Argonne Syn­
chrotron Light Source. 
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Fig. 6: Beta functions for the new colliding beam configuration 
of Table in around the Interaction Region(IR) and RF cavities. 

For high brightness you need low emittance. Let's compare 
to SLS whose design emittance"'7 at 6 GeV is c = 65A com­
pared to PEP's 45A. Th is can also be improved1* by at least 
another factor of two by using Robinson wigglers to increase 
the horizontal damping partition, Jx. It seems almost too good 
to be true but higher brightness also requires high current ca­
pability at the lower energies which is discussed in the next 
section. 
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Teble III: Some New Opcratios ConSsutitiom for uie i t PEP. 

Mini-BeU 
1-Fold 

Low Eminence 
S-Fotd 

Low Eni t tuce 
1-Folti 

HOT. Tune, p . 21.28 2D.28 29.28 

Vert. Tune, v. 18.22 13.20 13.20 

Mom. Comp., a 0.00255 0.00O9B6 O.O00973 

,,/E{GtV)> 5.40 1JO 1.27 AGeV-» 

[ezlE)fE{GeV\ 0.006M o.oosee 0.0OMS S C e V - ' 

K J.00 87.9 S4.0 m 
t; m CM icon 356.6 m 
t)' -0.091 -2.0 0.0 cm 

fit 22.S 20.8 20.2 m 
A Cell 3S.8 43.0 44.0 m 
1 1.23 C.5S 0.51 m 

A 32.3 «.o 26.4 m 
A *.t. 5.5 1.7 $.3 m 
1 1.40 0.83 0.53 m 

"*'"" " 4.50 78.3 m 
t: ilk'. 0.18 96.6 m 
n" 0.004 0.0 CJT1 

B. Internal Targets 
PEP, with its large radius (2jr.fi = 2.20 km) and large 

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

^=yb^>&ipWx ioM c m _ v l-
Such conditions are ideally matched to simultaneous syn­

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

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

several changes30 based on optics changes and measurements 
of the limiting currents observed31. Figure 7 ahows the latest 
calculations for PEP baaed on Table I and the new colliding 
beam configuration33 in Table m. Figure 6 shows /?x,y in the 
vicinity of the cavities. This distribution is clearly not optimal 
and never was which explains why the previous single-bunch, 
fast, head-tail threshold was roughly consistent*1 with the PGP 
transverse cavity impedance. 

1—r—i r 
CoYitits ^ \ 24 Cavity 

RF Power (MW) 3 6 9 

0 1 6 12 16 20 
,.., BEAM ENERGY (GeV) „ „ „ 

Fig. 7. Some representative RF limited current characteristics 
for PEP. Currently it runs with three bunches per beam with 24 
cavities and 6 MW (Table I). Solid curves assume 3 bunches 
and dashed 6 bunches per beam. The intersection of these 
curves with the predicted current limits from the single-bunch, 
fast head-tail effect are shown as dots marking the dominance 
of these two regimes. 

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

One predicts from Fig. ! that the current becomes RF lim­
ited below the dots on each curve i.e. at higher energies. The 
dots represent the threshold for dominance of the the trans­
verse mode coupling instability or fast, head-tail effect3 0 , 3 1. To 
my knowledge there is no evidence for multi-bunch instabili­
ties in PEP except for those associated with colliding beam 
operation. N-bunch, single beam operation can be thought of 
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u N coupled oscillators with N normal modes which require 
N-independent tuning knobs which are available from the RF 
cavities around the ring. The present distribution is not opti­
mal for this but could certainly be improved. Several points 
can now be made. First, higher energies are best, both from 
tiie 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 
so we have used very conservative numbers for the beam cur­
rents at the loweT energies in the various Tables. Concerning 
higher energies, Fig. S shows a typical magnetization cycle 
that every cell dipole magnet was subjected to and measured 
along. While the current supplies will only go to about 17 GeV 
the magnets go much higher and the character of the curves 
imply reasonably simple operat'm from 2 < £(GeV) < 25. 
Several systematic machine phys. _s studies on PEP are clearly 
suggested by such questions. 

6. Compat ib i l i t i e s 

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

1.575 -
1 1 1 i ' 1 1 1 

Magnetization 
Curves 

1 "T 

1.55 - -

1525 - \ . ^-After -

1.50 

-

/ before-' ~~-

-

1.475 
, : , 1 , I . 1 J_ 1 

400 8or 
CURRENT 

1200 1600 
(amperes) 

2000 

6 12 
ENERGY 

16 20 
(GeV) 

24 28 

Fig. 8. Field integrals measured before and after subjecting a 
virgin PEP bending magnet to a 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 e± can be used 
to measure polarization of the e* and can also be used to in­
duce it but with poor efficiencies at these energies. A low-
energy, polarized electron beam can be used in a similar way 
to the photon beam to messur the polarization of a stored 
electron beam or to polarize ph- tons via Compton scattering. 
Implementing longitudinal polarization with the new, efficient, 
tensor polarized gas targets could then provide an absolutely 
unique facility for nuclear QCD studies from 2-17(25) GeV that 
would allow high luminosity e+7 and e+A and 7 + A studies 
etc. A number of alternative insertions to provide longitudinal 
polarization in one or more interaction regions are possible in 
PEP but IR 6 appears best. 

Table IV: Operational compatibilities between Colliding Benin pbyiiu(CB), In­
tern*] Target phyBici(IT) and Synchrotron Radiation physics(SR). UD" stands 
for experiment* requiring Diiperaion, "SP" itandl Tor Symmetry Point. "IE" Tor 
Interaction Region, "U" for Undulator, "W for atandard Wjggler and W/j is a 
Robinson wiggler located at high rj e.g. at the SP. 

E(GeVj 5 10 15 20 

CB Wsr W s p W/R,WB 

IT Any Any Any Any 

1TD V U U U 

SRSP U.Wji «,w* U,WB U.Wj, 

SRIR U.V.' u,w U,W u,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. First on the list is the new mini-beta 
upgrade which allows a variable mini-maxi scheme as shown in 
Table HX This will be tested this fall. Variable density targets, 
in conjunction with wigglers could improve low-energy, collid­
ing beam operation by providing independent control over lon­
gitudinal and transverse phase space. Implementing longitu­
dinal polarization with the Dew, 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 dear that an energy closer to 15 than 5 is preferred 
on most grounds. 

Implementing a high energy photon facility would augment 
the internal target program as well as the high energy physics 
studies since one wants to use such beams near their source 
even though good external photon beams will naturally arise. 
There are many interesting research and development projects 
here such as the study of high current, high density bunches; 
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development of highly segmented, fast, efficient photon detec­
tors and the development of long, combined function unduls-
tois to name a few. An injection IR is clearly preferred for 
this work which would allow high luminosity e + 7 and 7 + A 
studies as well as 5 + *? over a large energy range. 

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

Some of the things discussed here could be started now 
and when PEP resumes operation and probably should because 
they impact longer range planning and fending. Samuel Butler 
viewed "progress" as a form of generic cancer when he said: All 
progress is basetf on • universal innitt desire oa 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. Put parochialism or specialisation 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 and the proposed 
MIT-Bates storage ring will be discussed. 

Introduction 

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

s = » x [ 7 \ J [( 1 • *7 ) S t * ( 1 • m ) $j J 
where: e is the electron charge, 

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

gyromagnetic ratio, and 
Bj(B.) = is the component of B perpendicular 

(parallel) to the electron momentum p. 
The corresponding equation of motion for the 

electron is: 
i 
p = p x [*] 

Thus, an axial field does not affect the momentum but 
does produce a precession of the spin about the 
momentum, p. The angle of precession is given by: 

where L is the length of the trajectory in the field B 
A transverse field affects not only the spin, but 

also the momentum: 

fci;. ; J - [ - ) - « p - K 
Thus, the spin precesses about &,. The magnitude of 
the precession is given by: 

<>, = 2-27 E[CeV] flj, = $$$% flj, 
where 6 is the angle between the spin and the 
momentum and S„ is the angle through which the 
electron is deflected. Note that an electron with an 
energy uf n x 0.44065 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 380*. 

The second phenomenon 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 
lend to unit polarization. Rather, in an ideal storage 
ring where the circulating electrons encounter only 
vertical fields the maximum attainable polarization is 
92.4%. 

Radiative polarization has been observed in 
electron storage rings at Orsay, Novosibirsk (VEPP-2, 
VEPP-4), SLAC (SPEAR), Cornell (CESR), and DESY 
(PETRA). ' An important observation to be drawn 
from the SPEAR results in particular is that the 
observed polarization properties were very accurately 
described using matrix methods (a la TRANSPORT) 
developed by A. Chao. ' Subsequent refinements and 
improvements of the methods give one confidence that 
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these effects can be accurately computed. ' 
The development of the polarization is generally 

slow, approaching its limiting value P Q exponentially: 
P(t) = P 0 < 1 - expCt/Tp) } 

where the time constant T is given approximately by: 

w = 1 6 x £ I S L f l I | l f 
p E[GeY] 5 

where C is the circumference and p is the magnetic 
radius . Clearly, these t imes are strongly energy-
dependant. Table I contains representative polarization 
times for several electron storage rings being considered 
for use with internal targets by the nuclear physic* 
community. The storage timet 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 
Bsdiative Polarisation l » t « s 

PEP: 
T_ = 1.2 x 1 0 5 a = 34 h • 8 CeY 

= B.B x 10* • S 3 h 0 10 CsV 
= 1.8 x 1 0 3 • a 30 m • 14 CeY 
= 5 .0 x 1 0 8 s = 8 a 0 18 CaV 

MIT-Sates: 
T= 1.6 X 1 0 7 * 2 B • I O.S CeY 

= S . l x 1 0 S s = 6 d « 1.0 CaV 

Saskatchewan Accelerator Laboratory: 
T = 1.8 x 1 0 8 • = 5 y • 0 .1 C«Y 

= 7 .2 x 1 0 5 s = 8 d • 0 . 3 GaV 

The absence of significant radiative polarization at 
MIT-Bates and Saskatchewan 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 l ) . At the lowest energies 
(below 6 GeV) the polarization time is long compared to 
anticipated storage times so radiative polarization effect 
can be ignored. At higher energies r is sufficiently 
short that radiative polarization will cause a buildup of 

polarization parallel to the vertical guide field over times 
comparable to the storage times. Above about 12-14 
GeV the rate is fast enough to be useful as a means of 
o b t a i n i n g p o l a r i z e d e l e c t r o n s ; be low, it is n o t . 
Consequently, as at MIT-Bates the injection of polarized 
electrons will be required. 

The existence of a dynamic mechanism forcing the 
polarization into the vertical direction suggests that it 
would be desirable to keep the polarization oriented 
vertically throughout most of the ring and to rotate it 
into the horizontal direction just before the interna] 
target 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 least, in helping to compensate for the loss 
of polarization due to other mechanisms. Various 
techniques of rotating the spins will be discussed. 

Depolarization 

Any process which causes the electron spins to 
point in a d irect ion o ther t h a n t h e d e s i r e d one 
constitutes a depolarizing effect. These effects can be 
divided into two groups: non-resonant and resonant. 

In the non-resonant group two effects are of 
major importance, one which does not involve radiation 
and one w h i c h does . However , both ar i se from 
imperfections and misalignments of the elements of the 
storage ring. In a real ring the guide field encountered 
by each electron is not uniformly oriented vertically. 
Even particles near the nominal orbit experience a 
random sequence of (hopefully small) vertical and 
horizontal fields. Consequently, their spins will piecese 
differently and, after a large number of revolutions of 
the machine , may point in s ign i f i cant ly different 
direction*. This "diffusion" of the spins sets a limit on 
the ability of a ring operating at energies at which 
radiative effects play no role to maintain polarization. 

Under conditions when radiative effects do play a 
role, the small "kicks" due to field irregularities play an 
added role. When an electron undergoes a kick it 
radiates and tends to align its spin along the field 
generating the kick. Consider the case where the 
nominal polarization direction is vertical. Horizontal 
kicks are generally not a serious problem in this regard; 
s ince the ring has a closed orbit the sum of the 
spurious leftward deflections must equal the sum of the 
rightward ones . If radiat ion e m i t t e d during the 
rightward deflections tends to polarize the beam upward 
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ElecLron Energy In CtV 

Figure 1. 
Polarization Time in PEP 

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

Figure 2 (taken from Reference 6) shows the 
results of a calculation of the asymptotic polarization 
(P„) in PEP as a function of electron energy. Note 
that for no energy does value of P„ reach the ideal 
value of 02.4%. 
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Figure 2. 
Asymptotic Polarization in PEP 

Resonant depolarization occurs when the rate of 
precession of the spins as the electron circles the ring is 
in resonance with the rate of other motions of the 

electron. The condition defining the three strongest and 
most damaging resonances is: 

2 (H 1 ) * - " * VV * Vs 
the where v, n and n are integers and v and v are y e y s 

vertical betatron tune and synchrotron tune respectively. 
The term V corresponds to an "imperfection" resonance 
which depends only upon the energy of the stored beam. 
It occurs whenever: 

B r = n % 0.44065 GeV 

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

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

The depolarizing effects presented here do not 
preclude the storage of polarized electrons but they do 
provide a stringent set of constraints to be satisfied by 
any possible solution. 

Possible Solutions 

Resonant Energies 

The simplest solution is to operate a planar ring 
at energies E r = n x 0.44065 GeV. At these energies, 
an electron with a properly aligned longitudinal spin on 
one pass will have the spin similarly aligned on 
subsequent panes. However, first electrons with slightly 
different energies will have their spins diverge from the 
nominal on successive passes since the required condition 
is not met. Moreover, these energies correspond to 
conditions for the imperfection resonance discussed 
earlier. Hence, their use is not viable. 

Siberian Snake of the First Kind 

First suggested by Ya. Derbenev and A.M. 
Kondratenko in 1076, ' the Siberian Snake will, in 
principle, enable a storage 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 energy; the degree 
to which the polarization is maintained in the 
longitudinal direction (at the target) is proportional 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 E n through 180* about the electron momentum is 
placed opposite the target. An electron of energy E Q 

which is longitudinally polarized at the target will be 
pointed in a direction f (a function of E Q ) 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. 

Figure 3. 
Siberian Snake of the First Kind 

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

The nominal direction of the polarization in the 
Siberian Snake is always in the horizontal plane. As a 
result, it is ill-suited for use under conditions where 
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 

sequence of horizontal and vertical bends to achieve the 
180* precession. The severe problem with this scheme is 
that a given sequence of dipoles would provide the 
correct precession for only one energy. Thus, to operate 
the ring at different energies would involve physically 
reconfiguring the machine, clearly not an attractive 
prospect. 

Siberian Snake of the Second Kind 

A scheme similar to the previous one can be 
constructed using a 180* precession about not the 
momentum direction but about the horizontal direction 
perpendicular to the m o m e n t u m (see F igure 4 ) . 
However, this precession can only be achieved using & 
sequence of horizontal and vertical bends so the scheme 
suffers from the same flaw discussed above. 

Figure 4. 
Siberian Snake of the Second Kind 

Figure 8 

This novel so lu t ion to the problem can be 
considered a rather gross distortion of the Siberian 
Snake. Instead of precessing the spin on the side 
opposite the target so that the effect of the second 180* 
bend cancels the effect of the first, the direction of the 
second bend is reversed to achieve the same result (see 
Figure 5 ) . The scheme has the dual adv ntages of 
working for all energies and of not requiring strong 
solenoids. 

Unfortunately, it also has severe problems. First, 
its shape makes it useless as a scheme for retrofitting 
PEP; similarly, its shape makes it inappropriate for use 



Figure 5. 
Figure S Scheme 

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

Resonant Snake 

Since the Siberian Snake already operates by 
construction atop an imperfection resonance, little harm 
is done by operating at a resonance energy ( E = n x 
0.44065 GeV). In these cases it has been shown ' that 
a much weaker solenoid will suffice to maintain the 
i-jlarization. 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 a beam 

-3 with an energy spread of 10 ). For the second 
resonant energy it still requires only a precession angle 
of 10* (see Figure 6). 

For higher energies the required precession angle 
grows rapidly (45* for E f = 3.865 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 a 
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 a role one is inexorably 
drawn toward the schemes wherein the spin is 
maintained parallel to the (vertical) guide field as much 
as possible. By so doing, the radiative effects in a large 
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Figure 6. 
Resonant Snake 

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

Richter-Schwittera (R-S) Scheme 

The scheme originally proposed in conceptual form 
by R. Schwitten and B. Richter 9 ' has two striking 
advantages. First, it has the spins aligned vertically 
throughout most of the ring. Second, it involves only 
bends in a single plane. Conceptually, it consists of a 
series of vertical bends inserted into a straight section of 
an otherwise planar ring (see Figure 7). The electrons 
are deflected first up then down so they approach the 
target at an angle 6 to the horizontal. A mirror image 
sequence returns the electrons to the ring midplane and 
their spins to the vertical direction. 

The shortcoming of this method is that it works 
exactly for only one energy or, more precisely, one 
energy modulo 0.44065 GeV x 2r/6*. For any reasonable 
value of 0, this means a single energy. This is however 
not such a serious problem as the system is stable for a 
broad range of energies. The only loss in operating at 
an energy different from the nominal design energy is 
that the degree of longitudal polarization at the target is 
reduced relative to polarization of the stored beam by a 
factor T given by: 

T - , i D (h * i) 
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Figure 8. 
Solenoid Spin Rotator 
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Figure 7. 
Richter-Sehwitters Scheme 

where EO is the nominal design energy. In the case of 
PEP a scheme with a nominal design energy of 10 GeV 
would have S x 4* and T would exceed O.S 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 
of the target. These would severely limit the space 
available for detectors. A simplified version of the 
scheme that would involve fewer magnets would have 
the shape of an inverted V. The beam would simply be 
bent upwards through an angle +6 as before and the 
target would be placed in the sloped straight section. 
After the target an angle of -20 would direct the beam 
back down to the ring midplane where a second bend of 
+6 would return it to the horizontal direction. 

Solenoid Spin Rotator 

Another way ' of processing a vertical spin into 
the longitudinal direction is first to precess it into the 
horizontal direction perpendicular to the beam and then 
precess it into the longitudinal direction by passing it 
through a horizontally bending dipole (see Figure 8, 
taken from Ref. 10). A mirror image system located 
after the target returns the spin to the vertical direction. 

The system has the same shortcomings as the R-
S scheme in that it works ideally only at one energy. 
Moreover, it requires two very strong solenoids, the 
combined strength of which equals that required by a 
Siberian Snake at the same energy. On the positive 
side, the energy limitation of the R-S scheme was seen 
to be minimal. Furthermore, the angle through which 
the electrons are bent while their spins axe not parallel 
to the guide field is half that of the R-S scheme (for 
the same nominal energy EO) so the resultant 
depolarizing effects are reduced by a factor of two. 

Applying this scheme to PEP would require 
modifications to the main lattice, not just the (straight) 
insertion where the target would be located. A straight 
section long enough to accomodate the requisite solenoid 
and associated quadripoles would be needed prior to the 
last two dipoles before the insertion. The beam line in 
the insertion would therefore be parallel to the present 
beam line, but would be displaced outwards. 

It is an idea which merits serious study, 

Mini-Rotator 

In 1983 K. Steffen proposed11) a scheme for the 
HERA storage ring which would precess the electron 
spins from the vertical to the longitudinal (and back) by 
means of a series of small horizontal and vertical bends. 
The scheme has several promising features, among them 
the fact that no strong solenoids are required. However, 
it suffers from a narrow energy acceptance which can be 
improved only by repositioning magnets. Furthermore, 
compared to the R-S or Solenoid Rotator schemes 
electrons in this scheme pass through significantly more 
magnetic field wherein their spins are not aligned 
parallel to that field. This increases the rate of 
radiative depolarization. Similarly, for energies other 
htan the nominal energy the equilibrium direction for the 
spins in the main ring magnets is not quite vertical; this 
also increases the rate of depolarization. It was for 
these latter reasons that work on the Solenoid Rotators 
was initially pursued. 

Conclusions 

The problem of obtaining longitudinally polarized 
electrons in the proposed MIT-Bates ring and in PEP 
appears solvable; not easy, but solvable. In the case of 
the MIT-Bates ring a Siberian Snake or a derivative 
such as the Resonant Snake appear to be viable 
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alternatives. In the cose of PEP, the R-S Scheme, the 
Solenoid Rotator, and the Mini Rotator all appear 
possible. Each has its stengths and should be pursued 
to determine the costs and limitations. 

Finally, I would like to point out that with the 
possible exception of the highest energies possible at 
PEP, the degree of polarization that will be possible is 
limited to that of the injected beam. Consequently, it is 
of equal importance that attempts be made to increase 
the polarization obtainable from the sources used in the 
linoc injectors. 

References 

1) V. Bargmann, L. Michel, and V.L. Telegdi, Phys. 
Rev. Lett. 2 (1050) 435. 

2) A.A. Sokolov and I.M. Ternor, Sov. Phyi. Dolcl. 
8 (1064) 1203. 

3) R. Schwitters, Proc. of Workshop on Polarized 
Electron Acceleration and Storage, Hamburg, West 
Germany (1082). 

4) A. Chao, Nucl. Instrum. Meth. 180 (1881) 29. 
5) J. Kewisch, DESY Report 83-32 (1983). 
6) A.W. Chao, PEP Report 283 (1978). 
7) Y a . S . D e r b e n e v a n d A . M . K o n d r a t e n k o , 

Novosibirsk Preprint 76-84 (197C). 
8) B.E. Iforum, Longitudinally Polarized Electrons 

for Internal Target Experiments, CEBAF Report 
(1984). 

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

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

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



USE OF INTERNAL TARGETS AT THE PROPOSED HIT/BATES RING 

J . B. Flanz and the Bates Staff 
MIT-Bates Linear Accelerator Center 

Hiddleton, Massachusetts 01949 

Introduction 

The construction of a ring at the MIT/Bates 
Accelerator Center has been proposed since 1984. I t 
would operate as a Pulse Stretcher Ring (PSR), pro­
viding near CW electron beams of up to 1 GeV to the 
existing experimental apparatus at Bates. The propo­
sal also Includes a unique faci l i ty for conducting 
experiments using Internal targets ( IT ) . The present 
layout of Bates is shown in Fig. 1. The machine, as 
shown, produces a beam whose quality Is summarized by 
the parameters 1n Table 1. The laboratory currently 
supports three experimental halls with five main beam 
lines. On the "B" line exists three spectrometers 
with characteristics that make them well suited for 
coincidence measurements [1 ] , However, at present as 
listed in Table I , the duty factor available is 
limited to one percent, the proposed additions to the 
laboratory are shown in Fig. 2, The pulsed beam from 
the accelerator would be injected into the ring 1n a 
short straight Section on the right side. The CU beam 
would he extracted from the upper long straight sec­
t ion. Also included is an energy compressor system to 
reduce the effective energy spread of the beam. 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 nail is currently envisioned as 
being 12.2 m x 15.25 n <40' x 50 ' ) . There appears to 
be sufficient room in the ring for optical inserts 
that may he useful for internal target experiments. 
I t Is workshops such as this one that are inportant 
for defining the detailed requirements of such a faci­
l i t y . 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. 

BOTES BE*H KRAKETERS 
TOR (•RflEOjffc ut-&(tAtlE 

S l r r j U a n e n J S 'lead -Tai 1 

<«eej 

S i * c l » t>ass ftpci r ; u Tat i nn stpc i rci t 1 a t ) on 

Sf l f t rc j <«eej *<I-S«9 i r t f l - l ^ f t r t 400- ICtfifl 

P««.. 1 ( A t ) < to * 5 < fid 

fcyerft^e I f » M « ion .. 110 * ion 

*u lse wldt - ;,s> * ' 0 t ?J 2 . C 

PPS ( H Z 1 « ;rtoo < noo < loon 

Duty («) c 1 t i < (I.SS/BS 

iE /E (!) < a.3'.it c 0 .3 / .OS < n.fi ' . i i A 

L: llt«S> 3' /SS> ?« / J5 " / 4 5 ° 

t h „n - ' ) 10'Y 107-Y 3 (VY 

Beam Properties 

The beam quality available from the Rates L1nac 
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. In normal operation, 
the longitudinal phase space is characterized by a 3° 
bunch width and is contained within 0.3* in energy 
spread. The transverse phase space is , for example, 
.01* mm-mr at 500 MeV, This allows sub millimeter 
beam size with reasonable strength quads at reasonable 
distances from a target. In this way, the monochroma­
t ic spot size at the target of the energy loss spec­
trometer has enabled the spectrometer to resolve 
better than 5 x 10" in energy. 
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PLAN AT BEAM ELEVATION 

F i g u r e 2 Bitis Linear Accelerator Center cv upgrade facilities plan. 

TJ>e spacial stabfltty of the beam Is another 
contribution to the effective transverse emittance. 
Measurements have shown the beam j i t t e r to be less 
than 0.2 mm rns (locked to 60 Hz) at a position where 
the beam size 1s near 1 ran (equivalent to a beta of 
approximately 30 m). 

The L1nac energy has been increased over the past 
few years by a variety of methods, and is continuing 
to be upgraded. First , a recirculation system was 
Installed to nearly double the single pass energy by 
sending the bean through the accelerator twice. This 
system can ba seen in Fig. 1 . The design constraints 
included maintaining the I t duty capability of the 
accelerator and, therefore, required long pulse 
simultaneous recirculation. Far optical reasons, this 
limits the peak current (while recirculating) to less 
than 5 mA. In order to quickly f i l l a ring with 
electrons, i t 1s helpful to maximize the peak current 
and minimize the pulse length. Therefore, 40 nA wil l 
be accelerated. Recirculation will be done in the 
head-to-taH scheme with an extended recirculator so 
that the pulse length will be 2.6 usee. The turns of 
Injection into the 1.3 usee ring will provide 80 mA of 
circulating current, and 100 uA of extracted current 
at a 1 KHz cycling rate. Preliminary tests of the 
head-to-tail recirculation method with 40 mA of peak 
current were successfully conducted. An Increase In 
both the longitudinal and transverse phase space was 
observed. There was no attempt to adjust the source 
parameters at this increase current operation. 
Therefore, for the purposes of the proposed ring, we 
assume a beam with 0.6% energy spread injected Into 
the energy compressor and approximately double the 
usual transverse emittance. 

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

The proposed faci l i ty 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 

energy spread reduction or a final energy spread of 
.04%. The University of Saskatoon accelerator has 
already demonstrated an improvement 1n beam energy-
spread of over factor of 10 with their new ECS. Other 
laboratories have enjoyed similar benefits when with 
such systems. 

The "numbers" discussed above are very useful for 
estimating experiment parameters. However, we ire 
currently investigating the limitations of these 
"numbers". For example, 1n principle, the energy 
spread on the microbuneh level , considering only the 
phase width, should be an order of magnitude smaller 
than the average energy spread that is neasured. The 
discrepancy could he due to RF fluctuations or ramps 
whose time constant might be on the order of the beam 
pulse width. I f that is the case, the beam centrold 
energy can be tagged during an experiment and effec­
tively reduce the beam energy spread and effective 
spectrometer resolution in the non-dispersion matched 
spectrometers. 

With regard to emittance, measurements of the 
beam halo are in progress, in collaboration with 
J . Calarco (UNH) for preparation of a coincidence 
experiment in the giant resonance regipn[2]. This 
experiment requires the use of solid state detectors 
in the scattering chamber and is very sensitive to 
background caused by beam halo. Measurements made 
with the medium energy pion spectrometer (HEPS) 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 is not strong (3 mm beam equivalent to a beta of 
approximately 100 m), and there are small ta i ls which 
are not measurable during normal emittance measure­
ments which consider only 68% to 90% of the beam. 
These ta i ls may effect the outcome of the experiment 
and provide a limit on the beam size, including over 
99.9% of the bean, especially i f target frames of 
limiting apertures are used. As seen in F1g. 3, with 
some tuning one can achieve a situation with 0.8% of 
the beam outside of a 1 cm hole and less than 
.5 x 10" outside a 4 cm diameter. On the same figure, 
the fraction of a guassian beam outside a particular 
radius is also plotted. The difference between the 
two curves can be considered the beam halo. Better 



conditions have also been achieved with nore con­
siderable tuning. The above si tuat ion is suf f ic ient 
t o 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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F igure 3 . Beam "Ha lo " Measurements 

Ring Description 

The layout of the proposed ring l a t t i ce 1s shown 
in Fig. 4. The basic rectangular shape is made up of 
four 90° bend regions which are connected by four 
stra ight sections. The short sections are 4H.3 m long 
and the two long sections are 92.6 in long. The ring 
circumference is 390.5 m. 

The r ing is composed of six basic ce l l types. 
These include bend cells (12); F0D0 cel ls (7 , (5)) on 
the long straight sections; F0DH cel ls on the short 
s t ra ight sections; matching cel ls (4) to match the 
higher beta function of the long stra ight section to 
the bend section; an extraction cel l (1 ) , to provide a 
higher than average beta for extract ion; and an In ter ­
nal target cel l (0, (1)) to provide a lower than 
average beta for internal target work. The machine 
functions are shown in Fig, S with the dashed l ine 
that of an internal target optics c e l l . 

The basic c r i t e r i a and considerations which 
af fect the design of the PSR are summarized b r i e f l y : 

- The operating energy range is 300-1060 MeV; 

- Two-turn in ject ion i s planned which w i l l f i l l 
the ring with 80 mH of c i rculat ing current; 

- The bend ce l l s , in combination with the short 
stra ight sections, are designed to be second 
order achromats with symmetry corrected second 
order centro1<t sh i f t aberrations. This ensures 
that the geometric aberrations can be con­
t r o l l ed and the chromaticity of the ring can be 
adjusted without affect ing the desired 
geometric aberrations. 
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F i g u r e 5. Long Straight Section with Internal Targst 

- There w i l l be a high beta region (beta = 30 m) 
for extraction to minimize septum heating and 
decouple the extraction from the rest of the 
r i n g . I t also provides a convenient place for 
providing col l imation to clean up the emittance 
growth when an internal target is placed in the 
r i ng . 

- An in jec t ion beta = 9 m minimizes the in jector 
kicker strength and prevents extracted beam 
from h i t t i ng the in ject ion septum. 

- A lower than average beta = 1 m for internal 
targets w i l l allow for slower emittance growth. 

- The bending radius must be large enough to 
allow l inear operation over the dynamic range 
and synchrotron losses ire minimized, along 
with a minimized synchrotron osc i l la t ion period 
needed for extract ion. This minimizes the RF 
requirements, however, i t does increase the 
damping times. 

Table I I summarizes some of the interest ing r ing 
operating parameters. Given 80 mA of c i rcu la t ing 
current, the possible luminosity attainable in the 
proposed r ing can be found in F ig. 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 
targets. The vacuum requirements of the ring include 
long term storage, as well as an 1on density low 
enough to produce small tune changes over the range 
of current of ring operation. This vacuum level is nn 
the order of 10" torr. Consider an internal target 
in the ring with a density of from ID to 10 
atoms/cm . This converts to a local pressure of from 
10" to 10 torr. Table III shows the nearby vacuum 
assuming differential pumping speeds of 60,000 1/s per 
chamber and conductance limiters of 1 an and 5 mm. 
Note that at least two conductance 11 miters are needed 
with these available pumps for the highest target 
density. 

For the case of cluster jet target, pollution of 
the ring vacuum can cone from collisions within the 
gas, evaporation of the clusters, and evaporation 
induced by Ionization. The approximate total loss can 
be 10" of the gas. Assuming thermal velocity and a 
1 cm jet thickness, this corresponds to a leakup rate 
of .1 torr 1/sec. This leakup rate also requires a 
conductance 11mlter device (at least one, probably 
two). It may he possible to reduce the vacuum 
constraints 1f the storage time Is not Important. 
This may be an important tradeoff since 1t is advan­
tageous to reduce the mass In the region of the inter­
nal target. 

In Fig. 7, some internal target sources which 
have been used in rings are compared with the ring va­
cuum resulting from having introduced these targets.[3] 
Included on the graph is the region that proposed 
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A KESIDUAL PRESSURE IN RING 
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Figure 7. Pressure near IT in ring. 

Bates fac i l i ty hopes to operate. I t should be noted 
that the operational vacuun measurement Is near the 
target and not an average measurement of the entire 
ring. However, i t is also interesting to note that in 
the estimated leakup, rates are generally an order of 
magnitude below the actual rates. We w i l l , 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 dosed orbit) 
3. Extraction septum (8 mm from closed orbit) 

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

(5. Other energy and emlttance limiting apertures) 

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

The horizontal phase space coordinates at the 
internal target location, with the small beta region, 
are plotted in Fig. 8. Also on Fig. 8 are the pro­
jected admittance limitations for the Hems discussed 
above. In an expanded view of the phase space, 
(Fig. 9 ) , various possible circulating beam phase spa­
ces are shown for comparison purposes. The smallest 
represents one turn of on-axis Injection. The largest 
represents the normal phase space f i l led for extrac­
t ion. The intersecting parabolas depict the boundary 
between stable and unstable oscillation of a particle 
in the ring. This is used for extracting 1n the pulse 
stretching mode. The intermediate case represents two 
turn injection with a minimum of phase space f i l l ed . 
This Is defined by allowing the minimum 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 beam enlt-
tance must be contained within some quantity, for 
example, the admittance. The omittance will grow in 
most cases, and one must provide a means to catch the 

Figure 8, Rinn Admittance with restricting apertures 

Figure 9. Expanded view of Beam Phase Snace and 
Ring Admittance. 

beam that is outside of the accept1ble boundaries 
safely, the most logical place 1n this ring is at the 
extraction cell where the beta is 30 m. Therefore, If 
one wants to restrict the admittance to that defined 
by the septum, then a collimator of 16 mm diameter is 
necessary. If the septum 1s retracted, then the next 
aperture is the RF, 1n which case, a collimator of 
6 cm Hi Meter would be necessary at the extraction 
location. Note that collimators in this location 
maximize the necessary aperture for restricting the 
admittance. It (they) are also located on the oppo­
site side of the ring from the target. 
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Operating Conditions Modes and Conditions 

In the most straightforward injection schemes, a 
pulse of 2.6 (1,3) usee of 40 «rt f i l l s the ring 1n two 
(one) turns with 80 (40) n* . 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 
1s capable of providing for internal targets. This 
beam can be extracted 1f the phase space at the 
extraction location 1s f i l led as in Fig. 9. 

At this time the ring RF will support 80 mA of 
stored current. I f necessary, i 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 GeV, to over a second. 
Thus, f i l l i n g times wil l be seconds. The bean would 
have to be stored long, relative to th is , for useful 
efficiency or the tradeoffs more carefully examined. 
Even without question of more current than SO mA, the 
storage time question 1s s t i l l useful to discuss. 

The ring can be M l l t d every msec. To f i l l less 
often would save llnac power. However, 1f one is 
anticipating using the llnac pulsed beam elsewhere 
during that time, beam sharing techniques which allow 
recovery of machine parameters quickly, when 1t was 
time to re f i l l would be necessary. Finally, there is 
the possibility of parasitic experiments that can run 
while the beam is being extracted, without damaging 
the extraction beam. 

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

Effects of Target on the Beam 

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

Energy Loss mechanisms 
Bremsstrahlung 
Wakefield effects from target and collimators 

Effects of Ring on the Beam 

Emittance Affecting Mechanisms 
Damping (antidamplng) 
Quantum fluctuations 
Instabilities 

Effects of Beam on the Target 

Dissociation 
Depolarization 

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

Any mode: 

a. background manageable 
b. sufficient luminosity 
c. beam emittance acceptable 
d. target density/polarization acceptable 

Storage node (any current): 

a. Emittance does not grow beyond detector 
limitations for 1) resolution or 11) track 
reconstruction. For i ) , e < 4n mm mrad. 

b. Emittance does not grow so as to have halo hit 
target aperture, producing backgrounds. Since 
the aperture may be 100,000 times thicker than 
the target, that means that the emittance in 
this case implies that part of the beam 
containing more than 1 . of the beam. At 
B * lm, e < O.SIT mm mrad. 

c. Emittance does not grow beyond admittance. 
With extraction septum e < 4n. Without 
extraction septum, e < 4(h mm mrad. 

Parasite Mode 

a. Emittance does not grow more than W% 

b. Experiment can stand extracted heatn tai l which 
contains up to . 1 * of beam up to a radius of 
1 mm. 

itean Loss Mechanisms 

Scattering 

Of the emittance growth mechanisms discussed 
above, the most talked about and the most serious is 
that due to scattering. Maloney, Craft and Williamson, 
Crannell, and Norum, have all shown that this effect 
is tolerable over an acceptable range of parameters. 
There have been three approaches to this subject. 
Craft and Williamson showed the relationship between 
passing through an internal target once and many times 
within a ring, thus allowing analytical calculations 
based on multiple scattering[4] through a thicker 
target. This was compared with simulations of a 
particle traced through a ring undergoing single 
scattering with each target passage, and the agreement 
was found to he very good. Crannell used the approxi­
mate form for multiple scattering, while Norum used 
the single scattering form and included damping 
effects in the ring. To calculate the eraittance 
growth for present Bates design, the approximate form 
was used, including a factor of .75 which yielded 
better results for the rms scattering angle agreement 
with the results of Nigam et al. The calculation also 
includes the effect of damping 1n the proposed ring. 

Wakefields 
Another potentially important effect is the 

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

59 



the charge. This i s , therefore, a spread in the 
angles and an increase in emittanee, following Bane 
and Morton.[5] 

The magnitude, and therefore the spread of the 
force, can be reduced by tapering the edges of the 
t rans i t ions . For the coll imators considered, the 
ef fect is very small in comparison to the scattering 
e f fac t , even jonsidering the fact that actual wake 
forces in rings generally tend to be over an order of 
magniti;1e more than expected from calculat ions. 

Figures 10 and I t show the results for 440 and 
880 MeV. With a beta equal to one meter at the in te r ­
nal target region, a l l reasonable operating conditions 
l i s t ed above are l imi ted to an emlttance growth under 
1 . " . I t i s interest ing that for long storage times 
(seconds), the effect of damping Is important. 
Figures 12 and 13 compare the j f f ec t s of long storage 
times with and without damping. 

The horizontal l ine? on Figs. 10-13 represent 
the l im i t s imposed by tt.e constraints discussed above 
for the di f ferent modes of operation. By noting the 
time i t takes to reach those l ines, the plot of 
storage times in F ig. 14 can be formed. Each Hne 
in Fig. 14 represents a di f ferent condition as 
described ear l ie r . 
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Figure 10. Emittance growth with d i f ferent target thicknesses of a 440 MeV beam durinq 
the above two time scales. 
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Figure 14. Storage times for different internal 
target densities and different 
conditions. 

Longitudinal Phase Space 

The admittance in longitudinal phase space is 
restricted by the RF power available. There is room 
in the RF bucket for 0.08:6 in energy. This is com­
pared to the expected .04% to be injected. The physi­
cal limitation comes about at the point of largest 
dispersion which is 3.8 cn/%. Given a 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 bean going through the internal 
target is negligible. 

Wakefields 

Another source of loss is that from those colli­
mators which were used as conductance limiters and 
enittance protectors. The wakefields frnm these 
discontinuities fn the vacuum pipe effect the energy 
of the beam as a function of beam position and charge. 
The curve in Fig. 15 shows a beam bunch traversing a 
target cell. The wakefields are seen not to be per­
pendicular, the longitudinal component causes energy 
change. Figure IB shows the wake function for that 
case per pieoCaulomb. fiiven a bunch with ZH 
picoCoulonhs the maximum energy spread incurred by 
this transition is 200 volts. The wake shape is remi­
niscent of an RF source shifted in phase hy approxima­
tely the radius of the snail aperture. Its voltage is 
too small to cause the beam to shift out acceptance of 
the main source of RF. Note, however, in the figure 
the dependence of the Wakefield amplitude on taper of 
the collimator edge. With four collimators .1 the 
ring, this is doubled. Compared to other sources, 
however, this is still small. Judicious design of 
collimators is still prudent, considering the general 
discrepancies between calculated and measured ring 
impedances. 
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Brensstrahlung 
There is some fraction of the beam that loses 

energy via bremsstrahlurtg. 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 Unit 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. 

Sack grounds 
The above described emittance growth mechanisms 

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

- Emittance growth halo hitting target aperture; 
- Multiple and single scatterings hitting nearby 

beam pipe and ring elements; 
- Bremsstrahlung losses coupling the energy 
dependence of quadrupole focussing fe/xS) 
causing overfocussing after the first quad near 
the internal target. 

Assuming the first effect is controlled by limiting 
the lifetime in the ring, the other effects are inde­
pendent of the lifetime 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. Oue to 
the strength of the nearby quad, any beam having lost 
more than 25* of its energy will strike the pipe bet­
ween the first and second quad. Table I» 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. 

Vtr 1,000 t v r n t 

Figure 18 is a sketch of the beam l ine within the 
proposed Internal target experimental h a l l . I t is 
provided fo r your imagination. No cutout pieces 
provided. 

Figure 18. Beam l i ne inside IT h a l l . 

Conclusions 

The calculations described indicated that a wide 
range of operational modes are possible in the pro­
posed r i ng . Given the fast r e f i l l time possible, 
targets as thick as 10 cm- z are feasible, and 
targets as thick as 10 are possible in a parasi t ic 
mode. I t 1s also possible to store beam for many 
seconds and possibly longer (depending upon ring 
behavior) with thinner ta rge ts . 

Consideration of vacuum requirements leads to the 
conclusion that conductance l i tni ters near the internal 
target w i l l be Important for the thicker targets, as 
wel7 as cleanup apertures located at the high beta 
region In the r i ng . Design of these apertures should 
take in to account the wakefield production and have 
tapers near 30° for reduced wakefieid e f fec ts . 
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The ring being proposed for Bates has several 
advantages for internal target work. They include: 

1 . Large admittance 
2. F l e x i b i l i t y high beta and low beta 
3. High space/element rat io 
4. Excellent bean qual i ty 

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

At present, no facility for photon tagging 1s 
planned. The Rates staff is currently evaluating the 
experimental needs for the planned internal target 
hall. Figure 18 shows the Internal target hall and 
beam line as presently planned. Input from potential 
users would be helpful at this stage. 

t would like to thank several people who helped 
in the preparation of this talk. Particularly 
Claude Williamson and llchel Garcon for contributing 
details of their related work. 1 also would like to 
thank Ken Jacobs for his calculations of the longitu­
dinal wakefields. Finally, thanks to J1m Spenser, 
Phil Morton, and Karl Bane for conversations relevant 
to this workshop. 
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INTERNAL TARGET PHYSICS AT 1 GeV 

S. Kowalski 
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Atatract 

The use of internal targets operating at high 
luminosity in an electron storage ring in the energy 
range 0.3-1.0 GeV is discussed. Examples are 
presented of fundamental physics problems which would 
be ideally suited to such a unique new capability. 
Special emphasis is placed on the use of polarized 
targets to measure spin observables and thus provide a 
"Multipole Meter" for separating individual form 
factor multipolee. The combination of laser 
technology with optical pumping now makes possible the 
polarization of a broad class of nuclear species to 
useful densities. The importance of longitudinally 
polarized electrons for studying nuclear structure is 
also discussed. 

I. Introduction 

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

The proposed Bates upgrade involves the uss of a 
storage ring which would make possible experiments 
with very thin internal targets at high luminosity. 
The description of this pulse stretcher ring is 
summarized in a contribution to this conference by 
Flanz. Key parameters for internal target operation 
are: 

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

Polarized electrons and/or polarized targets have 
up to now played only a minor role in nuclear physics. 
At high energies the SLAC parity violation experiment1 

involving the scattering of longitudinally polarized 
electrons from quarks provided a crucial test of our 
understanding of electro-weak processes. Other 
experiments0 using polarized electrons and polarized H 
studied the spin structure function of the proton. 
Parity violating electro-weak experiments in the 
nuclear physics regime are underway at both MAINZ and 
MIT, 

It is now clear that spin measurements can play a 
much broader role in nuclear physics than simply 
searching for parity violation. Recent: theoretical 
studies3 have shown that the capabilities of polarized 
electrons and polarized targets will provide a unique 
opportunity for addressing some long standing physics 
problems. They would allow in principle a complete 
experimental determination of the form factor 
multipole structure. Such a decomposition represents 
the most complete characterization possible of the 
electromagnetic structure of nucleons and nuclei. 
Electron scattering can achieve this in a model 
independent way. 

The full power of the electromagnetic probe is 
realizable only with the measurement of spin 
observables: polarized targets, polarized beam and 
recoil polarisations. In such measurements one can 
exploit the interference nature of an asymmetry to 
measure small but important amplitudes. Fundamental 
physics problems include the deuteron t 2 0 , neutron 
charge form factor and the deformation of the delta. 
More speculative weak interaction studies may also be 
possible. 

Energy 
AE/E 
Current 
Duty Factor 
Emittance (1-turn) 
Beam Polarization 
Vacuum 
Internal Targets 

0.3 - 1.0 GeV 
-0.04% 
40 mA/turn 
100* 
.01* mm-mr 
-401 
10"8 torr 
< 10 l o/A nuc/cm2 

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 in nuclear physics. The 
combination of ultra-thin targets -10 3 T/cm 2 and large 
circulating currents -80mA results in high effective 
luminosities -5xlOa*cm"2s"1. This is competitive with 
luminosities generally used with external beams. In 
addition the low target density opens up entirely new 
fields of study. 

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

Developing laser technology has made possible the 
polarization of a broad class of nuclear species to 
interesting densities (10 l A - 1 8nuc/cm 2). Combining a 
storage cell geometry with the high circulating 
current of a storage ring would make spin measurements 
In electromagnetic physics for the first time 
practical. 

In this review we will present examples of the 
kinds of physics problems that could be studied in the 
near future with the development of Internal target 
facilities. These include experiments in nuclear 
spectroscopy, those involving ionizing recoils, some 
fundamental measurements on nucleons and few-body 
systems and weak interaction studies. 

II. Internal Targets 

An important practical consideration for carrying 
out an effective internal target program Is the 
question of luminosity. Comparing typical 
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luminosities for both external and internal beans ve 
have: 

GAS JET TARGET 

External Beam: 

I - 25^A 

t - (l-100)ing/cm2 

L - 10/A x l o ' ^ ' c n ' V 1 

Internal Bean: 

1 - 80mA 

t -
> 

10"" i enuc/cB 2 (polarii 
1 0 1 7 nue/cm* (unpola 

oicrofolls) 

5 X 10 31-3* "2-1 

TARGET MATERIAL UNDER HIGH PRESSURE 
SPECIALLY DESIGNED MOZZLES 
GAS COLLECTION/PUMPING 

IAVAI wiae 

Although the Internal 
general smaller, such 
sufficient to carry 
electronuclear studies, 
energy highly ionizing 

targat luminosities are in 
luminosities afe nore than 
out a broad program of 

Exparlaents detecting low 
reaction products, such as 

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

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

The use of laser driven optical pumping and spin 
exchange techniques opens the possibility of 
polarizing a broad class of nuclear species. When 
combined with internal beams, such targets with 
densities of 10 nucl/cm? give high luminosities. 
They have, in addition, much higher polarization 
resulting in a better overall figure-of-merit. Since 
the internal targets can operate at low magnetic 
fields the spin orientation is easily controlled and 
rapid spin reversal for control of systematic errors 
is a relatively straight forward operation. 

There is presently extensive activity in 
constructing polarized gas targets of useful densities 
for nuclear physics studies. A tensor polarized 
deuterium target and a polarized 3He target are under 
development at ANL 4 and Cal Tech,6 respectively. 
Further, as techniques are advanced, for both 
polarized and unpolarlzed targets one sees potential 
experimental advantages involving high accuracy and 
low background operation. 

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

STORAGE CELL TARGET 

,N 

r\ BEM-t 

A / 
Fig. 1: Schematic gas jet and storage 

cell internal target geometries. 

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

• energy loss 
• enittance growth 
f pumping apertures 
• target depolarization. 

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

III. Wuclear Spectroscopy 

High resolution single-arm electron scattering is 
the source of much of our precise and detailed 
information on the electromagnetic structure of 
complex nuclei. An example which emphasizes both the 
specificity and shortcomings of this simple process is 
J 7 0 . The data 6 for the transverse form factor of the 
1 7 0 ground state in the effective momentum transfer 
range 0,5 < q f f < 2,8 fm are shown in Figure 2. 
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Fig. 2: The " 0 data of Hynes et al., 
are compared to the prediction of tha 
extreme single-particle nodel calculation 
using a harmonic oscillator wave function 
(solid curve and dotted curve* for 
individual raultipoles). The dashed curve if 
calculated using a Woods-Saxon radial wave 
function. 

d neutron is 
core2. 

In the simplest picture of " 0 . 
bound to a possibly deformed " O core*. Both the 
longitudinal and transverse form factors have 
contributions from several nultipoles. 

*l- CO C2 
„2 

Ck 
„2 

F T " FH1 + FM3 + FM5 
These incoherent combinations of multipoles 

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

The detailed discussion of the nuclear structure 
information made accessible through the ui* of 
polarized targets and longitudinally polarized 
electrons is summarized in a recent review by Donnelly 
and Raskin.3 The "rtultipole Water" aspect of spin 
observables is demonstrated by examples involving 
elastic and inelastic scattering in complex nuclei. 
All show the detailed sensitivity that these new 
techniques provide for separating the nuclear 
structure information into the maximal fundamental 
information that is allowed by a measurement of the 
individual electromagnetic form factors. 

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

be described In the extreme single -par tiel» model as a 
Id proton hole relative to 40Ca. using simple 
harmonic oscillator wavefunctions - The effects of 
core polarization and meson exchange currents are 
included in the characterization of the measured7 

transverse form factors (Figure 3). 

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

and 
where th* E. *r* the respective polarization cross 
section* and £ Q is th* unpolarized cross section and i 
- L, N and S refer to tha usual' target polarization 
direction* with respect to th* incident electron 
direction. The polarization ratio (A/2),, calculated 
for specific orientation* of the targat polarization, 
is shown in Figure 5. 

The results show significant variations for both 
tha asysawtrie* and polarization ratioa aa a function 
of momentum transfer. The** variation* result fro™ a 
complicated interference betvaen eh* contributing form 
factors and ar* particularly emphasized when any of 

q (fm-') 

rig. 3: The "K. data of DeJager et 
al., are compared to a phenonenological fit 
aede using d and £* aatrlx elements and 
a harmonic oscillator radial wave function. 
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to be 100% polarized along the L, C and S 
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the individual form factors goes through zero. 
Precise measurements of cross sections and asyonetries 
when combined with the usual longitudinal-transverse 
jeparation using unpolarized targets will allow a 
complete separation of the four font factors which 
contribute in this case. 

IV. Ionizing Recoils 

Internal targets will also offer a unique 
capability for studies of the nuclear continuum. 
Experiments requiring the detection of highly ionizing 
reaction 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 

The polarization ratios (a/2) (solid " K 
line), .... w . , g 

calculated for a 100% polarized target. 
and CA/2). (dashed line) are 

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

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

• Electrofisaion 
• Giant Resonance 
• Pion Electroproduction 

1. glectrofi*slon 

Reactions such as 2«Mg(e, l 2C 1 2C)e' have been 
studied using CW accelerators. Several sharp 
structure resonances were discovered* in the GR region 
of 2*Hg and 3*Si. They exhausted a significant 
fraction of the E2 and £0 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. It would be very 
interesting to do a conplete (q,u> 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 using 400/iA average 
currents on targets of 3pg/cm* the luminosity was 
3xl0 3 2cm" asec' 1 for 2 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 nagnitude. It would 
be sufficient to carry out a full coincidence program. 
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2. Giant Resonance 

The objective of much of the current work in 
giant resonance studies is to separate nodes of 
different raultipolarity #"<* Co carry out a spatial 
napping of the coupling to various decay channels. 
Luminosities for both external and internal target 
experiments are similar. There are, however, other 
advantages offered by the use of thin internal 
targets. 

One can achieve better energy resolution in 
(e.e'x) experiments where target thickness is a 
serious limiting factor. The use of thin targets, 
either gas jets or very thin foils, allows the study 
of rare (and/or expensive) nuclear species. 

One final important consideration is that 
internal targets allow the detection of very heavy and 
highly ionizing recoil particles. For example, 
experiments such as (e.e'n), which are difficult to do 
otherwise, could be carried out by detecting the 
recoiling residual nucleus if ic is sufficiently 
stable. The study of 1 3C(e,e'n) by detecting l 2 C and 
measuring its energy is one possibility. Other 
interesting examples of light nuclei include *He, 7Li, 
l l B , t 3 C t

 , & N , etc... Recoil species such as l 2 C , 
l 6 0 , 1 BNe are sufficiently long lived as well. A real 
advantage would be the study of (e.e'p) and (e,e'n) in 
the same apparatus. 

Figure 6 shows a typical apparatus of a 
coincidence GR experiment9 in the Novosibirsk ring and 
sone results for the l6Q(&te'a0) decay channel. This 
was a relatively low energy (130 MeV) experiment using 
a gas jet target. 

3. Threshold Blectronroductlon of Plons 

A special type of experiment which requires thin 
targets and high luminosity is the study of pion 
electroproduction from nuclei near threshold. The 
standard technique involves. pion detection in 
reactions of 

One could alternatively measure the recoiling 
daughter nuclei in the reactions „A<e.e* A)ir~. The 
very thin targets required to detect heavy recoils 
combined with the high circulating current provide the 
necessary luminosities. Predicted cross sections are 
very small. 

Coincidence experiments such as these would 
involve a complete mapping of the (q,cd) -plane for 
which the relative energy of the pion daughter-nucleus 
system is near threshold. The <-f,*> reaction only 
studies the process where q-i*. 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 distribution. 
An accurate spectrum measurement would allow a 
separation of s- and p-wave components for the 
process. 

Motivations for such studies include: 

• Measure for virtual photons to compliment 
real photon results. 

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

correct form of the ir-nucleus optical 
potential at low energies. 
Study *• and it production between analog 
states. Coulomb interaction modifies the 
strong interaction and could provide a 
measure of where the strong interaction 
distortion is turned on and off. 
Study the production amplitude as final 
state CM energy is increased from threshold. 
At higher energies the leading Kroll-
Ruderman a « e tern is modified by the 
addition of momentum dependent terms. 

v. fundamental M u m agents 

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

1. Deuteron F o r a factors 

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

IB 0 (e,e'ot0) 
E 0 * 130 MeV 

W x 11.5 MeV 

90° 
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Jet Target 
.Vacuum chamber 

>Ov To electron 
\KV/spectrometer 

0 10 20 

Fig. 6: Data and schematic 
experimental layout for an i eO(e,e'o_) 
measurement using internal targets in the 
VEPP-2 ring at Novosibirsk. 
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precisely measured. Electron-deuteron scattering 
provides important information on the short range 
behavior of the deuteron wavefunctions as well as a 
measure of rton-nucleonic degrees of freedom such as 
isobar and meson exchange currents. Quark degrees of 
freedom are expected to contribute at large q 2. 

A complete description of the electromagnetic 
properties of the deuteron (J-l) require* a 
measurement of three form factors: charge monopole 
(F ), charge quadrupole (F_) and magnetic dipole (£"„) 
as a function of an extensive range in momentum 
transfer. 

The unpolarlzed 
usually written as: 

e-d elastic cross section is 

dn " aH {Mq2) + ^i 2)**" 2'/ 2} 
where 

A(q 2) - P c
2(q 2) + f* 2F Q<q Z) + §*F H(q 2) 

B<q 2) - f*(*+l)F M
2<q 2) 

4H~ 

Tensor Polarization t c o 

(Parit, $f7&) 

RonqtQf 

H PfOfrattd 
Mtoturtmtntt 

at 6 a m 

q (fm-0 

The two structure functions A(q 2) and flfq2) have been 
measured to high q 2 and are separated using the usual 
Roseribluth method. Such an angular distribution 
provides a measure of F u but F_ and F. cannot be 

H C Q 
separated in a model independent manner. The location 
of a zero in 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 
allows the complete separation of the individual 
mulcipole contributions. Electron scattering from a 
tensor-polarized deuterium target is sensitive to 
additional interfering bilinear combinations of 
deuteron form factors. The t 2 0 component of the 
tensor polarization. 

u20 -•M * - 2 F A W , A F M
2 [ 1 + lQ VFC*Q'3" (l+n)tan ai Mil &. 

The most important contribution to t,0 in the nomentun 
transfer range q* < 1.2(G(V/e)a coaei from the 
Interference tern F F This provides the additional 
i—Ji- ..,I,J_I. -n»>"- "- separation of the nultipole handle which allows 
contributions. 

In a recent Bates experiment, t 0 the tensor 
polarization was determined by measuring the 
polarization of the recoil deuterona (electron bean 
and target unpolarized) in coincidence with the 
scattered electrons. Such an experiment Involves a 
second analyzing scattering of known sensitivity to 
tensor polarized deuterons. In this case the reaction 
5( sHe,p) was used. The extracted values of t 1 0 are 
compared with theoretical predictions of several 
realistic potential model calculations in Figure 7. 

Fig. 7: Comparison between different 
theoretical predictions for deuteron t 2 0 

including QCD scaling, fi-A admixtures and 
the effect implied by the filling in of the 
minima in G,,(q). The Novosibirsk and. Bates 
experimental data are shown as well as the 
q-range and anticipated sensitivity of the 
proposed new measurements. 

Extensions of these measurements to regions of 
momentum transfer Q-lGeV/c are under way 1 * and involve 
some very interesting physics. The potential model 
dependences are sizeable and perturbative QCD 
predictions are completely at variance with the 
potential model results. These new measurements do 
not involve the use of polarized targets but rely on 
the use of a polarimeter whose properties and 
performance must be accurately known. 

An alternative approach involves measuring the 
asynnetry in elastic electron-deuteron scattering from 
a tensor polarized target. Such measurements are 
currently underway at the Bonn synchroton where InA 
beams of electrons are incident on a tensor polarized 
liquid ND a target. A Q* up to 0.7 GeV*/c will be 
probed and in the future extended to Q*> 1 GeV 2/c on 
the ELSA ring. 

Holt* at ANL is developing a censor polarized 
deuterium target for use as a gas jet Internal to the 
Aladdin 1 GeV storage ring. A target density of -10 1* 
atoms/cm1 in a circulating current of lgO^aA results 
in luminosities of the order of 10"em" s" . Such a 
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high density of polarized deuterium nuclei Is obtained 
by using optically.pumped polarized alkali atoms which 
transfer polarization to deuterium atoms by atonic 
spin exchange. Densities in excess of 1 0 1 5 atoms/cot2 

appear feasible with present-day techniques, 

2. Meutron Electric Form Factor 

The elastic scattering of unpolarized electrons 
from unpolarized nucleons (J -1/2) involves a 
measurement of the cross section 

SB.. 
dn Jefe Vrec 

-G 2/«^ 

E N < Q 2 ) + T 4 <QZ)ll+2<l+7>tan2 l }] 

The electric and 

respectively 

nognetic forn factors C £ N « ' ) and 

are related to the F,(Q) and f„(Q) by 

P^\ - (l+OGg,, and JfiiT^. - .j2f<l+r)GM1J. 
A Rosenbluth separation of the fora factors allows for 
reasonable accuracy only whan the two amplitudes are 
comparable. In the nucleon case the Magnetic form 
factor dominates over the electric one at high 
moaentum transfer. As a result only the magnetic font 
factor is relatively veil known over an extended range 
in momentum transfer. 

The electric form factor is directly related to 
the charge distribution of the nucleon and is a 
fundamental quantity whose knowledge is important foe 
the detailed understanding of both nucleon and nuclear 
structure. For the proton, reasonable knowledge of 
G_ exists only up to 4(Gev/c) 2. In the case of the 
neutron, which is charge neutral, G„ is very small 
and as a result is very poorly known for all q, except 
for q-0. 

The usual method of measuring C„ involves the 
Rosenbluth decomposition of electron-deuteron elastic 
and quasi-elastic scattering. Interpretation of the 
results is plagued with both model dependence and 
large systematic errors. The available body of data 
for G up to q a-1.5(GeV/c) 2 are shown In Figure 8. 

For the nucleon case (J,-1/2) polarized targets 
without polarized electrons yields no new information. 
The polarization cross section for scattering from 
polarized nucleons is 

o f l - -£ 0|^2Fj(q)V T r cos»*+242F L(q)F Ttq)v T L, 

. stn« cos* j/JTF 

where 
J-I' (q) ,F?(q) F*(q). "T rT 

A measurement of the polarization ratio ^r;f^a 

(ssymrtetry) or equlvalently that cf the recoil nucleon 
polarization by means of a second scattering involves 
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Fig. 8: Neutron electric form factor 
for different bag radii and existing 
experimental data. 

the interference term F,(q) F_<q) vh:-h is directly 
sensitive to the small form factor and Co their 
relative sign. The simple Rosenbluth separation Is 
insensitive to the small amplitudes 

Possible experiments which an be exploited to 
measure the neutron electric form factor G, En1 include: 

«H(e,e'n)p 

»H(e\e')x 

exclusive 

inclusive 

*H(e,e'n)p 
3He(t,e')x inclusive. 

The sensitivity of the 
polarized-deuteron experime 

olarized-electron 
to G has recently been 

calculated by Cheung and ..loshyn.,3 The results for 
the cross section and t^larlzation asymmetry at an 
electron energy of 1 GeV are shown In Figure 9. The 
deuteron Is polarized in the scattering plane at 43* 
to the incident electron direction. The neutron 
electric form factor has been parsaetized by: 

G E n « > 2 " 
-*~T 

f 
U+nr) L + Bffll!]2 

o 

with 0 < i) < «. Thr asymmetry shows large sensitivity 
to G and appears ;o be measurable. 

The sensitivity to G„ has also been calculated13 

for scattering frcm polarized »He. Jn the simplest 
picture of 3He cne protons have apposite spins, and 
their contributions to spin-effects should essentially 
cancel. The spin-dependent effects are then primarily 
due to the neutron and the results for inclusive 
scattering are shown in Figure 10. The same 
parameterization was used for the neutron electric 
fora factor and j5 is the angle in the scattering plane 
between the polarization axis of 3He and the incident 
electron direction. 

n 
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_̂  Fig. 9: Exclusive cross section for 
2H(e,e'n)p at quasi-free kinematics for 
different neutron electric form factors 
using 1 GeV incident electrons. Asymmetry 
with respect to change in the electron 
longitudinal polarization for different 
neutron electric form factors. The deuteron 
is polarized at 45* to the incident electron 
direr* "ion. 

An experiment to measure G_ using polarized 
electrons and a recoil neutron polarization 
measurement is being planned at HIT-Bates. 1 4 Future 
experiments involving polarized targets will require 
internal target capabilities at the new electron 
stretcher ring facilities now under development. The 
present technology for polarized targets needs the 
high luminosity of an internal target to make such 
experiments realistic. Such facilities are likely to 
provide our nost precise measurements 
extended range in q. 

3. N -» A Transition 

The N-*A transition involves the iovest spin-
isospin excitation of the nucleon. Angular momentum 
and parity considerations allow three form factors 
F M., F ? and F„„. In a naive spherically symmetric 
quark model the nucleon and delta are each made up of 
three Is-quarks. The transition then corresponds to a 
pure Ml spin-isospin flip of a Is quark with no 
quadrupole contribution. Non-spherical admixtures to 
the A arising from a tensor quart-quark interaction 
would allow for L--2 contributions as well. 

Quark models have been used to estinate the 
quadrupole C2 contribution. In such models a nucleon 
s-quark makes a transition to a d-quark in the delta, 

-.12 
(b) 

.20, , , , , r 

0° 30* 60° 90° 120' 150° 180° 

Fig. 10: Asymnatrles as a function of 
target polarization angle 0 for a) polarized 
electron-polarized neutron scattering, b) 
inclusive polarized electron scattering from 
polarized sHe at the quasi-free peak. 
Incident 1.5 CeV electrons are scattered at 
60" for different choices of the neutron 
electric form factor. 

A precise neasurement of the C2 amplitude could shed 
sone light on a possibly deformed delta. 

The polarization cross section for a 1/2 — 3/2 
transition >n polarized nucleons is given by 

4 " *«'K«ri B{''T' , w"*[ I im- IH- 2^jn Fia]^ 
- -T2 v T L , s i n « * c o s / [ F c 2 ( F M 1 + ^ 3 F E 2 > ] } 

and the spin-averaged cross sec t ion 

5 " W H f r e c K F C 2 * VT[*H1 + 4]} 
Previous experiments have t r i e d to make the usual 
Rosenbluth separa t ion to determine F , . The r e s u l t s 1 B 

are shown i n Figure 1 1 . The small Longitudinal 
con t r ibu t ion i s poorly known and i s cons i s ten t with 
zero. 
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Fig, 11; Longitudinal and transverse 

response for p(e,e')A through the resonance 
region. 

Experiments Involving polarized electrons on 
polarized nucleon targets would be directly sensitive 
to the interesting F M * M - i n C 6 r * e r e n c * C e t r n i a n d 

provide a measure of F r_. Possible experiments 
include: 

^(e.e^A and sHe(e,e')A 

The combination of both experiments would allow for a 
separation of neutron and proton contributions to the 
transition. 

VI. Weak Impaction Physics 

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

3He{e', iH)*' e. 

This reaction, although not as fundamental as the 
_.e-nucleon process p(e ,n)v , involves a charged 

final state making 

inLs reaction, eu-Liiaugn not a=» mnuaueiLLai. «*;» tne 
single-nucleon process p(e",n)v , involves a charged 
final state making it more amenable to experiment. 
—-- • • '- illustrated in Figure 12 for 

been made by 
The basic process is _ _ 
w M c h cross section predictions have 
Donnelly. 1 0 

The cross sections (-10 cn 2sr ) are very snail 
and include contributions fron vector and axial-vector 
terms which could in principle be separated. Combined 
with elastic electron scattering results this would 
provide a test of CVC Based on the standard model 
with massless left-handed neutrinos, the cross section 
should be zero for right-handed electrons. A non-zero 
measure would indicate the presence of non-standard 
contributions. 

The counting rates are low and would require a 
large acceptance detector system. Reaction kinematics 
show a strong correlation between recoil 

Fig, 12: 3He(e", sH)y 
weak, interaction physics. 

cha rge-changing 

angle and triton energy. This would need to be 
exploited to reject background events. With a 
circulating current of 100mA, a solid angle of 0,5sr 
and a taxgfet of tt>itt atoms/cm* the event rate is 
approximately 2/hr. 

The experiment, however, involves serious 
background problems, First, the kinematics are 
identical to elastic scattering. Since this is 12-14 
orders of magnitude greater, the sHe target muse be 
ultrapure; the 3 H component mist be less than 10 
Target walla 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 to measure 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 
experiments which may be possible "> -.'ng internal 
targets. 

VII. FwiPlty. 

tte have tried to show in this brief review, using 
a few select examples, a glimpse of the new physic? 
that would be made possible using internal cargets at 
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a 1-GeV storage ring. The ability to measure 
accurately small amplitudes and interfering processes 
over an extended region in <q,«) 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 proposed experiments a reality 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 interesting 
experiments. 

There is currently much activity in the 
development of optically pumped polarized targets. 
The results look very promising. 

Worldwide, the storage rin& 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 c 9 0 experiment for the Aladdin storage ring. 
The proposed Bates CW upgrade would provide a unique 
facility for such studies over an extended energy 
range of 0.3 • 1.0 GeV. With timely funding such a 
facility could be operational in a few years. 
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VECTOR DOMINANCE REVISITED BY A QUARK THEORIST 

C.E.Carlson 
Physics Department 

College of William and Mary 
Williamsburg, VA 23185, USA 

Abstract: we examine from the viewpoint of OCD 
some topics that are often treated at tower energies by 
other means, particularly vector meson dominance, VMD. 
We would like to see why the older methods worked well 
enough to be pursued and what limits QCD says they 
should tend toward at higher energies. 

1. totrpduclifln 

We will examine a trio or "old" topics, which have 
often been analyzed using vac'cr meson dominance', 
from the viewpoint of a modern theorist who likes to 
analyze in terms of quarks and quantum chromodynamics. 
The three topics selected are the electromagnetic N-A 
transition form factors (where we don't mention VMD), 
the nucleon form factors, and Compton scattering from a 
proton target. 

We will try to see either why VMD gave decent 
results in some situations or what contraints QCD will 
set 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 course is 
the problem. When an adequate calculation beginning 
from QCD is intractable, we use models like VMD that 
use some experimental data to say for example that 
there exist bound states with certain masses, that have 
the same coupling constants in a variety of situations, 
etc. In addition to seeing why VMD worked we would 
like to establish its domain of validity and see if it 
agrees with QCD in kinematic regions where 
perturbative QCD is applicable. We will in turn examine 
our three subjects and then make some closing remarks. 

II. N-A transitions 

The goal here is to compare expectations at high Q2 

and low Q2. particularly regarding spin observables such 
as the E2/M1 ratio, and to see how the underlying theory 
gives high Q 2 trends and helps interpret the data. 

E2/MI ratio. At low Q2 it is natural to analyze 
reactions in terms of multipole amplitudes, which we 
could well call multipole form factors. For N-A 
electromagnetic transitions with the photon off shell. 
there are two electric quadrupole amplitudes called E2 
and C2 and a magnetic dipole ampl itude Ml. If the N and 
A both nave spherically symmetric spatial wave 
functions and recoil is neglected, then the £2 and C2 

amplitudes are both zero and the Ml dominates2. 
At high Q2, because the quarks are loathe to flip 

their helicity, it is more natural to analyze in terms of 
helicity amplitudes1. 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. 

N 

A 
y^r^sxs 

_)\j-^rw 

N 

A 
\~AJ~VS 

Fig. (1) 

Notice that amplitude G+ requires no quarks to flip 
helicity, G 0 requires at least one quark helicity flip, 
and 6_ 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 t at high Q 2 by a factor of 0(m 2/Q 2). 
Translating into helicity amplitudes. 

G_ = , / 7 r ( - . / 3 " F m + 

G+=,/Jt( F, Ml 

F E 2 ). 
V T F E 2 ). (1) 

where we have followed Donnelly sLaJ's notation''. The 
cancellation necessary for the asymptotic G./G + result 
leads to 5 

F E2 / F MI -J* 
E f / n 1 t = i 

E2/MI = V 5 

Donnelly eJLali. 

Many authors6, (2) 

Durand, DeCelles, and Marr7, 

where we have quoted the same result in several 
different conventions. The result is in great constrasl 
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to the low Q 2 expectation. The data at 3 GeV 2 is sti l l 
consistent with zero 8 and it wi l l be interesting to see 
what happens just a few GeV2 higher. 

Q 2 falloff nf leading form factor. The data on the 
high Q 2 falloff of the leading N-A form factor is usually 
quoted in terms of a form factor G n " which is defined 
operationally9 from the cross section for eN -» enN and 
plotted compared to the dipole form. We show this in 
Fig. (2a) where 

for G + , Fig. (3). one can show at high Q 2 that 

G t oc |/Q3. (4) 

^ ( o 2 ) * 2 

G

D ( ° ' G

M ( 0 ) (* • <?i0.11G»V*y 

(3) 

is squared and shown plotted vs. Q 2. ^ " ( Q 2 ) clearly 
falls faster with Q 2 than the dipole form. 

Fig. (3) 

Chasing down the kinematic factors one discovers that 5 

Grt"= ftnNV§7Q2)G, ~ l/Q5 (5) 
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Fig. (2) 

However, we must also consider what QCO would 
teach us to expect. By direct calculation or dimensional 
analysis of the lowest order perturbation theory diagram 

at high Q ! . Hence one expects that 6n" will fall faster 
with Q 2 that the nucleon elastic form factors. One 
should really plot Crl ^ " / G Q ] 2 VS. Q 2 as in Fig. (2b) 
before interpreting any difference of behavior with Q 2 

between the N-A transition form factor and the elastic 
nucleon form factor. 

i l l . vttO and nucleon form factors 

VHD can be implemented in several ways. How does 
it get the right Q 2 falloff and why can it f i t the data so 
well? We wil l see how Iachello. Jackson, and Lande 1 0 

(IJL) did it in 1973 and how Gari and (^17106^3™" 
(GK) did it in 1985. Those two treatments are similar 
enough to be discussed together but are by no means 
unique, as one can learn by examining Hohler et a l 1 2 or 
•Corner and Kuroda1 3, for examples. 

Basic implementation of VHP. To begin, one doesn't 
do the most naive thing, illustrated on the next page in 
Fig. (4a). Here there is just a vector meson connecting 
the photon to the nucleon so 

no1) 2 WW CO*) 

(6) 
Data (even before QCOl) show a l/C* falloff so that 
giving F ^ a monopole falloff implied the correct high 
Q2 form. (This is one of the arguments for using 
monopole forms for the meson-nucleon-nucleon form 
factors as is often done in nuclear force calculations.) 
But even with the correct high Q2 form, the fit to the 



data is not good enough at all Q 2. 

Fig. (4a) 

Fig. (4b) 

Instead. IJL and GK add a "direct term," Fig. (4b), 
as well as the VDM term, Fig. (4a). For the isovector 
and isoscalar dirac form factors including just the p and 
(o vector mesons, they have 

F 1 V(Q2) = (Vi)g(Q 2)! I - $ p + ( J p m p

2 / ( m p

2 * Q 2) ] 

F | S (Q 2 ) * (%)g(Q2) [ 1 - * u • ^ m ^ T u V • Q 2) 1 
(7) 

The "intrinsic form factor" is given by 

g(Q2) = (1 * V f t " 2 (8) 

(Actually IJL give several choices for the intrinsic form 
factor, but with hindsight we should only consider the 
one that gives the asymptotic falloff predicted by QCO.) 
Note that 

(i) We have the right falloff at high Q 2 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 
Fyj^ has a monopole form is no longer valid.) 

(iii) From fitting data 

h 
0.4 6K 

0.7 IJL ( r p * 0 choice, below) 
(9) 

so that the VMO terms are not in fact dominant for any 
Q 2 > 0 . 

Asymptotic VHP contribution. What does QCD say 
about the high Q2 behavior of Jf-nucleon couplings via 
vector mesons. The relevant diagram is drawn in Fig. 
(5). 

Fig. (5) 

There are three extra propagators as compared to 
the intrinsic form facta diagram, which is identical to 
Fig. (3). The two extra quark propagators are absorbed 
into the vector meson wave function, and the loop 
Integral is over the momentum fractions and relative 
transverse momenta carried by the quarks of the vector 
meson. The only extra Q2 dependence is a 1/Q2 from the 
extra gluon propagator. Hence the entirety of Fig. (5) 
gives a l/Q 6 contribution to the form factor1 1 which is 
exactly what is used. 

Thus, by coincidence or otherwise, the asymtotic Q2 

dependence of both the direct and vector dominance 
terms are correct in these fits to the nucleon form 
factors, and clearly the vector dominance term has a 
pole in the right location, so one can understand why the 
fits to the form factors can be good. 

Asymptotic neutron/prattm ratio, IJL and GK give 
rather different values for the ratio F l n / F 1 p at high Q2 

and we would like to understand why this is so. The 
answer has to do with differing ways of accounting for 
the width of the p meson. 

In a preliminary way. let us quote that at high Q2 

the form factor F, falls like 1/Q1 and wilt dominate the 

cross section unless it is unusually small and the form 
factor ?2 f a | 1 l i k e '/Q 6- This means that at sufficiently 
high Q2, F, and G^ are identical. We can also give a 

brief catalog of what is firmly known about the neutron 
form factors1 

(a) F | n (0 ) = 0andF 2 n (0) = K n =- l .913 . 

(b) From scattering of thermal neutrons off 
atomic electrons15, 

"(0) 
"""to Kn 
- T ( 0 ) - - T 0.510±0.007 GeV 
dO 4« 

<I0 
l D ( 0 ) - -.0031±0.007 GmV'2 

(10) 
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Thus the slope of F 1 n is small. 
(c) The ratio of differential cross sections 

Or/Op is measured16 at Q2 = 2.5, 4. 6, 8. and 10 Gev2 at 
one scattering angle. The ratio is about 1/4 at 10 GeV2 

which allows us to state 

!%/6Mpl * "2 (10 

at 10 GeV2 and the upper limit is falling betweeen S and 
lOSeV2. 

So if 

, , P •* P » Z 

* 0 
2 r? 

a • 0 
p (12) 

3 0 0 m p x m b i t n e n forcing F ) r^ * 0 at low Q2 makes F ) n 

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 T] 2 for convenience below we 

make a replacement for the p propagator in the 
preceding formula, 

• • o 

f 2 = . 2 „2 

a + er a /* 
a p_a 

(B%0"> • [Am2*Q2)T A(0*) 
P « P 

(13) 
with 

M0')-l 
lQ2**m JO**** * 0 

2a 

(14) 

After this replacement, we sti l l have F-|ni0) = 0, 

but 

whereas 

dO 

—i(0) - - — 
dO a 

1 • ST /3Xa 
C K 

• • er • in 
p p * 

(15) 

(16) 

slope of F ) n is f i t . One then gets the asymptotic result 

lim Q2HO 
' I n 
: IP 

-4.40 

-0.028 

IJL ( r p *0) 

GK (r p=0) (17) 

(More accurately, GK do say they account for the width 
of the p but in a way that doesn't have any affect on 
their fitting of the fl's.) 

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

IV. Proton cnmpton scattering 

The elastic reaction 2fp -» tfp rpovides another check 
of vector meson dominance. We separate discussion of 
the high momentum transfer and low momentum transfer 
regions. At fixed large scattering angle in the center of 
mass, using QCD and direct coupling of the photons to 
the quarks in the proton illustrated in Fig. (6a) we have 

Fig. (6a) 

a rule which follows from dimensional counting18 which 
we quote and then use, (18) 

do 
- * t * B « 8 dt 

Here s is the cm. energy squared, t is the momentum 
transfer squared, and n A is the number of elementary 
fields in particle A 

If we mix QCD with vector meson dominance, then 
Fig. (6b) pertains and VrlD tells us that 

do 2 do 
Jfc!3£, y i . yp-Vp 

dt V f„ dt 

(19). 

thus upsetting the balance between <Sp and 0 W when the 



Fig. (6b) 

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

dt 
(20). 

Data from Shupe et a l 1 9 is shown In Fig. (7), and it is 
clear that the s _ B behavior is more compatible with the 
data than s - 8 . The direct coupling dominates. 

6 , e 
ilGeV*) 

K> 12 

Fig. (7) 
Coapton scattering ercss awtion* at 
constant e.». scattering anglat*. Tha 
straight Unas ara f i ts to tht data. 

V. qoncluding 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 f i t to 
nucleon electromaagnetic form factor data inspired if 
not dictated by vector meson dominance. Sti l l another 
not mentioned earlier is the agreement among vector 
meson coupling constants obtained from different 
reactions such as p-»e+e", p-mV"". 8p-»pp, etc. (J.J. 
Sakurai published in 1966 a Physical Review Letter 2 0 

with the fine t i t le, "Eight ways of determining the 
p-meson coupling constant") tet 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 accomodated31, but a detailed 
look at the demonstrations of this shoes that the 
arguments amount in the end to dimensional analysis. In 
any case, as a practical matter VMD is not useful if one 
has to use a large number of vector mesons, so its 
ut i l i ty domain is an intermediate one where the energy 
is high enough so that time dilations allow any vector 
meson that the photon fluctuates into to live longer than 
a transit time across a nucleon or nucleus1, but not so 
high a momentum transfer that direct couplings of the 
photon to quarks dominate the VMD contributions. 
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S E M I - I N C L U S I V E I N E L A S T I C E L E C T R O N S C A T T E R I N G F R O M N U C L E I 

Edmond I 
High Energy P! 
Argonne Natioi 

Argonne, 

A b s t r a c t 

A survey is presented of the physics of the electroproduc­
tion of hadrons from nuclear targets, eA —• e'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 arc pre­
sented for the nuclear dependence of eA —> e'hX, including a 
discussion of the special subprocess tit —» eV in which scattering 
occurs from the pion constituents of nuclei. 

I . I n t r o d u c t i o n 

This workshop was organized to identify aspects of the 
structure of nucleons and nuclei which might be studied prof­
itably with internal targets principally at the PEP electron posi­
tron storage ring at the Stanford Linear Accelerator Center. The 
energy of the incident electron (positron) beam would be limited 
initially to the "intermediate energy" range, £ < 15 GeV. 

A considerable literature has developed on nuclear 
dependence 1 of deep inelastic inclusive (or single-arm) lepton 
scattering, eN —> e'X, prompted by the observation'* 4 of in­
triguing differences between the inclusive structure functions of 
nucleons and nuclei [the "EMC* effect). In eN -* e'X, e and 
e ' denote the initial and final electron, and ff may be a free 
nucleon or a nucleus. Symbol X represents an inclusive sum 
over all final states. The data show directly that the quark mo-

' mentum distribution of a nucleus differs significantly from that 
of a free nucleon. It is natural to inquire whether more differ­
ential measurements would shed further light on the dynamics 
underlying nuclear dependence. In this paper, I will focus on the 
theory and phenomenology of semi-inclusive (or two-arm coin­
cidence) measurements: eN -» e'kX; h labels a specific final 
state hadron (e.g. IT, 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 osi 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'n) are the translations of semi-inclusive measurements and 
eN —> e'jrX. Summariesof many general properties of the distri­
bution of final state hadrons from leptoproductipn experiments 
may be found in the review by Schmitz 6 and in numerous papers 
from the European Muon Collaboration.'' 

I . Berger 
hysics Division 
lal Laboratory 
IL 60439 

In Section 2, 1 define the five independent kinematic vari­
ables and four independent structure functions, H, ' , necessary 
to specify the process eN —• e'hX. Next, in Section 3, the par-
ton model description of inclusive and semi-inclusive inelastic 
electon scattering is reviewed. 7 8 ' 0 Fragmentation functions arc 
defined, some of their properties are listed, and measurements 
are suggested for determining specific fragmentation functions 
and their A dependence. In Section 4 ,1 discuss a particular high 
twist contr ibution 1 0 , 1 1 to the quark fragmentation function.1" 
Section 5 includes statements concerning the nuclear (A) de­
pendence of eA —> e'hX based on the pion exchange model" 
used to explain the nuclear dependence of the Inclusive process 
eA -t e'X. In Section 6, I present predictions for the contribu­
tion of the elastic scattering process en -* e'jr to eA —» e'xX, 
where the initial rr in eir -» e 'ir is a pion bound in nucleus A. A 
summary is found in Section 7. 

2. K i n e m a t i c s , Defini t ions , Cross Sec t ions , 
a n d S t r u c t u r e Func t ions 

I begin with the fully inclusive scattering of an electron 
or muon from either a nucleon N or a nuclear target A, sketched 
in Fig. 1(a). This process is usually denoted (A — t'X, where 
symbol X represents an inclusive sum over all final states. The 
initial four-momenta of the tepton and the target are denoted 
by k and p. The four-vector q is the momentum transfer from 
the initial lepton to the target; that is, it is the difference be­
tween the four-momenta of the initial and final teptons. The 
laboratory energies of the initial and final leplons are E and £ ' ; 
V is the energy transfer, E - E', in the laboratory frame. It is 
conventional to define Q2 = q2 — i>2 = -g2 > 0, and two di-
mensionless variables x and y, x = Q1 jtMNu, y ~ ujE, where 
Mfi 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, 

u'fQ* = Q'l{2MNxf » 1. (1) 

Light-front components 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 = - q / | q | . For deep-inelastic scattering, 
q~ =s 2ls, q* « 0, p • q a 'jp*q~ =s p*u- Light-front momen­
tum fractions are defined as ratios of plus-components [or of 
minus-components) of momenta and are thus invariant under 
longitudinal boosts. 
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Figure 1: Sketches of a) inclusive reaction cA —<• c'X and 
b) semi-inclusive reaction cA —* c'-nX. 

In the one photon exchange approximation, the differen­
tial cross section for inclusive inelastic scattering of a charged 
Upton [cA —' e'X or p.A -+ n'X) by any target is proportional 
to tensors fif(q,k) and Fir{q,p) that depend respectively on the 
properties of Hie lepton and the target only: 

d'a 
dxdy 

4jr or' 2MN y 

e 7 Fx'f,f. (3) 

The tensor Fi> is a linear combination of 'structure functions", 
invariant functions of Q2 and p • q, multiplied by universal co-
variant functions of p and q. In the case of the scattering of 
unpolarizcd particles, there are two structure functions for the 
conserved electromagnetic current: F\(x', Q'), x' = Qij(2p-q) — 
x{MNt//p • q). 

In the deep-inelastic approximation, 

W 
for scattering by a nuc'_ m, and 

FA'fif/A = E{..1 - y)F;{x'A,Qi)+2X

,

AF?[z,

A,Q')tf/2)} /» . 

(5) 
for a nucleus. Note that the micleon number A is used as a label 
to identify the nucleus. In Eq. (5) for the nucleus, variable x 'A, 
which is a multiple of x\ is defined by x'A = Q2A/[2pA • q). If 
the nucleus is at rest, x'A is approximately equal to x: x\ = 
XAMH/MA « I- The ranges allowed kinematically for x' of the 
nucleon and for x\ are (0,1) and (0,A) respectively. The struc­
ture functions F* and F* are structure functions per nucleon. 

In Eqs. (3)-(5) the momentum of the target enters only 
through the variable x'. This means that for a collection of in­
coherent free nueleons the momentum averaged cross section is 
related to momentum averaged structure Junctions in the same 
manner as the cross section per nucleon of the nucleus is re­
lated to the structure functions of the nucleus per nucleon. The 
momentum average is called Fermi smearing. 

To separate the contributions of F* and F* at fixed x 
and <J2 it is necessary to study the cross section as a function 
of y = vjE = Q 5 / (2MKE), i.e., as a function of energy E. If 
the Callan-Gross relation is imposed, i.e. [{Ft - 2xF\) /2xFi] = 
CC/CT a 0, then the cross section per nucleon may be expressed 
in terms of F*{x,Q2) alone: 

dxdy 
Aito?MNE 

[l + (l-y) 3]j?(x'*,«')• (6) 

In the semi-inclusive or two-arm coincidence process, 
cA —* c'hX, sketched in Fig. 1(b), four momenta fc, k', and 
p^ of the initial and final lepton and of hadron k are measured, 
but an inclusive sum is otherwise made over all possible final 
states X allowed kinematically. For a fixed total energy, five in­
dependent kinematic variables are necessary to specify the final 
state. Two of these variables, x and Q7 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 ft. I'll work with a set which has become standard 
in particle physics: z, \pr\, a>. Here, z is a ratio of dot products 
of four vectors: 

. _ Ph-PA. 
z — , 

q-PA 
(7) 

pir is the component of the final hadron's three-momentum trans­
verse to the direction specified by q; and 4> is an azimuthal angle: 

costf = ( - q x k ) - ( - q x p A ) / | q x k | | q x p A | , («) 
I note that in the deep-inelastic approximation, z is the ratio of 
the minus-component of the momentum ph to that of q: 

z = Phll (9) 
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In the one photon exchange approximation, the spin-
averaged cross section per nucleoli for tA —< e'hX may be ex­
pressed* in terms of four independent structure functions which 
I denote H,-*1* (x,Q*,z,pr). In the deep inelastic limit, the cross 
section becomes 

do*-" __4na*tMi,Elt„Aih _, „ _ _ , u A , k 

dx dy dz dp? d<j> Q* [ WH}* + {l-y)Ht-

+ ( - ^ ) ( 2 - y ) ( l - u ) ' / 2 c o s ^ (10) 

+ J(l-y>cos2^]. 

Note that it is necessary to study # dependence in order to 
isolate H** and H*'h. Furthermore, y dependence (i.e. E de­
pendence at fixed z, Q1) must be measured in order to separate 
the four structure functions. 

After integrating the cross section over <t>, which elimi­
nates dependence on Hs and Ht, and over p\, one obtains an 
expression in terms of only two independent dimensionless func­
tions, denoted Hi[x,Q2,z): 

daA-K 4xa22MNE 
dx dy dz Q < [xy'H?'\x,Q2,z) 

(") 

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

da** 4za*MNE 
dxdydz Q* 

[l + ( l - y ) » ] *,**(*, Q*,x). (12) 

For any inclusive process, conservation of four-momentum 
specifies that 

da* 
<Pp ?/^g=^ (13) 

Here P* is the total four-momentum, and p" is the four-
momentum of a hadron of species h. When this equation is 
applied to the difference (Eh — Pi,/k), where Ei, is the energy, and 
pt,,/, is the longitudinal component of p j along the current-target 
axis, a relationship is obtained between the semi-inclusive func­
tions, H*'h [x,Q2,z), and the fully inclusive structure functions, 
F* (x,Q2). For each value of t, 

In the next section I discuss expectations for the z, Qz, 
and z dependences of H*(x,Q2,z) based on the parton model. 

3 . Parton Model Description 

Probabilities «•?(£, Q z ) , qf(Z,Q2), and GA((,Q2) are de­
fined which represent the quark, antiquark, and gluon number 
densities in a nucleus, A. These are densities per nudum, just 
as are F | \ (x , Q2), meaning that a factor of A has been removed. 
(These densities "per nucleon" should not be assumed to be the 
parton densities of "nucleons within nuclei".) Subscript / on qf 
and qf labels the flavor of the quark or antiquark: u,d,s,c,b,l. 
Variable f is the light front fraction of the momentum of the 
target A carried by a parton of a given type. 

In the parton model,' 8 f, qfi^Q1), qf(t,Q'), and 
GA((,Q2) are measurable quantities. Indeed, £ 3 x, with x 
determined from the lepton kinematics, as defined above. Fur­
thermore, the observable ff* measures the fraction of the mo­
mentum of the target A, per imcleon, carried by quarks and an­
tiquaries, weighted by the squares of the fractional quark charges 

F,A (*, Q2) = £ t]x [tf[x, Q2) + qf(x, Q2)}. (15) 

3.1 Quark Fragmentation Region 

Turning now to the semi-inclusive process eA —> e'hX, 
let's ask what H*{z,Q2,z) measures. Recall, z = p-,-px/?'PA. 
Eq. (7). The answer to this question involves a discussion of 
what happens''8 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 large Q2, a free quark 
or free gluon would emerge from the target along the direction 
of the momentum of the exchanged photon. However, quarks 
and gluons are confined; they are not observed as asymptotic 
states. Thus, a spray of hadrons is observed in the final state, 
hadrons said to be "fragments of the struck quark". For suf­
ficiently large 1/ and Q2 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 
function, D/,//(z,Q2). (At sufficiently large Q2, there will be a 
discernable gluon jet or jets in the final state in addition to the 
quark jet. Gluon fragmentation is also described by a fragmen­
tation function, D",/c(z, •?'). In this paper I /ill 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 PhpA is 
finite, whereas q-pA grows in proportion to Q2. The final hadron 
h moves with small momentum in the rest frame of the target. 
Hadron l» 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 2 dependence of HA(x,Q2,z), and the con­
cept of a fragmentation function does not apply in this region. 
However, one does expect scaling, i.e. approximate Q2 indepen­
dence, at Sxed x. 

In the second region, BVPA grows hi proportion to Q2, 
0 < 2 < 1. It is in this region that hadron h is said to be a "frag-



ment of the quark" or antiquark struck by the virtual photon in 
the deep inelastic collision. If the separation in momentum of 
the struck quark from the target spectators is large enough, it is 
natural to assume that fragmentation of the quark into hadrons 
is independent of production of the quark. Fragmentation should 
therefore be described by a function of z, be independent of x, 
and be independent of the procett 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, q~ c; 2u. Therefore, Eq. (9) allows us to in­
terpret z as the fraction of the (light-front) momentum of the 
struck quark carried by h. 

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 ft in cA -» c'hX is 
defined as 

where E*, PK,L are the energy and longitudinal component of mo­
mentum of hadron h. (Longitudinal is defined by the direction 
of the momentum q.) The full range of y* allowed kinematically 

is Y — lnWj = ln(Q ! (l -x)/x); Wx is the invariant mass of the 
system X in the fully inclusive cA -» e'X. 

It has been established1 3 experimentally that the typical 
hadronic correlation length in rapidity is Ayj, — 2. Therefore, 
if the dynamics of quark fragmentation is to be studied inde­
pendently of "contamination* from target fragmentation, it is 
necessary that Y > 4, or, equivalently, that 

Wx = f 0 ^ 1 " ^ ] k. 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 Wx > 8 GeV but not for 
2 < Wx < 4 GeV. The values of Wx accessible in the CERN 
EMC" and Fermilab E-665 experiments extend high enough to 
satisfy Eq. (17). However, it appears doubtful that large enough 
values can be obtained at SLAC with E ^ 15 GeV. 

If the inequality Eq. (17) is satisfied, it should be possible 
to measure fragmentation functions D(z, Q2) over essentially the 
full range of z, 0 < z < 1. Somewhat smaller values of Wx may 
be adequate if attention is restricted to the large z region. As 
Y is increased above 2, or 

Wx > 3 GeV, (18) 

the quark and target fragmentation regions begin to separate. 
As long as Y .'i 2, the hadrons with the largest values of z are 

most likely quark fragments. Data1'1 from e + e" -> hX show 
that a distinct function D(z) may have developed for z > 0.5 at 
W = 3 GeV. The region extends to z a 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 1 6 on ep -> e'fr* X at 
E = 11.5 GeV, with 3 < Wx < 4 GeV. 

At low values of Q ! , where the target and quark frag­
mentation regions overlap in momentum space, the concept of 
distinct production and fragmentation processes may not be rel­
evant for the description of hadron formation in eA —• t 'hX. 
This means, in particular, that nuclear A dependence observed 
in H}(x,Q2,z) at modest values of Q2 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 £>A/ / (Z ,Q 1 ) is defined 
which is the probability for a quark of flavor / to fragment into 
hadron h in an interval dz about z. In other words, D/,/f[z,Q2) 
is the number densitjf in the quark of flavor / of hadrons of type 
It which carry a fraction z of the (light-front) momentum of the 
quark. 

In the simple parton model D(z, Q2) is independent of 
Q2, just as is qf(x,Q2). Gluonic radiation in QCD generates 
logarithmic dependence9 on Q2 in both D(z, Q2) and qs(x, Q2). 
Neither the full X dependence of q(x,Q2) nor the full z depen­
dence of D(x, Q2) can be calculated as yet from first princi­
ples in quantum chromodynamics. At small values of z one 
expects' D(z,Q2) to be proportional to 1/z, whereas at large 
z constituent counting rules and spin considerations may be 
used to specify 1 5-"' 1 0 the power p in an expansion of the form 
zD(z,Q2) n (l - z)r. 

In addition to Q* dependence of q/[x,Q2) and D(z,Q2), 
gluonic radiative contributions in QCD generate a finite longitu­
dinal structure function HL(X,Q2,Z) - Hi(x,Q2,z)-
2xBi{x,Q2,z) as well as finite contributions" proportional to 
Hs and Ht in Eq (10). In cA -> e'hX, intrinsic transverse 
momenta 1 9 of the parlors in the initial hadron A and final 
hadron ft are also a source of finite Hs and Ht contributions, 
as are higher twist effects.1 0 

The statement of factorization plus the definition of frag­
mentation functions, D{z,Q2) for quarks and D{z,Q2) for anti-
quarks, result in the following expression for the semi-inclusive 
structure function Ht{x,Q2,z), valid in the quark fragmentation 
region, z > 0: 

Bf*l», Q\ z) = £ «/» [tffc tfMv/fr Q*) 

+ qf(x,Q2)Dh,r(z,Q% 

With 

£ [l dezDk,As,Q2) =£f'dzzb,,„(z,Q2) = 1. (20) 
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Combining Eqs. (6), (12), (IS), and (19), we may observe 
that when o i / ^ r — 0, 

1 dc{eA^e'kX) 
0%n <<« 

da[eA->e'hX) 
dxdydz 

dc{cA-+e'X) 
dxdy 

(21) 
This equation simplifies considerably the case of a nucleus with 
an equal number of protons and neutrons and x "g, 0.3. (For 
x > 0.3, antiquark densities as well as the strange quark density 
may be ignored.) Thus, 

1 do{eA->c'kX) 
attt dz , z o s = I [4D„/U(*,QJ) + Dk,i{t,Qt)] , 

[lo*C»lw 
T»r«tt 

(22) 

The number of independent fragmentation functions is 
limited by isospin and charge conjugation invariance. For exam­
ple, for pion production, 

D , + / „ = 0 , - / d =Dr+M = b,-/u, (23) 

D^ji = D.-,u = A,t /« = Dw-li. (24) 

Dr*l. = D.-/. = •»,+/, = •&,-/.- (25) 

D^u-YD,-,, =2D^IJ. (26) 

Data on differences of * + and 7r~ spectra obtained in 
studies with iaoacalar targets may be used to isolate specific 
fragmentation functions. Using Eq. (22), together with Eqs. (23) 
and (24), I obtain 

4 1 dt?{tA->e'it+X) 
3 oM dz 

1 1 do(eA-* c'n-X) 
3 Ctot dz 

and 

Ar*,„(*,Q'): 
(27) 

1 1 do(tA -> e'ir* X) 
3 fftot dz 

(2S) 

Relationships (23) and (24) may be used to obtain a very 
simple expression for the sum of the n* and 7r yields from a 
nucleus with an arbitrary neutron/proton ratio. Ignoring the 
contributions from sti inge, charm, and heavier quarks and an-
tiquarks (but retaining the contributions from the up and down 
antiquarks), we may show that 

1 [dojcA -> t'it+ X) dajeA -> e ' ir X)1 
»tot [ dz dz 1 

= D, + / l ,(e,QVA,-/ u(*,e 1) ( 2 9 ) 

= 0 , t / i ( s , Q ! ) + Z> r. / J(z,C? s). 

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

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. (IS). Semi-inclusive cross sections determine fragmen­
tation 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 8 0 that semi-inclusive data may be 
a source of information on the x dependence of quark and an­
tiquark densities of nuclei. Equation (21) shows that extract­
ing information on qf[x, Q2) and qf{x, Q2) from semi-inclusive 
measurements is possible only if the fragmentation functions are 
known fairly precisely. 

To appreciate the property of process independence of 
fragmentation functions, it is useful to examine briefly the de­
scription of hadron production in electron-positron annihilation 
at large (J J, e*e~ —t hX. In the one-photon approximation 
(ignored are effects associated with the K"), the cross section 
differential in z and angle $ is 

8 
(1 + cos* Ml'iQ') . 3 

dz 4 " ( 1 -
,daUz^) 

dz 
(30) 

In this case z - 2p/, • q/Q1 and, in the e+e~ center of mass 
frame, 9 is the polar angle of hadron h with respect to the t+e~ 
collision axis. The variable cos 6 replaces the variable y defined 
for tA -» e'n X. In the parlon model, as extended by QCD, 

where aa = ina2/3Q*. Through 0(a,), the total cross section 
for e + e~ —• X is 

*.o,(e!) = 3,ol>/(i + ^ ) . (32) 

where the term proportional to the strong coupling strength 
a «(Q' ) i* "ue to °i[z<Q*) i n E 1 - ( 3 0 ) - 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 flavors 
of quarks and antiquarkB. 

Data on the properties of fragmentation functions from 
e + e" annihilation experiments may be found in Refs. 14 and 21 
and from Jeptoproduetion experiments in fiefs. 15, 22, and 23. 
An example is shown in Fig. 2. 

3.3 Nuclear Dependence of Fragmentation Functions? 

It may be noted that I ha»e used the notation Dkjf{z, Q3), 
implicitly suggesting that this function does not depend on the 
target A. Should the fragmentation functions D y / ( s , Q 2 ) and 
Dki,(z,Q2) in Eq. (19) depend on A1 



Figure 2: Fragmentation function D{z, Q1) from e*e~ 
Q1 = (29 GeV) 2 , Ref. 21. 

•irX at 

If the statement of factorization is correct, then 
Ai/.r(z, Q7) must be independent of A because factorization is 
the assertion that this function is a process independent prop­
erty of hadron ft. In QCD, there can be gluon exchanges be­
tween the active quark and the spectator partons in either A or 
ft. To demonstrate the validity of factorization one must show 
that these gluon interactions cancel. A proof exists 2 4 for the 
Drell-Yan process hA —» -f'X, but no proof of factorization in 
QCD has yet been attempted for the crossed process of inter­
est here, i'A —» hX. Presumably a "target-length condition" 
would emerge from such a proof, analogous tc the relationahip 
between Q 2 and A necessary for factorization in the Drell-Yan 
case: Q1 > cA1'3. 

Intuitively one would expect factorization to hold only if 
the separation in momentum of the struck quark from the tar­
get spectators is large enough. In a heavy nucleus, even in the 
quark fragmentation region, it is plausible that hadron produc­
tion may be modified with respect to that observed in deuterium 
due to reinteraction effects of either the fragmenting quarks or 
the hadrons as they propagate through the nuclear medium. It 
is often assumed that fragmentation takes place within a limited 
interval in space-time. 8' 2 5 Because of Lorentz dilation, the pro­
cess will occur over a distance which increases as v, the energy of 
the struck quark, increases. For lorje enough v, fragmentation 
would then occur outside the nucleus. In this case the main effect 
on fragmentation would be the size of the quark cross section in 
nuclear matter. At large Q1 this virtual quark is expected to 

have a small interaction probability.20 

To explore these issues, it is of obvious interest to study 
possible nuclear A dependence of fragmentation as a function of 
i/, z, and Q1. The dependence on all these variables is impor­
tant. Equations (22}, (27), (28), and (29) show that fragmenta­
tion functions, or combinations thereof, could be extracted from 
experiments done on different nuclei. The ratios of these results, 
DA(z, Q*)/DD* [z, Q2), should be independent of A if there is no 
nuclear dependence. If the ratioB approach unity at targe i/, 
the expectation of a small cross section for quark interaction in 
nuclear matter would be confirmed. 

Available data on nuclear dependence of fragmentation 
are of limited statistics.""*1 Effects of quark and/or hadron 
reinteraction are setn at low v, but there is no evidence for 
such effects for u > 70 GeV. I will not discuss further here 
physical processes which may be important at low u 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 Contribution 

High twist terms 1 0 ' 1 1 in the structure functions, q/{x, cj 2), 
and fragmentation functions, D(z, Q 2 ) , are contributions which 
decrep^e in proportion to an inverse power of Q2 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 constituents 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 Qz in the hard scattering amplitude. 

In this section I call attention to a particular high-twist 
contribution to the fragmentation function 1 0 D,/ll(z,Q1). It is 
of interest in ita own right and quantitatively important for the 
range of values of Q 2 accessible in eA —> e'hX experiments at 
SLAC. Moreover, it is an important "background" to the coher­
ent tfc —» t 'it signal, discussed in Section 6, where the initial jr 
is bound in the nucleus. 

Consider the diagram for T'O — itq sketched in Fig. 3. 
The initial quark is a constituent of a target nucleoli or nu­
cleus. The final pion is represented by its minimum Fock space 
component \qq). For "favored" fragmentation processes such zz 
u -* JT+ X or d -» V X, this diagram permits one to calculate 
both the expected large z form of the scaling term in D(z, Q1) 
and a Q~2 contribution appropriate at large z. Higher compo­
nents, including gluons or additional qq pairs, are present and 
would supply termc suppressed by added powers of Q*. 

Extracting a fragmentation function from Fig. 3, one 
obtains 1 0'' 2 

D,„{*, <?') = A [(1 - z)1 + j i M C 2 ) ] , (33) 

where A is a normalisation, constant discussed below, and Fr[Q7) 
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2-Y 
Figure 3: Diagram illustrating a higher-twist subprocess which 
contributes to t'q -» jrJf. 
is the electromagnetic form factor of the pion. In the scaling 
limit, Q7 -> oo, Eq. (33) shows that D,/,(z) shoJd fall off as 
(1 - z)' as z -> 1. However, for finite Q2, the function J?„/,{z) is 
predicted to approach a finite value as z -* 1 whose magnitude 
decreases as Q'2. 

Information on the z dependence of D(z, Qf) at large z 
comes from e+t~ -> itX. An example is shown in Fig. 2. A 
fit to (1 - z) n for z > 0.5 yields31 n = 2.08 ± 0.21 compatible 
with the expectation of re = 2. The value of Q* for these data, 
Q1 = (29 GeV)3, is so large that the high twist term is essentially 
absent. 

Within the context of the approximations made in Xcf. 10, 
the relative normalization between the two terms in Eq. (S3) is 
specified. The overall normalization of the scaling term, (1 - z) 1 , 
is not iixed, but data21 at large z can be used to determine a 
value of A in Eq. (33). Doing so, I find values in the range 
1 < A £ 2. 

For large z, the cross section corresponding to Fig. 3 has 
the form10 

+ l[i-y)FAQ1). 

Note that the high twist term discussed here contributes only to 
the structure function /?]. A test of Eq. (34) requires examining 
data on eN -» «'nX for large z and verifying whether there is a 
contribution to «(x,Q2,2) which IB proportional to (1 — !/)/Ql-
Tests made with neutrino and antineuLriiio data have shown 
encouraging results,34"88 but much higher statistics are desirable 
over a broad range of Q'. 

5. Nuclear Dependence of H?h (cA -> e'kX) 

Models1 have been proposed to explain the nuclear (A) 
dependence of the fully inclusive structure functions F/i{x,Q1) 
In all approaches deep inelastic scattering occurs from quark and 
antiquark constituents. The approaches differ in the manner in 
which the constituents are grouped into color singlet degrees of 
freedom within a nucleus. These models provi de expec tations for 

the A dependence of the quark and antiquark densities, qA(x,Q') 
a n d ^ . Q * ) . 

If factorization is invoked, then ail of these models of the 
nuclear dependence of Ff(x,Q') lead to the expectation that 
at sufficiently large Q1 the A dependence of the semi-inclusive 
structure function is expressed as 

' (35) 
+ #(*)£>»//(*. «')]• 

The only dependence on A resides in qx(x,Q'2) and q*(z,Q2) 
which are the measured paxton densities of a nucleus. 

In the remainder of this section I will comment briefly 
on further implications of the pion exchange model developed at 
Argonne.13 It begins with the basic hypothesis that a nucleus is a 
bound tuitem of A mieleona plus an indefinite number of meions. 
The mesons are associated with nuclear binding. The structure 
functions (and hence the quark distributions) uf the nudeons 
and mesons are not affected by the nuclear medium. They are 
the same as those measured on free nucleons and mesons. 

The many-body bound state wave function of the nu­
cleus is expressed in terns 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 x„ for ir's, and 
xs for nucleons. Number densities per nucleon of mesons and 
nucleons are also defined, f*[xw) ind /jv(ijv), and computed 
from the bound state wave function. The mean number of pions 
per nucleon is given by the integral / f*{xT) dr., = (njj). Use of 
light-front dynamics guarantees that the number densities are 
invariant under longitudinal Lorentz boosts. 

In the pion exchange model, the fully inclusive structure 
function of a nucleus, per nucleon, F*[x,Q2) is expressed in 
terms of the structure functions F^(x,Q') and Fj(x,Q*) mea­
sured on unbound nucleons and pions: 

'' KX" ' (36) 
+ lfH[xN)F^(^Q2)dx„, 

Analogous expressions may be derived for the quark and anti-
quark densities per nucleon, qA{x,Q2) and qA[x,Q2), as well as 
for the gluon density GA(x,Q2). For example, 

h W * ' (37) 
+ fjti(xKW![^p)dxfl. 

According to the pion exchange modei calculations, 
(njr") = 0.095, meaning that in an Fe ..jeleus, there are on 
average 5 to 6 pions from which deep inelastic scattering oc­
curs. The mean momentum per nucleon carried by those pi­
ons is (xl') = 0.052. The "books art balanr d" in the sense 



that momentum lost to nucleons through binding, {xjj) < 1, 
is carried by exchange pions. The average nucleon momentum 
(ijv) = 1 — {x£) s; 0.95. This average nucleon momentum may 
be related to the mean one-nucleon separation energy observed 
in the reaction (e,e'p). As shown in Fig. 4, the pion exchange 
model provides a unified description of REMC(Z) for all z. The 
value of (nj) controls the size of the enhancement of REMC(X) 
above unity at small x, whereas {x*) controls the shape and size 
of the depression below unity for intermediate x. In the model, 
there is a modest change of <n*) with A. For Al, Fe, and Au, 
(n£) = 0.089, 0.095, and 0.114. 

Without further approximations, the pion exchange 
model may be used to obtain a convolution formula for semi-
inclusive structure functions per nucleon: 

•>«»>! \Xf/ 1 

This equation expresses the semi-inclusive structure function of 
a nucleus as the incoherent sum of the semi-inclusive structure 
functions of the nucleon and pion constituents of the nucleus. 
The pion and nucleon densities, (i(x,) and /jjfx/y) are un­
changed from the fully inclusive case. 

Structure functions H?h{x, Q2, z) are those measured on 
a deuteron target. The structure functions # ' • (x,Q2,z) would 
require experiments on a pion target: e* - • t'hX. In the 
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Figure 4: A compilation of data published prior to 1986 on the 
ratioofstructurefunctions Rmc(x,Q') s Fp(x,Q*)/Ff(x,Q*) 
for deep inelastic electron and muon scattering. Shown are pub­
lished results from the EMC Collaboration (Ref. 2), divided by 
1.05, as well as data from the BCDMS Collaboration (Ref. 4), 
and from SLAC experiments (Ref. 3). The shaded band indi­
cates the EMC group's estimate of experimental systematic un­
certainties. 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* = (200x + 10) GeV2 appropriate 
for the kinematics of the EMC data. 

fully inclusive case, it was possible to construct the functions 
q*(x,Q2) and F{(z,Q*) used in Eqs. (36) and (37) from mea­
surements of pton induced massive lepton pair production nN —* 
fifiX. I know of no similarly direct way to obtain the function 
/f*P'*(x,Q*,j!) which enters Eq. (38). Therefore, in order to ex­
tract specific predictions from Eq. (38), the x 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 tA —* c'xX 
is associated with clastic scattering from pions bound in the 
nucleus. This term is described in the next section. 

0. Special Term ear -> *'* 

In this section I consider briefly the possibility of elastic 
scattering from a constituent pion in the nucleus.**8 9 In the 
deep-inelastic limit, this subprocess provides the following spe­
cific contributions9 0 to Hf: 

H**{x,Q\z) =0 (39) 

H*'(x,Q\z) = «(1 - z)F![Q') ( dx,f?{xr)6 (~ - l) 

(40) 

= t(l - z)xtf(x)Fl(Q\ 

Since the pion electromagnetic form factor, F,(Q7), falls as Q'1 

at large Q2, this special contribution to tA — e'ir.7 decreases 
as Q~4. However, if it could be identified it would allow a direct 
measurement of the pion momentum density xfT(x in nuclei. 
The characteristic signatures of the contribution are the delt.v 
function, S(1 - z), in Eq. (40) and the Q~* dependence. 

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

fHt-'[x,Q\z) = 6(1 - z^x^F^). (41) 

Recall that (x*) is the mean momentum per nucleon carried by 
constituent pions in the nucleus. 

A high twist Q~* contribution of the form of Eq. (40) 
is also expected for scattering from a free proton, ep -+ c'irX, 
and is therefore included in the function H}

 ,w{x,Q2,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 ff3 '*(x, Q2, z) at large 
z. The special term in Eq.(40) could then be determined from 
the difference 

Hi»(x,Q\z) - j dzKf£(XN)H>!* (^-,Q\') • 
J*pi>z \ X J V ' 

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? 
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ii. Is the term large enough to stand out above various back­
grounds? 

The concept of "color transparency" 2 0 4 0'* 1 suggests that 
the final pion will indeed emerge unscathed from the nucleus 
at large enough Q2. Exclusive reactions such as eir —» e'fr are 
dominated at large Q2 by contributions from the valence Fock 
state of the pion, \qq). The valence state lias small transverse 
separation of the constituents and therefore negligible hadronic 
interactions. Correspondingly, a large momentum transfer ex­
clusive reaction can occur deep within a nuclear target without 
any elastic or inelastic initial or final state interaction. In addi­
tion to C7T —* eV, aotltcr example would be nA —* np(A' — 1). To 
obtain a rough estimate of the expected background to en —* ef-n, 
I adopt Eq,(19) for the contribution to single pion elcctroproduc-
tion from "conventional sources". Since the eir —• e'it signal is 
prominent only at large z, Eq.(33) can be used for the fragmen­
tation function, with A = 1. Summing over the charges of pions, 
and integrating over all z and 0.0 < z < 1, I obtain 

fdx rdzHf'{x,Q\i) = \ [' Ff(x,Q*)dx f^dzF^Q2), 

(42) 
valid for values of Q2 such that the high twist term in Eq.(33) is 
dominant at large z. Since f Ff(x,Q2)dx = 0.5(5/18), I derive 
a signal to background ratio of 

<7(special term) 
o-(background) . 2 0 0 ^ ) ^ ^ ; (43) 

The mean momentum per micleon carried by pions is computed 1 1 

to be (xl') a 0.05, and I approximate" F,(Q2) by Fr(Q2) a 
(l + Q'/QAGeV1]-1. Correspondingly, r F e > 1 for Q s < 3 GeV 2 . 

This compulation indicates 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 Q2 < 3 GeV ! . 
An experiment therefore looks feasible. However, at least two 
reservations should be staled. First, the restriction Q2 < 3 GeV 2 

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 terms retained in 
the kinematics. Second, since experiments are done at fixed zor 
over a limited interval in x, a more relevant estimate of the signal 
to background ratio would be obtained by comparing Eqs. (19) 
and (40) at fixed x rather than after an integral is done over all 
x. 

T. Summary and Conclusions 

Some of the points made in this paper include: 

• There are four independent structure functions for eyl —* 
e'h X. To separate them at fixed x and Q2, it is necessary 
to study the <l>, pr, and y[- v/E) dependences of the cross 
section. 

• Values of W\ = Q'(l - x)/x > 50 GeV2 are required for 
clean separation of quark and target fragmentation effects 

in the data and unambiguous extraction of fragmenta­
tion functions D(z, Q2) for the full range of z. Values of 
Wx £ 5 GeV may be adequate if attention is restricted to 
z Z 0.2. 

• In the region z > 0, factorization is the statement that the 
structure functions may be expressed as a sum of terms 
each having the form q{x,Q2)D[z, Q2). 

• Study of the nuclear A dependence of fragmentation as a 
function of Q2, u, x, and z will provide information on the 
breaking of factorization and on the dynamics of parton 
and hadron interactions in nuclear matter. 

• Interesting high twist contr"mtions to the quark fragmen­
tation function DT/,{z,Q2) ly be extracted by studying 
the behavior of Dw/t{z,Q2) a. iarge z and modest Q2. 

• The pion exchange model developed to interpret the A de­
pendence of inclusive structure , nctiona, F*[x, Q2), leads 
to specific convolution formulas for the semi-inclusive struc­
ture functions H ^ ' 1 ( i , Q 7 , i ) . 

• A special term, ex —• e'ff, in which scattering occurs co­
herently from pions bound in nuc i provides a distinct 
contribution to cA —* c'irX. Ideii:~fication of this con­
tribution would allow a direct mea; rcment of the pion 
momentum distribution in nuclei, / , , ). 
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EXPERIENCE WITH A HARM 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 
FNM. and the Brookhaven ASS in order to study proton-
nucleus 
collisions. We have produced ultra-thin targets in 
the range of 1-100 ng/cn 
mixed gases. 

•using a variety of pure and 

introduction 

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

In 1975, a feasibility study of a room 
temperature gas jet target for use in Fermilab's main 
ring was undertaken by Frank Turkot and Paul Hantsch.1 

A gas jet target built in the U.S.S.R. by the Dubna 
Laboratory had been in use in the internal Target Area 
at TOL sinct 1972. This target utilized liquid He 
both to cool the gas injected into the vacuum chamber 
and to cryopump the gas after it had passed through 
the beam, it was, hoped that in developing a room 
temperature gas target, many of the complexities 
encountered in operating the cooled jet could be 
avoided. 

From the experimental point of view, several 
features were deemed important: 1) a variable range 
of target thickness from 1 ng/cm2 to 100 ng/cm2, 2) a 
jet pulsing time at least 10* or 300 msec of the 
acceleration period, 3) a transverse dimension of the 
jet approximately equal to the horizontal size o£ the 
beam, 4) a density of gas not in the jet proper 
1/1000 of that in the jet, 5) good access to the 
interaction region for detectors, S) continuous 
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 

I00>m 

Fig. 1-. dt Laval NOMII 

1 

l v A c H j I 
' V 'A ^>A* 

I 1 ! '" * 

i i | P IOE*L 

X 
Fig 2: Area and Pressure as a function 

of distance along the nozzle 

The nozzle chosen for use at Fermi lab was a 100 
urn 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). 2 

At P 2, the pressure at the throat achieves its 
critical value and is given by 

(U 



where y is the ratio of specific heats and P. is the 
inlet pressure. When the receiver pressure falls 
below the value Pj r 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 «ust be Batched to the pressure in 
the flow at the nozzle exit. Otherwise, the 
adjustment to the receiver pressure is Bade 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, ihis is the regime in which the 
nozzle was operated in our experiment*. 
Approximating the flow using a one-dimensional gas 
dynasties model that assumes an ideal gas ire steady-
state isentropic flow, we can find a relation among 
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 pressure, P j r at the inlet, and the 
temperature, T Q of the gas at the Inlet, (fig. 3) 

N B ^ T f i ) 7 ^ ^ «> 
H is the molecular weight of the gas and C is the 
molar gas constant. The gas flow through the nozzle 
is given by 

o-Afe^r- 1 fe)b^t <*> 
where T f c is the temperature of the gas in the target 
box. He have measured the throughput of both a 100 and 
150 im nozzle by injecting a known quantity of helium 
gas into the nozzle. As shown in figure 4. the 
agreement with eg. <3) is quite satisfactory. 

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 agreement with 
the predicted results based on eq. (2). Typically, 
the measured values are about 70* of the predicted. 
Measurements performed on a 100 im de Laval nozzle 
gave a linear relation between the jet full width at 
half maximum (fwhm), 2R, and the distance 2 from the 
nozzle. At inlet pressures above about 40 psia using 
hydrogen, the FWHt is independent of the the inlet 
pressure and is approximated by 

Pl.To 

2B - 0.16Z + 0.4 <«) 
where both R and z are in mm. At pressures below 40 
psia, there is a transition to a wider profile. At 35 
psia. 

2R - 0.38Z + 0.25 (5) 
The target thickness, 2Bp, 
terms of the inlet pressure 
nozzle. 

can new be expressed in 
and the distance from the 

Fig. 3: de Laval 
Nozzle Schematic 
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The Jet Housing and Target Box 

The de Laval nozzle was contained within a jet 
housing, shown in figure 5, which was situated above 
the target chamber. The housing was isolated from the 
target box by means of a 12 in. vacuirm gate valve. 
During operation, the nozzle was positioned via remote 
control in both the vertical and horizontal planes by 
maximizing the beam-jet interaction as measured by the 
p-p elastic scattering from the hydrogen component of 
the target gas. At BNL, the nozzle opening was 3.8 cm 
above the nominal beam center line. Horizontal motion 
of the jet was ±0.5 in. along a line at 4S° with 
respect to the incident beam direction. inlet gas 
pressure was typically about 25 psig for all gases 
used. At pressures much lower, a suitable jet was not 
formed, whereas at higher pressures, radiative beam 
losses became a problem. The inlet valve shown in 
figure 5 was actually an electrically operated 
solenoid located inside the vacuum inmediately before 



the nozzle. when the solenoid opens, the gas is 
forced through the nozzle and forms a conically shaped 
jet within 10 ns. Mien the solenoid is closed to end 
the jet firing cycle, a snail anoint 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 vacuua 
recover, a snail 75 liter buffer volume at 1 *• 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 ME 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 bean position. Approximately 801 
of the gas in the jet was captured by the cone which 
led to a 1000 liter buffer volume maintained at high 
vacuum by two unbaffled 5600 1/s oil diffusion pumps 
(DP). The remaining 20% of the gas escaped into the 
main ring target box and was pumped away by the aain 
ring vacuum «ystem, discussed below. 
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Fig. 5: Target box and Mousing Jet 

The vacuua 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 bean and to our 
detectors. Hence, it was essential to contain the 
pressure fluctuations each tine the jet was fired, and 
to return quickly to ambient vacuun levels. 

At FMAL, the long straight sections facilitated 
the installation of the target box and additional 
pumps along the bean line. The layout at FNAL is 
shown in figure 6. Two 10 in. DPS, each 4000 1/s, 
were located on the target box. Additionally, there 
were three upstream and two downstrear DPS on the aain 
ring and at the ends of the straight section there 
were two ion pumps upstrean and one ion pump 
downstream. Table 1 indicates the maximum pressures 
encountered at each pump during a typical pulse and 
compares these values with the corresponding ambient 
vacuum readings. 

O DrrrusiON t 
Q ION pun* [ APPROXIMATE 

Fig. 6: FMAL Beam Line 

Table 1 
Pressure fluctuations at various locations in the DIAL 
vacuun system (see Fig. 6). 
Location peak 

(Torr> 
Recovery 
(Tort) 

IP downstream 
2nd DP downstream 
1st DP downstream 
Buffer volume 
Target Box 
1st D P upstream 
2nd DP upstream 
3rd DP upstream 
IF upstream 

2 xlO' 
1 xlO" 
4 xlO" 
3.5x10" 
1.5x10" 
2.5x10"! 
7 xlO 
9 xlO' 
1 xlO" 

,-8 

-8 

xlO^ 
xlO 
xlO' 
xlO" xlOl 
xlO 
xlO~ 
xlO" 

-7 

4.5x10 

Installing the jet at the AGS required that all 
of the up and downstream pumping be accomplished 
within the eight feet between bending magnets. To 
this end, up and downstream of the central target 
chamber two end boxes of 200 1 total volume were added 
(fig. 7) Each end box was pumped on by a 5600 1/s 10 
in. DP with a cold water baffle. This cut the 

Fig. 7: ESHL Detector Schematic 
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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 pimping chanber which further reduced the 
pressure rise as it travelled down the main ring beam 
pipe. Each differential chamber was pumped on by two 
baffled 750 1/s 6 in. DPs. Any gas getting past the 
differential pumping chanters entered the main ring 
vacuum system. During normal pulsing, the pressure 
fluctuation was damped to normal afUr about 40 feet. 
Table 2 contains the vacuum levels for a typical pulse 
at the AGS. 
Table 2 
Pressure fluctuations at various 
vacuum system (see Fig. 7). 

locations in the AGS 

Location Peak 
(Torr) 

Recovery 
(Torr) 

Upstream target box 
Downstream target box 
Central target box 
Buffer volume 
TEL1 1st DP 
TELl MCP BOX 
TEL3 1st DP 
TEL3 MCP BOX 

XlO" 
xlO"' 
xlO" 
XlO" 

5 
7 
4 
1 
5.2x10' 
3.8x10' 

1.3x10' 
7 xlO' 
9 xlO 
2.8x10" 
5.2x10" 

-7 

3.8x10 
xlO 
xlO" 

xlO 
xlO' -7 

The entire vacuum system was monitored via cold 
cathode discharge gauges (DG) on all high vacuum boxes 
(<10~5 Torr) and by thermocouple gauges (TC) located 
on each fore and rough pump and on the foreline on the 
low pressure side of each DP. All gauge readings were 
displayed in the operations trailer. Each gauge 
controller had trip sets which were fed into a central 
interlock box. In the event the vacuum rose above the 
trip point, the appropriate valves would be closed, 
DPs shut down, and the jet turned off. 

The operation of the jet and vacuum systems was 
conducted from the operations trailer some 40 m away 
from the internal target. The jet was positioned, 
first vertically, then horizontally, by means of 
digital counter-comparators to some nominal preset 
position. A "jet scan" could then be performed by 
changing the horizontal position until the maximum p-p 
elastic counting rate was found. The timing of the 
jet firing was referenced to a clock signal provided 
by the accelerator. This signal, referred to as T Q 

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 bean 
position. A typical display is shown in figure 9. 
The jet timing parameters used during data acquisition 
are summarized in table 3. 

Table 3 
Typical times for the operation of the gas jet at FNAL 
and BNL. 
Occurrence Tine after T_ o 

at FNAL 
Time after T Q 

at AGS (ms) 

Gas valve opens 2.00 
Gas valve closes 3.00 
Evacuation valve opens 4.05 
Evacuation valve closes 5.05 

200 
250 
270 
470 

Fig. 9: CRT Display 
of Gating Signals 
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The Monitor Telescope and Jet Density Profile 

Our primary objective has been the study of 
proton-nucleus collisions. in particular, we have 
been interested in the production of heavy nuclear 
fragments which energy from the interaction between 
high energy (>1 GeV) protons and heavy nuclear 
targets, such as neon, argon, krypton, and xenon. One 
might expect that a supersonic jet target could be 
made from each of these gases. This is true, except 
that as the atomic weight of the gas increases, the 
input pressure must be increased in order to form a 
jet which has a reasonable profile. At the same time, 
the target thickness becomes so high that it causes 
significant beam losses. For this reason we used 
mixtures of molecular hydrogen and the above noble 
gases. These mixtures are presented in table 4. The 
use of the mixed gas target allowed us to normalize 
the heavy fragment data using the proton-proton 
elastic cross section. 
^ , ?!* k l n e » t i = « °f P-P elastic scattering gives 
the following result for the relation between the 
recoil kinetic energy and the angle between this 
proton and the incident beam direction: 

Ccura 
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Fig. 8: Gating Electronics 

T(9) - 2«c 2cos 28 
((£+«C2)/(E-Mc2>) - cos 29 (6) 

where E is the total energy of the incident proton and 
H is the mass of the proton. The appropriate choice 
of 9 will give recoil energies in a range that is 
manageable for silicon surface barrier detectors. At 
both n w , and the AGS, 9 was close to 85". over the 
incident energy range at the AGS, the recoil energy 
given by eq. <6> necessitated two two monitor arrays. 
Tl>ese were located at 84.8* and inclined out of the 
plane defined by the AGS sain ring by 30" and 34». 
These telescopes were designated H4 and H5 
respectively. The detector thicknesses were chosen to 
covet the range of 5 to 18 KeV in M4 and S to 28 MeV 



Table 4 
Target gas mixtures at FNRL and BHL 
FNMj target gases BWL target gases 
10% xenon-90% hydrogen 
10% krypton-90% hydrogen 
20% krypton-801 hydrogen 
25% argon-75% hydrogen 
60% neon-40% hydrogen 
100% methane 
100% hydrogen 

1% xenon-99% hydrogen 
3% xenon-97% hydrogen 
lOOt hydrogen 

in M5. All 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 froa the jet, a 
2.2 cm diameter 1360 >ig/cx nickel foil was placed 
between each monitor telescope and the jet to shield 
the detectors. The visible light was a useful 
indicator that the jet was working and was Monitored 
by a TV camera stationed at a quartz window on- the 
target chamber. 
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Table S 
Honitor silicon surface barrier detector thickness at 
BHL 
Detector Thickness (iM) 

H4DE 
M4E 
H4V 
M5DE1 
M5DE2 
M5E 
H5V 

200 
2000 
1000 
500 
2000 
2000 
1000 

The monitor telescope housing was isolated frcn 
the target box by a gate valve. This enabled the 
monitor to be let up to atmosphere without disturbing 
the target box vacuu*. 

In figure 10, we display data froa the high 
energy monitor MS, for incident bean momentuE 13.9 < 
pinc * 1 5 , 1 CeV/c> and a 
The p-p elastic cross 
slowly with beam energy and is about 6.5 mb/sr at 
64.8°. In order to extract the target thickness of 
hydrogen, we have modeled the jet density distribution 
as a Gaussian, 

50 as jet of B2 at 25 psig. 
section in this region varies 

P(X) 
-|X-X0)2/2o2 

<7> 

where t> is the peak density and the parameter x is 
the displacement of the jet centroid from the nominal 
beam-jet intersection point. Since, according to eq. 
<6J, to each recoil kinetic energy there corresponds a 
unique scattering angle, one can treat each energy bin 
of the recoiling proton as sampling a different 
portion of the jet density distribution, as shown in 
figure 11. Thus, the density distribution becomes 

p(») «e 
-<*-*0)2/2(«yeos*0>2 

C8> 

where, * - | - e, ly'cos^ - cyD and D is the 
-jet detector distance. 

ENERGY (MeV) 
Fig. 10b: p-p Hastic and Cacfcground 

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 + ttr (9) 
where T is the detected proton's kinetic energy. We 
have fit the data according to the above procedure and 
show both the total fit and the separate contributions 
of the jet and background in figure 10. The target 
thickness is found by integrating eq. 7 over the 
variable X. After correcting the 
data for multiple scattering losses, about 20%, this 
yields a target thickness of (2.5 +0.2) x 10 1 5 

2 
atoms/cm and a fwhm of 11.8 +0.1 mm. These results 
lie in between those predicted on the basis of eqs. 
(2), (4), and (51 with Z • 38 ran. This is quite 
reasonable since at 25 psig we have not yet made the 
transition to the narrow jet profile. Further details 
concerning the monitor array and fitting procedures 
can be found in references 2 and 3. 

90 

file:///~-~~d


ran cusp**. 

BEAM DIRECTION -
Fig. 11: P-P Elastic Geometry 

The Fragment Telescopes 

Heavy nuclear fragments emerging from high 
energy p-nucleus collisions typically have energies 
between 1 and 2 MeV per nucleon. Reaction product! 
extend down to virtually zero kinetic energy. Thus, 
it is important that one use a thin target in order to 
limit the energy lost via ionization. In addition, 
one oust design a low mass fragment detection 
telescope in order to determine the mass, charge, and 
energy aver a wide range of fragment types and 
energies. 

The fragment telescope at INU, shown 
schematically in figure 12, was located at a 
scattering angle of 34° and was attaclwd to the first 
differential pumping station, nicro-channel plates, 
MCP, were used to provide fast timing signals, 
following the design of Zebelman, et ml. Since these 
detectors require a vacuum of less than 5 x 10" Torr 
to ensure their long-term operation, they were housed 
in aluminum boxes which could be vacuum isolated from 
the rest of the system. A turbomolecular pump (450 
1/s) maintained the vacuum in this portion of the 
detector telescope. 

The telescope terminated in a gas ionization 
chamber. An unsupported 3/4 in. diameter polypropylene 

2 
window, 80 iiq/cn thick separated the aluminum boxes 
at high vacuum from the interior of the gas detector 
which was at 20 Torr. The flight path though the gas, 
P-10, was 11.11 cm. There was enough diffusion of the 
gas through the thin window so that it was necessary 
to have a diffusion pump between the gas detector 
window and the last BCP. A fast closing valve was 
inserted as well to protect the timing detectors in 
the event of a window rupture. The experimental 
apparatus was operated for several thousand hours 
during the course of testing and data acquisition. No 
catastrophic failures occurred and no detectors were 
lost due to vacuum system failure. 

The fragment telescope was supported by an 
aluminum frame which was attached at its back end to a 
remotely controlled mechanical driving mechanism. 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 maximising 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 

Fig. 12: Fragment Telescope 

apparatus , we show the aluminum masses in figure 13. 
The flight of the fragments was between the first HCP 
(START) and the surface barrier detector (STOP) in the 
ionization chamber. Corrections were made for the 
energy and multiple scattering losses. The excellent 
mass resolution permitted the measurement of fragment 
kinetic energy spectra to quite low energies. Some 
typical spectra are shown in fig. 14. 

1200 

"24 26 28 30 
FRAGMENT MASS A f 

Fig. 13: Aluminum Masses 

Conclusion 

We have described the operation of a supersonic 
gas jet which has been used in several experiments at 
different national laboratories. The internal target 
has been proven to be flexible enough to permit 
adaptation to the different physical constraints 
encountered. The unique feature of the gas jet is its 
operation in the accelerator's main ring, where 
multiple traversals by the beam result in an effective 
target thickness comparable to that of a foil target. 
The ability to pulse the jet over the entire 
acceleration cycle, allows one to measure the energy 
dependence of the cross section of interest, while the 
ability to pulse mixed gases makes normalization of 
the data possible. 
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POSSIBILITIES FOR POLARIZED INTERNAL TARGETS 
R. D. McKtown 

W. K. Kellogg Radiation Laboratory 
California Institute of Technology 

Pasadena, CA 91125 

An important feature of experiments with internal targets 
in storage rings is the possibility of using thin polarized gas 
targets. Various methods of polarizing different nuclei are un­
der development, and suitable target thicknesses appear quite 
feasible. A survey of techniques is presented with a discussion 
of advantages, disadvantages and possible problems that will 
need to be addressed. 

Introduction 
Many exptriments in electromiclear physics benefit from 

the use of polarized targets. Often there are amplitudes that 
cannot be extracted by other methods, and the existence of 
interference effects in spin dependent quantities allows better 
access to small amplitudes. These features of polarized tar­
gets have been discussed by others at this workshop, so I will 
concentrate on the target technology itself. 

The use of polarized targets in electron scattering exper­
iments was pioneered at SLAC1, and improvements in the 
technique have been recently reported by the Bonn group3. 
These polarized hydrogen targets contain hydrogen (or deu­
terium) in beads of alcohol or ammonia at low temperature 
(S3 0.1°K). A large magnetic field (typically 5 Testa) is applied 
to produce electronic polarization. Application of microwaves 
at a resonant frequency induces polarization of the protons (or 
deuterons). The protons become highly polarized, but tensor 
polarization of deuterium is low. Although the protons are 
highly polarized, only a small fraction (< 20%) of the nucleons 
in the target are actually polarized due to the presence of heav­
ier nuclei in the beads. This reduces the measured asymmetry 
which makes the experiments correspondingly more difficult. 
The high magnetic field causes problems in deflecting the in­
cident and/or scattered particles. (The detailed extraction of 
small amplitudes requires accurate determination of scattering 
angles and careful alignment of the spin direction with respect 
to particle momenta.) In addition, the targets become radia­
tion damaged when the incident beam current is greater than 
a few nanoaraperes, so that the full beam intensity cannot be 
utilized. 

In contrast, the internal targets are of high purity, high 
polarization, and will not suffer from radiation damage. The 
holding field is usually in the range of 10-100 Gauss, which 
simplifies the problem of particle deflection. The type and de­
gree of polarization is easily varied so that, for example, tensor 
polarization is as easy as vector polarization to achieve. Of 
course, the main disadvantage is the very thin target thick­
ness, but this can be offset by the use of a storage ring with 
high circulating current. 

Table I summarizes the basic beam parameters of the two 
facilities most likely to be utilized in the near future. Also in­
cluded in the table is the estimated maximum iarget thickness 
allowed in the ring. Note that a thin (10^g/cm2) carbon foil 
corresponds to 6 x 101S/A atoms/cm2, so we should consider 
windowless, differentially-pumped gas targets. 

For definiteness, I will can^'cr the nucleon cross-section at 
Qi = l(GeV/c)2 as a reference cross-section for rate estimates. 
(This crous-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<e 6 x 10"/A 10"/A 

(atoms/cm2) A = 40 6 x 10" 2 x 10 1 T 

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

^ £ 2 . 5 x l 0 - » E = A ^ ail sr w 
where E is the incident beam energy. For a solid angle of 10 
msr (0.01 3r) at E = 2GeV the croes-section becomes 

» « l x 10- 3Mcm 2 (2) 

To obtain a rate of 0.1 Hz (104 counts per day) then requires 
a luminosity of L £ 10"/A cmV»ec, and assuming a beam 
current of 40mA the target thickness must be 

n, a 4 x 10 l 5/A atoms/cm'. (3) 

I will use the reference value of 10"cm - 1 as a goal for target 
ii'-cfcuess. Of course, some experiments will require more or 

is is usually within an order of magnitude of the 
• mess for experiments that have been considered 

less, I 
requ; 

recen 
I .' „rvey the development of hydrogen and 3He tar­

gets. Cer—inly other targets will be feasible (such as optically 
pumped alkali vapors), but these are the ones of most common 
interest and have a broader range of applicability in the field. 

Hydrogen Targets 
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 beam3. A schematic is shown in fig. 1. A 
dissociator is used to form an atomic beam of H atoms, which 
is passed through a sextupole magnet yielding atomic (but not 
nuclear) polarization in a strong magnetic field. Polarization 
is transferred to the nucleus by inducing RF transitions of var­
ious .types. The resulting beam of ~ 5 x 10 1 1/cm 3 could be 
used to form a target by intersection with the electron beam 

» 



Hp - » Dissociator • > Sextupole RF 

Figure 1. Polarized hydrogen atomic beam apparatus 

of ni ~ 5 x 10 1 2/cm 2. This falls short of our goal by about 
a factor of 100, and two methods are being explored to try to 
increase the density: (a) cooling the H beam*, and (b) storing 
the H atoms in a bottle9. Cooling the beam slows the atoms 
so they spend more time in tbe path of the electron beam and 
increases the acceptance of tbe 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 rtt ~ lO'Vcm* one wifl 
need to develop wall coatings that allow 10*-10* wall collisions 
without loss of polarization. The Wisconsin group has recently 
achieved 120 bounces and hopes for further improvements*. 

Another technique which is currently under development 
at Argonne7 is the spin-exchange method, shown schematically 
in fig. 2. Dissociated hydrogen is introduced to a cell con­
taining a small amount (~ 1%) of potassium. The potassium 
is polarized by optical pumping with a dye laser, and trans­
fers polarization to the hydrogen by spin-exchange collisions. 
The Argonne group expects to achieve a polarization rate of 
~ 5 X 10 l s/sec with 100 milliwatts of laser power. This feed 
rate is equivE'.t..*, to the best atomic beam available, and one 
could expect ti, .ncrease the laser power to several watts. If this 
is achieved, the demand on tbe wall coatings could be reduced 
to the point where the existing coatings may be sufficient. The 
present status is that the Argonne group has just observed 
a polarization signal for the first time', and is proceeding to 
make improvements. 

An interesting new technique has been proposed by 
Kleppner*, and is being used to develop a target for the AGS 
at Brookhaven. The basic idea is sketched in fig. 3. Dissoci­
ated ultra-cold H (0.5°K) is expelled by a very large (~ 8Tesla) 
magnetic field. The resulting beam would be well focussed and 
monochromatic, with an estimated output density about a fac­
tor of 100 greater than a conventional atomic beam. RF tran­

sition* would then be used to create high nuclear polarization. 
The technique requires quite a bit of cryogenic equipment and 
a superconducting magnet, but certainly looks quite promising 
at the moment. 
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-e> 
K 

t 
Potassium 

Figure 2. Polarized deuterium using spin exchange 

3He Target! 
A polarized 'He target can be used essentially as a po­

larized neutron target. The two protons are predominantly 
coupled to spin zero, so that the nuclear spin is primarily the 
neutron spin. Thus, measurement of a spin observable selects 
the neutron with only small corrections for the protons, which 
can be calculated accurately with Fadeev tethniques1 0. Two 
techniques are employed to polarize *He, and both have been 
improved markedly in the last few yean. 

Tbe first method is being developed by Chupp at Harvard 
and McDonald at Princeton11, and is shown in fig. 4. The 3He 
is in a cell with a small amount of rubidium and about 20% ni­
trogen. The rubidium is optically pumped with a dye laser and 
transfers spin to 'He by spin exchange collisions. The Rb is 
optically thick to facilitate efficient angular momentum trans­
fer, but this causes the phenomenon of "radiation trapping", 

ll-^ l̂l̂ SI 
H, -> Dissociator Still {0.5 K) RF 

L^SL^SL^S 
Figure 3. UltracokJ polarized hydrogen apparatus 
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Figure 4. Polarized He by spin exchange with Rb. 

where re-emitted photons axe absorbed leading to saturation 
of polarization at low values (the absorbed secondary photons 
depolarize atoms on the way out). The cure is to add the ni­
trogen as a buffer gas so that the Rb collisionally de-excites, 
eliminating the secondary photons. The presence of nitrogen 
is again a nuisance as it was for external hydrogen targets, but 
perhaps this is a soluble problem. In addition, the feed rate 
is low, but this may also be improved. Note that no bottle 
problem exists for 'He since, being a noble gas, wall collisions 
axe not severely depolarizing. 

Another technique, shown in fig. 5, has been developed by 
Leduc and Lake at L'Ecole Normale Superieur in Paris12. Our 
group at Caltech is presently adapting this technique to build 
realistic targets for use in electronuclear physics experiments13. 
In this technique, a small population of metastable triplet state 
3He atoms is optically pumped by a laser. The pumped atoms 
collide with ground state atoms and exchange electronic states 
leaving a polarized nucleus in an atomic ground state. Grad­
ually, angular momentum is transferred to completely polar­
ize the ground state population. The polarization rate with 
present laser technology is ~ 10 , 7/sec, and the JHe is pure. 
This appears at present to be a very appropriate method for 
internal target use. 

The Bottle and Effect* of the Electron Beam 
Most of the target designs discussed above require the use 

of a storage bottle to hold the gas in order to generate the 
appropriate target density. The typical bottle is shown in fig. 
6. It consists of a 10 cm long cell with gas at 10 u /cm J and two 

long tubes (length / and radius a) to provide an impedance to 
gas flow and allow the beam to pass through. In the molecular 
flow limit (mean free path long compared to a) one can express 
the tube conductance, F, as 1 4 

F = 5 x 10'Vsec 
10"/cm 2 ' 

KB , (4) 

where K as §*, 5 = 1.5 X10*y/TJA cm/sec (thermal velocity), 
and we have assumed a feed rate of 10 I T atoms/sec into the 
bottle which is at temperature T degrees Kelvin. For typical 
values of A = 3, t = 30cm, and T = 300", one computes that 
the tube radius must be a = 0.36cm. The tube radius is the 
sensitive parameter, as the conductance goes as a 5. One can 
also estimate the mean holding time in the bottle as 0.01-0.1 
sec which yields the number of wall collisions as 10' — 10*. 

I will consider two possible sources of depolarization by 
the electron beam: ionization and magnetic field effects. The 
ionization rate is easily computed for minimum ionizing par­
ticles at 40mA intensity by assuming ~ 30eV/ionized atom is 
required. This yields the result 1.5 x 10"/sec, which is much 
leas than the typical feed rates of ~ 10 1 T. This does not seem 
to be a problem. 

RF 

3 H e + 3 H e * [ Laser | •» 3 H e + 3 H e * 

i ' 

3 He (@4K) 

Figure 5. Polarized 3 H e by optical Pumping of Metastases 

1 0 1 7 /sec 

10 1 4 / cm 3 @T°K 

5 x 1 0 1 6 /sec 

Figure 6. Bottle design for polarized gas target 
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The magnetic field of the beam is a rather subtle issue. 
We consider a hydrogen target, and a pulsed beam structure 
with pulse length T and peak current lr. The peak magnetic 
field in the vicinity of the beam is Bt and occupies about 1 0 - 4 

of the target volume (this gives the number of affected atoms). 
If 

Bp £ Bo (5) 
(Bo is the holding field) and 

r ^ ( 7 B B , r l (6) 

(73 is the Bohr frequency 1,7 x 107rad/G/sec), then there can 
be significant depolarization. The atoms will precess about 
the randomly oriented Br by many radians within the affected 
volume. Thus the target will be depolarized in ~ 10* beam 
pulses. If Br < Ba, the spins will only precess about B0 with 
little depolarization. If r «£ (-fgBr)~l, then an atom only 
precesses a small amount during the beam pulse, and then 
precesses about Bo, so a random walk takes place, and the 
depolarization is not severe. 

At PEP with 40 mA beam, Br ~ 5kG and r ~ 10 _ , 0sec, 
so that a hydrogen Jarget would be depolarized in ~ 10~3sec 
(this calculation asaun.es 3 bunch operation). If the beam is 
spread out in hundredii of bunches, the peak magnetic field is 
reduced by ~ 100 and the target will retain its polarization. 
At Bates, where one only encounters the nucrostructure, 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 a factor of ~ 2000 smaller 
and these effects are not anticipated to be a problem. 

Summary 
In summary, it appears that several viable target technolo­

gies can be applied to the polarized internal target problem. 
Densities of 10 1 5/cm 2 seem quite feasible by several methods 
for H, D, ^He, and other types of polarized targets. Many ex­
perimental groups are presently working on the construction 
of realistic targets and it seems likely that in the next year or 
two they will achieve the goals outlined here. 

The depolarization due to the electron beam can be a 
problem when peak currents are high for long beam pulses. 
However, it appears that by spreading the beam over many 
bunches, the problem can be handled adequately. Neverthe­
less, one should consider these effects carefully in designing 
specific experiments. 

Finally, it seems that with the anticipated target tech­
nology developments outlined here, and the very important 
physics issues that can be addressed by using that technology, 
more consideration should be given to the availability of ap­
propriate facilities. The Bates PSR upgrade proposal explicitly 
provides for generation and maintenance of longitudinal polar­
ization of the electrons at the interaction region in the ring. 
A detailed study of the requirements for a similar facility at 
PEP has not been carried out. B. Norum has worked on var­
ious schemes for maintenance of longitudinal polarization'*, 
but more work and some engineering need to be done to really 
assess the feasibility of these experiments at PGP. I hope that 
this issue will be addressed in the near future so that optimal 
utilization of these various target designs can become a reality 
at both facilities. 
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A LAKE ACCEPTANCE MAGNETIC SPECTSOHETEB FOR CEBAF 
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Abatract 
A large acceptance magnetic apectroaeter for the 

investigation of electron- and photon-induced nuclear 
reactiona at CEBAF ia deacribed. 

I . Introduction 

The scientif ic program for the CEBAF 4 GaV elec­
tron accelerator aiaa at studying the structure and 
the aotioD of the nuclear conetituenta. The experi-
•ental equipment that haa been proposed consists of 
focusing magnetic apectrometera with relatively aaall 
accaptancea (AH s 10"**4», Ap/p s 10*) but high momen­
tum reaolution (Ap/p i 10" ) and a large acceptance 
apeetroaeter. In the following report, the physics 
motivation for a large acceptance detector, the 
general design criteria and technical detaila of the 
detector Dili be diacussed. 

II . Physics Motivation 

Electron acattering expariaenta hare provided most 
of what we know about the atructura of nuclei. low-
ever, our knowledge la liaited to the electroaagnetic 
structure of ground atatea and excited statea of 
nuclei (explored in (a,a') enperiaents) and to eoae 
aapecta of the nuclear s ingle-part ic le atructura 
(explored in (e,e'p) experiaenta). Very l i t t l e ia 
known about the many-body aapecta of the nucleua, like 
e.g. the atructure of bound nucleon*, the origin of 
ehort-raage correlationa or the propagation of aeaon 
or nucleon reaonancea in the nuclear aediua. The 
reaeon for this limitation ia largely dae to the tech­
nica l feature* of the a v a i l a b l e experimental 
facilitiea: 
a) The low d u t y - c y c l e of e x i a t i n g e l e c t r o n 

accelerator* Hai t i coincidence experiaenta to a 
narrow kineaatical region where a su f f i c i en t 
aignal-to-noiae ratio can be achieved. I t alao 
Bake* the operation of large acceptance detectors 
inef f ic ient because their counting rates arc 
liaited by the instantaneous background rates. 

b) High accuracy in charged particle detection can 
only be achieved in aaall acceptance aagnetic 
spectrometers. 

Iaportant technical developaeats have changed thia 
picture 

a) Electron accelerator* with 100% duty-cycle are 
being built. 

b) The quality and varaatility of large acceptance 
detectors has laproved dramatically. 

A large acceptance detector will be required for 
the detection of Multiple particle final state* and 
for aeasureaents at liaited luminosity. Examples will 
be given for these experiments: 

1. Multiple Particle Final State* 

For reactions involving several particles in the 
final atate, high detection efficiency and a model-

free analysis of the data can only be achieved by 
using a detector with a wide coverage of the angular 
and energy range for all outgoing particles. Examples 
for reactions which are of special interest for CEBAF 
are: 

a) ladronic f inal atates in inc lus ive e lectron 
acattering off nucle i . Single arm electron 
acattering and (e,e'p) coincidence experiaenta 
have generated puisle* which can only be solved by 
a detailed investigation of the hadronic f inal 
atate. Using a large acceptance detector, a bias-
free i n v e s t i g a t i o n can be carr ied out by 
triggering on the acattered electron only. In the 
off-line analyaia, the inclusive scattering cross 
section can then be deeoapoaed into i t* hadronic 
channels. With increaaing energy loas for the 
electron, the following phenomena can be studied: 

(1) Electron scattering at large negative y (y« 
momentum component of the atruck nucleon 
parallel to the direction of the_ v irtual 
photon q) yields higher cross aectiona than 
expected from atandard nuclear nodele. The 
excess cros* section can be explained by high 
momentum components in the nuclear wave 
function (•» eaiasion of a single nucleon) or 
by interaction, of the virtual photon with 
quark clusters ' (-» emission of nucleon pairs 
or nucleon cluster* l ike deuterons e t c . ) . 
These two possibilities can be distinguished 
by detecting the hadronic final state. 

(2) Quasi-free electron scattering off bound 
nucleon* (requiring the hadronic final atate 
to contain a^recoiling nucleon around the 
direction of q). A long-standing problem is 
the fa i lure cf the Coulomb aua rule to 
account correctly for the nuaber of protona 
in the nucleus. This has been interpreted as 
a change of the nucleon form factor in the 
nuclear medium or as evidence for a direct 
interaction of the virtual photon with a six-
quark bag. 

(3) Hulti-nucleon ea iaaion (requir ing the 
hadronic final atate to contain 22 nucleona). 
Two nucleon emission i s assumed to be respon­
sible for f i l l ing the dip between the quasi-
free peak and the A-peak; there should also 
be atrength in the A-region due to A-
axcitation with subsequent A-N interaction. 

(4) Production and propagation of non-atrange (A 
and higher nucleon resonances) and strange 
(A, E and their excited atate*) 3-quark ob-
jecta in nuclei (requiring the hadronic final 
stfcte to be a rH, 1)K, WfN, KA etc. ayetem in 
the appropriate mass range). Modifications 
of the propertiea of these reaonancea in the 
nuclear aediua can be atudied. 

(5) Seep inelastic electron scattering. The aim 
of thia program ia to study the hadrosisation 
of the atruck quark in the region of large 
momentum and energy transfer and to under­
stand how the inclusive cros* section i s 
built up out of individual hadronic channel*. 

* 



Good p a r t i c l e i d e n t i f i c a t i o n f o r m u l t i p l e 
p a r t i c l e f i n a l s t a t e s down t o very s a a l l 
a n g l e s [9 i 5*) i s i m p o r t a n t f o r t h i s 
program. 

b) P h o t o - and e l e c t r o - e x c i t a t i o n of the h i g h e r 
nucleon resonances. The haraonic o sc i l l a tor quark 
model n i t h IJCD motivated addi t ions ( l i k e a one-
gluon exchange term) predic t s , in addit ion t o the 
known nucleoli resonance*, aany s t a t e s which h»Te 
not been observed. A p laus ib le explanation i s 
tha t t h e s e s t a t e s decouple from the fit e l a s t i c 
channel and can, t h e r e f o r e , not be observed i n 
e l a s t i c r)J scatter ing. Since, on the other band, 
the photocoupling i s s t i l l strong, photoexcitation 
becomes the only a v a i l a b l e formation mechanism. 
Promising decay channels are: 

7 N * H * * i r 4 * * i r N 

c) Photo- (and e lectro- ) exci tat ion of vector mesons: 
7 H + TK 
(T = p,*,f). An important goal of t h i s program i s 
to measure the 7-V coupling constant t o ge t infor­
mation on the hadronic content of the photon ' and 
i t s var ia t ion with Q . In add i t ion , the vector 
meson coupling to the nucleon can be determined. 
In boson exchange aode l s of the nucleon-nucleon 
i n t e r a c t i o n , t h i s q u a n t i t y i s of fundamental 
importance for the short range part of the NN-
interaction. 

d) lyperon production and interaction: 7 N • K A (£) 
The bas ic cross s e c t i o n s and coupl ing constants 
f o r t h e s e r e a c t i o n s have t o he known f o r the 
a n a l y s i s of the e l e c t r o s a g n e t i c e x c i t a t i o n of 
hypernuclei. Using the outgoing kaon to determine 
the A k i n e a a t i c s , a tagged low in tens i ty hyperon 
beaa can be generated. The production ra tes are 
large enough so that the decay and the interaction 
of the produced hyperon can be s t u d i e d i n the 
reactions: 

(1) A p + A p ( e l a s t i c scattering) 
Because of i t s short decay length, the inter­
action of low aoaentua A's i s best studied in 
the production t a r g e t . Using the 7p + K*A 
r e a c t i o n f o r A p r o d u c t i o n , about 500 A 
scatter ing events can be observed per day in 
a large acceptance spectrometer. 

(2) 7 d * K* A n 
This reac t ion a l lows a l s o t o study t h e AN 
interact ion. Especia l ly i n t e r e s t i n g i s the 
search for l o n g - l i v e d S = - l d ibaryons; the 
masses of these objects , have been predicted 
to be around the E-cusp . 

(3) Radiative hyperon decay: A* (1520) -» 7 A and 
A*(1520) + 7 E. 
Using a tagged photon beam, about 6*10 
A (1520) can be produced per day . The 
radiative decay width y ie ld* a sens i t ive t e s t 
of the quark structure of the system. 

e) Exclusive photoresctions on few-body systems 
7 d * SB r 

•Aft + N N r T 
7 *Ee * p p a 

* I (3N) 
The basic properties of bound 3-quark systems are 

best studied in few-body nuc l e i because the nuclear 
structure can be calculated exact ly (at l e a s t in the 
framework of a n o n - r e l a t i v i s t i c p o t e n t i a l model ) . 
Interes t ing quest ions are the o f f - s h e l l behavior of 
the 7NN* vertex, the structure of the N*H interact ion, 
the existence of dibaryons ' and of 3-body forces ' in 
Be. 

f ) Interaction parameters of unstable par t i c l e s . 
The measurement of the A-dependence of t o t a l pro­
duction cross sect ions for unstable particlea w i l l 
determine their to ta l hadrooic cross sec t ions . In 
contras t t o hadronic production r e a c t i o n s , the 
electromagnetic production o f f er s the big advan­
t a g e t h a t t h e i n t e r a c t i o n of t h e i n c i d e n t 
pro jec t i l e i s so weak that the A-dependence of the 
cross sect ion can be interpreted direct ly in terms 
of the i n t e r a c t i o n of t h e produced p a r t i c l e . 
E s p e c i a l l y i n t e r e s t i n g i s a comparison c: the 
hadronic i n t e r a c t i o n of the »(S40) and t/' (958) 
which are supposed t o be di f ferent aixtures of the 
same SU(3) s t a t e s . The l a r g e » ' a a s s i s 
a t t r i b u t e d t o a s i z e a b l e e x o t i c ( g l u o n i c or 
hybrid) component; t h i s should show up as a 
difference in the hadronic behavior of n and fl' 

A comprehensive study of the r e a c t i o n s b) - e ) 
requires the use of po lar i sed beams ( l o n g i t u d i n a l l y 
polarised e lectrons , l inearly and circularly polarised 
photons) and po lar i s ed t a r g e t s (po lar i sed protons , 
vector- and tensor-polarised deuterons). 

2 . Limited Luminosity 

The lua inos i ty ( target density • beaa i n t e n s i t y ) 
l i a i t a t i o n can be due t o the t a r g e t or due t o the 
beaa. 

a) Limitation due to the beam intens i ty . 
Experimental programs using secondary p a r t i c l e 
beams ( r e a l 7, p, f, K) need l a r g e acceptance 
c o v e r a g e t o c o l l e c t s u f f i c i e n t c o u n t r a t e , 
independent of the number of p a r t i c l e s i n the 
f i n a l s t a t e . E s p e c i a l l y i apor tant are tagged 
photon beaa experiments where the intensi ty has to 
be l imited t o £10 tagged 7/sec to keep accidental 
coincidence* email. 

b) Limitation due to the use of a polarised target . 

(1) Polarised s o l i d s t a t e hydrogen and deuterium 
t a i g e t s . 
For present s o l i d s t a t e p o l a r i s e d t a r g e t s 
( a a a o n i a o r d e u t e r e t e d ammonia) t h e 
luminosity has to be kept low (-10 cm" sec" 
for tensor-polarised deuterium, =lo"cm" s e e ' 

for polarised hydrogen) in order to avoid a 
reduct ion of the p o l a r i s a t i o n due t o beaa 
heating and radiation damage. 

(2) Polarised gas targe t s . 
The disadvantages of polar ised s o l i d targe t s 
(high magnetic f i e l d s , nuclear background, 
low teaperaturem, l i m i t e d t o hydrogen and 
deuterium) can, in p r i n c i p l e , be avoided by 
using > low density polar ised gas t a r g e t in 
combination with a h igh i n t e n s i t y e l e c t r o n 
beam. A d e d i c a t e d e l e c t r o n s t o r a g e r i n g 
would c l e a r l y be i d e a l for t h i s program. 
Bowaver, the rapid progres s in gas t a r g e t 
technology w i l l make experiments in the CEBAP 
external electron beaa poss ible . 

Compared t o a storage r ing , polar ised gas targe t 
exper iments i n an e x t e r n a l beaa w i l l have l o s e r 
l u a i n o s i t y . Bowever, there are a l s o aoae iaportant 
advantages: 
a) Ho d i f f i c u l t i e s t o achieve longi tudinal e l e c t r o n 

polarisat ion. 
b) Modest vacuua requirements * l e s s d i f f e r e n t i a l 

pumping w i l l be required. 
c) Greater f l e x i b i l i t y i n the arrangement of the 

experimental apparatus. 
d) Since the beaa p a s s e s through the t a r g e t only 

once, small beam l o s s e s are accep t ab le * t h i n 
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windows or very saall diameter openings for bottle 
targets can be used. 

These features should also Bake i t posaible to 
achieve higher target density than in a storage ring. 
A ainiaua density of £10 atoai/ea is necessary to 
give reasonable counting rate. At this luainosity 
(=10 a °ca~ 1 sec' 1 ) ] the coabination of a polarised gaa 
target and a large acceptance apectroaeter wil l be 
useful for the investigation of reactions induced by 
quasi-real photons. 

For "He, the densities already reached y J " ' gire 
a lua inos i ty of severa l 10 cm" sec . This 
luainosity i s high enough to allow for an extensive 
nuclear physics prograa especial ly with a large 
acceptance detector. Folariaed He targata can be 
used to investigate the structure of the 3-body systea 
or as a source of polarised neutrons. The following 
experiments are of special interest: 

(a) *Be(e,e'n)pp to deteraiae the e l e c t r i c form 
factor of the neutron G*. 

a 
(b) 'He(e,e'A°)pp to determine the C2/H1 ratio for 

the n+fl° transition. 
III. Ceneral Desicn Considerations 

A large acceptance detector that is suitable for a 
broad range of photonuclaar experiments using electron 
and photon beaaa should have the following properties: 
1. Hoaogeneous coverage of a large angular and energy 

range for charged particles (aagnetic analysis), 
photons (total absorption counters) and possibly 
neutrons. 

2. Good Boaentua and angular resolution (+ aagnetic 
analysis for charged particles). 

3. Good particle identification properties in the 
•oaentua range of interest (-* coabination of 
sagnetic analysis and tiae-of-flight), 

4. No transverse aagnetic field at the beat axis (to 
avoid sweeping e e~-pairs into the detector). 

5. No Magnetic field in the target region to provide 
for the installation of polarised (solid state or 
gaseous) targets requiring their own guiding field 
or other complicated equipment (cryogenic or track 
sensitive targets, vertex detectors e tc . ) . 

S. Syaaetry around the beaa axis to f a c i l i t a t e 
triggering and event reconstruction. 

7. Large /B«dl for forward going particles to account 
for the Lorents-boost. 

B. High luainosity and count rate capability. The 
detector should operate in the d i f f i c u l t 
background environment encountered in electron 
scattering experiments. The background caused by 
a tagged bremsstrahlung photon beam (N - 10 /sec) 
i s auch lower and w i l l g ive no addi t iona l 
constraints. 

0. Open geoaetry 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 solenoidal 
and toroidal f ields have been considered. In a l l 
cases, the target has been assuaed to be inside the 
aagnetic field volume. The results are summarised in 
table I. To fu l f i l l requirements §2 and #3, a large 
JB'dl and a long t ime-o f - f l i gh t (ToF) path i s 

necessary. This can be achieved by a l l f i e l d 
configurations. The transverse dipole field i s ruled 
out by |4 in combination with #8; i t also violates |S . 
The solenoid which has become the standard magnetic 
f i e l d configuration at e*e~ c o l l i d e r s v i o l a t e s 
requirements #5, #7 and #8; therefore, i t has to be 
ruled out. The only configuration that fu l f i l l s all 
requirements i s the toroidal magnetic f ie ld . Since 
the f>-r»nge for aagnetic analysis i s limited due to 
the c o i l s , the de tec t i on e f f i c i e n c y for high 
multiplicity (> 4) final states will be low. However, 
in view of the present CEBAF prograa, i t seeme to be 
more important that the detector will be capable to 
complement the standard spectrometer aet-up instead of 
trying to s p e c i a l i s e i t for high m u l t i p l i c i t y 
reactions. 

IV. The Larse Acceptance Detector 

The solution that has been proposed for the CEBA? 
Large Acceptance Spectrometer (LAS) i s a supercon­
ducting toroidal magnet equipped with drift chambers, 
s c i n t i l l a t i o n counters and shower counters. A 
description of the main features of the LAS will be 
given below. 

1. Toroidal Basnet 

The toroidal magnet consists of 8 coils arranged 
around the beaa line to produce essentially a aagnetic 
field in ^-direction. The s ice , f ield strength and 
coil shape were deternined on the basis of the physics 
requirements ( see tab le I I for d e t a i l s ) . A 
perspective view of the magnet i s shown in fig. 1, the 
coil shape i s given in fig. 2. Each superconducting 
coil i s embedded in a rigid coil case (about 4 meter 
long and 2 meter wide). Details of the coil layout, 
construction and protection have been worked out 
during the Workshop on CEBAF Spectrometer magnet 
Design and Technology • The coi ls are housed in 
individual cryostats to f a c i l i t a t e manufacturing, 
assembly and testing. For the aagnetic field calcu­
lations, the finite sise of the coil was simulated by 
adding up the contributions of 4 discrete conductor 
loops (as indicated in fig. 2) . The r-dependenee of 
the aagnetic field i s given in fig. 3 for different s-
positions. In a cylinder of 60 cm diameter around the 
axis the magnetic field i s £10 Gauss. As demonstrated 
in f ig . 4, the f ie ld l ines are essentially c irc les 
(corresponding to a pure d-field) with important 
deviations close to the c o i l s . Figure 5 gives the 
integral over the ^-component of the f i e l d as a 
function of the part ic le amission angle 0. For 
forward going particles, the integral i s about twice 
as high as for particles going aideways. 

Figure 1 Perspective view of the toroidal magnet. 
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COIL SWPE CIAT . x 

Figure 2 Coil (hap*. The superconductor i a 
represented by 4 individual current loopo. 

Torcktf t i ' f i t l * 

Figure 3 Radial dependence of B # for s»0, 0,9 a and 
1.8 a (s»0 corresponds to the target 
poaitioa) and 1*0 (corresponding to the 
aid-plans between two coils) . 

The inner section of the coll ia circular to avoid 
transverse (in ^-direction) aotion of those outgoing 
particles that do not form a SO* aagls with the 
conductor. This i s dsaonatratsd in f i g . Ba for a 
rectangular coil snaps (the current has bssa adjusted 
to asks the tota l band angle the aaaa aa for the 
circular coi l ) . The transverse deflection depende on 
the angles * (relative to the a x i s ) , f- (aalauthal 
angle) and on the particle aoaeatua and polarity. The 
resulting loss of events will be difficult to correct. 
By using a c ircular ly shaped c o i l , the angle of 
incidence can b* kept noraal to the co i l , independent 
of 6. As shown in f ig . 6b, the transverse particle 
action i s very auch reduced. 

2. Particle detection systsa 

The proposed particle detection systsa) consists of 
drift cbaabsrs to deterain* the track of charged 
particles, scintillation counters for th* trigger and 
for t iae-of - f l ight , and shower counters to detect 
photons. A aids visa of the detection systea ia given 
« fig. 7, a cut in the target region in fig. 8. Not* 
that a l l 8 ssgaanta are individually instruaented to 
1ora8 independent aagnetic spectroaeters. This a l l l 
facilitate track reconstruction in a large background 
•nviroaaent. 

Figure 4 Field l ines (giving the direction of the 
aagnetic field) for s=1.8a (forward part of 
the aagnet. 
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tlpsx* F ^-depas&sce c-i ia= integral /B.«dr. B i s 
the particle eaission angle rela'iva to the 
axis; the target has been assuaed to be at 
* * 0 a. Particle aoaentua 1 GsV/c. 

3.1 Tracking chaabers 

Charged part ic les are tracked by planar wire 
chaabers. Bach planar cbanber consists of 4 layers of 
sense wires stretched in indirection. The position of 
the h i t along the sense wire will be deterained by 
charge division. 

2.3 Scintillation Counters 

The outer planar drift chaabers are cospletely 
surrounded by sc in t i l l a t ion counters. The barrel 
counters consist of 8*8 counters, each about 400 ca 
long, 30 ca wide, and 5 ca thick. The countsrs are 
viewed by 3* phototubes at both ends for iaprovsd 
t ia iag and posit ion resolution. The endcapa ara 
Covered by 8*4 pis-shaped counters, each viewed by one 
photoaultiplier. Because of t i e high rate , the 

106 

) 



Figura S Traneverfe particle daflaction in toroidal 
magnets for pixticlsa with #-40*, p> 0.3, 
0.4 and 3.0 OaV/c and 4 - 1 1 8 1 (<-0 
corresponds to tht aid-plan*). 
a) rectangular coil shape. Particles that 

are deflected away from tha axia bjr tha 
^-component of tha field are Vent back 
to tha aid-plan*; partidai that are 
deflected away towards tha axia are 
bant toward* tie coils and ere lost. 

b) coil with a circular inner aaction. 
Note that thara is no transversa Motion 
at inner adga of tha coll. 

rse. 
8 
i Be. 

-i 1 — i 1 r-

•towtr CMMtwi 

:̂ 3 \ 
fc— i*y.t*t 

^ — - " 

-»». -tee. e. itt. see. Mt. CMIH. ue. 

Figura 7 Transverse view of the particle detection 
system. 

forward andcap counters ara spl i t into two rings: one 
ring at large and one a t a a a l l a n g l e s . The 
sc int i l lat ion countara ssrve the double purpose of 
providing tha t r i g g e r and tha t i » a - p f - f l i g h t 
information. Alao, a fraction of tha high energy 
neutrons (=5%) will interact in tha sc in t i l l a t ion 
countara and will thus be detected. 

Figure 8 View of the d e t e c t i o n system in the 
direction of tha baaa for i=0 (target 
position). 

2.3 Shower Counter 

The detector is surrounded by shower counters for 
tha detection of showering particles like high energy 
photon* from the decay of hadrons like »*, n, "' etc. 
Due to the aiie and the weight of the counter (=80 a , 
£100 tons), inexpensive Materials and construction 
techniques have to be used (e .g . , a sandwich of lead 

?lates interleaved with active aaterial like sc int i l -
ators or gas detectors). The expected energy resolu­

tion is 9/tTi .13/VB (G*V). 

» KfJTwa Luainosity 

la an electron beaa, the Bain background i s caused 
by electron-electron scat ter ing and wida angle 
breaastrahlung. At a luminosity of 1 0 , , c a " , , « e c " 1 , 
the rate of Mailer scattered electrons i s estimated to 
be of the order of 5«10 T sr" 1 "sec" 1 . Since the 
energies are low, the electrons ara bent back even by 
the small magnetic fringe f i e ld . A fraction of the 
electrons wi l l , however, radiate photons that wi l l 
subsequently generate spurious s igna l s i s the 
chambera. The total integrated flux of photons due to 
wide angle breasstrahlung has bean estiaated to b* of 
tha order of lo'sr^'sec" 1 (luminosity lO^ca^'ssc" 1, 
S (> 2 CeV, "C target, a l l photons above 10 keV). 
Compared to these electromagnetic background rates, 
the hadronic rates are nearly negligible. The total 
rata of electrona acattared into the angular range 
18*i*S150* due to hadronic processes i s laaa than 
1000/ssc. The total hadron rate (mainly produced by 
by quasi-real photons) ie =6»10*/»ee. On tha basis of 
these counting rate estimates and also due to past 
operating experience of a large acceptance detector at 
an electron accelerator 1 1 5 , one can expect that the 
detector can be operated at a luainosity of - 10 cm" 
'•sec' 1 (corresponding to a 1 jtk electron beam on a 1 
eg/cm* target). 

There wi l l be no d i f f i c u l t i e s to operate the 
detector at tagged photon beam intensity (=10 T/see). 
(At t h i s photoa beam i n t e n s i t y , the hadronic 
production rate i s about tha saae aa in electron beam 



with a luainosity of 10 , 'ca" , «ac" 1 ; however, dua to 
the lack of Miller scattered eleetrona tha background 
rata ia auch lomr.) 

4. Track Resolution 

The track resolution baa been calculated taking 
the position resolution of tba chaabers and aultipla 
scattariog into account. Tba aoaentua resolution ap/p 
for kno?n vertex poaitioo ia shown in f ig . B for 1 
GeV/c particlea aa a function of the particle eaiaaion 
angle 8. Tha aoaantua resolution roaches 0.0 % in the 
forward direction; in the central part, i t drops to 
1.6 % due to the decreasing fB'dl. For known vertex 
position, Ap/p i s doainatsd by aultipla scattering; 
therefore, i t i s nearly constant in the whole aoaentua 
range of i n t e r e e t . The i n i t i a l angle can ba 
deterained with an uncertainty LB i 1 Brad for 1 GaV/c 
particles (3 arad for 0.2 GeV/c). 

».«r 
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Figure S Moaentua reso lut ion Ap/p (FWIM) as a 
function of tha particle eaission angle $ 
for f •* 1 GaY/c. The rertex ia assuaed to 
be known, 
x contribution of the chaaber position 

resolution 
+ aultiple scattering contribution 
— sua of both contributions. 

5. Particle Identification 

The coabination of aoaentus and tiae-of-flight (a 
tiaa reaolution of flT*200 psec (signa) waa assuaed) 
givea clean particle identification over a wide aoaan-
tua range. In the forward direction, pions can be 
separated froa kaone up to 1.5 CeV/c, the l i a i t for 
kaon/protoa aeparation ia 2.5 CeY/c. r/e, T/fi and s/e 
aeparation can be achieved by using ths pulse height 
in the shower counter in addition. 

6. Acceptance 

Using a Monte Carlo technique, randoa aultipla 
particle events were generated to deteraine the accep­
tance. Exaaples for single events aa they would be 
reconstructed and displayed on-line by the detector 
single-event display are presented ia f igs. 10 and 11. 
For tha calculation of tha acceptance, the 9-range of 
tha detector was taken to be IB' i 9 i 150*, 20% of 
the d-ranga waa aasuaed to be obstructed by ths coils. 
In addition, cuts in the kinetic energy of ths naitted 
particles were applied to account for detection 
thresholds: Tf i 40 HeV and T 2 60 HeV. For the 
process 7 + p * F35(107S) + t~ * fl+* •» sr" r* p about 
SOX of the a l l i~ t* p events are accepted if only 9 

KT f:S i:S SS S i ^ J 

^3 
Figure 10 Single event diaplay for a Monte Carlo 

Senerated event froa the reaction (a,e'pp). 
« 2 GeV, 0 =40*. The left hand aide of 

tfie diaplay Ihowa a view of the event in 
tha direct ion of the beaa, the r . h . s . 
presents the tracks in the 8 individual 
aegaents. 

sii* ^J t̂ G 
S 
t^J t̂ G 

Figure 11 Single event display for a Monte Carlo 
generated event froa the reaction 7 p + 
H + w" a -t r" w* p induced by real 
photons. B = 1.8 GeV. 

and 7 u i m cuts are uaad. The addition of the j»-cuts 
reduces the total detection efficiency to 30». 

7. Counting lata Bxaaples 

*) <«.«'X) 
The counting rate for have been eatiaated for 

0 ( a , a ' ) at 1! «2 CeV and 9 »18». A 
luaAwsity of lO^of'sec" 1 (per aucleon) and 
•M ^-coverage have been assuaed. The total 
rate of electrons scattered into tha angular 
interval 14*-18* and the energy Interval 
(1.3-9.0) CeV i . =100/sec. 

b) photon induced reactions 
Coabining a tagged photon beaa with an 
intensity of 10* 7/eec and a hydrogen target 
of 0.6 g/ca (=7 ca l iquid) resul ts in a 
to ta l hadrosic production rate of =400 
events/sec (B o- 2 CeY, a^^ 140 /ib). 
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8. Layout of End Station B 

The detector w i l l be located in end atat ion B. A 
poss ib le layout of the end s t a t i o n i * shown i n f i x . 
12. End s t a t i o n and bean duap are f u l l y shielded t o 
allow for axperiaents using a high intens i ty beaa on a 
t h i n g a s t a r g e t ( a l s o t o a l low for a second h igh 

Cnd S l o t . o n B 

^ 3 -

Count iruj Houit I 

Janmjral •mltclv m 

8) E.D. McKeown and B.C. l i i lner , 18S5 CEBAF Summer 
Study, EPAC I , p. 12-45 

8) l . G . Mi lner e t e l . , p r i v a t e communicat ion, 
sabaitted to Kucl. Instr . and Heth. 

10) P.Q. Haraton: Report of the forking Group on the 
Large Acceptance Spec trometer , Proc . o f the 
workshop on CEBAF Spectroaeter Hagnet Design and 
Technology, flewpert Mews, April 1B8B, ed. by J. 
Kougey and P. Brindia 

11) L.A. Ahrens et al. 537. Nucl. Inatr. Moth. 173 (1880) 
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Table I i Evaluation of magnetic f i e l d configurat ions 
for a large acceptance s p e c t r o a e t e r t o be 
used f o r e l e c t r o n - and p h o t o n - i n d u c e d 
reactions 

(+ denotes advantage, - drawback) 

I I . Zi. Large so l id angle 

Figure 12 Proposed layout of the low i n t e n s i t y end Ho tranarerse f i e l d 
atat ion B. 

intensi ty experiments in t h i s area). The detector can 
be aoved on r a i l s in to an adjacent ataging area for 
e x t e n d e d a e r v i c e . For p h o t o n e x p e r i m e n t s , a 
ver t i ca l ly def lect ing tagging speetroaetor i s located 
in an enlarged tunnel sect ion . 

V. 3u—ary 

A large acceptance aagnetic spectroaeter has been 
proposed f o r t h e i n v e s t i g a t i o n of e l e c t r o n - and 
photos - induced n u c l e a r r e a c t i o n s a t CEBAF. The 
aagnetic f i e l d i s generated by e ight toroidal c o i l s . 
Charged p a r t i c l e s are tracked us ing s c i n t i l l a t i o n 
counters and d r i f t chaabers; high energy photon* are 
detected by shower counters. The spectrometer w i l l be 
i n d i s p e n s a b l e f o r t h e i n v e s t i g a t i o n of a u l t i p l e 
part ic le f ina l s t a t e s froa (e ,e 'X) react ions and from 
the decay of excited qq and qqq- i ta tas . In addit ion, 
i t w i l l provide the highest possible counting rate for 
experiaents in which the luminosity i n l i a i t e d due t o 
low target density or low beaa intens i ty . 
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No field at tha target 

Symmetric configuration 

Open mechanical structure 

Large JB'dl at snail angles 

High luminosity capability 

Table lit Design considerations for the toroidal magnet 

1) Sise 

t i m e - o f - f l i g h t p a t h r e q u i r e d f o r p a r t i c l e 
ident i f icat ion v ia moaentum and fl 

L i 2 a for part i c l e s going sideways 
L i 3 a for part ic les going forward 

•» diameter = 4 a, to ta l length = 4 m 

2) Field level 

a) small destabilising forces 
b) aoaentua resolution Ap/p - 1 % 

* JB«dl = .8 T«a * Amp-turna = 5»io" 



3) Number of col l i 

a) 4 - f o l d e j a a a t r y f o r p o l a r i s a d t a r g a t 
axpariaaata 
+ -», », 1 

b) low obit-ruction of tha f-v*agt doa to tha coil* 
* 8 coils 

4) Coil shapa 

a) so tranararaa focusing/dafocuaiDf affacts dua 
to r-aad a-coapoaanta of tha fiald 

+ circular lunar coil shapa 

b) larga /B»dl in tha forward diractioa 
+ aajaaatric coi l ahapa with longar forward 
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NUCLEAR PHYSICS AT P E P 
RECENT RESULTS USING THE TIME PROJECTION CHAMBER 

S. 0 . Melnikoff 
Lawrence Livermore National Laboratory 
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P.O. Box 808 L-421 

Livermore, Calif. 94550 

Abstract 
A preliminary result on Bose-Einstem 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 + Aexp(—q^a3) 
where q is the relative four-momentum difference 
of the pions. The fitted value to the chaoticity is 
A = 0.37 ± 0.19 and er = 1.37 ± 0.41 fermi. This 
result agrees with that from e+c~ annihilation data 
taken with the TPC. 

We explain the operation of the TPC and the 
analysis of the data used. The feasibility of similiar 
ietectors for doing high energy electron scattering 
on nuclei at PEP is briefly discu»sed. 

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-27 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 

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 
tb' TPC-27 detector, for future experiments, a sec-
Outi important topic is in the area of detector design. 
The general feasibilty of any proposed detector fa­
cility must be addressed first, before a detailed de­
sign study based on the particulars of the physics. 
The advantage the nuclear physics community has 
at PEP is that a generation of working detectors 
have been in operation for more than five years. A 
study of these detectors, in particular the TPC-27 
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-27 facility, 
makes two important points. First that despite be­
ing optimized for high energy physics running, a 
TPC-like detector works well in a nuclear physics 
environment. Secondly the scale of any proposed 
future experiment will be closer to that of high en­
ergy physics than traditional nuclear physics exper­
iments. 

The Time Projection Chamber 
All of our data and resulting measurements pre­

sented are from the PEP-4 detector. We will sum­
marize the design and operation of the detector 
facility with respect to those features relevent to 
our results. More complete reviews are available 
ilsewhere | ,_*1 , along with a good summary of the 
PEP-9 or forward spectrometer1'1 . 
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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. 

2. Identification of charged particles by means of 
energy loss measurements over the accepted 
momentum range. 

3. Detection of energetic photons over a compa­
rable solid angle with capabilities for recon-
strution of neutral piona. 

The forward detector system, or PEP-9 , was 
design to observe or tag the outgoing electrons 
(positrons) in photon-photon or two-gamma inter­
actions. These generally scatter at small angles with 
respect to the beam axis and are outside the PEP-4 
detector volume. We used the PEP-9 system to tag 
the scattered electron from nuclei. 
Geometry of the System 

To achieve the design objectives listed above 
and to promote modularity during the construction 
phase of the facility, the PEP-4 detector is divided 
into six subsystems. The entire central detector sys­
tem is cylindrically symmetric about the e + e~ beam 
axis; the forward spectrometer is symmetric about 
the interaction midplane perpendicular to the beam 
axis. Figure (1) is a schematic of the facility show­
ing one arm of the forward spectrometer. Radially 
outward from the e + e~ interaction point the six sub-
sytems are: 

1. An inner drift chamber (IDC) which wraps 
around the beam pipe, used as a fast pretrig-
ger chamber. 

2. The central detector, the Time Projection 
Chamber or TPC . 

3. A solenoidal 13.25 KGauss superconducting 
magnet. The momentum resolution achieved 
was [<rp/pf = (1.5%)2-»-(0.65%p)2 (pinGeV). 

4. A second cylindrical outer drift chamber 
(ODC) which encircles the magnet. The spa­
tial resolution of the two drift chambers was 
150-250 microns. 

5. 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. 

Fig. l . l Artttf Kbtmttic view of the TPC-21 facility. One vm 
of the forward xpecttomtttr it ahown here, 

The rms energy resolution of the calorime­
ter using 14.5 GeV Bhabha events was o-g = 
1 4 % ^ (EinGeV). 

6. A muon detection subsystem consisting of pro­
portional drift tubes layered between sections 
of iron absorber material. The spatial resolu­
tion of the muon chambers was 700 microns. 

Operation of the TFC 
The central detector of the TPC-27 system is 

the time projection chamber. The device is a large 
cylinder twr meters long and two meters in diam­
eter. The chamber is filled with a gas mixture of 
80% Argon and 20% Methane and has operated at 
8.5 atmospheres of pressure. 

The volume is divided into symmetric halves by 
a conducting mesh membrane which is held at -
75 Kilovolts with the endplanes at ground voltage. 
A series of conductive rings at the inner and outer 
radii of the chamber are the components of the high-
voltage Seld cages which produce a very uniform 
axial electric drift field, while a solenoidal magnet 
introduces a four kilogauss uniform magnetic field 
in the same direction. The ends of the cylindrical 
volume, the endcapa, are the detection planes for 
the TPC. 
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The uniform electric field in the drift volume 
is achieved by the field cages which step down the 
central membrane potential for a constant velocity 
drift field throughout the TPC volume. This is done 
by a set of G—10 fiberglass cylinders at the inner and 
outer radius on which 0.5mm wide conductive rings 
are etched. Design tolerances maintained a precision 
of better than 0.01% in the resulting electric field. 

As pictured in Figure (2) each endcap is phys­
ically divided into six identical multlwire 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 
e + e~ interaction will pass through the TPC volume. 
These particles will ionize the gas along their track 
length. On the average 200 primary ion pair« per 
'4 mm of track are produced. The ionization elec­
trons will drift in the direction of the electric field 
to the endplane detectors. The endplanes simulta­
neously do both the spatial tracking and energy loss 
measurement. 

A sector detects incoming drift electrons with a 
set of 185 twenty micron diameter gold plated tung­
sten sense wires (of which 183 are read out). These 
are alternating with 75pm 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 95.2 cm from the interaction point. Each 
row is segmented into 7.5mm squares, called pads. 
These will see an induced signal from the sense 
wir?s. Figure (3) illustrates the layout of the wires 
and pads. An additional shielding plane of wires 
7.5 mm above the cathode plane is held at ground 
voltage. 

Arriving clusters of ionization in the neighbor­
hood of a wire will undergo charge avalanching 
which in turn induces a signal on some of the pads 
directly under the particular wire. Signal gains are 
typically 10 s with sense wire voltages of ZAkV and 
field wire voltages of +700 volts. 

From the pads two coordinates, xy (in the 
sector frame), of tracking information are deter­
mined. The xy 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-

Fig. 1.2 (*) Schcmttic of t i e TPC volume, (b) View of one 
TPC emdctp thowing the Melon tad the dE/dx wires. 
The magnetic bending and etectrie drift Gelds are par-
alW (into the page/ 

termined by measuring the time it takes for the 
electrons to drift to a sense wire. Knowing this 
time and the constant drift velocity of the elec­
trons in the uniform electric field in the gas mix 
allows us to project back in Z to find the original 
creation position of the electron-ion cluster. The 
term Time Projection Chamber originates from be­
ing able to use the available drift time information. 
Particle Identification with the TPC 

The TPC identifies a particle by measuring its 
ionization energy loss (proportional to the sense wire 
signal amplitude) through the gas volume and its 
momentum through the magnetic field's curvature 
of the track The average energy loss per unit length, 
dE/dx , is a well-defined function of a particle's ve­
locity, given by the Bethe-Heitler relation1'1 
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m c is the mass of the electron 
I is the effective ionization potential for the 
material 
?} is the electron density of the material 
u is the plasma frequency of the material. 

For a < dEfdx > resolution of better than 4% 
the TPC samples a track's ionization energy loss up 
to a maximum of 185 times. In practice a 'truncated 
mean* is used, being the msan 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
ous (and muons), kaons and protons along with am­
biguous crotsover regions between particle types. 
Pion and muon bands were not resolvable due to 

: the mcmentum resolution obtained and their small 
(33.9 MeV) mass difference. The high and low mo­
mentum regions with respect to minimum ioniz­
ing are referred to as the one-over-beta-square and 
relativistic-rise regions respectively. 

To quantify the probability of identifying a spe­
cific particle type, a dE/dx x 2 is defined. For a 
measured track momentum Px the Xi is the distance 
squared between the measured dE/dx point and the 
theoretical curve for the x particle type. The lowest 
\ \ 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 "lap 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 f i B sources. These were 
located undernprvfch the r'w1-''-.nca aud switchable, 
irradiating the wires through holes drilled in the 
endplanes. 
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Fif. 1.4 Plot ofntrgy lorn (dE/dr} n, momentum for our 
data temple. Energy torn carrot snowing the pzes-
cMce of electrons, pious, kaons and protons are teem. 

First Test Run 
Our first test of the gas-bleed system was done in 

March 1986. This was a live test of gas injection at 
PEP with beams and all detectors on. The first seg­
ment of the test was a 24 hour run with Di, raising 
the pressure in the PEP beam line in the neighbor­
hood of the TPC from 10~ 9 to (3.0)10-' 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 

< « / * >- -^r {l» i / r r ( M W J - 2 n 
(01) 

where 
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Event Scanning 
As an introduction to the TPC-27 data anal­

ysis system OASIS (originally OASYS for Offline 
Analysis SYStem), we did a selection and event-
by-event hand scan of a selected sample. OASIS 
is a software interrupt driven program allowing for 
single event analysis/reanalysis applying different 
physics cuts to the data. A sampler of interesting 
events was compiled. Thi3 sampler included exam­
ples of quasielastic scattering, A production, asso­
ciated strangeness production, deep-inelastic scat­
tering and a unique example of massive target frag­
mentation from a Xenon nucleus. 

raised to (2.0) - (5.0) 10~ 8 torr. 
To trigger the detector during this test we re­

quired the following. An 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 27 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 eec~l. 

We collected approximately 30 tapes of raw data 
for further analysis or around 10 5 events. In addi­
tion to this data exists around 2000 tapes of raw 
data taken during past run cycles of high-energy 
e+e~ physics running. About 10-20% of this data 
are events with electrons or positrons scattering 
from the residual gas in the PEP beamline. These 
tapes were separately analyzed from what we call 
the dedicated runs where gas was injected into the 
beampipe. 

Data Analysis and Scanning 
Data Selection 

In order to filteT out internal target (nuclear) 
physics from the e + e~ or 2-7 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 vertex had to be offset from the 

e + e~ interaction point. We required 80.0 > 
Zvertex > 6.0 cm. 

3. The tracks in the event had to cluster around 
the event vertex. This filtered out events that 
triggered the detector but had a second in­
teraction occur shortly afterwards (during the 
TPC detector sensitivity time), where both 
were readout and written to tape as a single 
event. 

4. Any event was also kept even if ZUCrtex 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. 

Fit. 15 Exmmple of a «•«( u sera by tkt PEP-4 cyttcnt. 
In thU cipe, poattble target fragmentation of an elec­
tron on a Xeaou uuchuf-

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 
2a error ellipse. The theoretical DeDx curves for 
different particle masses are also plotted. 

What is clear from this event is that to study 
such phenomena (i.e. looking at different exclusive 
final states) will require detectors capable of track­
ing and particle identification like a TPC. 

Bose Einstein Correlations 
The renewed interest in Bose-Einstein correla­

tions has prompted recent investigations in e+e~ an­
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nihilations and hadronic reactions''"*'. The general 
ideas as applied to particle physics are an outgrowth 
of the formulation by Banbury-Brown and Twiss 
(HBT) in radio astronomy. In high energy particle 
physics the acronym GGLP (Goldhaber-Goldhaber-
Lee-Pais) is used to reference this correlation phe­
nomena, along with the terms intensity interferom-
etry or second-order interferometry. 

BE correlation analysis is a tool to study the 
space-time development of particle emitting souces 
in high-energy interactions. Since boson wave func­
tions are symmetrized according to Bose-Einstein 
statistics, a boson source (for instance emitting pi-
ons) will exhibit an enhancement for pions with 
small relative momenta. Quantitatively a two par­
ticle correlation function R(pi,pi) is defined: 

R{PUPl) = P{Pl,P3)/po(pi,P2) 

where pj and p% are the pion four momenta and 
P, p0 are the pion densitiess for a correlated and 
uncorrected (no BE statistics) sample respectively. 
The parameter g = Pi - p 2 GeV, the relative 
four momenta of the pions, is defined so that 
R{q) is proportional to the fourier transform of 
the emitting source's space time distribution. For 
sources that have a lifetime r and have a gaus-
sian distribution in space S{f) oc exp{-r2/2a2) 
then R(q) = 1 + e * p ( - $ V ) / [ l + {9or)*\. Here 
q = Pi - pa GeV/c is the pion three momenta dif­
ference and q„ = \Ei - Ez\ GeV. In our analysis an 
exponential form R(Q'2) = 1 + Aezp(-<92tr2) where 

Q2 = V P I "" P*)2 G^f was used. 
Analysis Procedure 

For our study the higher statistics sample of 
beam-residual gas events was used. We required 
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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 had 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 
plotof j5(pi,p2). 

For po(puP2l the pion density in the absence of 
BE correlations, event mixing was used. Event mix-
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ing uses a pion from one event combined with a pion 
from a different (and independent) event, insuring 
no correlations between the pions. The correlation 
function R(q) is then the ratio of the correlated to 
uncorrelated pion densities. 
Results 

Figure (8) is a plot of the correlation function 
R(Q2) An enhancement is seen at Q2 < 0.25. Fit­
ting to the exponential form above we get A = 
0.37 ± 0.19 and <r2 = 1.37 ± 0.41 fermi. However 
even with our larger data sample this result is still 
statistics limited. We also looked at R(Q2) as a 
function of P = |px + p 2 | GeV/c and as a function of 
the mediating virtual photon's momentum transfer 
-q2 (GeV/c)2. The results for both were consistant 
with no variations, again the statistics of our data 
sample limiting what we could do. 

Relative four-Momenta [CeV) 

Fig. 1.8 TJie Stud two-pion condition function. T ie fitted 
data showa an enhancement at amaU relative foar.niojiiejiCa, 

Summary 
We have briefiy presented a preliminary result 

of a gas target test run at PEP. For this test and for 
subsequent data analysis the TPC-27 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-27 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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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, e'lr). 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 par 
rameters are sufficiently unlike those of fixed target 
operation that it is worthwhile giving some prelim­
inary thought to the hardware - targetry and de­
tectors - in order to realistically constrain physics 
proposals being developed for these facilities. 

Presented here is a conceptual design of a small 
angle, large acceptance forward spectrometer for 
PEP. It is intended as a multiparticle spectrometer, 
which would record both the inelastically scattered 
electron, and resulting hadrons within 20° — 25" of 
the beam axis. As is, it is may be most suited 
for, among others: (*) inclusive electron scatter­
ing (e.g. from polarized targets}; (it) semi-exclusive 
measurements in hadronization studies (where the 
inelastically scattered electron and one or more 
hadrons normally will be detected); and (tit) vec­
tor meson production, e.g. (e,e'$), p -* K+ + 
K~. The suitability as is for quasielastic scatter­
ing, e.g. (e, e'p), (e, e'2p) is less clear in view of the 
wide angle at which the struck nucleons normally 

go. Nevertheless, such a downstream spectrometer 
could be viewed as the first most essential piece of 
a comprehensive IR, with either a central tracker 
(solenoidal magnet, wire chambers, etc.), or a mov­
able small solid angle spectrometer arm to cover 
wider angles. 

A brief description of the IR environment will 
be given, followed by a discussion of how an exist­
ing detector, the PEP-9 2*? spectrometer could be 
reconfigured for fixed-target kinematics. Space does 
not permit a detailed description of all the compo­
nents, but relevant parameters will be mentioned. 
Estimates of rates, resolution and acceptance will 
be presented. Finally, very preliminary considera­
tions concerning data acquisition will be discussed. 
The gas jet target for unpolarized work will not be 
dealt with at all, as it will be described in detail 
in the paper of J. Molitoris'1' . However, the ques­
tion of luminosity monitoring will be addressed, and 
a proposal to use Moller electrons (analogously to 
Bhabha scattering in e+c~~ physics) will be put for­
ward. 

The Interaction Rcgioa 
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 wouH not change any 
important details. The beam line is 4 meters off the 
floor, and is 5.7 m and 9.9 m from the outer shield­
ing wall and inner wall respectively. The distance 
from the e* interaction point to the first quadrupole 
magnet in either direction is approximately 6.4 m. 
The house for electronics and computer have been 
added to the figure. There is one interesting feature 
to be commented on in IR-8, which is the proton 
alcove downstream of the IR in the electron-going 
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direction. This feature was added to the design for 
PEP when it was anticipated that it might become 
an ep collider at some later date. Such an alcove 
would permit detectors at very small angles, should 
that be desirable in the future. 

For fixed target physics, the gas target need not 
be located at the e ± interaction point, and in any 
case the electron and positron beams will be sep­
arated everywhere except at IR-2 (this separation 
Lbing « 1 cm). Figure 2 shows the 10<TXlV beam 
envelope and the horizontal and vertical 'beam stay 
clear' (= 10cr + 1 cm). Since it is anticipated that 
the gas jet target will be directed vertically, it is 
seen that even at z = 4m, a jet of radius 0.5 — 1 cm 
will handily intercept the whole beam. 

The PEP-9 2~f Spectrometer 

The PEP-9 27 Spectrometer is part of the TPC-
27 Detector, which is described in detail in the pa­
per of S. Melnikoff''' . The 27 spectrometer actu­
ally consists of two symmetric low angle spectrom­
eters at the 'North' and 'South' ends of the Time 
Projection Chamber (TPC). Each end is comprised 
of a Cerenkov detector, drift chambers, a magnetic 
volume, a time-of-flight hodoscope, calorimetry and 
muon identifiers. Subtending 20-200 msr, their chief 
function is to tag inelastically scattered e± in two-

Tkt tltctram datetiom it ftom tap to bottom in the 
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Fig. 3 Conceptual daign of a Sxed tufel interaction rtfion for PEP (top view). 
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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 Gnat state with the quantum numbers of two 
photons. It was the low-angle spectrometer system 
which made the TPC-2-y detector attractive for the 
nuclear physics test of 1986. 

The development which permits us to think 
about. PEP-9 for the future nuclear physics program 
at PEP is that the TPC-2-7 collaboration has been 
approved for several years of high luminosity run­
ning at PEP. Under the high luminosity upgrade, 
the two final quadrupoles in IR-2 will be moved in 
much closer to the TPC, and most of the 27 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; (Hi) at least moderate momentum resolu­
tion (< 1 0 - 2 ) ; and (iv) good particle identification 
(e, ir, K, p, d) up to S GeV. Of particular importance 
is excellent IT — t discrimination for processes where 
the inclusive hadron production cross section in re­
lation to the inelastic electron cross section may be 

Fig. 4 View from bttm axu of editing PEP-9 Septvm Majr-
jieG. Magnetic 6dd iinef are indicated. 

severe. 
A conceptual design for a large acceptance for­

ward spectrometer is shown in Figure 3, assembled 
partially from components of the PEP-9 spectrom­
eter. 
The Septum Magnet 

Each half of the PEP-9 spectrometer contains 
a septum magnet shown in Figure 4. The active 
area is approximately 2.2 m on a side, with a depth 
of 1 m. The coils around the vertical yoke are 
wound with the sense such that flux lines emerge 
from the septum or 'nose' of the magnet and are 
directed upwards in the top half and downwards in 
the lower half. The resulting field at the beam axis 
is zero as required; an air-core quadrupole cancels 
out higher multipoles to a large degree. An unfortu­
nate characteristic of the magnets at present is that 
the f Bdl = 1.8 AG - m only. The reason for this 
is twofold: (i) half of the amp-turns are outside of 
the vertical yoke and cause flux loss to the exterior 
region; and (ii) saturation of the iron, particularly 
in the nose. Our intention is to use the magnets 
back-to-back, but additionally to consider modifica­
tions that will increase the magnetic field strength. 
A study has been made using the two-dimensional 
code POISSON of various options involving addi­
tion of iron, and rewinding the coil. (Obviously as 
the coil will be rewound, the two yokes will be first 
joined before the mounting of the coil.) Figure S 
top shows the field lines for the magnet as is, where 
the maximum field strength is 4.9 kG. Figure 5 bot­
tom shows the proposed modification. The equiva­
lent number of amp-turns (762,000) is now wound 
around the nose, rather than the vertical yoke. The 
nose itself has been made wider, and the vertical and 
horizontal yoke-pieces have been moved outwards to 
preserve the active area of the spectrometer. The re­
sulting maximum magnetic field is predicted to be 
7.6 kG, and the average / Bdl w 12 kG - m. The 
three heavy lines indicate cuts along which the mag­
netic field is plotted in Figure 6. 
Drift Chambers 

The existing PEP-9 detector consists of five drift 
chambers per arm termed DC1-5. The total num­
ber of planes per arm (e.g., the North arm) is 15, as 
each DC basically consists of u, v, y stereo planes 
whose wire pitch is ±5° and 90° from vertical re­
spectively. Each plane consists of roughly 60 drift 
cells per plane, and each drift cell by itself resolves 
the 'left-right ambiguity' as instead of a single sense 
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Septum magnet as is 

Fig. 5 Qaatfrut Seld nap for tin praaut conSfurtfio* of the teptum ffii/urt ftopj, 
xad a pomtbk modification (bottom). 1* tit modified cue, the coil ntma 
it jntde xromnj (a* maf»t BOX. Ron 2-d code POKSON. 

wire per cell, there is a double sense wire spaced by 
250 it. 

The sense and cathode wires for DC2-5 aTe 
38 ft and 250 ft respectively, and the gas mixture 
is Ar — GO2 (16.4%) at one atmosphere. Windows 
for DC2-S are aluminized mylar 25 ft thick. The 
typical resolution is a = 125 ft. The most compre­
hensive document on the PEP-9 drift cells is that of 
White"1 . 
The TOF Hodoscope 

The TOF hodoscope of each arm of PEP-9 is a 
lattice of 50 horizontal and 62 vertical scintillator 
strips, assembled in four quadrants. Each strip is 
8.5 cm wide, and is read out by a single photomul-
tiplier tube (PMT). 

Corrections are made in analysis for time slew­
ing due to amplitude variations (for which 15% im­
provements were reported in test beam measure­
ments), and for propogation time through the scin­
tillator (« 14 cm/neec). The resulting time resolu-

20 30 40 
x,y (inches) 

50 

Fig. 6 Profiler ot vtrlicaJ mtgattic Seld component [By), 
ve. z,y. CaU refer to duhed, and hexvy aojid iiaer 
in Figure S. 
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tion is found to be a = 0.47 ntec for horizontal or 
vertical strips alone, and <r = 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 K, K sur­
viving decay in flight for an 8 m flight path. 

One intact TOF wall and electronics have been 
designated for future use in the nuclear physics in­
teraction region, the other TOF wall was cut in half 
for use as a fast offline cosmic ray trigger for the 
TPC. When it has completed its function there, its 
use as lateral extensions to the downstream detector 
package could be negogiated. 
The Calorimeter 

The calorimeter is a critical component of the 
detector package as clean electron identification de­
pends heavily on it. A suitable candidate appears 
to be the novel lead-liquid scintillator design of the 
Santa Barbara group used at FNAL M . Their detec­
tor consisted of 60 layers, each 1/3X 0 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 cm width and is transmitted in either direction 
to its end. The layers are arranged to give u, v, y 

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 FMT reads out each light-
guide. The resolution for the full scale detector 
(2.44m x 4.88m) was 12%/y/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 have to be countenanced 
in this spectrometer as well. 
The Cherenkov Detector 

The area where least progress has been made is 
the issue of Cherenkov detector(s). Cherekov detec­
tors are possibly required for two purposes: to im­
prove the jr/e 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/K sepa­
ration (indistinguishable above 1.5 GeV/e by time-
of-flight alone) is more difficult. A combination of 
a heavy gas Cerenkov (i.e. neopentane) and silica-
aerogel is certainly an option. Concerning aerogel, 
its range of index of refraction in manufacture is 
limited to 1.02 < n < 1.1, and we are not aware of 
any commercial vendors at present. For n = 1.02, 
pf = 0.71 GcV/c, whereas pf = 2.5 GeV/c. 

A ring imaging Cerenkov detector is also under 
study for particle identification, motivated by the 
design of Fermilab experiment E-665. 

Performance of the System 
Rates 

In designing a large solid angle forward spec­
trometer, the inclusive rates must be well under­
stood in order to select the appropriate instrumen­
tation with the requisite granularity so the sytem 
will not be overwhelmed. Furthermore, it must be 
considered whether it will be possible to trigger on 
all of the categories of events of interest while min­
imizing useless triggers. 

Rates have been estimated assuming a D% tar­
get, a luminosity £= 10 3 2 , and an effective coverage 
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in polar angle for the spectrometer of 4° < 6 < 20°. 
Numbers below refer to incident energies of 14.5 (4) 
GeV. 

Inclusive Electron Rate 
The rate of inelastically scattered electrons 

from nuclei have been estimated using parameter­
ized structure functions for deep inelastic scatter­
ing (Emin = 0.1 GeV), and the assumption of 
j-scaling for the quasielastic part. This yields 
40 Hz (400 Hz), the factor of 10 increase in going 
down in energy being due to quasielastic scattering. 

Inclusive Hadron Rate 
Useful parameterizations of inclusive hadron 

production at high energies are almost non-existent. 
Based on the data of Boyarski161 using a 0.3 radia­
tion length Be target at 18 GeV, the hadron singles 
rates should be less than 40 kHz. 

Moller Electrons 
The Moller electron spectrum diverges with in­

creasing lab angle out to the maximum angle of 90°, 
but the electron energy falls rapidly. (Wide angle 
electrons Vn the lab frame correspond to 'gracing' 
collisions in the center-of-mass frame.) Within the 
spectrometer's angular acceptance, the total Moller 
rate is 6 x 107 Hz (1.7 X 10T 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 
Emin = 30 MeV results in a much lower rate: 
8.5 x 105 Hz (2.3 x 10 s 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 

1 5 - (B) = 5kG / 
L = 2m / 
°D.C. = 150u j / 

|5E| (*i(T 3) 10- / 

0 5 10 15 
p (GeV/c) 

Fig. 8 Estimated resolution of the septum spectrometer, 
not including effect of Held 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 10" 5) + 1 0 - V ] 1 / 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 
cr = 150 ixm. (It is easy to see that only the inner 
two drift chamber planes contribute to the momen­
tum uncertainty, and not the outer two.) It is a gen­
eral property of non-focussing spectrometers that 
their low-momentum resolution is limited by mul­
tiple scattering, and it is difficult to achieve much 
better than 5 X 10~ 3. 

p (e, e' n) acceptance map 14.5 GeV 

Fig. 9 Acceptance map for the reaction p(e, t'x)n at 14.5 GeV. 
The angular distribution for the pions was taken 
to b e e 1 "">. 

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 SXjy = 18°. The ac­
ceptance surface for detecting both the electron and 
pion in the reaction p[e,c'n)n at 14.5 GeV as a func­
tion of x, Q 2 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 1 0 ' , where t = (pn — q)2 in the usual 
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way). The acceptance is significant throughout x, 
and for all but the lowest Q 2 . The corresponding 
map for quasielastic scattering from nucleons would 
be much worse, as the heavy mass of the nucleon 
implies a large momentum transfer angle, typically 
50° or so. The dead solid angle that the vertical 
yoke represents is one of the most unsavory aspects 
of a spectrometer built around a septum magnet. 

Data Acquisition 

The total number of channels of data the spec­
trometer represents will be at least 3000, and could 
easily double if a conventional Cerenkov detector is 
forsaken in favor of a ring-imaging device. (The 
number of channels requiring readout with zero-
suppression is estimated to be 50 per track, lead­
ing to a total of 100-250 per event typically.) The 
collaboration forming about such an interaction re­
gion for PEP (American / ANL / CalTech / LLNL 
/ Massachusetts / RPI / SLAC / Virginia / Wash­
ington) has defined as a necessity a data acquisi­
tion rate of 30 Hz, and a realistic goal of 100 Hz. 
The former should be achievable within conventional 
VAX-based systems, the latter would require either 
multiple tape drives or the new WORM technology 
combined with a multiple processor system for data 
logging and analysis '*' . Nevertheless, at this stage 
it must be said that plans concerning computers and 
software are still at a. fairly primitive level. 

Luminosity Monitoring and Calibrations 

Perhaps the chief unanswered issues for an in­
ternal target facility at PEP concern luminosity 
monitoring and calibration of the various detec­
tor components. The situation for e+e~ physics is 
more felicitious in that Bhabha scattering provides 
both luminosity monitoring and monoenergetic (e.g. 
14.5 GeV) electrons and positrons with a meaningful 
rate at wide angles (in spite of the Q~* angular dis­
tribution) for running calibrations of calorimeters, 
TOF hodoscopes, DCs, etc.. The analog of Bhabha 
scattering for fixed target experiments, Moller scat­
tering from atomic electrons in the gas target, holds 
out hope for luminosity monitoring. Figure 10 (a) 
and (b) shows that while the cross section rises 
steeply for larger angles, the energy drops precip­
itously; particles emitted at angles less than 5" will 
be occluded by the beam pipe within almost any 
spectrometer design. Nevertheless, electrons in the 
100 MeV range should be cleanly identified with a 
combination of magnetic analysis and shower energy 
in a small Nal detector. 

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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Abstract 
Calculations for the electro-production reactions 

p(e,e'K)Y (Y=A,!:) and d(e,e K]YN are reported to moti­
vate future experiments using different facilities at 
SLAC. Study of the elementary production processes 
p(e,e'K)A and p(e,e K ) E will provide important infor­
mation about K W coupling constants, the kaon form fac­
tor, and possible differences between Quantum 
Hadrodynamlc and Chromqdynamic formulations. Inclusive 
measurements for dCe,e K)YN will permit unique investi­
gations of YN interactions as well as a search for 
strange dibaryons which are predicted to occur at 
energies near the EN threshold. 

Introduction 
As evidenced by the Nuclear Physics at SLAC (UPAS) 

arid 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-nuclear physics is 
clearly expanding. Much of this interest is motivated 
by the growing awareness that a complete understanding 
of the photon s electromagnetic coupling to hadrons 
provides an unique, theoretically "clean" handle for 
studying individual and composite hadron structure and 
hadronic interactions. Investigating kaon electro­
magnetic production is perhaps the most appropriate 
example of this philosophy since the K + meson has the 
simplest hadronic reaction mechanism. Further, photo, 
( Y . K ) , and e^.eclronroduction, Ce,e K), studies 
directly address several fundamental issues in both 
nuclear and particle physics. These issues are 
detailed in the next two sections which describe kaon 
production from the proton and deuteron, respectively. 

Production From The Proton 
unfortunately, the quantity of data for the ele­

mentary reaction is not significantly greater than it 
was twenty years ago. The quality of existing data 
also needs Improvement as cross sections are only 
accurate to about 10* and polarizations are only deter­
mined to within 25 to 50*. Additional, more accurate, 
measurements will provide new information and insight 
Intoi the fundamental production mechanism* the quark 
structure of the participating hadrons (i.e. static 
properties, form factors, etcJr tests of various SU(N) 
symmetry predictions Including the usefulness of kaon 
PCACj the vector meson hypotheslsi 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). , 

Figure 1 shows a recently published electropro-
duction calculation for the virtual photoproduction 
process pCyv» K)A« Complete details of the calculation are given in ref. 1. As Indicated in the figure, the 
different curves correspond to various combinations of 
oupllng constants (labeled set I and II, obtained from 
a phenomenological photoproduction analysis ) and kaon 
form factors. Notice that set I coupling constants 
provide a better description of the KA production data 
Casterists denotes experimental points). Enigmatically, 
however, set II coupling constants are favored for KZ° 
production which is shown in Figure 2. It should be 
stressed that flavor SUt3) symmetry was assumed in 
transforming the coupling constants from A to £° pro­
duction. Using vector dominance, the kaon form factor 
Is represented by a simple monopoly term, (1 -
Q**2/fr**2), where h is the mass of the vector meson 
mediating the process. A detailed examination of both 
figures suggests that the phi meson CM = 1.02 GeV) 
generated form factor provides a slightly better 
description of the overall data than the rho which is 
nore appropriate for » electroproduction (this conclu­
sion appeared much more dramatic in ref. 1, however, 
the first figure in that work contained an error which 
is corrected in this paper). The dotted line In both 
figures represents the result using a kaon form factor 

tsupported in part by the U.S. Department of Energy and computed within the quark model . This form factor 
the Research Corporation 
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seems to over predict the cross sections but when com­
bined with the rho meson prediction does provide useful 
lower and upper theoretical cross section bounds. 
Because the current uncertainty In the data Cerror bars 
are shown in ref. 1) precludes extracting more detailed 
form factor information, more exacting theoretical 
constrains will have to await future precision measure­
ments. 

In addition to form factor studies and the deter­
mination of coupling constants, it is also of interest 
to understand the rapid Q**2 fall off of z* production 

4 5 
relative to A production. Arguments have been given ' 
which relate the £/A ratio decrease to the decrease of 
the neutron to proton structure function ratio which 
approaches .25 as the BJorken scaling variable 
approaches 1. The implication is that the u and d 
quarks predominantly couple to isospin 0 which, with 
the addition of an isospin 0 s quark, favors A for­
mation over the isospin 1 E production. Another 
related and important study is the high 0**2 behavior 
of kaon electroproduction. According to W D the 
leading diagrams involve kaon exchange Ct channel) and 
the cross section should scale like the kaon form fac­
tor squared CQ**-4 dependence). This prediction is ^ 
completely different from the perturbative QCO 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 regions of 
applicability for each theory. Clearly, for these and 
the above reasons It is paramount that additional and 
more accurate KV electromagnetic production data be 
obtained. 

Production From the Oeuteron 
The reactions dte,e*K)VN and d^y,K)YH afford an 

unique method for studying AN and SN 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 £N 
threshold and is displayed in Figure 3. This curve 
represents the An theoretical total elastic cross sec­
tion generated by solving a coupled channels problem 
Csee ref. 7 for full details) for the three mass par­
titions An, j'n, and z~p using potential 0 provided by 

a 
Nagels and de Swart . This interaction, which contains 
hard core, tensor, and antisymmetric spin-orbit com­
ponents, provides a reasonable comprehensive descrip­
tion of limited Ap elastic and Inelastic, Ap+iN, data. 
This cusp is due to an enhancement in the triplet s 
wave slgma channel which is the strange analogue of the 
deuteron. Since An measurements are not possible the 
only direct way to investigate this system is through 

<mb) 

200 400 600 
A lab momentum (MeV/c) 

Fig. 3 Theoretical An total elastic cross section. 
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final ̂ tate interaction studies of the reaction 
d(e,e K)An. In Figure 4 the predicted inclusive cross 
section (A is unobserved, only the three-ipomsntum of 
the final electron and kaon are detected} is plotted 
versus the An invariant mass. Again notice the pre­
sence of the £N cusp near the sigma threshold (M = 2.15 
GeV). Because this Is an inclusive process it is not 
possible to resolve A and z' 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 z production, 
respectively). Accurate measurements of this reaction 
will provide firm constraints for YN potentials and 
will determine the unknown relative phase between A and 
r elementary production amplitudes (this calculation 
assumed +1 phasei 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 dlbaryons which 
are predicted to have mass values spanning the EN 
threshold (the singlet spin 0, D-, has a calculated 
mass between 2C and 40 MsV below the cusp while the 
triplet spin 1, D 1, is expected to have a mass 20 to 40 
HeV 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 

.10 to p wave AN channels . Consequently, the kaon angular 
distribution from d(i\,.K)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 is isolated and decomposed into components. 
Note that the dominant contribution to the total cross 
section (top curve) is from Including only the triplet 
s wave final state YN distortions (next curve from 
the top). Piekarz has used this signature to argue 
for the formation of the triplet D dibaryon using the 
reaction d(»-,K-)Ap. He reports observing a maximum 
about 10 MeV above the rN threshold. Ideally, a search 
for the singlet D Q should also be conducted since the 
experimental signature is clearer becai.se at energies 
below the £ threshold the inclusive measurement is free 
from the complexities of the sigma channel. This is 
illustrated in Figure 5 where the cross section for 
pure sigma production is shown to be relatively small 
at threhold (bottom curve is pure l' production). 
Unfortunately the (ir_,K-) reaction is not effective in 
exciting the singlet state because the participating 
mesons have spin 0 and the elementary hadronlc amplitu­
des have a small spin-flip component. However, the 
( Y V > I O excites both spin states as shown in Figure 5. 
Kaon electromagnetic production is therefore not only 
an attractive, alternative process for triplet dibaryon 

2.130 2.135 
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Fig. 5 Same as Fig. 4 for cusp region. 
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studies but also an unique way of searching for singlet 9. R. L. Jaffa, Phys. Rev. Lett. 38, 195 (1977). 
dibatyon production from the deuteron. 10. C. 8. Dover, Nucl. Phys. A450, 95 (1986). 

Finally, it is also possible to study K +n final 11. H. Piekarz, Nucl. Phys. A450, 85 [1936). 
state interactions using d(Yv» K) V N- I" contrast to K +p 12. 0. 0. Riska, private communication, 
the ICVI, or isospin 0, interaction is not well known. 
Improving our understanding of the KN amplitudes would 
further enhance the utility of the kaon as a scattering 
probe and provide important information concerning the 
exotic Z* strangeness +1 baryoo resonances. Because 
the current experimental evidence is weak the existence 
of the Z* is highly controversial, however this reso­
nance has also emerged from recent Skyrme model 
calculations12. 

Experimental Considerations At SLAC 
The luminosity available to the Nuclear Physics 

Interaction Region project at PEP for proton and 
deuteron targets, 10**33/(cm**2-s), appears to be quite 
suitable for elementary production studies and, 
depending on spectrometer design, perhaps even adequate 
for Yn final state interaction Investigations. For 
example, a conventional two arm coincidence experiment 
involving a kaon and electron spectrometer each have 50 
and 10 msr solid angle acceptance, respectively, and ± 
5% momentum acceptance could anticipate 2 counts per 
hour for d(e,e K)/lN. 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* kaon detection efficiency and ate based on 
the cross section value near the cusp regions of about 
50 nb/(GeV'sr)**2. Because the background for this 
experiment is low it should be possible to obtain 
accurate cross sections even without a large number of 
counts. Even higher counting rates, however, could be 
obtained using the primary SLAC beam and end station A. 
Although these spectrometers have much smaller accep­
tances (use the 1.6 GeV detector for the kaon with Ml 
= 3 msr, Ap/p = ±5Jff use the 8 GeV spectrometer for 
the electron with AQ = .75 msr, Ap/p = * 2%) the effec­
tive luminosity is significantly higher, about 10**37. 
Predicted count rates for^ double coincidence, inclu­
sive measurement of d(e,e K)YN in the cusp region are 
about 1 every 2 minutes. 

Conclusion 

In summary, several important issues affecting both 
nuclear and particle physics could be resolved by per­
forming more accurate measurements of the two reactions 
p(e,e K)Y and d(e,e K)YN. Hare specifically, the ele­
mentary production studies would provide a decisive 
comparative test of OHO 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 electromagnetic form 
factors of nucleon and pion. A generalisation of this 
approach is given which Includes the constraints at high QJ 

as obtained from perlurbetlve quantum chromodynamics. 
An interesting possibility In the Interpretation of the 
analysis Is that nucleon and pion are very different In 
their quark-gluon structure. The importance for 
measurements of the electric form factors of neutron and 
proton as well as the plon form factor Is emphasized. 
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The determination and understanding of the 
electromagnetic form factors of hadrons belongs to the 
fundamental problems in hadron physics. It is needless to 
say that with the knowledge of the form factors over a 
wide range of momentum transfer, important Information 
on the underlying quark-gluon structure of the hadrons Is 
obtained. As nucleon and plon are the simplest quark, resp. 
quark-antiquark systems they play a very special role. The 
simultaneous understanding of these bound states 1s of 
outstanding importance. 

In the present discussion we investigate the quality of 
the vector-meson dominance (VMD) approach' fn the 
description of the e.m. form factors of nucleon and plon. 
The connections 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 obtained from perturoative QCD*»3'4. 
We follow the description of refs.5,6. 
According to our understanding 01 a physical photon, the 

interaction of a virtual photon with a hadron consists of 
two different pieces: (i) a direct contribution which 
describes the interaction of the bare photon, and (ii) a 
contribution which is associated with the hadronic 
structure of the photon. This second part can be visualized 
by the interaction of the neutral vector mesons p,io>,J/f 
with the hadron. 

Fig.1 

Hadronic (quork-gluon) structure of the photon and the 
interaction of a physical photon with a hadron. 

Assuming that the vector meson contributions (Fig. 1 b) to 
the form factor, which dominate for momentum transfers 
close to the masses of the vector mesons, also dominate 
the form factor far away from tiwst nnips the form 
factors can be described totally by the vector-meson 
contributions. This Is the origin of tlte 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 e.m. form factors are 
described completely by the vector meson propagators. 
For example, the nucleon isovector, as well as the pion 
e.m. form factor Is given by the p-propagator: 

FK(&) : mpVim^Cp) = F/Vfci) s G^y Q^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 experimental information is shown In the 
following Fig.2. 
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We realize that VMD, assuming point-like p - nucleon 
interaction, gives remarkable differences in the form 
factor description for nucleon and pion. While for the pion 
VMD gives a rough description of the data - showing very 
large deviation from the experiment only at high Q* - in 
the case of the nucleon the description is completely 
insufficient already at low Qz. 

How can we understand this difference? Does this 
finding already tell us that VMO is not a good way to 
describe hadron form factors? 
Actually this is not the case as can be seen by considering 

structured particles. In a meson picture this seems to be 
rather an indication for a different importance of the 
meson cloud contribution of nucleon and pion. Consider the 
interaction of a photon with a hadron in the case of 
nucleon and pion. The emission probability for a virtual 
meson seems to be very different for nucleon and pion. The 
energy violation due to the uncertainty principle is very 
different in both cases. While 4E is small for the 
nucleon, it is rather large for the pion, indicating a strong 
variation of the y - nucleon interaction with momentum, 
while no such effect is expected for the pion. A similar 
effect is to be expected if we replace the photon by a 
p-meson. Compare Ffg3 ( V - , , p,a>,t, J/ f ) . 

2.0 3 0 4.0 
Q"»2 / l<6tV/cl"2l 

SO 

Fig.2 

The em form 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.01) for 
the pion. 
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Illustration of the importance or meson cloud 
contributions to the interaction of the photon with 
nucleon and pion in a 'meson picture*. 

This indicates that the strong disagreement of VMD with 
the data in the case of the nucleon disappears when we 
introduce a momentum dependence of the p - nucleon 
interaction: 

GttP(Q*)/ G^O) = m pV(ry+Q*)» A,V( A,**(tt 

Here we denoted by A f a meson scale parameter giving 
the variation of the p - nucleon interaction with 
momentum transfer. This is the simplest possible 
assumption as long as we are only interested in the low Q2 

behavior. With Aj ~ m„ this corresponds roughly to the 
dipole form F D = fA2/(A*+Q2)]2 with A=/0.7I GeV, 
which is the optimal one parameter fit to the nucleon date 
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For tne pion we do not expect such a large effect 
according to the above discussion. Thus a smell 
modification of the simple VMD picture gives a rough 
description of the experimental data - both for nucleon end 
pion - at least at low momentum transfer. 
A closer look at the comparison of theory with experiment 

however shows that in order to obtain a satisfying 
description of the data several deficiencies have to be 
cured. First of all the parameter A m the best f i t dlpole 
form is not exactly the p-w mass, a fact which is 
disturbing; A is slightly larger than 0.84 GeV. 
A mora severe point is the failure of this simple picture to 
describe the experiments for momentum transfer larger 
than 1 GeV/c - for all form factors under consideration. 

In the following we will see that taking into account 
( i) the direct interaction of the photon with the 
hadron - and ( i i ) the form factor predictions from 
perturbative QCD - a satisfactory description of all 
available nucleon and pion experimental data is possible. 
For more details see also refs.(5,6). 

Applying the factorization approach of Brodsky and 
Lepage, perturbative QCD predicts the following high Q2 

behaviour of pion and nucleon form factors: 

Pion 

Q*->°o: F„(Q2)-> l6flc< s<Q 2)fVQ 2 <1) 

Note that as the pion decay constant f f f=93 MeV is 
measured, the asymptotic form factor is known in form 
and magnitude''. 

Nucleon 
Here we have different asymptotic forms for Dirac and 
Pauli form factors, namely: 

Dirac Q2 -* « : F,N(Qe) -» <xs(Q2)2 /Q« 

(2) 

Pauli Q2 -> « : F2

K(Q2) -» F,N(Q2)/Q2 - Q"6 

The Pauli form factor is power suppressed as compared 
to the Dirac form factor reflecting the suppression of 
helicity changing amplitudes in QCD. 

Considering the vector mesons in a one-field 
approximation we can consider a universal vector-
particle nucleon vertex function, which strongly 
simplifies the picture We see that VMD contradicts 
the high Q2 prediction from perturbative QCD This 
is due to the additional power suppression originating 
from the vector-meson propagators and emphasizes the 

need for additional corrections to the form factors. The 
vector-meson contributions to the e.m. form factors die 
out with increasing Q2 as compared to the direct 
interaction contribution 

Nucleon form factors 

Using the known information on the vector meson nucleon 
interaction which we have from pion-nucleon scattering, 
SU(3)p and the Zweig rule ( Q M ^ O ), the nucleon 

isoscelar, isovector form factors are reduced to universal 
Dirac and Pauli vector-particle nucleon vertex functions 
Fi(Q2), F2CQ2). Correspondingly, we have the following 
expressions for the isoscalar, isovector e.m. nucleon form 
factors: 

F , , v (Q 2 )= |A p c + (1-c)] F,(Q2) 

(3) 

K V F 2

I V ( Q 2 ) = [ A p c x p • (x v -CKp) ] F 2 <Q 2 ) , 

with A p =m p

2 / ( mp

2+Q2) and c=g p N N / f p = 9 w NN / f<o-
mp(w)2/%(<i>) d e n o ' 8 S t n e tf"p(<»>) coupling constant. 
mp=0.776 GeV, m^O 784 GeV, Kv=3.706, Ks= -0.12. 

The isoscalar form factors F, IS(Q2), K S F 2

I 3(Q 2) are 
obtained from eq\3) for p -* o> and x. v-** s. 

The crucial information on the meson, resp. quark-gluon 
dynamics is hidden in the universal intrinsic Dirac- end 
Paull-vertex functions F» and F2. These functions have also 
to fulf i l l the requirements from meson physics'2 at low Q2 

Bnd PQCD at asymptotic Q2, as illustrated in the following 
Fig.4. 

Fig.4 

llustration of the low Q2 - high Q2 constraints as 
incorporated in the present anolysis. Low Q2: meson 
dynamics; high Q2: perturbative QCD. Some of the leading 
meson cloud contributions are shown, as well as the 
leading gluon exchanges. 
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Introducing meson and quark-gluon scale parameters A] 
and A 2 respectively, very simple forms for both F t and F 2 r 

which fu l f i l l the above r e t i r e m e n t s are. 

F,(Q 2) = A , 2 / ( A , 2 * Q 2 ) * A 2

2 / ( A 2

2 + Q J ) 

F j fQ 2 ) = F, (Q 2 ) * A 2

2 A A 2

2 + Q 2 ) 
(4) 

With 

3 2 = Q i l o g « A ^ * Q ? ) / A 2

O C D ) ) / l o g ( A ^ / A 2

Q C D ) 

Note that for Q 2 » Az

z the form factors have the 
asymptotic form required from PQCD. Thus A 2 te l ls us 
something about the range of applicability of PQCD. 
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The magnetic and electric form factors 6^, G^ are defined 

as usual by.-

G M

p ( n ) = F , p ( n ) • F j P W J G E «» ( n ) = F,P<") - Q V 4 M 2 F 2P<n> 

where F 1

p ^ n ' , F 2 P ^ denote Dirac and Pauli nucleon form 
factors: 

F,P f n> = 1 /2 |F , 1 S • ( -> F , I V ] ; F 2 P( n ' =1 /2 | )c s F * I S *{-) K F 2

I V 

An analysis of the world nucleon cross section data in 
terms of the above form factor description yields w i th 
c=0.342, x„=6 .6 t and x^sO.32 the following scales. 

A,=o.785GeV, A 2 =2.22 GeV and A Q C D = 0.267 GeV. 

Interested in a precise determination of the scale A Q C D 

one has to take into account also the contributions from 
the anomalous dimensions of the three-quark 
component*. T M s we wit t not discuss here. The 
pvemetr iza t ion f rom above gives already a satisfactory 
description of the data. The inclusion of the anomalous 
dimensions in the analysis leads to A Q C D = I BO rieV and 

very small changes in the other parameters; see ref.(6 ) 
for details of this analysis. 
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Results of the form factor analysis in comparison wi th 
the analysed data.The deviation from the common 
dipole f o r m F D ( Q 2 ) = [ t / ( l * Q 2 / 0 . 7 1 ) } 2 is shown, except 

for the electric neutron form factor G E

n : a) G E P / F D , b ) G M P / u p F D , c) G M

n / j i n F 0 , d) G £ " . Data points are from the 

analysis of the cross sections of refs.(7-10). 
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One has a clear splitting between meson and quark-gluon 
scale. While the meson scale is about the mass of the 
vector mesons (j>,w) as expected from meson physics, the 
quark-gluon scale is rather large A 2 * 3 A 1 . Note that A 2 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 
remarkable description of the data ( X 2/data ~ 0.5). It is 
interesting to note chat the proton data already determine 
the form factors. An interesting finding of the QCD-VM 
model is the fact that the electric neutron form factor 
turns out to be very large at high Q2 in contrast to the 
general belief. It even exceeds the magnetic neutron form 
factor for Q2 > 4M2. In view of the fact that the neutron 
form factor turns out - in this model - to be dominated 
by the Pauli contribution, direct measurements of the 
electric and magnetic nucleon form factors are of great 
importance and will yield important information on the 
spin-flip parts of the form factor < see also refs.3,5,6 for 
details). 

As can be seen from the above equations C 3 & 4 ) , the 
Pnuli form factor- for both neutron ond proton - is 
dominated by the isovector part. This means that the 
electric neutron form factor is strongly related to the 
Pauli form factor 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 
on the quark spin flip contributions. In the following Fig.6 
we 3how the importance of the Pauli contribution to the 
magnetic form factor of the proton. 

Within the present model, which takes care of direct and 
vector-meson contributions to the form factor, we can 
now answer the question of importance of the vector-
meson pole piece. A measure for this part at q 2 =0 is the 
constant c in eq.3. For the above given analysis we have 
c=0.342 showing that the vector meson contribution is 
rather small, 34 % n tQ 2 =0. 

It is interesting to see what replaces the dipole form at 
low Q2. For Q2 « A 2

2 the isovector part has the 
following form: 

F, I V(Q 2) = i A p c + (1-c) ] A,2/CA,2 *Q2) 

- I m p

2 / (m p

2 tQ 2 ) ] 2 «0.34+0.66 m p

2 / (m p

2 +Q 2 ) 

Instead of s moving of the rho-meson mass to higher 
values, a superposition of a monopole and dipole gives the 
desired structure. 

Note that the presented formulas are only thought for a 
description of the space-like momentum transfer region! It 
is is only an effective form factor description and not 
suited for any continuation into time-like momentum 
transfer. 

The vector-meson contribution to the magnetic form 
factor is shown in Fig.7 
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Fig.6 
High Q2 behavior of the proton magnetic form factor 

Q^Gf,". The relative importance of Dirac end Pauli 
contribution Is shown. The dotted line corresponds to the 
asymptotic form as obtained from PQCD . 

Fig.7 

The magnetic form factor 1n the QCD-VM model. The part 
which originates from the p,w contribution is indicated. 
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Fig.6 

Pion form factor eq.(5), in comparison with the available experimental 
information. F f l(Q 2) and Q 2 F-pXQ2) is shown. To stress the high momentum 
region, also the non-vector meson part.i.e. the pert of the pion form factor 
which approaches the asymptotic form obtained in PQCD is shown ( hard 
contribution). 

Due to the additional power suppression originating from 
the vector-meson propagator, the vector-meson 
contribution dies out with increasing Q2 and becomes less 
and less important This is an important finding in 
connection with the reliability of perturbative QCD 
calculations of the magnetic form factor. Associating the 
vector meson contribution with the gluon part of the 
proton wavefunction i t might give us some hint about the 
importance of the leading Fock states. We shall come back 
to this point later in connection with the pion form factor 
where just the opposite behavior is found. 

Pion form factor 

An analysis equivalent to the one for the nucleon, 
a form factor for the pion of the type. 

F f l(Q2)=[ ipc , , * (1 - c„) l A 2

2 / (A 2

2 *Q 2 ) : 

cTi =9pnn'' fp 

ForQ 2 ->» : F f l(Q2) -* ( l -c f l )Ag*/Q* 

Q2 as defined in eq.4 

(5) 

An optimal description of the data is obtained for 
C r t =0.975, A Q C D =180 MeV and Az=2.19 GeV. 

The result of such an analysis is shown in Fig .8. 

In contrast to the nucieon cose, the analysis of the pion 
form factor data reveals a dominant contribution of the 
vector-meson port up to high momentum transfer. What is 
usually called tite hard contribution and is very large in 
the case of the nucleon, plays here a minor role. 

H 5 • • • • • 

* t 

Fig.9 
Interpretation of the vector meson part of the form factor 
as a gluon contribution of the pion wavefunction. 

If the vector meson contribution can be associated with 
the part of the form factor connected with the gluon part 
of the wavefunction this might be a hint that in the case 
of the pion form factor the gluon part plays a dominant 
role, while for the nucleon the situation is reversed and 
the valence quarks dominate. 
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we note that the discussed analysis is the mast simple one 
which actually can be performed. However because of the 
clear dominance of the vector-meson contribution, the 
situation in comparison with the nucleon is not likely to 
be changed qualitatively. In view of the importance of 
these questions, measurements of the pi on form factor at 
high momentum transfer are highly desiraoble. 

Kaon form factor 

There are interesting consequences concerning the K* form 
factor. Using SU(3)(r and a universality condition 

cJJ=Cp=cj, ,we have according to the quark assignment of 

K*- uS , the following prediction for the Kaon form 
factor: 

FK+(Q 2) = 

K l / 2 A p + 1/6 A w +1/3A,p)c l , *0-C n ) ]A 2 V(A3*+Q J ) 

Comparison with VHP form factor models 

in the case of the nucleon there exist a variety of vector-
meson dominance models. We have seen that the 
point-like vector meson dominance model including only 
the established mesons does not give a reasonable form 
factor description. Most of the models therefore used 
generalisations m the direction of including heavier vector 
mesons as p',j>",/>"*,<i>',<i>",<i>'" and <?,<?',•$'", still with 
point-like meson nucleon interactions. Although the 
coupling constants of these hypothetical particles are 
determined by a fit to the nucleon data no satisfactory 
description could be obtained. Examples for these type of 
form factor descriptions are given in Figure 10 where we 
show the magnetic form factor of the proton, which is the 
most important form factor as It is best known 
experimentally. 

It is noticeable that the strict point-like vector meson 
dominance pictures of KK and ZB are not able to give the 
magnetic form factor, not even at low Q2. The model of 
Hohler et al. includes the information from pion nucleon 
scattering which gives additional information beyond VMD 
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 Dirac form factor. The 
Pauli form factor is treated in VMD. In addition, a 
parametrized p-propagator was necessary to explain G^P. 

Although both Hohler et al. and UL give a good description 
of the proton magnetic and electric data at low 
momentum transfer, they fail at high Q2 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 proton form factor; a) lowfP; 
G M

p /MpF D is shown: KK", IJL 1 4 , Hfihler et a l . " ^B^and 
QCO-VM b) high Q2:Q«GMP for KK K , IJL M , Hohler et a l . " , 
ZB". 

In summary we note thai combining the information from 
meson physics at low Q2 and the perturbative QCD 
predictions at high Q2, a satisfactory description of the 
present experimental data is achieved. The vector-meson 
pole contributions dominate at low Q2 only in the case of 
the plon . They play a minor role for the nucleon. Relating 
the vector-meson contributions to those arising from 
the higher Fock state contributions of the hadron 
wavefunction one would expect that nucleon and plon 
wavefunctions" are very different in their nontrivial 
structure. In view of the importance of these problems for 
the understanding of the hadronic interactions'*'18, 
extended measurements of the nucleon as well as of the 
pion form factors are necessary. Especially the 
measurement of the electric proton form factor, which is 
presently known only up to Q2 - 2 6eV 2 /c 2 , will give 

important insight into the underlying quark-gluon 
structure. 
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Thanks are due S.J. Brodsky and N.G. Stefanls for 
discussions. 

REFERENCES 

1. For a review see M. Gourdln. Phys. Rep. I I C , 29 
( 1 9 7 4 ; J.J. Sakurai, Currents and Mesons, The 

University ot Chicago Press( 1969). 
2. G. P. Lepage and S.J. Brodsky, Phys. Rev. 022,2157 

(1980); S. J. Brodsky and G. P. Lepage, Phys. Scr. 23, 
945(1980. 

3. C.E. Carlson, in Proceedings of the NATO Advanced 
Study inst i tute on New vistas in Electro-Nuclear 
Phys1scs,Benff Canada, 22Aug. (1985). 

4. S.J. Brodsky and 6. Farrar, Phys. Rev. 011,1309 (1975). 

5. H.F. Gari and W. Krumpelmenn, Z. Phys. A322 ,669 
(1985); Phys.Lett .BI73 (1966)10. 
M.F. Gari, International Conference and Symposia on 

Unified Concepts in Many Body Problems, State 
University of New York at Stony Brook, Sept. 1986 

6. M.F. Gari and N.G. Stefams, RUB-TPII-86-21, 
Phys.Lett.B, to be published. 

7. S Rock,R.G. Arnold,P. Bosted, B.T. Chertok, B.A. 
Mecking, I. Schmidt, Z.M. Szalata, R.C. York, R. 
Zdarko, Phys. Revlet t . 49 , 1139 (1962). 

8. F.Borkowski, G.G.Simon,V.H.WaUher.R.D.Wendeling, 
Z. Phys. A275 , 29 ( 1975); Nud. Phys. B93,461 
(1975). G.G. Simon, F. Borkowski, Ch. Schmitt,V.H. 
Walther.Z. Naturforsch. 35«,1 (1980). 

9. R. Arnold et ol . Phys.Rev.Lett. 5 7 (1986) 174 
10. W. Albrecht, H.J. Behrend, H. Dorner, W. Fl auger, 

RHultscWg. Phys. Lett. 26B, 642 (196B). 
I I C J . Bebek et o l , Phys.Rev. D17 (1.97B) 1693. 
12. U. KaulfuB and.M. Gari, Nucl. Phys. A408,507 (1983) ; 

M. Gari and U. KaulfuB, Phys. Lett. 136B, 139 (19B4) 
13. J.G. Korner and M. Kuroda,Phys.Revpj£,2165( 1977) 
14 F. lachello, Ai), Jackson and A. Lande, Phys. Lett. 

43B.I9I (1973). 
15. G. Hohler et al.,Nucl.Phys.B114 (1976) 505. 
16. S. Blatnik and N. Zovko, Acta Phystca Austr. 3 9 , 6 2 

(1974). 
17. SJ . Brodsky, "Quarks and Nuclear Forces", Springer 

Tracts Vol. 100(1982). 
F.E. C1ose,R.G. Roberts and G.G. Ross, RAL-86-083. 

18. V.L.Chernyakandl.R.Zhitnltsky,NuclPhys. 
B246(19B4)52 ; 
V.L. Chemyak end A.R. Zhitnitsky, Phys.Rep. 
112(1984) 173. 

19. M.F. Geri end N. Slefams, Phjjs. Le tU57B(19B6) 462. 
and Phys.Rev.D35 (1987)1074. 

l t t 

http://Phys.Lett.BI73
http://Phys.Rev.D35
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ABSTRACT 

In many processes involving low momentum transfer it 
is fruitful to regard the nucleon u a soliton or *monopole-
like" configuration of the pion field. In particular, within this 
framework it is possible to obtain detailed predictions for pion-
nucleon scattering amplitude* and for properties of baryon res­
onances. One can also derive model-independent linear rela­
tions between scattering amplitudes, such as *N and ~KN, A 
short survey of some recent result* it given, including compar­
ison with experimental data, 

1. INTRODUCTION 
This talk describe* 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 Me: til at 
SLAC."'M1 

How can the chiral soliton picture of the nucleon be put 
to a quantitative test? The flow chart in Fig. 1 illustrate* two 
potentially productive approaches to the problem. Both will 
be described in some detail in the course of this talk. For now, 
I will just summarize the two alternatives. 

One possibility is to take the simplest realization of this 
picture, i.e. the simplest mesonic Lagrangian admitting soliton 
solutions with the right quantum numbers and then calculate 
the properties of baryons in that model. The simplest model 
satisfying such criteria is the Skyrme model. In that model 
the pion-nucleon scattering matrix can be computed explicitly 
and it is in good agreement with experiment. The Skyrme La-
grangian is of course only a very crude approximation to the 
true low-energy effective Lagrangian of QCD. In addition, the 
results obtained from the Skyrme model might therefore de­
pend on the details of the action. Hence the second approach 
for testing the chiral soliton picture: it turn* out that one can 
derive model independent predictions, valid for ajl model* in 
which the baryon corresponds to a soliton of a hedgehog form. 
In all such models the static soliton is not an eigenstate of 
the isospin I, nor of the angular momentum L. Instead it is 
invariant under the action of K = I + L. Therefore the meson-
baryon S-matrix has well-defined transformation properties 
under K. This property of the S-matrix yields new and some­
what surprising relations between the various meson-baryon 
scattering matrix elements. Some of these model-independent 
relations are satisfied remarkably well in Nature. Let me now 
describe the two approaches in some detail, addressing first the 
Skyrme model calculation. I will begin with a very brief review 
of some basic results in Ref. 3. The Skyrme Lagrangian with 
a chiral-symmetry breaking mass-term is given by 

* Work enppc-Tted by the Department of Energy, contract 
DE-AC03-76SF00515. 

QCD: SU(NC) 
quarks, gluons 

Nc —• oo 
narrow mesons, glueballs 

baryons 
solitons of the meson field 

"minimal" model: 
Skyrme 

symmetries of the 
baryon soliton 

S.M. vs EXP 
linear relations 

a(xN) <=> cr(KN) 

Fig. 1. Flow chart illustrating two possible ways of putting 
the chiral soliton ideas to a quantitative test: a model-
dependent and a model-independent one. 

£ = i l T r (WW) + i T r [^u) v\{duu) yt]a 

f2m* 
+ ZipL(Trr/-2). 

(1) 

Here fr a the pion decay constant (186 MeV in the real world), 
m* is the pion mass, and e is a new, dimensionless coupling 
constant peculiar to the model. The "small parameter" 1/JV 
enters the Lagrangian through fw ant1 c, which behave like JV' 
and JV~S in the large-JV limit, respectively. 

The chirally invariant vacuum is U(x) = 1 and pions are 
usually thought of as smalt fluctuations around this state, 
hence the standard notation: 

l /=exp[g7r(a, t ) - f ] 

For small if//, we have V at 1 + 2iii[x, t) • f/fx and then the 
first term in Eq. (1) becomes just the kinetic term fcr free 
pions, as expected: 

gTr(0MeaM*/t) _ |( S„*.«vr) (2) 

In addition to the vacuum solution, (1) has static soliton so­
lutions which break the chiral symmetry and carry one unit 
of baryon number. They can all be obtained by an isospin 
rotation from the canonical "hedgehog" solution: 

Db = exp[F(r)f •?] and UA = AU0A~ (3) 

1 



wheTe A is a constant 517(2) matrix. When A is treated as 
a collective coordinate, one finds that the nucleon corresponds 
to a superposition of the V.A-S. Schematically we can write this 
as 

\N) = J dAX{A)\A) 

where X(A) is the wave-function in the space of collective co­
ordinates. While ]A} corresponds to a state pointing in a well-
defined direction in the internal space, it has an ill-defined 
isospin and angular momentum. On the other hand, the state 
|JV) 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. 

Fig. 2. A one-dimensional analogue of the collective coor­
dinate A: particle constrained to move on a circular ring. 
Classical ground state corresponds to a particle at rest at 
some fixed angle 0. In quantum mechanics this is no longer 
true and we must have an eigenstate of the angular momen­
tum operator Lj = — i j . 

Classically, a particle at rest at any angle $ is a ground state 
of the system. In quantum mechanics the eigenstates of the 
hamiltonian no longer are localized at a fixed angle t. Instead, 
they are eigenstates of the angular momentum operator L/ = 
—ij. Using this analogy, we see that a nucleon with a well-
defined spin and isospin corresponds to a rotating soliton. 

Static properties of the nucleon in the Skyrme model ob­
tained in Kef. 3 were based on treating fr 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 c and /*. Some properties of the nucleon turned out very 
well, but some others were in serious disagreement with ex­
periment. Most notably, the values of fw and gA 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 JV = 3 or JV = 5, etc. In the real world JV = 3 and 
it is therefore very unlikely that the Skyrme Lagrangian can 
reproduce experimental quantities which explicitly depend on 
JV. Typically the most we can hope for is to reproduce exper­
imental quantities which do not depend on JV in the leading 
order of the l/JV expansion. For example, while / , ~ JV» and 
gA ~ JV, the ratio / ' / & \ ~ N° and in contrast to /» and gA 

taken separately, it reproduces experiment to 3%. As shown 

in Table I, similar statements can be made about some other 
^-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 JV-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 5-matrix, since meson-baryon scattering amplitudes 
are independent of JV in the large-W limit.'" 

The first step towards the computation of the JT/V S-matrix 
is the realization that small fluctuations around the soliton 
can be identified with physical mesons. This is schematically 
illustrated in Fig. 3.* 

Once that identification is made, it is clear that in order 
to obtain the pion-nucleon 5-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-TV limit there is an important simplification: in 
that limit the aoliton rotates very slowly, with angular veloc­
ity <tis ~ 1/JV, The reason is as follows. The spin of the nucteon 
U jft, independent of N, It is the product of the Skyrmion an­
gular velocity uis and its moment of inertia Js, The Skyrmion 
radius Rs is independent of JV and its mass Ms scales like JV.'" 
Consequently 

Is ~ MSRS ~ JV while lsus^±k~N° 

therefore 

u>s ~ I/JV 

The characteristic time scale trai associated with the Skyrmion 
rotation is large, t , 0 | ~ l/us ~ JV. It is much greater than the 
time tT that a pion moving with the speed of light spends in 
the vicinity of the nucleon: 

Rs ~ JV°; Rs/c ~ JV° ~ r„ « : r„« ~ N 

A pion will therefore not observe the rotation, but rather will 
take a "snapshot" of the soliton in one of its possible orienta­
tions. The probability of any given orientation is proportional 
t |X(A)| 2 . This justifies the impulse approximation: first ob­
taining the scattering amplitude for scattering of a pion by a 
aotfton pointing in a /ixed orientation and then superimposing 
such amplitudes, according to their weight in X(A). 

In addition to neglecting the rotation, as described above, 
we can neglect the nucleon recoil, since in the large-JV limit the 
pion kinetic energy in the domain of interest is independent 
on JV, while Afs ~ JV. In order to obtain the Lagrangian 
describing scattering of mesons by a static soliton, we write 
the chiral field U in the form: 

ir = «*[/•&•)* •?+££]. (4) 

This form of U is then plugged back into the original 

* This identification breaks down for fluctuations which do not change 
the energy of the system- Such fluctuations correspond to the trans­
lation a] and rotational zero modes of the soli ton. In our treatment 
this subtlety u neglected, spoiling the agreement with experiment in 
the low partial waves. 

* 



TABLE I 
STATIC PROPERTIES OP THE NUCLEON IN THE SKYRME MODEL 

AND THEIR DEPENDENCE ON N. 

Quantity iV-dependence Prediction Experiment Error 

0.59 fin 

0.92 fin 

0.72 fm 

0.81 fm 

18% 

14% 

MP ~N 1.87 

-1.31 

1.43 

2.79 

-1.91 

1.46 

33% 

31% 

2% 

f* ~ JVi 

~JV° 

0.61 

129 MeV 

27,280 MeV 2 

1.23 

186 MeV 

28,127 MeV 2 

50% 

31% 

3% . 

SirrVN 

9*N& 

9-TNA/STNN 

8.9 

13.2 

1.5 

13.5 

20.3 

1.5 

34% 

35% 

£ l % 

The prediction* are from Ref. 3. Skyrme model is a priori an equally good effective Lagrangian 
for Nc = 3 aid *VC = 5. So it does not nprodnce well the quantities which depend on N in the 
leading order of the l/JV expansion. On the other hand, as demonstrated by the table above, it 
typically does much better for ratios in which the JV-dependence cancels out. 

5752A3 

c70 = exp[F(r )r - f ] 

U = exp \F{r)r-f+—j-^l 

Fig, 3. A two-dimensional example showing how fluctuations around the classical 
soliton profile should be identified with the physical mesons. Time flows from left 
to right and the fi actuation corresponds to an outgoing "pherical wave. 

Lagrangian (1) and the action is expanded in powers of Jf/fw: 

£{p) - £(*) = i f " . * + 0 (*•//•) (5) 

where t is a second-order linear differential operator depending 
on CZb. For r -» oo, UQ -» 1 and then \ becomes just the 
free four-Laplacian, as in (2). The term 1 near in ir vanishes, 
since F/D is an extremum of the classical ction. In addition, 
in the N -» cc limit we can formally neglect the 0 ( i f 3 / / ' ) 
terms, since fw ~ 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: 

0,^ = 0 

These equations describe the motion of a meson in a potential 
provided by the soliton background.* Since the potential is 
invariant under K, K plays the role of the angular momentum 
in the usual partial wave decomposition. The equations can be 
explicitly solved for each value of K, yielding the eigenmodes 
of H as functions of energy. For \S\ > R,, F(T) -* 0 («/ . 
Eq. (3)), the potential vanishes, and up to a phr.,i, the ir 
wave function is that of a free particle. This phase is just the 
scattering phase-shift defining the S-matrix element in a given 
pion-Skyrmion channel. We shall refer to the latter as reduced 
matrix elements. The reason for this name will become clear 
in a moment. 

* The explicit expression for Qj is rather complicated and will not be 
given here. Interested reader is referred to the original literature Refs. 
4, 8, 8 and 9. 
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Skyrmion one, we need to project the Skyrmion onto states 
with well-defined isospin and spin. This projection is carried 
out as follows. First, given the T-matrix Tv, for scattering 
off Ua, the corresponding T-matrix far scattering off f/jt (C/. 
Eq. (3)) is given by: 

T D x = ^ { i l ) T D b ^ ( A ) * (6) 

where 3 is the adjoint representation of A. Next we super­
impose the T„_,-o according to their weight in the nucleon 
wave function X(A). The complete expression for the physi­
cal T-matrix is then: 

T,„„= j dAx\{A)${A)TuJ(A)tXi(A) (7) 

sum 
where SU[Nj) is the flavor group and X ŷj is the wave function 
of the baryon in the initial (final) state. Integration over the 
Savor group can be carried out in closed form (see Appendix 
B of Ref. 9 for details.) The final result has a very simple 
structure: 

T,*yS = £ C i T f , D 

(8) 

where r**D are the T-matrix elements in the pion-Skyrmion 
system and the CfS are group-theoretical factors. The struc­
ture of Eq. (8) explicitly demonstrates two ingredients on 
which the physical answer depends: symmetry ind dynam­
ics. C,-s reflect only the symmetry and ate independent of the 
details of the Lagrangi&n. They are determined by .he flavor 
group and by the fact that the soliton is invariant under K; 
all dynamics is contained in the reduced matrix elements. We 
are all familiar with this type of division into group theory and 
dynamics. For example, isospin conservation dictates that the 
T-matrix for ?rN —> irN is given by 

T.„ = C.T. + C.I, 
3 5 1 5 

(9) 

where (?•(>) are SU(2) Clebsch-Gordancoefficients and Tim 
are the I = j ( | ) reduced matrix elements. 

In the foregoing discussion we have focused on the 2-flavor 
Skyrme model. Extension to 3-flavors is in principle straight­
forward. The embedding of the SU{2) hedgeho.? inside SU(3) 
is done by setting 

Uo A^) (10) 

Technical details for SU{3) are however much more compli­
cated. The interested reader is again referred to the original 
literature, especially Ref. 9. 
At this point we can summarize the prescription for computing 
the meson-baryon S-matrix in the Skyrme model: 

• identify small fluctuations around the soliton with 
mesons 

t We interchange freely between tie S-mitrix ud T-mittii, uiing 
Che one which i> the m«t convenient. The two are related by 
T = (S - l)/2>. 

• meson wave function =>• phase shifts, T J E D 

• K symmetry —'* T^PBYS ~ 

• Approximations: 
o m» = m& = m, = 0 = > massless pseudoscalar 

mesons, exact SU(3)j 
> Large-W =»- no recoil, linear eq's of motions 
• Zero modes for i = 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 channels 
are denoted by £,,,,, where L is denoted by an appropriate 
letter: S,P,D,F,G,H,I,K for I = 0,1,2,3,4,5,6,7, respec­
tively. The T-matrix for each Llt]1 channel is plotted as a func­
tion of the energy, on the so-called Argand plots (cf. Fig. 4). 

Re(T) 

ImfT̂  0.5 

4-87 
5752A4 

0 0.5 1 1.5 2 
meson momentum 

arrow Ipcotion: ,8Bi sign oF ImtT): 

Fig. 4. Sample Argand diagram. A resonance corresponds 
to the maximum velocity of d\T\/dB ( here denoted by an 
arrow). In the Skyrme model the plot in the unitarity circle, 
ImT vs. ReT, is independent of e and / r . 

The part of the diagram bounded by the unitarity circle, ImT 
vs. ReT is independent of e and / , and therefore provides 
the most stringent test of the model. Fig. 5 compares the 
experimental results for *N -» xJV S-matrix with those of the 
3-fiavor Skyrme model. 

I'd like to stress again that the Skyrme model calculation 
as shown in Fig. S (.ordains no adjustable parameters. The pa­
rameters of the model determine the energy scale, but not the 
shape of the Argand plots'. Apart from the S, P and D partial 
waves, containing the spurious zero modes, overall agreement 
with experiment is quite good. 

The most conspicuous feature of Fig. 5 is the fact that 
the i/=i/2,j=i-i/2 channel is much larger than £J = I/J„F=I+I/2 
for all L's. This is true for both experiment and the Skyrme 
model. A similar, albeit less pronounced pattern holds for 

142 
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TTN — TTN 

Fig. 5. irN —• irN : comparison 
between the 3-flavor Skyrme model 
and experiment (from Ref. 9). The 
plots show Im(T) vs. Re(T) for each 
channel. Channels are labeled by 
[,„„ where L is the pion orbital 
angular momentum, I » the total 
isoapin and J the total angular mo­
mentum. 

3-Flavor Skyrme Model 
-0.5 0 0.5 

OLivoAQy 

m 
r-7- .y*i& .'/* i ••*< 
1l \ { fl3 >< Pjl N 

m 

-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 
-0.1 0 0.1 -0.1 0 0.1 -0,5 0 0.5 -0 5 0 0.5 

0L_*Z J 0 k > 4 s . A f A A -0.5 0 0.5 -05 0 0.5 

Fig. 6. Spectrum of N and A 
resonances: 3-flavor Skyrme model 
(crosses) vs. experiment (points 
with error bars) (from Ref, 9). Res­
onances are assigned stars accord­
ing to the Particle Data Book. The 
Skyrme-model values for mjir and 
rrtA are obtained from Eq. (0) of 
Ref. 3, using the "best fit" param­
eters of Ref. 9 (e =-4.79, fT =150 
MeV.) 

*££££J?*iXJ!Jf£££Jl3MJlJ!J!jfMJfJU££iM333 
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i/=3/!,j=£+i/J a n ^ Af=s/i,J=£-i/3 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)f. Out of these, five turn out to be very small and only 
three are significant, with roughly the same magnitude. The 
magnitude of the physical amplitudes is therefore determined 
by group theory, i.e. the relative strength of the C,-s multiply­
ing the three principal reduced amplitudes. 

Having obtained the complete set of partial-wave channels, 
we can compute the resonance masses from the maxima of 
d]T\/dE. The resulting spectrum of N and A resonances is 
displayed in Fig. 6. With over 30 resonances and two adjustable 
parameters, masses are predicted with an average of about 796, 
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 F37 channels supply a surprise: as demonstrated by 
Fig. 7, these weak resonances appear only when the third flavor 
is introduced. It is somewhat puzzling that the appearance of 
non-strange resonances should be sensitive to the existence of 
the strange quark. A possible explanation is that they couple 
to the strange quark sea in the proton. Qu^J^ \*?A. 

T T ™ T T ™ n 

F17 

~J;^L^L.,J 1 
1.0 t.S 2.0 1.0 1.5 2.0 2.5 

ii-11 TOTAL ENERGY (GeV) S3oc«, 

Fig. 7. Speed diagrams for the four F-wave amplitudes 
in the 2- and 3-flavor Skyrme models (dotted and solid 
lines, respectively). 

Fig. 8. JTJV —»)rA : comparison be­
tween the 3-flavor Skyrme model 
and the experimental solution of 
Ref. 13 (from Ref. 9). Channels are 
labeled by Lh'v:il, with L and V the 
incoming and outgoing pion angu­
lar momenta, respectively. An aster­
isk denotes amplitudes which were 
found to be small and/or poorly de­
termined by the available data, and 
were therefore not included in the 
experimental solution. The partial-
wave analysis cf the experimental 
data is not as unambiguous as in 
xN -* rN , but in all cases the 
Skyrme model correctly reproduces 
the sign of Im{T), which is a crucial 
test for theory. 
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KN — KN 
Skycme Mod*I 
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Fig. 9. KN -» KN : comparuonbetweentheSkyrmemodel and two experimental 
solutions (from Ref. 9): "Experiment T from Ref. 14 and "Experiment II" from 
Ref. IS. Channels are labeled by LI33. Note that experimental and Skyrme-model 
plots for L > 2 are shown on different scale*. The resonance-like behavior in some 
of the experimental channels is evident. 

In addition to the elastic TN -» *N processes, we can also 
consider inelastic processes, such as xN -» TTA . The only 
change with respect to xJV —» xN is that Xf stands now for 
the A, instead of the nucleon wavefunction. The results are 
shown in Fig. S. The experimental partial-wave analysis of 
srJV —»71A is somewhat less clear-cut than TN —» srJV , since a 
Nrit final state may represent Np, as well as A*. The sign of 
Im(T) is however unambiguous in most cases and wherever it 
is known experimentally, the Skyrme model yields the correct 
answer. This is highly non-trivial: the only other theoretical 
scheme which passes this test is the quark model. 

The results discussed so far were obtained in the 3-
flavor model, but did not involve strange particles. We will 
now review two processes with open strangeness, beginning 
with KN —> KN . That reaction is rather different from 
jrJV -> irN , because any resonances in the KN channels must 
be exotics, involving more than three quarks. The question 
whether such resonances exist experimentally has long been 
a controversial subject.* The Skyrme model has no built-in 
bias of this kind and therefore it is interesting to compare its 
predictions with experiment, as shown in Fig. 9. In general, 
the predictions contain too many resonances, compared to the 
data. Of particular interest are the f-waves, where the model 
typically works best. The theory predicts a clean resonance in 
the Fas channel, similar to the one observed in A». 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 TCN -* ~KN . The partial-wave anal­
ysis of experimental data is of good quality, although not as 

i Somt of oar colkafuai cv«n rtfmM to bt confuttd by data, at it 
perhaps beat Ulnttrated by tht ISM Part kit Data Boole *... Tie 
gtaml feeling, Mapported by arejWtct asa»tt emryone a#t flMSc a> 
of ihnt aaarat, it thmt the nggeuive coBsttrcJodbriie morvmut is 
lit Aig-and rfiafna of tome of tte partial n w it .not real mitmct 
for tne Breit-Wignerroonmca.. .* (p. S243). 

precise as itN -» orAT , 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, mic = 0, there is no point in attempting to extract the 
spectrum of the strange resonances. 

It is possible to study many more inelastic, strange and 
non-strange processes. Details may be found in Ref. 9. At 
this point I would however like to move on to the model-
independent tests of the chiral soliton picture, as outlined at 
the beginning of this talk. Let me invoke the isospin analogue 
once more. If we consider elastic scattering of charged pions 
on nucleon, a priori there are /our different amplitudes to con­
sider: T(»r+p), T(ir-p}, T(7r+n) and T(ji-n). From Eq. (9) 
we learn that they can all be obtained from two reduced am­
plitudes: 

T.„ = CjT. + C.T. 
a t 3 3 

Only two out of the four can be independent, and so there 
is a linear relation between any three of the four. This is a 
rather generic phenomenon, with an interesting counterpart in 
the chiral soliton framework, valid for all models in which the 
nucleon corresponds to a soliton invariant under the K sym­
metry: with three flavors any elastic meson-baryon T-matrix 
element is given by a linear superposition of the eight reduced 
amplitudes. In the Skyrme model five reduced amplitudes are 
negligible and the other three make the dominant and roughly 
equal contributions to the physical amplitudes. Even though 
we cannot compute the reduced amplitudes in Nature, it is 
natural to make the dynamical assumption that this hierarchy 
exists in the real world as well: 

•Y,CiT?° (11) 
i=l 
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KN—• KN 
Experiment Skyrme Model 

Fig. 10. "KN —» ~RN : comparison between the Skyrme model and the experimental 
solution of Rtf. 16 (from Ref. 9). Channels are labeled by £,,„. 

Such an assumption not only explains why for *N -»xN 
if=i/*^=£-i/j * i/-i/M-i-i/«- e t c - > b u t * i t o y i e l d » s o m e 

quite new and interesting predictions. For a given value of 
L there are many experimental amplitudes, all determined in 
terms of the three unknown reduced amplitudes. Consequently, 
there are linear relations among the experimental amplitudes. 
Such relations are almost model independent, relying only on 
the /^-symmetry group theory and on the assumption that 
scattering is dominated by the three reduced amplitudes. 

First, there are rather accurate linear relations between 
wN —• nN and xN -* *A . 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-fl»vor», it is however necessary to consider re­
lations between strange and non-strange amplitudes.'"1 One 
such relation reads 

alFgf + aiFgl = biFgr' + biF$'t (12) 

where o-s and fr-s are purely group-theoretical coefficients ob­
tained from Cj-s in Eq. (11), sad *ft w , FjT

N, F £ * and F&" 
are the experimental partial-wave amplitudes. 

As shown by Fig. 11, the prediction contained in Eq. (12) 
is satisfied with remarkable accuracy. It is also possible to de­
rive similar predictions for G-waves. At present the partial 
wave analysis for the G-wave TCN is not yet reliable enough. 
The G-wave linear relation is therefore a real prediction for 
what the KN G-waves should look like. I very much hope 
that this prediction will be put to a test sometime in the near 
future, perhaps with the advent of the Jf-factories. It is im­
portant to note that Eq. (12) cannot he obtained from 5(7(3)/ 
by itself. While SUfflf is part of the symmetry used to de­
rive Eq. (12), it is clear that SU{i)t alone cannot produce 
such a relation, since it mixes amplitudes with different total 
angular momenta. A more detailed argument shows that even 
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Fig. 11. Test of the prediction for a linear relation between 
irN -t xN and KN -> KN , Eq. (12). The scattering ma­
trix T is plotted both as function of energy and in Im(2") 
oa. Ee(T) representation. Continuous lines: linear combina­
tion of the experimental J\s and Far xN —»xN amplitudes. 
Dotted lines: linear combination of the experimental Fas and 
Fit UN -»~KN amplitudes. JCN amplitudes are shifted by 
the strange quark mass « 150 MeV. 

the more elaborate "conventional" symmetries, such as SU[f>) 
are also incapable of reproducing Eq. (12)."*' That being the 
case, the very precise experimental confirmation of the F-wave 
linear relations should be regarded as another strong testimony 
in favor of the view that the nueleon indeed can be regarded 
as a soliton of the meson field. 

1 « 



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 nucleona. 
This is done by coupling the photon field to the chiral field V 
and then proceeding as in pion-nucleon scattering. An explicit 
calculation of the photoproduction helicity amplitudes was re­
cently carried out along these lines in Siegen University."" 

I hope that this brief review has convinced you that the 
chiral soliton picture of the nucleon is not only valid on a qual­
itative basis, but also can be used to study details of low energy 
hadronic phenomena in a way complementary to and on a par 
with the quark picture. 

• REFERENCES 
1. E. Witten JVucJ. Phys. B160, 57 (1979). 
2. E. Witten, in Lewes Workshop Froe.; A. Chodos et a/., 

Eds; Singapore, World Scientific, 1984. 
3. G. Adkins, C. Nappi, and E. Witten, Nuel Phyn. B338, 

652 (1983). 
4. M. P. Mattis and M. Karliner Phyi. Rev. D31, 2833 

(19S5) and references therein. 
5. M. P. Mattis and M. Peskin Phyt. Rev. D33, 58 (1985). 
6. A. Hayashi, G. Eckart, G. Hotzwarth, and H. Walliser, 

Phys. Lett. 147B, 5 (19S4). 
7. H. Wallic-r and G. Eckart, Nucl. Phys. A420, 514 

(1984). 
8. M. Karliner and M. P. Mattis, Phys. Rev. Lett. 50, 428 

(1986). 

9. M. Karliner and M. P. Mattis, Phys. Rtv. D34, 1991 
(1986). 

10. M. Karliner and M. P. Mattis, SLAC-PUB-3991, to be 
published in proceedings of the 2nd Conference on the 
Interaction Between Particles and Nuclear Physics, Lake 
Louise, Canada. 

11. G. Hohler, F. Kaiser, R. Koch, and E. Pietaxinen, Hand­
book of Pion-Nucleon Scattering (Fachinformationszen-
trum, Karlsruhe, 1979), Physik Daten No. 12-7. Repro­
duced in Review of Particle Properties, Rev. Mod. Phys. 
56, part H (1984). (JTJV - • nN ) 

12. R. E. Cutkoeky et «(., in Baryon 1980 (conference pro­
ceedings), ed. N. Isgnr; reproduced in Review of Particle 
Properties, op. eit. (jrJV -t srJV ) 

13. D. M. Manley, R. A. Arndt, Y. Goradia, and 
V. L. Tepliti, Phys. Rev. DSO, 904 (1964). 
(jTiV -+ *&. ) 

14. K. Hashimoto, Phys. Rev. C20, 1377 (1984). 
(KN - KN) 

15. R. A. Arndt and L. D. Roper, Phys. Rtv. D31, 2230 
(1985). {KN -» KN ) 

18. G. P. Gopal et a/., Nucl Phys. B11B, 362 (1977). 
Reproduced in Review of Particle Properties, op. eit. 
(R~N->K~N) 

17. M. Karliner Phys. Rev. Lett. 67, 523 (1986). 
18. G. Eckart and B- Scbweatnger, Photoproduction of 

Baryon Resonances in the Skyime Model; Siegen Uni­
versity preprint, SI-86-3, Feb. 1986. 

147 



A H 2 GAS JET AS INTERNAL TARGET 
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J. Fay 

IPN, Lyons, France 

M. Macri 
INFN, Genoa, Italy 

Abstract: Experiment R7Q4, the last to be performed it the CERN 
Intersecting Storage Rings, has successfully applied a new method to 
studying (cc) states formed directly in antiproton-proton annihilations. 
The novelty of the method lies in the capability of building a highly 
performing annihilation source by letting a cold antiproton beam, 
coasting inside ring 2 at the ISR, continuously interact with • dense 
internal H; target. Details of the characteristics of the source are given in 
this paper. 

1. latredactioa 
The possibilities offered by the availability of an intense antiproton 

source for the study of (cc) states are now well established [1], The 
scheme adopted for the R704 experiment required the use of an internal 
target (a molecular hydrogen jet) continuously intersecting a cold 
antiproton beam coasting inside the vacuum pipe of ring 2 at the CERN 
Intersecting Storage Rings (ISR). 

The RF system and cooling equipment of ring 2 at the ISR provided 
great flexibility of beam-control operations, while the well-localized, 
high-density target permitted the small-size, high-luminosity source 
required for charmonium formation studies. The method allows for an 
absolute calibration in the centre-of-mus energy to a fraction of a MeV. 

The luminosity of the annihilation source was continuously 
monitored by measuring, with a solid-state silicon telescope, the yield of 
protons from small-angle pp elastic scattering. The coupled measurement 
of energy and angle in the silicon detector provided an essentially 
background-free sample of elastic events. 

2. The leu-Target System 
In a formation experiment with antiprotons interacting on a 

stationary hydrogen target, the energy of the beam is related to the value 
(m,) of the mass of the resonance by the equation 

E» = mi2/2mp — m f . 

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 unbundled antiprotons coasted 
inside the ring with a revolution frequency of r - 3.1 X 10s s ~ \ 
crossing, at each turn, an internal target mounted in the straight section 
upstream of the intersection region 17. The maximum beam current 
reached was 5.5 mA corresponding to N = 1.1 X 10" circulating 
antiprotons. The target, a Hj gas jet, had a density of o = 10" atoms 
per cm3 and a diameter, at the intersection with the beam, of d * 0.9 cm. 

To summarize, the features of the source were: 
0 High luminosity, up to a maximum value: 

U = eH2dK2Nv = 3 x 10" s"1 • c m - 2 . 

ii) Long beam lifetime: T n u « 100 h at the maximum jet density, 
almost entirely accounted for by beam losses caused by nuclear 
interactions in the jet. 

iii) Small momentum bite, at best: 

Ap/p= * 4 x 1 0 - 4 , 

corresponding to an incertitude in the centre-of-mass energy of 
A^s - 0.5 MeV/c1. 

iv) Small source volume: 

height x width x depth = 0.5 x 0.8 x 0.9 cm5 (for 90% 
containment). 

v) No energy drift during data talcing. 
The techniques by which the required performance of the operation 

of ring 2 at the ISR was achieved are described elsewhere [I], while a 
description of the target system is given in the following section. 

3. The Jet Target 
The optimal thickness of the internal target for this type of 

experiment lies in the range of 1 to i X 10" atoms per cm2. A much 
thicker target would perturb the beam to an uncontrollable level, while a 
thinner one would, given the limited supply of antiprotons, lead to an 
unacceptably low luminosity. The target, intersecting an unbundled 
beam, must operate continuously to minimize the ratio of instantaneous 
rate on detectors to integrated luminosity, and have small transverse 
dimensions, with maximum beam overlap. 

A target in the required density range and with the appropriate 
geometry can be built by letting molecular hydrogen at high pressure and 
low temperature expand through a narrow throat injector of suitable 
shape (2]. At a short distance from the nozzle throat, the flow field of the 
gas is similar to that from a point source (Fig. I). 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. 

rirhml source print 
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Fig. 1 Converging-diverging nozzle: schematic localization of phases in 
the gas expansion [2]. 
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Fig. 2 Cross-section of the nozzle. 

For experiment R704 we built a target with a trumpet-like injector 
(Fig. 2). This shape maximizes the density of the jet core 12]. The values 
of the nozzle parameters were: D = 30 jim, the throat diameter: B = 
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 po = to bar and To = 
77 K. A three-collimators system {C\,Ci, Cj) (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. 
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Fig. 3 Schematic of the target system: chambers 1, 2, and $ constitute 
the production stage, and chambers 4 and 5 the sink stage. The gas jet 
intersects the antiproton beam at 90°. Listed are pumping speeds (S) for 
each stage and conductances (C) between chambers. 
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Fig, 4 System of collimators. The diameters are: 1.4 nun for C,, 
2.4 mm for d, 5.6 mm for Cj. 

Out of a total flux of 10 Torr -1 • s" ] expanding from the nozzle, the 
collimation system selected 0.15 Torr I s " 1 = 10" atoms per second. 
This corresponded to a density of 10" atoms per cm1, 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 = 9 mm). 

A major concern in the target design arose from the need to limit the 
pressure increase in the ISR vacuum pipe to an acceptable level. As a 
consequence, both the expansion and the sink chambers were separated 
from the ISR vacuum pipe by the maximum number of pumping stages 
compatible with the available space. 

On the production side, the collimators, G , Cz, Ci, which defined 
the dimensions of the jet at the intersection with the antiproton beam, 
connected three different chambers that were evacuated by the successive 
stages of a differential pumping system. The pumping speeds acting on 
each chamber and the conductances between chambers are listed in 
Fig. 3. 

On the sink side the jet was dumped on a cryogenic pump of high 
speed (120,000 l-s~'). A differential pumping system, formed by two 
cryogenic pumps of 4,0001 • s~* each, separated the vacuum pipe from 
the dump. 

A pressure rise to about 10' ' Torr in the vacuum pipe, around the 
target region, was mainly due to clusters which hit the edges of the last 
collimator on the production side and did not reach the sink system. 
Backstreaming gas from the sink accounted for a negligible fraction of 
the pressure increase in the vacuum pipe. 

Two additional pumps, acting on the ISR ring section where.the 
target was mounted, limited to 1.3 m the region where the pressure was 
larger than 10"' Torr. The pressure rise in the vacuum pipe corresponded 
to only 1.5 It of the target thickness spread over a length of a few metres. 



In order to avoid machine vacuum contamination in the case of 
breakdown of the target system, two fast-acting ultra-high-vacuum 
valves were installed to separate the production and sink systems from 
the vacuum pipe of ISR ring 2. 

To avoid blockage of the noz2le throat by impurities, high-purity H 2 

was used and the injection line was provided with mechanical filters 
(2 pm), a condensation trap at liquid N: temperature, and an active 
charcoal trap. 

A system to monitor the jet intensity was mounted in front of the 
large sink cryogenic pump. It consisted of a plate of stainless steel (6 x 
100 mm*) which could scan across the jet. A pressure rise was then 
produced by the gas backscaiteTcd from the plate. A typical 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 were controlled by two 
microprocessor-based systems which performed all talks related to start 
up, the jet on/off procedure, bookkeeping of the measurements, and 
safety checks. 

Fig. 6 Target system layout: top view. 

0.5 -

Fit. 5 Target-thickness profile as obtained from measurements with the 
monitor described in the text. 

A top view ol the complete target system mounted on ring 2 at the 
ISR is shown in Fig. 6. 

COK1«40I 

The H2 internal target described in this contribution has been 
successfully operated in the R7M experiment. 

The same novel technique will be used at the FERMILAB p 
Accumulator and at the CERN Low-Energy Amiproton Ring (LEAR). 
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We evaluate the possibility of observing nuclear effects in 
semi-incluBive electroproduction of hadrons(h) from nuclei. We 
assume factorization and nuclear independence of fragmenta­
tion functions in the current fragmentation region. Hence it is 
shown that the production ratio of oppositely charged hadrons 
h+/h~ for the same nucleus is quite insensitive to nuclear ef­
fects and the ratio of cross sections for the production of the 
same sign hadron from different nuclei exhibit the same be­
haviour as the inclusive ratio which is sensitive to nuclear ef­
fects. 

I. INTRODUCTION 

Recent inclusive electroproduction experiments on nuclear 
targets1 have received considerable attention because of the 
evidence they provide for the importance of nuclear effects on 
quark distributions in nuclei. It is reasonable to examine other 
high energy lepton-nucleus and hadron-nucleus reactions for 
the consequences of nuclear effects. For example, nuclear ef­
fects in lepton pair production in hadron-nucleus interactions 
have received attention recently. In this work we consider the 
nuclear effects in electroproduction of hadrona from nuclei. 

This paper is organized as follows. In Sec. II we review the 
conventional assumptions and resulting cross section expres­
sions for the electroproduction of hadrons. Details regarding 
the fragmentation functions and quark distribution functions 
used in this work are given in Sec. III. In Sec. IV we evaluate 
the nuclear effects of quark distribution functions in various 
cross sections and cross section ratios. Sec. V contains our 
conclusions. 

II. INCLUSIVE HADROPRODUCTION 

First let us review the inclusive process e N -» e' X. The 
cross section is given by2 

~ = ^2MNE\{\ -y)F 2(x,<J J) W F i ( * , Q 2 ) ] dxdy Q' 

where x is the usual Bjorken scaling variable, y s= ufE where v 
is the energy transfer and E is the incident energy, Mu is the 
mass of the target and Q2 is the negative of the four-momentum 
squared of the virtual photon. F\ and Ft are the inelastic 
structure functions. In the above expression we have neglected 
^•xy with respect to 1 - y in the coefficient of Fi- In the 
scaling region Fi,j(x, Q2) -» Fjt2{x) and further Fi and Fj are 
related by the Catlan-Gross relation 2xFt(x) = ^2(2). Thus 
we have, 

dxdy 
Ana"1 

2MNE 1 + (1 - ; / ) 3 

•Ft[x). 

In the quark parton model we have F J ( I ) = 2 , - e^ai(x) where 
5,(x) is the quark distribution function and Cj is the charge of 
the quark i. 

For the semi-inclusive process 3 e N -+ e' h... (see Fig. 1) 
we define the variables e=h.p, K=h.q, u=«/p.q and z=t /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 denned by e finite, « -» +oo, u finite. The current 
fragmentation region is defined by e finite, K -> —00, 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 ht). In 
the lab frame z= Ekjv where Ek is the energy of the hadron. 

In the present work we restrict ourselves to the current 
fragmentation region and further neglect the transverse mo­
mentum of the hadron. 

In the parton model, the cross section for inclusive hadron 
production is given by 

dV ; = ^ w * i ± % a £ £ * « W i > f W dxdydz Q 

where the fragmentation function O* represents the probabil­
ity for the quark of flavor i to break up with the production of 
hadron h carrying momentum fraction z. Factorization (seper-
ation of the cross section in x and z variables) and scaling (s,(x) 

FIG. 1 

Inclusive hadron production in deep inelastic electron scat­
tering with nuclear targets. Sere thick lines represent hadrons, 
a wavy line represents the virtual photon and thin lines 
represent electrons or quarks. 
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and D*(z) do not depend on Q 2 ) are characteristic assumptions 
of the parton model. In reality both gi(x) and -Df(z) depend 
on Q2 due to QCD scaling violations. These scale breaking 
effects can be possibly seen by comparing the data at different 
values of Q2. At low values of Q2 we expect a breakdown of 
factorization, due to finite strong coupling corrections. Due to 
these complications that arise in the low Q2 region we restrict 
ourselves to the deep inelastic region. 

III. FRAGMENTATION FUNCTIONS 

AND QUARK DISTRIBUTION FUNCTIONS 

For the calculation of cross section we need models for the 
quark distribution functions and fragmentation functions. For 
the fragmentation process there are hadronisation 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 functions, we need only two independent frag­
mentation functions DJ (z) and D£~ (z). Neglecting sea quark 
distributions (x oi .2) and using an isoscalar target (deuteron), 
these functions have been extracted* recently up to z=0.8. A 
simple parametrization 

J Z > I + ( J ) = 0.7(1 - z ) 1 - 7 5 , 

"W-TS*^ M 
fits the data reasonably well. We use this parametrization in 
this work. It is worth noting that this parametrization tends 
to fall faster with z than that* of the data at lower Q2 (See 
Fig. 2) which is consistent with QCD evolution of the valence 
fragmentation function. 

Fragmentation functions extracted from experiments. Solid 
line and dot-dash line represents zD£ (z) and zDZ (z) 
respectively (taken from Kef. 4). Dashed line and dotted 
line represents zDZ (z) and zDl (z) respectively (taken 
from Ref. 5 ) . 

inelastic 3He scattering results from SLAC 9 . In the QCM one 
assumes the nucleus at all times is organized into color singlet 
clusters. The clusters are labelled by their leading Fock space 
component in the infinite momentum frame as three-quark (3-
q), six-quark (6-q), etc., clusters. Larger clusters are assumed 
to form by the overlap of smaller clusters. As is customary 
in parton phenemenology, we assume that the participating 
quark or antiquark is quasifree. Second we assume that the 
cluster is also quasifree. We also neglect quark exchange pro­
cesses between clusters. Since we are interested in qualitative 
behaviour of cross sections and cross section ratios we have 
further adopted the following simplifying assumptions in this 
work. All clusters larger than 6-q clusters are approximated 
as 6-q clusters and Fermi motion is neglected. The quark dis­
tribution function in a nucleus is 5,(1) = Pjna,(s) +p«na,(x) 
where ps and p 5 are 3-q and 6-q cluster probabilities. In this 
work we use the quark distribution functions m(x) for various 
clusters from Ref. 7. 

IV. NUCLEAR EFFECTS 

From the expression for the cross section given in Sec. II 
we have, 

1 <P* __ E ,«fa(*)P .»(*) 
dc/dx dxdz £ 1 e*Q'(x) 

Denoting the quantity on the r.h.s of the above equation by 
JV* we can form the charged particle ratio 

Explicitly we have, 

where 

[y we have, 

N'* 4 a . [ i W i ) + K(x) -r s{x)\7 + 5»(z)) 
N*~ "" 43.(1) + gi(x)7,(z) + s(x)[7 + 5n(*)] 

„(r-> - D?& - 111 

The ratio -jjpr (for definition see text) plotted versus zfar 
constant x (=0.1) for the nuclei, proton (solid line), i2C 
(dot-dash line), s,Fe [p e = 0.0] (dashed line) and iSFe 
]p, = 0.3J (dotted line). 

For the quark distribution functions we use the quark clus­
ter model ( Q C M ) 6 - 8 which was proposed to explain the deep 

In Fig. 3 we plot | £ r - as a function of z (at x=Q.l) for proton, 
11C and MFe targets. Introduction of six quark clusters barely 



changes the ratio for' J C and **Fe since the same nucleus occurs 
in the numerator and the denominator. The difference between 
the proton and the , ! C curves, for example, comes simply from 
the presence of neutrons in l2C. We expect similar predictions 
for other models proposed to explain the nuclear effects in deep 
inelastic lepton scattering. 

Next let us examine what we can learn by studying the 
normalized cross section ratios for different nuclei. Let us define 

R(x) = 
e\(x)gMx)Df(z)IS& 

e?(*W(*WM/« ' 
In Fig. 4 we plot R(x) at z=0.1. It is readily seen that R(x) 
exhibits the same qualitative behaviour as the inclusive cross 

The ratio R (for definition see the text) calculated in the 
QCM plotted Venus x for z=0.1. The dashed line cur-
responds to pt(D)=0.0 and pt(Fc) =0.0. The solid line 
corresponds to pt(D)=0.0 and pt(Fe)=0.3.Thc small de­
motion from unity of the dashed line originates from the 
non-isoscalar nature offtFe. 
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The quantity F (for definition see the text) plotted versus 
xfor zsQ.l. The target nucletu is ilFe. Dashed line and solid 
line correspond to pj=0.0 and 0.S respectively. 

section ratio. Within the QCM the behavior of R in the region 
x greater than 1 will exhibit steps just as the inclusive cross 
section ratio10. 

To get an estimate of the magnitude of the cross section 
to be expected let us write 

dPo 4iroz 

dxdydz U ~ Q* mNE- i + ( i - » ) 3 

F(x). 

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 
i - ) l region over the result if there are no quark clusters. 

V. CONCLUSION 

Assuming factorization and nuclear target independence 
for fragmentation functions we have shown that the semi-inclusive 
hadron production cross section ratio for oppositely charged 
hadrons with the same target nucleus is quite insensitive to 
nuclear effects. On the other hand the ratio of cross sections 
for the same hadron produced off different nuclei is seen to 
exhibit the same striking behavior as the inclusive ratio. 
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CAN PIOH ELECTROPRODUCTION PLUMB THE PION SEA? 

R.S. BICKS 
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 («, «'*•) cross 
sections are discussed, with particular regard to the properties 
of the PEP storage ring. 

Introduction 

The meson field representation of the nuclear force provide* 
the basis for our most detailed, yet tractable, model for calcu­
lating nuclear properties. Although the roles of heavy and mul­
tiple meson exchanges remain open questions at present, there 
is some evidence to suggest that the principal process, involving 
one-pion exchange, is understood. The first such evidence came 
from calculations of the thermal np capture (n + p -» d + 7) 
rate. When only the neutron and proton were considered the 
computed rates were about 10% lower than the observed value.' 

/ A 
(a) (b) (c) 

FIG. 1. One-pion exchange current diagrams: (a) pionic cur­
rent, (b) pair current, and (c) nucleon resonance cur­
rent. 

This discrepancy was subsequently removed by the evaluation 
of the three one-pion exchange currents shown in Fig. 1, with 
the pion-nucleon coupling constant* being taken from measured 
jr-N scattering cross sections. More dramatic evidence for tbe 
contribution of one-pion exchange currents is found in the cross 
section for the electrodisinttgration of the deuteron at thresh­
old, shown in Fig. 2. Calculations for nudeons only produce a 
deep diffraction minimum near squared four-momentum trans­
fer Q* = 12 far2, in blatant disagreement with the data. 
Again, consideration of the three one-pion exchange current* 
of Fig. 1 is crucial for resolving this disagreement.3 Compelling 
evidence for the role of pion exchange currents is also found in 
the cross sections measured for the break-up of the deuteron by 
100 — 500 MeV photons,3 as well as in the magnetic moments4 

and elastic Ml form factors5 of 3H and 3He. There is, however, 
little evidence to confirm our understanding of the meson Geld 

in A > 4 nuclei, where the nuclear force is closer to saturation. 

The lack of definitive data on the pionic content of heavy 
nuclei has impeded the understanding of the EMC effect, where 
a difference is observed between the cross sections per nucleon 
for deep inelastic lepton scattering from the deuteron and from 
heavier nuclei. Various theories, based on diverse ideas, pur­
port to account for this observation. Some theories explain the 
difference by postulating an enhancement of the pion field in 
massive nuclei. Other theories do not. Without clear experi­
mental information on the meson field in A > 4 nuclei, there 
exist* no mean* of identifying the correct ideas. One experimen­
tal investigation that has been made is that of Carey et ol.,6 who 
measured the scattering of polarized 500 MeV protons from deu­
terium and lead targets in the quasielastic continuum. Since the 
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FIG. 2. Cross section for the electrodisintegration of the deut­
eron at threshold.3 The dotted curve is for nucle­
oid only, the dish-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. 
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jr-N coupling is strong, such experiments should be sensitive to 
any .A-dependence of the pion field. Carey tt al. isolated the 
axial-longitudinal coupling of the proton to the pion field from 
other interactions by measuring a complete set of polarization 
transfer variables. Within experimental errors, the results show 
the axial-longitudinal response functions for d and Pb to be 
equal, suggesting that there is no enhancement of the pion field 
in massive nuclei. Notwithstanding the significance of this re­
sult, the question of the ,4-dependence of the pion field is one 
of such importance that it should be explored by any meats 
possible. 

It is unlikely that any single experimental study can re­
solve the issue. For example, the momentum distribution of the 
virtual pions in deuterium may be somewhat different from that 
in heavy nuclei, and hence measurements at a single momentum 
transfer value, such as that of Carey tt al., cannot be entirely 
conclusive. The interpretation of the proton scattering mea­
surements is also compromised by the inherent complexity of 
the proton-nucleus interaction; for example, the understanding 
of polarization transfer asymmetries measured for discrete nu­
clear states in (p,p) has presented considerable difficulty. The 
means of probing the pion field to be discussed in this paper, 
the (e,eV) reaction, is also subject to uncertainty, particularly 
from the large final-state interaction effects.7 For both reac­
tions, there is theoretical debate regarding the interpretability 
of the data in terms of the nuclear pion field. In fact, on an 
even more basic level, the range of applicability of the meson 
field representation has yet to be defined. 

Pion Electroproduction in the Continuum 

Guttner tt al.3 have suggested that the nuclear pion field 
can be investigated by longitudinal electroproduction of pions 
in the continuum region. Guttner et al. argue that if virtual 
pions can be interpreted as partons of nucleons and nuclei, 
the pion distribution function could be determined in a man­
ner analogous to the determination of the quark distribution 
functions from deep inelastic scattering. For low squared mo­
mentum transfer |t| onto the target nucleon, data for charged 
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FIG. 3. Born term diagrams for the reaction ep -» eV + n. 
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FIG. 4. Components of the cross section for ep -» «V + n as a 
function of the squared momentum transfer |(| onto 
the target nucleon.9 

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:0 

d?c .dap .do i 2Ta^ - ? + ' % + " " ( ^ + V 2 * n w ^ . 
In this expression 4> is the angle between the hadron production 
and electron scattering planes and e 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 dot,jdt, shown in Fig. 4. In 
fact, a crucial element in the argument of Guttner tt al. is that 
the strong peaking observed at low \t\ in the longitudinal cross 
section arises ahnosts 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 e and out-of-plane angles <f> to permit 
the isolation of da^/dt from the transverse [dar/dt and dop/dt) 
and interference [doj/dl) components in the cross section. 

Guttner tt al. define the pion momentum distribution func­
tion GT-/n(x,Qi) to be the probability of finding a virtual pion 
it' in the nucleon with momentum fraction x = F(it')/P(N), 
the familiar Bjorxen scaling parameter. The distribution func-
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tion Gw./pr{xtQ*) ia then extracted from the longitudinal com­
ponent of the cross section at small \t\ by means of 

with the elastic scattering ex* -> t'x cross section being calcu­
lated using a dipole form for the electromagnetic form factor of 
the pion. 

Due to the lack of available data, Gfittner tt at. were able 
only to analyze the case of the ep -* eV+re reaction, for which 
the deduced distribution function had to be denned as the prob­
ability of finding a virtual TT+ with momentum fraction z in state 
ir +n. Values for Gr+/P were extracted for i = 0.062,0.123, and 
0.154, and, with an assumed functional dependence, the pion 
distribution function was integrated, yielding (3.0 ± 0.5)% x + 

mesons in the proton. The unexpected smallness of this value 
has been attributed to various factors, some of which will be 
mentioned below. In practice, one would seek to assess the to­
tal pionic content of the nucleon by performing a semi-inclusive 
measurement for all possible final states X. Moreover, compre­
hensive measurements should be carried out for complex nuclei, 
to study the ^-dependence of the number qf 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 |( by the t-channel reaction diagram, demand 
rather comprehensive experimental capabilities and procedures: 

1- The spectrometers) should have large out-of-plane angu­
lar acceptances in order to exploit the ^-dependence of 
the cross section for separation of the dop/dt and doi/dt 
terms. 

2. In order to separate dof/dl and da^jdl it is necessary to 
measure the cross section for different values of the vir­
tual photon polarization parameter e with the kinematic 
parameters Q2,t, and J, the squared invariant mass of the 
l'N system, held constant. If dor/dt and dahjdt are to 
be extracted with reasonable precision, a range of incident 
electron energies are required. The operating range of the 
PEP storage ring at the Stanford Linear Accelerator Cen­
ter (SLAC), extending from 18 GeV down to perhaps 4 
GeV, appears to be well-suited to the needs of the (e.e'n) 
experiment. Particularly for the higher incident energies, it 
is essential that the apparatus be capable of detecting scat­
tered electrons and electroproduced pious at small angles 
with respect to the beam direction. The scattered electrons 
ot interest will be primarily in the range 6, — 10° - 40°, 
and the corresponding pions between 0„ = 10° and 20°. 

3. Because the experiment calls for a semi-inclusive measure­
ment in the continuum region, fine resolution is not of pri­
mary importance. 

i. The spectrometer(s) should have good particle identifica­
tion capabilities. In particular, JT^.TT-, and ir°-mesons 
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FIG. 5, Ratio of ir~ ami TT+ production cross sections for deut­
erium.9 

should be simultaneously detectable. Assuming a charge-
symmetric nuclear force, and an isospin T—0 target, equal­
ity of the x - and ir+ 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: 

*(*-) _ (-»)' . 
»[*+) (+1)' ' 

Data taken at DESY° and elsewhere on the deuteron show 
that this is the case for |/| < 0.15 (GeV/c)2, as indicated in 
Fig. 5. For high |(| the cross section ratio is closer to 1/4, 
consistent with the result expected for hadronization after 
scattering from valence quarks of charge j (for jr" produc­
tion) and | (for x + production). Due to lac? <if cnarge 
for the x°, neutral pions cannot be produced through the 
t-channel diagram. However, x° production does occur for 
the other diagrams, and hence measurement of the x° yield 
would provide information on the contribution from these 
background terms. 

5. If it is the longitudinal t-channel mechanism which is dom­
inant at low |r|, the struck pion should be ejected close to 
the direction of the momentum transfer and should carry 
energy fraction z = En/v close to unity, where v is the 
electron energy loss E - E'. The acceptance of the spec­
trometers) should be optimized to study such events. 
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6. Due to the smaller pion production cross sections at high 
Q2, useful data will likely be confined to Q2 < 2 (GeV/c) 2 . 
As Q2 increases so does the spatial resolution of the vir­
tual photon, and the experiment becomes more sensitive 
to closely-bound virtual pions in the nucleon: What ap­
pears at low-Q 2 to be a bare nucleon, at high-Q 3 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 Q2.) The ep -» e V + n 
data analyzed by Guttner et al. had a maximum Q2 of 0.70 
(GeV/c) 2 , inadequate to provide good sensitivity to these 
pions. 1 0 This, in part, explains the smalt it* admixture 
found in the proton. It should be noted, however, that as 
Q2 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 ^-dependence of the pion field, the conclusive­
ness of the results could well be obscured unless *he large 
final-state interaction effects are understood. The neglect 
by GuUner et al. of rescattering of the pion from the nu­
cleon also contributed to the small ** content found in the 
proton. 1 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, eV) studies at 
PEP would be greatly enhanced if future efforts to increase 
the number of stored bunches are successful-
Previous electroproduction measurements have utilized con­

ventional magnetic spectrometers, one for the scattered elec­
tron, and the other to detect the pion ejected close to the 
momentum transfer direction. In the experiment of Brauel et 
a/.,9 for example, the two spectrometers each had an acceptance 
solid angle of 3.2 msr, with ± 100 mrad angular acceptance in 
the vertical direction. The good ~ 5% duty factor of the DESV 
synchrotron permitted Brauel et al. to use 10 cm long liquid hy­
drogen and deuterium targets and thereby achieve luminosities 
C > lO 3 4 cm" 2 s~ ' , despite the poor synchrotron beam current. 
With the anticipated luminosity at PEP being no better than 
1 0 3 3 cm~ 2 s _ 1 , small acceptance spectrometers are out of the 
question. 

One experimental possibility, proposed by van Bibber, 1 1 

would be to use the septum magnets of the FEP-9 collabo­
ration in a modified field configuration. In principle, such a 
spectrometer could provide acceptance angles close to ±20" in 
both the horizontal and vertical directions. Suitably instru­
mented with Cerenkov counters, time-of-flight hodoscopes, and 

a shower counter comprised of alternating layers of lead and 
liquid scintillator, the spectrometer could also have good par­
ticle identification properties. For this detector the estimated 
true electron-pion coincidence count rate is quite encouraging:14 

about 10 s _ I for £.= 1 0 3 3 c m - 2 s _ 1 . The difficulty of using such 
a device in the standard low-duty factor PEP mode would be 
the high background singles rate from recoil hadrons, estimated 
to be about 4 per beam crossing. 1 5 Most of the recoil particles 
have momentum less than 2 GeV/c. Several measures may be 
taken to reject these particles, for example, the construction 
of highly-segmented detectors with multi-hit event processing 
capability, and the use of an event trigger which demands the 
production of a high-z pion. Nevertheless, the range of practi­
cable luminosities will be unavoidably compromised unless the 
PEP duty factor can be raised. 

Another concern of the septum magnet spectrometer is 
the relatively low field strength of < 0.3 T existing close to 
the transmitted beam path. The smallness of this field, in­
curred as a consequence of the mandate not to interfere with 
the steering of the stored beam, results in relatively poor mo­
mentum resolution for particles emerging at small angles. An 
alternative system, previously developed at SLAC for the mea­
surement of inclusive hadron production cross sections, utilized 
a large-aperture dipole magnet traversed by a superconducting 
transport tube to expel the magnetic field, thereby providing a 
field-free region for the beam emerging from the target. 1 0 In this 
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way, magnetic fields > 1T could be applied only a few cm from 
the stored beam. A schematic representation of this apparatus 
is presented in Fig. 6. 

Summary 

Preliminary studies indicate that the measurement of co­
incidence electropion production should be feasible at the PEP 
storage ring, especially if efforts to improve the duty factor by 
injecting more beam bunches are successful. The observation of 
peaking in the longitudinal cross section at small |f|, combined 
with a jr + to ic~ production ratio dose to one, suggests a re­
action mechanism in which the longitudinally-polarixed photon 
couples directly to a virtual pion. Whether or not the nuclear 
pion sea can be quantitatively determined from such measure­
ments is rendered uncertain by the possible importance of other 
reaction mechanisms, as well as by the large final-state interac­
tion effects. Nevertheless, measurements of this type may well 
help to define the region of applicability of the meson field rep­
resentation. 

This work was supported by the U.S. Department of En­
ergy. 
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(e,e'5r) AND THE PION NUCLEON FORMFACTOR 

Andreas Sekafer and Steven E. Koonin 

W.K.Kellogg Radiation Laboratory, CALTECH, Pasadena, CA 91125, USA 

It has besn claimed1 that the reaction 

e + p—t e' + ir+ + n (1) 

tests directly the 'pion content of the nucleoli'. Such a mea­
surement would be very interesting as it could test some of the 
models2 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 fonnfactor 
FxNN (and the electromagnetic formfactor of the pion). 

M,[OeV] 

Fig.2 • The experimentally observed values for the square 
of the four-momentum of the outgoing baryon state. Only the 
shaded events were taken into account. The broad bump at 1.2 
- 1.3 GeV is due to the reaction ( e p . e ' i A ) . ( From ref. 2) 

Fig.l : The reaction ( e p , e' T + n ) 

An experiment of the type (1) was carried out by Brauel 
et al.3 in 1979 at DESY. One might consider repeating this ex­
periment at PEP and comparing the results for different target 
nuclei, e.g. for hydrogen and a heavy nucleus. Such an experi­
ment should show some characteristic differences due to nuclear 
binding, i.e. due to the exchange of virtual pions between the 
nucleons of a nucleus. Brauel et al. isolated the graph of Figure 
1 by doing a Rosenbluth separation (which guarantees that the 
photon is scattered off a spin aero particle) and by imposing a 
cut on the total momentum squared of the outgoing baryon state 
(Figure 2). 

< p - t ) , ( j » - * ) ' < (1.2 GeV)1 (2) 

For very large momenta Q2 = — q2 or, more precisely, for 
x y/q2 > 1 GeV the longitudinal cross section can be simply 
written as 

d2<T[,(ep —> e'ir*n) 
dx dQ2 = G»-/,(*) dô ê ln̂ ĉ(ex̂  -» e'y) 

dQ2 (3) 

where G I . / p (x) is a 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 Q2. For 
small values, i.e. for x y/Q2 <. 1 GeV, the ratio of the two 
cross sections 

d*oL(cp-* e'j+n) 
dx dQ* I dQ2 = G(x,Q2) (4) 

becomes a strongly Q2 dependent function with no simple phys­
ical interpretation. This is illustrated in Figure 3. The nucleus 
emits virtual pions with a momentum squared t = —jfe2. The 
further these pions are off mass shell, i.e. the larger the value of 
|E|, the sooner they will be reabsorbed. Thus, strongly off shell 
pions can only be found close to the nucleus. Due to the pion 

/ > -t small 
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Fig.3 : The virtual pion cloud of a nucleon. Pions which are 
far off the mass shell are found close to the nucleus. 



nucleon fonnfactor FrNN(t) there are no pions with arbitrarily 
large |t|. The strong decrease of f.wjsf with t renders the total 
number of virtual pioas finite. If one probes the virtual pion 
cloud of a nucleus with photons the response one gets depends 
on the resolution, i.e. on Q2. For small Q2 virtual pions with 
large t cannot be resolved. Consequently G(z,Q2) decreases 
with decreasing Q2. 

Now the problem with the reaction (1) is that the Rosen-
bluth separation can only be done for small values of Q2, typi­
cally smaller than 1 GeV2, because the longitudional cross sec­
tion drops to zero. The question is therefore whether for such 
a low Q2 the function G(x, Q2) is still a good approximation 
t o G , . ^ * ) = 1im<r~xG(x,Q2). 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(x,Q2 = 0.7 GeV2) « G«./,(*) (») 
and claimed that there would be far less virtual pions associ­
ated with a nucleon than is usually assumed. Furthermore they 
concluded that the proton radius is 

(6). R = 1.5 ± 0.1 fm 

The latter result they got from the relation5 

t F.NNJt) 
(t + m2)2 dt (7) 

where the pion nucleon form factor is related to the nucleon 
radius by 

F , w w ( t ) - e - D J 0 4 t , + ^ , l t f . (8) 
Because they got from the data very small values for G(x, Q2 = 
0.7 GeV2) they had to postulate such an extremely large nuclear 
radius. The value in Eq.(6), however, is completely unaccept­
able. In Figure 4 we show the formfactor for R = 0.7 fm and 
0.8 fm which is the physically reasonable range4 (dashed lines). 

The exponential form of the isNN formfactor (8) is motivated 
by the bag model. EVom a phenomenological point of view one 
can also advocate a dipole form5 

FrNN{t) \ A2 + t J ' (9) 

with A = (4-8 - 7.0, fm-1 (dash-dotted lines) or even a 
monopole form' (dotted line) 

f.jvw(t) = 
A3 - ml 

A 2 + t 
(10) 

with A w 5 fm'1. 
In fact, F,sn " tested experimentally only for small values 

oft (1 < 0.2 GeV*), where allof these functions coincide more or 
less, whereas the formfactor used by Giittner et al. iB definitely 
ruled out. 

Besides being incompatible with other experiments the anal­
ysis of ref.l is also inconsistent with the analysis by Brauel et 
al.. By fitting an exponential t dependence to their data Brauel 
et al. got It = ( 1 ± 0.2) fm. We thus conclude 

G(x,Q2 = 0.7 GeV2) < Grlr(x) (11) 

in agreement with our crude argument sketched in Figure 2. It is 
therefore not possible to measure directly the 'pion content of a 
nucleus'. One can only extract FtNN(t) for some limited t range, 
as was done by Brauel et a].. The ratio in Eq..(3) becomes espe­
cially uninformative if the electrons are scattered off a nucleus 
instead of a proton. The final Btate interactions are important 
and they will blur the meaning of G(x, Q2) still further. 

By doing an inclusive measurement as opposed to an exclu­
sive one the problem that the Bosenbluth separation works only 
for too small values of Q2 is not remedied. One just looses the 
possibility to extract Fxitit. 

a. 

Q.6 

0.2 

L . . . . . . . . . 1 I . 1 , 

*. &\ 
\ }*'*• 
l_-v\ "\. _ 
1 ^ '<'. i ^ "*-"•. •1 l\ V \ \ 

• " ^ " v \ 
1 \*. ^ x ''- — 

" 1 '*y \ "*'•'''••• -

\ " ^ " • . 

1 \ ^ " * J ^ " " " - ' , 
\ \ \ ' " • - ' • - . 

\ N \ \ " - ^ , " • ' - • - , 

\ s * - . v " " ' - - . 
_ \ v * ^ "J - " " " • • » - _ 

\ ^ v " * ^ . " " " " " - • - . . -

\ *- - _ _̂  ^ -"1 '*' - -- -.̂ .." f , , ^ > - ^ , 1 , , . ^ " " " h - r - , ; ; ; ^ - " 
1 2 
T [GeV*#2] 

Fig.4 : Comparison of the dif­
ferent FrN/f formfactors discussed 
in the literature. The two dashed 
lines sketch the range expected for 
an exponential fonnfactor (ref. 4). 
The dash-dotted line bounds the 
allowed range for a dipole formfac­
tor according to ref, 5. The dot­
ted line is the monopole formfactor 
used in ref. 6. The result of ref. 1 
is the solid line. 
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MODIFICATION OF NUCLEON PROPERTIES IN NUCLEI 

Carl H. Shakin 
Department of Physics, Brooklyn College of the City University of New Yock 

Brooklyn, New York 3.1210 

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* 
the quenching of the longitudinal response seen in 

2 inclusive (e,e') reactions, and the use of the Dirac 
equation to describe nucleoli notion in nuclei, 
are all related to a single effect, the modification 
of the gluon condensate in nuclei. We will argue 
that, in all three cases mentioned above, we are 
seeing the effects of a change of a QCD mass (or 
length) scale away from its vacuum value. The order 
parameter describing this scale change Is an order 
parameter of the gluon condensate. lu the absence 
of current quark masses, there is only a single mass 
scale developed dynamically in QCD. It is possible 
to construct an effective Lagrangian for QCD which 
only contains a single dimensional order parameter. 
A change in this parameter will lead to a correspond­
ing change of all dimensional quantities. In 
particular, we have shown J how a length scale may 
be specified for QCD by making use of the gauge and 
Lorentz invariant parameter. 

<vac|gi_G*y <T a
Ulv a c> = _ J _ g \ -

UT? 52U 2 

(1) 

Here g is the QCD coupling constant renormalised at 
2 

the mass scale, u . (Equation (1) may be taken as a 
2 2 definition of the quantity g $ .) We remark that a 

A ° 
value of 0.012 (GeV) has been obtained for the left-
hand side of (1) in work on QCD sum rules. (Note that 
this quantity is a renormalization group invariant in 
a physical gauge.) 

As we have seen In other works, * various 
dynamical masses are given in terms of the quantity, 

1 2 g $ . W e obtain a dynamical gluon mass* 

2 1 2 2 
m G = * 8 *o • 

and a dynamical quark mass, 

2 2 
, GJL.2 

(2) 

(3) 

as well as a number of other mass parameters, all of 
which are proportional to the same order parameter. 
The quark also obtains a dynamical mass via the 
formation of a chiral condensate, however, in our 
model the chiral condensate order parameters do not 
define an independent mass scale. Therefore, if" we 
take the current quark mass to be zero for the tip and 
down quarks, there Is only a single mass scale in our 
effective Lagrangian, which we assume describes QCD 
at large length scales. * 

Wow the presence of quacks tends to break down the 
gluon condensate and in nuclear matter we claim that 
<£• should be replaced by 1JI„M

<<| • Indeed, we want to 
show that if rjj /<*, NM 1.25, we can understand the 
various phenomena mentioned at the beginning of the 
introduction. 

The__EMC .Effect 

There have be«n a very large number of theoretical 
9 

papers whJrh deal with Lhe EMC effect. The rescaling 
model of Clos*.*, KOHS, Roberts and Jaffe 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. ) In 
this model moments of structure functions are assumed 
to exhibit "rescallng"- With A specifying a nucleus 
of mass number At and N denoting the nucleon, it is 
assumed that moments are related by the following 

10 expression. 

M . W 2 ) V<> 2 2 
(4) 

2 2 
where the quantity ^ M,(Q ) evolves with Q as follows, 

, ( Q 2 ) ,«& * <Q?)A» <Q
2) 

(5) 

Here 2 2 
„{Q ) is the running coupling constant and Q 

is the momentum scale for which a valence quark model 
(such as the bag model) is supposed to give a good 
description of the nucleon structure function 
2 i 

QQ <_ 1 CeV^). The essential assumption is that 
r*N. (Q ) is given by a length scale modification, 

• » « H ^ (6) 

Here ., is a length scale appropriate to the nucleon 
in vacuus:, and >. is the length scale appropriate for 
the nucleus, tn the papers dealing with the rescalitig 
model one finds calculations of the ration A /?.„ based 

A N 
upon models of the nucleon-nucleon correlation 

We prefer to make the identification funcLions. 

'A 
>v (7) 

where the brackets denote the average value of $(r) 
in the nucleus. For example, we can write, using a 
local-density approximation. 

•i(i') 
1 tSSl ) 

T> I : N M ; * 
<8) 

where i. (r) is the matter density of a nucleus and 
is the density of nuclear matter. Therefore, we 

have 



°\ 5 °mj (.9) *& (14) 

[ 5 PNM ) 

(10) 

V*N Thus, the A dependence of the ratio 
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 deconfining phase transition of about five 
times nuclear matter density.) 

We have noted that in the effective Lagrangian 
we have suggested to model QCD at large length scales 
there is only a single dimensional quantity, if we 
neglect the small current masses of the up and down 
quarks. 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. 

^KM a ^o_ , (H) 
Rvac *NM 

where R is the nucleon radius in vacuum. The vac 
average radius of a nucleon in a nucleus is then 
given by. 

Thus, using (7), we can also identify 

<R>. 

(12) 

(13) 
N 

This result is consistent with the fact that in the 
rescaling model one "rescales" the moments (or the 
structure function) cf the nucleon itself* 

While the rescaling model has some attractive 
features, we believe that further study is required. 
In particular, one should actually calculate the 
structure function of a nucleon, either in vacuum or 
in a nucleus using an appropriate model of nucleon 
structure. 

Modification of nucleon electromagnetic form 
factors in nuclei 

issues related to the effects of the nuclear 
medium in modifying nucleon properties have recently 

12 been reviewed by A. Gerard and we refer the reader 
to that work for a more complete set of references. 

We have published a number of papers on this 
topic and have shown that the momentum transfer de­
pendence and the mass number dependence of the quench­
ing of the longitudinal response in nuclei may be 
understood in terms of the medium—modified form 

13 factors we calculated in earlier work. For example, 
consider the usual phenonenological expression for tht: 
electromagnetic form factor of the proton, 

2 2 
Here a = 0.71 GeV is the value of this quantity in 
vacuum. In nuclear matter we have 

vac 
3NH 

or alternatively, 

1 p JNM = ^ o _ 
IT 2,4 

(15) 

(16) 

2,!* where (r ] is the r.m.s. radius of the proton calcu-
P 2 

lated from the slope of the form factor at q =0. We 14 have shown in an earlier work that the ratio 
r 2lV 
l< VT CI7) 

which we have calculated using a soliton model of the 
13 nucleon, reproduces the values of U , A „ ) which are A N 

required to fit the EMC effect. That is, the electro­
magnetic radius of the nucleon (calculated using a 
soliton model of the nucleon) scales with the inverse 
of the dynamical quark mass and that dynamical mass 
scales as the ratio $/$ . ' o 

The medium-modified form factors obtained 
earlier have been used to explain a large body of 
data dealing with the longitudinal response in 
n u c l e i 1 5 " 1 7 and the charge distribution of 2 0 8 p b . 1 8 

The situation with respect to the transverse response 
is more complicated since there appears to be a large 
amplitude for two-nucleon processes which is important 
in the region of the quasi-elastic peak. More 
theoretical and experimental work is needed to clarify 
the situation in the case of the transverse response. 

Some attempts have been made to study the modifi-
19 

cation of nucleon properties in nuclei via y-scaling. 
One can use the analysis of y-scaling to argue that 
there is little change of nucleon properties in 

20 
nuclei ; 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 (c Te T) and 21 (e,e'p) experiments. Therefore, it is hard to 
understand why the impulse approximation should provide 
a satisfactory basis for the analysis of y-scaling. 
While y-scaling may be an experimental fact, it is not 
clear that one has identified the reaction mechanism 
correctly so that firm conclusions may be drawn. 
Again, further study is required. 



Dlrac phenomenology and the relativlstlc 
Brueckner-Hartree-Fock theory 

constant, g . and a mass ratio, n. The mass ratio 
does not change upon rescallng, so that 

22 In the work of Noble one finds the first 
attempt to relate the quenching of the longitudinal 
response to a change of nucleon size. Noble uses the 
scaling relation, 

BHM 
dyn 

"NM > 
8 m ,. * vac eff 

where 

mef f " -N + U s 

(18) 

(19) 

Here U is the scalar potential felt by a nucleon In 
s 4 5 

nuclear matter. Dlrac phenomenology ' yields 
U = 400 MeV ao that 8 ™ / ^ s 1-74, or in 5 6 F e 
<R>/R = 1.4. This represents an increase of the 56 average nucleon radius in Fe of about 40 percent, 
while to explain the EMC effect (or to explain the 
quenching of the longitudinal response) in iron, the 
radius increase needs to be only 15 percent. ' At 
first Bight there night appear to be a problem vlth 
the reacalltij. analysis) however, S B we will discuss 
below, an understanding of the relativistic Brueckner-

3 
Harcree-Fock theory alloWB us to clarify this situa­
tion and to see the applicability of the rescaling 
analysis. 

The problem with the simple analysis of (18) and 
(19) Is that u contains a number of effectB which 
have nothing to do with the change of mass scale. In 
particular the various contributions to U Include 
exchange (Fock) terns arising from the exchange of 
onega, rho and pi "mesons" between nucleons. We must 
remove these terms from U before we calculate a value 

s 
for the modified mass parameter, m. In our analysis 
we found U - -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 13], for example.) Therefore, m = 938-210 
- 728 MeV, and 

V "N 1.29 (20) 

There Is certainly some theoretical error to be 
associated with the estimate in (20), but the result 
is quite close to that obtained from our previous 
analysis. 

More precisely, we can see that in the theory of 
covarlant soliton dynamics, the mass and radius of 

23 a nontopological soliton are given by. 

m - fts,'^) n y n 

h(8 v.i) 
p > a — 

(21) 

(22) dyn 
m ' 
q 

where m Is a dynamical quark mass arising from the 
coupling of the quark to the QCD condensates and f 
and h are dimenslonless functions of a coupling 

R vac q 

-

noted ear l i er • 

(23) 

(24) 

Summary 

In summary, we can say that if we uBe 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 
phenomenologlcal considerations lead to the conclusion 
that the gluon consensate order parameter is reduced 
by about 25 percent in nuclear matter. This effect 
•ay be considered as a precursor of a deconflning 

24 phase transition. 
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Abstract 
Possible signatures of the presence of nuclear 

six-quark bags are discussed. 

I . Introduction 

In the past few years, many workers have t r i e d to 
use quarks and the i r interactions to compute nuclear 
propert ies. One way to include quarks is to postulate 
the existence of nuclear six-quark bags 1 , and then pre­
d ic t the influence of such objects on various nuclear 
reactions. Information about how QCD determines nucle­
ar properties may be obtained i f a given reaction turns 
out to be very sensit ive to the presence (or lack) of 
such objects. The purpose of th is communication is to 
discuss some electronuclear reactions that might y ie ld 
information about six-quark bags. 

Let me begin with an out l ine. F i r s t , I discuss my 
conception of the term "six-quark bag", and the proper­
t ies of such objects. Simple estimates show that 
copious numbers of such objects might ex is t in nuclear 
matter. Suppose 40 or 50% of the baryons in a heavy 
nucleus were six-quark bags. One might expect that 
th is would contradict many observations. Consider one 
spectacular piece of evidence for nucleonic degrees of 
freedom: the measurement of the charge density d i f f e r ­
ence between Pb and T l . 2 I found 3 that including (more 
than about 50% of) six-quark bags does not af fect the 
predicted cross section very much. No strong disagree­
ment is found! 3 One may even claim that including s ix-
quark bags improves the comparison between theory and 
experiment. Kisslinger and Hoodbhoy11 and others have 
argued that recent measurements of the He and H charge 
densities provide evidence fo r the existence of s ix -
quark bags at the 15% leve l . But the main message is 
that e last ic scattering i s not extremely sensit ive to 
the six-quark bag presence in nucle i . ( I say th is be­
cause six-quark (6q) bags are generally one among many 
"second order" effects y ie ld ing simi lar contr ibut ions.) 
Thus, my purpose here is to instead consider ine las t ic 
electron scattering and to examine regions of the (Q2v) 
plane where 6q bags might be found. P. Mulders5 has 
already studied the role of 6q bags in the inclusive 
(e ,e ' ) process. He finds that six-quark bags could be 
responsible for the suppression o f the longitudinal 
structure function and can f i l l in the "dip" region be­
tween the nucleon- and 4- quasielastic peaks. Further­
more, in the A production region (v = 300 MeV), the 
contributions of six-quark bags to the transverse 
structure f "nct ion are about equal to those of the 
A. I reproduced Mulders' results and extended them to 
the case of a ''He target. Six-quark bags are indeed 
important numerically. However, the i r largest con t r i ­
butions occur near the 4 region, so i t is d i f f i c u l t to 
t e l l a 4 from a six-quark bag. In the hope of obtain­
ing more de f in i t i ve information, I suggest experimental 
studies of *he energy dependence of the angular d i s t r i ­
bution of protons emitted in the (e.e'p) or (e.e'pp) 
reactions. 

I I . What and Why Six-quark Bags? 

Learning how confinement works in nuclei is a 
fundamental issue. One way to make progress is to 

determine i f quark effects (as opposed to nucleonic) 
ef fects) contribute to making the nucleus. Quarks may 
part ic ipate i f they are confined occasionally in s ix-
quark (6q) bags. To d i f fe ren t ia te from "ordinary" e f ­
fects we suppose that the 6q bag is orthogonal to simple 
product states of nucleonic wave functions. For present 
purposes we take the 6q bag to consist of six (antisym­
metrized) quarks in the lowest (K = - 1 , L = 0) state of 
the HIT 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 

1,5 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 i s a b i t larger than that 
of the 4. I f cne decomposes the 6q wave function into 
sums of products of baryon-baryon wave functions one 
f inds that 80% of the probabi l i ty i s contained in com­
ponents in which one of the "baryons" carry color. 
About 10% of the wavefunction occurs in nucleon-nucleon 
components, so there is some overcounting. However, 
th is i s smaller than other uncertaint ies. 

One may view the six-quark bags as o f f -she l l com­
ponents in a generalized baryon-baryon wave funct ion. 
From the table one sees that the typical energy denomi­
nators are about 0.3 to 0.6 GeV. One needs that amount 
of input energy to place these objects on the energy 
shell where they can be observed (under su f f i c i en t l y 
lucky condit ions). 

Another property of six-quark bags is the i r s ize. 
In Ref. 6 the radius of a six-quark bag (R g) is about 
2 times the radius of a nucleon. As discussed below, 
th is assumption has a s ign i f i cant incluence on the 
location of the quasielastic peaks for 6q bag knockout. 
Lomon7 assumes a smaller value of R f i, 

I I I . How Many Nuclear 6-quark Bags Are There? 

I would rea l ly l i ke to know the answer to the above 
question. Estimates range from zero to very many. Here 
I 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 funct ion. Our 
procedure1 has been to replace a two-nucleon wave func­
t ion by a 6q bag whenever the motion of the pair brings 
the i r centers closer than a distance, r_. Probabil i ty 

conservation i s maintained by taking the probabi l i ty 
for the 6q bag as equal to the removed probabi l i ty fo r 
the nucleons to be closer than r n - The value of r 0 i s 
then an important number, and r- - 1 fin often leads to 
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results in good agreement with experiment. 1 This sepa­
rat ion 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 probabi l i ty per nucleon pair 
turns out to be between about 3 and 6%, depending on 
the state. 

In heavy nuclei there are many possible pairs and 
( in th is picture) many 6q bags. Consider, for example, 
a nucleon in i n f i n i t e nuclear matter of density 
p Q (= 0.166 Fm 3 ) . The probabi l i ty that another nucleon 

l ies wi th in r . i s -T" r H p n = ° - 7 , fllth0"^ Pauli p r in ­
ciple effects mult ip ly th is number by 3/4, th is seems 
excessively large. I don't ins is t that there rea l ly 
are that many 6q bags in nucle i , but i t is l i ke l y there 
are some. The most i r r i t a t i n g feature of th is is that 
exist ing data cannot be used to rule out such an enor­
mous percentage. 

IV. " 3Pb - ^ U 3

T 1 charge Density Difference 

This quantity is one of the best tests of the con­
ventional nuclear picture, One observes the structure 
of the 3s proton wave function quite c l ea r l y . 2 Surely 
copious amounts of 6q bags should spoil th is resul t . 
Calculat ion 3 shows that th is is not so! The reason is 
tha t , in our treatment of e last ic electron scat ter ing, 
the dominant ef fect of 6q bags is that they are bigger 
than nucleons. But the difference between R,- and a 

nucleon radius is very small compared to the size of 
the Pb nucleus. Thus no effect remains, ine size is 
the only influence because six-quark bags are formed in 
the i n te r i o r . There, the ef fect ive density of the 
center of mass of an NN pair is essential ly the product 
of the 3s density by the approximately constant density 
of the nuclear i n te r io r . 

V. Using (e.e 1 ) to See 6 Quark Bags 

we want to ask what are the appropriate values of 
the momentum transfer (Q2 = -q 2 } and energy loss (\>) 
for 6q bags to be observable. Start with Q2. We i n ­
clude processes in which the v i r tua l photon knocks the 
6q bag out of the nucleus. In th is mechanism the 6q 
bag maintains i t s character. I t i s not blown to b i ts 
in the absorption of the v i r tua l photon. In that case 
the 6q amplitude includes the appropriate form factor 
Gg(Q2)- He fol low Refs. 5 and 6 and assume that the 
six-quark bags are larger than nucleons. That means 
that the ra t io of 6q to nucleon form factors: 
G,(Q 2)/G,{Q 2) approaches zero as the momentum transfer 
Q increases, and i t becomes harder to f ind 6q bags at 
higher momentum transfers. This does not mean that i t 
is harder to observe the influence of quarks at higher 
values of Q2. I t is j us t that the coherent effects of 
the 6q bag acting as one par t ic le go away at high mo­
mentum transfer. 

I f the radius of the six-quark bag were equal to 
or smaller than that of the nucleon, as implied in Ref. 
7, the opposite conclusion could be drawn. The calcu­
lat ions discussed below fol low Refs. 5 and 6. 

What about the photon energy loss, v? The basic 
idea is that a 6q bag can be knocked out of the nucleus 
i f i t absorbs a photon of large enough energy v. These 
excitat ion energies are the masses of the six-quark bag 
minus the mass of two bound nucleons. From Table 1 , 
th is 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 h. 

o 
Thus 6q bags might be important at f a i r l y low Q , 

but f a i r l y high (by typical nuclear standards) values 
of v. 

VI . (e.e 1 ) Calculations 

As mentioned in the int roduct ion, I follow the work 
of Mulders. 5 The formulae necessary to make calcula­
t ions of the cross sections are given in Mulders' paper. 

I t is necessary to discuss the basic assumptions of 
his model. 

1. A photon str ikes and knocks out ei ther a three-
quark (nucleon) (with probabi l i ty P,) or six-quark bag 
with probabi l i ty P, given by P, = 1 - P,. In th is mod­
e l , pionic components of nuclei do not contr ibute. 

2. A plane wave approximation is used for a l l out­
going par t ic les . The knocked out nucleons, 6q lags and 
produced a's are a l l on the mass-shell. Thus no f ina l 
state interactions are included. 

3. The f ina l states are |3q> x |A-1> or 
|6q> x |A-2>. These are treated as orthogonal states. 
Thus there is no interference between the two terms. 
This is a good approximation when Q2 is large enough so 
that the one and two-baryon states are kinematically 
well-separated, but 6q bags have effects at values of 
Q $ 500 HeV/c. Then (on average) each baryon of the 6q 
bag carr ies s 250 MeV/c, a value close to the Fermi 
momentum. 

As Mulders remarks, the model is oversimplif ied 
but one can use i t to determine the region of sensi t iv­
i t y to 6q effects in the (e ,e ' ) reaction. Furthermore, 
the model i s consistent with data from Q = 400 to 500 
MeV/c when natural values of the parameters (P, - 0.4) 
are used. 

During the oral presentation I showed several 
figures from Ref. 5. These showed that the suppression 
of the longitudinal structure could be understood in 
terms of six-quark bags. This is because some 40% of 
the strength occurs at values of « about .3 - .6 GeV 
ABOVE the quasi-elast ic peak for nucleon knockout. 
There are also nice results for the transverse struc­
ture funct ion. The six-quark bags f i l l in the dip 
region between the nucleon and delta peaks. In fac t , 
the contributions of the six-quark bags are approxi­
mately equal to that of the del ta. These results of 
Mulders are for the 1 2 C nucleus. I showed also calcu­
lat ions (but no data) for the ''He nucleus. The values 
q and v fo r which 6q bags are important are roughly the 
same as fo r the 1 2 C target. 

The contributions of the individual six-quark bag 
states exhibi t interest ing peaks as a function o f v for 
f ixed 0 2 ) . However, these peaks are not d i rec t l y o t -
servable since they occur in the A region. 

The result of a l l of th is i s that there are large 
6q bag effects seemingly in agreement wi th the data. 
However, we encounter the problem of too many competing 
mechanisms one more time, 

V I I . Better Ident i f icat ion of 6q Bags? 

The six-quark bags of interest here are made of 
quarks in L = 0 states. Therefore, the angular d i s t r i ­
bution for the decay into two nucleons is iso t rop ic , 
in the 6q rest frame. This is very d i f ferent than the 
decay A + Nn (3 cos 2e + 1 ) . I propose to use th is idea 
to separate the contributions of 6q bags and delta de­
cays. 

Consider, for example, measurements of the angu­
la r d istr ibut ions of protons emitted in the (e,e ' ) re­
act ion. One can look for a resonant enhancement of 
isotropic correlat ions. The isotropy is to be with 
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respect to the direction of the photon momentum. If 
the 6q bags I discuss are relevant there could be » 150 
MeV wide region of energy (u = 0.3-0.6 GeV/c or higher 
depending on the model) in which the angular distribu­
tions of high energy protons are isotropic. The re­
striction to high energy protons enters since we want 
the products of the decay 6q •* NN, not 6q * AN or 
6q •* 44. 

One could apply the rapidity analysis of HcKeown 
et al. 8 to identify the isotropic distribution. Ref. 8 
dealt with pion absorption on a cluster of nucleons. 
After absorption, the cluster spews out nucleons. They 8 

found the velocity {essentially the rapidity y) of the 
coordinate frame in which the emitted nucleons have an 
isotropic angular distribution. The same technique 
should work for the photon absorption under consider­
ation here. In that case y - tanh [qJ/M- 1s the 
rapidity of the 6q bag that absorbed the photon. In 
the frame of rapidity y, the nucleons from the 6q + NN 
decay are emitted isotropically. 

Another possibility Is to look for a resonant en­
hancement of the isotropic angular distribution of two 
protons emitted 1n the (e.e'pp) reaction. This could 
be done with a 4* detector. 

This hope for Identifying the 6q effects lies in 
combining two distinct effects: an isotropic angular 
distribution (in the appropriate coordinate system} and 
a resonant energy behavior. Combining these two sepa­
rate pieces of information may allow the separation of 
6q bag effects from the background of ordinary two-
nucleon processes which are not expected to have those 
two features. 

VIII. Summary 
The Summary is given in the Introduction. 
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NUCLEAR FRAGMENTATION, PART I 
PROTON-NUCLEUS COLLISIONS AT HIGH ENERGIES 

Andrew S. Hirseh, Purdue University, 
West Lafayette, IN 47907 

John Holitoris, Lawrence Liveroore National Laboratory 
Live mote, CA 94550 

Abstract: The features of p-nucleus collisions 
leading to the production of nuclear fragments are 
briefly reviewed. Emphasis is placed on what is known 
and what is unknown experimentally. 

When a proton of incident energy exceeding about 
1 GeV collides with a large target nucleus, such as 
xenon, nuclei of up to about 1/3 the target mass (Aj) 
become likely reaction products. This has been known 
for over three decades and has been studied 2 extensively using both emulsions and radiochemical 
techniques. Counter experiments have made detailed 
and comprehensive examinations of these nuclear 
fragments 5' 6' 7' 8 although the vast majority of these 
have been inclusive in nature. It has been clearly 
established that fragmentation is a high energy 
process with a threshold of about 1 GeV for incident 
protons 3 (fig. 1), and a high charged particle 
multiplicity indicative of a central collision. Above 
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.' Oespite the great body of 
experimental data that now exists, the production 
mechanism of nuclear fragments by high energy protons g remains unclear. Processes such as evaporation , cold 
fracturing10, and a pi; transition (gas to liquid) 
near the critical point have been proposed to account 
for the systematics of the data. 
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Fig. 1: Fragment cross section vs. incident 
energy. Solid curve is fit to the data from 
1-20 GeV (AGS data). The point at 48 GeV was 
obtained at Ferrailab, Ref. 7. 

Fragment kinetic energy spectra are characterized 
by a Haxwell-Boltzmann like shape, although they tend 
to be broader than a single MB spectrum (fig. 2). The 
peak in the kinetic energy spectrum for a fragment 
such as carbon produced from p-xenon collisions occurs 
at about 2 MeV per nucleon, and thus a significant 
number of fragments emerge with very small kinetic 
energies. Studies of the spectra indicate that the 
Coulomb energies involved are small when compared to 
the tangent sphere value of the fragment and the 
target minus fragment system. A possible 
interpretation of this fact is that fragmentation is a 
multibody breakup involving the entire volume of the 
disassembling system. This is in contrast to a system 
undergoing sequential evaporation, we know from a 
recently completed experiment at the AGS that the 
slope characterizing the high energy tail of the 
spectrum is independent of incident energy from 1 to 
350 GeV, but the shape of the spectrum changes 
dramatically between 1 and 6 GeV. The high energy 
tails also indicate that all of the fragments come 
from a common system which has been reduced in nucleon 
number over the initial target. ' For a xenon 
target, this 'remnant' sytem is some 20 nucleons 
lighter. By detecting fragments at both forward and 
backward scattering angles, the speed of the emitting 
system has been found to be very small, B - .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 
6) Fragmentation component 
c) Gaussian component, Ref. 8. 

The fragment mass yields have a power law fall 
off with fragment mass number (fig- 3). It has been 
shown that fragment multiplicities and cross sections 
for fragments in the range 2 < Z f < 12 are essentially 
the same whether these events are observed with a 
fragment trigger <A f -20-40) or not. 1 1 Thus the 
inclusive and coincident data are evidently the same, 
reinforcing the notion of a multibody breakup. 
Assuming that fragmentation is a raultibody breakup, we 
can estimate that the total energy in the regnant 
system roust have been on the order of 1 GeV. 

The above paragraphs summarize some of the 
'facts' concerning fragmentation. Experiments have 
also been performed with high energy protons incident 
on nuclear targets with the focus on the outgoing 
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Fig. 3: Mass yield vs. fragment mass 
obtained at FHAL (Ref. 7). 

nucleons. These studies show that the incident 
proton produces a fast moving source of nucleons (B 
~.l-.2) which, when fully developed contains (3-5) x 
A_ l' / 3 nucleons. Me note that for a xenon nucleus, this 
is in good agreement with size of the remnant system. 
Thus, there is a hint that fragments may be produced 
when a noving source containing a substantial fraction 
of the nucleons in the original target is formed. A 4 
GeV proton incident on a heavy target was found 301 of 
the time to produce a moving source which carried away 
about 75% of the incident energy. One might 
conjecture that the remaining ZSt was left in the 
surviving nuclear system. ttiis 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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• u c l e a r Fragaentat lon , Part II 
E lec tron-Nucleus C o l l i s i o n s a t High Energies 

John D. Moli torls 
Lawrence Livermore National Laboratory 

LIvernore, CA 9M550 

Andrew S. Hirach 
Purdue University 

West Lafayet te , IN 47907 

Some observed fea tu res of e±-nueleus co l l i s ions a re discussed and s i m l l l a r i -
t l e s with high energy p-nucleus co l l i s ions are out l ined. A search for massive 
nuclear fragments (A>_H) produced In these e±-nucleus co l l i s ions Is proposed. 

In February 1986 an exploratory experiment 1 was 
conducted at PEP using the TPC/2T f a c i l i t y , where the 
Time Projection Chamber (TPC) provided the primary 
p a r t i c l e ident i f ica t ion in e lec t ron-nucleus co l l i s i ons . 
A small quanti ty of gas was bled in to the beam pipe 
inside the TPC a t the in te rac t ion region. This Incre ­
ased the pressure in the in te rac t ion region about two 
orders or magnitude and was suff ic ient t o Increase the 
incidence of t a rge t bean gas events well above t h a t of 

- thi? res idual gas. Although deuterium, argon, and 
xenon were used, only some fea tu res of tile e±+Xe c o l ­
l i s ions wi l l be discussed here . The analysis or t h i s 
data is s t i l l in a very preliminary s t a t e . 

The e±*Xe data had a. j ignif lcant number of events 
with l a r g e proton and deuteron m u l t i p l i c i t i e s . The 
energy deposition <v) In these events typ ica l ly ranges 
from about 6 t o 10 CeV with Q2<0.1 OeV2 and x<0.01. 
Figure 1 shows one of the most spec tacular events in 
the e-i+Xe data. The l e f t hand side of the figure 
shows an end-cap projection of the charged p a r t i c l e 
t r a c k s and the r i gh t hand side shows the same t r acks 
folded in • . This event has H deuterons and 9 protons 
in the TPC and the highest deuteron and proton mul t i ­
p l i c i t i e s of a l l the data. T*>e kinematic var iables 
take on the values: Q 2 -0.07, x-0.003, and v-10 GeV. A 
(.-lot of the rapidi ty (y) vs t ransverse momentum (pj_) 
i s 3hown in f igure 2, where <y>»0.t Jl6 and < P _ L > - 0 . 5 5 . 

These high mul t ip l i c i ty events leave such questions 
unanswered as the 3ource of the deuteron production 
and the mechanism which produces the many fa s t pro­
tons . Such questions may be answered by fur ther ana­
l y s i s of the TPC data, but tha t data cannot determine 
what happens to the remainder of the nucleus. The 
energet ic protons and deuterons account for up t o 13 f 

k 

Flaurt 1. 14.S GaVa* + Xi (run 422, tvtnl 169) 

of the t a r g e t mass, which leaves most of the nucleus 
behind. A complete experiment should record the ener­
ge t i c protons and deuterons as well as the subsequent 
decay of the t a r g e t remnant. This could not be done 
in the exploratory run a t PEP as any massive nuclear 
fragments were stopped in the thick beam pipe and 
verte.t de tec tor of the TPC. In addition to the r e l a ­
tionship between the remnant and the observed high 
energy nuoleon and deuteron y ie lds , i t Is important to 
understand how the energy deposited by the incident 
e lec t ron in the nucleus a f fec t s the t a r g e t remnant. 
This requires t ha t the Incident e l ec t ron a l so be d e t ­
ected. 

A s i tua t ion s imil lar to the above has been noted In 
High energy p+A co l l i sons . Here, Hakai e t a l 2 have 
observed energetic nucleon emission ouch l ike t h a t 
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seen In the TPC data and estimate there to be about 
(3-5) x A i 1 ^ energetic nucleons produced per col l i ­
sion. This estimate is in agreement with the higher 
multiplicity proton events (proton multiplicity >7) 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 al3 
have studied massive fragment production In p+A col l i ­
sions (see Part I of this presentation) and were able 
to estimate the mass loss between the init ial target 
nucleus and the remnant from the kinetic energy spec­
tra of the fragments. The mass difference determined 
by Hirsch et al is also In good agreement with the 
total mass of the fast nucleons observed by Nakal. 
This and other common features of the two p+A meas­
urements allowed Hirseh to draw a connection between 
high multiplicity energetic nucleon emission and mas­
sive fragment production^. 

As Nakai et a l 2 only measured the fast nucleon 
component and Hirsch et al3 only measured the frag­
mentation of the remnant system, a definitive experi­
ment detecting both processes in coincidence has yet 
to be performed. Furthermore, neither measurement 
detected the incident proton, so the energy deposited 
in the nucleus was not well known. Whether or not 

the energetic nucleons observed In ê +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
t i l e and bombarding energy. Also, the proposed detec­
tor scheme at a PEP nuclear physics Interaction 
region1' would allow an exclusive measurement to be 
performed (described below). 

Independent of any resul ts in p*A collisions, one 
would like to study the behavior of the remnant nuc­
leus in e±»A collisions and i t s dependence on the vari­
ous kinematic variables. Assuming that the remnant 
does break up Into massive fragments, i t would be in­
teresting to determine fragment production as a func­
tion of v for fixed values of Q2. While it Is most 
probable that the characteristics of target fragmenta­
tion are only functions of v, one should keep an open 
mind concerning the dependence on other kinematic var­
iables, i.e. Q 2. For example, one might conceive that 
the la ter stages of fragmentation might "remember" tne 
mode of initial energy deposition. Very low Q2 events 
where the virtual photon appears hadron-like to the 
nucleus might be different from true deep-inelastic 
events (Q2>1) where one pictures the formation of a 
string whose length scale may be comparable to nuc­
lear dimensions. 

We can make a rough estimate of the coincident 
counting rate by taking the deep inelastic cross sec­
tion per nucleon d2o/dfiedE' from the parametrized 
structure functions, and making the usual assumption 
that the nuclear cross section is the incoherent sum 
over the nuoleons. This gives the inclusive cross see 
tlon for a given energy deposition v, and Q*. To get 
the coincident cross section where one also measures F 
fragment with A>1, we note that In the p+A work (ref. 
3), the fragment cross section (A>4} was »0.3 of the 
geometric cross section. Thus, taking the factor of 
0.3, a total heavy-ion telescope coverage of 0.5 sr, 
and assuming Isotropy of fragment emission, we find 
rates of >3Hz for O.OO'KQ'O and <1 Hz for KQ2^5. 
This results from Integrating over the electron 
scattering angle range 0*<G<11I> (realizable with the 
proposed septum spectrometer for the nuclear physics 
region at PEP")and \i-5.5-TJ.5 GeV. We have assumed a 
luminosity of 1.5 x 1029 cm1 sec" 1 for Xe. 

This Is a mul tifaceted experiment and car. 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). I t is also important that the target allow 
solid state detector arrays to be placed In close 
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proximity to the gas j e t with no obs t ruct ions . Solid 
s t a t e detector te lescopes have exce l len t 2 and energy 
resolut ion and have been used successful ly by Hirseh 
e t a l3 to detect heavy fragments from p*A co l l i s ions . 
I t would be advantageous to have the sol id s t a t e de t ­
ector a r rays subtend a reasonably large sol id angle, 
as the fragmentation cross section i s not known and 
d i f f i cu l t to est imate t heo re t i ca l l y . With j u s t the 
solid s t a t e de tec tor te lescopes , one could perform an 
inclusive measurement s imi l iar to the one for p*A c o l ­
l i s ions . 

A more in te res t ing measurement and an improvement 
on the above would be t o include a small angle spec­
trometer to tag the incident e lec t ron and determine v 
and Q 2 . Then any dependence of the fragment produc­
tion on v and Q 2 could be observed. 

F ina l ly , the addition of a 1|TI de tec tor centered on 
the t a r g e t would enable us to observe the energetic 
protons and deuterons seen at TPC and ascer ta in If 
the re is a connection between these and fragment pro­
duction. 

Present ly we are studying the f eas ib i l i t y of sol id 
s t a t e de tec to r s in the PEP environment. The e l e c t r o ­
magnetic f ie ld of the c i rcu la t ing beam is Intense 
enough to render these de tec tors use less if they are 
placed too close to the beam or not shielded properly. 
Furthermore, they are susceptable to radiat ion damage 
which will cont inual ly degrade Uielr energy resolut ion 
and (again) if not shielded proper ly , the signal can be 
swamped by synchrotron radiat ion. We hope to t e s t 
some of these e f fec t s on the S o l i d ' s t a t e de tec to r s in 
f a l l 1987, when PEP wil l be operated for high energy 
physios. A simple apparatus could be incorporated Into 
the beam l ine which could move the de tec tor ar ray 
toward and away from the beam. The effect iveness of 
various fo i l s tc block the electromagnetic f ie ld could 
a l so be inves t igated. Before this i s done, a study of 
the sol id s t a t e detectors* outgassing propert ies in 
high vacuum must be performed as they will be coupled 
d i r ec t ly to the PEP vacuum. 
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A FRESH LOOK AT BOSE-EINSTEIN CORRELATIONS 

Werner Hofmann 
Lawrence Berkeley Laboratory, University of California, Berkeley, California 

Recent experimental data on Bose-Einstein (BE) 
correlations between identical bosons are reviewed, 
and new results concerning the interpretation of the 
BE enhancement are discussed. In particular, it is 
emphasized that the classical interpretation of the 
correlation function in terms of the space-time 
distribution of particle sources cannot be directly 
applied to particle production in high energy reactions. 

Bose-Einstein (BE) correlations between like-sign pions, also 
known as the CGLP effect, have first been observed over 25 
years ago and have been of continued interest since1. In this paper, 
I will summarize recent progress in our understanding of the BE 
effect, First the "classical" BE effect and its interpretation is 
summarized. Next, I will show that the classical description is not 
appropriate for high-energy reactions, and will point out where 
modifications are required. Following is a review a experimental 
data and a discussion of experimental problems which complicate 
the study of BE correlations, and some concluding remarks. 

The classical "setup" to study BE correlations is indicated in Fig. 1: 
given a (large) number of fixed, identical, incoherent ("chaotic") 
pion emitters with lifetime T and a spatial distribution p(r) (with & 
characteristic width R), plus two distant detectors looking for the 
simultaneous emission of two identical pions with four-momenta p, 
= (E,,p,) and f2= (Ej.pJ. For any pair of emitters, there are two 
ways for the panicles to propagate to the detectors, and those two 
amplitudes interfere. 

Q detector 1 CPj) 

identical (incoherent, "chaotic") * 
particle sources of lifetime i 

^ detector 2 (p ) 

Fig. 1. Amplitudes interfering in the creation of the Bose-Einstein 
enhancement for identical bosons 

Summing over all pairs of emitters, it is easy to show that the 
resulting two-particle correlation function C is essentially the 
square of the four-dimensional Fourier transform of the 
(normalized) distribution p(r) = p(r,t) of emission points2'3: 

C = G ^ P ^ P J ) /c j^pppj) = 1 + [Jd'rpMtfiq 2 (1) 
with 

q = PI-PJ = (qo.q) 
Here o l I ) ( p p p ; ) denotes the measured two-particle cross section, 
and o 0

a i (Pi ,Pi ) stands for the two-particle CTOSS 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 0 = E,-E, and a term depending on 
three-momentum difference q = P,-Pji C = 1 + lf(q)g(qq)P. For 
large q or ^ the integral vanishes and we obtain C = 1; for small 

momentum differences C rises and reaches C = 2 for q - ij 0 = 0. 
In other words, BE statistics predict that identical bosons will be 
preferentially emitted in the same quantum state, i.e. Iql R < 1 and 
qtl < 1 (we use h = c = 1 everywhere). Since the correlation 
function C(q) is rather insensitive to details of the distribution p(r) 
— it is e.g. virtually impossible to distinguish a gaussian distribution 
in space from a group of emitters arranged on the surface of a 
sphere — experiments are typically limited to the determination of 
R and t. 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 eqn. (1) works 
extremely well: considering e.g. two rather different pion sources, 
namely heavy ion collisions at 1.8 GeV/nucleon4 and e + e " 
annihilations at 29GeVcms energy5, 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 correlation length of about 
70 MeV/c translates into a characteristic source size of =3 fm — 
just about the size of the composite nuclear system — whereas for 
e +e" annihilation the enhancement extends over a larger range in 
q, resulting in an effective source size of about 0.7 fm, consistent 
with the expected range of the confinement forces responsible for 
particle production. 

|i i I ' I ' I i I 
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Fig. 2. (a) Two-pion correlation function measured in Ar + KC1 
collisions at 1.8 GeV/Nucl, as a function of the momentum 
difference kjl *. (b) Two-pion correlation function obtained in e + e ' 
annihilation at 29 GeV cms energy5, as a function of qT. the 
component of q perpendicular to the total momentum of the pion 
pair. 

However, several authors2'4-7 have recently pointed out that eqn. 
(1) is not appropriate to describe BE correlations among panicles 
produced in high energy reactions. As we snail see, several of the 
basic assumptions are violated: 1) particle sources are typically not 
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at rest, but move with high velocity with respect to each other; 2) 
because of (his motion, the spectra of different emitters (as 
observed in a common frame, such as the lab frame) will not be 
identical; 3) for eqn. (1) to hold, the spectra should be 
approximately constant over a range Iql = 1/R; however 
momentum spectra in e +e" reactions, e.g., show strong variation 
over a range of a few 100 MeV. Finally one may question if (he 
different emitters are actually incoherent. 

In order motivate these statements and to show bow the 
interpretation of BE correlations has to be modified to suit 
high-energy reactions, I need to discuss the present model of the 
space-time evolution of panicle production in high-energy 
reactions', as it has evolved over the last decade or so. I will use 
e +e" annihilation as the simplest example. At t=0, a quark and an 
amiquark 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, perturbilive 
QCD can be used to describe the structure of this color field; at 
later limes, large coupling constants cause any perturbaiive 
treatment to break down, and we have to resort to the 
phenomenological picture of a color flux tube ("string"9) spanned 
from quark to antiquark. Such a string provides a linear 
confinement potential, in agreement with measurements and 
consistent with results obtained using QCD on discrete space-time 
lattices. The energy stored in this color field is ultimately released 
through the production of new quark-antiquark pairs, which screen 
the color field and which recombine to form colorless hadrons. 
Since the decay of the color field will occur on a typical time scale 
T 0 in the rest frame of the corresponding string segment, particle 
production points will scatter about the hyperbola t 2 - z 2 = %f. On 
average, the primary quarks will propagate over a distance y t 0 = 
(Vs/2m) t 0 before they are confined to a hadron. Wc expect T0 to 
be of the order of typical hadron sizes; m is a typical hadronic 
mass scale, 0(m p ) . At PEP energies — Vs = 29 GeV — this 
picture implies a longiudinal extent of the distribution of panicle 
sources of about 30 fm, as compared to a transverse extent of 
order 1 fm (the diameter of a flux tube). 

"Source size": 
«=• 30 fm at PEP 

energies 

particle 
production 

Fig. 3. Space-time evolution of particle production in e + e" 
annihilation into hadrons 

Since this general model relies mainly on in variance arguments. 

and since all models with specific dynamics constructed so far 
agree with i t , I D , there is considerable confidence in this picture. 
Why, then, is this large source size not observed experimentally ? 

The key to the answer ties 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 p will typically decay at a distance z ^ = 
(JvcT0 from the origin, and the average z-component of momentum 
of one of its daughters will be <p a M> = PyE0, where E„ is its 
average energy in the rest frame of the emitter, hence <pt ^ « 
z,^. This correlation implies the particles created at opposite 
"ends" of the event are never closeby in phase space. As a 
consequence, BE correlations will show no evidence of a large 
source size. This is most easily demonstrated in the example of 
two decaying "fireballs" of radius R and lifetime z moving rapidly in 
opposite directions (Fig. 4). BE statistics enhances two-particle 
production near the diagonal p z l - p t J (neglecting transverse 
momenta, for simplicity). We note that regions where the 
enhancement occurs are populated by panicle pairs originating 
from the same fireball, never from opposite fireballs. The BE 
correlation length is therefore determined by (he fireball size R/y 
(as seen in the lab), and not by the two-fireball separation D * yi! 

Fireball a Fireball b 

- » - — < ^ -

^ P Z 1 BE 
. enhancement 

panicle 1 
from fireball b, 
2 from m 

bo* y 
fromb^r 

bo* S 
from* ^ r 

1 from a, 
2 from b 

Fig. 4. Simple model to illustrate BE correlations for moving 
sources with P « 1. Loremz boosts result in pt > 0 for most 
particles emitted from 'b', and in pL < 0 for most particles from 'a'. 
The lower plot indicates the resulting two-panicle density. In the 
region of Ihe BE enhancement, p t l =»= p^ (indicated by the black 
band), both particles tend to stem from the same fireball. 

For the more general case of e + e ' jets, it is easy to show that 
each of the emitters indicated in Fig. 3 will spread panicles over 
approximately ±0.7 units in rapidity y = (1/2) log ( l+ jy i -p a ) , 
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 = Vinh(Ay) = T0. In such frame, the BE correlation 
length both in longitudinal momentum difference and in energy 
difference is therefore of order Uxr The equality of space and time 
scales is a natural consequence of the covariam description. The 
correlation length in transverse direction is determined by the flux 
tube diameter, which is of the same order as v Since the BE 
correlation length thus is similar for q-vectors parallel and 
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perpendicular to the jet (= z) axis, we would thus expect thr 
distribution of panicle sources to appear roughly spherical, and no 
cigarlike with a large ratio of major to minor axes, as one migli 
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 = -q 2 = (PrPj)2, and 
hence cannot be represented in the form C = 1 + lf(q)g(q„)l2 

• the apparent source size, determined from the correlation 
length in Q 2, is of order x 0 

• 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 hadionizatton model' proposed first by 
Andersson and myself6, and later studied in detail by Artru and 
Bowler 1 3. The basic idea is simple: consider a typical space-time 
diagram a la Lund9 for particle production via string decay into 
quark-amiquark pairs (top diagram in Fig. 5). In this scheme, 
break-up points of the string uniquely determine particle momenta; 
the energy of particle is proportional to the distance between the 
production points of its quarks, and its momentum is proportional to 
the difference in quark production times. It is plausible that the 
matrix element M describing the decay of the color string is given 
by M » e ^ A , where \ = K + iP/2. A denotes the (invariant) 
spoce-iime area spanned by the string. The Teal part of £A, KA, is 
essentially the classical string action (K denotes the energy per unit 
length, K « 1 GeV/fm). The imaginary part, PA#, describes the 
breaking of the string by quark-amiquark production at a constant 
rate P per unit length. In order to properly symmetrize production 
amplitudes for final states containing several identical bosons, we 
need to sum over all diagrams corresponding to permutations of 
those particles. In the context of BE correlations between two 
given pions, let us consider the effect of exchanging those two 
pions. Swapping two particles will change the space-time area 
swept by the string, and hence both the amplitude and phase of 

(bottom diagram in Fig. S). Given the known magnitudes of K 
and P ', it is easy to see that the interference pattern between the 
amplitudes corresponding to Fig. 5 is dominated by the phase 
change of order A«t> = Q : / 2 K . AS a result, amplitudes interfere 
constructively for Q 3 < < « (0.4- G e V ) 2 and cause a BE 
enhancement at low Q 2 , compared to an effectively incoherent 
superposition for larger Q 2. 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 chaoricity is built in via the assumption that emission phases 
vary randomly from emitter tt> emitter and from event to event, 
here the strong momentum dependence of the amplitude e*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 a 
measure of multipariicle production amplitudes and their phases — 
as opposed to the classical geometrical interpretation, which 
suffers from conceptual difficulties for systems with dimensions of 
the order of the wavelength of the emitted particles. 

qq -> meson 

new qq pair 
produced 

primary q 

Fig. S. Space-time structure of quark fragmentation in e + e _ 

annthilation, as predicted in the Lund string model. The space-time 
area swept by the color field is dcnoied by A and gives rise to the 
production amplitude M = e'^. An exchange of the two central 
particles results in a change of that area by AA, with a 
corn >nding change in amplitude and phase. 

In the remainder of this paper, I will summarize relevant 
experimental data (with some emphasis on results from e + e" 
colliders) and discuss potential drawbacks in the experimental 
procedures. To begin, let us see if there is indeed evidence that BE 
correlation: depend only on Q 2 , and not on q and q 0 in a 
factorizable fashion. 

0.00 0.25 0.50 0.75 1.00 1.25 1.50 
Q (GeV/c) 

Fig. 6.Correlation coefficient C as a function of Q = ^-q2, measured 
in e+e" annihilation at 29 GeV cms energy5. Full line: fn to the data 
based on eqn. (3). Dashed line: prediction of the model of ref. 6. 
Possible dilution of the BE correlation due to long-lived resonances 
is not included in the model curves. Predictions of tlte model of ref. 
2 exhibit a very similar shape. 

Fig. 6 demonstrates the that BE enhancement is certainly seen in 
ths variable Q = VQ2. A clean distinciion between the classical 
form 
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C = 1 + o exp(-IV q 2) exp(-T2 qj) (2) 
(where we have for simplicity used a gaussian space-time 
distribution of emission points; the "fudge" factor a will be 
discussed later) and the relativistically invariant form (note t!ie 
different sign of the q,, term) 

C = 1 + a exp(-R^) = 1 + a exp(-R2q2) expC+tV) 0) 
however turns out to be rather difficult, since q and % are of 
course highly correlated. Basically, the distinction boils down to the 
question of whether there is a positive correlation for large and 
approximately equal Iql and q,. Both the TASSO 1 1 and CLEO 1 4 

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 0), 
which prefers eqn.(3) over eqn.(2). However, their statistical 
errors on (he large Iql, large q„ data are such that the evidence, 
though statistically significant, is by no means striking, In the 
CLEO paper, the main conclusion — absence of a expf.-T.2q0

2) 
dependence, as displayed in their Fig. 3 — depends strongly on the 
maximum q (or, to be specific, q T) allowed; Fig. 6 of the same 
paper indicates a significant q̂  dependence. In any case, higher 
statistics data would certainly be welcomed I 

An essential prediction of the new class of models is that the BE 
correlation length is virtually independent of the reaction energy, 
the dipian momentum, and the angle between q 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 5' 1 3' 1 4 (Fig. 8) and independent of the v-factor 
of the pion pair (Fig. 9). 
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Fig. 7. Size parameter R of the pion source, determined according 
to eqn. (3) in various reactions, as a function of the cms 
energy'' 5' 1 3- 1 4' 1 5. 

Both in Figs. 2 and 6 we note that C does not seem to reach the 
predicted value C = 2 for vanishing momentum difference q of the 
two pions. Parameterization of the BE enhancement in terms of a 

gaussian (egn.(3)) typically yields a - 0.5 - 0.6 instead of a « 1 
(after correction for particle misidentification, detection efficiency 
etc.); see Fig. 10. The two exceptions are BE correlations in Jf¥ 
decays and in two-photon collisions, for which a near 1 is 
measured. Several explanations have been put forward for the 
deviation of a from 1: BE correlations are absent for coherent 
particle sources2'3, hence o < 1 could be evidence for a partial 
coherence of the source. 

It. 30 <5 60 75 
8 < D o g ) 

Fig. 3. Apparent size of the pion source in e +e" annihilation at 
29 CeV, determined using eqn. 3, as a function of the viewing 
angle with respect to ihe jet axis 5. Curves are based on the 
assumption (he the pion emitting region is a three-dimensional 
ellipsoid, with a transverse size Rg and a longitudinal extent cR„, 
for c=l (dashed), c=2 (solid) and c=3 (dotted). 

as 

Fig. 9, Size parameter R of the pion source in high-energy e +e" 
annihilation, as a function of the boost f = E . K /m p p of the pion 
pair". 

A much simpler explanation is that the measured value of a is 
usually obtained from an extrapolation of data at finite Q 2 to Q 2 = 0 
and is therefore sensitive to the assumptions concerning the 
Q2-dependence of the BE enhancement. The usual gaussian shape 
is used mainly for convenience and has no strong theoretical 
motivation. In fact, the recent models discussed above2'6 predict 
shapes which are much more peaked for Q -> 0. As shown in Fig. 
6, the models are in reasonable agreement with data in the range 
typically covered by experiments, Q > 50 MeV, and nevertheless 
extrapolate to C « 2 for Q -+ 0. Another reason for a non-gaussian 
shape is pion production by long-lived resonances such as u>, i), 
and T|'. For pions created in such decays, the effective source size 
is of the order 1/T, 

rnnucc 
> 20 fm. Correspondingly, such pions 

contribute16 to the BE enhancement only for small Q < 10 MeV7c -
a region not covered by experimental data, resulting in an 
underestimate of a (Fig. 11). The absence of detectable BE 



correlations for pion daughters from long-lived particles has been 
demonstrated experimentally using pious from K„' decays*. 

the definition of C (eqn. (1)): particle pairs in the interesting region 
P i » p 2 t e n d to overlap in the detector and create pattern 
recognition problems. 

1.21 

1.0 

before 

0.8 fo 

a o.6 

0.4 

0.2 

0.0 

•t 1 

• e+e~conL 
O JAp; y 
• v 

m p P 

a pp 

based on gaussian fit 
corrected for mis-id. 
nocorr. fork s, A , C , B 

• • ! 

10 60 70 20 30 40 50 
J* (GeV) 

Fig. 10. Parameter a determined from fits of C(Q2) according to 
eqn. (3), for different reaction types as a function of cms 
e n e r g y 1 . ' . 1 3 . ' 4 - ' * . Data points are corrected for particle 
fliisidentificatioji (except for the fSR data}, but are not corrected 
for the reduction in a due to pious from decays of long-lived 
particles. 

r ifin" 
Fig. 11. Expected Q-dependence of the two-pion correlation 
function C, assuming that 5096 of all pairs contain at least one 
decay produce of a long-lived resonance of decay width P. The 
duted region indicates the region typically covered by data points. 

The CLEO group has attempted to correct their data for 
resonance effects and obtain a « 1 after correction (Fig. 12). The 
problem there is, however, that the decrease in the effective a is 
very sensitive jo the rates of rj and TJ' production17, 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 
mechanisms which explain ct. , , , , , , < 1 in a rather natural fashion; 
its seems premature to invoke partially coherent sources at this 
point Clearly, more detailed data is needed. 

However, major technical problems stand in the way of more 
precise measurements. Let us first consider the (^'(PuPz) term in 

after con. 

II • , . 0-31 G*v 
1 f*1K.'l4 

|l\ ,u 
• - » " - * • • • • * 

Fig. 12. Two-pion correlation function C as a function of q T (see 
Fig. 2), for q„ < 0.1 GeV. (a) uncorrected data, (b) corrected for 
the fraction of non-interfering pion pairs from decays of long-lived 
panicles. From CLEO'4 

Furthermore, since ihe BE effects occurs only for identical 
panicles, some panicle identification is required, otherwise the 
data has to be corrected for a (typically 30%) contamination from 
other species. Finally, one needs to remove (or correct for) pions 
from very long-lived panicles such as K 0

S or A, and ideally one 
would want to reject pions from panicles with C or B quarks. 
These corrections introduce additional uncertainties. Finally, the 
rate of pairs at low Q decreases rapidly with Q, since the available 
phase space goes like Q 2 . Even worse, however, are the problems 
caused by the o 0< >l(p t lp 2) term in eqn. (1). Obviously, BE effects 
cannot simply be "switched off" in the experiment in order to 
determine aj®. One technique is to approximate ff^'Cpj.pj) by the 
product of single particle densities o"'(P|XI"'(Pj). This procedure 
removes the BE enhancement, but it also removes correlations 
caused e.g. by phase space constraints, superposition of different 
event types etc., and can result in a serious overestimate of 
C(q=0). Another solution is to use unlike panicles, i.e. unlike-sign 
pion pairs, to derive <J0°>. The problem here is that while natm-al 
correlations due to phase space etc. are taken into account, the 
unlike-sign pion sample shows many additional correlations due to 
resonance decays and local charge conservation. Furthermore, 
acceptance corrections will usually not cancel when comparing 
like-sign to unlike-sign pion pain. Even if great care is taken in 
handling all these problems, one is typically left with a O(10%) 
systematic uncertainty on the parameter R for "easy" data 
samples • such as global BE correlations in e+e- annihilation. For 
more difficult samples such as pions produced in vN reactions'3 

(where event characteristics such as the hadronic mass W vary 
from event to event) or for specific phase space region in e + e" 
events, systematic errors due to the o0<2> determination can easily 
reach 50%; the systematic problems in the determination of a are 
even worse. 

Let me summarize: I feel that BE correlations provide a rather 
interesting way to study multiparticle production dynamics', 
however, given our limited understanding of even the simplest 
cases (e +e~) uid the experimental problems discussed above, I 
don't view BE correlations at this moment as a powerful diagnostic 
tool for such complicated processes as electron scattering off 
nuclei. Topics 1 would like to see studied (most likely in e +e") 



include: the precise shape at low Q J , the detailed dependence on q 
and q_ (or similar variables, see ref. 13), and the effect (and rates) 
of resonances. As to applications in nuclear physics, I feel that one 
first needs to understand results from simple (e+e") systems in a 
quantitative way. Nevertheless, it is certainly interesting to see 
effective source radii measured in the current and target 
fragmentation region, and for different values of Bjorken x - there 
is always hope for a surprise] 
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Development or a Vara Gas Jet Target for PEP 

John D. Molitorls and Karl A. Van Bibber 
Lawrence Llvermore National Laboratory 

Liveraore, CA 9>1550 

Abstract 
He are presently Involved in a feasibility and design study of a warm gaa jet 

target system for PEP. Our aim i s to construct a low throughput system which 
will produce a target of dimensions less than 1 en* with area! densities In the 
range « 10"' - 10"" g/cm1. 

Introduction 
Warn gas Jet targets (HGJT) have been used success' 

fully in experiments at Feral National Accelerator 
Laboratory (FNAL) and Brookhaven National Laboratory 
(BNL)1»a and have been found to be reliable for long 
periods of time. In fact, the Implementation of a 
HGJT at FNAL was motivated by the previous use of an 
unreliable cold target system2. HGJT'a work well for 
a wide range of gases and cost much less than a oold 
target system due to the lack of a liquid nitrogen 
handling mechanism. In view of this, we are using the 
Purdue HGJT system' as a model for an Internal target 
for PEP. 

The PEP base vacuum Is typically . 3 x 10"' torn 
and is 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 Increases In the base pressure 
not only do not add to the effective target thickness, 
but serve to decrease the lifetime of the recirculat­
ing beam. A schematic of such a system Is shown in 
fig. 1. Here the flow i s directed through a nozzle 
Into a receiver vessel which pumps out most of the 
gas. A well defined jet matched to a tight orifice on 
the receiver volume keeps backstreanlng from the 
receiver Into the target volume to a minimum. Host of 
the gas that does not make It into the receiver i s 
pumped out by the first evacuation stage. This sec­
tion is conductance limited from a second stage which 
incorporates more pumps and i s 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 

W**.M«tt»-n~—— 1 

Figure 1. Schematic of a gas jet target system. The 
gas riows from some Inlet volume through a nozzle and 
into the receiver. Host of the gas is pumped out 
through the reciever. 

major criteria i s that the outgasslng 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 A>50 there are only three mass peaks 
(even on the most sensitive scale). These peaks rep­
resent benzene (C4H.) and two other trace gases (In 
the 50 to 60 a.m.u. mass region). For A<50 a.ra.u. sim-
illar scans show carbon monoxide (CO), carbon dioxide 
(CO,), nitrogen (N2), water vapor (HiO), hydrogen (Hj) 
and argon (Ar) to be present In the ring. The condi­
tion on heavy hydrocarbons makes It difficult to use 
most conventional high throughput pumps in the target 
chamber, so we are presently investigating the possi­
bility of using specially modiried 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 receiver otlface) and can be sectioned off by two 
gate valves (one close to the oriface and one at the 
throat of each pump). Therefore these pumps may be 
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Figure 2. Mass spectrum of the PEP vacuum taken with 
a Hesldual Gas Analyzer (RGA). Scans are shown on two 
sensitivity scales for the mass ranges 50-100 a.n.u. 
and 100-150 a.m.u. 

conventional turbo molecular pumps, but with some 
modifications and a coldtrapped backing system. 

Operation of a HGJT in PEP requires areal densities -
t0~* - 10 - " 1 g/cm* with as low a throughput as i s 
feasible. Low throughputs K0.01 torr-i /see) simplify 
the pumping scheme and reduce the overall cost of the 
system. 

Although an actual WGJT system will incorporate the 
features of this schematic, i t 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. 

Hozzle Considerations 

A gas Jet is usually produced by an axlally symme­
tr ic converging-diverging nozzle, where the gas. passes 
through a converging entry section and a diverging 
exhaust section (see figure 3). The constriction where 
these aection3 meet is the orifice which govt*.* the 
throughput and density of the Jet. This i s a de Laval 
nozzle and i t s properties are well known3. in partic­
ular, for the correct conditions, a subsonic flow In 
the entry section on passing through the orifice will 
change into a supersonic flow in the exhaust section. 
Here the flow becomes sonic at the orifice. For this 
to occur the receiver pressure must be below a certain 
critical pressure 1, but this is always true for jets 
flowing Into a high vacuum region. On the exhaust end 
of the nozzle there develop rarefaction waves tending 

Pi, To 

Figure 3. Schematic of a de Laval nozzle and Jet. P̂  
and T 0 are the input pressure and temperature In °K of 
the target gas. Z is the length of the jet and R is 
i t s radius at beam intersection. ( From rer. 1). 

to lower the pressure of the jet to that of the 
receiver. Somewhere on the outer border of these 
waves a shock front cuts across and intercepts them 
(see figure t ) . if the receiver pressure remains lower 
than that of the exhaust, these shock fronts emanate 
from somewhere within the nozzle. The pressure dec­
reases across the rarefaction wave towards the inte­
rior of the jet , consequently there Is a pressure gra­
dient acting from the boundary toward the Interior 
which makes the Jet boundary curve inward. The 
adjustment to receiver pressure occurs via this inter­
cepting shock outside the nozzle and 13 the desirable 
regime for operation of the target system. Within the 

J»l bwfl tr . 

Figure if. Shock patterns which may result In a diverg­
ing Jet emitted with a pressure greater than the 
receiver pressure, (a) Here no shock disc is formed, 
while (b) i l lustrates the shock front being cut off by 
a disc perpendicular to the axis. <From ref. 3). 
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nozzle the boundary Is defined by the diverging sec­
tion. After the gas exits there i s a free boundary 
due to the axtally directed layer of subsonic gas and 
the low pressure region of the target ve33el. As the 
boundary laye" disperses Into the target vessel, the 
jet gradually loses i t s structure and any pattern 
fades. 

Figure 3 is a schematic of a converging-diverging 
nozzle and the Jet i t produces. Mantsch and Turkot2 

approximated the flow through such a nozzle by a 
one-dlnenslonal gas-dynamics model assuming an ideal 
gas In steady s ta te , lsentroplc 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 shook Interfaces with *,h.< wiuum) is 

and the throughput of the nozzle Is given by 

"mr 
2 \" / (*-"V 2Y \ , / a f C \>/z 

'IY + W IT + I J \MT0J * 
Q - i r r 2 P i 

where M Is the molecular weight of tne gas, C the 
molar gas constant (83 mbar- a-mole"1 "ITOand Y Is 
the ratio or the specific heats (Ymonoatomic"5/3 and 
Tdiatoiiiio-7/5). Here r i s the radius of the throat, R 
the radius of the jet profile, Pj the Inlet pressure of 
the gas, T 0 the Inlet temperature, and T t the tempera­
ture of the Jet. Strlngfellow et il have measured the 
throughput and density profile of jets produced with 
0.001" and 0.006" orifice nozzles, they find agreement 
with the above equations to be quite good1. However, 
these workers were not able to obtain a narrow Jet 
below inlet pressures of 25 psig, which implies that 
they may have approached the lower limit of viscous 
flow for their nozzles (small Reynolds numbers, before 
the onset of Stokes flow) or that other effects due to 
the no2zle construction set in. As both of the above 
equations are quadratic in r and linear in P^ i t is 
wise to reduce the orifice d'^neter and, if necessary, 
accept a smaller increase in the pressure to gain a 
net reduction in target density and throughput. 

Figure 5 shows the He gas throughput as a function 
of inlet pressure for various orifice sizes <0.00Mn. 
For a 0.000125" nozzle on t can obtain throughputs less 
than 0.01 torr- i /sec for Pi<10 psl. Here we have 
assumed that T t is equal to T O I and neglected the 
cooling which occurs in the exhaust region of the 
nozzle. As the increase of the Mach number rrom the 
throat to the exhaust port will lower T t , the curves 
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Figure 5. Throughput as a function of Inlet pressure 
• for small orifice nozzles. 

in figure 5 represent upper limits on the throughput. 
As figure 5 i s only for He gas, fig. 6 3hows how 

the throughput varies as a function of the mass for a 
fixed inlet pressure of two atmospheres. Here the 
throughput 13 shown to decrease with increasing target 
mass (Atgt). so a target system which can handle the 
throughput of the lighter gases, should have enough 
pumping speed for the heavier gases. It should be 
noted that the pumping speed does decrease as A^gt in­
creases, which tends to make the design throughput a 
constant. 

One is constrained to U3e a gas target in particle 
storage rings by the fact that the beam is recircu­
lated. A thicker solid target will scatter the entire 
beam In a few fractions of a second, hence gas targets 
have been explored extensively for storage rings. The 
density of a target should be such that the beam has a 
reasonable lifetime in the ring. The solid curve in 
fig. 7 is the maximal density allowable in PEP for a 
two hour lifetime of a circulating 11.5 GeV e" bean. 
The dashed lines are the calculated target densities 
for gas jets produced by an inlet pressure of two 
atmospheres with various small diameter orifice noz­
zles. Only the 0.000125" nozzle Is below the allow­
able densities for al l 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 ot target mass for 
small orifice nozzles. 

that a higher luminosity could be obtained. This could 
be done by increasing the inlet pressure for low Atgti 
but for a fixed orifice Pi 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, Pj could be varied within a more reasonable 
range. I t must be kept in mind that by increasing the 
densities by either of these methods, one also incre­
ases the throughput. 

Nozzle Design and Fabrication 

In order to achieve the desired throughputs and den­
sities a nozzle with an orifice - 0.000125" is 
required. I t is not possible to bore such small diam­
eter holes with conventional techniques, although 
holes as small a3 0.001" can be obtained with special 
dr i l l s . For holes <0.001" one must use electron, ion 
or laser beam techniques. We are presently pursuing a 
laser method to obtain orifices of the desired diame­
ter . Figure 8a snows a 0.00015" hole which was obta­
ined with laser techniques. A cross sectional side 
view of the hole i s shown In fig. 8b. This shape is 
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Figure 7. Allowable target densities in PEP as a 
function of target mass (solid line). The dotted lines 
are the densities provided by a fixed orifice nozzles 
under a constant Inlet pressure of 29.*) psi. 

actually ideal for a nozzle throat as i t diverges smo­
othly after the minimum constriction. 

There are various ways to construct the re.'it of the 
nozzle. One would like to guarantee the shape and 
surface finish of the final piece through the orifice. 
A3 It is not possible to inspect the interior of the 
nozzle down to the orifice, we are pursuing an eleo-
trodeposition method. Here a mandrel Is carefully 
machined to the specifications of the interior of the 
nozzle. The mandrel is easily inspected and the qual­
ity or the mandrel's shape and surface finish guaran­
tees that of the final piece ar long as the etching 
process is well known. The mandrel Is electroplated 
with a thick layer of material and the exterior i s 
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 i s less critical, i t can be made by 
standard high precision machining techniques. Figure 9 
shows conical mandrels which will be used to produce 
nozzle exhau3t sections. These mandrels are aluminum 
and will be electrodeposlted with nickel. 
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0.00015' "1 
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0.0005" 

(a) Laser drilled 0.00015" diameter orifice. Detail 
in (b) sho vs shape of interior and dimensions. 

Figure 8. (a) Photograph taken with a scanning electron 
microscope of a 0.00015" dia. hole bored with a Neo-
dymJjrn iAC laser. (tO Cross sectional view of hole. 

Sy using the techniques described above, the con­
verging and diverging sections of the nozzle are built 
separately and joined 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 0.001" to 0.005" dia and the sections 
rejoined. Ideally the orifice should join smoothly 
with the converging and diverging sections, but for 
these small constrictions that is not possible. This 
design will have a discontinuity where the orifice sec­
tion mates to the converging and diverging sections of 
the nozzle. The effect that this 'step' will nave on 
the flow through the nozzle should be small consider­
ing the dimensions invclved to the overall length of 
the nozzle and exhaust port area (although this Is 
s t i l l under study). The step should act to slightly 
Increase the boundary layer (the subsonic flow layer 
which interacts with the wall of the nozzle exit) and 
perhaps create stream lines and a stable shock front 
within th" nozzle itself. As the shook pattern repe-

Flnlih It 1L down to O.OOS" dia pin. Material ii electro deposited on 
mandrel which It etched out. 

Figure 9. Conical aluminum mandrels. 

ats itself, the diverging section will act to control 
the expansion of the gas and reproduce the shock front 
outside the nozzle. 

The other variables in the nozzle design are the 
overall length of the diverging section, the area of 
the exhaust duct and the shape or the diverging sec­
tion. The length and the area define the geometric 
opening angle of the nozzle, which must be chosen as 
to not interfere with the flow from the orifice. The 
actual shape of the nozzle not only controls the 
expansion of the jet In a specific manner, but it 
should match the flow lines from the orifice and 
allow sufficient room for a boundary laye>-. Some of 
the shapes the diverging section can take on are shown 
In fig. 10. Although for axially symmetric flow a 
parabolic nozzle should be preferred, the corii;;-:l a.-id 
trumpet shapes are those mainly used in gas t=rget 
systems' A5,6. m profiling studies of nozzles with 
the same orifioe diameters and diverging section 
lengths, the trumpet shaped nozzle has been shown to 
have a slightly narrower density distribution than the 
conical one^1. 

Profiling Studies 

At LLNL we are presently constructing nozzles using 
the methods described above. Our first set of de 
Laval nozzles will have conical exhaust section- with 
throat diameters of 0.001" and 0.002". These nozzles 
will be evaluated by studying the jets they produce 
and their operation in a WGJT system on loan rrom 
Purdue University. The density profile cf the nas jet 
will be measured by deuteron e' -Jtic scattering at the 
LLNL 30" cyclotron. In the present set up the bear 



Flow j&. 

DeLaval nozzles (controlled expansion) 

Figure 10. Axial cross sectional view of nozzles show­
ing the various Interior shapes. 

and detector are kept fixed and the Jet is moved per­
pendicular to the beara. 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 P t on the Jet will also be stu­
died. In principle one should be able to produce a jet 
at input pressures lower than that used by Stringfel-
low et a l 1 . In practice other factors may be prevent­
ing this. 

Using the above profiling studies we can attempt to 
match the jet to the receiver opening such that the 
amount of gas flowing into the target vessel i s a min­
imum. Ideally one would like to direct a l l of the gas 
jet Into the receiver and leave the target chamber 
vacuum unaffected, but in practice this is impossible 
as the boundary layer begins to diffuse as soon as the 
jet exits the nozzle. The Purdue WGJT only directed 
about 80? of i t s throughput into the receiver. This 
was due mainly to the distance between the nozzle and 
receiver opening and the fact that they pulsed their 
jet . Pulsing cuts down on the overall throughput, but 
the jet is not well formed at the beginning and end of 
the pulse. Consequently, less of the ga3 is directed 
into the receiver then. 

Our goal Is a continuous operation WGJT that meets 
the above density and throughput criteria and has a 
nozzle receiver mating which directs >95J of the 
throughput into the receiver. The above studies will 
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enable us to model and ultimately design a WGJT 
system for PEP. 

The authors would like to thank Prof. Daniel Bur-
shader of Stanford University and Dr. Alfred Bucking­
ham of LLNL for enlightening discussions. We are 
grateful t o Prof. Andrew Hirach of Purdue University 
for the loan of their WGJT system and to Norman Dean 
and the SLAC Vacuum Group for their help and advice. 
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Abstract 
He have examined many exclusive and inclusive reactions 
to conclude it best to project real or virtual photons 
on partons in a nucleus to probe the mechanism respon­
sible for the EMC effect. Such reactions could be 
triggered on particles produced beyond usual (nucleon 
target) kinematical limits from quarks in, e.g., multi-
quark color singlet structures, We show that the mul­
ti-quark fragmentation function may be measurable in 
the quark (QCD or real) Compton effect. 

Introduction 
Deep inelastic scattering experiments on nucleons and 
nuclei have unambiguously established that the partons 
of qCD behave differently in nuclear matter than they 
do in an Isolated nucleon. To established what these 
differences are and the sources of these differences 
is an objective of future experiments for which pre­
dictions can only be made from model calculations at 
the present time. A specific model which has been 
remarkably successful in explaining this anomalous be-

2 
havior is the quark cluster model (QCK). In the QCM 
the quarks (q) in a nucleus are organized into multi-
quark color singlet clusters involving groups of i • 3, 
6, 9, etc., quarks. For a 3-q cluster, a critical ra­
dius R is assumed such that clusters of 6 or more 

c 
quarks are defined by the number of 3-q clusters joined 
by the center of mass separations d < 2R,,, This defi­
nition allows one to calculate probabilities for clus­
ter existence and to calculate the momentum fraction x 
distribution for quarks in a cluster with reasonable 

3 
facility and reliability. One of the striking and 
compelling features of the QCM is the prediction of x 
values beyond those possible for quarks in free nucle­
ons, i.e., 0 ^ x =* 1/3, for an ± quark cluster. Cal­
culations have yielded excellent descriptions of deep 
inelastic lepton scattering (DIS) data, of the EMC 
effect, and of the elastic charge form factor of 

He. Predictions have l ikewise been made for the 
A 5 Drell-Yan process and electroproduction on nucle i . ' 

The high momentum components of quarks in c lusters 
make unique contributions to these processes, and 
particularly in pre-threshold production of part ic les 
in high energy c o l l i s i o n s u i th nuclear targe t s . 

From an experimental study viewpoint, the inject ion of 
nuclei into high energy e lectron beams or i n some otheT 
way co l l id ing nuclei with electrons and photons appears 
to be one of the best possible ways to study and to 
probe for partons with high momentum components within 
the nucleus. Though hadron reactions would y ie ld 
larger s t a t i s t i c s on events originating from x > 1 
partons, the background problems would be horrendous. 
Of a l l reactions examined, the cleanest seems as i f 
they w i l l be those done with a real or v irtual photon 
probe into the nuclear inter ior . Further DIS exper­
iments are well worth doing but would, most l i k e l y , not 

shed new l ight on the source of the EMC ef fec t . In 
Ref. 3,we pointed out that the QCM makes rather unique 
predictions for rat ios of DIS experiments from d i f f er ­
ent nuclear targets If one cakes the DIS cross s e c ­
tion times the energ transfer v divided by the Mott 
CT0B8 sect ion to set tie nuclear structure function vW 

and takes data for tv. targets of nucleon number A and 
B, the ratio V - [v» 2 (A)/A]/[vtf 2 (B)/B] w i l l show a 
sequence of unique s ter : in the x > 1 region. The s ize 
of these steps i s predi ted by the calculable probabil­
i t i e s for c l u s t e r s , as mentioned above. Eventa in the 
region 1 < x < 2 in the QCM wi l l be most sens i t ive to 
6-q c lusters while events In the region 2 < x < 3 w i l l 
be most sens i t ive to 9-q c l u s t e r s , e t c . For each i n ­
crease in x by unity, the ra t io V w i l l increase. Pre­
liminary resul ts of an exp rlment at SLAC apparently 

confirm th i s behavior. Ti.'s i s the strongest possible 
motivation, then, for perfcming more sophisticated 
calculations for exclusive 'actions to encourage more 
direct study of high moment quarks in nucle i . 

Multi-Quark Fragmentation 
We sha l l pursue the p o s s i b i l i t y that (I) the QCD Comp­
ton process and (II ) Compton scattering from quarks 
may be the best probes for locat ion high momentum 
quarks besides providing information on an interest ing , 
previously unmeasured physical quantity, the multi-
quark fragmentation function. 

In Fig. 1 , we depict the col l i s ion, between a photon (v) 
and a nucleon, with the microscopic Y-q co l l i s i on en­
larged within the c i r c l e . In the head-on Y-q c o l l i ­
s ion , as drawn i n the center Df nomentum (cm) frame 
for (I) the QCD Compton process, the f inal state quark 
q,. and the gluon G go back-to-back and produce j e t s as 

Fig. 1. 

GUUON-JET QR PHOTON 

The photon-nucleon (three quark cluster) c o l ­
l i s i o n . The photon-quark interaction i s shown 
in the center of momentum fran with the f inal 
s tate quark, gluon, and diquark j e t s for the 
QCD Coopton process. For the QED Compton pro­
cess , the f inal s tate gluon i s relabelled as 
the f inal s tate photon (with or without or ig ­
inating an EH shower). 
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l abe l led by the parent par ton . For ( I I ) , usual Comp-
ton s c a t t e r i n g , a s a l so indicated in the magnified 
region of Fig, 1, the f ina l s t a t e gluon and I t s j e t 
are replaced by a photon (and i t s r e su l t an t e l e c t r o ­
magnetic shower, i f p r e s e n t ) . The dynamical pa r t of 
the ca l cu la t ion i s done in terms of the three basic 
QCD or QED diagrams for ( I ) or ( I I ) which a r e shown in 
combined form in Fig. 2 . Here, the l abe l fi, f., and u 
show the famil iar s , t , and u Handelstam channel for 
the y-q i n t e r a c t i o n . With a nucleon, or 3-q c l u s t e r , 

7 It T OR 

\ 
Fig, 2, The QCD Compton effect ( I ) for photon + quark 

•+ gluon + quark and the QED Compton e f fec t ( I I ) 
for photon + quark •• photon + quark with the 
subprocess kinematical va r i ab les as l a b e l l e d . 

t a rge t the remainder of the event cons i s t s of two 
quarks, or a dl-quark, breaking up in the t a r g e t f rag­
mentation reg ion . The ' d i -qua rk 1 (two quarks which 
need not be In a bound s t a t e ) I s s t i l l an I n t e r e s t i n g 
object for study because of the basic QCD Information 
i t con ta ins . I t s behavior when probedwith d i f f e r en t 

2 
rea l and v i r t u a l photons w i l l give Q evolut ion data 
which i s nonexistent to d a t e . 

The process in F ig . 1 i s used to describe the photon-
3 quark c l u s t e r i n t e r a c t i o n when the nucleon t a r g e t i s 
ins ide a nucleus . There i s a l so a r e l a t i v e l y large 
p robab i l i t y that the photon w i l l i n t e r a c t with color 
s i n g l e t c l u s t e r s of 6, 9, e t c . , quarks. The i n t e r a c ­
t ion of the photon with a 6-q c l u s t e r i s depicted in 
Fig. 3 for (I) the QCD Compton process and ( I I ) the 
QED Compton e f f e c t . Two main dif ferences from the 3-q 

OARK-JET 

GLUON-JET QR PHOTON 

Fig . 3. The photon-nucleus c o l l i s i o n with quark CIUB-
t e r s t ruc tu re i n the nucleus . The enlarged 
i n t e r a c t i o n region sketched ins ide the c i r c l e 
shows the photon i n t e r a c t i n g with a s ix quark 
c l u s t e r . In ( I ) , the QCD Compton e f f e c t , the 
quark and gluon go out back-to-backi In ( I I ) , 
the QED Corapton p rocess , the quark and photon 
go out back-to-back« The remainder of the 
six-quark c l u s t e r a f t e r the photon-quark r e ­
ac t ion continues i n the d i r ec t ion opposi te to 
the incident photon and fragments as the 
multi-quark j e t ( in the case drawn, as a 
five-quark j e t ) . 

c l u s t e r t a r g e t , as p ic tured in Fig, 1, stand out: The 
kinematic range of x i s 0 to 2, and the diquark frag­
mentation region i s replaced by five-quark break-up. 
This type of experiment , (T) and ( I I ) , thus offers the 
unique p o s s i b i l i t y of measuring raultiquark fragmenta­
t ion funct ions. Furthermore, backgrounds can be dras ­
t i c a l l y reduced by se l ec t ing events coming from those 
quarks with large x. "hese events could have abnormal­
ly large t o t a l energy in the j e t s or a hadron in a j e t 
with abnormally large momentum. Since the incident 
photon disappears completely, the p r o j e c t i l e fragment 
region i s very c lean. Therefore, the back-to^back 
quark and gluon j e t s in (I) or quark j e t with a reco i l 
f ina l photon in ( I I ) can providp a t r igge r to tag pho­
ton-quark events with unusually high cm energy, i n d i ­
ca t ing a reac t ion ul th a c l u s t e r . These events should 
provide a good sample of raulti-quark fragmentation-
I t may be poss ib le in the future to obtain data r e l e ­
vant to the Q^sqtxarcd evolut ion behavior of t h i s mu l t i -
quark fragmentation function. The five-quark rc-coiling 
object has many ways in which g]uons might i n t e r ac t and 
be emit ted so i t i s poss ib le to have devia t ion from the 
most naive type of A l t a r e l l i - P a r i s i behavior. 

Calcula t ion 
Detai led mathematical expressions w i l l not be given 
here nor d e t a i l s of the Monte Carlo procedure used for 
the program, some of the output of which wi l l be d i s ­
cussed. An e f fo r t to mainly sketch the physics In­
volved w i l l be done to aid experimenters with thoughts 
along these l i n e s . 

Calculat ions involving the multi-quark port ion of t h i s 
i nves t iga t ion are highly pre l iminary , but the r e s u l t s 
given on photon-3 quark c lu s t e r i n t e r a c t i o n s are r e l i ­
a b l e . These were done by Mont" Carlo methods to produce 
the complete QCD Compton event in the photon-nucleon 
co frame. The QED Compton r e s u l t s follow by changing 
gluon va r i ab les in to photon va r i ab le s and removing the 
fragmentation aspect of the photon, gluon. 

The dynamical input i s described by the three diagrams 
in F ig . 2. This input i s supplemented by the add i t ion 
of fragmentation functions appropr ia te for the quark, 
gluon, and diquark in the f i na l s t a t e . In t y p i c a l , 
present day experiments, the photon energy w i l l proba­
bly be so low tha t the j e t s overlap considerably . This 
i s no r ea l l i m i t a t i o n on the use or v a l i d i t y of the 
ca l cu l a t i on unless the cm energy i s so low tha t there 
i s l e s s than about 2.5 CeV ava i l ab le for each j e t . The 
photon-3q c l u s t e r ca l cu l a t i on a t any r a t e must be done 
to get a r e l i a b l e est imate of the background with which 
photon-6q c l u s t e r reac t ions are to be compared. 

To study three color systems in reac t ion ( I ) moving 
separa te ly in the cm frame, we e s s e n t i a l l y use the 
Field-Feynman p re sc r ip t i on for the fragmentation of 
each color system. The diquark, for present purposes, 
i s approximated as a color a n t i - t r i p l e t system and 
t rea ted accordingly. The radia ted gluon i s t rea ted as 
a quark-antlquark pa i r of d e f i n i t e f lavor . A cascade 
chain or s t r i n g i s generated v ia Monte Carlo between 
the quark of t h i s pa i r and the diquark. Also, a s t r i n g 
of primary mesons I s c rea ted between the antiquark of 
t h i s p a i r and the o r i g i n a l f i n a l s t a t e quark labe l led 
q , in F ig . 2 . The Q-squared dependent f r ac t iona l mo­
mentum d i s t r i b u t i o n s for quarks i n the nucleons i n the 

a 
t a rge t nucleus are those of Buras and Gaemers. The 
momentum of partons created along the chain t ransverse 
to the fragmentation ax is i s taken as Gaussian with 
width 350 MeV/c. An appropr ia te suppression factor for 
s t range quarks created along the chain i s used. Then, 
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the final distributions In the lab system for the fully 
generated events are obtained by a Lorentz transfor­
mation -along the photon direction to the laboratory 
system. 

Probably the dominant effect of the large x parton com­
ponent in the nucleus will show up in the increased 
cross section at large transverse momentum (p ). The 
ratio of positive to negative pions will increase with 
p also. At high p , roughly bigger than 3.5 GeV/c, 
the processes under discussion should dominate the old 
fashioned vector meson dominance terms. In Fig. 4, we 
show plotted the invariant cross section as a function 
of the transverse momentum of the gluon jet for a 
number of photon energies. These curves are for real 
photons, but the general trend stays similar for vir­
tual photons. The gluon is produced with low rapidity 

Fig. 4. 

tf k i 4 i b '/ h 
RfGeVc*') 

Calculated i n v a r i a n t gluon j e t production 
c ross sec t ion as a function of t ransverse 
momentum for the QCD Coupton e f fec t on a 
three quark c l u s t e r . The curves are l abe l l ed 
by the cm energy 9 . 7 , 15.6 , 19 .4 , and 27,4 
GeV i n the phaton-nucleon cm system and 
correspond to photon labora tory momentum v a l ­
ues of 50, 150, 200, and 400 GeV/c, respec­
t i v e l y . 

expect from photon reac t ions with nuclei when c l u s t e r s 
are p resen t . The de ta i l ed ca l cu l a t i ons e x p l i c i t l y for 
these various big c l u s t e r s should be completed soon 
because Lhcy now appear relevant since the re-rent SLAC 
NE3 experiment found events out to x values near 6 . 
For and incident photon beam a£ 25 GeV/c, the dot ted 
curve gives the r e l a t i v e p dependence for reac t ions 
off 6-q c l u s t e r s and the dot-dash curve correspondingly 
off 12-q c l u s t e r s . 

Discussion and Conclusions 
The Quark Cluster Model has achieved considerable suc­
cess in descr ib ing the ways that quarks seera to behave 
d i f f e r e n t l y In nuclei than they do in free nucleons. 
Detailed comparisons and c a l c u l a t i o n s now appear needed 
for s i g n i f i c a n t fur ther p rogres s . To reach t h i s goal 
we have begun complete Monte Carlo ca l cu la t ions of 
events expected to be produced by phot nun i n t e r a c t i n g 
with the quark c l u s t e r s in n u c l e i . The QCM p r e d i c t s 
more large t ransverse momentum events thai could occur 
from a nucleus made of Independent nucleons. We a l so 
find that the r a t i o of pos i t i ve to negative pions w i l l 
be larger if the photon i s indeed i n t e r a c t i n g with 
c l u s t e r s in a nuclear t a r g e t . These p red ic t ions are 
a consequence of high momentum quarks in the c l u s t e r s . 
This leads to the occurence of events well beyond the 
kinematic l i m i t s for photo reac t ions with free nucleons. 
Triggering an experiment on such events leads to the 
p o s s i b i l i t y of s tudying and measuring a new physical 
quan t i t y , the nulr i -quark fragmentation funct ion. On 
a free nucleon, a photon i n t e r a c t i o n with a quark 
leaves behind a diquark which i s an i n t e r e s t i n g and 

l eg i t ima te object for QCD study. The object l e f t 
behind when a photon I n t e r a c t s with a quark in a s ix 
quark c l u s t e r w i l l be five quarks r a the r than a diquark. 
An i n t e r e s t i n g reason for looking a t the 5-q system i s 
to find out to what extent i t behaves as a s ingle en­
t i t y . If I t does, then when i t fragments a s shown in 
F ig . 3 , the QCD a c t i v i t y between quarks i s complicated 
and One can enhance a sample for study by t r i gge r ing 
on events from large x quarks . From the counting 
r u l e s , then, one might expect to find a t a r g e t f rag­
mentation z d i s t r i b u t i o n that i s concentrated near 
z c 0 with a very high power of (z - 1 ) , Such a sam­
p le would con t ra s t markedly with those from the diquark 
fragmenting when a free nucleon i n t e r a c t s . 

0 < Y < o , l for each of photon energies as l a b e l l e d by 
9 .7 , 15.6 , 19 .4 , and 27.4 GeV cm energy. These c o r r e s ­
pond to photon momentum of values 50, 150, 200, and 
400 Gev/c, r e s p e c t i v e l y , Incident upon a nucleon. The 
curves can be r e i n t e r p r e t e d i n terms of expec ta t ions 
for c o l l i s i o n of the photon with a s i x quark c l u s t e r , 
nine quark c l u s t e r , e t c . Suppose the inc iden t momen­
tum i s 50 GeV/c; the dot ted curve w i l l be produced In 
c o l l i s i o n s with quarks t ha t have 0 < x < 1. The dot-
dashed curve then gives the general p dependence for 

events produced from quarks with 2 < x < 3 , poss ib le 
in 9-q c l u s t e r s ; the dashed curve for events produced 
from quarks with 3 < x < 4, poss ib le for quarks in 12-
q c l u s t e r s ; and, the so l i d curve corresponds in trend 
t o the r e s u l t for 4 < x < 5 . The events produced off 
quarks in 6-q c l u s t e r s with 1 < x < 2 would l i e i n t e r ­
mediate betweer the dot ted and the dot-dash curves . 
The r e l a t i v e normalizat ion of these curves would f a l l 
as photon energy i n c r e a s e s , but the general trend with 
a longer t a i l in p should be a reasonable r e s u l t to 
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PION ELECTROPRODUCTION FROM NUCLEI AND QUARK-PION NUCLEAR INTERACTIONS 

Paul Stoler 
Physics Department, Rensselaer Polytechnic Institute, Troy, NY 121A1* 

The theory of plon photo and electroproductlon la 
closely related to our understanding of fundamental 
processes involving elementary particles. At 
excitations below 2 GeV these reactions have 
provided much of our information about baryon 
resonances CDo-78). At higher excitations, m the 
scaling region they are directly related to the 
processes by which quarks hadronize. The study of 
these reactions are interesting in nuclei where one 
would like to Learn about the influence of the nuclear 
environment on the elementary processes. 

In the past electro and photoproducclon 
experiments on nuclei have been strongly limitated by 
the parameters of existing electron accelerators, the 
most important of which are low energy and duty 
factor. The new generation nuclear physics 
facilities at CEBAF and PEP will complement each 
other in making possible programs of plon 
electroproductlon not previously possible. CEBAF, 
with an eventual r.axlmum energy of - 6 GeV, will 
cover the nucleon resonance region, through the 
transition to x scaling. PEP with a maximum energy of 

14 GeV is well suited for experiments In the x 
scaling and higher Q 2 region. 

The main feaLurea of both kinematic regions which 
can be addressed by CEBAF and PEP are seen In Figure 
1, which shows inclusive electron scattering data from 
SLAC. r_ r_ r_^ 

[|G«C>!] 
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Figure I Inelastic 
obtained ac SLAC (St-75) 
various values of Q» 

electron scattering data 
as a function of W for 

In the resonance region only the delta is free 
from the interference of other resonances, whereas 
above the delta there are about 20 known resonances, 
all of which overlap strongly with each other. The 
properties of theae resonances can be disentangled 
only from exclusive experiments involving plon 

electreproduction. An active program to study the 
properties of resonances is planned for CEBAF (Bu-87, 
Mu-87). 

Photopcoductian data on nuclei Is sparse in 
comparison with that for the nucleon. In the 
resonance region nuclear programs have concentrated 
only on real photon experiments in the delta energy 
region (see e.g. St-87), and even in thie energy 
region there have been no exclusive electroproduction 
experiments on nuclei. This situation will certainly 
change in the next several years with the arrival 
flrit of MAMI-IIt at Mainz, and later CW accelerators 
at Bates and Saclay. However only CEBAF and PEP will 
have enough energy to cover the entire resonance 
region. 

Because the delta is the lowest energy nucleoli 
excitation, is very strongly excited at low Q S and 
plays an important role in medium energy nucLear 
phenomena, one of the most actively studied subjects 
in nuclear physics during the past decade concerns the 
production and propagation of the deLta in nuclei, 
including the absorption of the delta by the medium 
(Ge-83). The propagation of the pions in the nucleus 
is part of the problem of the propagation of the delta 
through the successive decay and formation 
of the delta due to the strong pion-nucleus final 
state interaction (FS1). 

In the future there will be a strong Interest in 
studying some of these problems for the higher 
excitation resonances. However, the problem of 
overlaping resonances wiLl add Co the complications 
in interpreting the data. A favorable energy to study 
may be in the region of excitation near W =• 1520 HeV, 
where the S^j and D13 stand out clearly, and behave 
differently as a function of Q^. 

For example, it will be interesting to see how 
the width of this peak is affected by the nuclear 
ntediun as it is for the delta. Pion FSI play an 
important role at aLl excitation energies. This also 
will complicate the Interpretation of experiments 
where the motivation is to learn about the initial 
interaction process in the nuclear medium. Examples 
at low and high energies respectively are the effects 
of medium polarization on the spin-isospin operators 
(Dy-86, Mu-79), and the modiftcations of the pion 
distribution involved in t-channel electroproduction 
in nuclei compared to the case of the nucleon (Hi-79)* 

Figure 2 shows the mean pion interaction length 
in a nucleus, obtained by a simple convolution of the 
elementary pion nucleon interaction with a uniform 
nucleon density. At the peak of the delta this length 
is about 0*5 fro, increasing to 2 to 3 fm at higher 
energies. 

A oore realistic picture emerges from experiments 
on plon nucleus scattering in the delta region 
performed at LAMPF (As-81). Figure 3 shows the 
various components of the pion-nucleus interaction 
which they obtained for 12c. In addition to quasi-
free scattering, nuclear effects such as 
coherent .cattering and true absorption are Important 
at the delta peak, but decrease relative to quasi-free 
scattering at higher energies. It would be 
interesting to see how these effects evolve with 
increasing energy. 



The effects of pion FSI in photo and 
electroductlon are most important at the peak of the 
de l t a . They also depend upon the nuclear radius, 
being smallest for light nuclei. This is illustrated 
in Figures 4 and 5, which show the effect of final 

-J I—I I I I I 11 1 I I .1 i I 
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Figure 2 a ) Charged pion mean pach in nuclei 
obtained by convoluting the elementary pion nucleon 
interaction cross seccion with a uniform nuclear 
density, b) Fraction of pion nucleon interactions 
resulting in inelastic events. 

in the spectrum of Figure 4, due to the large 
interaction between the _p-p pair emerging in a 
relative s state). The l i t i (Ar-82) data indicate a 
large reduction in the quasi free production peak, 
which can be explained by the cascading and true 
absorplton of the pions interacting strongly with the 
other nucleons. 

DEUTERIUM 
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Figure 4 Momentum spectrum of posit ive pions due 
to the reaction 2K(r,ir +)X for E - 300 MeV, obtained at 
Saclay (Fa-84). The dashed curve, due to a 
calculat ion by J.tt. Laget, t s a simple quasifree 
process with no plon FSI. The sol id curve includes 
FSI. The enhancement at the high nouentuD part of the 
spectrum i s due to scattering of two protons emerging 
in a re lat ive s - s ta te . 

nb | i l ! 
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Figure 5 Energy spectrum of positive pions from 
the reaction 1 2C<Y,n +)X obtained at Bonn (Ar-82). 
The dashed curve is due to a Monte-Carlo 
cascade simulation with no pion FSI. The full curve 
includes pion FSI. 

At high energy, above the resonances, the cross 
section for the reaction tH(e,e,7i+)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 plon electroproduction cross section at forward 
angles can be reproduced by the t channel Born diagram 
shown below. 

Figure 3 The various components of the pion 
nucleus interaction for 12c from AS-S1. 

state interactions on charged pion photoproductIon 
from ^H, and *^c at energies corresponding to the peak 
of the free nucieon delta. The 2H data, idken at 
Saclay (Fa-84), show only a small effect of pion FSI. 
(There is a large enhancement at the highest momenta 
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Foe unpolarized eLectrons the cross section cart be 
written as follows: 

dE dn dn ' ldn E dn 

+ /ZeCe+l) dn •.> 

Because of the longitudinal coupling of the 
photon to the plont the longitudinal tern o^ dominates 
at forward angle, and approximately follows the form 
exp(At), which Is characteristic of a high energy 
diffractive process. In fact at high energies the 
same function fits diverse high energy diffractive 
processes such as Compton scattering, vector meson 
production and proton scattering (Le-78). Figure 6 
shows Che result of an experiment separating the four 
cross sections of equation I, The t dependence of oi, 
la typical of t channel dominance. 

D.2 II 
MI iwm 

Figure 6 The separation of the various components 
of equation 1 for kinematics corresponding to Table 
la. The curves are Che result of Lagrangian 
calculations baaed on Born term diagrams. Data and 
figure from Br-78. 

From tt\e qu.acW-g.lww. point ot view an interesting 
question is how to describe the evolution of the 
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 is referred to other 
sources in these proceedings and elsewhere (e.g. 
Di-87). One of the most successful phenomenologlcal 
approaches to this problem has been the Lund hadron-
lzation code (An-83), which is a Monte-Carlo 
simulation of the evolution of a string as it 
successively dissipates the initial quark energy by 
fragnenting Into the final hadrons via the creation of 
quark-anti quark, pairs. Figure 7 shows an example of 
the kind of results obtained by (Ch-B7) using this 
code for charged pion production. The figure 
illustrates the distribution of charged pions as a 
function of the variable Z <-£ 7 r/v), the fraction of 
the initial quark's energy carried by the plan. Here, 
v is the virtual photon energy absorbed by the quark. 
Only near 2 * 1 are the pions mainly primary* i.e., 
not the result of the decay of stable primary 
hadrons. 

When this reaction is imbedded in a nucleus, in 
the simplest model the pions are produced on free 
nucleons having a Fermi momentum distribution. The 
emerging pion distribution will be strongly modified 
by strong FSI. For example, Figure 8 shows a Monte-
Carlo simulation of the momentum distribution of pions 

due to the reaction p(e,eIT»+)n from a uniform Fermi 
gas. The pion FSI consists of multiple elastic 
diffraction scattering, with Inelastic events simply 
absorbed. At energies considered here, only about 
ten to fifteen percent of the high Z interacting pions 
are elastlc&Lly scattered. 

Due to the strong FSI, the modification of the 
primary electroproductlon process by the nuclear 
environment is just one part of, and can-not 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 hadronizstlon code (An-83). 
The lower curve is the spectrum of primary pions. 
The upper curve includes pions resulting from 
unstable primary hadrons. 
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Figure 8 Simulated pion mo.er.tum spectra for the 

reaction A(e,e'«+)X corresponding to the quaaifree 
kinematics and spectrometer acceptances of Table 1-a. 
The three curves denote a)no FSI, b)R A - 2.0 fm., c)R A 
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production from nuclei, in which the 
uncertainty of the FSI must be taken Into account. 

During the workshop, the utility of using the 
pion electroproduction reaction to learn about the 
pion distribution in nuclei was disucssed, with some 
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doubts expressed* However, some very Interesting 
points were raised (Br-87) about the effect of the 
nuclear medium on the quark hadronization process and 
the pion FSI. 

The distance over which the hadronization occurs 
in a nucleus is throught to be related to the momentum 
of the hadron through the uncertainty principle and 
relativlstic time dilation effects (see Ar-84, Bj-76, 
Ki-81, HI-80). The higher momentum hadrons, 
corresponding to Z > 0-5 are produced furthest from 
the initial Interaction site, according to the 
approximate relationship r - E/m2, where E Is the 
hardron energy and m it's mass. 

When the elect reproduction reaction is imbedded 
in a nucleus an interesting question is how Che quark 
interacts with the nuclear environment prior to 
hadronization, and the subsequent evolution into the 
final hadron state, including the FSI of the hadrons 
themselves. It may be that the cross sections in 
nuclear matter for the quarks is rather small (Bl-80), 
so that at high enough energies the high Z hadrons may 
actually be produced at the edge of the nucleus, and 
the final hadron spectrum may be relatively 
independent of nuclear radius. 

This effect has also been predicted from QCO 
considerations (Be-81). From the QCD point of view 
the high energy probe selects closely spaced valence 
quark-antiquark pairs. The diftractive Interaction of 
the produced high energy hadron with the nucleus 
results in a longer interaction length In nuclear 
matter than would be expected from ordinary multiple 
scattering of mesons from nucleons In the nucleus. 
This effect should also result tn an altered jet 
transverse momentum spectrum Z. 

The transparency effects are expected to become 
apparent when E » R\m2, where R A is the nuclear 
radius. They have been observed in moun scattering in 
the deep inelastic scaling region, by the EMC group 
(Ar-84), Involving noun energy transfers of several 
tens of GeV. It was found that the production of 
hadrons with Z > 0.5 is independent of RA> In 
electron scattering 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 FSI. However^ due to poor statistics the data were 
averaged over an energy transfer Interval 3 -17 GeV, 
and a Z Interval 0.5 - 1.0. From these two sets of 
results Ar-84 conclude that r - 0.1 fm/GeV within a 
broad statistical range. However, using E > R A » 2 « a 
cutoff, one expects a hadronization length for plons 
on the order of several fm. Another possibility is 
that the quark FSI In nuclear natter Is increasing at 
lower energy transfer. 

Pion electroproduction on nuclei nay be the best 
way to study the effects of nuclear matter on quark 
badronization because of the 1/m2 dependence of the 
hadronlzatlon length. Experiments should be carried 
out at high Z, where the observed hadrons carry most 
of the virtual photon energy, and are not likely to be 
the result of more complicated or secondary processes. 
Also, at small t the nucleuB is minimally disrupted, 
and the diffractive properties of the pion interaction 
are preserved. 

Example of a Specific Experiment 

An experimental measurement of the cross section 
for plan electroproduction from nuclei at small Q^ 
and large z was simulated using the Monte-Carlo code 
mentioned above (St-87a). Two kinematic settings and 
kinematic conditions, given in Table I, were chosen to 

conform to parameters likely to be available at PEP. 

Kinematics I 

H « 2.3 GeV Q 2 - 0.6 GeV 2/c 2 

E- 6 GeV E' - 3.4 GeV Gfe - 10° P„ = Z.6 GeV/c 

Kinematics II 

W - 4.0 GeV Q 2 - 2.0 GeV 2/c 2 

E - 17 GeV E 1 - 8.0 GeV Oj, - 7 ° P„ - 9.0 GeV/c 

Table I 

The pion angular acceptance, A0 B - A<t> • ±20° is 
In accordance with a possible design discussed at this 
workshop, and the pion momentum acceptance of 102 
selects the highest Interval of Z. The solid angle 
for electrons coincident with the detected plons was 
taken as 100 or, with an energy acceptance of 1 GeV. 
The luminosity was taken as I x i0 3 3. 

The resulting pion momentum spectra for the 
lower energy klnenati.ee, for nuclei with R^ •» 2.0 fm 
and %A " 4.0 fa ire shown In Figure 8. Also shown is 
the spectrum with no FSI. Although FSI aie Important, 
with considerable depletion In the quasi-free peak, 
the plons observed in the spectrometer would have 
undergone very little FSI, since those plons which 
would have Interacted are either scattered eLastlcally 
or Inelastically out of the range of the spectrometer 
acceptance, or they are absorbed. 

To estimate the effect of a finite hadronization 
length, a simple model was constructed, In which the 
hadronization length distribution is given by. N(L) -
N(0)exp(-L/H), where H - EXHQ. The hadronization 
parameter t^ is in units of fm/GeV. The ratio of the 
simulated cross section relative to that for the 
proton as a function of nuclear radius, for two values 
of the parameter Ho- 0 fm and 1 fm is given in Figure 
9. 

0.8 — 

0.6 — 

s 0.4 _ 

0.2 — 

R A (fn) 
Figure 9 Stimulated ratio of high Z plons detected 

from nuclei as a function of RA, for two values of the 
parameter H,, defined in the text, corresponding to 
klnematlcs-b of Table I. The estimated number of 
hours of bean on target necessary to obtain the ratio 
to a statistical accuracy of 22 is shown for various 
points. 
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The elementary cross sections of fir-79 was used 
to estimate counting rates at the lower energy 
kinematics, and for the higher energy the 
extrapolation 1/(W 2-M 2) Z was used. Counting rates 
vary from about 30 per hr. to more than 1000 per hr., 
depending on atomic number and kinenatlc conditions. 
The number of hours with bean on target needed to 
obtain a statistical precision of 2% are also shown in 
Figure 9. 

In conclusion, it seems that pion electro-
production from nuclei may be an excellent way 
of learning about the quark, hadronization in nuclei, 
and that such experiments nay be quite feasible at PEP 
with the appropriately designed experimental 
equipment, 

*Work supported in part by the National Science 
Foundation, Grant no. PHK-8601006. 
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E L E C T R O M A G N E T I C P H Y S I C S W I T H A P O L A R I Z E D 3 H E I N T E R N A L T A R G E T 
R.G. Miner 

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 3 H e ' and *He 2 ; mea­
surement of t 2 0 in jr-deuteron elastic scattering'; measurement 
of t^o in e-deuteron elastic scattering 4; deep inelastic asym­
metry measurements on the nucleon 5; parity measurements in 
electron-deuteron elastic scattering 6 . A program of measure­
ments of polarization observables on the proton, deuteron, and 
3 H e would provide a very strict constraint for any model of nu-
cleons in the nucleus. 

To date, the only targets of polarized nuclei considered 
in detail for polarization studies in electromagnetic physics 
have been the proton, the deuteron, and l e 5 H o T . The tar­
gets require both cryogenics and intense magnetic fields to 
produce polarizations of order 50%. These intense magnetic 
fields are a likely source of systematic error for measurement 
of small asymmetries in that they will deflect both the incident 
and scattered beams. Also, the proton and deuteron targets 
are based on the method of dynamic nuclear polarization and 
hence the polarized nucleus is part of a large molecule, e.g. 
butano], ammonia. This can dilute the measured asymmetry 
by typically an order of magnitude. Luminosities are limited 
to as lO^ ' cm - ^"" 1 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 
1 0 , 5 c m ~ 2 of polarized atoms in an electron storage ring with 
a stored current of 100 mA. This would provide a luminosity 
of 1 0 3 3 c m - 2 s _ I and would use a new generation of polarized 
few-nucleon targets based on the method of optical pumping. 
These targets, if feasible, have the advantages of requiring only 
few gauss holding fields and do not give rise to any dilution of 
the measured asymmetry in that the polarized atoms are pure 
atomic species. At Argonne National Laboratory, Dr. Roy 
Holt is working on the development of a polarized deuterium 
target using direct optical pumping of an alkali followed by 
spin-exchange to a deuterium atom 8 . Such a technique would 
also work for a hydrogen atom. At Caltech, we have been work 
ing on the development of a polarized 3 He target. 3 H ? has tY -
advantages that a direct optical pumping technique exists ai 
also that its interaction with containment walls is very weak. 

I . T a r g e t t echno logy 

It is important to note initially that in inclusive electron 
scattering from a spin-j 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 nudeon or 'He that there be the capa­
bility to deliver longitudinally polarized electrons at the inter­
action region in the ring. 

The method used to polarize 3 H e nuclei is an optical 
pumping technique developed by Colegrove, Schearer, and 
Wal ters 1 0 . Experimentally one requires a source of 1.083/jm 
light to excite the 3 S | - 3 P 0 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 
300m\V of l.()S3/ml light. This laser yields polarizations of 
70% in a sample of 3 H e of density 10 I 6 cm~ 3 and a feed rate of 
3 x 1 0 1 6 polarized 3 He per second. With higher power lasers 
now under development 1 2 , feed rates of 10 1 7 polarized 3 He per 
second look reasonable. It is important to note that the small 
holding magnetic field ( = 5 gauss) required to maintain the 
polarization of the 3 He, allows easy orientation of the target 
spins. As will be evident below, this is very important for 
maximizing sensitivity to particular interesting pieces of the 
cross-section. 

Proposed Internal Target Design 

IO l 6 /cm 3 at 3 0 0 °K 

t 10 " / s ec 3 He 

density n = lO'Vcm* 

e~ 
beam - 4 H 0 cm->f-

Fig. 1 This figure is a schematic diagram of the proposed 
internal target design. 

A schematic diagram of the proposed polarized 3 He inter­
nal target is shown in Fig. 1. A high power infra-red laser op­
tically pumps a sample of 3 H e at a density of 10 3 6 atoms c m - 3 

contained in a pyrex cell. This cell is connected through a nar­
row tube to a 10 cm long "bottle". This "bottle" has a long 
narrow tube of length 30 cm and i.d. 7 mm at each end to act as 
an impedance for the gas flow. It may be necessary to arrange 
the end tubes in a clam-shell configuration so that they have 
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 

lagnetic 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 
• '• :polarization mechanism in the region of a few torr and for 
jeams of several microamperes of 3 MeV protons 1 3 . The de­
polarization rate due to the charged particle beam is found to 
be consistent with a model based on the formation of the HeJ 
diatomic molecule. This molecule is formed in 3 body colli­
sions and so the fonnation rate increases as the square of the 
pressure. Extrapolation of this model to the low pressures and 
high currents of an internal target indicate that target depolar­
ization is a problem foT luminosities in excess of 1 0 3 4 c m ~ 2 s ~ l . 

I shall consider two interesting experiments that become 
possible with such a target. One is a measurement of the neu­
tron electric form factor up to Q2 = 0.8 (GeV/c) 2 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 
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of 10 cm 2 s ' and a longitudinally polarized electron beam 
of polarization 0.4. 

I I . Quas ie las t i c e l e c t r o n s c a t t e r i n g 

An impulse approximation calculation u with a wave func­
tion obtained by solving the Faddeev equation with the Reid 
soft-core potential, has been performed in the quasi-elastic re-
gum for longitudinally polarized electrons incident on a polar­
ized 'He target. It is found that near the quasi-elastic peak 
tlic contribution of the two protons to the asymmetry is small, 
and so a polarization measurement can extract the contribu­
tion from rjastically scattering from the neutron in 3 Hc. As 
one moves nut into the tail of the quasi-elastic peak, the con­
tribution of the two protons to the asymmetry increases. For 
example, at incident energies of a few hundred M e v and at low 
energy transfer, the asymmetry ia large, and mainly due to D-
state admixture in the wave function. It is clear one needs 
more realistic calculations that include effects like distortion 
and meson-exchange currents, but it is certain that measure­
ment of the asymmetry in the tail of the quasi-clastic peak 
would provide a direct test of the small components of the 'He 
wa\e function. 

Consider the measurement of the asymmetry on the quasi-
elastic peak as a measurement of the electric form-factor of 
the neutron (G£) in i H e . Our present knowledge of G"E

 , s , 
extracted from e-d elastic measurements, is quite poor. Clearly 
it is important to improve our knowledge of this fundamental 
quantity. The existing data has heen parametrized as 

G £ ( Q 2 ) = -Z£n 
yi + i>T)(i + cpjBy 

v'..~re B = 0.71 GeV/c , /i„ is the neutron magnetic moment 
ai. r = Q 2 / 4 A / 2 . Present indications are that 1 < JJ < 10; 
however, the entire range 0 < t) < oo cannot really be excluded. 
We have taken JJ = 5. 

>H 

Fig.2 This defines the angles #, which is the angle be­
tween the nuclear spin vector, S A % and the incident electron 
momentum, k ; and 0*, which is the angle between %N and q, 
the 3-momcntum transfer. 

The nwjisurrinrnt of G£ is basically a measurement of the 
asvmiw'trv 

g ( f l . f l ' , f ) - < 7 ( d . f l ' , - ) 
<T<e.e*. + ) + a ( M " . - ) 

where v{&.i)*, +} is the cross section for quasielastic scattering 
of longitudinally polarized electrons with positive helicity off a 
polarized 1 I l e target whose polarization lies in the scattering 
plane and where the angle $' is defined in Fig. 2. 

In tiie cas*- of a free neutron the asymmetry i s e 

where 

-fl'r'r * 2 V / - > T U •+ -)G^Gg-sinfl 'co5(» , ) ' f

7 - t 

e,. |l T r | G ' ; ; + e r 2 r G 5 , 2 

• < £ ) ' 
,0 

t a n -

t a 4 \ rV7 
, _ g- tan 5 

Here q' - Q2 + r J in conventional notation . 
To a good approximation the asymmetry due to quasielas-

tic scattering off polarized 3 H e is given by 

.•1 = A.„<T„ 

r„ + 2<7„ 

where A e „ is the asymmetry for the free neutron. The va­
lidity of this approximation was demonstrated by Blankleider 
and Woloshyn in their Faddeev calculation. One can see that 
by varying #*, i.e. the angle between the nuclear spin and 
the direction of momentum transfer, it is possible to pick out 
the longitudinal and transverse pieces of the quasielastic spin-
dependent cross-section. In particular, if fi* — -|, then the 
asymmetry is proportional to G£; if 6' - 0, it is sensitive only 
to Gjjj. Also note that for a given Q1, the asymmetry on the 
qnasielastic peak vanishes at a value of 0* given by 

G"„ cos«i-V' r + r ( l + r ) t a n ! 
8 

In what follows we assume that 0* = 0 ± 8°, and so cos>* 
is always within 1% of unity. This provides an elegant way 
of determining the ratio of §£- as a function of Q1, indepen­
dent of the beam and target polarizations. The cross-section 
is obtained from a y- scaling model of quasielastic scattering 
from J He. This model is in excellent agreement with existing 
unpolarizcd data. 

Running times for a ±20% measurement of Gj- are then 
calculated using the following experimental parameters. We 
assume a luminosity of £ = l O ' ^ m - ' s - 1 . The polarizations 
of the 3 He target and incident electron beam are taken to be 
pr = 50% and p« = 40% respectively. We assume a solid angle 
of dO = 25 msr for the spectrometer and take half the total 
yield i,({<ia/dE')^E' over the quasielastic peak. All measured 
asymmetries are gres.er than ld~3. The running time in terms 
of the.-e parai 'etcrs is then 

/ = f s„ ^AE-*nUp.rr*A)'l (2) 



where AA is the required statistical uncertainty in the asym­
metry. 

The resulting running times for a ±20% measurement of 
G£ and a 1 GeV incident electron beam for Q 2 = 0.2, 0.4, 0.6, 
0.8 (GeV/c)z are shown in Table 1- It is to be noted that the 
direction of q varies as a function of energy loss and 6 and so <?* 
will vary over the spectrometer acceptance. A large acceptance 
spectrometer would allow simultaneous measurement of the 0* 
and 0* dependence of the asymmetry. Measurements with 6* 
— j provide information on GJJf. 

Table 1. Running times for a ±20% measurement 
o fGg 

incident energy = 1 GeV 
luminosity = 10 5 3 cm~ 2 « - > 

PT = 0.5 
Pt = 0.4 
<ffi = 25 msr 

SL L. 
(GeV/c)2) aegT days 

0.2 

0.4 

0.6 

0.8 

27.4 

41.8 

56.0 

72.4 

1.9 x lO" 5 

6.8 x 10" 3 

1.3 x 10" 2 

2.1 x lO" 2 

4.5 

4 

6 

12 

III. Deep inelastic electron scattering 

In the deep inelastic region, it is possible to measure the 
spin- dependent structure functions of the neutron in the 3 He 
nucleus16. The internal spin structure of the nueleon is impor­
tant as a constraint on the development and testing, of theories 
and models of nucleon structure. For a comprehensive review 
of this subject, see reference 5. 

One considers the case of deep inelastic scattering of par­
allel and antiparallel spins for the polarized electron and po­
larized nucleon. Then one measures the asymmetry of eqn. (1) 
with p = 0, where 

<ftr 
dttdE' ~ 

.8, 

c? cos2 s r ^d 

±2tan 2 UE + E'cosflJAfGj ± 8 E £ ' t a n 2 1 s i n 2 ^Gj j . 

Wi and Wi are the well-known -nnpolarized structure func­
tions and G\ Ei'd Gj are two new spin-dependent structure 
functions. Rom considerations of the total photoabsorbtion 
cross-sections, it is found convenient to write A as follows: 

A = fl(Aj + nAi) 

where 

A, = ^ iAt = ^ ( A r G , + K G 2 ) 

1 - E'/Ee £X/Q* 
1 + tR ' n ~ E - *E' 

e=[l+2(l + J)tan 26/2] . 
Here E and E' are respectively the incident and final electron 
energies; Q7 is the four-momentum transfer squared; v is the 
energy transfer; R is the ratio of longitudinal to transverse 
cross-sections. 

In the Bjorken scaling limit 

M2va,(Q2,") - 9i(*) ;M„2G2(Q\i>) -^ g2(x) 

i.e., the spin-dependent structure functions scale. .4] and A? 
can be readily expressed in terms of the quark spin distribution 
functions. It can be shown that the asymmetry Ai vanishes 
for massless quarks. The asymmetry A\ is the dominant term 
in deep inelastic scattering with longitudinal polarization. 

Bjorken has derived18 a sum rule for spin-dependent deep 
inelastic electron-nucleon scattering. This sura rule may be 
written as 

j; !# ( * ) -»?(* ) ] * - • = 0.209 ± 0.001 

where 9AISV is the ratio of axia! to vector weak coupling con­
stants in nuclear beta-decay. This may also be written in the 
scaling limit as 

f1 Ax \A\{x). 
-RJ" 

A?{X)F?(x) 
1 + fl" J 3)3v\' 

This form is convenient for experimental comparison. The scal­
ing function F2(x) is the scaling limit of vW2- Separate sum 
rules for the neutron and proton have been derived17 using 
quark light-cone algebra and under the additional assumption 
that the net spin polarization of strange sea quarks is zero. 
These are 

Jo ' i« t 1 + .W 

and 

Jo 9lK ' k * 1 + -R" Isv 

1.78 
12 

-0.22 
12 

Recently, Jaffe has reconsidered these sum rules in light of 
the non-conservation of the U(l) axial current in QCD 1 9. He 
derives inequalities at large Q2 

Jo lK Jo x 1 + Rr \gv\ 12 V * 1 

and 

i^-
These are derived assuming the validity of the Bjorken sum-
rule and imply that the neutron sum-rule is bigger than the 
SU(3) picture by of order a factor of four. 

Data has been obtained on polarized e —p scattering. In a 
series of measurements performed at SLAC by the Yale-SLAC 
collaboration in the late seventies5, the spin-dependent asym­
metry Ai has been measured for the proton over the deep 
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inelastic Irioematk: range 0.1 < x < 0.7 and 1 < Q1 < 10 
(GeV/c)2 with an accuracy of 15-30%. The experimental data 
confirm the Bjorken polarization sum rule under the assump­
tion that the neutron contribution is zero. The quality of the 
SLAC data on the proton is not sufficient to distinguish be­
tween the SU(3) and QCD sum-rules for each nucleon isospin 
state. New, as yet unpublished, data from EMC should have 
sufficient precision, to do this2". The SLAC data also verify the 
scaling behaviour of A\ within their limited accuracy. Further­
more, the data successfully distinguished the phenomenological 
models of the spin structure of the proton and support the pre­
diction of perturbative QCD that Ai(x) -t 1 as x -> 1 for the 
nucleon. 

The prediction for A"(x) of the unsymmetrical quark 
model5, which fits well the measured A\ data, is shown in 
Fig.3. We see that A?(x) -+ 1 as x -* 1 and that i t » negative 
at small x. The bulk of the contribution to the sum-rule comet 
from the low x region. Thus, a sensitive test of the QCD model 
of the nucleon would be a measurement of A"(x) at low x as a 
function of Q 2. Fig.4 shows the statistical precision with which 
one can. measure A" as a function of x and Q2 with a 15 GeV 
polarized electron beam incident on a polarized 3He target at 
PEP. Tn the above notation I assume p t = 0.4, pr = 0.5, and 
luminosity = l0"cm~ 2 s - 1 . Also I take R(x,(3J) = 0.25, an as­
sumption which may be modified by the results of experiment 
E140 at SLAC. The statistical precision obtained in a 16 day 
run in a bin Ad = 10 mrad and Av = 200 MeV is shown in the 
Q1 vs. v plane. The cross-section is taken from the Bodek fit 

0 50 10.0 15.0 
z/(GeV) 

Fig.4 This figure shows the statistical precision with which one can measure A"(x) as a function of 
x and Q1 in bins of AS = 10 mrad and Av = 200 MeV in a 16 day run with a 100 mA beam of 15 GeV 
40% longitudinally polarized electrons incident on a 2 X 10 1 5 cm~ 2 s _ 1 50% polarized 3He target. 

Fig.3 This figure shows the prediction of the unaymmet-
rical quark model for A"(x). It is taken from reference 5. 

IM 



to the deep-inelaatic region and no Fermi-motion is included. 
The dilution of the asymmetry because of the two protons in 
3He is included. 

V. Summary 

With a luminosity of 1 0 ' s c m - 2 s - 1 of polarized electrons 
incident on 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 Q2 of 0.8 (GeV/cf 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 it strongly urged that a 
design study be carried out to determine feasibility and cost 
of implementing this. Using a reasonable choice of running 
parameters, the running time for an interesting series of mea­
surements in each of these kinematic regions is of the order of 
30 days. At Caltech an effort is underway to construct high 
density, high polarization targets of'polarized 'He which would 
permit these measurements. 

This research was supported by the National Science Foun­
dation under Grants PHY85-05682 and PHY-8351737. 
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(e,e*N) HKACT10NS WITH POLARIZED BEAMS AND P01.ARlf.ED TAKCSKTS 

S.Boffi, C.Giuati and P.D.Pacati 

Dipartimento di Fisica Nucleare e Teorica dell'UmverHita', Pavia, 
Iatituto Nazionale dt Piaica Nucleare, Sezione di Pavia, Italy 

Afeajragt: The <|uaai-froe nucleon knockout by the 
electron is studied in the general case of both 
pcilarissed beama and polarized targets. The general 
formalism provides nine structure functions, four of 
which appear only when the target nucleus in 
polarized. Results obtained in a nonrelativistic DWIA 
framework on 7Lt and 3*K for cross sections, 
asymmetries and electron polarization ratios are 
presented. The particular case ia also considered of a 
nucleon ejected along the direction of the momentum 
transfer from a target with spin oriented in the same 
direction whore only three structure funclionH survive 
and can be simply separated. 

In the one-photon exchange approximation and 
neglecting the electron mass and the nuclear recoil 
factor, the six-fold differential coincidence cross 
section for quasi-free nucleon knockout frost a 
polarized target nucleus by an incident polarized 
electron may be written aB follows ' 

do*L ( t * h A) , (1) 
dp 0 dp' qv

z p 0 p 0 (6-1) 

where a " e 2 / 4 n ~ 1/13? is the fine structure constant 
and the ultrarelativistic electron with initial helicity h 
and momentum p 0 is scattered to a final momentum p£ 
while a nucleon is knocked out with final momentum 
p*. Theni the four-momentum transfer is q v

z s u 2 -
q 2 , with " = Po - pj> and q s j> 0 - p 0 . In eq. (1) 

E = 2 € t F 0 0 + Flt* I e L ( l + c ) ] » / 2 F 0 1 - e F t _j , (2) 

A - ( 1 - « 2 > 1 / 2 FU + l e L U - O ] 1 / 2 Fo» (3) 

The quantity 

€ = [1 - 2 (q*/<U/2) tan 2 e /2 ] -» (4) 

meaBurea the transverse linear polarization of the 
virtual photon exchanged by the electron scattered at 
an angle e, and 

(5) 

In the laboratory frame, whnre the nucleon in 
ejected at an angle y t 0 with respect to the 
momentum transfer q and the initial nucleus is 
assumed to be at rest and with a polarization direction 
specified by the zenithal angle e* and the azimuthal 
angle •*, the six structure functions in eqs. (2) and 
(3) depend on the seven variables (u, q, p \ y, a, e*, 
• * ) , where « IB the angle between the hadron and the 
electron planes. One has 

f 0 , cos <x + Tol s in a 
F J . J = f i - . t cos 2« + f,_ t s in 2 * 

F{. = f j i . 

where 

foo = U o l 2 

f , i = U , l z + U - , 1 2 

f 0 1 = 2 Re (J t J j - J 0 J*!) 
f,_, = 2 He IJ, J*, ) 

f h = U , l * - W - i l * 
f 0 1 = -2 I s (J,. Jg + J 0 J*L) 
f 0 1 = -2 la CJ, J j - J 0 J*i> 
f,_, = - 2 l a fJj J*, ) 
f i t = 2 Re (J , J& + J 0 J * t ) 

(6) 

(7) 

In eq. (7) an average over initial states and a sum 
over final undetected states of products of matrix 
elements J u are understood, where 

J„ = Jdre i 5 f < * f | j^t?) l*i> (8) 

are matrix elements at the nuclear charge-current 
operator j u taken between the initial {\V\>) and final 
<l*f>> nuclear states. 

For an unpolarized target nucleus the barred 
structure functions f 0 1 , f j - j and f D l vanish 
identically. In addition, | J , I 2 = IJ- i l* . i.e. f'n = 0. 
Therefore, in this case one recovers the expression of 
the cross section in terms of five structure functions 
already studied in ret. 2 with incident polarized 
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0 40 80 120 160 200 240 260 320 

Fig. 1. Cross section ( fw 3 s r - s l v s , recoil momentum 
(MeV/c) for p a / 2 proton knockout from N-potarized 'Li 
by unpolarized electrons of 700 MoV energy. The final 
proton energy ia 144 MeV and q=2.6 fm" 1. Bound state 
from ref. 7, optical model from ref. 5 (solid line) and 
from ref. 6 (dashed line); dotted line for PWIA. 
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Fig. 2. Cross auction (fm 3 »r"3> VB. recoil momentum 
(MeV/c) for d 3 / z proton knockout from N-polarized 3*K 
by unpolnrir.mi electron of 500 MeV energy. The final 
proton energy ia 100 MeV and q=2.2 fm" 1. Bound state 
from ref. 7 und optical model from ref. 6 for the solid 
line, bound and scattering states with the hsmillonian 
of ref. 9 for the dashed lino; PW1A for the dotted line. 

electrons. The same situation occura when tha target 
polarization is perpendicular to the hadron planej 
because in this cnae J_x Jl\' - (-)***' Jx Jl'« 

The primed structure functions P , l f f<ji and f<u 
contribute only in the presence of polarized electrons. 
If in addition to an unpolarized electron beam also an 
unpolarized target is used, the familiar form in terms 
of only four structure functions, f>v, is obtained."1 

When y - 0, the decomposition <f>> in terms of 
nine structure functions is not possible because the 
angle a is no more defined. However, I 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 
parallel kinematics (y - 0) Bix responses enter in the 
cross section contrary to what happens in the case 
with unpolurized targets where only two structure 
functions survive. 

In the particular case of parallel kinematics and 
orientation of the target polarization along <J, >•«* of 
whst can be £&!Ud s ciuperparallel kinematics, for 
symmetry reasons only F 0 0 , P t l and F' l t survive in 
general, whereas the interference responses P 0 J , F,_j 
and FJj vanish. 

The relevant quantity containing all the 
necessary ingredients Tor describing the knockout 
process is the matrix element in eq. (8). 

The results presented in this paper are obtained 
with the nonrelativislic charge-current operator along 
the lines of previous work. 2 ' 3 

The general formalism i s 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 m, q, p' and 
>. Specific CBBBB can be studied with 1005S target 
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polarization (m : j) oriented longitudinally (L), 
normally (Nl and aidewiiya (S) with respect to the 
incident electron direction.* For symmetry reasons the 
N-polarization reduces the number of nonvanishing 
structure functions to five: only t 0 0 , t i u t o l , fj_j and 
f o t survive. Without final state interactions f 0, = foj = 
f i_ i - 0 for L- and S-polarization of the target. 

In ref. 1 figures are given for the different 
structure functions in 7 U and 3*K under standard 
kinenjatical conditions. Their separation requires 
out-of-plano experiments with a high degree of 
precision. 

As a first stop one can measure cross sections 
which do not necessarily require out-of-plane 
kinematics nor such a high precision a« do structure 
functions. In fai.t a measurement of the cross section 
with coplanar kinematics either with or without 
polarized incident electrons would be extremely useful 
to give access to new information. The numerical 
calculations indicate that peak values are obtained of 
the same order of magnitude as the ones wit!i 
unpolarized targets. As an example to set the scale 
and to show the sensitivity to final s tole interactions 
in figs. 1 and 2 the cross section obtained with 
unpolarized electrons for U-polarlzed 7 Li and 3»K is 
reported. 

With ooplanar hinematio: one can also measure 
asymmetries, i.e. 

ffN . zS)/£o , ( r L . r N , / r 0 , {ZS - E L ) / t j (9) 

where t a is the cross section with unpolarized target 
and unpolarized electron. These asymmetries are 
determined by the behaviour of the usual four 
structure functions fa and f j . j with 
different orientations of the target polarization. Only 
two of them are independent. In fig. 3 the N-S and 
the L-N asymmetries are given for P a / 2 hole in 3*K 
as a function of the recoil momentum PR under the 
same kinematic conditions of fig. 2. These asymmetries 
are not vanishing as an indication that different 
results are expected for different orientation of the 
target polarization. Moreover, the size of the 
asymmetry is measurable and is increased by ftnal 
state interactions. 

Another measurable quantity with coplanar 
kinematics is ths electron polarization ratio 4/E with 
L- and S-polsrliaUon or the target. For N-polarijiation, 
W = O M already noticed In ref. 4. In fig. 4 (A/£)|, 
is plotted for the p 3 / 2 hole in 7Li. This result shows 
that the electron polarization ratio is large and can be 
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Fig. 3. Asymmetries a) {t^-tS)/t0 and b) ( E L - E N ^ 
va. recoil momentum tMeV/c) for d a / 2 hole in 3 9 K 
under the same conditions as in fig. 2. 

measured, e.g., on top of the p3ft momentum 
distribution (PR * 100 MeV/c) with a weak dependence 
on final state distortion. 
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Fist. 4. The electron polarization ratio A/E vs . rt=oil 
momentum (MeV/c) with L-poUrliat'on of the 7 Li target 
nucleus for p3/z holo under the SHine conditions as in 
fig. 1-

The auperparallel kinenwtiuB a priori involving 
only three nuclear responses is in principle 
interesting in order to achieve their separation. In 
fact, FJj is simply determined by flipping; the etectron 
helicily. Then a Rosenbluth separation determines F o 0 

and F „ . In addition! in the present model based on 
the impulse approximation, F G o vanishes for a target 
spin j > 3/2 Ira = j) and F s l - * F^,. 

In fig. 5 F,t is plotted for the d 3 / 2 hole in 3*K. 
It appears that the maximum corresponding to p'<q is 
higher by „ 20% than the one corresponding to p'>q. 
This large asymmetry as well as the whole response 
itself i s entirely due to the final state interaction 
because ir. PHIA F t l = 0. 
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SCATTHtHK Iff TO lESONAlfCE PJKION 
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Abstract 
Son* aspect* of using polariaad alactrona and/or 

polarised target* in afeetron-nucleon scattering 
•xperineats ara diacuaaad. Polarisation aaaaureaents 
can ha uaad to extend tha knowledge of nucltoa fora-
factor aeasureaeiits to higher ( »»d Bra indispensable 
for a model-independent extraction of tha hel ie i ty 
aaplitudaa of exclusive meson production. measure­
ments of polarisation aaysietries may alao halp in 
revealing tha excitation of aeakar resonances. 

I . Introduction 

Tha study of th* electromagnetic coupling* of tha 
ground atata nucleon and i ta excited atatsa ahould ba 
an eiaantial part of nnjr raasarch program to investi­
gate alactroweak interactions with nuelai. Tha u l t i -
aata goal in studying tba 'elesentery' proeasa i* to 
obtain i n t o n a t i o n on tha 7 Hit* vertex. Datsilad 
knowledge of thia transition'provldee tha data baa* 
which ia necessary for tha interpretation of altctron 
nucleus scattering at high momentum and high energy 
transfer. Tha understanding of nuclaon-nuclsoa corre-
lation, e .g . , will depend essentially upon our under­
standing of the role played by nucloon rasonaacas ia 
nuclei. Studying nucleon resonance transition i s , on 
tba other hand, very iaportaat in i t s e l f f Tha knowl­
edge of the H dependence of the 7 WK trass i t i on 
appears crucial for tha development o f mors real is t ic , 
BCD based, iatorquark potentials for light quarks, and 
finally for the definite iapleaeatatioa of (JC6 to bad-
ron* at inleraediate diataaces where aoa perturbatire 
effects have to be taken into account. 

H . The Electric Foraiactor of the Heutron 
and the Proton 

The hadronic current in e las t i c electron nucleon 
ecattering ia specified by the e lectr ic aad aagaetic 
forafactora (^(Q.1) and 6 (Q*) . The knowledge of these 
quantities up to ths highest possible J* i s not only of 
fundamental importance for testing aicroacopic aodels 
of the nucleon and ita slectroaagnetlc coupliag, but 
has strong iapact on the interpretation of electron 
nucleua scattering in general. Our present knowledge 
i s practically l ia i ted to the Magnetic forafactors 
|G I and | C ( which hare been aeasured for Q* up to 
30 and 90 fie* respectively. CL ha* been aeasured up 
to 3GeV' with uneertaintias between 10S and SOX at 
w*>l<JeV*. Little i s known ah out tha electric foraf ac­
tor of the neutron. In fact, our only aolid knowledge 
coasa froa scattering of thermal neutrons off electrons 
fron atoms,showing that dfl, /d,* > 0. at l»a*0. There 
i s soaa information on C_ at 4 < l.GeV , extracted 
froa elast ic «D scattering . These results, however, 
are necessarily aodel dependent in that they depend on 
the specific deuteron wavefnnction assumed in the anal­
ysis. Attespts to seasura |<J | froa quulelaetic eD 
scattering have not yielded satisfactory results' . A 
aodel independent aeaeureaant of 0 i s urgently 
needed. Studying quark affects in nuclei at large 4 
will bear heavily on tha knowledge of the nucleon fora­

factora, since new effecte w i l l reveal themselves aa 
deviations froa the 'conventional* picture of tha 
nucleus. 

Several ways of measuring this fundamental quantity 
have been proposed. One way i s to aoasura CL in scat­
tering of polarised electron* fron uapolarlala neutrons 
and to study ths neutron recoil polarisation in a sec­
ond scattering •xperinsat . An alternative aethod ia 
to uss qaasialastic scattering of nolarissd electrons 
froa vsetor polarised deuter iua . I w i l l br ie f ly 
discuss this latter aethod which Bay be of intereet not 
only for use in storage rings but for external beam 
experiments at Bate* and &8Ar as well. 

Tor an orientation of th* neutron spin in the elec­
tron scattering plans perpendicular to th* direction of 
7 , tha elastic electron neutron cross section i s given 

o 
(P -electron, polarisation, P "effective neutron polari­
sation, (oV/dQ) *unpolnrisedrcross section). 
Th* a*jas*try it given by: 

• ( W - 2 V C^fiTnrTtgj* 
4 * * 4 • a^dTjcjj. t,2§* < 

Th* appearance of the interference tern allows ths 
aeasureaeat of <L i f C„ i s known, without lossabluth 
••paratioB. This i s advantageous in deteraining the 
e l ec tr i c forafsctor becauas 0. i s expected to be 
saal l , aad i t s contribution 18 tha e lae t i c cross 
ssction at large Q i s negligible. Fig. 1 shows ths 
expected asymmetry for <L >0 aad 0 *-r0 //( , both of 
which are consistent witFpreseat ofta a?*not* too small 

1. As fttoerimeat to Measure C^ in dVe.s'nln 

Using a polarised HD sol id stats target with an 
approximately 90aT cooling power, at \ teaoernture of 
=270*1, lnainositiss of =0 .8 ' l o" d V i c " 1 have bean 
obtained (oaly neutrons in deuteriun are counted)*. A 
cooling power of =500*1 was achieved at =270*1 in a 
dllutloa refrigerator . This would allow seamrsaents 

neutron polarisations of 001 can be anticipated. Using 
appropriate kinematical cuts on ths scattered electron 
and the recoil neutron aagla, background contribution* 
froa neutrons ia ths nitrogen nucleus can largely be 
suppressed, and.effectire polarisations of =40S should 
bs achievable . Ths expected running t i a s of a 
measurement of 0- i s shown in Pig. 2 for a spscif ic 
experimental setup. I t i s perhaps worthwhile noting 
that tha use of polarised deuteriua as target material 
has th* advantage of allowing tha aaaa aeasnreasnt to 
ba carried out with protons (froa the deuterons). A 
comparison of proton aeuureaeat* with HD and HI as 
targst materials would allow th* t e s t i s / of effects 
which say result froa the binding of th* proton in ths 
deutaron. This information provides a sensitive mean 
in correcting ths neutron data for nuclear effects. 
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Fif. 1 P o l a r i i a t i o n 
asymmetry n(a ,«n) for 
e l e c t r o n s c a t t e r i n g 
a n g l e . . C J m —rC„ / * 
has bean assumed. A »fl 
i f G =0 . The dashed 
l i n e a i n d i c a t e an 
uncertainty 6A =i0 .02 . 

F i | i 3 Sunning t i a e 
for an experiment t o 
aaasurs t h e neutron 
a s y a a e t r y with Sk » 
1 0 . 0 3 , for p o l a r i e e d 
target eryostats with 
d i f f e r e n t c o o l i n g 
porter. 

3 . An Experiment to Measure C in p (e . e 'p ) 

Tha aethod outlined ahoTa can a l so be uaed to aeaa­
ure the polariaad proton asymaetry uaing NH a« polar­
i sed target material . lence the e l e c t r i c forafactor 
CL of tha proton can be measured. Since protona can 
be p o l a r i a e d t o a h igher degree than deuteroaa a t 
higher teaperaturea, polar ised proton targe ta can ba 
operated a t much higher coo l ing power* and therefore 
can be uaed with higher e lectron current . . With a Be 
cryoatate of =10 Watts of coo l ing power a t 1 Kelvin, 
l u n i n o s i t i e s of 5*10 ca~ aec~ (only f r e e protona 
count) can be achieved 1 . The p o l a r i i a t i o n asyaaetry 
as predicted by QCB sum rule ca lculat ions* i a shown i n 
Fig. 3 . The expected running t i n e of an experiaent t o 
aaasura 0 , ia displayed in F i g . 4 . Measurements of 
C. for ( up to 8 C«V appear f e a s i b l e uaing ex iat ing 
polariaed target technology. 

In auaaary, i t appaara that with presently a v a i l ­
able polarised s o l i d s ta te target technology, consider­
ably higher Q values can be reached in measuring the 
e l e c t r i c proton and neutron fornfactora than has been 
passible with the usual Bosenbluth separation. 

I I I . Blectroproduction of Hucleca assonances 

Studying the Q dependence of the ^ NN* trans i t ion 
for the nucleon resonances giTes us •any' de ta i l s of the 
wavefunction of the excited atatea . This knowledge i s 
e s s e n t i a l i n deve lop ing aore r e a l i s t i c interquark 
p o t e n t i a l s which are based on the fundamentals of 
(CD . I t appears iaportant to obtain as auch in for -
aation aa poss ib le to probe the f o i l e l e e t r o a a g n e t i c 
structure of tha trans i t ion , including i t s spin s t r u c ­
ture. Before discussing exclusive aeasureaents in some 
d e t a i l , i t i s perhaps i n s t r u c t i v e t o r e c a l l soae f ea ­
tures of the inc lus ive croaa sec t ion in the resonance 
region. 

1. The Inclusive Cross Section pfe .a'^I 

I t i a widely assumed that the cross s e c t i o n for 
slactroprodnction of nucleon resonances would decrease 
f a s t e r with increas ing Q than the nonresonant part 
does. This, however, turns out not t o be tha case , aa 
can ba inferred froa Fig . 6 , where tha t o t a l photoab-
sorptlon cross sect ion in the aass region up to W=2GeV 
i s shown for s a a l l and large values of ft • I "»nt *•% 
point out s e v e r a l i n t a r e a t i n g f e a t u r e s i n the Q 
dependence of the cross sec t ion: 

— The atrong enhancement i n the reg ion of 
the A(1232) disappears quickly at large 
V-

— Tha e n h a n c e m e n t s n e a r Wsl.SGeV and 
w^l.7QeY remain prominent up t o the high-
eat Q . The signal/background r a t i o does 
not appear t o decrease a t a l l over the 
entire II range. 

— The ahoulder near W=1.45GeV i n the Q*=0 
data, which ia generally attributed to the 
exc i tat ion of the toper P (1440), d isap­
pears very quickly with (J*. Already a t 
U**0.1CaV* there are no indicat ions of an 
exci tat ion of t h i s resonance any more. 

— At ()">3CeVa a reaonant a t r u e t u r a near 
1=1.4 SeV aeeaa t o emerge which aay even 
becoas dominant over the A(1233) a t the 
highest 4 . 
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Fig. 4 Bxpected run­
ning time for an e x ­
periment t o measure 
G l p with ±6% and*20», 
respect ively . 

In c o n c l u s i o n , the t o t a l photoabsorpt ion c r o s s 
section indicates very dif ferent I) dependences for the 
various reaonant parts of ths cross s e c t i o n . The f a s t 
decrease of the A(1333) exc i ta t ion strength o f f er s the 
p o s s i b i l i t y to study the lower Bass region a t large Q 
i a d e t a i l , where tha erosa s e c t i o n i a no longer domi­
nated by the high*' • * " t a i l of the A (1232). This aay 
prove especia l ly iaportant for studying the e x c i t a t i o n 
of the P (1440) and p o s s i b l e o t h e r P p a r t n e r s 
nearby. l l 

I t i s obvious t h a t due t o the l a r g e widths and 
large number of resonances ( a p p r o x i a a t e l y 20 w i t h 
a u a a e helow 3 GeV) individual resonances can in gen­
e r a l not be i s o l a t e d A prograa t o s e p a r a t e and 
study d e t a i l s of s i n g l e resonances requires atudying 
spin and iaoapin structurs of the i n t e r n e d i e t e s t a t e 
which can only be dona by measuring the resonance decay 
products i s exclusive experiaenta. 
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2. BxcIuaiTa teactione for I H O M I I O Stodiea 

llaay of the lower ly ing roaonancea hare a atrong 
a ing le r or • decay channal . Tha r e a c t i o n a 
p(»»a'p)f*(*), P(«je'r+)n ""d n ( e , e ' O p ar« therefore 
aoat auitable for atudying reaonance propertiee. Tha 
unpolariaed coincidence croaa (action ia giran by 

* = r T l f f T + al* M T T e o * 2 ' + J e ( 1 + 0 / 2 ^TJ.00"'] 

Fig. 5 Inclueive croaa aection for p(e,e')x at fixed 

dBdQdfl 
a a * 

Tba fire* and third tera depend on the traaererae unpo-
larlaad and polarised coupling of tha photon, tha aee-
ond term depaada on tha tha longitudinal part and the 
laat tera ia a tranaYerae/longitudinal uterf erence 
tera, These quantltie* ara functions of I) , I, 8* and 
can be expresaed in term* of 0 coaplax, parity cooaerr-
ing helicity aaplitudea : 

<rT - p/aifiHji3* iHji2* m 3 i 2 * n 4 i 2 ] 

*L • P/a[i»5 l 2 + I H 8 | a ] 

•H, - 2P/I laKp^IJ • Ijpij* Bg)] 

A complete and modal indtpandant determination of thaaa 
aaplitudaa raquiraa at laaat 11 independent aeaaura-
aanta at each kineaatical point. Unpolariaed experi-
menta alien four independent aeasureaent* only. Kith a 
polariaad baaa ona additional combination of thaaa 
aaplitadea can be measured. A polariaad nucleon target 
alloaa eight aanslbla meaeuremente, and experiment* 
with polariaad beam* and polariaad target allow aeaa-
nraaant of fire aura combinations of aaplitudea If 
ona can aaaeure tha recoil polarisation, e .g . , if tha 
final atata cucleon i* a proton, one can obtain, tha 
new number of combinations aa with a polariied target, 
four of which are different froa tha polarised target 
caaa . 

A aeparation of the variou* taraa raquiraa detailed 
ont-of-plane aeaaarementa. In addition to tha coep' and 
cc*2j teraa of tha unpolariaad croaa aaction ainf and 
einty teraa appear in the polariaation dependant term*. 
Alao, aeaauraaanta with different orientation* of the 
target apin will be necaaaary. 

3. Existing Data 

Although auch a detailed experimental program haa 
not bean conducted ao far, aoaa Inforaation, in partic­
ular oa tha aoat prominent raaonancaa, haa been 
obtained froa measuring tha angular dependence of the 
unpolariaad coincidence croaa aection. froa experi-
aanta parforaad at the BONN, DBSY, HINA eynchro-
trona ' we have liaited inforaation on tha tranarerae 
helicity aaplitudaa A mad A for tha P (1232), 
3^(1536), D' (1620} and the F ^ I B S S J proton 
reaonancee. I t la wall known that the 7 pP (1232) 
tranaition aaplitudaa drop faatar with Q than the 
elastic forafactor. Aa can be inferred froa Fig. 8, 
the other reeonancea ahow quite a different behariour. 

Tha S u(1535) which can only be excited by helicity 
1/2 in tha 7 ^ init ial atata exhibita a atrikingly weak 
q' dependence. At Q*«3 OeV1, tha A . haa dacraaaed by 
only 60* of ita ralua at (f-O. For tha 0, (1620) and 
tha F (1888) tha h e l i c i t y - 3 / 2 doalnance at 0**0 
awitchaa to a hal ic i ty-1/2 dominance at large ( , a 
behaTiour taat ia qualitatively in accordance with 
quark model predictiona", ae wall aa with axpectationa 

206 

I 



fron helicity conearvation in perturbativa (CD . The 
tranaition to halicity 1/2 doainanca aaaaa to ba a 
ganaral feature at high <J . I t ia tha dataila, how­
ever, of how thia tranaition occur* that would giro us 
insight into tha dynamics of tha nultiquark-gluon 
systsn. Yery l i t t la infomation ia available for reso­
nances othar than tha onaa nantionad abovs, and prac­
tically no data axiat for nautron resonances. 

SI 1(1535) PROTONS 
' J I " " I 1 

and M dominance (only terna with H ara retained], 
the unpolarised cross aection can be written as: 

* • • > • 
. I , . , > M « r i • ,-

n« IMS) PROTON 

r!" 
ana*** 

' • • » . . 

, , I , . . 

Dt3(16ZO) PROTtWs 

. . . , I 

MWHr*/i 

Si *». . 
^^~ -»̂ '"'' 

\ - • -
- — - • " • a 

KM ,*' ..-m-'^Jii^ 
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Fig. S I r i a i T i n i 
halicity amplitudes 

A i / i * a ^ * I / I * " various auclaon reso-
nancea. Tha dashed 
l i n e for 8 ?"iJt) 
rapraaants tl> dipola 
forafactor. lae other 
linaa are raaalta of 
various quark nodal 
calculation*. 

dfi. = [f ' « 1 + ' 2 ' 3 »wlJ • »-MJ] 

• coa 2«;[-§ l l i 1 + l 2

+ Wie(K1+BjJ - - ^ K . H j J ] 

• E . . in 2 «; .co.2>[- i IM aJ 2-3»a[ll 1 +Bj +)] 

+ J2e(Ue) •«infl;'coa^[-Ke[s0+M*+] -BcoB»*.«.[si+m-J+)] 

Fron atudying the j and 8* dependence^of the croaa 
aaction one can separata the tern Se (S U* ) , which ia 
aoat sens i t ive to S . Fig. 7 ahowa reeulte of 
previous measurement*. The accuracy of exiating data 
ia clearly not eufficient to aeparate raaonant and 
nonraaonant p a r t e . Note t h a t the q u a n t i t y 
««(S •* l/IM,,.!* ia diaplayad. A raaonanca-like 
bahavYour*of S.1'would .result in a flat diatribution in 
thia quantity. Tha Q, *10eY data show aona f depen-
donce which nay indicate that the matured quantity 
contains nonraaonant contributions. In order to enable 
a full determination of the resonant and aonraaonant 
contribution to (S M* ) , a neaaureaent of tha tarn 
I a ( S « * ) i s required1la wall. This tarn i s partic­
ularly sensitise to nonrasonant contributions. If only 
8 and U. uplitudaa of tha resonance contribute, 
hiving thV aane phases, the tarn Im(S Mj } would 
vanish identically. According to fixed ai3 Siaperaion 
relation calculations tha nonieaonant contribution 
leS (1-1/2) nay ba of the aaaa order of magnitude as 
»•£*(1=3/3) . Thia would result in quite different 
phasee for M and S , which conaequently give riae to 
a siseable ifolariialion aaynnetry in tha vicinity of 
tha rasonance. 

Q* [(«.V/.(*| 

I t should be noted that the data points in Fig. 8 
are subject to eystenatic uncertainties, largely due to 
the Halted experimental information that could b* used 
in tha data analysis. Also, there are uncertaintiea in 
the description of the nonreaonant part of tha croaa 
aection . 

An experimental program to atudy alectroproduction 
of nuclaon reaonancas should ba able to coabine Tery 
high statistic* unpolariaed croas aection measurements 
and detailed polarisation measurements of the relevant 
asymmetries, going up to tha highest possible P, . Pol­
arisation asymmetries contain interference terms of 
amplitudes. They are therefore especially sensitive to 
small amplitudes and to relative phases batwaan ampli­
tudes. Already information of limited atatiatical accu­
racy wil l prove extreatily sensit ive in determining 
signs and absolute values of the less prominent ampli­
tudes. In the following chapter wa give two examples to 
illustrate the sensitivity of polarisation asymmetries 
to small amplitudes. 

4 . Tha Scalar Amplitude 3, in the t 04(1332) 
Transition 

Quark models with SU(B) symmetry yield 8 *0 for 
tha scalar (longitudinal) aultipole as a consequence of 
tha assumed pure magnetic dlpole transition between two 
atatea with angular momentum L -0 of tha 3 quark sys­
tem. Tha inclusion of a hyplrfine color magnetic 
interaction arising from tha (CD motivated one gluon 
exchange between the valance quarks leads to a finite 
longitudinal coupling, reflecting the (WIS) forbidden) 
L*2 stats of the multiquark wavafunction . Our pressnt 
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Fig. 7 Tha quantity l e ^ • O / ' - j j ' i n fch« 4(1838) 
region. Data from DEST . 

Tha quantity I i ( S , I * ) can be measured by uaing a 
longitudinally polarised electron beam and measuring 
the croas section asymmetry . 

A. = (to&V'W'MfaisM • «com»X3 1 +Mj +)] 

In thia expression tha same approximation as in tha 
unpolarised cross section has been assumed. Thia exper­
iment requires a measurement of tbs B* distribution of 
ons of the outgoing hadrons at large ^ (out of tha 
acattering plana), measuring tha t' dapandanea of A 
at fixad sind enables a separation of IafS II* ) and knowledge on 8,^ for tha A(1232) conaa from studying T ._ „ . . . _ _ - i . _ i „ _* e *. , M v . ^_^.-»i.j»' 

p(e,a'p)V. Aaluming s and p wave contributions oily? ^lA*'- »»T««tries of 6 to 10* can ba expected 
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S. Polarised Target Aayaaatrv in the Keaioa of the 

r^wm — 
Thar* ia an ongoing eontroveray aa to whether or 

not tha P (1440) ia actually composed si two P reao-
nancaa aaf a. racaat analysis indicate* . In electro-
production, however, only aaak indicstiona of a raao-
naat structure in thia particular aaaa region bar* baen 
aaan in unpolariaad olectroproductiou experiments. 
Singl* pion pbotoproduction data have on tha other hand 
revealed a rather strong raaonanca szcitation Pion 
alactroproduction nay halp solve tha abora controversy 
because of tna additional kinaaatical dagraa of freedoa 
given by (V Tha various resonances may exhibit vary 
different ( dependence. 

asasureMnt* of aayaaMtriaa with polarised targata 
appaar qaita sensitive to tha strength of tha P (1440) 
excitation. f i | . B shows tha sensitivity of tbl target 
asynaetry in * production to tha excitation of tha 
P (1440). By choosing a auitabla oriantatioa of tha 
target polarisation and by carefully aalacting the 
kinaaatica of tha decay particle*, intarfaranca affacts 
aay Vecoae large and axbibit slssble affacta even fros 
weak resonance*. In thia exaaple lb* amplitudes which 
hara been obtained in an analyaia of tba world data 
at Q s*l OaV* wars uaad. In tha analysis, a siasbla 
longitudinal amplitude S, was found for tha t (1440). 
This give* risa to *troni~effect* in T which contains 
transverse-longitudinal intarfsranca t e n * . 

Tart* PofHiiatiM Aijmmetry T^e+er'j *l Q*=l{(Mljt)* 

(f = */2; »1 - ">•) 

— 

WHhMl P 1 1'.1«0J 

-

• 1 • • t • 1 • • • • 1 

; 

*J ISrt/c'l 

Fig. 8 Polariaad targat Bsyaastry T (7 p*pf ) for a 
spsci f ic klneaatical situation.* Tha targat 
protons ara polarised perpendicular t o tha 
virtual photon direction, in tha alactron •cat; 
tering plana, lesult* of a racsnt analysis 
has* baan usad to pradict tha aayaaatry 
( l . h . s . ) . To illustrats the sensitivity to tha 
longitudinal coupling of the P, , tba expected 
asyaawtry i s shown if tha P.. wire not excited 
(r .h . s . ) . " 

8. Double Polarisation Asymmetry 

With a polarised beaa and a polarised nucleon tar­
get, one can n w u r i double polarisation asyaaetriaa 
which require flipping the spin of the electron aa well 
as of tha target nucleons. Of particular intareat ia 
tha asynaetry Pm 

where tha nuclaon apin ia aligned parallel and antipar-
allel to the direction of tha Tirtual photon. Fig. 0 
shows that this asyaaetry can be large. 0 aeasuras 
directly the haliclty asyaaetry 

for the transversa cross section. Tha partial wave 
analyaia of this quantity at fixed Q* and W yields the 
halicity aay—etry for single partial wares. Unpolnr-
iaad measurements allow tha dateraination of »•* + 
* , ,« for single partial waves. The two aaasureaents 
combined allow determination of "T,. " I*"*-,.,'* *»d 
'a/a " ' • a / a ' 1 * o r , B * c i * i c rasonauces (after sub­
tracting the nonrasonant background). A , and A 
have baan predicted by microscopic aodel* of the 
nucleon and provide teota of the hel icity structure of 
the resonance transition. In view of the quark nodal 
and QCD predictions, e .g . , that g should vanish at 
large Q1, measurement* of thia type provide iaaediate 
teats of essential aspects of theoretical approaches in 
tha Bonperturbative regiae. In Fig. 0 axaaplaa of 
prediction* for D are shown. 

PetMbaua* *,jynimrlfy D ll r*t»*) *« Q'-HOtV/t)* 
I-I p i "rr-r I • " • ( ' • • • ! 

_ 1 0 r . . . 1 . . . . 1 . . . . 1 . . 1 • t ' ' ' • ' • ' ' 

la 1.4 i.« 
* lov/.'l 

1 1 1 1 1 1 I I I - I n ( 

1 u 1.4 ie 
W rSeV/c'l 

W IStV/t*] 

Fig. S Double polari­
sation 0 for specific 
k ineaa&ea l s i t u a ­
t i o n s . The grspha 
indicate a strong 9* 
dependence. I s s u l t s 
of the Bonn analysis 
have been uaad. 

SL Parity Violation Measurement 
"the "in the a f 1232') legion 

In low energy (Q* « H* ) neutral current inter­
actions, tha parity violating contribution arises from 
tha intarferaaca between the one-photon exchange ann 
the neutral weak boson (Z*) exchange graphs. In elec­
tros scattering, tha interaction contains an iapscslar 
as well aa an isovector piece in both the vector (VI 
and axial vector (A ) coupling. The affective Lagral-
gian which describee tha parity non-conserving )PNC) 
part of the interaction for electron hadron scattering 
ia gives by 

rPHC 
L e f f 12 hvK#3 * *vW*$\ 

The a, ft o, f denote the respective coupling constants 
which have to be deterained axperiaentally. In the 

2M 

A 



Clashow-Balaa-Weinberg Modal (631) of e l ec troweak 
interaction, these coupling constants cam bo expressed 
in terns of a s i n g l e parameter, tha weak a i l i n g angle 
$ , By choosing appropriate kineaatical condition! for 
electron acattaring froa nuclaona and nuclear target* , 
one can determine tba c o u p l i n g e by a a e t of four 
l inearly independent aeaauraaanta. 

Tha SUC/Yale D(a,e')X sca t t er ing experiment", in 
conjunction with atoaic physics experiments , enabled 
a nodal independent deterainat ion of a, 7 . The Mains 
experiment aeaaure* a d i f f e r e n t coabinat ion of the 
four coupling constants and al lows the extract ion of a 
coabination of p and 0, using tha previoualy obtained 
resu l t s as an input. I t should, however, be noted that 
t h i s e x p e r i m e n t a e a s u r a s q u a s i e l s s t i c e l e c t r o n 
s c a t t e r i n g f roa Be r a t h e r than e l a a t i c e l e c t r o n 
nucleon acat ter ing . This f ac t could be of importance 
i f tha data ar* used for a de tera innt ion of tha weak 
angle . Tha Bates experiaaat , fh i ch haa recent ly 
becoaa operational, aiaply •assures 7. 

Froa t h i s brief surrey of e x i s t i n g aeaauraaenta i t 
i s obvious t h a t for a coaplate d e t e r a i a a t i o n of tha 
coupling constants additional aeaeureaente are needed. 
One should a lso atteapt to aeaaure a possible Q depen­
dence of these c o u p l i n g s . D e v i a t i o n s f r o a the GSW 
aodel aay occur a t the l e v e l of one percent . Eigh 
precision aeaauraaenta are therefore needed. 

Various arguments haTe been aade f o r aeseure ing 
p a r i t y v i o l a t i o n i n e l a s t i c s l a c t r o n - p r o t o n 
s c a t t e r i n g * . A p r e c i s s aeasureaent o f tha t-
exci tat ion aeeaa equally iaportant. f e summarise here 
soae arguments for aeasuring t h i s process. 

- Ail232) e x c i t a t i o n aeparatea the i sovector part 
(«. W-

- I t i s an a laos t pure magnetic reeonanea with a 
doainant aagnet ic dipole (M ) e x c i t a t i o n . The 
scalar coupling (S ) and the e l e c t r i c coupling 
dlt) are both small! 

- At low o" (<0.S GeV*) t h e nonresonant background 
i s a a a l l . I t s e f f a c t a on t h e PNC a s y a a e t r y 
ahould ba r e l i a b l y c a l c u l a b l e . l a order t o 
understand the PNC a f f e c t s of tha noareaonint 
part at the one percent leTel , aore precise e l t c -
troproduction data in d i f f eren t ieoapia channels 
s i l l presumably be needed as s e l l . 

- The as i ami try i s predicted t o be large in the 031 

^(lW)' 

and has a strong s e n s i t i v i t y t o s i n * * f . 

The factor F(Q ,B) in the aboTS formula ia c lose t o 
1 in the energy range of i n t e r e s t . Assuming a weak 
ang l e of s i n 9 . - 0 . 8 2 5 , ona o b t a i n s A , , , „ . . , » 

_ —A~± • 1111X11) -1.17x10"*,*. 

V. Conclusions 

Polarisation experiment* open up a large variety of 
p o s s i b i l i t i e s t o study electromagnetic propert ies of 
the nucleon and i t s excited s t a t e * with increased sen­
s i t i v i t y compared t o unpolarlsad aeaauraaenta. Tha 
numerical examples chosen assumed a i ex terna l t arge t 
s i t u a t i o n at CRBAF energies . Kost of the experiments 
can, of course , be done with gam t a r g e t s i n storage 
r i n g s , i f high enough l u m i n o s i t i e s can ba achieved. 
•High enough* t r a n s l a t e s as 210 en s e c ' f o r t h e 
aeasureaont of tha neutron e l e c t r i c f o r a f a c t o r and 
210 en sec for the proton e l e c t r i c form!actor. Tha 

nucleon resonance, program mould alao need luminos i t ies 
in exceee of 10* en" see" for a substant ia l improve-
aent of previous work, i f f u l l eo l id angle coverage i s 
provided. 

Precieion experiaenta for studying parity v io lat ion 
in e lectron sca t t er ing require measurements s i t h very 
high luminosity (L>10* caT'ae c" 1 ) and large acceptance 
d e t e c t o r s 3 1 ' . Because of the l u s i n o s i t y requ ire ­
ments, t b s s e axperiaenta w i l l have t o eaploy t h i c k 
targets ixi an external beam l i n e . 

Hucl. I n s t r . methods A244 (1088) 
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Abstract. A proposed monochromatic photon ueam 
produced by the tagging technique is described. The 
radiator ia a condensed molecular beam of argon 
(thickness 10~ 8 g/cra ) installed in a straight section 
of the Adone storage ring. The recoil electron counters 
arc placed in the magnetic fipld of the nnxt rfipnln 
ring. The tagging system defines 80 channels (each IX 
resolution) covering the photon energy range (0.4- 0.8 
E„. The total photon intensity is about 10 sec 

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 Btorage 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 contraction of 
high energy synchrotron and storage rings, there have 
been a renewed interest in this option and growing 
activity in the development of suitable targets. The 
target which gives the largest luminosity is a type of 
condensed noleculsr beam'1' which provides a flow of 
gaB at supersonic speed (hence the name of gas "jet" 
target) due to the expansion of gaa from a vessel at 
high pressure and low temperature into the vacuum 
through a nozzle of very small aperture (10+ 150yttm) 
and special geometry. The molecular jet flies forward 
a?.ong the axis of expansion and it is absorbed after 
having crossed the accelerator vacuum pipe. Only the 
core of the jet reaches the ultra-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 tarrjt 
proposed for Adone. The argon jet iB produced in the 
chanber 1 (installed on top of the Adone vacuum pipe) 
where the gas expansion take place. The injector is a 
converging-diverging nozzle with special trumpet-shaped 
end part. Then the jet moveB across the machine vacuum 
itipa to the sink system, installed below the storage 
ring. 

We have interposed three differential pumping 
stages (•s.ch equipped with a 360 1/sec turbo-pump) to 
separate both the expansion and the sink chambers from 
the vacuum pipe in order to minimize the pressure rise 

electron 

Fig, 1 ~ Side view of the argon jet target 
proposed for Adcrtet 1 gaB expansion chamber; 
2 collimators; 3 valves; 4 sink chamber. 

pumping syste.m (cwo 1000 1/sec turbo-pumpa) 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 OflO" torr. Two fast acting UHV valveB 
separate the production and sink chambers from the 
Ad>>ne vacuum pipe to easy the Jet on/off operations 
and to prevent the possible contamination of the ring 
in case of a large pressure buun due to breakdown of 
the target system, the operating conditions ars inlet 
pressure and temperature 6 bar and 150 °K respectively, 
nozzle throat diameter &7 j*m and semiaperture 3.5°. 
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Tagging .counters quadrupolee 
magnets 

(rj-beam 

dipole 

JET TARGET 

Fig. 2 - Schematic view of the tagging system 

the nozzle the collimator system aelects 5 10 "atom/a, 
which corresponds to a target thickness of ejicr' g/em2 

«J »1 era) on the psth of the electron beaa (that is a 
distance of «25 cm froa the nozzle). 

The circumference of the Adone ring is approxlaately 
105 m, so that a bunch of ultrarelativlatlc electrons 
takes about r 0= 3Slnsec to soke a round. The ring is 
divided into twelve identical lattice elements each 
consisting of a straight section, a bending magnet 
(dipole) and a couple of defocuaing-focuaing magnets 
(quadrupal.es). 

Electrons are injected into the storage ring at an 
energy of 300 HeV (a few-turn Injection will result in 
about 100 «A current circulating in the ring) and then 
accelerated to the desired energy by rising the asgnetlc 
field of the guiding magnets (this operation requires 
about 20 sec). The SI.4 MHz RF-cevity groups the 
circulating electrons into 18 bunches, each lnaec wide 
and 20naec apart. 

After the rise in energy the argon jet will be fired 
into the vacuum pipe and the electron beaa lifetime 
flo/fijx) cut down to about 130 sec (T0 is the 
revolution period,Gj the removal cross section and x the 
jet target thickness). Then the cycle la ended by 
lowering the field of the magnets to the injection value. 
The removal croas section involvea only that process of 
bremsstrshlung in which the energy loss placee the electron 
outside the acceptance band-width of the ring (£-0.01 %,, 
E<,being the machine energy). In fact the target thickness 
is so small that neither the multiple scattering nor the 
ionization losses contribute to the lifetime, being the 
RF-cavity able to compensate for both the growth in 
divergency and the mean energy losses. 

In fig. 2 is sketched a lay-out of the apparatus: 
the argon jet will be placed in a straight aection (2.58 
m long) between consecutive lattice elements and the 
recoil electron is bended by the dipole magnet and 
detected by a two-array scintillator counter hodoecope. 
This hodoscope will be placed between the ring vacuum 
pipe and the dipole magnet flux return Joke. The 
scintillators have different aizes to give the same 
photon energy resolution (= 1% at Eg* 1.5 GeV and =2.7% 

at Eo'500 MeV) over the whole tagging range. The complete 
tagging system defines 80 energy channels covering the 
photon energy range k • (0.4*0.8)E„. This implies an 
extensive array of tagger detectors covering a side 1 a 
long of the bending magnet pole. 

Since the determination of the photon energy relies 
on a coincidence between the tagging counters and the 
dstector for the photoejected psrticles, the tagging 
method it limited by the random coincidences. In the 
normal operating mode the facility produce sflO1 photons/ 
aec in the whole tagging range. To use the tigged photon 
beam at the maximum intensity it is foreseen the 
installation of a new 350 IHz RF-cavity which makes the 
beaa almost continuous in time (12S bunches 2.86 naec 
apart). 

To compensate for the relatively low Intensity of 
the tagged photon beam, the detection apparatus for 
photoejected particles has to cover a large solid angle 
and energy range simultaneously. In our caae this 
apparatus will be a 4 * BOX) crystal ball (whose design 
is presently going °n}> consisting of 300 + 400 crystals, 
each coupled to a photoaultiplier. A 20 cm bore along a 
diameter of the sphere will allow the pasaage of the 
beaa. 

A partial list of experiments which will be carried 
out with this- beam are: 
- measurement of the total hadronlc cross aection 

through both the transmission method and the uranium 
photofiasion; 

- deuteron photodisintegration; 
- pboto-exltation of nucleon resonances; 
- particle correlation and resonance propsgstion in 

nuclei. 
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SCATTESINO OF POLARIZED ELECTRONS TROM ORIENTED ROTATIONAL NUCLEI 
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ABSTRACT 

The interest of u»in« polmrired be*, and 
target to extract infornation on current 
distributions in rotational nuclei is pointed 
out. The differential cross section for 
elastic and inelastic scattering of 
longitudinally polarized electrons froa 
oriented nuclei is analysed in detail focusing 
on the cass of *>Ji (round state bands. 

1. Introduction 

The study of nuclesr ground state 
rotational bands by means of electron 
scattering experiments has been s subject of 
interest for many yeara. So far, a substantia] 
amount of experiaestal information is 
aval labile concerning longitudinal form factors 
for transitiona within the ground state band 
of aany deformed nuclei . However, little is 
known yet about the aore interesting 

2 tranaverse fora factors that carry the 
information on the nuclear current 
distribution, and hence, on the nature of the 
rotational aode. This is mainly due to the 
fact that in . rdinary electron scattering on 
deforaed nuclei (i.e., with uopolarited beam 
and target) the differential crocs section la 
dominated by the longitudinal fora factor and, 
therefore, t . . r t c u u , iniormation on 
tranaverse auitipoles is bard, specially at 
low q valuea. la this brief communication we 
wish to point out that the best way to obtain 
information on transverse auitipoles is to use 
oriented targets and, or polarized beaa and 
target. 

The differential cross section for 
scsttering of linearly polarized electrons 
froa an oriented nuclear target is given in 
first Born approximation b y 9 ' 4 

do* 4jr o,. 

da 
o(h: #' *•> (I)' 

where a^ and i'r are the standard Hott 
cross section and recoil factor, respectively, 
h is the incoaing electron helicity snd 
(#',*'' is the target polarization direction 
with respect to the direction of the aoaentua 
tranafer. The dependence on h and (*',*') in 
eq. (1) can be written as 

a(h; #', r'l = < V « , 1 # («',•• >+h ° p o J . t«'.*•') 
(2) 

where a is the uaual combination of o 
longitudinal and transverse fora factors 
occurring in ordinary electron scattering, and 
" a l > , °" p o l, «r e» respectively, the alignment 
and polarization cross section that depend on 
the target polarisation direction. While in 
ordinary scattering the different multipoles 
occurring in s given transition within the 
baud appear allways in the combination 5 

Vtl rLr * V T I F T ! 2 <3) 

with 

IM 2 = Z „ l F 

A-even>0 

CA.2 

= I 
A-odd IF' Mk ,2 • z \r 

»=even>2 
EA ,2 

(•»; 

o , and a , contain in general many 
different combinations of the longitudinal &nrf 
transverse aultipoles, some of which sre 
interference terms between coulomb and 
transverse multipoles. Each of these 
coabinationa can be aepareted by appropriate 
choictt of the target polarization direction, 
aa well as using the dependence on the target 

til 



orientation along a fixed polarization 
direction, on the electron helicity and on the 
scattering ancle. 

To sake thie presentation as ahort as 
possible only a specific case, that bears many 
interesting physical features, will be 
discussed in detail. This is the case of K=X 

3 5 7 bands with level sequence IMS. 3' 2' 2' '** l n 

this case aligaent of the target is not 
possible (ground state spin is I=K) and to get 
additional inforaation to that contained in 
a , experiaenta with polarized projectile and 
target have to be done. 

£J Application to K?K ground state bands 

As it is well known the level sequence 
of K=H bands depends on the value of the 
decoupling parameter a. For -Ka<l the spin 
sequence is I=H. 3/2, u/z, ... this is for 
instance the case of the ground state bands of 
2 9 S . , 1 8 3 « and 2 3 9 P u . Polarization 
considerations are greatly simplified for spin 
S targets and the discusion here will be 
restricted to this kind of K-K band*. When the 
target is prepared with its Magnetic substatea 
M=±K propulated with different probabilities, 
P(M), the polarization cross section for 
transition to any state within the band i* 

4 
given by 

V i . = a i { " i n •' C O i'' vii FJi, + c"*' vi Fi } (5) 

where <** = — < 1-2PCK=-Js)). V ^ , V£ are 

electron kinematic factara and F_,_, F T are the 
q-dependent fore factors that carry the 
infcreation on the nuclear atructure. F 
contains interference teraa betwen 
longitudinal (CA) and transverse (EA.MA) 

1 
TL 

aultipoles, while F* contains only trauaverae 
aultipoles. 

In ordinary scattering |FT( can be 
separated froa |F,| by the usual Rosenbluth 
sparetion aethod and usauslly scattering at 
180= is required. As said before, if 
|F_J <<(?.) it ia hard to extract inforaation 
on |F_| froa ordinary electron scattering. 

With polarized beaa and target the different 
teraa it o . can be eaai pol. 
for inatance one baa that 
terms in o . can be easily separated, aince 

F^t«r «Co(h;«'=5,*'=0) - o(h;»'=5,t'=a)) = 

= K(o(h;«'=g,*',=0; - <j(-h;»'=|,if'=o; 
l\K, * (oth.B'^o) - oi,h,»>=*)> = 

= K (o(h,s'=oj - o(-h,«'=on 

Restricting ourselves to elaatic and 
inelastic acattering to the two first excited 
states, the measurable tora factors 

lFLr ) 2 ' l fI T I2' FTl r • FT f
 t n » i V e n i n 

I f I f I f I f 

terms of the transition aultipoles F?* by the 
A 

following relations (where a = C,E,M.; the 
index I. is uaed to diatinguish transitions to 
different states in the band, and a convention 
ia used in which the F O A 's are real). 

For elaatic scattering (If=K)r 

iV" •"-*'"• W-W-'^ 
U J37Z ?£° FJ 1, T\ = -J3 | F T f (6) 

•SOT acattering to the first excited state 
!I f=3/2): 

I ' L , , / * l F3/ 2l 2-l Fr„J 2=l^ z| 2*|F^ 2| 2 

"3/2 3/2 

!FTL_ ._• **?* »S« U* '5« " '"«) 3/2 3/2 v v " *3/2 *3/2' <7> 

For acattering to the aecond excitea 
state <I f=5/2): 

I'l.^l'-l^al^l'T.^l'-l'.Jal^l'oval' 

F X L V 2 " F " 2 "Vn - *'* *l%> (8) 

|r*5/2
= ''^I'S^-I'-V**^?* Tl%> 



Then, for every transition, one has four 
seasurable fora factors to deteraine at aost 
three independent transition aultipoles. 
Furthermore, in the q-refioDS where transverse 
aultipoies are auch saaller than longitudinal 
one*, the coabined information on |F. | and 

Jf 
?i, can be used to extract inforaation on 

f 
the transverse aultipoie*. 

On the other hand, since the transition 
•ultipoles can be paraaetrized in terms of 
intrinsic aultipoies that are conaoo to ail 
the transition* ' (i.e., that are independent 
of inicltal and final spins), the inforaation 
on aultipoles corresponding* to different 
transitions can be coabined to extract 
inf'nraation on the intrinsic structure of the 
rotational band and on the nature of the 
rotational aode. For instance, the Ml 
aultipoles of the intrinsic sinfle particle 
( f ^ . f ^ ) and collective (f"lJ currents can 

4. 7 be obtained froa ' : 

'fs 1 - y 7f2K ) = i , J * <V^~ l / J T F3/2> C 9 ) 

Siailarly the E2 aultipoles of the 
intrinsic sinfle particle (.?oK) and collective 
(£„ ) currents can be obtained froa 

<ff - n/sjsnjz rf/2 + JS i$%) 

f H - urn iJ3 T\% - *JZ tB

3%) 
UO) 

Also, the C2 aultipole of tha intrinsic 
charfe distribution If ) is obtained, to 
lowest order in angular aoaentua, froa 

j F

c 2 l - jsn | F L ; ) / 2 I . jm \?H/i\ cm 

Note that relation (111 is characteristic 
of the K=S bands considered here, and provides 
the aost direct test of band Mixing effects in 
the charge distribution of rotational states, 
departures froa this relation in aeasured 
longitudinal fora factors would give a. direct 
aeasure of the above aentioned bend *i?tin£ 
effects. 
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