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Abstract 

A  preliminary  result  on  Bose-Einstein  correla- 
tions is reported  using  the PEP-4 Time  Projection 
Chamber facility. The  data,  from  scattering 14.5 
GeV  electrons  on  nuclei,  was  taken at the  Stanford 
Linear  Accelerator  Center  positron-electron (PEP ) 
storage  ring.  Bose-Einstein  (BE)  correlations  were 
measured  from  events  having  identified like-sign 
pion  pairs. The  particle  identification  and  tracking 
capability of the  Time  Projection  Chamber (TPC) 
was  used to  select like-sign  pion pair  events.  The 
resulting  correlation  function  for  the  data was fit- 
ted  to  a gaussian  form R(q)  = 1 + Xezp(-q202) 
where q is the  relative  four-momentum difference 
of the pions. The  fitted  value  to  the  chaoticity is 
X = 0.37 f 0.19 and Q = 1.37 f 0.41 fermi. This 

the  interest in  looking at exclusive  final  states  in in- 
elastic  electron  scattering.  Experiments at PEP can 
run at energies up   to  14.5 GeV, well into  the region 
of Bjorken  scaling. 

While  our  major  concern is with  the  data  from 
the  TPC-27  detector,  for  future  experiments, a sec- 
ond  important  topic is in  the  area of detector  design. 
The  general  feasibilty of any  proposed  detector fa- 
cility  must be addressed  first,  before a detailed  de- 
sign study  based on the  particulars of the  physics. 
The  advantage  the  nuclear  physics  community  has 
at PEP is tha t  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. 

result  agrees  with  that  from e+e- annihilation  data Our  Bose-Einstein  correlation  result,  which  uses 
taken  with  the TPC. all  the  major  components of the  TPC-27  facility, 

We  explain  the  operation of the   TPC  and   the  
analysis of the  data  used. The  feasiblity of similiar 
detectors  for  doing  high  energy  electron  scattering 
on  nuclei at PEP is  briefly  discussed. 

Introduction 
During  the  past  year we have  initiated a small 

program  to  study  the  feasibility of nuclear  physics 
experiments at the PEP colliding beam facility"' . 
As part of this LLNL study  small  amounts of deu- 
terium,  or  argon or xenon  gas  were  infused  into the 
PEP ring,  in  the  vicinity of the  TPC-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 

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 
elsewherelz-5' , along  with a good  summary of the 
PEP-9 or forward  spectrometer"' . 
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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  pions. 

The  forward  detector  system,  or PEP-9 , was 
design t o  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 ( ~ p / p ) ~  = (1.5%)2+(0.65%op)2 ( p i n  G e V ) .  

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. 1.1 Artist schematic view of the TPC-27 facility. One arm 
of the forward spectrometer is d o w n  here. 

The rms energy  resolution of the  calorime- 
ter  using 14.5 GeV  Bhabha  events  was UE = 
14%,/E ( E  in G e V ) .  

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 t h e   T P C  
The  central  detector of the  TPC-27  system is 

the  time  projection  chamber.  The  device is a large 
cylinder  two  meters  long  and  two  meters in diam- 
eter.  The  chamber is  filled with a gas  mixture of 
80% Argon  and 20% Methane  and  has  operated at 
8.5 atmospheres of pressure. 

The  volume is  divided  into  symmetric  halves  by 
a conducting  mesh  membrane  which is held at - 
75 Kilovolts  with  the  endplanes at ground  voItage. 
A series of conductive  rings at the  inner  and  outer 
radii of the  chamber  are  the  components of the  high- 
voltage field cages  which  produce a very  uniform 
axial  electric  drift  field,  while a solenoidal  magnet 
introduces a four  kilogauss  uniform  magnetic field 
in the  same  direction.  The  ends of the  cylindrical 
volume,  the endcaps, are  the  detection  planes  for 
the TPC. 
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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 O.Olo/o in the  resulting  electric  field. 

As pictured  in  Figure ( 2 )  each  endcap is phys- 
ically  divided  into  six  identical  multiwire  propor- 
tional  chambers,  the  sectors.  Each  sector  reads 
out  information  on a wedge of space  formed  by  its 
boundaries  in r and 4 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 pairs  per 
‘4mm of track  are  produced.  The  ionization elec- 
trons will  drift  in  the  direction of the  electric field 
to  the  endplane  detectors.  The  endplanes  simulta- 
neously do  both  the  spatial  tracking  and  energy loss 
measurement. 

A sector  detects  incoming  drift  electrons  with a 
set of 185 twenty  micron  diameter  gold  plated  tung- 
sten  sense  wires (of which 183 are  read  out).  These 
are  alternating  with 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 95.2cm from  the  interaction  point.  Each 
row  is segmented  into 7.5mm squares,  called pads. 
These will  see an  induced  signal  from  the  sense 
wires. Figure ( 3 )  illustrates  the  layout of the wires 
and  pads.  An  additional  shielding  plane of wires 
7.5mm above  the  cathode  plane is held at ground 
voltage. 

Arriving  clusters of ionization  in the neighbor- 
hood of a wire  will  undergo  charge  avalanching 
which in  turn  induces a signal  on  some of the  pads 
directly  under  the  particular  wire.  Signal  gains  are 
typically lo3 with  sense  wire  voltages of 3.4kV and 
field wire  voltages of +700 volts. 

From  the  pads  two  coordinates, xy (in the 
sector  frame), of tracking  information  are  deter- 
mined. The  zy coordinates  come  from  the cen- 
ter of a parabolic fit to  the  pads  having  signals. 
A  third  coordinate  along  the  beam  axis, 2, is de- 

~~ ~~ 

Fig. 1.2 (a)  Schematic of the TPC volume. (b) View of one 

TPC endcap  showing  the axtom and the  dE/& wires. 
The  magnetic  bending and electric drift fields are par- 

allel (into the page). 

termined by  measuring  the  time  it  takes  for  the 
electrons  to  drift  to a sense  wire.  Knowing  this 
time  and  the  constant  drift velocity of the elec- 
trons in the uniform  electric field in the gas  mix 
allows us t o  project back  in Z t o  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, 
d E / d x  , is a well-defined function of a particle’s ve- 
locity,  given by the  Bethe-Heitler  relation‘” 

J 
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Fig. 1.3 Detail of the  TPC endcap  wire/pad  geometry Show- 
ing  placement of the  cathode  pads and the  centrd wire 
over the  pad  rows.  Pictured is one particle  trajectory 
and its projection  onto  the  pad  plane. 

where 
me is the  mass of the electron 
I is the  effective  ionization  potential  for  the 
material 
q is the  electron  density of the  material 

w is the  plasma  frequency of the  material. 
For a < d E / d z  > 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  mean for  65% of the  sam- 
ple  having  the  smallest  energy loss. Figure (4) shows 
the  experimental  energy loss curves as a function of 
momentum.  The  minimum of the  curve is called 
minimum  ionizing  (and  the  momentum  around  this 
point  the  minimum ionizing  region).  Seen are  the 
different mass  bands  corresponding  to  electrons, pi- 
ons (and  muons),  kaons  and  protons  along  with  am- 
biguous crossover regions  between  particle  types. 
Pion  and  muon  bands  were  not  resolvable  due t o  

’ the  momentum  resolution  obtained  and  their  small 
(33.9 MeV)  mass difference. The high and low mo- 
mentum  regions  with  respect  to  minimum ioniz- 
ing  are  referred  to as the one-over-beta-square and 
relativistic-rise  regions  respectively. 

To  quantify  the  probability of identifying a spe- 
cific particle  type, a dE/dx x’ is defined. For a 
measured  track  momentum Pz the x$ is the  distance 
squared  between  the  measured  dE/dx  point  and  the 
theoretical  curve  for  the x particle  type.  The lowest 
x$ determines  the  identification of the  particle. 

Since TPC particle  identification is dependent 
on conditions  in  the  device  that  are  time  dependent 
(for example  the  Argon-Methane  gas  pressure) cal- 
ibration  plays  an  important  part  in  the  detector’s 
performance.  To  calibrate  the  sectors,  before  final 
assembly a complete  gain  map of each  was  done. 
Later,  run-time  three  point  calibrations  are used t o  
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 Fe55 sources.  These  were 
located  underneath  the  endplanes  and  switchable, 
irradiating  the  wires  through holes  drilled  in the 
endplanes. 

I 
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Fig. 1.4 Plot of energy loss (dE/dxj va. momentum for our 

data  sample.  Energy loss curved showing  the prw- 
ence of electrons,  pions, kaons and protons are seen. 

First  Test  Run 
Our  first  test of the gas-bleed system  was  done  in 

March 1986. This was a live test of gas  injection at 
PEP with  beams  and  all  detectors  on.  The  first seg- 
ment of the  test was a 24 hour  run  with D2, raising 
the  pressure in the PEP beamline  in the neighbor- 
hood of the  TPC  f rom lo-’ 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 

\ 
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raised  to  (2.0) - (5.0)10-8 torr. I 

To  trigger  the  detector  during  this  test we re- 
quired  the following.  An  identified  electron tag in 
the forward  spectrometer  along  with a track in the 
IDC  and a set of ionization  clusters  or ripple in the 
TPC forming a track.  Lacking a charged  track  trig- 
ger  in  the T P C  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 8ec-'. 

We  collected  approximately 30 tapes of raw da ta  
for further  analysis  or  around lo5 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  filter  out  internal  target  (nuclear) 
physics  from  the  efe-  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 > 
Zvertez > 6.0 cm. 

3. The  tracks in the event  had  to  cluster  around 
the  event  vertex.  This filtered out  events  that 
triggered  the  detector  but  had a second in- 
teraction  occur  shortly  afterwards  (during  the 
TPC  detector  sensitivity  time),  where  both 
were  readout  and  written  to  tape as a single 
event. 

4. Any  event  was  also  kept  even if Zvertez was 
inside the offsets  when there  were  protons 
present  in  the  event.  These  cuts  left  us  with 
around (3.0)104 events  for  scanning  and  full 
analysis  from  the  test  run. 

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.  This  sampler  included  exam- 
ples of quasielastic  scattering, A production, asso- 
ciated  strangeness  production,  deep-inelastic  scat- 
tering  and a unique  example of massive  target  frag- 
mentation  from a Xenon  nucleus. 

, 

Fig. 1.5 Example of an event an seen by the PEP-4 system. 
In this cue ,  possible target fragmentation  of an elec- 
tron  on a Xenon nucleus. 

Figure ( 5 )  shows an end-on  and  radial  view of 
the high  multiplicity  xenon  target  fragmentation 
event.  Figure (6) shows a plot of DeDx  vs.  momen- 
tum  for  the  same  event.  In  this figure  each track 
is labeled  by  its  track  number  and  enclosed  by a 
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  (ie.  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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Fig. 1.6 The  dE/dx VI. Log(p)  plot for the  ParticJ- in the 
above Xenon  event.  Along wit6 numerous  protons, 
four  deuterons are men. 

nihilations  and  hadronic . The  general 
ideas as applied to  particle  physics  are  an  outgrowth 
of the  formulation by  Hanbury-Brown  and  Twiss 
(HBT) in radio  astronomy.  In  high  energy  particle 
physics  the  acronym GGLP (Goldhaber-Goldhaber- 
Lee-Pais) is used t o  reference  this  correlation  phe- 
nomena,  along  with  the  terms  intensity  interferom- 
etry  or  second-order  interferometry. 

B E  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(p1, p 2 )  is defined: 

R ( P l , P 2 )  = P ( P l , P 2 ) / P o ( P l , P 2 )  

where p1 and p 2  are  the pion  four  momenta  and 
p, po are  the pion  densitiess  for a correlated  and 
uncorrelated  (no BE statistics)  sample  respectively. 
The  parameter q = p1 - p2 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 T and  have a gaus- 
sian  distribution  in  space S(F) cx ezp(-r2/2a2) 
then R(G) = 1 + ezp(-ij22a2)/[1 + ( Q ~ T ) ~ ] .  Here 
G = f i1  - fi2 GeV/c is the pion three  momenta dif- 
ference  and qo = !El - E21 GeV.  In  our  analysis  an 
exponential  form  R(Q2) = 1 + Xezp(-Q202)  where 

Q2 = d x  GeV  was  used. 
Analysis  Procedure 

For our study  the  higher  statistics  sample of 
beam-residual  gas  events  was  used. We required 
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Fig. 1.7 The  pion  density p(p1,prr) as a function of Q2 GeV. 
The top  plot is for tbe correlated  sample, the bottom 
for the  uncorrelated  sample. 

events  having at least  two like-sign  pions identified 
in the TPC. A minimum  momentum of 150 MeV/c 
was required,  the cutoff  for  pions to  track  into  the 
TPC volume.  This  helped  filter  out low momenta 
conversion  pairs  where  an  electron was  misidentified 
as a pion. The  sample  thus  obtained was  scanned 
for  failures  in the  track  pattern  recognition  progam. 
Any bad events  where,  for  example, a single  track 
was  divided  into  two  (hence  forming a pair of tracks 
having  very  small  relative  momenta  and  introducing 
a bias  into  our  results)  are  rejected.  Figure (7) is a 
Plot of P ( F 1 , P Z ) .  

For p o ( j j l ,  j j 2 )  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(g) 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 X = 
0.37 f 0.19 and o2 = 1.37 f 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 = Ijjl +j jz l  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. 
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Fig. 1.8 The  fitted two-pion  correlation function.  The fitted 
data  shows an enhancement  at  small  relative  four-momenta. 
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Summary 
We have briefly presented a preliminary  result 

3f 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 t he   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 corn- 
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. 

I 
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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 ' r ) .  Issues  and  open 
questions  particular  to  internal  target work are dis- 
cussed. 

Introduction 

Most of the 'Work' of this  Workshop  has con- 
cerned  identifying  the  unique  physics  potential of 
the  MIT-Bates  stretcher-storage  ring  and  the PEP 
storage  ring for  nuclear  physics,  and  rightly so. Nev- 
ertheless,  the  experimental  conditions  and  beam  pa- 
rameters  are sufficiently  unlike  those of fixed target 
operation  that it is worthwhile  giving  some  prelim- 
inary  thought  to  the  hardware - targetry  and de- 
tectors - in order  to realistically  constrain  physics 
proposals  being  developed  for  these  facilities. 

Presented  here is a conceptual  design of a small 
angle,  large  acceptance  forward  spectrometer  for 
PEP. It is intended as a multiparticle  spectrometer, 
which  would  record both  the  inelastically  scattered 
electron,  and  resulting  hadrons  within 20' - 25'  of 
the  beam  axis. As is, i t  is may  be  most  suited 
for,  among  others: (i) inclusive  electron  scatter- 
ing (e.g. from  polarized  targets); (ii) semi-exclusive 
measurements  in  hadronization  studies  (where  the 
inelastically  scattered  electron  and  one  or  more 
hadrons  normally  will  be  detected);  and (iii) vec- 
tor  meson  production, e.g. (e,e'QS), 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 27  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 i t  will be  described in detail 
in  the  paper of J. Molitoris"] . However, the ques- 
tion of luminosity  monitoring will be  addressed,  and 
a proposal  to  use  Moller  electrons  (analogously t o  
Bhabha  scattering in e+e- physics) will be  put for- 
ward. 

The  Interaction  Region 

A likely  location  for  nuclear  physics at PEP (at 
least  initially) will be IR-8, shown  in  Figure 1. Four 
of six of the PEP interaction regions are  nearly iden- 
tical,  and  alternative  siting would  not  change  any 
important  details.  The  beam  line is 4 meters off the 
floor, and  is 5.7  m and 9.9  m  from the  outer  shield- 
ing  wall  and  inner  wall  respectively.  The  distance 
from  the e* interaction  point  to  the  first  quadrupole 
magnet  in  either  direction is approximately 6.4 m. 
The  house  for  electronics  and  computer  have  been 
added  to  the figure. There is one  interesting  feature 
to  be  commented  on  in IR-8, which  is the  proton 
alcove  downstream of the IR in the electron-going 
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Fig. 1 Top view  of PEP Interaction  Region 8. The  electron  direction is from top to bottom in the 
figure. 

direction.  This  feature  was  added  to  the  design  for 
PEP when it was  anticipated  that it might  become 
an e p  collider at some  later  date.  Such  an  alcove 
would  permit  detectors at very  small  angles,  should 
that  be  desirable  in  the  future. 

For  fixed  target  physics,  the  gas  target  need  not 
be  located at the e* interaction  point,  and  in  any 
case the  electron  and  positron  beams will be sep- 
arated  everywhere  except at IR-2 (this  separation 
being M 1 c m ) .  Figure 2 shows  the loa,,,, beam 
envelope  and  the  horizontal  and  vertical  ‘beam  stay 
clear’ (z 10a + 1 cm). Since it is anticipated  that 
the  gas  jet  target will be  directed  vertically, it is 
seen that  even at I = 4m, a jet of radius 0.5 - 1 cm 
will handily  intercept  the whole beam. U 

The  PEP-9 27 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- 
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Fig. 2 PEP beam pro6le for non-interacting IR’s during  high- 
luminosity  era. Not final. 
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photon  physics.  Here  the  electron  and  positron  do 
not  annihilate,  but  rather  each  radiates a virtual 
photon  which  fuse to  produce a hadronic or lep- 
tonic  final  state  with  the  quantum  numbers of two 
photons. It was the low-angle spectrometer  system 
which  made  the  TPC-27  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-27  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; (iii) at least  moderate  momentum resolu- 
tion (5  and (iv) good  particle  identification 
(e, T, K ,  p ,  d)  up  to  5 GeV. Of particular  importance 
is excellent T - e 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 beam axis of existing PEP-9 Septum Mag- 
net. Magnetic field lines 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. T h e  coils around  the  vertical yoke are 
wound  with  the  sense  such  that flux  lines  emerge 
from  the  septum  or ‘nose’ of the  magnet  and  are 
directed  upwards in the  top half and  downwards  in 
the lower  half. The  resulting field at the  beam  axis 
is zero as required;  an  air-core  quadrupole  cancels 
out  higher  multipoles  to a large  degree. An unfortu- 
nate  characteristic of the  magnets at present is that  
the Bdl = 1.8 kG - m only. The reason  for  this 
is twofold: (i) half of the  amp-turns  are  outside of 
the  vertical  yoke  and  cause flux  loss to  the  exterior 
region; and (ii) saturation of the  iron,  particularly 
in the nose. Our  intention is to  use the  magnets 
back-to-back, but  additionally  to  consider modifica- 
tions  that will increase  the  magnetic field strength. 
A study  has  been  made  using  the  two-dimensional 
code  POISSON of various  options  involving  addi- 
tion of iron,  and  rewinding  the coil. (Obviously as 
the coil  will be  rewound,  the  two yokes  will be  first 
joined  before  the  mounting of the coil.) Figure  5 
top  shows  the field lines  for the  magnet as is,  where 
the  maximum field strength is 4.9 kG. Figure  5 bot- 
tom shows the  proposed  modification.  The  equiva- 
lent  number of amp-turns (762,000)  is now wound 
around  the  nose,  rather  than  the  vertical yoke. The  
nose  itself has  been  made  wider,  and  the  vertical  and 
horizontal  yoke-pieces  have  been  moved  outwards t o  
preserve  the  active  area of the  spectrometer.  The re- 
sulting  maximum  magnetic field is predicted  to  be 
7.6 kG, and  the  average s Bdl M 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 &So 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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SeDtum  magnet as is 

Modified 

y = 22. 

x = o  x = 22.5" 
Fig. 5 Quadrant Beld map for the  present  configuration of the  septum  magnet  (top), 

and a  possible  modification  (bottom). In the  modified  case,  the coil return 
is made around the  magnet  nose. From 2-d  code  POISSON. 

I I I I I I 1 "t  nose 

x, y (inches) 

Fig. 6 Profiles of vertical  magnetic  6eld  component (By), 
vs. z,y. Cuts refer to dashed, and heavy  solid linea 
in Figure 5. 

wire  per  cell,  there is a double  sense  wire  spaced by 
250 p. 

The  sense  and  cathode  wires  for DC2-5 are 
38 p and 250 p respectively,  and  the  gas  mixture 
is Ar - COz (16.4%) at one  atmosphere.  Windows 
for DC2-5 are aluminized  mylar 25 p thick.  The 
typical  resolution is n = 125 p. The  most  compre- 
hensive  document  on  the PEP-9 drift  cells is that  of 
White"] . 
T h e   T O F  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 crn 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 (x 14 crnlnsec) .  The  resulting  time resolu- 
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Fraction stereo views of f20.5" and 90" respectively.  Chan- 
surviving nels  emerging on any  side of the  calorimeter  with 

the  readout; a lightguide  containing a wavelength 
1 shifter is mounted  above  the  common  ends  with a 

guide.  The  resolution  for  the  full  scale  detector 

0.5 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 

are  ganged  together  in 

n 
0 small  airgap  and a single PMT reads  out  each  light- 

E ! (2.44m x 4.88m) was 12%/,/E, and  position  res- ' 

difficulty  would  obviously  have to  be  countenanced 

0 1000 2000 3000 
Momentum (MeV/c) ! The  area  where  least  progress  has  been  made is 

l the  issue of Cherenkov  detector(s).  Cherekov  detec- 
tors  are  possibly  required  for  two  purposes: to im- 
prove  the r / e  separation,  and  second,  to  improve  the 

tion is found to   be u = 0.47 nsec for  horizontal  or K / T  separation.  For  the  former  case,  the  solution 

average is taken  between a coincident  horizontal  and spheric or sub-atmospheric pressure can be  made 
vertical  strip. handily  with a range of gases to  choose  any  thresh- 

The  particle  identification  by  TOF  that  can  be  old  momentum p r  desired.  The  only  complication 
expected  with  this  hodoscope  in  the  spectrometer is the  very  non-paraxial  trajectories at the  back  end 
proposed is shown  in  Figure 7. (Note  that  the TOF of the  spectrometer  that will result  when  the  sep- 
wall  in Figure 1 is actually at 6  m rather  than at tum  magnet is upgraded.  The  issue of K/r sepa- 
8 m for  which  this  calculation was performed.)  Also  ration  (indistinguishable  above 1.5 G e V / c  by  time- 
included  in  the  figure  are  the  fraction of r, K sur-  of-flight  alone) is more  difficult.  A  combination of 
viving  decay  in  flight  for an 8 m flight path. a heavy  gas  Cerenkov (i.e. neopentane)  and  silica- 

one intact TOF wall and  electronics have been  aerogel is certainly  an  option.  Concerning  aerogel, 
designated for future use in  the  nuclear  physics  in-  its  range of index of refraction  in  manufacture is 

for use as a fast cosmic ray trigger for the  any  commercial  vendors at present.  For n = 1.02, 
TPC.  When it has  completed  its  function  there, its p r  = 0.71 G e V / c ,  whereas p: = 2.5 G e V / c .  
use as lateral  extensions  to  the  downstream  detector  A  ring  imaging  Cerenkov  detector is also  under \ 

package  could be negogiated.  study  for  particle  identification,  motivated  by  the 
The  Calorimeter  design of Fermilab  experiment E-665. 

Fig. 7 Time-of-Flight for x ,  K, p vs momentum  left  ordinate; 
T ,  K fraction surviving  right  ordinate. 

vertical  strips  alone,  and = 0.30 nsec where  the is straightforward.  A  threshold  detector  with  atmo- 

teraction  region,  the  other  TOF wall  was cut  in  half  limited  to 1-02 5 n 5 1.1, and we are  not aware Of 

The  calorimeter is a critical  component of the 
detector  package as clean  electron  identification  de- Rates 
pends  heavily on it.  A  suitable  candidate  appears 
to   be   the  novel  lead-liquid  scintillator  design of the In designing a large  solid  angle  forward  spec- 
Santa  Barbara  group  used at FNAL"' , Their  detec- trometer,  the  inclusive  rates  must  be  well  under- 

tor  consisted of 60 layers,  each 1/3Xo thick.  Each stood  in  order  to  select  the  appropriate  instrumen- 
layer  was  made of an A1-Pb-A1 laminate,  plus a rect- tation  with  the  requisite  granularity so the  sytem 

angularly  corrugated  teflon-coated  aluminum  sheet. will  not  be  overwhelmed.  Furthermore, it must  be 

The  corrugations  space  the  layers  from  one  another, considered  whether it will be  possible to  trigger  on 

and  are filled with  liquid  scintillator.  Light  emitted all  of  the  categories of events of interest  while  min- 

from  the  scintillator is thus confined to  a strip of imizing  useless  triggers. 

3.17 c m  width  and is transmitted  in  either  direction  Rates  have  been  estimated  assuming a D2 tar- 
to  its  end.  The  layers  are  arranged  to give u, v, y get, a luminosity L= and  an  effective  coverage 

Performance of the  System 
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in  polar  angle  for  the  spectrometer of  4' 5 8 5 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 
y-scaling  for the  quasielastic  part.  This  yields 
40 H z  (400 Hz), the  factor of 10 increase  in  going 
down  in  energy  being  due t o  quasielastic  scattering. 

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 6 p / p  = [(2.5 X lov5) + 10-6p2]'/2  (see Figure 
8). This  resolution is predicated  upon  an  average 

Bdl = 10 kG - rn, 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 
u = 150 pm. (It is easy  to  see  that only the  inner 

Inclusive  Hadron  Rate two  drift  chamber  planes  contribute to  the  momen- 
Useful  parameterizations of inclusive hadron tum  uncertainty,  and  not  the  outer two.) It is a gen- 

production at high  energies  are  almost  non-existent. eral  property of non-focussing spectrometers  that 
Based  on  the  data of Boyarski[*]  using a 0.3 radia- their  low-momentum  resolution is limited  by  mul- 
tion  length  Be  target at 18 GeV, the  hadron singles tiple  scattering,  and it is  difficult to  achieve  much 
rates  should  be less than 40 k H z .  better  than 5 x 

Moller  Electrons 
The  Moller  electron  spectrum  diverges  with in- p (e, e' n) acceptance map 14.5 GeV 

creasing  lab  angle  out  to  the  maximum  angle of goo, 
but  the  electron  energy falls  rapidly.  (Wide  angle 
electrons  in  the  lab  frame  correspond  to  'grazing' 
collisions  in the center-of-mass  frame.)  Within the 
spectrometer's  angular  acceptance,  the total Moller 
rate is 6 x lo7 H z  (1.7 x lo7 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 lo5 H z  (2.3 X lo5 H z ) .  
Resolution 

(GeV/c)* 

The  momentum  resolution of the  spectrometer Fig. 9 Acceptance  map for the  reaction p(e, c'r)n at 14.5 CeV.  
is limited  by  multiple  scattering of particles  in  the The angular distribution for the  pions was taken 

drift  chambers  and  the  air,  the finite  position res- to  be ,(lot). 

olution of the  drift  chambers,  and  the  uncertainty 
'Acceptance 

15- (B) = 5 kG 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 e,,, = 1 8 O .  The  ac- 

- ceptance  surface  for  detecting  both  the  electron  and 
pion  in the  reaction p ( e ,  e'lr)n at 14.5  GeV  as a func- 
tion of z, Q2 has  been  calculated  by  Monte  Carlo, 
and is shown  in  Figure 9. (The  angular  distribution 
of the pion  about  the  momentum  transfer  vector q 

.- ~~ ~. was  taken to be e"', where t = ( ~ * - q ) ~  in the  usual 

13 ( x ~ ~ - 3 )  1 
P 

0 5 10 15 
p (GeVlc) 

Fig. 8 Estimated  resolution of the  septum  spectrometer, 
not  including effect of field inhomogeneity. 
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way). The  acceptance is  significant throughout z, 
and  for  all but the lowest Q2. The  corresponding 
map  for  quasielastic  scattering  from  nucleons  would 
be  much  worse,  as  the  heavy  mass of the nucleon 
implies a large  momentum  transfer  angle,  typically 
50° or so. The  dead solid  angle that  the  vertical 
yoke  represents is one of the  most  unsavory  aspects 
of a spectrometer  built  around a septum  magnet. 

Data Acquisition 

The  total  number of channels of data the spec- j 

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 t o  a total of 100-250 per  event  typically.)  The 
collaboration  forming  about  such  an  interaction re- 
gion  for PEP (American / ANL / CalTech / LLNL 
/ Massachusetts / R P I  / SLAC / Virginia / Wash- 
ington) has defined as a necessity a da ta  acquisi- 

The  former  should  be  achievable  within  conventional 
I tion  rate of 30 H z ,  and a realistic  goal of 100 H z .  
, 

I 

VAX-based systems,  the  latter would require  either 
multiple  tape  drives or the new WORM technology 
combined  with a multiple  processor  system  for  data I 
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- 1 

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,  DC’s, etc.. The  analog of Bhabha 
scattering  for fixed target  experiments, Moller scat- 
tering  from  atomic  electrons in the  gas  target,  holds 
out  hope  for  luminosity  monitoring.  Figure 10 (a) 
and  (b)  shows  that while the  cross  section  rises 
steeply  for  larger  angles,  the  energy  drops  precip 
itously;  particles  emitted at angles  less  than 5O 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 NaI 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 e p  
elastic  scattering  pairs  throughout  the  acceptance of 
the  spectrometer. 

0 5 10 15 20 

elab (degrees) 

Fig. 10 (a) Energy of MolJer electrons vs. angle; (b) Differen- 
tial cross section of Moller electrons vs. angle. 
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Abst rac t  

C? lcu la t ions   fo r   the   e l5c t roproduc t ion   reac t ions  
p(e,e K)Y ( Y = A , c )  and  d(e,e K)YN a r e   r e p o r t e d   t o  mti- 
v a t e   f u t u r e   e x p e r i m e n t s   u s i n g   d i f f e r e n t   f a c i l i t i e s   a t  
SLAC. Study of   the8elementary  product ion  processes 
p(e,e 'KIA and p(  e,e K)I will p r o v i d e   i m p o r t a n t   i n f o r -  
mation  about KNY coupling  constants,  the  kaon  form  fac- 
t o r ,  and poss ib le   d i f f e rences  between Quantum 
Hadrodynamic  and Chromodynamic fo rmula t ions .   Inc lus ive  
measurements f o r  d(e,e8K)YN will permi t   un ique  inves t i -  
g a t i o n s   o f  YN i n t e r a c t i o n s  as w e l l  as a sea rch   f o r  
strange  dibaryons  which  are  predicted  to  occur  at  
energies  near  the IN threshold.  

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

As evidenced by the  Nuclear  Physics  at S A C  (WAS) 
and  Continuous  Electron Beam A c c e l e r a t o r   F a c i l i t y  
(CEBAF) p ro jec ts ,  as w e l l  as severa l   o ther  GeV e lec t ron  
acce le ra to rs  under  development o u t s i d e   o f   t h e  U.S., 
i n t e r e s t  i n  high  energy  e lectro-nuclear  physics is 
c l e a r l y  expanding. Much o f   t h i s   i n t e r e s t   i s   m o t i v a t e d  
by the  growing awareness t h a t  a complete  understanding 
o f   the   photon  s electromagnet ic co:pling to  hadrons 
provides an unique,   theoret ica l ly   c lean"   handle  for  
s t u d y i n g   i n d i v i d u a l  and composite  hadron  structure and 
hadron ic   i n te rac t i ons .   I nves t i ga t i ng  kaon e lec t ro -  
magnet ic  product ion i s  perhaps  the most appropr ia te  
example o f   t h i s   ph i l osophy   s ince   t he  K+ meson has  the 
s imp les t   hadron ic   reac t ion  mechaniqm. Further,  photo, 
(y,K), and electroproduct ion,  (e,e K ) ,  s tud ies  
d i r e c t l y  address  several  fundamental  issues i n  both  
nuc lear  and pa r t i c l e   phys i cs .  These i ssues  are 
d e t a i l e d   i n   t h e   n e x t  two sections  which  describe  kaon 
product ion  f rom  the  proton and deuteron,  respect ively.  

Product ion From The Proton 

Un fo r tuna te l y ,   t he   quan t i t y   o f   da ta   f o r   t he   e le -  

mentary r e a c t i o n   i s   n o t   s i g n i f i c a n t l y   g r e a t e r   t h a n  i t  
was twenty  years ago. The q u a l i t y  o f  ex i s t i ng   da ta  
a l s o  needs  improvement as cross  sect ions  are  on ly  
accurate  to   about  10% and po la r i za t i ons   a re   on l y   de te r -  
mined t o  within 25 t o  50%. Addi t iona l ,  more accurate, 
measurements will prov ide  new in fo rma t ion  and i n s i g h t  
into:   the  fundamental   product ion mechanism! the  quark 
s t r u c t u r e  o f  t h e   p a r t i c i p a t i n g  hadrons  ( i .e .   s ta t ic  
p roper t ies ,   fo rm  fac to rs ,   e tc . ) !   tes ts   o f   var ious  SU(N) 
symmetry p red ic t i ons   i nc lud ing   t he   use fu lness   o f  kaon 
PCAC! the   vec tor  meson hypothesis!   and  the  important 
i s s u e   o f   d i s t i n g u i s h i n g  between t h e o r e t i c a l   f o r -  
mulations  based  on Quantum Hadrodynamics (Q-ID, on ly  
baryons and  mesons)  and Quantum Chromodynamics (QCD, 
e x p l i c i t   c o l o r  degrees o f  freedom). 

d u c t i o n   c a l c u l a t i o n   f o r   t h e   v i r t u a l   p h o t o p r o d u c t i o n  
process p(yv, K ) A .  Complete d e t a i l s   o f   t h e   c a l c u l a t i o n  
a re   g i ven  i n  r e f .  1. As ind i ca ted  i n  the   f igure ,   the  
d i f ferent   curves  correspond  to   var ious  combinat ions  o f  
coup l ing   cons tan ts   ( labe led   se t  I and 11, obtained from 
a phenomenological  photoproduction  analysis ) and  kaon 
fo rm  fac to rs .   Not ice   tha t   se t  I coupl ing  constants  
p rov ide  a b e t t e r   d e s c r i p t i o n   o f   t h e  Kh product ion  data 
( a s t e r i s t s  denotes  exper imental   points 1. Enigmat ical1 
however, se t  I1 coupl ing  constants   are  favored  for  KC 
product ion  which i s  shown i n  F igure  2 .  It should  be 
s t ressed   tha t   f l avo r  s U ( 3 )  symmetry was assumed i n  
t ransforming  the  coupl ing  constants   f rom A t o  z 0  pro- 
duct ion.   Using  vector dominance, the  kaon  form  factor 
i s  represented by a simple monopole term, (I - 
Q**2 /W*2) ,  where M i s  the  mass o f   t h e   v e c t o r  meson 
mediat ing  the  process. A de ta i l ed   examina t ion   o f   bo th  
f igures  suggests   that   the phi meson ( M  = 1.02 GeV) 
generated  form  factor  provides a s l i g h t l y   b e t t e r  
d e s c r i p t i o n   o f   t h e   o v e r a l l   d a t a   t h a n   t h e   r h o   w h i c h   i s  
more approp r ia te   f o r  TI e lec t roproduc t ion  ( t h i s  conclu- 
s i o n  appeared much more dramatic i n  r e f .  1, however, 
t h e   f i r s t   f i g u r e  i n  t h a t  work contained  an error which 
i s  cor rec ted  i n   t h i s  paper). The d o t t e d   l i n e  i n  both 
f i gu res   rep resen ts   t he   resu l t   us ing  a kaon  form  factor 
computed within the  quark  model . This  form  factor 

F igu re  1 shows  a recent ly   publ ished '   e lect ropro-  
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seems t o  over  predict   the  cross  sect ions  but when  com- 
b ined with the  rho meson p r e d i c t i o n  does prov ide   use fu l  
lower and  upper theore t ica l   c ross   sec t ion  bounds. 
Because t h e   c u r r e n t   u n c e r t a i n t y   i n   t h e   d a t a   ( e r r o r   b a r s  
are shown i n   r e f .  1) prec ludes  ext ract ing more d e t a i l e d  
fo rm  fac to r   i n fo rma t ion ,   mre   exac t i ng   t heo re t i ca l  
const ra ins will have t o   a w a i t   f u t u r e   p r e c i s i o n  measure- 
ments. 

minat ion  o f   coupl ing  constants ,  i t  i s   a l s o  o f  i n t e r e s t  
to   unders tand  the   rap id  Q**2 f a l l   o f f   o f  1' product ion 
r e l a t i v e  t o  A product ion.  Arguments  have  been g iven 
which r e l a t e   t h e  Z/A r a t i o  decrease to  the  decrease  of 
t he   neu t ron   t o   p ro ton   s t ruc tu re   f unc t i on   ra t i o   wh ich  
approaches .25 as the   B jo rken  sca l ing   var iab le  
approaches 1. The i m p l i c a t i o n   i s   t h a t   t h e  u and  d 
quarks  predominant ly  couple  to  isospin 0 which, with 
t h e   a d d i t i o n   o f  an i sosp in  D s quark,  favors A f o r -  
mat ion  over  the  isospin 1 z production.  Another 
r e l a t e d  and important  study i s  the h igh  @*2 behavior 
o f  kaon electroproduct ion.   According  to M D  the 
l ead ing  diagrams invo lve  kaon  exchange ( t  channel)  and 
the  cross  sect ion  should  scale l i ke  the kaon fo rm fac- 
t o r  squared (P**-4 dependence). T h i s   p r e d i c t i o n   i s  
comple te ly   d i f fe ren t   f rom  the   per tu rba t ive  K O  r e s u l t s  
which become m r e   r e l i a b l e   a t   h i g h  Q**2. Accordingly, 
t h i s  may be  a use fu l   s i gna tu re   f o r   de l i nea t ing   t he  two 

I n   a d d i t i o n   t o   f o r m   f a c t o r   s t u d i e s  and the  deter-  

495 

approaches as w e l l  as determin ing  energy  reg ions  o f  
a p p l i c a b i l i t y   f o r  each theory.  Clearly,  for  these and 
the above  reasons i t  i s  paramount t h a t   a d d i t i o n a l  and 
more accurate KY electromagnet ic  product ion  data  be 
obtained. 

Product ion From the  Deuteron 

The reac t i ons  d(e,e'K)YN  and  d(y,K)YN a f f o r d  an 
unique method fo r   s tudy ing  AN and ZN i n t e r a c t i o n s .  
This i s   o f   t i m e l y   i m p o r t a n c e  as the e x i s t i n g  Ap data i s  
both meager and imprec ise  and  the  fu ture  o f  A beams is 
n o t   o p t i m i s t i c .  The in terest ing  phys ics  centers   around 
the  cross  sect ion  cusp  region  which i s  near  the I N  
th resho ld  and i s  displayed i n  F igu re  3 .  This curve 
represents  the An t h e o r e t i c a l   t o t a l   e l a s t i c   c r o s s  sec- 
t i o n  generated by so l v ing  a coupled  channels  problem 
(see  re f .  7 f o r  f u l l  d e t a i l s )   f o r  the th ree  mass par- 
t i t i o n s  An, z'n,  and  1-p u s i n g   p o t e n t i a l  D provided by 
Nagels and  de Swart . This   in teract ion,   which  conta ins 
hard  core,  tensor, and ant isymmetr ic   sp in-orb i t  com- 
ponents,  provides a reasonable  comprehensive  descrip- 
t i o n   o f   l i m i t e d  hp e l a s t i c  and i n e l a s t i c ,  A p Z N ,  data. 
This  cusp i s  due t o  an  enhancement i n  t h e   t r i p l e t  s 
wave sigma channel  which i s  the  strange  analogue o f  the 
deuteron.  Since An measurements are  not   possible  the 
o n l y   d i r e c t  way t o   i n v e s t i g a t e   t h i s  system i s  through 
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f i na1 ,s ta te   i n te rac t i on   s tud ies   o f   t he   reac t i on  
d(e,e K)An. I n  F igure  4 t he   p red ic ted   i nc lus i ve   c ross  
sec t i on  ( A  i s  unobserved, on ly   the three-momentum o f  
t h e   f i n a l   e l e c t r o n  and kaon  are  detected) i s   p l o t t e d  
versus  the An i n v a r i a n t  mass. Again  not ice  the  pre-  
sence o f   t h e  IN cusp  near  the sigma th resho ld  (M = 2.13 
GeV). Because t h i s   i s  an inc lus ive  process i t  i s   n o t  
poss ib le   t o   reso lve  A and z o  p roduc t ion  hence, the up- 
per  curve  represents  the sum of   the   theore t ica l   c ross  
sect ions  ( the  lower   curves  a t   low and h i g h   i n v a r i a n t  
masses rep resen t   p l re  A and z production, 
respect ive ly) .   Accurate measurements o f   t h i s   r e a c t i o n  
will prov ide  firm cons t ra in t s  for YN p o t e n t i a l s  and 
will determine  the unknown r e l a t i v e  phase  between A and 
z elementary  product ion  ampl i tudes  ( th is   ca lcu lat ion 
assumed +1 phase; a -1 phase generates a des t ruc t i ve  
d i p   i n s t e a d   o f  a peak i n   t h e  cusp  region).  Further  and 
o f  fundamental  importance,  such measurements would 
enable  the  search  for  strangeness -1 dibaryons  which 
a re   p red ic ted9   t o  have mass values  spanning  the EN 
t h r e s h o l d   ( t h e   s i n g l e t   s p i n  0, Do, has a ca l cu la ted  
mass between 20 and 40 MeV below  the  cusp  while  the 
t r i p l e t   s p i n  1, Dl, i s  expected  to  have a mass 20 t o  40 
MeV above the  cusp). These s i x  quark  composite 
ob jec ts ,   wh ich   a re   d is t inc t   f rom a p a r t i a l  wave reso- 
nance  between  two three  quark  structures,   have a pre- 
d i c t e d  p  wave i n t e r n a l   c o n f i g u r a t i o n  and a lso  couple 

t o  p  wave AN channels''. Consequently,  the  kaon  angular 
d i s t r i b u t i o n   f r o m  d(yv,K)YN should  be  markedly  d i f -  
f e r e n t  for strange  dibaryon  formation  than  for  the  cusp 
exc i ta t i on   wh ich   i s   p redominan t l y  s wave. This i s  
demonstrated, i n  par t ,  i n  F igure  5 where the  cusp i n  
F igu re  4 i s   i s o l a t e d  and decomposed i n t o  components. 
Note   tha t   the   dominant   con t r ibu t ion   to   the   to ta l   c ross  
s e c t i o n   ( t o p   c u r v e )   i s   f r o m   i n c l u d i n g   o n l y   t h e   t r i p l e t  
s wave f i n a l   s t a t e  YN d i s to r t i ons   (nex t   cu rve  from 
the  top).   Piekarz ' '   has  used  th is  s ignature  to  argue 
f o r   t h e   f o r m a t i o n   o f   t h e   t r i p l e t  0 d ibaryon  us ing  the 
r e a c t i o n  d(n-,K-)Ap. He repor ts   ohserv ing a maximum 
about 10 MeV above the  ZN t h resho ld .   I dea l l y ,  a search 
f o r   t h e   s i n g l e t  Do should  a lso  be  conducted  s ince  the 
exper imenta l   s ignature i s   c l e a r e r  because a t   ene rg ies  
below  the Z t h resho ld   t he   i nc lus i ve  measurement i s   f r e e  
f rom  the  complex i t ies  o f   the sigma  channel.  This i s  
i l l u s t r a t e d  i n  F igure  5 where the  cross  sect ion  for  
pure sigma product ion i s  shown t o  b e   r e l a t i v e l y   s m a l l  
a t   th reho ld   (bo t tom  curve  i s  pure Z o  product ion).  
Unfor tunate ly   the  (a-,K-) r e a c t i o n   i s   n o t   e f f e c t i v e  i n  
e x c i t i n g   t h e   s i n g l e t   s t a t e  because  the  par t ic ipat ing 
mesons have sp in  0 and the elementary  hadronic  ampli tu- 
des have a sma l l   sp in - f l i p  component.  However, the 
(yV,K) e x c i t e s   b o t h   s p i n   s t a t e s  as shown i n  F igure  5. 
Kaon e lect romagnet ic   product ion i s  t he re fo re   no t   on l y  
a n   a t t r a c t i v e ,   a l t e r n a t i v e   p r o c e s s   f o r   t r i p l e t   d i b a r y o n  
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studies bu t  a l so  an unique way of searching  for  singlet 9. R. L. Jaffe, phys. Rev. Lett .  38, 195 (1977). 
dibaryon  production from the  deuteron. 10. C. B. Dover, Nucl. phys. A450, 95 (1986). 

Finally,  i t  is also  possible t o  s t u d y  K'n f i na l  11. H. Piekarz, Nucl. phys. A450, 85 (1986). 
state  interactions  using d(yv,K)YN. I n  contrast   to  K+p 12. 0. 0. Riska,  private communication. 
the K'n, or i s o s p i n  0, interaction is not  well known. 
Improving  our understanding of the KN amplitudes would 
further enhance the u t i l i t y  of the kaon as a sca t te r ing  
probe and provide  important  information  concerning  the 
exotic Z* strangeness +1 baryon resonances. Because 
the  current  experimental  evidence i s  weak the  existence 
of the Z* i s  highly  controversial, however t h i s  reso- 
nance has  also emerged  from recent Skyrme model 
calculationsl2.  

Experimental  Considerations A t  SLAC 

The luminosity  available  to  the  Nuclear Physics 
Interaction Region project   a t  PEP for  proton and 
deuteron  targets, 10+*33/(cm**2.s), appears  to be quite 
su i tab le  for elementary  production studies and, 
depending on spectrometer  design,  perhaps even adequate 
for Yn f inal   s ta te   interact ion  invest igat ions.  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 2 
5% mmenturn acseptance  could  anticipate 2 counts  per 
hour for d(e ,e  K ) A N .  I f  a large  acceptance 47~ detector 
is used the  count  rate would  be increased by a t   l e a s t  
an order of magnitude. These count rate  predictions 
assume a 50% kaon detection  efficiency and are based on 
the  cross  section  value  near  the  cusp  regions of about 
50 nb/(GeV*sr)**2. Because the background for t h i s  
experiment is low i t  shou ld  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 s t a t ion  A.  
Although these  spectrometers have much smaller  accep- 
tances (use the 1.6 GeV detector  for  the kaon w i t h  ACl 
= 3 msr, Ap/p = 25%; use the 8 G e V  spectrometer  for 
the  electron w i t h  AS2 = .75 msr, Ap/p = 2 2%)  the  effec- 
t i v e  luminosity is significantly  higher,  about 10**37. 
Predicted  count  rates  for a double  coincidence,  inclu- 
s ive  measurement of d(e,e'K)YN i n  the  cusp  region  are 
about 1 every 2 minutes. 

Conclusion 

I n  summary, several  important  issues  affecting  both 
nuclear and particle  physics  could be resolved by per- 
formiqg mre  accurate measurements of the two reactions 
p(e,e K ) Y  and d(e,e K ) Y N .  Fbre specif ical ly ,   the   e le-  
mentary production  studies would provide a decisive 
comparative t e s t  of QiD and asymptotic QCO while  the 
f inal   s ta te   interact ion  invest igat ions would permit a 
clear  search for  strange  dibaryons. Because much of 
the  necessary equipment is already i n  place  serious 
proposals  to perform such  experiments  should  receive 
high priority. 
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We d iscuss thi? cjusli!y of  the  vec?or-meson  dominnnce 
ap?r-oach i n  the  doscr ipt ion o f  e lec t romagnet ic   fo rm 
fac tors   o f   nu i leon and pion  A  genere l i sa t im   o f   t h i s  
apprclach i s  given wh ich   inc ludes   the   cons t ra in ts   a t   h igh  Q' 
as ohtained  f rom  perturbat ive  quantum  chromodynamics.  
A n  i n te res ! rng   pcs f ib i l i t y  in the  i n t e r p r e t a t i o n  o f  the 
ana:ysis i s  that  nur leon at:d pion  are   very   d i f fe ren t  in 

rnesrl!rernents o f  t he  e l e c t r i c   f o r m   f a c t o r s  of neutron  and 
prot.on a5 w e l l  as !he p i o n   f o r m   f a c t o r  i s  emphasized. 

1 ) -  ,r quark-gluon  s?ructure.   The  i r f lportsnce  for  

The de!er:mnstlon  and understanding o f  the 
eieclrot%ag:ie?.fc form  fact -ors  of hadrons  belongs  to t h e  
funzzr:ieri!al prcltlle:ns. jrl hsdr::;n ijt-;ysics It is needle;$: tct 
say t m t  w i t h  the l:nowledge o f   the   fo rm  fac to rs   over  a 
w ~ d e  range o f  rnoment.ium t.rarrsfer, impor tan t .   in fo rmat ion  
cln t h e  under ly ing  quark-gluon  structure o f  t h e  hadrons i s  
zbtained. A s  nucleon  and  plon  are t h e  s implest   quark,  resp. 
qusrk-ant iquark  systems t h e y  play a very  special   ro le.   The 
simult.aneouf  understanding  of these bourid state; i s  o f  
cut:,tandiny  importance. 

Ir; the present  discussion w e  i nves t i ga te   t he   qua l i t y  o f  
!he vect.or-rnescln  dorrlrnance (Vf lD)  approach' in  the 
dsscrrpt ion rjf the e.m. f o r m  factors o f  nuclecln arid piiln. 
~ r ~ e  connect.ions to  the  quark-gluon de;cript.iot-i o f  t h e  Torm 
f a c t o r s  is indlc'a!ed together   w i th   the   necessary  
rnod1:ii;ation:r o f  the f o r m  fac tor  desc r ip t i on  1r1 v l e w  of  
!he cons t ra in ts   ob ta ined  f rom  per tu rba t ive  QCD21334. 
We f o l l o w  t h e  desc r ip t i on  Oi refs.5,6. 
According  to  our  understanding o f  a  physical  photon,  the 

rn te rac t i on  of 6 v i r t u a l  photon w i t h  6 hadron  cons is ts  of 
t w o  d i f ferent   p ieces:  (i) a   d l r e c t   c o n t r i b u t i o n   w h i c h  
descr ibes  the  in teract ion of the  bare  photon,  and (ii) a 
contribution w h i c h  is associated wi th  the hadronic 
s t r u c t u r e  o f  the  photon. This second  part  can be vrsual ized 
bg  t h e  i n t e r a c t i o n  o f  the neut.ra1 vector  mesons p,w,$t, J/yr 
with  tne  hadron. 

F l u .  1 

Hadronic (quark-gluon)  structure  of   the phot.an  and the 
i n t e r i c t i o n  o f  a phys lca i  photon w t h  B haljron. 

Assuming  tha t   the   vec tor   meson  cont r ibu t ions   (F ig .  1 b )   t o  
the   f o rm  fac to r ,   wh ich   domina te   f o r   momentum  t rans fe rs  
c lose to  the  masses of the  vector  mesons, also domlnate 
the   fo rm  fac to r   fa r   away  f rom  these Doles, t he   f o rm 
fac tors   can   be   descr ibed  to ta l l y   by   the   vec tor -meson 
contr ibut ions.   Th is  is the   o r lg in   o f   the   vec tor -meson 
dominance  model. In the   s imp les t   ve rs ion  of th is   mode l ,  
where   one  assumes  a   po in t - l l ke   in te rac t ion   o f   the   vec tor  
mesons  wi th   the  hadron,   the e.m. form f a c t o r s  are 
descr ibed  complete ly   by  the  vector   meson  propagators  
For example,   the  nucleon  isovector,   as  wel l  as the  pion 
e.m. f o r m   f a c t o r  i s  g iven  by  the p-propagator: 

I t  is interesting to see  the  quality of such a simple 
desc r ip t i on  in the  space- l ike  region for the e.m. p ion   and 
nucleon magnetic form f a c t o r .  A compar ison  w i th   the  
avai lable  exper imental   informat ion is shown  in   the  
f o l l o w i n g  Fig.2. 

131 



I 

10' 1 I 

1 
0.0 1 .o 2.0 3.0 4.0 5.0 

lo' I- PROTON  HAGNETIC  FORH  FACTOR 

b 
VtlD - polntlike 

... -______2__ 

10-2 
0.0 I .o 2.0 3.0 4.0 5.0 

p**2 / I(GeV/c)**21 

Fig2 
1 

C 

VHD - point l ike  

o'2: 

Brbrk rt el. 

0 .  I 

0 . 0  
0 2 4 6 8 10 

, , , -  'we r-ea;ize t.hat. '?ilD, assuming  po in t - l i ke  p - nucleon 
in te rac t ion ,   g ive5   re r i la rkab le   d i f fe rences   in  t h e  f o r m  
f a c t o r  description for  nucleon  and  pion. While f o r  t h e  p ion 
X I D  gives a rough  descr ipt ion o f  the  data - showing  very 
la rge   dev ia t ion   f rom the experirnent  only a t  h igh 122 - i n  
the case of  the  nucleon the desc r ip t i on  i s  corr lpletely 
insufficient. already at. l o w  02. 

H o w  can  we  understand  th is  d i f ference? Does t h i s  
f ind lng  a l ready t.ell us that. VMD i s  no t  a good  way  to  
describe hadron  form  fact -ors? 
Actua! ly   th is  is not. the  case  as  can be seen  by  considerlng 

struct .ured  part ic les.   In a meson  p ic ture  th is   seems  to   be 
rat-her an indication i o r  a dj f ferent  i rnpurtance  of   the 
rr ieson  c loud  contr ibut lon  of   nucleon  and  pion.  Conslder  the 
int.eract.ion of  a phot.on w i t h  a haorcln in the  case o f  
nucleon and p lon  The  emiss ion  probabi l i ty  f o r  & v i r t u a l  
meson seerrls t o  be very d i f fe ren t   fo r   nuc leon  and  p ion   The 
energy   v io la t lon  due t o  t.he u n c e r t a i n t y   p r i n c i p l e   i s   v e r y  
d i f f e r e n t  in  both cases. While AE i s  s m a l l   f o r   t h e  
nucleon, i t  i s   ra the r   l a rge   f o r   t he   p ion ,   i nd i ca t i ng  a s t rong  
va r ia t i on   o f   t he  y - nuc leon  in te rac t ion   w i th   momentum,  
while no such  e f fec t  is  expected  for   the  p ion.  A s i m i l a r  
e f f e c t  i s  t o  be expected i f  w e  replace  the  photon  by a 
p-me:,on. Compare Fig; (V= y , p, o,$, J ly)  

N I  

I l l us t ra t ion   o f   the   impor tsnc-e  o f  meson  cloud 
con t r i bu t i ons   t o   t he   i n te rac t i on   o f  t h e  p h o t o n   w i t h  
nucleon  and  pion in  a 'r i leson  picture'.  

\ 

T h i s  ind1cat.es tha t   the   s t rong  d isagreenwnt  of VMD w i t h  
t h e   d a t a   i n  the case  of t.he nucleon  disappears  when w e  
int.roduce a momentum  dependence  of the p - nucleon 
in te rac t i on :  

Here we denoted by A l  a m e s m  sca le   pa ra rn f t f r   g i v ing  
the v a r i a t i o n   o f   t h e  p - n u c l e o n   i n t e r a c t i o n   w i t h  
momentum  t rans fer .   Th is  i s  the   s i rnp les t   poss ib le  
assumption as long  as we a r e   o n l y   i n t e r e s t e d   i n   t h e   l o w  CI' 
behavior.   Wlth A, + m P this  correspond:  roughly t o  the 
d ipo le   f o rm FD = [A2/(A2+Q2)l2 w l t h  A d 0 . 7 1  GeV, 
w h l c h  i s  the optima! one parameter  f i t  to   the   nuc leon  da ta .  
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For !he p ion we do not  expect  such a l a r g e   e f f e c t  
according t o   t h e  above  diSCllsSlGn. Thus a sma l l  
rncd i f i ca t ion   o f   the   s i rnp le  C'MD p i c tu re  gives a rough 
descr ip t ion   o f   the   exper imenta l   da ta  - both  for   nuc leon  and 
pion - a t   l e a s t  st l o w  rnornentum  transfer. 
& c loser   look a t  t h e  comparison o l  theory   w i th   exper lment  

however  shows tha t   i n   o rde r  t o  obta in  a s a t i s f y i n g  
desc r ip t i on  o f  the data  several   def ic lencies  have  to  be 
cured  Firs: o f  a l l  the parameter  A i n   t h e   L e s t  f l t  d lpo le 
f o r m  i s  no? essitly the p-w mass, a f a c t  which i s  
disturbing; *4 1s s l i gh t l y   l a rge r   t han  0.84 GeV. 
A m o r e   s e w r e   p o i n t  i s  the   fa i lu re   o f   th is   s imp le   p ic tu re  t o  
describe t h e  exper iments   fo r   momentum  t rans fer   la rger  
than 1 GeV/c - fo r   a l l   fo rm  fac to rs   under   cons idera t ion .  

In t h e  f o l l o w i n g  we wil l  see that tak ing  in to   account  
( i )   the   d i rec t   in te rac t ion  of the  photon  with  the 
hadron - and (ii) the  form  factor   predict ions from 
perturbat ive  QCD - a sa t l s fac to ry   desc r ip t i on   o f  all 
avai lable  nucleon  and  pion  exper imental   data i s  possible. 
For   more   de ta l l s  see also  refs. i5,6i .  

need for add i t i ona l   co r rec t i ons   t o   t he   f o rm  fac to rs .   The  
vect.or-meson  contributions t o  the e.m. f o r m   f a c t o r s   d i e  
out w i t h   i n c r e a s i n g  Q2 as  Compared t o  the  direct. 
in te rac t ion   con t r ibu t ion .  

Nucleon  form  factors  

Us ing   the   known  in fo rmat ion  on the  vector  meson  nucleon 
in te rac t ion   wh ich   we  have  f rom  p ion-nuc leon  sca t te r ing ,  
SU(3IF and  the Zvveig rule ( g9r@ j,  the  nucleon 
isoscalar ,   isovector   form  factors   are  reduced  to   un iversa l  
Clirac  and  Pauli  vector-part.lcle  nucleon  vertex  functions 
F,(Q2), F2(rQ2). Correspondingly,  we  have the f o l l o w i n g  
express ions  for   the  isoscalar ,   isovector  e.m. nucleon form 
factors :  

F , Y Y ~ )  = [ A~ c t U - C )  I F , ( Q ~ )  
( 3 )  
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I 

ln t ruducing rrle5on  and  quark-gluon  scale  parameters Al 
and A, respec t ive ly ,   very   s imp le   fo r r i l s   fo r   bo th  F1 and F2, 
which f u l f i l l   t h e  above  requirements  are: 

No te  t h a t   f o r  Q z  >> A Z Z  the   fo rm  fac to rs   have  the  
a s y m p t o t i c   f o r r n   r e q u i r e d   f r o m  POCD. Thus A 2  t e l l s   u s  
s o n x t h i n g  a b n ~ ~ t  the  range of app l i cab i l i t l d   o f  PQCD. 

1.2 

0.02 a05 QI 0.2 a 3  0.40.5 1.0 2 3 4 5  
Q' [(GeV/c)'] 

Figs. 5 a-d 

Resu l ts   o f   the   fo r rn   fac to r   ans lys is   in   compar ison  wi th  
the  ant~lysed dath   The  dev ia t ion   f rom  the   common 
d ipo le   f o rm F,lP*j = [ l / ( l + P 2 / 0 . 7  1 ) I 2  i s   s h o w n  , except 

The  magnet ic   and  e lec t r i c   fo rm  fac to rs  GN, GE are  defined 
8s usual by: 

where F,P(n),F,p(n) denote  Dirac  and  Paul i   nucleon  forrn 
factors :  

An  analys is   o f   the  wor ld   nuc leon  cross  sect ion  data  in  
te rms  o f   the  abo:!e fo rm  fac to r   desc r ip t i on   y ie ld :   w l th  
cr0.342, K -6 61 and x,=0.32 the  fo l lowing  sca les:  P- 
A1=0.785 GeV, A 2 ~ 2 . 2 2  GeV and AQCD = 0.287 GeV. 

i n t e r e s t e d   i n  a prec ise  deternI in6t ion  o f  t h e  scale AQCD 
one  has t o   t a k e   i n t o   a c c o u n t  also t h e   c o n t r i b u t i o n s   f r o m  
the  anomalous  dimensions of  the  thrEe-quark 
c o r f q o r m t 6 .   T h i s   w e   w l l l   n o t   d i s c u s s  here. The 
paramet r iza t ion   f rom  above  g ives   a l ready  a s a t l s f a c t o r y  
description of  the  data.   The inclusion o f  the anorilalous 
d imenslons  in   the  analys is   leads t o  AQCD = 180 MeV and 

very  smal l   changes i n  the  other  paramet.srs,  see rei.(tj ) 
f o r   d e t a i l s   o f  this analys is  

I 
I , ,  1 I ,  

Q05 01 (12 0.3 Ob a5 1.0 2 3 4 5  10 
Q f  [(GeV/c)'] 

f o r  t h e  e lec t r i c   neu t ron  forrfl f a c t o r  GEn : a) GEp/FD, bjGMp/p p D  F , c) GNn/pnFU, d )  GEn. @at3  po in ts  are  frOm  the 
sna1y;is o f  t h e  c r x s  sect ions of r e f s . ( 7 - l 0 j .  
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One has a c lea r   sp l i t t i ng   be tween  rriescm and  quark-gluon 
scale.   Whi le  the  meson  scale  is   about the mass  o f   the 
vector  niesons (p,w) as e x p f c t e d   f r o m  rnescm  physics, t h e  
quark -g luon  sca le   i s   ra ther   la rge  A2%3R1, Note  that  h2 i s  
the  only  parameter in  th is   p ic ture  where  we  have  no 
in fo rmat ion   f rom  o ther   sources .  

lri v ierv o f  the   cons t ra in ts  on the mode l   we realize a 
rei':,arkat~le  desc.ription  of  the  data I )12/data =- 0.5). It i s  
i n t e r e s t i n g  t o  no te   t ha t  the proton  data  a l ready  determine 
the form f ac to rs .   An   i n te res t i ng   f i nd ing   o f   t he  QCD-VM 
mude l   i s   t he   f ac t   t ha t  t h e  e l e c t r i c   n e u t r o n   f o r r n   f a c t o r  
tu rns   ou t   to   be   very   la rge   a t   h igh  Q 2  i n   c o n t r a s t  t o  the 
general   bel ief  . I t  even  exceeds  the  magnet ic  neutron  form 
f a c t o r  f o r  02 > 4rP In v iew o f   t he   f ac t   t ha t   t he   neu t ron  
f o r m   f a c t o r  t.urns out - in  th is   model  - t o  be  domlnated 
by t h e  Paul i   contnbut ion,   d i rect   measurements  o f   the 
e lec t r i c   and  magnet ic   nuc leon  fo rm  fac to rs   a re   o f   g rea t  
importance  and will y ie ld   impor tan t   i n fo rma t ion  on the 
s p i n - f l i p   p a r t s  o i  t h e   f o r m   i a c t o r  ( see also re f s  3,5,6 f o r  
deta i ls ) .  

As can  be  seen  from  the  above  equations ( 3h4 ), the 
Pauli  form f a c t o r -   f o r  hoth neutron  and  protnn - i? 
dllmlnated by the  isovect.or  part.   This  means  that the 
elect.r-!c neutrnn  form  fact .or   is   s t . rongly   re la ted  to   the 
Paul1 fo rm  fac to r   o f   the   p ro ton   There fore   measurements  
o f  t.he elect-r ic  neutron  form  iac!or as w e l l  as the  Paul i  

Within the present  model,   which !akes care o f  d i r e c t  and 
vector-meson  contr ibut ions  to   the form fact-or,  we  can 
now  answer  the  quest ion of impor tance  o f  !he vector-  
meson  pole  piece A measure   f o r   t h i s   pa r t  at. U2 -0 1s the 
constant c i n  eq.3. For  the above  given  analysis w e  have 
c -0 .342  showing  tha t   the   vec tor   meson  cont r ihu t fnn  Is 
r c the r   sma l l ,  34 % a t  Q2 =O. 

I t  i s   i n t e r e s t i n g  !CI see W h a t  replaces  the  d ipole form a t  
l o w  Q2. For Q2 << A Z 2  t he   i sovec to r   pa r t  has the 
f o l l ow ing   f o rm:  

F , I V ( Q ~ )  = I c + i 1 - c j  I A , v ( A , ~  + Q Z )  

Note tha t  the  presented  formulas  are  on ly   thought   for  a 
description of  the  space-l ike  mornenturr l   transfer  region! I t  
i s  is only an e f f e c t i v e  forrrl f ac to r   desc r ip t i on   and   no t  
W i t e d  f c r  any cont inuat ion into t ime- l i ke   momentum 
t rans fe r .  

T 9**4 * PROTON  HAGNETIC  FORn  FACTOR 
2.0 - 6tlP:F IP+FPP 1.4- 

1.2 - 
8 

I A - " 1.5- 
1.0 - \ 

OCD - vn 

SlAC I 6  meson - cont r lbut lon  - / 

0 10 20 30 40 . T . I ' n . r . t  

0**2  [(GeV/cI**Zl 

Fig6 
High 92 trehavior o f  t he   p ro ton   magne t i c   f o rm  fac to r  
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Fig.7 

\ 

U 4 G n P .  The  re la t ive  impor tance  o f   D i rac  and  Paul i  
The  magnetic form f a c t o r  in  the  OED-VM model. The par t  

cont.;iSution i s   s h o w n .  The dot ted  l ine  corresponds t o  the which the F," contrlbut,on i,.bicated. 
asymptot.ic f o r m  as obtained  f rom  FQCD. 

- .  
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P i o n   f o r m   f a c t o r  eq.(5!, i n   con ipa r i son   w i th   t he   ava i l a t~ le   exper imen ta l  
i n fo rma t ion ,  F,.,lC?) and Q2 F,!Q'i i s  shown. To st ress  the  h igh  mornentum 

region,   a lso  the  non-vector   meson  p?, i .e .  t.he part. o f  the p i @ n  f o r m   f a c t o r  
i 

Due t o  the add i t i ona l   power   suppress lon   o r i g ina t i ng   f rom 
the  vector-meson  propagator, t h e  vector-rr-teson 
cont r ibu t ion   d ies   ou t   'w i th   inc reas i rq  0' and  becomes  less 
and less impor tan t .  Tt-ns 1s an impc l r tan t   f ind ing   in  
connec t ion   w i th   t he   re l i ab i l i t y   o f   pe r tu rba t i ve  OCD 
ca l cu la t~ons   o f   t he   magne t l c   f o rm  fac to r .   Assoc ia t i ng   t he  
vec tor   rneson  cont r ibu t ion   w l th   the   g luon  par t   o f   the  
proton  wavefunct ion i t  might  g ive  us  some hlnt. about  the 
im~~or !ance o f  t.he leading Fock st.6t.e~ We shall   come ~ a c k  
t.o t h i s   p o i n t   l a t e r   i n  connec!ion w i t h   t h e   p i o n   f o r m  f a c t o r  
where  just   the  opposi te  behavior i s  found. 

Pion f o r m   f a c t o r  

An  analys is   equiva lent   to   the one for  the  nucleon,  suggests 
a fo rm  fac to r   f o r   t he   p ion   o f  the type: 

a* as d e f i n e d   i n  eq.4 

An  op t ima l   descr ip t i  

10 

The resu l t   o f   such 5ri a m l y s i s   i s   s h o w n   i n   F i g  .E 

In contrast t o  the nucleon case, the anslysis o f  the  p ion 
fo rm  fac th r   da ta   revea ls  a dominant   cont r ibut ion  o f   the 
vsctor-meson  part  up t o  high  mornenturn  transfer.  What i s  
usua l ly   ca l led   the   hard   con t r ibu t ion   and  i s   very   la rge   in  
t h e   c a f e  o f  ?he  nucleon,  plays  here a m ino r   ro le .  

I f   the   vec tor   meson  cont r ibu t ion   can   be   assoc la ted   w l th  
the  par t   o f   the  form  factor   connected w1t.h the  g luon  part  
o f   the   wavefunc t lon   th is   m lgh t  he a h in t   t ha t   i n   t he   case  
o f   the   p ion   fo rm  fac to r   the   g luon  par t   p lays  a dominant 
ro le ,   wh i l e   f o r   t he   nuc leon   t he   s i t ua t i on   i s   reve rsed  and 
the  valence  quarks  dominute. 
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W e  n o t e  that  t h e  discussed  analysis i s  the m o s t  s imp le  one 
which  actual ly  can  be  perforrr ied.  However  because  of  the 
c lear  dominance of the  vector-meson  contr ibut ion,   the 
s i t u a t i o n  in  compar ison  w i th   the   nuc leon i s  n o t   l i k e l y  t o  112 
be  changed q u a l i t a t ~ v e l y .   I n   v i e w  o f  the   impor tance of 
these quest ions,   measurernents  of   ?he  pion  form  factor  at  
h i g h  momentum  t ransfer  are  h ighly  desireable.  104 

K a o n   f o r m   f a c t o r  a% 

There  are  interest ing  consequences  concerning  the K+ f o r m  
factor.   Using su(3)F and a un ive rsa l i t y   cond i t i on  
c =c  -c  ,we  have  according t o  the  quark  assignenlent  of 

K’= uF , t h e   f o l l o w i n g   p r e d i c t i o n   f o r  the Kaon  form 
factor :  

p - 9  

F K + i Q 2 j  = 

Cornparison w i t h  VMP f o r m   f s c t o r   m o d e l s  

I n  the  case  of the nucleon  there  exist  6 var ie ty   o f   vec tor -  
r r ieson dominance  models. We have  seen  that t he  
po in t - l i ke   vec to r   meson  dornirianc:e model  including  only 
t.he estsb l ished rrresons  does  not  give a reasonst i le   form 
factor   descr ip t ion.   Most   o f   the  models   therefore  used 
geners l l ss t i ons   i n  the directlor1 of inc lud ing   heav ie r   vec tor  
rnesclns as p ’ , p ’ ’ , p ’ ’ ’ , w ’ , ~ ~ ’ ’ , ~ ’ ’ ’  and 9’,9”,1j)”’, s t i l l   w i t h  
p o i r i i - l i k c  mEson nucleon  in teract ions.   Gl though  the 
i oup l i ng   cons tan ts  of these  hypothe t ica l   par t i c les   a re  
determined  by a f i t  t o  the   nuc leon   da ta   no   sa t i s fac to ry  
descr ip t ion  could  be  obta ined.   Examples  for   these  type of 
fo rm  fac to r   desc r ip t i ons   a re   g i ven   i n   F igu re  10 where   we 
show the m a g n e t i c   f o r m   f a c t o r  of t h e   p r o t o n ,   w h i c h   i s   t h e  
m o s t   i m p o r t a n t   f o r m   f a c t o r   a s  i t  is bes t   known  
experirnental ly. 

It 1s not iceable ?het  t h e   s t r i c t   p o l n t - l i k e   v e c t o r   m e s o n  
dominance  pict.ures  of K K  and 26 are  not   ab le  to   g ive  the 
magnet ic   fo rm  fac to r ,  n o t  even s t  low Q2. The model  of 
H t ih le r   e t   a l .   inc ludes   the   in fo rmat ion   f rom  p ion   nuc leon 
scat ter ing  which  g ives  addi t - lonal   in format ion  beyond VMD 
f o r  t.he isovector  case.  The  model o f  IJL  includes a d i r e c t  
coupl ing  o f   the  photon  to   the nuc:leon 6s discussed above, 
however  only in  the  case  of   ?he  Dirac  form  factor.   The 
P a u l i   f o r m   f a c t o r   i s   t r e a t - e d  in  VMD. In addit ion, a 
parametr ized  p-propagntor  w a s  necessary  to   expla in  G,.../”’ 

Although both Htihler e t  61. and  IJL give a good  descr ip t ion 
of t h e  p ro ton   r r~agnet ic   and  e lec t r i c   da ta  a t  l o w  
rnomenturn  t ransfer,   they  fa l l  at. h igh O2 and i n  t h e  
descript.iot-1 o f   the   neut ron   fo rm  fac to rs .  

1- 9e-4 PROTON  t lA6METlC  FORH  FACTOR 1 
1.3 - 

1 . 1  - 

0.9 - 

0.71 f 2-8 
- Hoehler et  SI 

SLAC B6 

Fig. 1 CI 
Comparison of di f fpren!  tgpes o f  f o rm  fac to r   desc r ip t i ons  
i n   t he   case  of the  rnagnet ic prot.on f o r m   f a c t o r  ; 8) lowQ2: 
GMPIupFD is shown: IJL14 , Hclhler E t  al.I5 , E l 6  and 

QCD-VU h) h igh Q2: Q4GMP for KKI3, IJL14 , Hohler  et   a l . ’5 , 

B ’ 6 .  

In   summary  we note ?hat  combining  the information f r o m  
meson   phys i cs   a t   l ow  Q2 and  the  pPrturb8t.ive OCD 
pred ic t l ons  nt. h igh U2, a s a t i s f a c t o r y   d e s c r i p t i o n  o f  the 
present  exper imen?el  dsts i s  achieved  The  vector-meson 
po le  con t r i bu t i ons   do ro~ ina te   a t   l ow  Q2 only  in  the case o f  
the   p ion   .They   p lay  a m i n o r   r o l e  for the  nucleon.  Relat ing 
the  vector-meson contributions t o  those  a r is ing   f ron i  
the  h igher   Fock  s ta te  cont r ibut lons  o f   the  hadron 
wavefunct ion one wou ld   expec t   tha t  nuc.1enn and pior1 
w a v e f u r ~ c t i o n s ’ ~   a r e   v e r y  different i n   t h e i r   n o n t r i v i a l  
s t ruc tu re .  In v iew  o f   the   impor tance  o f  these prob lems   fo r  
the  understanding  of  the hadronic i n t e r a ~ t i o n s ’ ~ ~ ~ ~ ,  
extended  measurements o f  the  nucleon as w e l l  as of  the 
p ion   fo rm  fac to rs   a re   necessary .   Espec ia l l y   the  
measurement  of  the e l e c t r i c   p r o t o n  form f a c t o r ,   w h i c h   i s  
present ly  known  only  up t o  Q2 - 2 GeV2/cz, w i l l  g ive 
i r f ~ p o r t a n t   i n s i g h t  in to  the  under ly ing  quark-gluon 
s t ruc tu re .  
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T -  - 
I hanks  are  due S.J. Grodsky  and N.G. Ste fen ls  for 
discussions. 
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BARYON RESONANCES  WITHOUT  QUARKS: 
A CHIRAL  SOLITON  PERSPECTIVE* 

MAREK  KARLINER 

Stanford  Linear  Accelerator  Center 
Stanford  University,  Stanford,  California, 94905 

ABSTRACT 

In  many processes involving low momentum  transfer  it 
is fruitful to regard  the nucleon as a soliton  or "monopole- 
like" configuration of the pion field. In particular,  within  this 
framework it is possible to  obtain detailed predictions for pion- 
nucleon scattering  amplitudes  and for properties of baryon res- 
onances. One  can also derive  model-independent linear rela- 
tions  between  scattering  amplitudes,  such as r N  and XN. A 
short  survey of some recent  results is given, including  compar- 
ison with  experimental  data. 

1. INTRODUCTION 
This  talk describes the application of chiral  soliton ideas 

to  the  meson-baryon  S-matrix. Most of the original work re- 
ported  here  was done in collaboration with Michael Mattis at 
S ~ A ~ ~ l ~ " " l  

How can  the chiral  soliton picture of the nucleon be  put 
to a quantitative  test?  The flow chart in Fig. 1 illustrates  two 
potentially  productive  approaches  to  the  problem.  Both will 
be described  in  some  detail in the course of this  talk.  For now, 
I will just  summarize  the  two  alternatives. 

One possibility is to  take  the simplest realization of this 
picture, i.e. the  simplest mesonic Lagrangian  admitting  soliton 
solutions  with  the  right  quantum  numbers  and  then  calculate 
the  properties of baryons in that model. The  simplest  model 
satisfying  such  criteria is the Skyrme  model. In that model 
the pion-nucleon scattering  matrix can be  computed explicitly 
and  it is in good agreement  with  experiment.  The  Skyrme La- 
grangian is of course  only  a very crude  approximation  to  the 
true low-energy effective Lagrangian of QCD. In addition,  the 
results  obtained  from  the Skyrme  model might  therefore de- 
pend  on  the  details of the  action. Hence the second approach 
for  testing  the  chiral soliton picture:  it  turns  out  that  one  can 
derive  model independent predictions, valid for all models  in 
which the  baryon  corresponds  to a soliton of a hedgehog form. 
In all such models the  static  soliton is not  an  eigenstate of 
the isospin I, nor of the  angular  momentum L. Instead it is 
invariant  under  the  action of K = I + L. Therefore  the meson- 
baryon  S-matrix  has well-defined transformation  properties 
under K .  This  property of the  S-matrix yields new and some- 
what  surprising  relations between the  various meson-baryon 
scattering  matrix elements.  Some of these  model-independent 
relations  are satisfied  remarkably well in Nature.  Let  me now 
describe  the  two  approaches in some detail,  addressing  first  the 
Skyrme model  calculation.  I will begin with a very brief review 
of some basic results in Ref. 3. The  Skyrme  Lagrangian  with 
a chiral-symmetry  breaking  mass-term is given by 

Work supported by the  Department of Energy, contract 
DEAC03-76SF00515. 

QCD: SU(N,) 
quarks, gluons 

narrow mesons,  glueballs 

1 
baryons 

solitons of the meson field 

"minimal" model: symmetries of the 
Skyrme baryon  soliton 

4 4 
a(7rN), a(RN) linear relations 

S.M. vs EXP a(nN) - a(3isN) 

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. 

f = G T r  (a,,Ua,Ut) + -Tr 1 [(a,U) Ut,  (&U) Ut] 
2 

16 32e2 I ,  \ 

+ L ( T r U - 2 ) .  f 3 n 2  
8 

1'1 

Here f, is 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/N 
enters  the  Lagrangian  through fir and e ,  which  behave like N ;  
and N - i  in the large-N limit, respectively. 

The chirally invariant  vacuum is U ( z )  F 1 and pions are 
usually thought of as small  fluctuations  around  this  state, 
hence the  standard  notation: 

J 

For small .'/fir we have U = 1 + 2i?'(Z, t )  * .'/ fn and  then  the 
first term in Eq. (1) becomes just  the  kinetic  term for free 
pions, as expected: 

- Tr (a,U a,Ut) -+ - (a,,ii. a,,?) + . . 16 2 
f: 1 

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: 

Uo = exp [F(r)P .'] and UA = A Uo A-' (3) 
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where A is a constant S U ( 2 )  matrix.  When A is treated as 
a collective coordinate, one  finds that  the nucleon corresponds 
to a superposition of the UA-S. Schematically we can  write  this 
as 

IN) = 1 d A X ( 4  I 4  
where X(A) is the wave-function in the  space of collective co- 
ordinates. While IA) 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 
IN) 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 8 .  In  quantum mechanics this is no longer 
true  and we must  have  an  eigenstate of the  angular momen- 
tum  operator Le = - i$ .  

Classically, a particle at  rest at any angle 0 is a ground  state 
of the  system. In quantum mechanics the  eigenstates of the 
hamiltonian  no longer are localized at a fixed angle 8 .  Instead, 
they  are  eigenstates of the  angular  momentum  operator Le = 
-i$. Using this analogy, we see that a nucleon with a well- 
defined spin  and isospin  corresponds to a rotating soliton. 

Static  properties of the nucleon  in the  Skyrme model ob- 
tained in Ref. 3 were  based on  treating 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 e and f i r .  Some properties of the nucleon turned  out very 
well, but some others were in  serious disagreement  with ex- 
periment. Most notably,  the values of fr and gr had  errors 
of about 30% and SO%, respectively. At this  point  it is worth 
reminding ourselves that  the Skyrme Lagrangian is in  principle 
an equally good approximation  to  an  underlying  SU(N)  gauge 
theory  with N = 3 or N = 5, etc. In the  real world N = 3 and 
it is therefore  very unlikely that  the  Skyrme  Lagrangian  can 
reproduce  experimental  quantities which  explicitly depend  on 
N .  Typically the  most we can hope for is to reproduce exper- 
imental  quantities which do  not  depend  on N in the  leading 
order of the 1 / N  expansion.  For example, while f z  - N f  and 
gr - N, the  ratio filsA - N o  and in contrast  to fi and gr 
taken  separately,  it reproduces experiment to 3%. As shown 

in Table I, similar  statements  can  be  made  about  some  other 
N-independent  ratios. 

The  purpose of this  example is not to suggest that  a l l  N- 
independent  quantities should  agree well with  experiment, for 
this is hardly  the case. The  results in Table I  suggest however 
that  the  N-independent  quantities  stand a better  chance of 
reproducing  the real world data. If our  guiding  principle is 
to look for such  quantities, it is natural  to  examine  the pion- 
nucleon S-matrix, since  meson-baryon scattering  amplitudes 
are  independent of N  in the  large-N limit.‘” 

The  first  step  towards  the  computation of t he   nN S-matrix 
is the  realization  that  small  fluctuations  around  the soliton 
can  be identified with physical  mesons. This is schematically 
illustrated in Fig. 3.’ 

Once that identification is made,  it is clear that in order 
to  obtain  the pion-nucleon S-matrix, we should in principle 
find the eigenmodes of small  fluctuations  around a rotating 
soliton. This is a very difficult problem.  Fortunately  enough, 
in the  large-N  limit  there is an  important simplification: .in 
that limit the  soliton  rotates very slowly, with  angular veloc- 
ity w, - 1/N. The reason is as follows. The  spin of the nucleon 
is ifi, independent of N.  It is the  product of the  Skyrmion an- 
gular velocity ws and its moment of inertia Is. The  Skyrmion 
radius R, is independent of N and  its  mass Ms scales like N.”’  
Consequently 

Is - MsRf - N while Is ws = -ti - No 1 
2 

therefore 
w, - 1/N 

The  characteristic  time scale trot associated with  the Skyrmion 
rotation is large, trot - l / w ,  - N. It is much  greater  than  the 
time t r  that a pion  moving with  the  speed of light  spends in 
the vicinity of the nucleon: 

A pion will therefore not  observe  the  rotation,  but  rather will 
take a %napshot” of the soliton in one of its possible orienta- 
tions. The  probability of any given orientation is proportional 
to IX(A)l2. This justifies the  impulse  approximation:  first ob- 
taining  the  scattering  amplitude for scattering of a pion  by a 
soliton pointing in a fized orientation and  then  superimposing 
such  amplitudes, according to  their weight in X(A) .  

In addition  to neglecting the  rotation, as described above, 
we can neglect the nucleon recoil, since  in the  large-N limit the 
pion  kinetic  energy  in the  domain of interest is independent 
on  N, while M ,  - N. In  order to  obtain  the  Lagrangian 
describing scattering of mesons by a static  soliton, we write 
the  chiral field U in the  form: 

2iii 

This  form of U is then plugged  back into  the original 

Thb identi6cation breaks down for fluctuations which do not  change 
the  energy of the  system. Such fluctuations correspond to the trans- 
lational and rotational xero modes of the soliton. In our  treatment 
this  subtlety is neglected,  spoiling  the  agreement with experiment in 
the  low  partial  waves. 

140 



I 

TABLE 1 
STATIC PROPERTIES OF THE NUCLEON IN THE  SKYRME MODEL 

AND  THEIR  DEPENDENCE ON N. 

Quantity  N-dependence 

- No 
PP - N  

Pn - N  

S s N A / S r N N  1 - No 

Prediction 

0.59 fm 

0.92 fm 

1.87 

-1.31 

1.43 

0.61 

129 MeV 

27,280 MeV2 

8.9 

13.2 

1.5 

Experiment 

0.72 fm 

0.81 fm 

2.79 

-1.91 

1.46 

1.23 

186 MeV 

28,127 MeV' 

13.5 

20.3 

1.5 

Error 

18% 

14% 

33% 

31% 

2% 

50% 

31% 

3% 

34% 

35% 

2 1% 

The predictions are  from Ref. 3. Skyrme  model ia a priori an  equally  good  effective Lagrangian 
for Nc = 3 and Nc = 5. So it  does not reproduce  well the quantities which depend on N in the 
leading order  of the 1/N expansion.  On  the  other  hand, as demonstrated  by  the  table above, it 
typically does much better for ratios  in  which  the  N-dependence cancels out. 

5 7 5 2 A 3  

Uo = exp [ F ( r ) f  . .'] 

F ( r ) i  .r'+ - ai?( Z, t )  
fir 1 

Fig. 3. A two-dimensional example showing how fluctuations  around  the classical 
soliton profile should  be identified with  the physical  mesons. Time flows from left 
to right  and  the  fluctuation  corresponds  to  an  outgoing  spherical wave. 

Lagrangian (1) and  the  action is expanded in  powers of .'/fir: These  equations describe the  motion of a meson in a potential 
provided by the  soliton  background.* Since the  potential is 

(5) in the  usual  partial wave  decomposition. The  equations  can  be 

where L is a  second-order  linear differential  operator  depending of ii as functions of energy. For > R,, F ( r )  --t (c f .  explicitly solved for each  value of K, yielding the eigenmodes 

on Uo. For r -+ 00, Uo -+ 1 and  then L becomes just  the Eq. (3)), the  potential vanishes, and  up  to a phase,  the .' 
free  four-Laplacian, as in (2). The  term linear in ii vanishes, wave function is that of a free particle. This phase is just the 
since Uo is an  extremum of the classical action.  In  addition,  scattering defining the S-matrix element in a given 

in the O0 limit we can the ' (.'3/f,3) pion-skyrmion  channel. We shall refer to  the  latter as reduced 
t e r m ,  Since fr - N d ,  and  such  terms  are  suppressed  relative  matrix  elements.  The reason for  this  name will become clear 
to  the  quadratic one. We are left with a quadratic  Lagrangian in a moment. 
and therefore with linear equations of motion, which can  be 
schematically written as: 

f(U) ---t f (?) = p.' + 0 (.'3/f3 
1 invariant  under K ,  K plays  the role of the  angular  momentum 

* The  explicit expression for is rather  complicated  and  will not be 
given here.  Interested  reader is referred to the original  literature Refs. 
4, 6 ,  8 and 9. L?=O . 
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In order  to  obtain  the pion-nucleon S-matrix  from  the pion- 
Skyrmion  one, we need to project the  Skyrmion  onto  states 
with well-defined isospin and  spin.  This  projection is carried 
out as follows. First, given the  T-matrix’ Tu, for  scattering 
off UO, the  corresponding  T-matrix for scattering off UA (cf. 
Eq. (3)) is given by: 

meson wave function ===+ phase  shifts, r y  
K symmetry e TpHys = xi C i t y  
Approximations: 

D rn, = r n d  = rn, = 0 I massless pseudoscalar 
mesons, exact SU(3) f  

D Large-N * no recoil, linear eq’s  of motions 

D Zero modes for L = 0,1,2; neglected 
where 8 is the  adjoint  representation of A. Next we super- 
impose the Tu,-s according to  their weight  in the nucleon 
wave function X(A). The complete  expression  for the physi- 
cal T-matrix is then: 

where SU(N,) is the flavor group  and X , ( / )  is the wave function 
of the  baryon in the  initial (final) state.  Integration over the 
flavor group  can be carried  out in closed form (see Appendix 
B of Ref. 9 for details.) The final result  has a very simple 
structure: 

i 

where rRED are  the  T-matrix  elements in the pion-Skyrmion 
system  and  the C,-s are group-theoretical factors.  The  struc- 
ture of Eq. (8) explicitly demonstrates  two  ingredients on 
which the physical  answer  depends: symmetry  and  dynam- 
ics. C,-s reflect only the  symmetry  and  are  independent of the 
details of the Lagrangian. They  are  determined by the flavor 
group  and by the  fact  that  the  soliton is invariant  under K; 
all dynamics is contained in the reduced matrix elements. We 
are all familiar with  this  type of division into  group  theory  and 
dynamics. For  example, isospin conservation dictates  that  the 
T-matrix for x N  -+ xN is given by 

where C;( t ,  are  SU(2) Clebsch-Gordan coefficients and Tic;, 
are  the I = ;(;) reduced matrix  elements. 

In the foregoing discussion we have focused on  the 2-flavor 
Skyrme model.  Extension to 3-flavors is in principle  straight- 
forward,  The  embedding of the SU(2) hedgehog  inside SU(3) 
is done by setting 

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  the S-matrix and T-matrix, using 
the  one which is the most  convenient. The  two are related  by 
T = (9 - 1)/2i. 
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We are  ready  to  compare  the  Skyrme model T-matrix  with 
the experiment. I t  is customary  to decompose the experimen- 
tal data  into  channels  with well-defined isospin I ,  angular mo- 
mentum J and  orbital  angular  momentum L.  Such channels 
are denoted by La,,,, where L is denoted by an  appropriate 
letter: S, P, Dl F, G, H, I ,  K for L = 0,1 ,2 ,3 ,4 ,5 ,6 ,7 ,  respec- 
tively. The  T-matrix for  each La,,aJ channel is plotted as a func- 
tion of the energy, on  the so-called Argand  plots ( c f .  Fig. 4). 

1 1 1  meson momentum 
PI-N-->PI-N: F15 

2.0 ,A, 

4-07 
5 7 5 2 A 4  

meson  momentum 
arrow l o c a t l o n i  .86; s19n OF Im[T): 

Fig. 4. Sample Argand diagram. A resonance  corresponds 
to  the  maximum velocity of d[Tl/dE ( here  denoted by an 
arrow ). In  the  Skyrme model the  plot in the  unitarity circle, 
ImT us. ReT, is independent of e and fr. 

The  part of the  diagram  bounded by the  unitarity circle, ImT 
us. ReT is independent of e and fr and therefore  provides 
the  most  stringent  test of the model. Fig. 5 compares  the 
experimental  results for xN -+ sN S-matrix  with  those of the 
3-flavor Skyrme model. R 

I’d like to stress again that  the  Skyrme model calculation 
as shown in Fig. 5 contains no adjustable  parameters. The  pa- 
rameters of the model determine  the energy  scale, but  not  the 
shape of the  Argand  plots.  Apart  from  the S,  P and D partial 
waves, containing  the  spurious zero modes, overall agreement 
with  experiment is quite  good. 

The  most conspicuous feature of Fig. 5 is the  fact  that 
the LI=1/2,J=L-1/z channel is much larger than LI=,/Z,J=L+1/2 
for all L’s. This is true for both  experiment  and  the  Skyrme 
model.  A similar,  albeit less pronounced  pattern holds for 



TN - TN 

Fig. 5.  sN ---t sN : comparison 
between  the %flavor Skyrme  model 
and  experiment (from Ref. 9). The 
plots show Im(T) us. Re(?') for  each 
channel.  Channels  are labeled  by 
L~,,,, where L is the pion orbital 
angular  momentum, I is the  total 
isospin and J the  total  angular mo- 
mentum. 

Fig. 6. Spectrum of N and A 
resonances: 3-flavor Skyrme model 
(crosses) us. 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 m N  and 
mA are  obtained  from Eq. (9) of 
Ref. 3, using the "best fit" param- 
eters of Ref. 9 (e =4.79, fir =150 
MeV.) 
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L1=3J2,  J=L+,  12 and L I = , p ,  J = L . - ~ / ~  channels. h the  chiral soli- 
ton framework this phenomenon has a  very simple  explana- 
tion: there  are eight  reduced amplitudes  entering  Eq. (8) for 
S U ( 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 Ci-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 
dlT(/dE.  The resulting spectrum of N and A resonances is 
displayed  in Fig. 6. With over 30 resonances and  two  adjustable 
parameters, masses are  predicted  with  an  average of about 7%. 
While all of the 4-star  resonances appear in the  same place in 
2- and 3-flavor calculation,  the 1- and 2-star  resonances in  the 
4 5  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. 

. . F15 F17 . .  

1.0 1.5 2.0 1.0 1.5 2.0 2.5 
12-85  TOTAL ENERGY (GeV) 5 3 0 6 A 1  

Fig. 7. Speed diagrams for the four F-wave  amplitudes 
in the 2- and %flavor Skyrme models (dotted  and solid 
lines,  respectively). 

T N  - .rrA 
Fig. 8. nN -+ n A  : comparison be- Experlment Skyrme Model 
tween the 3-flavor Skyrme model -0.5 0 0.5 0 0.5 0 0.5 0 0.5 -0.5 0 0.5 0 0.5 0 0.5 0 0.5 
and  the  experimental  solution of 0.5 0.5 

Ref. 13  (from Ref. 9). Channels  are 0 I +9' ''i I ,,, ' : ' (1, ' r/' 5' ' 0 
labeled  by LL:,,,,, with L and L' the - "11 

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 of the  experimental 0 
data is not as unambiguous aa in 
nN -+ nN , but in all cases the 
Skyrme  model  correctly reproduces -0.5 0 0.5 0 0.5 0 0.5 0 0.5 -0.2 0 0.2 0 0.2 O 0.2 O 0.2 
the sign of Im(T) ,  which is a crucial 
test for theory. 
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KN - KN 
Experarnenf I Experlmenf II Skyrme  Model 
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Fig. 9. K N  -+ K N  : comparison between the  Skyrme model and  two  experimental 
solutions (from Ref. 9): “Experiment I“ from Ref. 14 and  “Experiment 11” from 
Ref. 15. Channels  are labeled  by t,,,,. Note that  experimental  and Skyrme-model 
plots for L 2 2 are  shown  on different scales. The resonance-like behavior in some 
bf the  experimental  channels is evident. 

In addition  to  the  elastic AN -+ x N  processes, we can also 
consider  inelastic  processes, such as A N  -+ x A  . The only 
change  with respect to A N  ---t A N  is that X/ stands now for 
the A, instead of the nucleon  wavefunction. The  results  are 
shown  in Fig. 8. The  experimental  partial-wave analysis of 
x N  -+ 7tA is somewhat less clear-cut than AN -+ x N  , since a 
N ~ T  final state  may  represent Np,  as well as AT.  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 K N  -+ K N  . That reaction is rather different from 
7rN + A N  , because any resonances in the K N  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 Fo5 channel, similar to  the one  observed in 003. This  chan- 
nel has  not  yet been analyzed  experimentally and  thus provides 
an  interesting  prediction.  Contrary  to  the K N  channel,  there 
is nothing exotic about 3?N + EN . The  partial-wave  anal- 
ysis of experimental  data is of good quality,  although  not as 

* Some of our colleagues  even refuse to be confused by data, aa is 
perhaps best  illustrated by the 1984 Particle Data Book: ‘. . . The 
general  feeling,  supported by prejudice against baryons  not  made  up 
of three  quarks, is that  the  suggestive  counterclockwise  movement in 
the Argand diagram of some  of the partial  waves is  not r e d  evidence 
for true Breit-Wigner  resonances.. .- (p. 5243). 

precise as AN -+ A N  , 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, mK = 0, there is no  point in attempting  to  extract  the 
spectrum of the  strange resonances. 

It is possible to  study  many  more inelastic, strange  and 
non-strange processes.  Details may  be  found in Ref. 9. At 
this  point I  would however like to move on to the model- 
independent  tests of the  chiral  soliton  picture, as outlined at 
the  beginning of this  talk. Let me invoke the isospin analogue 
once  more. If we consider elastic  scattering of charged pions 
on nucleon, a priori there  are four different amplitudes  to con- 
sider: T(7r+p),  T(?r-p), T(n+n) and T(r-n). From  Eq. (9) 
we learn  that they can all be  obtained  from two reduced am- 
plitudes: 

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: 

i=l 
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Fig. 10. EN -+ EN : comparison  between  the  Skyrme model and  the  experimental 
solution of Ref. 16 (from Ref. 9). Channels  are labeled  by L,,,,. 

Such an  assumption  not only explains why for x N  -+ nN 
LI=1/2,J=L-l/z 2 L I = ~ / ~ , J = L - ~ / ~ ,  etc., but also  yields some 
quite new and  interesting predictions.  For a given value of 
L there  are  many  experimental  amplitudes, all determined in 
terms of the  three unknown  reduced amplitudes. Consequently, 
there  are linear relations among the  experimental  amplitudes. 
Such relations  are  almost model independent, relying  only on 
the  K-symmetry  group  theory  and  on  the  assumption  that 
scattering is dominated by the  three reduced amplitudes. 

First,  there  are  rather  accurate linear relations  between 
xN -+ a N  and nN -+ n A  . Very similar  relations  can  be d e  
rived in the 2-flavor case, as was originally done in Ref. 5. In 
that case there  are only 3 reduced amplitudes  and  no  dynami- 
cal assumptions  are necessary. In order  to  test  the  predictions 
inherent  to 3-flavors, it is however necessary to consider re- 
lations between strange  and  non-strange amplitudes.'"'  One 
such  relation  reads 

a1 FhN + a2 FGN = bl FoTN + bz FoFN . ( 12) 

where a-s and bs are purely  group-theoretical coefficients ob- 
tained  from C,-s in Eq. ( l l ) ,  and FASN, FGN, FoTN and FoFN 
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 EN is not  yet reliable enough. 
The G-wave  linear relation is therefore a real prediction for 
what  the EN G-waves should look like. I very much  hope 
that  this  prediction will be put  to a test  sometime in the  near 
future,  perhaps  with  the  advent of the  K-factories. It is im- 
portant  to  note  that Eq. (12) cannot be  obtained  from  SU(3)f 
by itself. While SU(3)f is part of the  symmetry used to de- 
rive Eq. (12),  it is clear that  SU(3)f 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 
xN -+ xN and X N  -+ EN , Eq.  (12). The  scattering ma- 
trix T is plotted  both as function of energy and in Im(T) 
us. Re(T)  representation.  Continuous lines: linear  combina- 
tion of the  experimental F15 and F37 nN -+ nN amplitudes. 
Dotted lines: linear combination of the  experimental FOS and 
F17 EN + X N  amplitudes. EN amplitudes  are shifted by 
the  strange  quark mass  150 MeV. 

the  more  elaborate "conventional" symmetries,  such as SU(6) 
are  also  incapable of reproducing  Eq.  (l2).""  That being the 
case, the very precise experimental  confirmation of the F-wave 
linear relations  should  be  regarded as another  strong  testimony 
in favor of the view that  the nucleon indeed can be  regarded 
as a soliton of the meson field. 
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In closing, I would like to mention that  the  same  ideas 
which make  it possible to  obtain  the pion-nucleon S-matrix 
can  be  applied  to  the  photoproduction of pions on nucleons. 
This is done  by  coupling the  photon field to  the  chiral field U 
and  then proceeding as in pion-nucleon scattering. An explicit 
calculation of the  photoproduction helicity amplitudes  was re- 
cently  carried  out along these lines in Siegen University."" 

I hope  that  this brief review has convinced  you that  the 
chiral  soliton  picture of the nucleon is not only valid on a qual- 
itative  basis,  but also can  be used to  study  details of low energy 
hadronic  phenomena in a way complementary to  and  on a par 
with  the  quark  picture. 
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Abstract: Experiment R704, the last to be performed at the CERN 
Intersecting Storage Rings, has successfully applied a new method to 
studying (Tc) states formed directly in antiproton-proton  annihilations. 
The novelty of  the method lies  in the capability of building a highly 
performing  annihilation source by letting a cold antiproton beam, 
coasting inside ring 2 at the ISR, continuously interact with a dense 
internal Hz target. Details of the characteristics of the source  are given in 
this  paper. 

1. Introduction 
The possibilities offered by the availability of an  intense antiproton 

source for the  study of (Cc) states are now well established [I]. The 
scheme adopted for the R704 experiment required the use of an  internal 
target (a molecular hydrogen jet) continuously intersecting a cold 
antiproton beam coasting inside the vacuum pipe of ring 2 at the  CERN 
Intersecting Storage Rings (ISR). 

The  RF system and cooling equipment of ring 2 at the ISR provided 
great flexibility of beam-control  operations, while the well-localized, 
high-density target permitted the small-size, high-luminosity source 
required for  charmonium  formation studies. The method allows for an 
absolute calibration in the centre-of-mass energy to a  fraction of a MeV. 

The luminosity of the  annihilation source was continuously 
monitored by measuring, with a solid-state silicon telescope, the yield of 
protons from small-angle ijp elastic scattering. The coupled measurement 
of energy and angle in the silicon detector provided an essentially 
background-free  sample of elastic events. 

2. The  Beam-Target  System 
In a formation experiment with antiprotons  interacting  on  a 

stationary hydrogen target,  the energy of the beam is related to the value 
(m,) of the mass of the resonance by the  equation 

E5 = m,z/2mp - mp . 
To study charmonium  states we operated ring 2 at the ISR in the range of 
momentum from 3.5 to 6.5 GeV/c. The unbunched antiprotons coasted 
inside the ring with a revolution frequency of Y = 3.1 X 10’ s-’, 
crossing, at each turn,  an internal target mounted in the  straight section 
upstream of the intersection region 17. The maximum beam current 
reached was  5.5  mA corresponding to N = 1.1 x 10” circulating 
antiprotons. The target,  a HZ gas jet, had  a density of p = IO“ 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: 
i) High luminosity, up to a maximum value: 

Lo = eH2dHzNv = 3 X i030S-’ Cm-*. 

ii) Long beam lifetime: Tbeam = 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: 

~ p / p  = f4 x 

corresponding to an incertitude in the  centre-of-mass energy of 
AJS = 0.5 MeV/c2. 

iv) Small source volume: 

height x width x depth = 0.5 x 0.8 x 0.9 cm3  (for 90% 
containment) . 

v) No energy drift  during data taking. 
The techniques by which the required performance of the  operation 

of ring 2 at the ISR  was achieved are described elsewhere [l], while a 
description of the target system is given  in the following section. 

3. The  Jet  Target 
The optimal thickness of the  internal  target  for  this  type of 

experiment lies  in the  range of 1 to 3 x lOI4 atoms per cmZ. A much 
thicker target would perturb  the beam to an  uncontrollable level, while a 
thinner one would, given the limited supply of antiprotons, lead to an 
unacceptably low luminosity. The target, intersecting an unbunched 
beam, must operate  continuously to minimize the ratio of instantaneous 
rate on detectors to integrated luminosity, and have small transverse 
dimensions, with maximum beam overlap. 

A  target in the required density range and with the  appropriate 
geometry can be built by letting molecular hydrogen at high pressure and 
low temperature expand through  a narrow throat injector of suitable 
shape [2]. At a  short distance from  the nozzle throat, the flow field of the 
gas is similar to  that from  a point source (Fig. 1). Stream lines are almost 
straight with the  stream  core clustering in large agglomerates of 
molecules which can move at supersonic speed (hence the .name ‘jet’) 
over long distances in high vacuum, without absorption or diffusion by 
the residual gas. 

/ 
vlrtuol source point 

mi, - .  I 
boundary 
layer 

Fig. I Converging-diverging nozzle: schematic localization of phases in 
the gas expansion [2]. 
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Fig. 2 Cross-section of the nozzle. 

For experiment R704 we built a target with a  trumpet-like  injector 
(Fig. 2). This  shape maximizes the density of the  jet  core [2]. The values 
of the nozzle parameters were: D = 30 pm, the  throat diameter: 0 = 
3.S0, the  angular half-acceptance; and  L = 18 mm, the  total length. It 
was manufactured from copper in the CERN workshop (31. 

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 = 10 bar  and To = 
77 K .  A three-collimators system (C1,Cz1C3) (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 3 Constitute 
the production stage,  and  chambers 4 and 5 the sink stage. The gas jet 
intersects the antiproton beam at 90". Listed are  pumping speeds (SI for 
each stage and  conductances ( C )  between chambers. 

Fig. 4 System of collimators. The diameters are: 1.4 mm for C I ,  
2.4 mm for CZ, 5.6  mm for C3. 

Out of a  total flux of 10 Torr.  1. S-I expanding from the nozzle, the 
collimation system selected 0.15 Torr 1 . s-' = IOl9  atoms per second. 
This  corresponded to a density of I O l 4  atoms per cm3, 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, C I ,  Cz, C3, which defined 
the dimensions of the  jet at the intersection with the antiproton beam, 
connected three  different  chambers that were evacuated by the successive 
stages of a differential  pumping system. The pumping speeds acting on 
each chamber and the  conductances between chambers  are listed in 
Fig. 3.  

On the sink side the  jet was dumped on a cryogenic pump of high 
speed (120,000 1. s-l). A differential pumping system, formed by two 
cryogenic pumps of 4,000 1. s-' each,  separated  the vacuum pipe from 
the  dump. 

A pressure rise to  about IO-' Torr in the vacuum pipe, around the 
target region, was mainly due  to clusters which hit the edges of the last 
collimator on the  production side and did not reach the sink system. 
Backstreaming gas from the sink accounted for a negligible fraction  of 
the pressure increase in the vacuum pipe. 

Two additional  pumps, acting on  the ISR ring section where the 
target was mounted, limited to 1.5 m the region where the pressure was 
larger than Torr.  The pressure rise in the vacuum pipe corresponded 
to only 1.5% of the target thickness spread over a length of a few metres. 

\ 
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In order to avoid machine vacuum contamination in the case of 
breakdown of the target system, two fast-acting ultra-high-vacuum 
valves were installed to separate the production and sink systems from 
the vacuum pipe of ISR ring 2. 

To avoid blockage of the nozzle throat by impurities, high-purity Hz 
was  used and  the injection line was provided with mechanical filters 
(2 am), a  condensation trap  at liquid N2 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 mm2) which could scan across the  jet.  A pressure rise was then 
produced by the  gas backscattered from the plate. A typical profile of the 
jet is shown in Fig. 5 ;  the measured pressure rise has been converted into 
thickness traversed by the antiproton beam. 

The  operations  of  the target were controlled by two 
microprocessor-based systems which performed all tasks related to start 
up, the jet on/off procedure, bookkeeping of the measurements, and 
safety checks. 

A 

1 -  

0.5  - 

p x 1 ~ ’ 4  at/cm3 

1 
O - 4 - 2  0 2 4 

x mm 

Fig. 5 Target-thickness profile as obtained from measurements with the 
monitor described in the text. 

Fig. 6 Target system layout: top view. 

A top view of  the complete target system mounted on ring 2 at the 
ISR  is shown in Fig. 6. 

Conclusion 
The H2 internal  target described in this  contribution has been 

successfully operated in the R704 experiment. 

Accumulator and  at the  CERN Low-Energy Antiproton Ring (LEAR). 
The same novel technique will be used at the FERMILAB p 
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We evaluate  the possibility of observing  nuclear effects in 
semi-inclusive electroproduction of hadrons(h)  from nuclei. We 
assume factorization  and nuclear independence of fragmenta- 
tion  functions in the current fragmentation region. Hence it is 
shown that  the production ratio of oppositely  charged hadrons 
h+/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 
targets' have received considerable attention because of the 
evidence they provide for the  importance of nuclear effects on 
quark  distributions in nuclei. It is reasonable to examine  other 
high  energy  lepton-nucleus and 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 hadrons from nuclei. 

This  paper is organized as follows. In Sec. I1 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. 111. In Sec. IV we evaluate 
the nuclear effects of quark  distribution  functions  in various 
cross sections and cross section ratios. Sec. V contains  our 
conclusions. 

11. INCLUSIVE HADROPRODUCTION 

First let us review the inclusive process  e N + e' X. The 
cross section is given byz 

where x is the usual Bjorken scaling variable, y = u / E  where u 
is the energy  transfer and E is the incident energy, M N  is the 
mass of the  target  and Q2 is  the  negative of the  four-momentum 
squared of the  virtual photon. Fl and Fz are  the  inelastic 
structure functions. In  the above expression we have  neglected 
s l y  with respect to 1 - y in  the coefficient of F2. In  the 
scaling  region F~,z(z, Q z )  + F~,Z(Z) and  further Fl and Fz are 
related by the Callan-Gross  relation 2 x F 1 ( s )  = F z ( x ) .  Thus 
we have, 

In  the  quark  parton model we have F z ( z )  = xi  eTqi(x) where 
g,(x) is  the  quark  distribution  function  and e ,  is the charge of 
the  quark i. 

For the semi-inclusive process3  e N + e' h... (see Fig. 1) 
we define the variables t=h.p, K=h.q, u=tc/p.q and  z=c/p.q. 

Here p, q and h are  the 4-momenta of the  target,  virtual 
photon  and  the  hadron respectively. The  target  fragmentation 
region is defined by t finite, K -$ +co, u finite. The  current 
fragmentation region is defined by E finite, K. -t -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 h t ) .  In 
the  lab  frame z= Eh/v where Eh 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 

where the  fragmentation  function Df 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 ( q i ( x )  

FIG. 1 

Inclusive  hadron  production  in  deep  inelastic  electron  scat- 
tering  with  nuclear  targets.  Here  thick  lines  represent  hadrons, 
a  wavy line represents  the  virtual  photon  and  thin line3 
represent  electrons  or  quarks. 
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and @(z) do not  depend on Q2) are  characteristic  assumptions 
of the  parton model. In reality both q i ( x )  and D ; ( 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. 

111. FRAGMENTATION FUNCTIONS 

AND QUARK DISTRIBUTION  FUNCTIONS 

For the calculation of cross section we need  models for the 
quark  distribution functions and  fragmentation  functions. For 
the  fragmentation process there  are  hadronization models mo- 
tivated by QCD. In  the present work, however, we employ sim- 
ple parametrizations deduced from experiment. For simplicity 
we further assume that  the  detected  hadron is the lightest one, 
the pion. 

Using isospin invariance,  charge  conjugation and  the equal- 
ity of unfavored  functions, we need only two independent frag- 
mentation functions D: + ( 2 )  and DE-(.). Neglecting sea quark 
distributions ( x  N .2) and using an isoscalar target  (deuteron), 
these functions have been extracted4 recently up  to z=o.8. A 
simple parametrization 

2 ~ ; + ( z )  = 0 . 7 ( 1 -  2 ) 1 . 7 5 ,  

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. 

100 I I I , , I , $ , , , , , , , , , , , , , 

- 
N 
v 
P 
N 

FIG. 2 

, \  

Fragmentation  functions  eztractedfrom  ezperiment.  Solid 
line  and  dot-dash  line  represent zDZ+(z) a n d   z D : - ( z )  
respectively  (taken  from Ref. 4). Dashed  line  and  dotted 
line  represents z D f ( z )  and zDC-(z)  respectively  (taken 
from  Ref .  5 ). 

For the quark distribution functions we use the  quark clus- 
ter model (QCM)'-' which was proposed to explain the  deep 

inelastic 3 H e  scattering  results  from SLAC'. In  the QCM one 
assumes the nucleus at all times is organized into color singlet 
clusters. The clusters are labelled by their leading Fock space 
component in  the infinite momentum  frame as three-quark (3- 
q), six-quark  (6-q),  etc.,  clusters.  Larger clusters  are assumed 
to form by the overlap of smaller  clusters. As is  customary 
in  parton phenemenology, we assume that  the  participating 
quark  or  antiquark is quasifree. Second we assume  that  the 
cluster  is also quasifree. We also neglect quark exchange  pro- 
cesses between  clusters. Since we are  interested  in  qualitative 
behaviour of cross sections and cross section ratios we have 
further  adopted  the following simplifying assumptions in this 
work. All clusters larger than 6-q clusters  are  approximated 
as 6-q clusters and Fermi motion is neglected. The quark dis- 
tribution  function in a nucleus is q,(z) = p ~ n 3 ~ ( x )  + P6n6i(l) 
where p3 and p6 are 3-q and 6-q cluster  probabilities.  In  this 
work we use the  quark  distribution functions .,(x) for various 
clusters  from Ref. 7 .  

IV. NUCLEAR EFFECTS 

From the expression for the cross section given in Sec. I1 
we have, 

1 610 C i e f q i ( z ) D ; ( z )  --- - 
d u / d x   d x d t  Ci e?qi(x)  ' 

Denoting  the  quantity  on  the r.h.s of the above equation by 
N h  we can form  the charged particle  ratio 

Explicitly we have, 

where 
D:+(z)  l + z  

v(2) = - - - -. 
D ~ - ( z )  1 - 2  

The  ratio  (for  definition see text)  plotted  versus z for  
constant x (=0.1) for the  nuclei,  proton  (solid  line), "C 
(dot-dash  line), " F e  (P6 = 0.0) (dashed  line)  and  "Fe [p' = 0.31 (dotted  line). 

In  Fig. 3 we plot N"+ N'- as a function of z (at x=O.1) for proton, 
"C and 5 6 F e  targets,  Introduction of six quark  clusters barely 
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changes the  ratio for I2C  and "Fe since the  same nucleus  occurs 
in  the  numerator  and  the denominator. The difference between 
the  proton  and  the I2C curves, for example, comes simply from 
the presence of neutrons  in 12C. We expect  similar  predictions 
for other models  proposed to explain the nuclear effects in  deep 
inelastic lepton  scattering. 

Next let us examine  what we can  learn by studying  the 
normalized cross section ratios for different nuclei. Let us define 

In  Fig. 4 we plot R(x)  at z=O.1. It is readily seen that  R(x) 
exhibits  the same qualitative behaviour as the inclusive cross 

I , , / , I  I 8  I 8  I , , / ,  
0.8 " " " '  

0 0.2 0 4  0.6 0 8  1 
X 

The  ratio R (for  definition see the  tes t )  calculated in the 
QCM plotted ver sw  x fo r  z=O.l. The  dashed line  cur- 
responds to  p6(D)=O.O and  p6(Fe) = O . O .  The solid  line 
corresponds  to p6(D)=O.O and  pe(Fe)=O.J.The  small  de- 
viation  from unity of the dashed line originates  from  the 
non-isoscalar  nature of 56Fe. 

The  quantity F (for  definition 3ee the  text)  plotted v e r s ~  
x f o r  z=O.l. The  target  nucleus  is  56Fe.  Dashed  line  and solid 
line  correspond  to p6 =O. 0 and 0 .3  respectively. 

section ratio.  Within  the  QCM  the behavior of R in  the region 
x greater  than 1 will exhibit steps  just as the inclusive cross 
section ratio". 

To get an estimate of the  magnitude of the cross section 
to  be  expected let us write 

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 
x + 1 region over the result if there  are  no  quark clusters. 

V. CONCLUSION 

Assuming factorization  and nuclear target  independence 
for fragmentation functions we have shown that  the semi-inclusive 
hadron  production cross section ratio for  oppositely  charged 
hadrons  with  the  same  target nucleus is  quite insensitive to 
nuclear effects. On  the  other  hand  the  ratio of cross sections 
for the same hadron produced off different nuclei is seen to 
exhibit the  same  striking behavior as the inclusive ratio. 
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I 

Abstract 

An outline is given of the proposal that  the nuclear pion 
field can be determined by coincidence electropion  production. 
Experimental requirements for the measurement of (e, e'a) cross 
sections are discussed, with particular regard to  the properties 
of the  PEP  storage ring. 

Introduction 

The meson field representation of the nuclear force provides 
the basis for  our  most  detailed, yet tractable, model for calcu- 
lating nuclear  properties. Although the roles of heavy and mul- 
tiple meson exchanges remain open questions at  present,  there 
is some evidence to suggest that  the principal process, involving 
one-pion exchange, is understood. The first  such evidence came 
from  calculations of the  thermal  np  capture (tz + p -+ d + 7 )  
rate. When only the  neutron  and proton were considered the 
computed  rates were about 10% lower than  the observed value.' 

in A 2 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 2 4 nuclei, there 
exists no  means of identifying the correct ideas. One experimen- 
tal investigation that  has been made is that of Carey et 01.: who 
measured  the  scattering of polarized 500 MeV protons from deu- 
terium  and lead targets in the quasielastic continuum. Since the 

I-d 
FIG. 1. One-pion exchange current diagrams: (a) pionic cur- 

rent, (b) pair current,  and  (c) nucleon resonance  cur- 
rent. 

This discrepancy was subsequently removed by the evaluation 
of the  three one-pion exchange currents shown in Fig. 1, with 
the pion-nucleon coupling constants being taken from measured 
A-N scattering cross sections. More dramatic evidence for the 
contribution of one-pion exchange currents is found in the cross 
section for the electrodisintegration of the deuteron at thresh- 
old, shown in Fig. 2. Calculations for nucleons only produce a 
deep diffraction minimum near squared  four-momentum trans- 
fer Q' = 12 fm-', in blatant disagreement  with the  data. 
Again,  consideration of the  three one-pion exchange currents 
of Fig. 1 is crucial for resolving this disagreement.' Compelling 
evidence for the role of pion exchange currents is also found in 
the cross sections  measured for the break-up of the  deuteron by 
100 - 500 MeV photons13 as well as in the magnetic moments' 
and elastic M1 form factors' of 3H and 3He. There is, however, 
little evidence to confirm our  understanding of the meson field 

0 10 20 30 

FIG. 2. Cross  section for the electrodisintegration of the deut- 
eron at threshold.' The  dotted curve is for nucle- 
ons only, the  dash-dotted curve includes one-pion ex- 
change currents,  and  the dashed  curve includes in ad- 
dition pmeson exchange. The  total  result, indicated 
by the continuous  curve, also takes into account the 
contribution of A-isobars. 
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x-N coupling is strong, such experiments  should  be sensitive to 
any A-dependence of the pion field. Carey et al. isolated the 
axial-longitudinal coupling of the proton to  the pion field from 
other  interactions by measuring a complete set of polarization 
transfer variables.  Within  experimental errors,  the results show 
the axial-longitudinal response functions for d and Pb  to be 
equal, suggesting that  there is no enhancement of the pion field 
in massive nuclei. Notwithstanding the significance of this re- 
sult,  the question of the A-dependence of the pion field  is one 
of such  importance  that  it should be explored by any meam 
possible. 

It is unlikely that any single experimental study can re- 
solve the issue. For example, the momentum distribution of the 
virtual pions in deuterium may be  somewhat different from that 
in heavy nuclei, and hence measurements at  a single momentum 
transfer value, such as that of Carey et al., cannot be  entirely 
conclusive. The  interpretation of the proton scattering mea- 
surements is also compromised by the inherent complexity of 
the proton-nucleus  interaction; for example, the  understanding 
of polarization  transfer  asymmetries  measured for discrete nu- 
clear states in (P;$ has presented considerable difficulty. The 
means of probing the pion field to be discussed in this  paper, 
the (e, e'.) reaction, is also subject to uncertainty,  particularly 
from  the large final-state  interaction effects.' For both reac- 
tions,  there is theoretical debate regarding the interpretability 
of the  data in terms of the nuclear pion field. In fact,  on an 
even more basic level, the range of applicability of the meson 
field representation has yet to be defined. 

Pion  Electromoduction in the Continuum 

Giittner et a1.* have suggested that  the nuclear pion field 
can  be investigated by longitudinal  electroproduction of pions 
in the  continuum region. Giittner 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 It1 onto the  target nucleon, data for charged 

t-channel  s-channel 

u-channel 

FIG. 3. Born term diagrams for the reaction ep -P e ' d n .  
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FIG. 4. Components of the cross section for ep -P e'n'n as a 
function of the  squared  momentum  transfer It\ onto 
the  target nucleon.' 

pion electroproduction have been reasonably  described by the 
Born term model, the reaction diagrams for which are shown in 
Fig. 3. It is the t-channel diagram which is  of relevance for the 
investigation of the nuclear pion field. 

Four separate  terms  contribute  to  the cross section ob- 
tained when the  scattered electron and produced pion are mea- 
sured in coincidence:' 

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 Jr = 0- spin of the pion, 
the t-channel diagram  contributes mainly to  the longitudinal 
component of the cross section d a L / d t ,  shown in Fig. 4. In 
fact, a  crucial  element in the  argument of Giittner et al. is that 
the  strong peaking observed at low It1 in the longitudinal cross 
section arises almosts solely from the t-channel. The objective 
of the  experimental procedure is therefore to perform measure- 
ments  throughout a sufficiently comprehensive  range of photon 
polarization parameters E and out-of-plane angles 4 to  permit 
the isolation of d a L / d t  from the  transverse ( d u T / d t  and d a p l d t )  
and interference ( d a , / d t )  components in the cross section. 

Giittner et al. define the pion momentum  distribution func- 
tion G,./N (2, Qz) to be the probability of finding a virtual pion 
?r* in the nucleon with momentum fraction I = P ( n * ) / P ( N ) ,  
the familiar Bjorken scaling parameter.  The  distribution func- 
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, .  

tion G,./N (x, Q z )  is then  extracted from the longitudinal com- 
ponent of the cross section at small It1 by means of 

d z u L ( e N  + e ' x X )  du,c(en' --* e'.) 
dzdQ2 = G , - / N  9') dQ2 9 

with the elastic scattering e x *  + e'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,  Giittner et d. were able 
only to analyze the case of the e p  + e'n+n reaction, for which 
the deduced distribution function had to be defined as the prob- 
ability of finding  a virtual A+ with  momentum  fraction x in state 
n+n. Values for G,+/, were extracted for x = 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 A-dependence of the number of virtual pions  per 
nucleon. 

Experimental  Considerations 

The objectives of the measurement, namely, to isolate the 
longitudinal  term in the cross section and check that  it is dom- 
inated at low It\ by the t-channel reaction diagram,  demand 
rather comprehensive experimental  capabilities and procedures: 

1. The  spectrometer(s) should have large out-of-plane angu- 
lar acceptances in order to exploit the +dependence of 
the cross section for separation of the d u p l d t  and d u l / d t  
terms. 

2. In order  to  separate d u r l d t  and d a L / d t  it is necessary to 
measure  the cross section for different values of the vir- 
tual photon  polarization parameter E with the kinematic 
parameters Q Z , t ,  and s, the squared  invariant  mass of the 
y*N system, held constant. If duT/d t  and duL/d t  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 'x )  
experiment. Particularly for the higher incident energies, it 
is essential that  the  apparatus be  capable of detecting scat- 
tered electrons and electroproduced pions at small angles 
with respect to  the beam  direction. The  scattered electrons 
of interest will be primarily in the  range 8, = 10" - 40°, 
and  the corresponding pions between 8, = 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. 

4. The  spectrometer(s) should have good particle identifica- 
tion capabilities. In particular, x + ,  x - ,  and xo-mesons 
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FIG. 5.  Ratio of x -  and ?r+ production cross sections for d e u t  
erium.' 

should  be  simultaneously  detectable. Assuming a charge- 
symmetric nuclear force, and an isospin T=O target, equal- 
ity of the x -  and ?r+ 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: 

Data taken at  DESY' and elsewhere on the deuteron show 
that this is the case for It1 < 0.15 (GeV/c)?, as indicated in 
Fig. 5 .  For high I t )  the cross section ratio is closer to 114, 
consistent  with the result  expected for hadronization  after 
scattering from valence quarks of charge (for x -  produc- 
tion)  and $ (for x +  production). Due to lack of charge 
for the x 0 ,  neutral pions cannot be  produced through  the 
t-channel diagram. However, A' production does occur for 
the  other  diagrams,  and hence measurement of the x' yield 
would provide  information on the  contribution from these 
background  terms. 

6. If it is the longitudinal t-channel mechanism which is dom- 
inant at low It[ ,  the struck pion should be ejected close to 
the direction of the  momentum  transfer  and should carry 
energy fraction z = E,/v close to unity, where v is the 
electron energy loss E - E'. The acceptance of the spec- 
trometer(8) should  be optimized to  study such events. 
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Due  to  the smaller pion production cross sections at high 
Q2, useful data will  likely be confined to  Q2 5 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 a p  
pears  at low-Q2 to be a bare nucleon, at high-Q2 may be 
resolved into a nucleon and virtual pion. (The  situation 
is directly analogous to  the evolution of the deep inelastic 
structure functions  with increasing Q'.) The e p  + e'r+n 
data analyzed by Giittner et  al. had a  maximum Q2 of 0.70 
(GeV/c)*, inadequate to provide good sensitivity to these 
pions." This, in part, explains the small 1~+ 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. 

In order  to avoid the  strong final-state  interaction between 
the nucleon and outgoing pion the energy transfer  should 
be greater than 2.2 GeV, sufficient to  put  the pion above 
the resonance region. Nevertheless, even in this case, Monte 
Carlo calculations by Stoler' show that  the cross sections 
measured for  pion production from complex nuclei can be 
reduced by a factor of approximately  2 by final state in- 
teractions.  Thus, even if one were to simply search for 
a possible A-dependence of the pion field, the conclusive- 
ness of the results could well be obscured unless the large 
final-state  interaction effects are understood. The neglect 
by Giittner et al. of rescattering of the pion from the nu- 
cleon also contributed  to  the small A+ content found in the 
proton.I2 

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 O.l%, is clearly far from 
optimum.  The feasibility of performing (e, e'.) studies at 
PEP would be  greatly enhanced if future efforts to increase 
the number of stored bunches are successful. 

Previous electroproduction  measurements have utilized con- 
ventional  magnetic  spectrometers, one for the  scattered elec- 
tron,  and  the  other  to detect the pion ejected close to  the 
momentum  transfer direction. In the experiment of Brauel et  
al.,' for example, the two spectrometers each had  an acceptance 
solid angle of  3.2 msr,  with If 100 mrad  angular acceptance in 
the vertical  direction. The good - 5% duty factor of the DESY 
synchrotron permitted Brauel et al. to use 10 cm long liquid hy- 
drogen and  deuterium  targets  and thereby achieve luminosities 
L 2 cm-2 s-', despite the poor synchrotron beam current. 
With the anticipated luminosity at  PEP being no  better  than 

cm-2  s-l, small  acceptance spectrometers  are  out of the 
question. 

One experimental possibility, proposed by van Bibber," 
would be to use the  septum magnets of the  PEP-9 collabo- 
ration in a modified field configuration. In principle, euch a 
spectrometer could provide acceptance angles close to f20° 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  enco~raging:'~ 
about 10 s-l for L = cm-2 s-'. The difficulty of using such 
a device in the  standard low-duty factor PEP mode would be 
the high  background singles rate from recoil hadrons,  estimated 
to be about 4 per beam crossing.'' Most of the recoil particles 
have momentum less than 2  GeV/c. Several measures 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 5 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."j In this 
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FIG. 6 Large-acceptance,  forward-angle spectrometer used by 
Martin et al. for the measurement of inclusive hadron 
production cross sections." 
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way, magnetic fields 2 1 T could  be applied only a few cm  from 
the  stored  beam. A schematic  representation of this  apparatus 
is presented in Fig. 6. 

Summary 

Preliminary  studies  indicate that  the measurement of co- 
incidence  electropion  production  should  be feasible at  the PEP 
storage  ring, especially if efforts to improve the  duty factor by 
injecting  more  beam  bunches are successful. The observation of 
peaking in the longitudinal  cross section at  small ItI, combined 
with a A+ to A- production ratio close to one,  suggests  a re- 
action  mechanism in  which the longitudinally-polarized  photon 
couples  directly to a  virtual  pion.  Whether  or  not  the  nuclear 
pion sea  can  be  quantitatively  determined  from  such  measure- 
ments is rendered  uncertain by the possible importance of other 
reaction  mechanisms, as well as by the large  final-state  interac- 
tion effects. Nevertheless, measurements of this  type may  well 
help to define  the region of applicability of the meson  field  rep- 
resentation. 

This work  was supported by the US. Department of En- 
ergy. 
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(e,.'.) AND THE PION NUCLEON  FORMFACTOR 

Andreas  Schtifer and Steven E. Koonin 

W.I<.I<ellogg Radiation  Laboratory, CALTECH, Pasadena, CA 91125, USA 

It  has  been claimed' that  the reaction 

e + p - + e ' + n + + n  (1) 

tests directly the 'pion content of the nucleon'. Such a mea- 
surement would be very interesting as it could test some of the 
models' proposed to explain the EMC effect. We will argue  that 
this claim is invalid and  that  the only  information one  can ex- 
tract from such an experiment is the pion nucleon formfactor 
FnnrN (and  the electromagnetic  formfactor of the pion). 

e' 

c+ - I '1 
e - -  Lo Mx [GeV] 

1.5 

Fig.1 : The reaction ( e  p , e' n+ n ) 

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' n A ) . ( From ref. 2) 

An experiment of the  type (1) was carried out by Brauel 
et aL3 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- 
~nent  should show some characteristic differences due to nuclear 
binding, i.e. due tu  the exchange of virtual pions between the 
nucleons of a nucleus. Brauel et al.  isolated the  graph of Figure 
1 by doing a Rosenbluth separation (which guarantees  that  the 
photon is scattered off a spin zero particle)  and by imposing a 
cut on the  total  momentum  squared of the outgoing  baryon state 
(Figure 2). 

( p - IC ) p  ( p - IC)" 5 (1.2 G e V ) *  (2) 

For very large momenta Q 2  = -q' or,  more precisely, for 
I f l  > 1 GeV the longitudinal  cross  section  can be simply 
written as 

d20L(ep + e'n+n)  dOelostic(eA* 4 e'n) 
d x  dQ2 = G r * / p ( Z )  

dQ2 (3) 

where G , . l p ( x )  is a Q' independent function, namely the proba- 
bility to find a virtual x +  with  momentum  fraction x associated 
with a proton.  This  interpretation holds only for  large Q'. For 
small values, i.e. for x << 1 G e V ,  the  ratio of the two 
cross sections 

becomes a strongly Q' dependent  function  with  no simple phys- 
ical interpretation.  This is illustrated  in  Figure 3. The nucleus 
emits  virtual pions with a momentum  squared t = -k'. The 
further  these pions are off mass shell, i.e. the larger the value of 
I t / ,  the sooner they will be  reabsorbed.  Thus, strongly off shell 
pions can only be found close to  the nucleus. Due  to  the pion 
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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. 
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I 
nucleon formfactor F , N N ( ~ )  there axe no pions with  arbitrarily 
large It\. The  strong decrease of F,NN with t renders the  total 
number of virtual pions finite. If one probes the  virtual pion 
cloud of a  nucleus with  photons  the response one gets depends 
on the resolution,  i.e. on  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(z,Q2) is still a good approximation 
to G,./p(z) = limp,,G(z,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(z,Q2 = 0.7 GeV') X G,.lp(z) ( 5 )  

and claimed that  there would be far less virtual pions associ- 
ated with  a nucleon than is usually assumed. Furthermore they 
concluded that  the  proton  radius  is 

R = 1.5 f 0.1 fm (6). 

The  latter result  they got from the  relation3 

(8 )  
Because they got from the  data very small values for G(z,  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). 

1 .o 
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0 4  

0.2 

0 0  

The exponential form of the a N N  formfactor (8) is motivated 
by the  bag model. From a phenomenological point of  view one 
can also advocate a dipole form' 

with A = (4.8 - 7.0) fm-' (dash-dotted lines) or even a 
monopole form' (dotted line) 

with A rz 5 fm-'. 
In  fact, F,NN is tested  experimentally only for small values 

oft ( t 6 0.2 GeV'), where all of these  functions coincide more or 
less, whereas the  formfactor used by Guttner  et al. is 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 R = ( 1 f 0.2) fm. We thus conclude 

G(z,  Q2 = 0.7 GeV2) << Gnlp(z) (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 F , N N ( ~ )  for some limited t range, 
as was done by Brauel  et al.. The  ratio in Eq.(3) becomes espe- 
cially uninformative if the  electrons  are  scattered off a nucleus 
instead of a proton.  The final state  interactions  are  important 
and  they will blur  the meaning of G(z,  Q2) still further. 

By doing an inclusive measurement as opposed to  an exclu- 
sive one the  problem  that  the  Rosenbluth  separation works only 
for too small values of Q2 is not  remedied. One  just looses the 
possibility to  extract F,NN. 

Fig.4 : Comparison of the dif- 
ferent F,NN formfactors discussed 
in the  literature.  The two dashed 
lines sketch the  range  expected for 
an  exponential  formfactor (ref. 4). 
The  dash-dotted  line  bounds  the 
allowed range for a dipole formfac- 
tor  according to ref. 5 .  The  dot- 
ted line is the monopole  formfactor 
used in ref. 6. The result of ref. 1 
is the solid line. 
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MODIFICATION OF NUCLEON PROPERTIES IN NUCLEI 

Carl M. Shakin 
Department of Physics, Brooklyn College of the  City  University of New York 

Brooklyn, New York 11210 

Abstract: We interpret various nuclear physics 
experiments as providing  evidence  for modification of 
QCD order  parameters in nuclei. 

Introduction 

I would like to  emphasize  that  three topics of 

current  interest in nuclear  physics: the EMC effect, 
the  quenching of the  longitudinal response seen in 

inclusive (e,e') reactions,2  and  the use of  the Dirac 

equation to describe nucleon motion in nuclei, 
are all related  to  a  single effect, the modification 

of  the g luon  condensate in nuclei.6 We will argue 
that, in all three  cases  mentioned above, we  are 
seeing the  effects of a  change  of  a QCD mass (or 
length)  scale  away  from  its  vacuum value. The order 
parameter  describing  this  scale change is an order 

parameter  of  the gluon ~ondensate.~ In the absence 
of current  quark masses, there is only  a single mass 
scale developed  dynamically  in  QCD. It is possible 

to construct an effective Lagrangian for 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 how a length scale may 
be  specified  for QCD by making use of the  gauge  and 
Lorentz invariant parameter, 

1 

3-5 

7 

Here g2  is  the  QCD  coupling constant renormalized at 

the mass scale, P . (Equation (1) may  be taken as  a 

definition of the  quantity g2qO2.) We remark that  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.) 

2 

4 

A s  we have seen in other  work^,^" various 
dynamical masses are  given in terms of the quantity, 

g2$02. We obtain  a  dynamical gluon mass, 

and  a  dynamical  quark mass, 

(m 1 = - g $  
GI12 1 2  2 
q 6 0 '  

as well a s  a number of other mass parameters, all of 
which are proportional  to  the same order parameter. 
The quark  also obtains a dynamical mass via the 
formation of  a chiral condensate, however, in our 
model the chiral condensate order parameters do not 
define an independent mass scale. Therefore, if we 
take  the  current  quark mass to be zero for the up and 
down quarks, there is only a single mass scale in our 
effective Lagrangian, which we assume describes QCD 

at  large  length  scales. 6.7 

Now the  presence  of quarks tends  to break down the 
gluon condensate and in nuclear matter we claim  that 
$ o  should be replaced by $NM<$o. Indeed, we want to 

show that  if $o/$NM : 1.25. we can understand the 

various phenomena  mentioned  at  the beginning of  the 
introduction. 

The EMC Effect 

There have been  a  very large number of theoretical 

papers which deal with the EMC effect.' The rescaling 

model of Close, Ross, 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  "rescaling". With A specifying a nucleus 
of mass number A ,  and N denoting the nucleon, it is 
assumed  that moments are related by the following 

expression, 

11 

10 

2 
MA(Q 1 E %(CNA(Q )Q 1 s  

2 2  
( 4 )  

where the  quantity 5 NA(Q ) evolves with Q2 as follows, 2 

Here a (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 2 

< 1 GeV ). The essential assumption is that 2 
Qo - 
5 (Q ) is given by a length scale modification, 2 
NA o 

Here X is a  length scale appropriate to the nucleon 

in vacuum, and X A  is the length scale appropriate for 

the  nucleus. In the  papers dealing with the  rescaling 
model one finds calculations of  the ration XA/hN based 

upon models of  the nucleon-nucleon correlation 

functions." We prefer  to make the identification 

N 

where the brackets denote the average value of $(r) 
in the  nucleus.  For example, we can write, using a 
local-density approximation, 

where p(r) is the  matter density of a nucleus and 
pm is the  density  of nuclear matter. Therefore, we 

have 
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and 

'A I 1 (10) - (1 -+Z) 
Thus, the A dependence of  the ratio X A / X N  is here 

related  to  the fact that nuclei of different mass 
number have different percentages of surface nucleors. 
( 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 

 quark^.^ 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 9 

5.m '0 , 
Rvac 'NM - E -  

where R is the nucleon radius in vacuum. The 

average radius of  a nucleon in a nucleus is then 
given by, 

vac 

<R>A '0 

Rvac 
<'>A ' 

- =  - 

Thus, using (7),  we can also  identify 

This result is consistent with the fact that in the 
rescaling model one "rescales" the moments (or the 
structure function)  of  the nucleon itself. 

While the rescaling model has some attractive 
features, we believe that further study is required. 
In particular, one should actually calculate the 
structure function of a nucleon, either in vacuum  or 
in  a nucleus using an appropriate model of nucleon 
structure. 

Modification of nucleon electromagnetic form 
factors in nuclei 

Issues related  to  the effects of  the nuclear 
medium in modifying nucleon properties have recently 

been  reviewed by  A. 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 

factors we calculated in earlier  work.13 For example, 
consider the usual phenomenological expression for the 
electromagnetic form factor  of  the proton, 

Here a2 = 0.71 GeV is the value of this quantity in 

vacuum. In nuclear matter we have 

2 
vac 

a vac - -  - ' 0  

'NM ' 

or alternatively, 

where [r2IS is the r.m.s. radius of  the proton calcu- 

lated  from  the slope of  the  form factor at  q =O. We 

have shown in an earlier work14 that  the ratio 

P 2 

which we have calculated using a soliton model of the 

nucleon,13 reproduces the values of (X /X 1 which are 
required  to  fit  the  EMC  effect. That is, the  electro- 
magnetic radius of  the nucleon (calculated using a 
soliton model of the nucleon) scales with the inverse 
of the dynamical quark mass and  that dynamical mass 

scales as the ratio @/O0. 6,7 

A N  

The medium-modified form factors obtained 

earlier13 have been used  to explain a large body  of 
data dealing with the longitudinal response in 

nuclei l5-I7 and  the charge distribution of 
The situation with respect  to  the transverse response 
is more complicated  since there appears to be a large 
amplitude for  two-nucleon processes which is important 

in the region of the  quasi-elastic  peak.15 More 
theoretical and experimental work is needed  to  clarify 
the situation in the case of  the transverse response. 

20SPb. 18 

Some attempts have been made to  study  the  modifi- 

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 

nuclei2'; however, we believe this conclusion is pre- 
mature. For example, the analysis of y-scaling  pre- 
supposes that one can use the impulse approximation to 
understand the  data. However, as can be seen from the 
experimental data summarized in Ref.  12,  the impulse 
approximation (with  free-space nucleon form  factors) 
cannot explain the  data in the most recent (e,e')  and 

(e,e'p)  experiments.'l 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. 
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Dirac phenomenology  and  the relativistic 
Brueckner-Hartree-Fock  theory 

In the work of  Noble22 one finds the first 
attempt  to relate the  quenching  of  the longitudinal 
response  to  a change of nucleon size. Noble uses the 
scaling relation, 

where 

m = % +  

Here U is the 

ef f 

, 

(19) 

scalar potential felt by  a nucleon in 

nuclear matter. Dirac phen~menology~’~ yields 

Us E 400 MeV so that h / R v a c  1.74,  or in 56Fe 

<R>/RVac 2 1.4. This represents an increase of  the 

average nucleon radius in 56Fe  of  about 40 percent, 
while to  explain  the EMC effect (or  to explain the 
quenching of the  longitudinal  response) in iron, the 

radius increase needs to  be  only 15 percent. 
first  sight  there  might  appear  to be a  problem with 
the  rescaling analysis; however, as we will discuss 
below, an understanding  of  the relativistic Brueckner- 

10,16 At 

Hartree-Fock  theory3  allows us to clarify  this  situa- 
tion and  to see the  applicability  of  the rescaling 
analysis. 

The problem  with  the simple analysis of (18) and 
(19) is that U contains  a number of effects which 

have nothing to do with the change of mass scale. In 
particular  the various contributions to IT include 

exchange (Fock)  terms  arising from the exchange of 
omega, rho and  pi  “mesons” between nucleons. We must 
remove these  terms  from U before we calculate a value 

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 131,  for  example.) Therefore, in 2 938-210 
= 728 MeV, and 

There is certainly some theoretical error  to be 
associated with the estimate in (20). but  the  result 
is  quite close to  that  obtained from our previous 
analysis. 

More precisely, we can see that in the  theory  of 

covariant soliton dynamics,” the mass and radius of 

a nontopological soliton are given by. 23 

where mdYn is a  dynamical quark mass arising from the 

coupling of the  quark  to  the QCD condensates and  f 
and  h are dimensionless functions of a coupling 

9 

constant, gx,  and  a mass ratio, rl. The mass ratio 

does not change  upon  rescaling. so that 

as noted earlier. 

Summary 

In summary, we can say that  if we use the order 
parameter  of the gluon condensate to set the mass and 
length scale both in vacuum and in nuclei, we can 
understand several interesting phenomena from a  unified 
point  of  view.  Either theoretical analysis or 
phenomenological considerations lead to the conclusion 
that  the gluon consensate order parameter is reduced 
by about 25 percent in nuclear matter. This effect 
may be considered as a  precursor  of  a deconfining 

phase transition. 24 
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INFLUENCE OF SIX-QUARK BAGS ON ELECTRON  SCATTERING 

Gerald A. M i l l e r  
I n s t i t u t e   f o r   N u c l e a r  Theory 
Department o f  Physics, FM-15 

U n i v e r s i t y   o f  Washington 
S e a t t l e  , Washington 981 95 

Abst ract  

Poss ib le   s ignatures  o f   the  presence  o f   nuc lear  
s ix-quark bags are  discussed. 

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

I n   t h e   p a s t  few years, many workers  have t r i e d   t o  
use  quarks  and t h e i r   i n t e r a c t i o n s   t o  compute nuc lea r  
p roper t i es .  One way t o   i n c l u d e   q u a r k s   i s   t o   p o s t u l a t e  
the   ex is tence  o f   nuc lear   s ix -quark  bags1,  and then  pre- 
d i c t   t h e   i n f l u e n c e   o f  such ob jec ts   on   var ious   nuc lear  
reac t ions .   In fo rmat ion   about  how QCO determinesnucle-  
a r   p r o p e r t i e s  may be obtained i f  a g i ven   reac t i on   t u rns  
o u t   t o  be ve ry   sens i t i ve   t o   t he   p resence   (o r   l ack )   o f  
such  objects.  The purpose o f   t h i s  communication i s  t o  
discuss some e l e c t r o n u c l e a r   r e a c t i o n s   t h a t   m i g h t   y i e l d  
information  about  six-quark  bags. 

L e t  me beg in   w i th  an ou t1   i ne .   F i r s t ,  I discuss my 
conception o f  the  term  "s ix-quark bag",  and the  proper-  
t i e s   o f  such objects.  Simple  est imates show t h a t  
copious numbers o f  such   ob jec ts   m igh t   ex i s t   i n   nuc lea r  
mat ter .  Suppose 40 o r  50% o f  the  baryons i n  a heavy 
nucleus  were  six-quark bags. One might   expec t   tha t  
t h i s  would  cont rad ic t  many observations.  Consider one 
spec tacu la r   p iece   o f   ev idence   f o r   nuc leon ic   deg rees   o f  
freedom:  the measurement o f   t h e   c h a r g e   d e n s i t y   d i f f e r -  
ence  between Pb and T1 .2 I found3   tha t   i nc lud ing  (more 
than  about 50% o f )   s ix -quark  bags  does n o t   a f f e c t   t h e  
pred ic ted   c ross   sec t ion   very  much. No st rong  d isagree-  
ment i s  found!3 One  may even c l a i m   t h a t   i n c l u d i n g   s i x -  
quark bags  improves  the  comparison  between  theory and 
exper iment .   K iss l inger  and Hoodbhoy4  and others  have 
argued  that   recent  measurements o f   t h e  He and H charge 
dens i t ies   p rov ide   ev idence  fo r   the   ex is tence  o f   s ix -  
quark bags a t   t h e  15% level .   But   the  main message i s  
t h a t   e l a s t i c   s c a t t e r i n g   i s   n o t   e x t r e m e l y   s e n s i t i v e   t o  
the   s ix -quark  bag presence i n   n u c l e i .  (I say t h i s  be- 
cause six-quark  (6q) bags are   genera l l y  one among  many 
" s e c o n d   o r d e r "   e f f e c t s   y i e l d i n g   s i m i l a r   c o n t r i b u t i o n s . )  
Thus, my purpose  here i s   t o   i n s t e a d   c o n s i d e r   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  and t o  examine reg ions  o f   the (9%) 
p lane where  6q  bags might  be  found. P. MuldersS has 
a l r e a d y   s t u d i e d   t h e   r o l e   o f  6q  bags i n   t h e   i n c l u s i v e  
(e,e')  process. He f i n d s   t h a t   s i x - q u a r k  bags could be 
respons ib le   f o r   t he   suppress ion   o f   t he   l ong i tud ina l  
s t r u c t u r e   f u n c t i o n  and  can fill i n   t h e   " d i p "   r e g i o n  be- 
tween the  nucleon-  and A- q u a s i e l a s t i c  peaks. Fu r the r -  
more, i n   t h e  A produc t ion   reg ion  ( v  = 300 MeV), t he  
con t r i bu t i ons   o f   s i x -qua rk  bags to   t he   t ransve rse  
s t ruc tu re   f unc t i on   a re   abou t   equa l   t o   t hose   o f   t he  
A .  I reproduced  Mulders'  results and  extended  them t o  
the  case o f  a 4He target.   Six-quark bags are  indeed 
impor tant   numer ica l ly .  However, t h e i r   l a r g e s t   c o n t r i -  
but ions  occur  near  the A region, so it i s   d i f f i c u l t   t o  
t e l l  a A from a six-quark bag. I n   t h e  hope o f   o b t a i n -  
i n g  more d e f i n i t i v e   i n f o r m a t i o n ,  I suggest  experimental 
s tud ies   o f   t he   ene rgy  dependence o f   t h e   a n g u l a r   d i s t r i -  
b u t i o n   o f   p r o t o n s   e m i t t e d   i n   t h e   ( e , e ' p )   o r   ( e , e ' p p )  
react ions.  

determine i f  quark   e f fec ts   (as  opposed t o   n u c l e o n i c )  
e f fects)   cont r ibute  to   making  the  nuc leus.   Quarks may 
p a r t i c i p a t e  i f  t h e y   a r e   c o n f i n e d   o c c a s i o n a l l y   i n   s i x -  
quark  (6q)  bags. To d i f f e r e n t i a t e   f r o m   " o r d i n a r y "   e f -  
fects  we suppose t h a t   t h e  6q  bag i s  orthogonal   to  s imple 
p roduc t   s ta tes   o f   nuc leon ic  wave func t i ons .   Fo rp resen t  
purposes we take   the  6q  bag t o   c o n s i s t   o f   s i x   ( a n t i s y m -  
metr ized)  quarks i n   t h e   l o w e s t  (K = -1 , L = 0 )  s t a t e   o f  
t he  MIT  bag. E igenfunct ions and energy  eigenvalues 
have  been  obtained i n  Ref. 6. Some re levan t   f ea tu res  
a re  shown i n  Table 1 , taken  from  Ref. 5. 

Table 1. Six-quark Bag Proper t i es  

- 1,s Mass (GeV) 

OY1 2.16 
1 ,D 2.24 
192  2.36 
291 2.52 

The numbers 1,s rep resen t   t he   i sosp in  and s p i n   o f  
the 6q  system.  These s tates  are  expected  to   have a 
w i d t h   o f   a b o u t  150 MeV, which i s  a b i t   l a r g e r   t h a n   t h a t  
o f   t h e  A .  If one decomposes t h e  6q wave f u n c t i o n   i n t o  
sums of   products   o f   baryon-baryon wave func t i ons  one 
f i n d s   t h a t  80% o f   t h e   p r o b a b i l i t y   i s   c o n t a i n e d   i n  com- 
ponents i n  which one o f   t h e   " b a r y o n s "   c a r r y   c o l o r .  
About 10% of   the   wavefunc t ion   occurs   in   nuc leon-nuc leon 
components, so t h e r e   i s  some overcounting. However, 
t h i s   i s   s m a l l e r   t h a n   o t h e r   u n c e r t a i n t i e s .  

ponents i n  a general ized  baryon-baryon wave funct ion.  
From t h e   t a b l e  one  sees tha t   t he   t yp i ca l   ene rgy  denomi- 
nators   are  about  0.3 t o  0.6 GeV.  One needs t h a t  amount 
o f   i n p u t  energy to  p lace  these  objects  on  the  energy 
s h e l l  where they  can  be  observed  (under  suf f ic ient ly 
l ucky   cond i t i ons ) .  

I n  Ref. 6 t h e   r a d i u s   o f  a s ix-quark bag  (R6) i s  about 
21'3 t imes   t he   rad ius   o f  a nucleon. As discussed  below, 
t h i s  assumption  has a s i g n i f i c a n t   i n c l u e n c e  on the  
l o c a t i o n   o f   t h e   q u a s i e l a s t i c  peaks for  6q bag  knockout. 
Lomon7 assumes a s m a l l e r   v a l u e   o f  R6. 

One  may view  the  s ix-quark bags as o f f - s h e l l  com- 

Another   p roper ty   o f   s ix -quark  bags i s   t h e i r   s i z e .  

111. How  Many Nuclear  6-quark Bags Are  There? 

I would r e a l l y  1 i k e   t o  know t h e  answer t o   t h e  above 
question.  Estimates  range  from  zero  to  very many. Here 
I present  a very  simple  est imate  based on  geometry. One 
wants t o  use 6q bags i ns tead   o f   nuc leons   t o   rep resen t  
the  shor t -d is tance  baryon-baryon wave f u n c t i o n .  Our 
procedure1  has  been t o   r e p l a c e  a two-nucleon wave func- 
t i o n  by a 6q  bag  whenever t h e   m o t i o n   o f   t h e   p a i r   b r i n g s  
the i r   cen te rs   c lose r   t han  a d is tance,  ro. P r o b a b i l i t y  

11. What and Why Six-quark Bags? 
conservat ion i s  ma in ta ined  by   tak ing   the   p robab i l i t y  
f o r   t h e  6q bag as equa l   to   the  removed p r o b a b i l i t y   f o r  
the  nucleons t o  be c loser   than roe The v a l u e   o f  ro i s  

fundamental  issue. One  way t o  make progress i s   t o  then an impor tant  number,  and ro - 1 f m  o f ten  leads  to  
Learning how confinement  works i n   n u c l e i   i s  a 



I 

r e s u l t s   i n  good  agreement wi th   exper iment .   Th is  sepa- 
ra t i on   occu rs  when the  edge o f  one nucleon i s   a t   t h e  
cen te r   o f   t he   o the r ,   p rov ided   t he   rad ius   o f   t he   nuc leon  
i s  taken as about 1 fm.  Then the volume o f   t h e   o v e r l a p  
r e g i o n   i s   l a r g e .  The 6q p r o b a b i l i t y   p e r   n u c l e o n   p a i r  
t u r n s   o u t   t o  be  between  about 3 and 6%, depending  on 
the   s ta te .  

( i n   t h i s   p i c t u r e )  many 6q  bags. Consider,  for  example, 
a nucleon i n   i n f i n i t e   n u c l e a r   m a t t e r   o f   d e n s i t y  

( =  0.166  Fm-3). The p robab i l i t y   t ha t   ano the r   nuc leon  

l i e s   w i t h i n  ro i s  5 ro po = 0.7. A l though  Pau l i   p r in -  
c i p l e   e f f e c t s   m u l t i p l y   t h i s  number by  3/4, t h i s  seems 
excess ive ly   la rge .  I d o n ' t   i n s i s t   t h a t   t h e r e   r e a l l y  
a r e   t h a t  many 6q bags i n   n u c l e i ,   b u t  i t  i s   l i k e l y   t h e r e  
are some.  The most i r r i t a t i n g   f e a t u r e   o f   t h i s   i s   t h a t  
ex is t ing  data  cannot  be  used t o   r u l e   o u t  such an enor- 
mous percentage. 

IV. '05Pb - 205Tl  Charge Dens i ty   D i f fe rence 

I n  heavy nuc le i   t he re   a re  many p o s s i b l e   p a i r s  and 

417 3 

T h i s   q u a n t i t y   i s  one o f   t h e   b e s t   t e s t s   o f   t h e  con- 
ven t iona l   nuc lea r   p i c tu re .  One observes  the  s t ructure 
o f   t h e  3s  proton wave f u n c t i o n   q u i t e   c l e a r l y . 2   S u r e l y  
copious amounts o f  6q bags s h o u l d   s p o i l   t h i s   r e s u l t .  
Ca lcu la t i on3  shows t h a t   t h i s   i s   n o t  so!  The reason i s  
t h a t ,   i n   o u r   t r e a t m e n t   o f   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 ,  
t he   dominan t   e f fec t   o f  6q  bags i s   t h a t   t h e y   a r e   b i g g e r  
than  nucleons.  But  the  dif ference  between R6 and a 
nucleon  radius i s  very  small  compared t o   t h e   s i z e   o f  
t he  Pb nucleus. Thus no ef fect   remains.  The s i z e   i s  
t h e   o n l y   i n f l u e n c e  because six-quark bags are  formed i n  
t h e   i n t e r i o r .  The re ,   t he   e f fec t i ve   dens i t y   o f   t he  
c e n t e r   o f  mass o f  an NN p a i r   i s   e s s e n t i a l l y   t h e   p r o d u c t  
o f   t h e  3s densi ty   by  the  approx imate ly   constant   densi ty  
o f   t h e   n u c l e a r   i n t e r i o r .  

V .  Using  (e,e ' )   to See 6 Quark Bags 

We want t o  ask  what are  the  appropr ia te  va lues  o f  
t he  momentum t r a n s f e r  (Q2 = -q2) and energy  loss ( v )  
f o r  6q  bags t o  be observab le .   S tar t   w i th  Q2. We in-  
clude  processes i n  which  the  v i r tua l   photon  knocks  the 
6q bag   ou t   o f   t he   nuc leus .   I n   t h i s  mechanism the  6q 
bag m a i n t a i n s   i t s   c h a r a c t e r .  It i s   n o t   b l o w n   t o   b i t s  
i n  the   abso rp t i on   o f   t he   v i r t ua l   pho ton .   I n   t ha t   case  
the  6q amp1 i tude   i nc ludes   t he   app rop r ia te   f o rm  fac to r  
G6(Q2). We fo l low  Refs.  5 and 6 and assume t h a t   t h e  
s ix-quark bags are  larger   than  nuc leons.   That  means 
t h a t   t h e   r a t i o   o f  6q to   nuc leon  fo rm  fac to rs :  
G6(Q2)/G3(Q2)  approaches  zero  as  the momentum t r a n s f e r  
Q increases, and i t  becomes h a r d e r   t o   f i n d  6q  bags a t  
h ighe r  momentum t rans fers .   Th is  does n o t  mean t h a t  i t  
i s  harder   to   observe   the   in f luence  o f   quarks   a t   h igher  
v a l u e s   o f  Q2. It i s   j u s t   t h a t   t h e   c o h e r e n t   e f f e c t s   o f  
the  6q  bag  act ing as one p a r t i c l e  go  away a t   h i g h  mo- 
mentum t r a n s f e r .  

I f  the   rad ius   o f   t he   s i x -qua rk  bag  were  equal t o  
o r   sma l le r   t han   t ha t   o f   t he   nuc leon ,  as i m p l i e d  i n  Ref. 
7, the  opposi te   conc lus ion  could be  drawn. The ca lcu-  
lat ions  d iscussed  below  fo l low  Refs.  5 and 6. 

i d e a   i s   t h a t  a 6q  bag  can  be  knocked o u t   o f   t h e   n u c l e u s  
i f  i t  absorbs a photon o f   l a r g e  enough energy V.  These 
exc i ta t i on   ene rg ies   a re   t he  masses o f   t h e   s i x - q u a r k  bag 
minus  the mass o f  two  bound  nucleons.  From  Table 1, 
t h i s   i s  about 0.3 t o  0.6 GeV. Considering  the  expected 
width  of   the  6q  systems,  these  values  of  v are   con t igu -  
ous w i th   t hose  needed f o r   p r o d u c t i o n   o f   t h e  A .  

What about  the  photon  energy loss, v? The bas ic  

Thus 6q  bags might  be i m p o r t a n t   a t   f a i r l y   l o w  Q , 2 

VI. (e,e ' )   Ca lcu la t ions  

1. A photon   s t r i kes  and  knocks o u t   e i t h e r  a three-  
quark   (nuc leon)   (w i th   p robab i l i t y  P3) o r   s i x - q u a r k  bag 
w i t h   p r o b a b i l i t y  P6 given  by P6 1 - P3. I n   t h i s  mod- 
e l  , p i o n i c  components o f   n u c l e i  do n o t   c o n t r i b u t e .  

2. A plane wave approximation i s  used f o r   a l l   o u t -  
g o i n g   p a r t i c l e s .  The knocked  out  nucleons,  6q  bags  and 
produced A'S a r e   a l l  on the  mass-shel l .  Thus no f i n a l  
s ta te   i n te rac t i ons   a re   i nc luded .  

3.  The f i na l   s ta tes   a re   (3q>  x [ A - l >   o r  
1 6 ~  X (A-2>.  These a re   t rea ted  as or thogonal   s ta tes.  
Thus the re  i s  no interference  between  the  two  terms. 
This  i s  a good approximation when Q2 i s  l a r g e  enough so 
t h a t   t h e  one  and two-baryon  s ta tes  are  k inemat ica l ly  
wel l -separated,  but  6 bags  have e f f e c t s   a t   v a l u e s   o f  
Q s 500 MeV/c. Then Ton average)  each  baryon o f   t h e  6q 
bag c a r r i e s  s 250 MeV/c, a va lue   c lose   to   the   Fermi  
momentum. 

Dur ing   the   o ra l   p resenta t ion  I showed severa l  
f igures  f rom  Ref.  5. These showed tha t   the   suppress ion  
o f   t h e   l o n g i t u d i n a l   s t r u c t u r e   c o u l d  be  understood i n  
terms  of  six-quark  bags.  This i s  because some 40% of 
t h e   s t r e n g t h   o c c u r s   a t   v a l u e s   o f  v about  .3 - .6 GeV 
ABOVE t h e   q u a s i - e l a s t i c  peak for   nuc leon  knockout .  
The re   a re   a l so   n i ce   resu l t s   f o r   t he   t ransve rse   s t ruc -  
t u r e   f u n c t i o n .  The s ix-quark bags fill i n   t h e   d i p  
region  between  the  nucleon and d e l t a  peaks. I n   f a c t ,  
t h e   c o n t r i b u t i o n s   o f   t h e   s i x - q u a r k  bags are   approx i -  
m a t e l y   e q u a l   t o   t h a t   o f   t h e   d e l t a .  These r e s u l t s   o f  
Mu lde rs   a re   f o r   t he  I2C nucleus. I showed a lso   ca lcu-  
l a t i o n s   ( b u t  no d a t a )   f o r   t h e  "He nucleus. The values 
q and v f o r   w h i c h  6q  bags are   impor tan t   a re   rough ly   the  
same as f o r   t h e  1 2 C  t a r g e t .  

The c o n t r i b u t i o n s   o f   t h e   i n d i v i d u a l   s i x - q u a r k  bag 
s t a t e s   e x h i b i t   i n t e r e s t i n g  peaks as a f u n c t i o n   o f v   f o r  
f i x e d  Q2). However, these peaks a r e   n o t   d i r e c t l y  ob- 
servable  s ince  they  occur  i n   t h e  A reg ion.  

The r e s u l t   o f   a l l   o f   t h i s   i s   t h a t   t h e r e   a r e   l a r g e  
6q  bag ef fects   seemingly  i n  agreement w i t h   t h e   d a t a .  
However, we encounter  the  problem  of  too  manycompeting 
mechanisms  one  more t ime. 

VII. B e t t e r   I d e n t i f i c a t i o n   o f  6q  Bags? 

The s ix-quark bags o f   i n t e r e s t   h e r e   a r e  made of 
quarks i n  L = 0 s ta tes .   The re fo re ,   t he   angu la r   d i s t r i -  
b u t i o n   f o r   t h e  decay i n t o  two  nucleons i s   i s o t r o p i c ,  
i n   t h e  6q r e s t  frame.  This i s  v e r y   d i f f e r e n t   t h a n   t h e  
decay A -+ Nn (3  cos2e,+ 1 ) .  I propose t o  use t h i s   i d e a  
t o   s e p a r a t e   t h e   c o n t n b u t l o n s   o f  6q bags  and d e l t a  de- 
cays. 

Consider, f o r  example,  measurements o f   t h e  angu- 
l a r   d i s t r i b u t i o n s   o f   p r o t o n s   e m i t t e d   i n   t h e   ( e , e ' )   r e -  
ac t i on .  One can   l ook   f o r  a resonant enhancement o f  
i s o t r o p i c   c o r r e l a t i o n s .  The i s o t r o p y   i s   t o  be w i t h  
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r e s p e c t   t o   t h e   d i r e c t i o n   o f   t h e   p h o t o n  momentum. I f  
the 6q  bags I discuss  are  re levant   there  could  be a 150 
MeV wide  reg ion  o f   energy ( v  :: 0.3-0.6 GeV/c o r   h i g h e r  
depending  on  the  model) i n  wh ich   the   angu lar   d is t r ibu-  
t i o n s  o f  h igh  energy  protons  are  isot rop ic .  The re -  
s t r i c t i o n   t o   h i g h  energy  protons  enters  s ince we want 
the   p roduc ts   o f   t he  decay  6q + NN, n o t  6q -+ AN o r  
6q -+ AA. 

e t   a l . 6   t o   i d e n t i f y   t h e   i s o t r o p i c   d i s t r i b u t i o n .   R e f .  8 
dea l t   w i th   p ion   abso rp t i on  on a c luster  of   nucleons. 
A f t e r  abso rp t i on ,   t he   c lus te r  spews out  nucleons.  They8 
f o u n d   t h e   v e l o c i t y   ( e s s e n t i a l l y   t h e   r a p i d i t y  y) of   the 
coordinate  frame i n  which  the  emitted  nucleons  have  an 
i s o t r o p i c   a n g u l a r   d i s t r i b u t i o n .  The same technique 
should work for   the  photon  absorpt ion  under   cons ider-  
a t i o n   h e r e .   I n   t h a t  case y - tanh-' 151/M6q i s   t h e  
r a p i d i t y   o f   t h e  6q  bag t h a t  absorbed  the  photon. I n  
the  frame o f   r a p i d i t y  y, the  nucleons  from  the 6q + NN 
decay a r e   e m i t t e d   i s o t r o p i c a l l y .  

Another p o s s i b i l i t y   i s   t o   l o o k   f o r  a resonant en- 
hancement o f   t h e   i s o t r o p i c   a n g u l a r   d i s t r i b u t i o n   o f  two 
protons  emi t ted i n  the  (e ,e 'pp)   react ion.   Th is   could 
be  done w i t h  a 4n detector .  

Th i s  hope f o r   i d e n t i f y i n g   t h e  6q e f f e c t s   l i e s   i n  
combining  two d i s t i n c t   e f f e c t s :  an i s o t r o p i c   a n g u l a r  
d i s t r i b u t i o n   ( i n   t h e   a p p r o p r i a t e   c o o r d i n a t e   s y s t e m )  and 
a resonant  energy  behavior.  Combining  these  two sepa- 
r a t e   p i e c e s   o f   i n f o r m a t i o n  may a l l o w   t h e   s e p a r a t i o n   o f  
6q  bag ef fects  f rom  the  background  of   ordinary  two- 
nucleon  processes  which  are  not   expected  to  have  those 
two  features. 

One cou ld   app ly   the   rap id i ty   ana lys is   o f  McKeown 

VIII. Summary 

The Sumnary i s  given i n  the   I n t roduc t i on .  
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NUCLEAR  FRAGMENTATION, PART I 
PROTON-NUCLEUS COLLISIONS AT HIGH ESjERGIES 

Andrew S. Hirsch,  Purdue  Vniversity, 
West  Lafayette, IN 47907 

John Molitoris,  Lawrence  Livermore  National  Laboratory 
Livermore, CA 94550 

Abstract:  The  features of pnucleus 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 (%) 
become  likely  reaction  products. This has been  known 

for  over  three  decades  and  has  been  studied 1 

extensively  using  both emulsions'  and  radiochemical 

techniq~es.~ Counter  experiments  have  made  detailed 
and  comprehensive  examinations  of  these  nuclear 

 fragment^^^^'^'^ 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' (fig. l),  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.7 Despite  the  great  body  of 
experimental  data  that now exists,  the  production 
mechanism  of  nuclear  fragments by high  energy  protons 
remains  unclear.  Processes such as evaporation , cold 
fracturing",  and  a  phase  transition (gas to liquid) 

near  the  critical  point7  have  been  proposed to account 
for  the  systematics  of  the  data. 

9 

I O '  I 
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Einc (GeV)  
Fig .  1: Fragment c r o s s   s e c t i o n  vs. i n c i d e n t  
energy .   Sol id   curve  i s  f i t   t o   t h e   d a t a  from 
1-20 G e V  (AGS d a t a ) .  The p o i n t  a t  48 GeV was 
ob ta ined   a t   Fe rmi l ab ,   Re f .  7 .  

Fragment  kinetic  energy  spectra  are  characterized 
by a MaXWell-BoltZmaM 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 pxenon 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 conunon system  which has been  reduced  in  nucleon 

number  over  the  initial  target.  6,7  or 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, f3 - .002 for 
xenon. Thus, the  remnant  system  is  practically  at 
rest in the  laboratory. 

ENERGY (MeV)  
Fig.  2 :  K i n e t i c   e n e r g y   s p e c t r a   o b t a i n e d   a t   t h e  AGS. 
a )   S o l i d   c u r v e  is t h e   t o t a l   f i t  
b)  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 5 Zf 5 12 are  essentially 
the  same  whether  these events are  observed  with  a 

fragment  trigger (Af 120-40) or  not." Thus the 

inclusive  and  coincident  data  are  evidently  the same, 
reinforcing  the  notion  of  a mltibody breakup. 
Assuming  that  fragmentation is a  multibody  breakup, we 
can  estimate  that  the  total  energy  in  the repplant 
system  must  have  been on the  order  of 1 GeV. 

The above paragraphs sunnnarize 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 

1 
I 
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F i g .  3 :  ?-lass y i e l d  vs. fragment mass 
o b t a i n e d   a t  FBAL (Ref .  7 ) .  

nucleons.12  These  studies  show  that  the  incident 
proton  produces  a  fast  moving  source  of  nucleons (6 
-.1-.2) which, when  fully  developed contains  (3-5) x 

2 in  good  agreement  with  size  of  the  remnant  system. 
Thus, there  is a hint  that  fragments may be produced 
when a  moving  source  containing  a  substantial  fraction 
of the  nucleons  in  the  original  target is formed. A 4 
GeV proton  incident  on  a  heavy  target  was  found  30%  of 
the  time  to  produce  a  moving  source which carried  away 
about  75%  of the  incident  energy.  One  might 
conjecture  that the  remaining  25% was left in  the 
surviving  nuclear  system.  This  happens  to  agree  with 
the  estimate  made  above  for  the  energy  in  the  remnant. 

A 4n experiment  capable  of  measuring  the  kinetic 
energies of  protons  and  heavy  fragments,  with  charge 
and  perhaps  mass  identification,  could  resolve  many of 
the  issues  raised  above. How  much  energy  is  in  the 
remnant  system? Is the  decay  sequential or 
simultaneous? IS fragment  production  correlated  with 
the  formation  of  a  moving  source of nucleons?  These 
questions  and  many  others  may be addressed  when 
exclusive  experiments  are  performed  with  high  energy 
probes  on  heavy  nuclear  targets. 

nucleons. we note  that  for a  xenon  nucleus,  this 
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N u c l e a r   F r a g m e n t a t i o n ,   P a r t  I1 

E l e c t r o n - N u c l e u s   C o l l i s i o n s  a t  High E n e r g i e s  
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Lawrence  Livermore  Nat ional   Laboratory 

Livermore, CA 94550 

Andrew S. Hirsch 

Purdue  Universi ty  

West L a f a y e t t e ,  IN 47907 

Some o b s e r v e d   f e a t u r e s  of e*-nucleus   co l l i s ions  are discussed  and similiari- 
t ies wi th   h igh   energy   p-nucleus   co l l i s ions   a re   ou t l ined .  A s e a r c h  f o r  massive 
nuc lear   f ragments  (AL4) p roduced   in   these   e*-nucleus   co l l i s ions  is proposed. 

In   February  1986  an  exploratory  experiment1  was 

conducted a t  PEP u s ing   t he  TPC/2Y f a c i l i t y ,   w h e r e   t h e  

Time Pro jec t ion  Chamber ( T P C )  p rovided   the   p r imary  

p a r t i c l e   i d e n t i f i c a t i o n   i n   e l e c t r o n - n u c l e u s   c o l l i s i o n s .  

A sma l l   quan t i ty   o f   gas  was   b l ed   i n to   t he  beam pipe 

i n s i d e   t h e  TPC a t  t h e   i n t e r a c t i o n   r e g i o n .   T h i s   i n c r e -  

a s e d   t h e   p r e s s u r e   i n  t h e  i n t e rac t ion   r eg ion   abou t   two  

o r d e r s  of magnitude and  was s u f f i c i e n t   t o   i n c r e a s e   t h e  

inc idence   o f   t a rge t  beam gas   even t s  well above   t ha t  of 
the  res idual   gas .   Al though  deuter ium,  argon,   and 

xenon  were  used,  only  some  features of t h e  e*+Xe col- 
l i s i o n s  w i l l  be   discussed  here .  The a n a l y s i s  of t h i s  

d a t a  is still in  a v e r y   p r e l i m i n a r y   s t a t e .  

T h e  ef+Xe  data  had a s ign i f icant   number  of e v e n t s  

w i th   l a rge   p ro ton  and deu te ron   mu l t ip l i c i t i e s .   The  

energy  deposi t ion ( v )  i n   t h e s e   e v e n t s   t y p i c a l l y   r a n g e s  
from  about 6 t o  10 CeV with  Q2<0.1 GeV2 and xcO.01. 

Figure 1 shows  one of t h e   m o s t   s p e c t a c u l a r   e v e n t s   i n  

t h e  e++Xe  data.  The l e f t  hand s i d e  of t h e  f i g u r e  

shows  an  end-cap  projection of t h e   c h a r g e d   p a r t i c l e  

t r a c k s  and t h e  r i g h t  hand s ide   shows  the  same tracks 
fo lded   i n  @. This   event   has  4 d e u t e r o n s  and 9 p r o t o n s  

i n   t h e  TPC and the   h ighes t   deuteron   and   pro ton   mul t i -  

p l i c i t i e s   o f   a l l   t h e   d a t a .  The  kinematfc   var iables  

t a k e  on the   va lues :  Q2=0.07, x-0.003,  and v-10 GeV. A 
p l o t  of t h e  r a p i d i t y  ( y )  v s   t r a n s v e r s e  momentum (PI) 

is shown  in   f igure 2 ,  where  <y>=O.146  and  <pL>-0.55. 
These   h igh   mul t ip l ic i ty   events   l eave   such   ques t ions  

unanswered   a s   t he   sou rce  of the   deu te ron   p roduc t ion  
and t h e  mechanism  which  produces  the many f a s t   p r o -  

tons.   Such  questions may be  answered by f u r t h e r   a n a -  

l y s i s  of t h e  TPC d a t a ,   b u t   t h a t   d a t a   c a n n o t   d e t e r m i n e  

what  happens to   t he   r ema inde r   o f   t he   nuc leus .   The  

e n e r g e t i c   p r o t o n s   a n d   d e u t e r o n s   a c c o u n t   f o r  up t o  1 3 %  

2 
2- - 
Z 

------ h 4  
..................x -.-.-.- k 

Figure 1. 14.5 GeV e* + Xe (run 422, event 169) 

of t h e  ta rge t   mass ,   which   leaves   mos t   o f   the   nuc leus  

behind. A comple te   exper iment   should   record   the   ener -  

g e t i c   p r o t o n s  and d e u t e r o n s   a s  well as the   subsequen t  

decay of t h e   t a r g e t   r e m n a n t .   T h i s   c o u l d   n o t  be  done 

i n  t h e   e x p l o r a t o r y  run a t  PEP as  any  massive  nuclear 

f ragments   were  s topped i n  t h e   t h i c k  beam pipe  and 

v e r t e x   d e t e c t o r  of t h e  TPC. I n   a d d i t i o n   t o   t h e   r e l a -  

t ionship   be tween  the   remnant   and   the   observed   h igh  

energy  nucleon and deu te ron   y i e lds ,  i t  is i m p o r t a n t   t o  

unders tand   hou   the   energy   depos i ted  by t h e   i n c i d e n t  

e l e c t r o n   i n   t h e   n u c l e u s   a f f e c t s   t h e   t a r g e t   r e m n a n t .  

T h i s   r e q u i r e s   t h a t   t h e   i n c i d e n t   e l e c t r o n   a l s o   b e   d e t -  

ec ted .  

A s i t ua t ion   s imi l i a r   t o   t he   above   has   been   no ted   i n  

high  energy p+A c o l l i s o n s .  Here, Nakai e t  a12  have 

observed   energe t ic   nuc leon   emiss ion  much l i k e   t h a t  
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seen   in  t h e  TPC d a t a  and e s t i m a t e   t h e r e   t o  be about  

(3-5) x A~l ’3   ene rge t i c   nuc leons   p roduced   pe r   co l l i -  

s ion .  T h i s  e s t i m a t e  is i n  agreement w i t h  the   h igher  

m u l t i p l i c i t y   p r o t o n   e v e n t s   ( p r o t o n   m u l t i p l i c i t y  27) i n  

our e++Xe da ta   a s suming   t ha t   t he   p ro ton  and  neutron ’ 

m u l t i p l i c i t i e s   a r e   e q u a l  and  summing in   the   nuc leons  

bound up  a s   deu te rons .   Fu r the rmore ,   H i r sch   e t   a13  

have  studied  massive  fragment  production  in p+A c o l l i -  

s i o n s   ( s e e   P a r t  I of t h i s   p r e s e n t a t i o n )  and  were a b l e  

t o   e s t i m a t e   t h e   m a s s  l o s s  b e t w e e n   t h e   i n i t i a l   t a r g e t  

nuc leus  and the  remnant   f rom  the  kinet ic   energy  spec-  
t r a  of the   f r agmen t s .  The mass   d i f fe rence   de te rmined  

by Hi r sch   e t   a1  is a l s o   i n  good agreement w i t h  t h e  

t o t a l  mass of t h e   f a s t   n u c l e o n s   o b s e r v e d  by Nakai. 

T h i s  and o t h e r  common f e a t u r e s  of the  two p+A meas- 

urements   a l lowed  Hirsch  to   draw a connect ion  between 

high  mult ipl ic i ty   energet ic   nucleon  emission  and mas- 

s ive  f ragment   product ion3.  

. .  

As Nakai e t  a12  only  measured  the  fas t   nucleon 

component  and  Hirsch e t  a13  only  measured  the  f rag-  

mentat ion of the  remnant   system, a def in i t i ve   expe r i -  

ment de tec t ing   bo th   p rocesses   in   co inc idence   has   ye t  , 

t o  be performed.   Furthermore,   nei ther   measurement  

de t ec t ed   t he   i nc iden t   p ro ton ,  s o  the   ene rgy   depos i t ed  ; 
in   the   nuc leus  was  not  well  known. Whether or not  
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the   energe t ic   nuc leons   observed   in   e++Xe  co l l i s ions   a t  

PEP a r e   r e l a t e d   t o   m a s s i v e   f r a g m e n t a t i o n  of t h e  rem- 
nant   nuc leus   has   ye t   to  be de te rmined .   Present ly ,  

such a s t u d y  would  be  unique t o  PEP due t o   t h e   p r o j e c -  
t i l e  and  bombarding  energy.  Also,  the  proposed  detec- 

t o r   s cheme   a t  a PEP nuc lea r   phys i c s   i n t e rac t ion  
region4  would  a l low  an  exclusive  measurement   to  be  

performed  (described  below). 
Independent of any r e s u l t s   i n  p+A c o l l i s i o n s ,  one 

would l i k e   t o  s t u d y  the   behavior  of the  remnant   nuc-  
l e u s  i n  e*+A c o l l i s i o n s  and its dependence on the   va r i -  

ous   k inemat ic   var iab les .  Assuming t h a t   t h e   r e m n a n t  
does  break up into  massive  f ragments ,  it would  be  in- 

t e r e s t ing   t o   de t e rmine   f r agmen t   p roduc t ion   a s  a  func- 

t i o n  of v fo r   f i xed   va lues  of Q2. While it is most 

p r o b a b l e   t h a t   t h e   c h a r a c t e r i s t i c s  of t a rge t   f r agmen ta -  

t i on   a r e   on ly   func t ions  of w, one  should  keep  an  open 
mind concerning  the  dependence on o the r   k inemat i c   va r -  

i a b l e s ,   i . e .  Q2. For example,   one  might  conceive  that  

t h e   l a t e r   s t a g e s  of f ragmentat ion  might   “rememberff   the  

mode of in i t ia l   energy   depos i t ion .   Very   low Q2 events  

where   t he   v i r tua l   pho ton   appea r s   had ron- l ike   t o   t he  

nucleus  might be d i f f e r e n t   f r o m   t r u e   d e e p - i n e l a s t i c  

e v e n t s  ( Q 2 > 1 )  where   one   p ic tures   the   format ion  of a 

s t r i n g  whose l e n g t h   s c a l e  may be comparab le   t o  nuc- 

lear   dimensions.  

We can make  a rough  es t imate   of   the   coincident  

c o u n t i n g   r a t e  by t a k i n g   t h e   d e e p   i n e l a s t i c   c r o s s   s e c -  

t ion  per   nucleon d2a/dRedEf f rom  the  parametr ized 
s t r u c t u r e   f u n c t i o n s ,  and  making the   usua l   assumpt ion  

t h a t   t h e   n u c l e a r   c r o s s   s e c t i o n  is the   incoherent  sum 

over   the  nucleons.  T h i s  g ives   t he   i nc lus ive   c ros s   s ec -  

t i o n   f o r  a given  energy  deposit ion w, and QZ. To g e t  

t he   co inc iden t   c ros s   s ec t ion   where   one   a l so   measu res  a 

f ragment  w i t h  A > 4 ,  we n o t e   t h a t   i n  t h e  p+A work ( r e f .  

3 ) ,   t h e   f r a g m e n t   c r o s s   s e c t i o n  (AL4) was  -0.3 of t h e  

g e o m e t r i c   c r o s s   s e c t i o n .   T h u i ,   t a k i n g   t h e   f a c t o r   o f  

0.3, a t o t a l   heavy- ion   t e l e scope   cove rage  of 0.5 sr ,  
and  assuming  isotropy of f ragment   emiss ion ,  we f ind  

r a t e s  of >3HZ f o r  0 . 0 0 1 ~ Q 2 ~ l  and <1  Hz f o r  l L Q 5 5 .  

T h i s  r e s u l t s   f r o m   i n t e g r a t i n g   o v e r  t h e  e l e c t r o n  

s c a t t e r i n g   a n g l e   r a n g e  O o < O < l l  ( r e a l i z a b l e  w i t h  t h e  

proposed   sep tum  spec t rometer   for   the   nuc lear   phys ics  

region  a t   PEP4)and w-5.5-14.5 GeV. We have  assumed a 

luminosity  of 1.5 x 1029 cmz s e c - ’   f o r  Xe. ’ 

- 

This is a mul t i face ted   exper iment  and  can  be  per- 

formed  in   th ree   phases .   Cent ra l   to   the   exper iment  is 
the  implementat ion  of  a warm g a s   j e t   t a r g e t  i n  PEP 

w i th   t he   capab i l i t y  of   using  heavier   gases  (i.e. Ar, Kr 
and  Xe). I t  is a l s o   i m p o r t a n t   t h a t   t h e   t a r g e t   a l l o w  
s o l i d   s t a t e   d e t e c t o r   a r r a y s   t o   b e   p l a c e d   i n   c l o s e  



p r o x i m i t y   t o   t h e   g a s   j e t  w i t h  no o b s t r u c t i o n s .   S o l i d  
s t a t e   d e t e c t o r   t e l e s c o p e s   h a v e   e x c e l l e n t  2 and  energy 

r e s o l u t i o n  and have  been  used  successfully by Hirsch 

e t  a13 t o   d e t e c t  hedvy  fragments  from p+A c o l l i s i o n s .  

I t  would   be   advantageous   to   have   the   so l id   s ta te   de t -  

e c t o r   a r r a y s   s u b t e n d  a r e a s o n a b l y   l a r g e   s o l i d   a n g l e ,  

a s  t h e  f r agmen ta t ion   c ros s   s ec t ion  is not  known  and 

d i f f i c u l t   t o   e s t i m a t e   t h e o r e t i c a l l y .  With j u s t  t h e  
s o l i d   s t a t e   d e t e c t o r   t e l e s c o p e s ,   o n e   c o u l d   p e r f o r m  an 

inc lus ive   measu remen t   s imi l i a r   t o   t he  one fo r  p+A c o l -  

l i s i o n s .  

A more interest ing  measurement  and  an  improvement 

on the  above would  be t o   i n c l u d e  a sma l l   ang le   spec -  * 

t rome te r   t o   t ag   t he   i nc iden t   e l ec t ron  and  determine u 

and Q2. Then  any  dependence of the   f ragment   p roduc-  

t i o n  on v and Q2 could be observed. 

F ina l ly ,   t he   add i t ion  of  a 4 n  d e t e c t o r   c e n t e r e d  on 

t h e   t a r g e t  would enable  u s  t o   o b s e r v e   t h e   e n e r g e t i c  

pro tons  and deu te rons   s een   a t  TPC and   a sce r t a in   i f  
there is a connection  between  these  and  fragment  pro- 

duct ion.  
P r e s e n t l y  we a r e   s t u d y i n g   t h e   f e a s i b i l i t y  of s o l l d  

s t a t e   d e t e c t o r s   i n   t h e  PEP envi ronment .   The   e lec t ro-  

magnet ic   f ie ld   o f   the   c i rcu la t ing  beam is i n t e n s e  

enough t o   r e n d e r   t h e s e   d e t e c t o r s   u s e l e s s  if t h e y   a r e  
p l aced   t oo   c lose   t o   t he  beam or no t   sh i e lded   p rope r ly .  

Fur thermore ,   they   a re   susceptab le  t'o radiat ion  damage 

which will con t inua l ly   deg rade   t he i r   ene rgy   r e so lu t ion  

and ( aga in )   i f   no t   sh i e lded   p rope r ly ,   t he   s igna l   can   be  

swamped by synchro t ron   rad ia t ion .  We hope t o   t e s t  

some of t h e s e   e f f e c t s  on t h e   s o l i d ' s t a t e   d e t e c t o r s  i n  
f a l l  1987, when PEP will be  operated f o r  high  energy 

physics .  A s imple   appara tus   could  be i n c o r p o r a t e d   i n t o  

t h e  beam line which could move t h e   d e t e c t o r   a r r a y  

toward and  away from t h e  beam.  The e f f e c t i v e n e s s  of 

v a r i o u s   f o i l s   t o   b l o c k   t h e   e l e c t r o m a g n e t i c   f i e l d   c o u l d  

a l s o  be inves t iga t ed .   Be fo re  t h i s  is done,  a s t u d y  of 

t h e   s o l i d   s t a t e   d e t e c t o r s '   o u t g a s s i n g   p r o p e r t i e s   i n  

high vacuum must be performed  as   they will be coupled 

d i r e c t l y   t o   t h e  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 GGLP effect, have first been observed  over 25 
years ago and  have  been of continued  interest  since'.  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 7 and a spatial distribution p(r) (with a 
characteristic width R), plus two distant detectors looking for the 
simultaneous emission of two identical  pions  with four-momenta p1 
= (E,,p,) and p2= (E&,p2). For any pair of emitters, there are two 
ways for the particles to propagate to the detectors, and those two 
amplitudes  interfere. 

detector 1 (p,) 

detector 2 (p, ) 
identical  (incoherent,  "chaotic") 

panicle  sources of lifetime 7 
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  pointsa3: 

C = o'z)(pI,p2) / cr,-,(2)(pl,pJ = 1 + (jd4r  p(r)eiqr12 (1) 
with 

Here d2)(pI,p2)  denotes the measured two-particle cross  section, 
and oJZ)(p1,p2)  stands  for  the  two-particle  cross section in  the 
absence of BE symmetrization. Since al l  sources are assumed to 
have  identical lifetimes, the Fourier transform factors  into a term 
depending  only on qo = E,-E, and a term  depending  on 
three-momentum  difference q = pI-p2: C = 1 + If(q)g(qJ12. For 
large q or Q the integral vanishes  and we obtain C = 1; for small 

q = P1-P2 = (Q4) 

momentum differences C rises and reaches C = 2 for q = qo = 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 
qo 7 < 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 '1. 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 29 GeVcms  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. 

Fig. 2. (a) Two-pion correlation  function measured in Ar + KC1 
collisions  at 1.8 GeVfNucl,  as a function of the  momentum 
difference Iql 4. (b) Two-pion correlation function obtained in e+e' 
annihilation at 29 GeV  cms  energys, as a function of  q,, the 
component of q perpendicular to the total momentum of the pion 
pair. 

However, several  author^^.^.^ have recently pointed  out  that eqn. 
(1) is not appropriate to describe BE correlations among particles 
produced in high energy reactions. As we shall see, several of the 
basic assumptions are violated: 1) particle sources are typically  not 
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at rest, but move with  high  velocity  with respect to  each other; 2) 
because of this  motion, the spectra of  different  emitters  (as 
observed  in a common frame, such as the lab  frame) will not be 
identical; 3) for  eqn. (1) to  hold,  the  spectra  should  be 
approximately  constant  over a range Iql = 1/R; however 
momentum spectra in e+e- reactions, e.g., show  strong variation 
over a range of a few 100 MeV.  Finally one may question if the 
different emitters are actually  incoherent. 

In order  motivate  these  statements  and  to  show how the 
interpretation of BE  correlations  has  to  be  modified to  suit 
high-energy reactions, I need to discuss the present model of the 
space-time  evolution of particle  production  in  high-energy 
reactions*, as it has evolved over the  last decade or so. I will use 
e+e- annihilation as the simplest example. At  t=O, a quark and an 
antiquark are created from a virtual photon  (Fig. 3). They recede 
from each other at close to the speed of light, feeding energy into 
the color  force field which builds up between them. At early 
times,  corresponding to short  gluon  wavelengths,  perturbative 
QCD can be used to describe the structure of this color field; at 
later  times,  large  coupling  constants  cause any perturbative 
treatment  to  break  down,  and  we  have  to  resort  to  the 
phenomenological picture of a color flux tube ("~tring"~) 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 
7, in the rest frame of the corresponding string segment, particle 
production points will scatter about the hyperbola t2 - z2 = T:. On 
average, the primary quarks will propagate over a distance y ~ ,  = 
(&Dm) T, before they are confined to a hadron. We expect T, to 
be  of the order of typical hadron sizes; m is a typical hadronic 
mass  scale,  O(mp). At PEP energies - 4s  = 29 GeV - this 
picture implies a longitudinal extent of the distribution of particle 
sources of about 30 fm,  as  compared to a transverse  extent of 
order 1 fm (the diameter of a flux tube). 

"Source  size": 
+-- = 30 fm at PEP -- -b 

energies 

SS t - t 4 f/ \?jc tasymptotic 4 
Darllcles 

. '@- particle  production 

2 

Fig. 3. Space-time  evolution of particle  production  in e+e- 
annihilation into hadrons 

Since this general model relies mainly on invariance arguments, 

and since  all  models with specific dynamics constructed so far 
agree with itgJ0, there is considerable confidence in this picture. 
Why, then, is this large source size not  observed experimentally ? 

The  key  to  the  answer  lies in the  observation that for such a 
space-time evolution source position in space and momentum of 
the emitted particles are highly correlated. A source moving along 
the z-axis with a velocity p will typically decay at a distance = 
pyc~, from the origin, and the average zcomponent of  momentum 
of one of its  daughters will be <p, = PyE,, where E, is its 
average energy in the rest frame of the emitter; hence <p, w> = 
z,,~. This  correlation  implies  the  particles  created at opposite 
"ends" of the  event  are  never  closeby  in  phase  space. As a 
consequence,  BE  correlations will show no  evidence of a large 
source size. This  is most easily demonstrated in the example of 
two decaying "fireballs"  of radius R and  lifetime T moving rapidly in 
opposite directions  (Fig. 4). BE  statistics  enhances two-particle 
production  near  the  diagonal p,, 5 pZz  (neglecting  transverse 
momenta,  for  simplicity). We note  that  regions where  the 
enhancement  occurs are populated by particle pairs originating 
from the  same  fireball, never from  opposite  fireballs.  The BE 
correlation length is therefore determined by the fireball size R.ly 
(as seen in the lab), and not by the two-fieball separation D = yc! 

Fireball a Fireball b 

BE 
enhancement 

Fig. 4. Simple  model to  illustrate  BE  correlations  for moving 
sources  with /3 = 1. Lorentz  boosts  result in p, > 0 for most 
particles emitted from 'b', and in pz < 0 for most particles from 'a'. 
The  lower plot indicates the resulting two-particle density. In the 
region of the  BE  enhancement,  pzl = pzz (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 particles over 
approximately f0.7 units in rapidity y = (ID) lug (l+pJl-p,), 
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 = .rginh(Ay) = T~ In  such frame. the  BE correlation 
length both in longitudinal  momentum difference and in energy 
difference is therefore of order 1hO. The equality  of space and  time 
scales  is a natural consequence of the covariant description. The 
correlation length in transverse direction is determined by the flux 
tube diameter, which is of the  same  order as 'c0. 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 migh 
naively expect based on Fig. 3. 

More detailed studiesz6 c o n f m  these features: one finds that 
the correlation function C depends mainly on  the (invariant) 
square of the four-momentum transfer Q2 = q2 = (p,-py. and 
hence cannot be represented  in the form C = 1 + If(q)g(q,,)12 
the  apparent  source  size,  determined  from  the  correlation 
length in Qz, is of order 'to 
the source appears  essentially spherical 
the measured source size is almost independent of the  cms 

Let  me  briefly  discuss one explicit  implementation of BE effects - a 
modification of the  Lund hadronization model9  proposed f i s t  by 
Anderson and myself6,  and later studied in  detail by Artm and 
BowlerI2. The basic idea is simple: consider a typical space-time 
diagram h la Lundg for particle production via string decay into 
quark-antiquark pairs (top diagram in Fig. 5) .  In  this  scheme, 
break-up points of the string uniquely determine particle momenta; 
the energy of panicle  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 = eikA, where 6 = K + iPR. A denotes  the  (invariant) 
space-time area spanned by  the  string. The real part  of CA, ICA, is 
essentially  the classical string action (K denotes the energy per  unit 
length, IC= 1 GeV/fm). The imaginary pan. PAD, describes the 
breaking of the string by quark-antiquark production at a constant 
rate P per  unit length. In  order to properly symmetrize production 
amplitudes for final states containing several identical bosons, we 
need to sum over all diagrams corresponding to permutations of 
those panicles. 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 
eitA (bottom diagram in  Fig. 5).  Given the known magnitudes of K 
and P 9, it is easy to see that  the interference pattern between the 
amplitudes corresponding  to Fig. 5 is  dominated by the  phase 
change of order A$ = Q 2 / 2 ~ .  As a result,  amplitudes  interfere 
constructively  for Q2 < K = (0.4 GeV)2 and cause a BE 
enhancement at low Q2, compared to  an  effectively  incoherent 
superposition for  larger Q2. As in the classical case,  C(q) reaches 
a limiting value C = 2 for q = q,, =0, indicative of complete 
chaoticity of the source. However, whereas in the classical case 
the chaoticity is built in via the assumption that emission phases 
vary randomly from emitter to emitter  and  from  event to event, 
here the strong momentum dependence of the  amplitude eitA 
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 multipanicle 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. 

energy and the momentum  of  the  pion pair 

f 

Fig. 5. Space-time  structure of quark  fragmentation in e+e- 
annihilation, as predicted  in  the  Lund string model. The space-time 
area swept by the color field is denoted by A and gives rise  to the 
production amplitude M = e'&. An exchange of the  two central 
particles  results  in a change of that  area by AA, with a 
corresponding change in amplitude and  phase. 

In  the  remainder of this  paper, I will  summarize  relevant 
experimental  data  (with  some  emphasis  on  results  from  e+e- 
colliders)  and  discuss  potential  drawbacks  in  the  experimental 
procedures. To begin,  let us see if there is indeed evidence that BE 
correlations  depend  only  on Qz, and  not on q and 90 in a 
factorizable  fashion. 
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Fig.  6.Correlation  coefficient C as a function of Q = dq2, measured 
in e+e-  annihilation at 29 GeV cms energy>. Full  line: fit  to the data 
based on eqn. (3). Dashed line: prediction of the model of ref. 6. 
Possible dilution of the BE correlation due  to long-lived resonances 
is not  included in the model curves. Predictions of the model of ref. 
2 exhibit a very similar shape. 

Fig. 6 demonstrates the that BE enhancement is certainly seen in 
the variable Q = 442. A clean distinction between the classical 
form 
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C = 1 + a exp(-R,Z q2) exp(-z2 Q ~ )  (2) 
(where we  have  for  simplicity used a gaussian  space-time 
distribution of emission  points;  the "fudge" factor a will be 
discussed later)  and  the relativistically invariant form  (note  the 
different sign of the Q term) 

C = 1 + a exp(-RQ2) = 1 + a exp(-R2q2) exp(+&&,2) (3) 
however turns  out to be rather  difficult,  since q and 90 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 TASS0I3 and CLEO14 
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,qo), 
which prefers  eqn.(3)  over eqn.(2). However, their  statistical 
errors on the large Iql, large q,, data  are  such that the evidence, 
though statistically significant, is by no means striking. In  the 
CLEO paper, the main conclusion - absence of a exp(-T2q02) 
dependence, as displayed  in  their  Fig. 3 - depends strongly on the 
maximum q (or, to be specific, qT) allowed; Fig. 6 of the same 
paper indicates a significant qo dependence. In any case, higher 
statistics data would certainly be welcomedl 

An essential prediction of the new class of models is that the  BE 
correlation length is virtually independent of the reaction energy, 
the dipion momentum,  and  the angle between 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 s y m ~ n e t r y ~ . ~ ~ . ~ ~  (Fig. 8) and independent of the y-factor 
of the  pion  pair  (Fig. 9). 
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Fig. 7. Size parameter R of the pion source, determined according 
to  eqn.  (3) in various  reactions, as a function  of  the  cms 
energy1.%13,14.15. 

Both  in  Figs. 2 and 6 we  note that C does not seem to reach the 
predicted  value C = 2 for vanishing momentum difference q of the 
two pions. Parameterization of the BE enhancement in terms of a 

gaussian (egn.(3)) typically yields a = 0.5 - 0.6 instead of a = 1 
(after correction for  panicle misidentification, detection efficiency 
etc.); see Fig. 10. The  two exceptions are  BE correlations in J / Y  
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 a c 1 could be evidence for a partial 
coherence of the source. 
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Fig. 8. Apparent size of the pion source in  e+e-  annihilation at 
29 GeV,  determined using eqn. 3, as a function of the viewing 
angle with  respect  to  the  jet axis5. Curves  are based on  the 
assumption  the  the pion emitting  region is a three-dimensional 
ellipsoid, with a transverse size R, and a longitudinal extent cR,, 
for c=l (dashed), c=2 (solid) and c=3 (dotted). 
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Fig. 9. Size  parameter R of the pion source in high-energy e+e- 
annihilation, as a function of the boost y = EJm,, of the pion 
pair13. 

A much simpler  explanation  is that the measured value of a is 
usually  obtained  from  an extrapolation of data at  finite Q2 to  Q2 = 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 above2V6 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 0,  q, 
and q'. For pions created in such decays, the effective source size 
is of the order l/rrcsoD1116c > 20 fm. Correspondingly, such pions 
contribute16 to the BE enhancement  only for small Q c 10 MeV/c - 
a region not covered  by  experimental  data,  resulting  in an 
underestimate of a (Fig.  11).  The  absence of detectable BE 
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Fig. 11. Expected Q-dependence of the  two-pion  correlation 
function C, assuming that 50% of all pairs contain at least one 
decay product of a long-lived resonance of decay width r. The 
dotted  region  indicates the region  typically  covered by data points. 

The  CLEO  group  has  attempted  to  correct  their  data  for 
resonance effects and obtain a = 1 after correction (Fig. 12). The 
problem there is, however, that the decrease in the effective a is 
very sensitive to the rates of q and q' production*7, 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 amururd c 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 ~ (~ ) (p , , p , )  term in 

Fig. 12. Two-pion correlation.function C as a function of q, (see 
Fig. 2). for qo c 0.1 GeV. (a) uncorrected data, (b) corrected for 
the fraction of non-interfering  pion pairs from decays of long-lived 
particles.  From CLE0l4 

Furthermore,  since  the  BE  effects  occurs  only for identical 
particles,  some  particle  identification  is  required,  otherwise  the 
data has to be corrected for a (typically 30%) contamination from 
other species. Finally, one needs to remove (or correct for) pions 
from very long-lived particles such as KZ or A, and ideally one 
would want to reject pions from  particles with C or B quarks. 
These  corrections introduce additional uncertainties. Finally, the 
rate of pairs at low Q decreases rapidly with Q,  since  the available 
phase space goes  like Qz. Even worse, however, are the problems 
caused by the oJ2)(p1,p2) term in eqn. (1). Obviously,  BE effects 
cannot  simply be "switched off' in the  experiment in order to 
determine oJ2). One technique is to approximate oJ2)(pl,p2)  by the 
product of single particle densities d1)(pl)d1)(p2).  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=O). Another solution is to use unlike particles, i.e.  unlike-sign 
pion pairs, to  derive ad*). The problem here is that while natural 
correlations due  to phase space  etc. are taken  into account, the 
unlike-sign pion sample shows many additional correlations due  to 
resonance  decays and local  charge  conservation.  Furthermore, 
acceptance  corrections will usually not cancel when comparing 
like-sign to unlike-sign pion pairs. Even if great care  is taken in 
handling all these problems, one is typically left with a O(lO%) 
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 reactions1* 
(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 oJ2) determination can easily 
reach 50%; the systematic problems in the determination of a are 
even worse. 

L e t  me summarize:  I  feel that BE  correlations provide a rather 
interesting  way to  study  multiparticle  production  dynamics; 
however, given  our limited understanding of even  the simplest 
cases  (e+e-)  and the experimental  problems  discussed  above, I 
don't  view BE correlations at this moment as a powerful diagnostic 
tool for such  complicated  processes as electron  scattering off 
nuclei. Topics I would like to  see studied (most likely in  e+e-) 
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include: the precise shape at  low Q2, the detailed dependence on q 
and qo (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 of a Warm Cas J e t  T a r g e t  for PEP 

John D. Molitoris and Karl A. Van Bibber 
Lawrence  Livermore  National  Laboratory 

Livermore, CA 94550 

Abstract 
We are  presently  involved i n  a f eas ib i l i t y  and design  study of a warm gas jet 

t a rge t  system f o r  PEP. Our a i m  is to   cons t ruc t  a  low throughput  system which 
will produce  a t a rge t  of dimensions less than 1 cm3 wi th  a r ea l   dens i t i e s   i n  the 
range = IO-' - 10'lo g/cm2. 

Introduction 
Warm gas   j e t   t a rge ts  (WGJT) have  been wed  success- 

f u l l y  i n  experiments a t  Fermi National  Accelerator 
Laboratory (FNAL) and Brookhaven National  Laboratory 
(BNL)1,2 and have  been  found t o  be re l iab le   for   long  
periods of time. I n  fact ,   the  implementation of a 
WGJT a t  FNAL w a s  motivated by the  previous  use of  an 
unreliable  cold  target  system2. WGJT's work we l l   fo r  
a  wide  range of gases and cos t  much less   than  a cold 
target  system  due  to t h e  lack of a liquid  nitrogen 
handling mechanism. In  view of this, we are   using  the 
Purdue W G J T  system1 as a model f o r  an in te rna l   t a rge t  
f o r  PEP. 

The PEP base vacuum is typical ly  - 3 x t o r r  
and is maintained by ion pumps b u i l t  into the  PEP beam 
l ine .  Any in te rna l   t a rge t  system implemented i n  PEP 
must be ab le   t o   l oca l ly   con f ine   t he  gas t o  a high 
degree and recover  the PEP base  pressure i n  as shor t  a 
distance as possible  both  upstream and  downstream 
from  the  target. Such increases  in  the  base  pressure 
not  only do not  add to   t he   e f f ec t ive   t a rge t   t h i ckness ,  
bu t  se rve   to   decrease   the   l i fe t ime of the recfrculat-  
ing beam. A schematic of such  a  system is shown i n  
f ig .  1. Here the  f low is directed  through a nozzle 
in to  a  receiver  vessel which pumps out  most of t h e  
gas. A well defined jet matched t o  a t igh t   o r i f ice  on 
the  receiver volume keeps  backstreaming  from t h e  
receiver   into t h e  t a rge t  volume t o  a m i n i m u m .  Most of 
the  gas  that   does  not make it in to   t he   r ece ive r  is 
pumped out by the   f i r s t   evacuat ion   s tage .  T h i s  s e e  
t ion is conductance limited from a second s t a g e  which 
incorporates more pumps and is further  conductance 
l imited from the  main ring of PEP. Beyond the  second 
pumping s tage   the  PEP evacuation  system  must be able 
t o  maintain an acceptable vacuum. 

Very stringent  conditions are imposed  on  any target 
system  coupled  directly t o   t h e  PEP beam l ine.  One 

Figure 1. Schematic of a  gas jet t a r g e t  system. The 
gas  flows from  some i n l e t  volume through  a  nozzle and 
in to  the receiver. M o s t  of the  gas is pumped out 
through the  reciever. 

major c r i t e r i a  is that   the   outgassing of  heavy  hydro- 
carbons (A>50) be negligible.  Figure 2 is a  spectrum 
from our residual  gas studies of the PEP vacuum which 
shows t h a t   f o r  A>50 there   a re   on ly  three mass peaks 
(even  on the  most sensitive  scale).  These  peaks  rep- 
resent  benzene (C,H,) and  two o ther   t race   gases  ( in  
the 50 t o  60 a.m.u. mass region).  For A<50 a.m.u. sim- 
iliar scans show carbon monoxide ( C O ) ,  carbon  dioxide ' 

(CO,), nitrogen ( N 2 ) ,  water  vapor (H,O), hydrogen (H,) 
and  argon (Ar) t o  be present   in   the  r ing.  The condi- 
t ion  on  heavy  hydrocarbons makes it d i f f i cu l t   t o   u se  
most conventional  high  throughput pumps i n  t h e  t a rge t  , 
chamber, so we are   p resent ly   inves t iga t ing  the possi- 
b i l i t y  of using  specially  modified  magnetically  levi- 
tated  turbomolecular pumps which a r e  backed by a dry 
pumping system t o  maintain the vacuum i n  t h e  t a rge t  
chamber. Pumps i n  t h e  receiver volume (see  f ig .  1 )  
are  highly  conductance  limited from t h e  PEP vacuum (by 
the  receiver  oriface) and  can be sectioned  off by two 
gate  valves  (one  close  to  the  oriface and  one a t  the  
throa t  of each pump). Therefore  these pumps may be 
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Figure 2. Mass spectrum of the PEP vacuum taken  with 
a  Residual Gas Analyzer (RGA). Scans  are shown  on  two 
sens i t iv i ty   sca les  for  the  mass ranges 50-100 a.m.u. 
and 100-150 a.m.u. 

conventional  turbo  molecular pumps, bu t  with some 
modifications and a  coldtrapped  backing  system. 

Operation of a WCJT i n  PEP requires   areal   densi t ies  = 

lo-' - lo- ' '  g/cm2 with as  low a throughput as is 
feasible .  Low throughputs (<0.01 torr-L/sec) s i m p l i f y  
t h e  punping  scheme  and  reduce t h e  overa l l   cos t  of t he  
system. 

Although  an actual  XGJT system will incorporate   the 
fea tures  of this  schematic, it will probably  look much 
d i f fe ren t  due to   detector   placement  and o ther   fac tors .  
Crucial   to  the  design of any such system is t h e  nozzle 
which produces the gas jet ta rge t .  

Nozzle  Considerations 

A g a s   j e t  is u s u a l l y  produced by an ax ia l ly  symme- 
t r i c  converging-diverging  nozzle,  where  the  gas  passes 
through  a  converging  entry  section and a  diverging 
exhaust  section  (see  figure 3). The constr ic t ion where 
these  sect ions meet is t h e   o r i f i c e  which governs  the 
throughput  and  density of the   j e t .  T h i s  is a de  Laval 
nozzle and i ts  proper t ies   a re   wel l  known3. In  partic- 
u l a r ,  f o r  the correct  conditions,  a  subsonic  flow  in 
t h e  entry sect ion on passing  through  the  orifice will 
change into  a  supersonic  f low  in  the  exhaust  section. 
Here  the  flow becomes sonic   a t   the   o r i f ice .  For this 
t o  occur  the  receiver  pressure m u s t  be below a  cer ta in  
c r i t i ca l   p ressure ' ,  but this is always true for  j e t s  
f lowing  into a high vacuum region. On the  exhaust end 
of t h e  nozzle  there  develop  rarefaction waves tending 

Figure 3.  Schematic of a de Laval nozzle and j e t .  P i  
and To are  the  input  pressure and temperature i n  O K  of 
t h e  t a rge t  gas. Z is t h e  l e n g t h  of t h e   j e t  and R is 
its radius   a t  beam intersect ion.  ( From ref .  1). 

t o  lower  the  pressure of t h e   j e t   t o   t h a t  of the 
receiver. Somewhere  on the  outer  border of these  
waves a  shock f ront   cu ts   across  and in te rcepts  them 
(see  f igure 4). If the   rece iver   p ressure  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 t h e  inte-  
r io r  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   rece iver   p ressure   occurs   v ia   th i s  inter- 
cepting  shock  outside  the  nozzle and is the  desirable  
regime for  operation of the target system. Within the  

Figure 4. Shock pa t te rns  which may r e s u l t  i n  a  diverg- 
ing  Jet  emitted wi th  a   pressure  greater   than the 
receiver  pressure. (a) Here no shock  disc is formed, 
while (b)  i l l u s t r a t e s  the shock f r o n t  being cut off by 
a disc perpendicular t o   t h e   a x i s .  (From ref. 3 ) .  
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nozzle the boundary is defined by the  diverging sec- 
tion.  After  the  gas  exits  there is a   f r e e  boundary 
due to   t he   ax i a l ly   d i r ec t ed   l aye r  of subsonic  gas and 
the  low pressure  region of the  target   vessel .  As the  
boundary layer   disperses   into the t a rge t  vessel, t h e  
jet gradually loses its s t ruc tu re  and  any p a t t e r n  
fades. 

Figure  3 is a  schematic of a  converging-diverging 
nozzle and t h e   j e t  it produces.  Mantsch  and  Turkot2 
approximated t h e  flow  through  such a nozzle by a 
one-dimensional  gas-dynamics model assuming an ideal  
gas i n  steady  state,   isentropic  f low.  This model 
takes  the  actual  shape of the  g a s   j e t   t o  be known. 
Using the  quantities  defined i n  f ig .  3, the  density of 
gas  (where the shock in te r faces  with the  vacuum) is 

and the  throughput of the  nozzle is given by 

where M is the  molecular weight Of t h e  g-9 c t he  
molar  gas  constant  (83 mbar- Il-mole" OK-')and Y is 
the   ra t io  of the  specific heats (Ymonoatomic"5/3  and 
Ydiatomic'7/5).  Here r is the radius of the   th roa t ,  R 
the   radius  of t he  j e t   p ro f i l e ,  P i  t he  inlet pressure of 
the  gas, To the inlet temperature, and T t  the  tempera- 
ture of t he  jet. Stringfellow et dl have measured t h e  
throughput and density  profile of j e t s  produced  with 
0.004" and 0.00611 orifice  nozzles,  they  find  agreement 
with the above equations t o  be quite goodl. However, 
these  workers were not  able  to  obtain  a  narrow jet 
below in le t   p ressures  of 25 psig, which implies that 
they may have approached the   lower  limit of viscous 
f low  fo r  their nozzles (small Reynolds  numbers, before  
the  onset of S tokes   f low)   o r   tha t   o ther   e f fec ts   due   to  
the  nozzle  construction set in.  As both of t h e  above 
equations are quadratic  in r and l i n e a r   i n  P i ,  it is 
wise t o  reduce  the  orifice  diameter  and,  if  necessary, 
accept  a smaller increase  in   the  pressure  to   gain  a  
net  reduction  in  target  density and throughput. 

Figure 5 shows the  He gas  throughput as a function 
Of inlet pressure for  various  orifice  sizes <0.004". 
For a 0.000125" nozzle one  can obtain  throughputs  less 
than 0.01 torr-t/sec f o r  Pi<40  psi. Here we have 
assumed t h a t  T t  is equal t o  To, and neglected  the 
Cooling  which occurs  in  the  exhaust  region of the  
nozzle. As the  increase of t h e  Mach number from the  
t h r o a t   t o  the exhaust  port w i l l  lower T t ,  the  curves 

1 00 I 
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Figure 5. Throughput as a  function of in le t   p ressure  
f o r  small orifice  nozzles.  

in  f igure  5  represent  upper limits on the throughput. 
As f igure  5  is only for  He gas,  fig.  6 shows how 

the throughput  varies as a  function of t h e  mass f o r  a 
fixed inlet pressure of two  atmospheres.  Here  the 
throughput is shown to  decrease with increasing  target  
mass ( A t g t ) ,  s o  a  target  system which  can handle  the 
throughput of the  l ighter   gases ,   should have  enough 
pumping speed  for  the  heavier  gases.  It  should be 
noted  that  the  pumping speed does decrease  as  Atgt in- 
creases ,  which tends  to  make t h e  design  throughput  a 
constant. 

One is constrained t o  use  a   gas   target   in   par t ic le  
storage  r ings by t h e   f a c t   t h a t   t h e  beam is recircu- 
la ted .  A thicker   sol id   target  will s c a t t e r   t h e   e n t i r e  
beam i n  a  few  fractions of a  second,  hence  gas  targets 
have been explored  extensively  for   s torage rings. The 
density of a  target  should be such  that  t h e  beam has a 
reasonable  l ifetime i n  the  ring. The solid  curve i n  
f ig .  7 is t h e  maximal density  allowable i n  PEP f o r   a  
two  hour l i fe t ime of a   c i rculat ing 14.5 GeV e- beam. 
The dashed lines are the  calculated  target   densi t ies  
for   gas  jets produced by an in l e t   p re s su re  of two 
atmospheres  with  various small diameter  orifice noz- 
z les .  Only the  0.00012577 nozzle is below the  allow- 
ab le   dens i t ies   for  all ta rge t  masses. One would l i k e  
to   increase   the   dens i ty  of the  lower mass t a rge t s  so  
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Figure 6. Throughput as a function of t a rge t  m a s  f o r  
small orifice  nozzles.  Figure 7. Allowable  target  densit ies i n  PEP as   a  

function of t a rge t  mass (sol id   l ine) .  The dot ted   l ines  
are the  densit ies  provided by a  f ixed  orifice  nozzles 

t h a t  a higher  luminosity  could  be  obtained. This could under a constant prfsswe Of 29'4 psi. 

be  done by increasing  the i d e t  p ressure   for  low Atgt. 
bu t  for   a   f ixed  or i f ice  P i  must  be increased a b u t   a c t u a l l y  ideal for   a   nozzle   throat  as it diverges smo- 
three  orders  of magnitude t o   t r a c k  the allowable den- o t h l y   a f t e r   t h e  m i n i m u m  constr ic t ion.  
s i t y  f o r  PEP. If one  could  switch to   a   l a rger   o r i f ice   There  are various ways t o   c o n s t r u c t   t h e   r e s t  of t he  

'nozzle ,  p i  could be varied  within a more reasonable  nozzle. One would l ike   to   guarantee   the   shape  and 

range* It must be kept in mind that by increasing the sur face   f in i sh  of the  f inal   p iece  through the or i f ice .  
densities by either of these methods,  one a l s o   i n c r e  it is not possible to inspect the  interior of the 
ases the  throughput. nozzle down t o   t h e   o r i f i c e ,  we are  pursuing an elec- 

trodeposition method.  Here a  mandrel is carefu l ly  
machined t o  t he  specif icat ions of t h e   i n t e r i o r  of t he  
nozzle. The mandrel is easi ly   inspected and the  q u a l -  
i t y  of the  mandrel's  shape and sur face  finish guaran- 

Nozzle  Design  and Fabrication 

I n  order  to  achieve  the  desired  throughputs and  den- tees of the piece long as the  etching 
si t ies   a   nozzle  wi th  an or i f ice  - 0.000~25" is process is well  known. The mandrel is e lec t ropla ted  
required. I t  is not  possible  to  bore  such small dam- 'w i th  a t h i c k  layer of material and the  exterior is 
eter  holes  with  conventional  techniques,  &though machined t o  specifications.   Finally  the  mandrel is 

as as o.ool" can be Obtained with etched  out. As the  converging  section of the  nozzle 
drills. For  holes <0.001~' one  must  use  electron,  ion is typically less than a tkird the length of the  div- 
O r  laser beam techniques. we are  Presently  Pursuing a erging  section and is l e s s   c r i t i c a l ,  it can be made by 
l a s e r  method to  obtain  Orifices Of the desired dime- standard high precision  machidng  techdques.  Figwe 9 
ter. Figure  8a shows a 0.00015'' hole which W a s  obta- shows codc& mandrels  which will used to produce 
ined with laser  techniques.  A cross   sect ional   s ide nozzle  exhaust  sections.  These  mandrels are aluminum 
view of the  hole is shown in  f ig .  8b. This shape is and will be electrodeposited with nickel. 
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(b) 
Finish is 1L down  to 0.008" dia pin. Material is electro deposited on 
mandrel which is etched out. 

Figure 9. Conical aluminum mandrels. u+-0*ooo4'~ 0.00015" 1 
a t s   i t s e l f ,   t he   d ive rg ing   s ec t ion  will ac t  to  control  * 

t he  expansion of the  gas and reproduce  the shock f ron t  
outside the  nozzle. 

The other  variables  in  the  nozzle  design are the 
overa l l   l ength  of the  diverging  section, t he  a rea  of 

(a) Laser drilled 0.00015" diameter orifice. Detail the  exhaust duct  and t h e  Shape of' the diverging S e e  

in (b) shows shape of interior and  dimensions. tlon. The length and the area  define  the  geometric 
opening angle  of the  nozzle, which  must be chosen as 
to   no t   i n t e r f e re  with the   f low from the or i f ice .  The 

Figure 8. ( a )  Photograph  taken with a scanning  electron  actual  shape of the  nozzle  not  only  controls  the 
microscope of a 0.0001511 dia. hole  bored with a Neo- 
dymium YAG laser. (b) Cross sect ional  view of hole.  expansion of t h e  j e t   i n  a specif ic  manner, but  it 

should  match the f low  l ines  from the   o r i f ice  and 

By using the  techniques  described  above,  the con- a l low  suff ic ient  room fo r   a  boundary layer .  Some of 
verging and diverging  sections of the  nozzle w e  b u i l t  the  shapes  the  diverging  section can On are shown 
separa te ly  and  joined  via  a laser weld. The initial i n  f ig .  10. Although for  axially  symmetric  f low  a 
nozzles have orifice  diameters down t o  O.0Oltt. Th i s  parabolic  nozzle  should be preferred,  t h e  conical and 
configuration can be decoupled  and smaller orifices  trumpet  shapes  are  those main ly  used i n  gas t a rge t  
inserted. An o r i f i ce  of the  type shown i n  f igure  8a systems1,4,5,6. I n  prof i l ing studies of nozzles wlth 

can be mated t o   t h e  converging  section via a   c i rcu lar   the  same orifice  diameters and diverging  section 
l a s e r  weld  of 0.00411 t o  0.005t1 dia and the  sect ions  lengths ,  the trumpet  shaped  nozzle has been  shown t o  
rejoined.  Ideally  the  orifice  should  join  smoothly have a  sl ightly  narrower  density  distribution  than the  
with the converging and diverging  sections,   but  for conical 0ne4. 
these  small constrictions that is not  possible. T h i s  
design will have a  discontinuity  where  the  orrice  sec-  Profil ing  Studies 
t ion  mates  to the  converging  and  diverging  sections of 
t he  nozzle. The e f f ec t   t ha t   t h i s   ' s t ep '  w i l l  have on A t  LLNL we are  presently  constructing  nozzles using 
the  f low  though  the  nozzle  should be smal consider-  the methods described  above. Our first Set Of de 
ing  the dimensions  involved t o   t h e   o v e r a l l   l e n g t h  of Laval  nozzles will have conical  exhaust  sections  with 
the  nozzle and exhaust  port area (although this is throa t  diameters of O.OOlT1 and 0.0021t. These nozzles 
still under  study). The s t e p  should a c t   t o   s l i g h t l y  will be evaluated by s tudying  the  je ts   they produce 
increase  the boundary l a y e r  (the subsonic flow l a y e r  and their operation  in  a WGJT system  on  loan from 
which in t e rac t s  with the w a l l  of the   nozz le   ex i t )  and Purdue UnlVerSitY. The density  profile of t he  gas   j e t  
perhaps  create  stream  l ines and a   s t a b l e  shock f ron t  Will be measured by deuteron elastic s c a t t e r i n g   a t   t h e  
wi th in  t he   nozz le   i t s e l f .  As the  shock pat tern  repe-  LLNL 30" cyclotron. I n  the  present  set up t h e  beam 
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Figure 10. Axial cross  sectional view  of nozzles show- 
ing  the various  interior shapes. 

and detector  are  kept f i x e d  and the   j e t  is moved per- 
pendicular t o   t h e  beam. We a re   i n t e re s t ed   i n   t he  den- 
s i t y  prof i le   across  t h e  j e t  and how this p r o f i l e  
changes as a  function of the  distance from the  nozzle. 

The e f f ec t  of the P i  on the  jet will a l s o  be s t u -  
died. I n  principle one  should be a b l e   t o  produce a j e t  
a t  input  pressures  lower  than that used by Str ingfel-  
low e t  a l l .  I n  pract ice   other   factors  may be prevent- 
ing this. 

Using the above profil ing studies we can  attempt t o  
match the  jet t o  the receiver  opening  such t h a t  t h e  
amount of gas  flowing  into the  ta rge t   vesse l  is a min- 
i m u m .  Ideally  one  would  l ike  to  direct  all of t he  gas 
j e t   i n t o  t h e  receiver and leave the t a r g e t  chamber 
vacuum unaffected, bu t  i n  pract ice  this is impossible 
a s  the boundary l aye r  begins to   d i f fuse  as soon as the 
j e t  exits the  nozzle. The Purdue WGJT only  directed 
about  80% of its throughput  into the receiver.  T h i s  
w a s  due  mainly t o   t h e  distance between the  nozzle and 
receiver opening  and t h e  f a c t  that they  pulsed their 
jet. Pulsing cuts down on t h e  overall  throughput, bu t  
the   j e t  is not  well  formed a t  t h e  beginning  and  end'of 

the pulse.  Consequently, less of the gas is directed 
into  the  receiver   then.  

Our goal is a  continuous  operation WGJT tha t  meets 
the above  density and throughput criteria and has  a 
nozzle  receiver  mating which d i rec ts   >95% of the 
throughput  into  the  receiver. The above  studies Will 

enable us t o  model and ultimately  design a WGJT 
system f o r  PEP. 

The authors would l i k e  t o  thank  Prof. Daniel Bur- 
shader of Stanford  University  and Dr. Alfred Bucking- 
h a m  of LLNL for  enlightening  discussions. We a r e  
gra te fu l   to   Prof .  Andrew Hirsch of Purdue  University 
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A b s t r a c t  

We have  examined many e x c l u s i v e   a n d   i n c l u s i v e   r e a c t i o n s  
to   conclude  i t  b e s t   t o   p r o j e c t  real o r   v i r t u a l   p h o t o n s  
on p a r t o n s   i n  a nuc leus   to   p robe   the   mechanism  respon-  
s i b l e   f o r   t h e  EMC e f f e c t .  Such r e a c t i o n s   c o u l d   b e  
t r i g g e r e d  on p a r t i c l e s   p r o d u c e d  beyond usua l   (nuc leon  
t a r g e t )   k i n e m a t i c a l  limits f rom  qua rks   i n ,   e .g . ,   mu l t i -  
q u a r k   c o l o r   s i n g l e t   s t r u c t u r e s .  We show t h a t   t h e  mul- 
t i -qua rk   f r agmen ta t ion   func t ion  may b e   m e a s u r a b l e   i n  
the   quark  (QCD o r   r e a l )  Compton e f f e c t .  

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

Deep i n e l a s t i c   s c a t t e r i n g   e x p e r i m e n t s  on nucleons  and 
nuc le i   have   unambiguous ly   e s t ab l i shed   t ha t   t he   pa r tons  
of  QCD b e h a v e   d i f f e r e n t l y   i n   n u c l e a r  matter than   t hey  

do i n   a n   i s o l a t e d   n u c l e o n . ’  To e s t a b l i s h e d   w h a t   t h e s e  
d i f f e r e n c e s  are and   t he   sou rces  o f  t h e s e   d i f f e r e n c e s  
i s  a n   o b j e c t i v e  of fu tu re   expe r imen t s   fo r   wh ich   p re -  
d i c t ions   can   on ly   be  made f rom  model   ca lcu la t ions  a t  
t h e   p r e s e n t  time. A spec i f ic   model   which   has   been  
r e m a r k a b l y   s u c c e s s f u l   i n   e x p l a i n i n g   t h i s   a n o m a l o u s   b e -  

hav io r  i s  the   qua rk   c lus t e r   mode l  (QCM). I n   t h e  QCM 
t h e   q u a r k s   ( 9 )   i n  a nuc leus  are o r g a n i z e d   i n t o   m u l t i -  
q u a r k   c o l o r   s i n g l e t   c l u s t e r s   i n v o l v i n g   g r o u p s   o f  i = 3, 
6 ,  9 ,  e tc . ,   quarks .   For  a 3-q c l u s t e r ,  a c r i t i c a l  ra- 
d i u s  R i s  a s sumed   such   t ha t   c lu s t e r s   o f  6 o r  more 

q u a r k s   a r e   d e f i n e d  by the  number  of 3-q c l u s t e r s   j o i n e d  
by t h e   c e n t e r   o f  mass s e p a r a t i o n s  d < 2Rc. T h i s   d e f i -  
n i t i o n   a l l o w s  one t o   c a l c u l a t e   p r o b a b i l i t i e s   f o r   c l u s -  
ter e x i s t e n c e   a n d   t o   c a l c u l a t e   t h e  nomentum f r a c t i o n  x 
d i s t r i b u t i o n   f o r   q u a r k s  in a c l u s t e r   w i t h   r e a s o n a b l e  

f a c i l i t y   a n d   r e l i a b i l i t ~ . ~  One o f   t h e   s t r i k i n g   a n d  
c o m p e l l i n g   f e a t u r e s   o f   t h e  QCM is t h e   p r e d i c t i o n   o f  x 
v a l u e s  beyond t h o s e   p o s s i b l e   f o r   q u a r k s   i n   f r e e   n u c l e -  
ons ,  i .e . ,  0 < x < i / 3 ,   f o r   a n  i q u a r k   c l u s t e r .  Cal- 
c u l a t i o n s   h a v e   y i e l d e d   e x c e l l e n t   d e s c r i p t i o n s   o f   d e e p  
i n e l a s t i c   l e p t o n   s c a t t e r i n g  (DIS) d a t a ,   o f   t h e  EMC 
e f f e c t ,   a n d   o f   t h e   e l a s t i c   c h a r g e   f o r m   f a c t o r   o f  

3He.2 P red ic t ions   have   l i kewise   been  made f o r   t h e  

Drel l -Yan  process   and  e lectroproduct ion on 
The h igh  momentum componen t s   o f   qua rks   i n   c lu s t e r s  
make u n i q u e   c o n t r i b u t i o n s   t o   t h e s e   p r o c e s s e s ,   a n d  
p a r t i c u l a r l y   i n   p r e - t h r e s h o l d   p r o d u c t i o n   o f   p a r t i c l e s  
i n   h i g h   e n e r g y   c o l l i s i o n s   w i t h   n u c l e a r   t a r g e t s .  

From a n   e x p e r i m e n t a l   s t u d y   v i e w p o i n t ,   t h e   i n j e c t i o n   o f  
n u c l e i   i n t o   h i g h   e n e r g y   e l e c t r o n  beams o r   i n  some o t h e r  
way c o l l i d i n g   n u c l e i   w i t h   e l e c t r o n s   a n d   p h o t o n s   a p p e a r s  
t o   be   one   o f   t he   bes t   poss ib l e  ways t o   s t u d y   a n d   t o  
p r o b e   f o r   p a r t o n s   w i t h   h i g h  momentum components   within 
the   nuc leus .  Though h a d r o n   r e a c t i o n s  would y i e l d  
l a r g e r  s ta t i s t ics  on e v e n t s   o r i g i n a t i n g   f r o m  x > 1 
partons,   the  background  problems  would  be  horrendous.  
Of a l l  reac t ions   examined ,   the   c leanes t   seems as i f  
they w i l l  be   those  done  with a real o r   v i r t u a l   p h o t o n  
p r o b e   i n t o   t h e   n u c l e a r   i n t e r i o r .   F u r t h e r  DIS exper-  
iments  are well wor th   do ing   bu t   would ,   mos t   l ike ly ,   no t  

6 

shed new l i g h t  on t h e   s o u r c e   o f   t h e  EMC e f f e c t .   I n  
Ref. 3,we p o i n t e d   o u t   t h a t   t h e  QCM makes r a t h e r   u n i q u e  
p r e d i c t i o n s   f o r   r a t i o s   o f  DIS exper iments   f rom  d i f fe r -  
e n t   n u c l e a r   t a r g e t s .   I f   o n e   t a k e s   t h e  DIS c r o s s  sec- 
t i o n t i m e s   t h e   e n e r g y   t r a n s f e r  v d i v i d e d  by the  Mott  
c r o s s   s e c t i o n   t o   g e t   t h e   n u c l e a r   s t r u c t u r e   f u n c t i o n  wW 

a n d   t a k e s   d a t a   f o r  two t a r g e t s   o f   n u c l e o n  number A and 
B,  t h e   r a t i o  V = [w\12(A)/A]/[vW2(B)/B] w i l l  show a 

sequence   of   un ique   s teps  i n  t h e  x > 1 reg ion .  The s i z e  
o f  t h e s e   s t e p s  i s  p r e d i c t e d   b y   t h e   c a l c u l a b l e   p r o b a b i l -  
i t i es  f o r   c l u s t e r s ,  as  mentioned  above.  Events i n   t h e  
r e g i o n  1 < x < 2 i n   t h e  QCM w i l l  be mst s e n s i t i v e   t o  
6-q c l u s t e r s   w h i l e   e v e n t s   i n   t h e   r e g i o n  2 < x < 3 w i l l  
b e   m o s t   s e n s i t i v e   t o  9-q c l u s t e r s , e t c .   F o r   e a c h   i n -  
c r e a s e   i n  x b y   u n i t y ,   t h e   r a t i o  V w i l l  i nc rease .   P re -  
l i m i n a r y   r e s u l t s   o f   a n   e x p e r i m e n t  a t  SLAC a p p a r e n t l y  

conf i rm  th i s   behav io r . ’   Th i s  i s  the s t r o n g e s t   p o s s i b l e  
mot iva t ion ,   t hen ,   fo r   pe r fo rming  more s o p h i s t i c a t e d  
c a l c u l a t i o n s   f o r   e x c l u s i v e   r e a c t i o n s   t o   e n c o u r a g e  more 
d i r e c t   s t u d y   o f   h i g h  momentum q u a r k s   i n   n u c l e i .  

2 

Multi-Quark  Fragmentation 

We s h a l l   p u r s u e   t h e   p o s s i b i l i t y   t h a t   ( I )   t h e  QCD Comp- 
ton   process   and   (11)  Compton s c a t t e r i n g   f r o m   q u a r k s  
may b e   t h e   b e s t   p r o b e s   f o r   l o c a t i o n   h i g h   m o m n t u m  
q u a r k s   b e s i d e s   p r o v i d i n g   i n f o r m a t i o n  on a n   i n t e r e s t i n g ,  
p rev ious ly   unmeasured   phys i ca l   quan t i ty ,   t he   mu l t i -  
qua rk   f r agmen ta t ion   func t ion .  

I n   F i g .  1, we d e p i c t   t h e   c o l l i s i o n   b e t w e e n  a photon (Y) 
and a n u c l e o n ,   w i t h   t h e   n i c r o s c o p i c  y-q c o l l i s i o n  en- 
l a r g e d   w i t h i n   t h e   c i r c l e .  In the  head-on Y-q c o l l i -  
s i o n ,  as drawn i n   t h e   c e n t e r   o f  momentum (cm) frame 
f o r  (I)  t h e  QCD Compton p r o c e s s ,   t h e   f i n a l  s ta te  quark 
q and   the  gluon G go  back-to-back  and  produce j e t s  as f 

W A R K  -JET 

Df-OUARK JET -A 
GLUO’N-JET PHOTON 

Fig .  1. The  photon-nucleon  ( three  quark  c luster)   col-  
l i s i o n .  The pho ton-qua rk   i n t e rac t ion  i s  shown 
i n   t h e   c e n t e r   o f  momentum f r a m w i t h   t h e   f i n a l  
s ta te  quark ,   g luon ,   and   d iquark  j e t s  f o r  t he  
QCD Compton p rocess .   Fo r   t he  QED Compton pro- 
cess, t h e   f i n a l  s t a t e  gluon i s  r e l a b e l l e d  as 
t h e   f i n a l  s ta te  pho ton   (w i th   o r   w i thou t   o r ig -  
i n a t i n g   a n  EM shower).  
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I 

l a b e l l e d   b y   t h e   p a r e n t   p a r t o n . 8   F o r   ( I I ) ,   u s u a l  Comp- 
t o n   s c a t t e r i n g ,  as a l s o   i n d i c a t e d   i n   t h e   m a g n i f i e d  
region  of   Fig.  1, t h e   f i n a l  s t a t e  gluon  and i t s  j e t  
are rep laced  by a photon  (and i t s  r e s u l t a n t   e l e c t r o -  
magnetic  shower, i f   p r e s e n t ) .  The dynamica l   pa r t   o f  
t h e   c a l c u l a t i o n  i s  done i n  terms o f   t h e   t h r e e   b a s i c  
QCD o r  QED d i a g r a m s   f o r   ( I )   o r   ( 1 1 )   w h i c h  are  shown i n  
combined  form i n   F i g .  2 .  Here, t h e   l a b e l  8, e, and 0 
show t h e   f a m i l i a r  s , t ,  and u Mandels tam  channel   for  
t h e  y-q i n t e r a c t i o n .   W i t h  a nuc leon ,   o r  3-q c l u s t e r ,  

F i g .  2 .  The QCD Compton e f f e c t   ( I )   f o r   p h o t o n  + quark 
+ gluon + quark  and  the QED Compton e f f e c t   ( 1 1 )  
f o r   p h o t o n  + quark + photon + q u a r k   w i t h   t h e  
s u b p r o c e s s   k i n e m a t i c a l   v a r i a b l e s  as l a b e l l e d .  

c l u s t e r   t a r g e t ,  as p i c t u r e d   i n   F i g .  1, s t a n d   o u t :  The 
k inemat ic   range  of x i s  0 t o  2 ,  and  the   d iquark   f rag-  
men ta t ion   r eg ion  i s  replaced  by  f ive-quark  break-up. 
This   type  of   experiment  , ( I )   a n d   ( I I ) ,   t h u s   o f f e r s   t h e  
un ique   poss ib i l i t y   o f   measu r ing   mu l t iqua rk   f r agmen ta -  
t i on   func t ions .   Fu r the rmore ,   backgrounds   can   be   d ra s -  
t i c a l l y   r e d u c e d  by se l ec t ing   even t s   coming   f rom  those  
quarks   wi th   l a rge   x .   These   events   could   have   abnormal -  
l y   l a r g e   t o t a l   e n e r g y   i n   t h e  j e t s  o r  a h a d r o n   i n  a j e t  
wi th   abnorma l ly   l a rge  momentum. S i n c e   t h e   i n c i d e n t  
pho ton   d i sappea r s   comple t e ly ,   t he   p ro j ec t i l e   f r agmen t  
r e g i o n  is very   c lean .   Therefore ,   the   back- to-back  
quark  and  gluon jets i n   ( I )  o r  quark j e t  w i t h  a r e c o i l  
f i n a l   p h o t o n   i n   ( 1 1 )   c a n   p r o v i d e  a t r i g g e r   t o   t a g  pho- 
ton-quark   events   wi th   unusua l ly   h igh  cm ene rgy ,   i nd i -  
c a t i n g  a r e a c t i o n   w i t h  a c lus t e r .   These   even t s   shou ld  
p rov ide  a good  sample  of  multi-quark  fragmentation. 

It may b e   p o s s i b l e   i n   t h e   f u t u r e   t o   o b t a i n   d a t a  rele- 
v a n t   t o   t h e  Q-squared e v o l u t i o n   b e h a v i o r   o f   t h i s   m u l t i -  
qua rk   f r agmen ta t ion   func t ion .  The f i v e - q u a r k   r e c o i l i n g  
o b j e c t   h a s  many ways i n  which   g luons   might   in te rac t   and  
b e   e m i t t e d  so i t  i s  p o s s i b l e   t o   h a v e   d e v i a t i o n   f r o m   t h e  
most   naive  type of A l t a r e l l i - P a r i s i   b e h a v i o r .  

C a l c u l a t i o n  
t a r g e t   t h e   r e m a i n d e r   o f   t h e   e v e n t   c o n s i s t s   o f  two De ta i l ed   ma themat i ca l   exp res s ions  w i l l  no t   be   g iven  
qua rks ,   o r  a di-quark,   breaking UP i n   t h e   t a r g e t   f r a g -  h e r e  nor d e t a i l s   o f   t h e  Monte Car lo   p rocedure   u sed   fo r  
men ta t ion   r eg ion .  The 'di-quark'   ( two  quarks  which the  program, some of   the   ou tput   o f   which  w i l l  b e   d i s -  
need  not  be i n  a bound s t a t e )  i s  s t i l l  a n   i n t e r e s t i n g  cussed .  effort  to mainly sketch   the   phys ics  in- 
o b j e c t   f o r   s t u d y   b e c a u s e   o f   t h e   b a s i c  QCD in fo rma t ion  volved w i l l  b e   d o n e   t o   a i d   e x p e r i m e n t e r s   w i t h   t h o u g h t s  
i t  c o n t a i n s .  Its behav io r  when p r o b e d w i t h   d i f f e r e n t  a l o n g   t h e s e   l i n e s .  
real a n d   v i r t u a l   p h o t o n s  w i l l  g ive  Q L  e v o l u t i o n   d a t a  
which i s  n o n e x i s t e n t   t o   d a t e .  

The p r o c e s s   i n   F i g .  1 is used   t o   desc r ibe   t he   pho ton-  
3 q u a r k   c l u s t s r   i n t e r a c t i o n  when t h e   n u c l e o n   t a r g e t  i s  
i n s i d e  a nucleus.   There i s  a l s o  a r e l a t i v e l y   l a r g e  
p r o b a b i l i t y   t h a t   t h e   p h o t o n  w i l l  i n t e r a c t   w i t h   c o l o r  
s i n g l e t   c l u s t e r s   o f  6 ,  9 ,  e t c . ,   q u a r k s .  The i n t e r a c -  
t i on   o f   t he   uho ton   w i th  a 6-a c l u s t e r  i s  d e u i c t e d   i n  

C a l c u l a t i o n s   i n v o l v i n g   t h e   m u l t i - q u a r k   p o r t i o n   o f   t h i s  
i n v e s t i g a t i o n  are h i g h l y   p r e l i m i n a r y ,   b u t   t h e   r e s u l t s  
g iven  on p h o t o n - 3   q u a r k   c l u s t e r   i n t e r a c t i o n s  are reli- 
able .   These were done  by  Monte  Carlo  methods t o  produce 
the   comple te  QCD Compton e v e n t   i n   t h e   p h o t o n - n u c l e o n  
cm frame.  The QED Compton r e s u l t s   f o l l o w  by changing 
g luon   va r i ab le s   i n to   pho ton   va r i ab le s   and   r emov ing   t he  
f r agmen ta t ion   a spec t   o f   t he   pho ton ,   g luon .  

F ig .  3 f o r  (i) t h e  QCD Comptdn p rocess   and   111)   t he  
QED Compton e f f e c t .  Two - i n   d i f f e r e n c e s   f r o m   t h e  3-q The dynamical  input is described by the three diagrams 

i n   F i g .  2 .   This   input  is supplemented   by   the   addi t ion  .. 
o f   f r a g m e n t a t i o n   f u n c t i o n s   a p p r o p r i a t e   f o r   t h e   q u a r k ,  

p resent   day   exper iments ,   the   photon   energy  w i l l  proba- 
b l y   b e  so l o w   t h a t   t h e  j e t s  o v e r l a p   c o n s i d e r a b l y .   T h i s  

c a l c u l a t i o n   u n l e s s   t h e  cm ene rgy  i s  so l o w   t h a t   t h e r e  
i s  less  than  about   2 .5  G e V  a v a i l a b l e   f o r   e a c h  j e t .  The 
photon-3q c l u s t e r   c a l c u l a t i o n  a t  any ra te  must  be  done 
t o   g e t  a r e l i a b l e  estimate of  the  background  with  which 
photon-6q c l u s t e r   r e a c t i o n s  are to   be  compared.  

O W R K  -JET g l u o n ,   a n d   d i q u a r k   i n   t h e   f i n a l  s tate.  In t y p i c a l ,  

MULTI-OUARK J is  no real  l i m i t a t i o n  on t h e   u s e  o r  v a l i d i t y   o f   t h e  

GLlJON-JET PHOTON 

Fig.  3. The p h o t o n - n u c l e u s   c o l l i s i o n   w i t h   q u a r k   c l u s -  
ter  s t r u c t u r e   i n   t h e   n u c l e u s .  The e n l a r g e d  
i n t e r a c t i o n   r e g i o n   s k e t c h e d   i n s i d e   t h e  c i rc le  
shows t h e   p h o t o n   i n t e r a c t i n g   w i t h  a s i x   q u a r k  
c l u s t e r .   I n   ( I ) ,   t h e  QCD Compton e f f e c t ,   t h e  
quark  and  gluon go o u t   b a c k - t o - b a c k ;   i n   ( I I ) ,  
t h e  QED Compton process ,   the   quark   and   photon  
go out  back-to-back. The remainder   o f   the  
s i x - q u a r k   c l u s t e r   a f t e r   t h e   p h o t o n - q u a r k  re- 
a c t i o n   c o n t i n u e s   i n   t h e   d i r e c t i o n   o p p o s i t e   t o  
the   inc ident   photon   and   f ragments  as t h e  
multi-quark je t  ( i n   t h e  case drawn, a s  a 
f i v e - q u a r k   j e t ) .  

To s t u d y   t h r e e   c o l o r   s y s t e m s   i n   r e a c t i o n   ( I )   m o v i n g  
s e p a r a t e l y   i n   t h e  cm frame, we e s s e n t i a l l y  use t h e  
F ie ld -Feynman   p re sc r ip t ion   fo r   t he   f r agmen ta t ion   o f  
each   co lo r   sys t em.   The   d iqua rk ,   fo r   p re sen t   pu rposes ,  
i s  approximated as a c o l o r   a n t i - t r i p l e t   s y s t e m   a n d  
t r e a t e d   a c c o r d i n g l y .  The r a d i a t e d   g l u o n  is  t r e a t e d  as 
a q u a r k - a n t i q u a r k   p a i r   o f   d e f i n i t e   f l a v o r .  A cascade 
c h a i n   o r   s t r i n g  is g e n e r a t e d   v i a  Monte Carlo  between 
t h e   q u a r k   o f   t h i s   p a i r   a n d   t h e   d i q u a r k .  Also ,  a s t r i n g  
of  primary  mesons i s  c rea t ed   be tween   t he   an t iqua rk  of 
t h i s   p a i r  a n d   t h e   o r i g i n a l   f i n a l  s t a t e  q u a r k   l a b e l l e d  
q f   i n   F i g .  2 .  The  Q-squared  dependent   f ract ional  mo- 
mentum d i s t r i b u t i o n s   f o r   q u a r k s   i n   t h e   n u c l e o n s   i n   t h e  

t a r g e t   n u c l e u s  are those  of  Buras  and Gaemers.' The 
momentum o f   p a r t o n s   c r e a t e d   a l o n g   t h e   c h a i n   t r a n s v e r s e  
t o   t h e   f r a g m e n t a t i o n   a x i s  i s  taken as Gauss i an   w i th  
width  350 MeV/c. An a p p r o p r i a t e   s u p p r e s s i o n   f a c t o r   f o r  
s t r a n g e   q u a r k s   c r e a t e d   a l o n g   t h e   c h a i n  i s  used.  Then, 
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t h e   f i n a l   d i s t r i b u t i o n s   i n   t h e   l a b   s y s t e m   f o r   t h e   f u l l y  
gene ra t ed   even t s  are obta ined   by  a Loren tz   t r ans fo r -  
m a t i o n   a l o n g   t h e   p h o t o n   d i r e c t i o n   t o   t h e   l a b o r a t o r y  
s y s  tem. 

P robab ly   t he   dominan t   e f f ec t   o f   t he   l a rge  x p a r t o n  com- 
ponent i n   t h e   n u c l e u s  w i l l  show up i n   t h e   i n c r e a s e d  
c r o s s   s e c t i o n  a t  l a r g e   t r a n s v e r s e  momentum (p ) .  The 
r a t i o   o f   p o s i t i v e   t o   n e g a t i v e   p i o n s  w i l l  i n c r e a s e   w i t h  
p a l s o .  A t  h igh  p,, roughly  bigger   than  3 .5  GeV/c, 
the   p rocesses   under   d i scuss ion   should   dominate   the  o l d  
f a sh ioned   vec to r  meson dominance terms. In Fig .   4 ,  we 
show p l o t t e d   t h e   i n v a r i a n t   c r o s s   s e c t i o n  as a f u n c t i o n  
of t h e   t r a n s v e r s e  momentum of   the   g luon  j e t  f o r  a 
number of   photon   energ ies .   These   curves  are f o r  real  
p h o t o n s ,   b u t   t h e   g e n e r a l   t r e n d   s t a y s  similar f o r  vir- 
t u a l   p h o t o n s .  The gluon is produced   w i th   l ow  r ap id i ty  

t 

t 

Fig.   4.  
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C a l c u l a t e d   i n v a r i a n t  gluon j e t  p roduc t ion  
c r o s s   s e c t i o n  as a f u n c t i o n   o f   t r a n s v e r s e  
momentum f o r   t h e  QCD Compton e f f e c t  on a 
t h r e e   q u a r k   c l u s t e r .  The c u r v e s  are l a b e l l e d  
by the  cm energy  9 .7 ,   15.6,   19.4,   and  27.4 
G e V  in the   photon-nucleon cm system  and 
c o r r e s p o n d   t o   p h o t o n   l a b o r a t o r y  momentum va l -  
ues of  50,  150, 200, and  400  GeV/c,  respec- 
t i v e l y .  

0 < Y < 0.1 f o r   e a c h  of photon   energ ies  a s  l a b e l l e d  by 
9.7,  15.6,  19.4,  and  27.4 G e V  cm ene rgy .   These   co r re s -  
pond t o   p h o t o n  momentum o f   v a l u e s   5 0 ,  150, 200, and 
400   Gev /c ,   r e spec t ive ly ,   i nc iden t  upon a nucleon.  The 
cu rves   can   be   r e in t e rp re t ed  in terms o f   e x p e c t a t i o n s  
f o r   c o l l i s i o n  of the   pho ton   w i th  a s i x   q u a r k   c l u s t e r ,  
n ine   qua rk   c lus t e r ,  e t c .  Suppose   the   inc ident  momen- 
tum i s  50 GeV/c; t h e   d o t t e d   c u r v e  will be  produced in 
co l l i s ions   w i th   qua rks   t ha t   have  0 < x < 1, The dot-  
dashed   curve   then   g ives   the   genera l  p dependence f o r  

events   produced  f rom  quarks  with 2 < x < 3, p o s s i b l e  
i n  9-q c l u s t e r s ;   t h e   d a s h e d   c u r v e   f o r   e v e n t s   p r o d u c e d  
f rom  quarks   wi th  3 < x < 4, p o s s i b l e   f o r   q u a r k s   i n  12- 
q c l u s t e r s ;   a n d ,   t h e   s o l i d   c u r v e   c o r r e s p o n d s   i n   t r e n d  
t o   t h e   r e s u l t   f o r  4 < x < 5. The even t s   p roduced   o f f  
q u a r k s   i n  6-q c l u s t e r s   w i t h  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   n o r m a l i z a t i o n   o f   t h e s e   c u r v e s   w o u l d   f a l l  
as pho ton   ene rgy   i nc reases ,   bu t   t he   gene ra l   t r end   w i th  
a longer t a i l  in   p t   shou ld   be  a r e a s o n a b l e   r e s u l t   t o  

t 

expec t   f rom  pho ton   r eac t ions   w i th   nuc le i  when c l u s t e r s  
are p r e s e n t .  The d e t a i l e d   c a l c u l a t i o n s   e x p l i c i t l y   f o r  
t h e s e   v a r i o u s   b i g   c l u s t e r s   s h o u l d   b e   c o m p l e t e d  soon 
because   they  now a p p e a r   r e l e v a n t   s i n c e   t h e   r e c e n t  SLAC 

NE3 experiment  found e v e n t s   o u t   t o  x v a l u e s   n e a r  6 .  7 

For   and  incident   photon beam  of 25 GeV/c, t h e   d o t t e d  
c u r v e   g i v e s   t h e   r e l a t i v e   p t   d e p e n d e n c e   f o r   r e a c t i o n s  

o f f  6-q c lus t e r s   and   t he   do t -dash   cu rve   co r re spond ing ly  
o f f  12-q c l u s t e r s .  

Discussion  and  Conclusions 

The  Quark C l u s t e r  Model has   ach ieved   cons ide rab le   suc -  
c e s s   i n   d e s c r i b i n g   t h e   w a y s   t h a t   q u a r k s  seem t o  behave 
d i f f e r e n t l y  in n u c l e i   t h a n   t h e y  do i n   f r e e   n u c l e o n s .  
De ta i l ed   compar i sons   and   ca l cu la t ions  now appear   needed 
f o r   s i g n i f i c a n t   f u r t h e r   p r o g r e s s .  To r e a c h   t h i s   g o a l  
we have  begun  complete  Monte  Carlo  calculations  of 
even t s   expec ted   t o   be   p roduced  by p h o t o n s   i n t e r a c t i n g  
w i t h   t h e   q u a r k   c l u s t e r s   i n   n u c l e i .  The QCM p r e d i c t s  
more l a r g e   t r a n s v e r s e  momentum e v e n t s   t h m   c o u l d   o c c u r  
from a nuc leus  made of   independent   nucleons.  We a l s o  
f i n d   t h a t   t h e   r a t i o  of  p o s i t i v e   t o   n e g a t i v e   p i o n s  w i l l  
b e   l a r g e r   i f   t h e   p h o t o n  i s  i n d e e d   i n t e r a c t i n g   w i t h  
c l u s t e r s   i n  a n u c l e a r   t a r g e t .   T h e s e   p r e d i c t i o n s  are 
a consequence  of   high momentum qua rks  in t h e   c l u s t e r s .  
Th i s   l eads   t o   t he   occu rence   o f   even t s  well beyond t h e  
k inemat i c  limits f o r   p h o t o   r e a c t i o n s   w i t h  free nuc leons .  
Tr igger ing   an   exper iment  on s u c h   e v e n t s   l e a d s   t o   t h e  
p o s s i b i l i t y   o f   s t u d y i n g   a n d   m e a s u r i n g  a new p h y s i c a l  
quan t i ty ,   t he   mu l t i -qua rk   f r agmen ta t ion   func t ion .  On 
a f r e e   n u c l e o n ,  a p h o t o n   i n t e r a c t i o n   w i t h  a quark 
leaves   behind  a diquark  which i s  a n   i n t e r e s t i n g   a n d  

l e g i t i m a t e   o b j e c t   f o r  QCD s t u d y . "   T h e   o b j e c t   l e f t  
behind when a p h o t o n   i n t e r a c t s   w i t h  a q u a r k   i n  a s i x  
q u a r k   c l u s t e r  w i l l  b e   f i v e   q u a r k s   r a t h e r   t h a n  a d i q u a r k .  
An i n t e r e s t i n g   r e a s o n   f o r   l o o k i n g  a t  t h e  5-q system i s  
t o   f i n d   o u t   t o   w h a t   e x t e n t  i t  behaves as a s i n g l e  en- 
t i t y .   I f  i t  does ,   t hen  when i t  fragments  as  shown i n  
F ig .  3, t h e  QCD a c t i v i t y   b e t w e e n   q u a r k s  i s  complicated 
and one can  enhance a s a m p l e   f o r   s t u d y   b y   t r i g g e r i n g  
on e v e n t s   f r o m   l a r g e  x q u a r k s .  From t h e   c o u n t i n g  
rules, then ,  one   migh t   expec t   t o   f i nd  a t a r g e t   f r a g -  
men ta t ion  z d i s t r i b u t i o n   t h a t  i s  c o n c e n t r a t e d   n e a r  
z = 0 w i t h  a ve ry   h igh  power  of (z - 1). Such a sam- 
p l e  would  contrast   markedly  with  those  f rom  the  diquark 
f r agmen t ing  when a f r e e   n u c l e o n   i n t e r a c t s .  
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PION  ELECTKOPKODUCTION  FROM  NUCLEI  AND  QUARK-PION  NUCLEAR  INTERACTIONS 

Paul  Stoler 
Physics  Department,  Rensselaer  Polytechnic  Institute,  Troy, NY 12181* 

The  theory  of  pion  photo  and electroproduction  is 
closely related  to OUK understanding of fundamental 
processes  involving  elementary  particles. At 
excitations  below  2 GeV these reactions  have 
provided  much  of  our  information  about  baryon 
resonances (Do-78).  At higher excitations, In 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  photoproduction 
experiments on  nuclei  have  been  strongly  limitated by 
the  parameters of existing  electron  accelerators,  the 
most  important of which  are low energy  and  duty 
factor.  The  new  generation  nuclear  physics 
facilities  at  CEBAF and PEP  will  complement  each 
other  in making  possible  programs  of  pion 
electroproduction not  previously  possible. CEBAF, 
with  an  eventual  maximum  energy of - 6 GeV, will 
cover the  nucleon  resonance  region,  through  the 
transition to x  scaling.  PEP  with  a maximum  energy of - 14 GeV is  well  suited  for  experiments in the  x 
scaling and higher Q2 region. 

The main features of  both kinematic  regions  which 
can be addressed by CEBAF and PEP  are seen in  Figure 
1, which  shows  inclusive  electron  scattering  data  from 
SLAC . 
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Figure 1 Inelastic  electron  scattering  data 
obtained at SLAC (St-75) as  a  function of W  for 
various  values of Q. 

In  the  resonance  region  only  the  delta is fre'e 
from the  interference of other  resonances,  whereas 
above t h e  delta  there  are  about 20 known  resonances, 
all of which  overlap  strongly  with  each other. The 
properties of  these resonances  can  be  disentangled 
only  from  exclusive  experiments  involving  pion 

electroproduction. An active  program to study  the 
properties of resonances  is  planned  for  CEBAF  (Bu-87, 
MU-87) 

Photoproduction  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  this  energy 
region  there have  been no  exclusive  electroproduction 
experiments on  nuclei. This situation  will  certainly 
change in the  next  several  years  with  the  arrival 
first of MAMI-I11 at Mainz, and  later  CW accelerators 
at  Bates  and  Saclay.  Hobever  only CEBAF and PEP  will 
have  enough  energy to cover  the  entire  resonance 
region. 

Because  the  delta is the  lowest  energy  nucleon 
excitation, is very  strongly  excited  at  low Q 2 ,  and 
plays  an  important  role  in  medium  energy  nuclear 
phenomena,  one of the  most  actively  studied  subjects 
in nuclear  physics  during  the  past  decade  concerns  the 
production and propagation of the  delta in nuclei, 
including the absorption of the  delta by the  medium 
(Ge-83). The  propagation of the  pions in the  nucleus 
is part  of  the problem of  the  propagation  of  the delta 
through  the  successive  decay and formation 
of the  delta  due to the  strong  pion-nucleus  final 
state  interaction (FSI). 

In the  future  there  will  be  a  strong  interest  in 
studying  some of these  problems  for  the  higher 
excitation resonances. However,  the  problem of 
overlaping  resonances  will add to  the  complications 
in interpreting  the data. A  favorable  energy  to  study 
may  be in the  region of excitation  near W - 1520  MeV, 
where  the S11 and Dl3 stand  out clearly, and  behave 
differently  as  a  function of  Q2. 

For  example,  it  will be interesting  to  see how 
the  width of  this  peak  is  affected by the  nuclear 
medium  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  modifications 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 fm, increasing to 2 to 3  fm  at higher 
energies. 

A more  realistic  picture  emerges  from  experiments 
on pion  nucleus  scattering in the  delta  region 
performed  at  LAMPF (As-81). Figure  3  shows  the 
various  components of the  pion-nucleus  interaction 
which they  obtained  for 12C. In addition  to  quasi- 
free  scattering,  nuclear  effects  such  as 
coherent  scattering and  true absorption  are  important 
at  the  delta  peak,  but  decrease  relative  to  quasi-free 
scattering at higher  energies.  It  would  be 
interesting to see  how  these  effects  evolve  with 
increasing  energy. 
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The  effects of  pion FSI in  photo  and in  the  spectrum of Figure 4, due  to  the  large 
electroduction  are most important at  the peak of the interaction  between  the p-p pair  emerging  in  a 
delta.  They also depend  upon  the nuclear  radius, relative s state). The  12C  (Ar-82) data  indicate  a 
being  smallest  for  light  nuclei. This is illustrated large  reduction  in  the  quasi  free  production  peak, 
in Figures  4 and 5, which  show the effect of final which  can be  explained  by  the  cascading  and  true 

absorpiton of  the  pions interacting  strongly  with  the 
other nucleons. 
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Figure 2 a)  Charged  pion  mean  path in  nuclei 
obtained by convoluting the elementary  pion  nucleon 
interaction  cross  section  with a uniform  nuclear 
density. b) Fraction of  pion nucleon  interactions 
resulting  in  inelastic  events. 
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Figure 3 The  various  components of the  pion 
nucleus  interaction  for 12C from AS-81. 

state  interactions on  charged  pion photoproduction 
from  2H, and 1% at energies  corresponding to  the  peak 
of  the free  nucleon  delta.  The 2H data, taken at 
Saclay (Fa-84), show  only  a  small  effect of  pion  FSI. 
(There  is  a  large  enhancement  at  the  highest  momenta 

Q 
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Figure  4  Momentum  spectrum of positive  pions  due 
to the  reaction 2H(y,a+)X for E = 300 MeV,  obtained at 
Saclay (Fa-84). The  dashed  curve, due to  a 
calculation by J.M. Laget,  is  a  simple  quasifree 
process  with no pion  FSI. The  solid  curve  includes 
FSI. The  enhancement at  the high  momentum  part of  the 
spectrum i s  due to scattering of  two protons  emerging 
in a  relative  s-state. 

Figure 5 Energy spectrum of positive  pions  from 
the  reaction 12C(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 lH(e,e'n+)n is  much  smaller 
than that  for  more  inelastic  processes. Also, pions 
may be  the  secondary  result  of  the  decay  of  primary 
hadrons.  Within  the  framework  of mesons and baryons, 
the pion electroproduction  cross  section at forward 
angles  can be reproduced by the t channel  Born  diagram 
shown below. 
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due to the  reaction p(e,e'n+)n from  a  uniform  Fermi 
For  unpolarized  electrons  the  cross  section  can be  gas.  The  pion FSI consists of multiple  elastic 
written  as  follows:  diffraction  scattering, with inelastic  events  simply 

absorbed.  At energies  considered  here,  only  about 
ten t o  fifteen  percent  of  the  high Z interacting pions 

= r{-+E--  daL + E dop cos 2$,, ( 1 )  are  elastically  scattered. do aT 
dEedQedfin nlI Rn dRn 

+ JZE(E+l) 
do I 
-0s $J 

Because of  the longitudinal  coupling of the 
photon to  the pion, the longitudinal  term CJL dominates 
at  forward  angle, and approximately  follows  the  form 
exp(At), which is characteristic of a  high  energy 
diffractive process. In  fact at high  energies the 
same  function  fits  diverse  high  energy  diffractive 
processes  such as Compton  scattering,  vector  meson 
production and  proton  scattering (Le-78). Figure 6 
shows  the  result of an  experiment  separating  the  four 
cross  sections of equation 1. The t dependence of UL 
is  typical of t channel  dominance. 

Figure 6 The  separation of the  various  components 
of equation 1 for  kinematics  corresponding  to  Table 
Ia. The  curves  are  the  result  of  Lagrangian 
calculations based  on  Born  term  diagrams. Data and 
figure  from Br-78. 

From  the  quark-gluon  point  of view an  interesting 
question 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  phenomenological 
approaches to  this problem  has  been  the  Lund  hadron- 
ization code  (An-83), which is a  Monte-Carlo 
simulation of  the evolution  of  a  string  as it 
successively  dissipates the initial  quark  energy by 
fragmenting  into the final  hadrons via  the creation of 
quark-antiquark pairs. Figure 7 shows  an  example of 
the  kind  of  results  obtained  by  (Ch-87)  using  this 
code  for charged  pion  production.  The figure 
illustrates  the  distribution of  charged pions  as  a 
function of  the  variable 2 ( = E , / w ) ,  the  fraction of 
the  initial quark's energy  carried by  the  pion. Here, 
v is the virtual  photon  energy  absorbed by the quark. 
Only  near Z = 1 are  the  pions  mainly  primary, i . e . ,  
not  the  result of the  decay of stable  primary 
hadrons . 

When  this  reaction is imbedded in a  nucleus, in 
the  simplest  model  the  pions  are  produced  on  free 
nucleons having  a  Fermi  momentum  distribution.  The 
emerging pion distribution  will be strongly modified 
by strong FSI.  For example,  Figure 8 shows  a Monte- 
Carlo  simulation of  the momentum  distribution of pions 

Due to the  strong  FSI,  the  modification of the 
primary  electroproduction  process by  the  nuclear 
environment  is  just  one  part of, and. cannot be 
separated  from  the  overall  problem of electro- 
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Figure 7 Spectrum of  charged  pions  obtained  by 
C.C. Chang  using  the  Lund hadronization  code (An-83). 
The  lower  curve  is  the  spectrum of primary pions. 
The upper  curve , includes  pions  resulting  from 
unstable  primary hadrons. 
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Figure 8 Simulated  pion momentum  spectra for the 
reaction A(e,e'ns)X corresponding to the  quasifree 
kinematics and  spectrometer  acceptances of Table I-a. 
The three  curves  denote a)no FSI, b)RA = 2.0 fm.,  C)RA 
= 4.0 fm. 

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 
relativistic time dilation  effects (see Ar-84, Bj-76, 
Ni-81, Si-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 electroproduction  reaction is imbedded I 
in  a  nucleus  an  interesting  question is how  the  quark ; 
interacts with  the  nuclear  environment  prior  to 1 
hadronization, and  the  subsequent  evolution  into  the 
final hadron state,  including  the  FSI of the  hadrons i 
themselves. It may  be  that the  cross  sections  in ~ 

nuclear matter for the  quarks is rather  small (Bi-80), 1 
so that  at  high enough  energies  the  high Z hadrons may I 
actually be  produced  at  the  edge  of  the nucleus, and 1 
the  final  hadron  spectrum may  be relatively [ 
independent of nuclear  radius. I 

This effect  has  also  been  predicted  from  QCD 1 
considerations (Be-81). From  the QCD point  of view I 
the  high  energy  probe  selects  closely  spaced  valence 
quark-antiquark pairs.  The diffractive  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  in  an  altered  jet 
transverse  momentum  spectrum Z. 

! 

The  transparency  effects  are  expected  to  become 
apparent  when E >> RAm2,  where  RA is the  nuclear 
radius.  They  have  been  observed in moun scattering  in 
the  deep  inelastic  scaling  region,  by  the  EMC  group 
(Ar-84), involving  moun  energy  transfers  of  several 
tens of G e V .  It was found  that  the  production  of 
hadrons  with 2 > 0.5 is independent of  RA.  In 
electron  scattering  experiments at SLAC (Os-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 2 interval 0.5 - 1.0. From  these  two  sets of 
results Ar-84  conclude  that K - 0.1 fm/GeV  within  a 
broad  statistical  range. However, using E > RAID2 as  a 
cutoff,  one  expects  a  hadronization  length  for pions 
on the  Order of several fm. Another  possibility is 
that  the  quark  FSI  in  nuclear  matter is increasing at 
lower  energy transfer. 

Pion  electroproduction  on  nuclei may  be the  best 
way  to study  the  effects, of nuclear  matter  on  quark 
hadronization because  of  the  l/m2 dependence of  the 
hadronization length. Experiments  should be  carried 
out  at  high 2, where  the  observed  hadrons  carry  most 
of  the  virtual  photon  energy,  and  are  not  likely  to  be 
the  result of  more complicated  or  secondary processes. 
Also,  at  small t the  nucleus is minimally  disrupted, 
and  the  diffractive  properties  of  the  pion  interaction 
are preserved. 

Example of a  Specific  Experiment 

An experimental  measurement of the  cross  section 
for pion  electKOpKOduCtiOn  from  nuclei at small 0, 
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 

E= 6 GeV 

parameters  likely  to be available at  PEP. 

Kinematics I 

W = 2 . 3  GeV Q2 = 0.6 GeV2/c2 
E' = 3.4 GeV 0, = 10' P, = 2.6 GeV/c 

Kinematics I1 

W - 4.0 GeV Q2 = 2.0 GeV2/c2 
E = 17 GeV E' - 8.0 G e V  0, = 7" P, = 9.0 GeV/c 

Table I 

The  pion  angular  acceptance, AOn - A$ = 220' is 
in accordance with  a  possible  design  discussed at this 
workshop, and  the  pion  momentum  acceptance of 10% 
selects  the  highest  interval of 2. The solid  angle 
for  electrons  coincident. with  the  detected  pions  was 
taken as 100 mr,  with aienergy acceptance of 1 GeV. 
The  luminosity  was  taken  as 1 x 1033. 

The  resulting  pion  momentum  spectra for the 
lower  energy  kinematics,  for  nuclei  with  RA = 2.0 fm 
and RA = 4.0 fm are  shown in  Figure 8. Also shown is 
the  spectrum  with  no FSI. Although FSI are  important, 
with  considerable  depletion in the  quasi-free  peak, 
the  pions  observed in the  spectrometer would  have 
undergone very little  FSI,  since  those  pions  which 
would  have  interacted  are  either  scattered  elastically 
or inelastically  out of  the range of the  spectrometer 
acceptance, or  they  are  absorbed. 

To  estimate  the  effect of a  finite  hadronization 
length,  a  simple model  was constructed,  in  which the 
hadronization  length  distribution  is  given by  N(L) = 
N(O)exp(-L/H), where H = Ex%. The  hadronization 
parameter H, is in  units  of  fm/GeV. The ratio of the 
simulated CKOSS section  relative  to  that  for  the 
proton  as a function of nuclear  radius,  for  two  values 
of  the  parameter i-b; 0 fm and 1 fm is given  in  Figure 
9.  
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Figure 9 Stimulated  ratio of high 2 pions  detected 
from  nuclei  as  a  function of RA,  for  two  values  of the 
parameter H, defined  in  the  text,  corresponding to 
kinematics-b of Table I. The estimated  number of 
hours of beam  on  target  necessary  to  obtain  the  ratio 
to  a  statistical  accuracy of 2% is shown  for  various 
points. 
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The   e l emen ta ry   c ros s   s ec t ions  of Br-79 was used 
t o  estimate c o u n t i n g   r a t e s  a t  the   lower   energy  
k i n e m a t i c s ,   a n d   f o r  t h e  h ighe r   ene rgy   t he  
e x t r a p o l a t i o n  1/(W2-M2)2 was used.  Counting rates 
vary  from  about 30 pe r   h r .   t o  more than  1000  per  hr. ,  
depending on atomic number  and k inemat i c   cond i t ions .  
The  number  of hours   with beam on t a r g e t   n e e d e d   t o  
o b t a i n  a s t a t i s t i c a l   p r e c i s i o n  of 2% are a l s o  shown i n  
F i g u r e  9. 

In conclus ion ,  i t  seems t h a t   p i o n   e l e c t r o -  
product ion   f rom  nuc le i  may b e   a n   e x c e l l e n t  way 
o f   l e a r n i n g   a b o u t   t h e   q u a r k   h a d r o n i z a t i o n   i n   n u c l e i ,  
and tha t   such   exper iments  may be q u i t e   f e a s i b l e  a t  PEP 
wi th   t he   appropr i a t e ly   des igned   expe r imen ta l  
equipment. 

*Work supported i n   p a r t  by the   Na t iona l   Sc i ence  
Foundation,  Grant  no. PHY-8601006. 
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ELECTROMAGNETIC PHYSICS  WITH A POLARIZED 3HE  INTERNAL TARGET 
R.G . Milner 

W.K. Kellogg Radiation  Laboratory, 
California Institute of Technology, 

Pasadena, 
California 91125 

Polarization observables provide one  method of extracting 
small components of wave-functions and reaction  mechanisms. 
Examples are  the measurements of the  D-state  admixture  in 
the  ground  state wave-functions of 3He and 'He ; mea- 
surement of tzo  in  x-deuteron  elastic  scattering3; measurement 
of tzo  in e-deuteron elastic scattering4;  deep inelastic asym- 
metry  measurements on the nucleon'; parity measurements in 
electron-deuteron elastic  scattering'.  A program of measure- 
ments of polarization observables on  the  proton,  deuteron,  and 
3He would provide  a very strict  constraint for any model of nu- 
cleons in  the nucleus. 

To date,  the only targets of polarized nuclei considered 
in detail for polarization studies  in electromagnetic physics 
have  been the  proton,  the  deuteron,  and Is5H0 '. The  tar- 
gets  require  both cryogenics and  intense  magnetic fields to 
produce  polarizations of order 50%. These  intense  magnetic 
fields are a likely source of systematic  error for measurement 
of small asymmetries  in  that  they will deflect both  the incident 
and  scattered beams. Also, the  proton and deuteron  targets 
are based on the  method of dynamic nuclear polarization  and 
hence the polarized nucleus is part of a large molecule, e.g. 
butanol,  ammonia.  This  can  dilute  the  measured  asymmetry 
by typically an order of magnitude. Luminosities are  limited 
to z 1035~m-2s-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 
10'5cm-2 of polarized atoms in an electron storage ring with 
a stored  current of 100 mA. This would provide a luminosity 
of 1033~m-zs-'  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'. Such a  technique would 
also work for a hydrogen atom. At Caltech, we have been work- 
ing on  the development of a polarized  3He target. 3He has  the 
advantages  that a direct optical  pumping technique  exists and 
also that  its  interaction  with  containment walls is very weak. 

I. Target technology 

It is important to note initially that  in inclusive electron 
scattering from a spin-; particle,  it  is necessary to have both 
beam  and  target polarized to obtain  additional information 
beyond unpolarized measurements'. Thus,  it  is  imperative for 
measurements on the nucleon or 3He that  there  be  the capa- 
bility to deliver longitudinally  polarized  electrons at  the  inter- 
action region in  the ring. 

The  method used to polarize 3He nuclei is an  optical 
pumping technique developed by Colegrove, Schearer, and 
Walters". Experimentally  one  requires a source of 1.083pm 
light to excite the 3S1-3P0 transition. Until recently, one was 
limited to discharge lamps which because of Doppler  broaden- 

ing were not very efficient at pumping.  A French group '' has 
developed a high power infra-red  laser which reliably emits 
300mW of 1.083pm light.  This laser yields polarizations of 
70% in a sample of 3He of density l O " ~ m - ~  and a feed rate of 
3 X 10" polarized 3He  per second. With higher power lasers 
now under development'z, feed rates of lo" polarized 3He per 
second look reasonable. It is important  to  note  that  the small 
holding magnetic field (= 5 gauss) required to  maintain  the 
polarization of the 3He, allows easy orientation of the  target 
spins. As will be evident below, this is very important for 
maximizing  sensitivity to particular  interesting pieces of the 
cross-section. 

Proposed Internal Target Design 

y v v u ~ 1 0 ' 6 / c m 3  at 300 O K  

Fig.1 This figure is a schematic diagram of the proposed 
internal  target design. 

A  schematic diagram of the proposed  polarized  3He inter- 
nal  target is shown in Fig. 1. A  high power infra-red laser op- 
tically pumps a sample of 3He at a density of 10'6atoms cm-3 
contained  in a pyrex cell. This cell is connected through a nar- 
row tube  to a 10 cm long  "bottle". This  "bottle"  has a long 
narrow tube of length 30 cm and i.d. 7 mm  at each end to act as 
an  impedance for the  gas flow. It may be necessary to arrange 
the  end  tubes in a clam-shell  configuration so that  they have 
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 
magnetic field is required for the  optical pumping process. 

However, a possible problem is depolarization of the  tar- 
get by the intense beam. At  Caltech, we have  investigated the 
depolarization  mechanism in  the region of a few torr  and for 
beams of several microamperes of 3 MeV  proton^'^. The de- 
polarization  rate  due to the charged particle  beam is found to 
be consistent with a model based on the  formation of the He: 
diatomic molecule. This molecule is formed  in 3 body colli- 
sions and so the  formation  rate increases as the  square of the 
pressure. Extrapolation of this model to the low pressures and 
high currents of an  internal  target  indicate  that  target depolar- 
ization is a problem for luminosities  in excess of 1034~m-zs-'. 

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 QZ = 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 1033~m-2s-1  and a longitudinally polarized electron  beam 
of polarization 0.4. 

11. Quasielastic  electron  scattering 

An impulse approximation calculation I' with a wave func- 
tion  obtained by solving the Faddeev equation  with  the Reid 
soft-core potential,  has been  performed  in the quasi-elastic  re- 
gion for longitudinally polarized electrons  incident on a polar- 
ized 3He target.  It is found that  near  the quasi-elastic  peak 
the  contribution of the two protons  to  the  asymmetry  is small, 
and so a polarization  measurement can  extract  the  contribu- 
tion from  elastically scattering from the  neutron in 'He. As 
one moves out  into  the  tail of the quasi-elastic peak,  the con- 
tribution of the two protons to  the  asymmetry increases. For 
example, at  incident energies of a few hundred MeV and at low 
energy transfer,  the  asymmetry  is large, and  mainly  due  to D- 
state  admixture in the wave function. It is clear one needs 
more realistic  calculations that include effects like distortion 
and meson-exchange currents,  but  it is certain  that measure- 
ment of the  asymmetry  in  the  tail of the quasi-elastic peak 
would provide a direct test of the small  components of the 'He 
wave function. 

Consider the measurement of the  asymmetry  on  the quasi- 
elastic peak as a measurement of the electric  form-factor of 
the  neutron ( G E )  in 3He. Our present knowledge of G E  Is, 
extracted from  e-d  elastic measurements, is quite poor.  Clearly 
it is important  to improve our knowledge of this  fundamental 
quantity.  The existing data  has been parametrized as 

The measurement of GE is basically a measurement of the 

where u(O,@+, +) is the cross section  for  quasielastic scattering 
of longitudinally  polarized  electrons with positive helicity off a 
polarized  3He target whose polarization lies in  the  scattering 
plane and where the  angle is defined in Fig. 2.  

In  the case of a free neutron  the  asymmetry isa 

where 

where B = 0.71 GeV/c2, pn is the  neutron  magnetic moment 
and T = Q2/4M2. Present  indications are  that 1 5 17 _< 10; 
however, the  entire  range 0 5 7 5 00 cannot really be excluded. 
We have taken 7 = 5 .  

Fig.2 This defines the angles p,  which is  the angle be- 
tween the nuclear  spin  vector, SN, and the incident electron 
momentum, k ; and e+, which is the angle  between SN and q, 
the 3-momentum transfer. 

Here q2 = Q2 + v2 in conventional notation . 

tic  scattering off polarized 'He is given by 
To a good approximation  the  asymmetry  due  to quasielas- 

where A,, is the  asymmetry for the free neutron.  The va- 
lidity of this  approximation was demonstrated by Blankleider 
and Woloshyn in  their Faddeev  calculation.  One  can see that 
by varying 6 + ,  i.e. the angle  between the nuclear spin  and 
the direction of momentum  transfer,  it is possible to pick out 
the  longitudinal  and  transverse pieces of the quasielastic  spin- 
dependent cross-section. In  particular, if @* = $, then  the 
asymmetry is proportional to G'& if 0' = 0, it is sensitive only 
to G&. Also note  that for a given Q 2 ,  the  asymmetry  on  the 
quasielastic  peak vanishes at a value of 0; given by 

In  what follows we assume  that qJ+ = 0 * 8", and so cos 4* 
is always within 1% of unity. This provides an elegant way 
of determining  the  ratio of Sk as a function of Q 2 ,  indepen- 
dent of the  beam  and  target  polarizations.  The cross-section 
is obtained  from a  y-scaling  model of quasielastic scattering 
from 3He. This model is in excellent agreement  with  existing 
unpolarized data. 

Running  times for a f 2 0 %  measurement of GE are  then 
calculated using the following experimental  parameters. We 
assume a luminosity of L = 1033~m-2s-'.  The polarizations 
of the 3He target  and incident electron  beam  are  taken  to be 
p r  = 50% and p ,  = 40% respectively. We assume  a solid angle 
of  dSZ = 25 msr for the  spectrometer  and  take half the  total 
yield of (da/dE')AE' over the quasielastic peak. All measured 
asymmetries  are  greater  than  The  running  time in terms 
of these parameters is then 

G;I 
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where AA is the required statistical  uncertainty in the asym- 
metry. 

1 - E'/Ee €0 D =  ; q  = - 
1 + eR E - €E' 

The  resulting  running times for a f 2 0 %  measurement of 
GZ  and a 1 GeV incident electron beam for QZ = 0.2, 0.4, 0.6, 

direction of q varies as a function of energy loss and e and so e* energies; QZ is the four-momentum transfer squared; is the 

spectrometer would allow simultaneous  measurement of the e* cross-sections. 
and +* dependence of the asymmetry.  Measurements with e* 
= 5 provide  information on GL. 

o.8 (Gev/c)2 are shown in 1* It is to be noted that the Here E and E' me respectively the incident and final electron 

vary Over the spectrometer acceptance. A large  acceptance energy transfer; R is the  ratio of longitudinal to transverse 

In  the Bjorken scaling limit 

Table 1. Runn ing  times for a f 2 0 %  measurement  
of GE 

incident energy = 1 GeV 
luminosity = cm-'s-l 

PT = 0.5 
P. = 0.4 
do = 25  msr 

& E  e A,,, 
T aays 

0.2 27.4 1.9 x 10-3 4.5 

0.4 41.8 6.8 x 4 

0.6 56.0 1.3 x lo-' 6 

0.8 72.4 2.1 x 10-2 12 

111. Deep  inelast ic   e lectron  scat ter ing 

In  the deep  inelastic region, it is possible to measure the 
spin-  dependent  structure functions of the  neutron  in  the 3He 
nuc1eus"j. The  internal spin structure of the nucleon is impor- 
tant as a constraint on the development and  testing of theories 
and models of nucleon structure. For a comprehensive review 
of this  subject, see reference 5. 

One  considers the case of deep inelastic scattering of par- 
allel and  antiparallel spins for  the polarized electron  and po- 
larized nucleon. Then one  measures the  asymmetry of eqn. (1) 
with p = 0, where 

+2 tan' - (E  + E'cos 0)MGI f 8EE'tan' sin' -Gz] 

W1 and Wz are  the well-known unpolarized structure func- 
tions and G1 and Gz are two new spin-dependent  structure 
functions.  From  considerations of the  total  photoabsorbtion 
cross-sections. it  is found convenient to write A as follows: 

e e 
2 2 .  

where 

A1 = - QZGz ; A z  = -(MGl a' + vGz) 
WI Wl 

Le., the spin-dependent structure  functions scale. A1 and Az 
can be readily expressed in terms of the  quark spin distribution 
functions. It can be shown that  the  asymmetry A2 vanishes 
for massless quarks. The  asymmetry A1 is  the  dominant  term 
in deep inelastic scattering with longitudinal  polarization. 

Bjorken has derived" a sum rule for spin-dependent deep 
inelastic  electron-nucleon scattering.  This s u m  rule may be 
written as 

1 1 [sf(.) - g,"(z)]dz = s 1 I G /  gA = 0.209 f 0.001 

where gA/gV  is the  ratio of axial to vector weak coupling con- 
stants  in nuclear  beta-decay. This may also be  written  in  the 
scaling  limit as 

3 g v  . 
This  form is convenient for experimental comparison. The seal- 
ing function F2(z) is  the scaling  limit of vW2. Separate sum 
rules  for the  neutron  and  proton have  been derived" using 
quark light-cone  algebra and  under  the  additional  assumption 
that  the  net  spin polarization of strange  sea  quarks is zero. 
These  are 

and 

Recently, JafTe has reconsidered these sum rules in light of 
the non-conservation of the U(1)  axial current  in QCD". He 
derives  inequalities at  large Q2 

and 

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 seventies', the spin-dependent  asym- 
metry A1 has been  measured  for the  proton over the deep 



I 
inelastic kinematic  range 0.1 5 z 5 0.7 and 1 5 QZ 5 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  suffcient  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  Al(z) -+ 1 as z 1 for the 
nucleon. 

The prediction for A;(s) of the  unsymmetrical  quark 
model5, which fits well the measured A: data, is shown in 
Fig.3. We see that A;(s) -t 1 as z -+ 1 and  that  it is negative 
at small x.  The bulk of the  contribution to  the sum-rule comes 
from the low x region. Thus, a sensitive  test of the  QCD model 
of the nucleon would be a measurement of  A;(x) at low x as a 

0 _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ - - - - - -  - -  

function of Q2. Fig.4 shows the  statistical precision with which 
one  can measure A; as a function of x and  Q2  with a 15 GeV 

-0.1 

polarized  electron beam incident on a polarized 3He target  at -0.2 k 0.5 I .o 
PEP. In  the above notation I assume p e  = 0.4, p~ = 0.5, and 
luminosity = 1033~m-2s-1. Also I take  R(x,Q2) = 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 Fig.3 This figure shows the prediction of the  unsymmet- 
run  in a bin A9 = 10 mrad  and Av = 200 MeV is shown in the rical quark model for A;(x). It is taken  from reference 5. 
Q2 vs. v plane. The cross-section is taken from the Bodek fit 

X 

PEP 

0 5.0 10.0 15.0 
I/ (GeV) 

Fig.4 This figure shows the  statistical precision with which one  can  measure A;(x) as a function of 
X and Q2 in  bins of A0 = 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 10'5cm-2s-' 50% polarized  3He target. 
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V. Summary 

With a luminosity of 1033~m-2s-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/c)’ at  the proposed 1 GeV 
pulse stretcher ring at  MIT.  In  the deep  inelastic  region,  mea- 
surements  on  the spin structure of the  neutron become possible 
at  PEP if longitudinally  polarized  electrons become available 
at  one of the  interaction regions . It is strongly  urged that a 
design study  be carried out  to  determine feasibility and cost 
of implementing this. Using a reasonable choice of running 
parameters,  the running time for an  interesting series of mea- 
surements in  each of these  kinematic  regions is of the  order of 
30 days. At Caltech an effort is underway to  construct high 
density,  high  polarization targets of polarized  3He which would 
permit  these measurements. 

This research was supported by the National Science Foun- 
dation  under  Grants PHY85-05682 and PHY-8351737. 
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(e,e'N) REACTIONS  WITH  POLARIZED  BEAMS AND POLARIZED  TARGETS 
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Istituto Nazionale di  Fisica  Nucleare,  Sezione  di  Pavia,  Italy 

Abstract:  The  quasi-free  nucleon  knockout  by  the 
electron  is  studied  in  the  general  case of both 

polarized beams and  polarized  targets.  The  general 
formalism provides  nine  structure  functions,  four of 
which appear  only  when  the  target  nucleus is 
polarized.  Results  obtained  in a nonrelativistic DWIA 

framework  on 'Li and 39K for  cross  sections, 

asymmetries  and  electron  polarization  ratios  are 
presented.  The  particular  case is also  considered of a 
nucleon  ejected  along  the  direction of the momentum 

transfer from a  target with spin  oriented in the same 
direction  where  only  three  structure  functions  survive 

and  can  be simply separated. 

In  the  one-photon  exchange  approximation  and 

neglecting  the  electron  mass  and  the  nuclear  recoil 
factor,  the six-fold differential  coincidence cram 
section  for  quasi-free  nucleon  knockout from a 
polarized  target  nucleus  by  an  incident  polarized 
electron may be written  as follows 

doh 1 - = a2 + h A) t (1) 
d$, dp"  qv' Po PA (E-1)  

where a = e2/4n = ]/I37 is   the  f ine  structure  constant 
and  the  ultrarelativistic  electron with initial  helicity  h 

and momentum zo is  scattered  to  a  final momentum p& 

while a  nucleon is  knocked  out with  final momentum 
p'. Then,  the four-momentum transfer is qv2 = W' - 
qz, with w = po - pb  and < = 3, - 5;. In  eq. (I) 

- 
-+ 

measures  the  transverse  linear  polarization of the 

virtual  photon  exchanged  by  the  electron  scattered  at 

an  angle e, and 

In  the  laboratory  frame,  where  the  nucleon is 
ejected  at  an  angle Y # 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 et and  the  azimuthal 
angle @*, the six structure  functions  in  eqs. (2)  and 
( 3 )  depend  on  the  seven  variables (w, q, p', y, a, et ,  
@*), where a is  the  angle  between  the  hadron  and  the 

electron  planes. One has 

& 

Foo = foo I 

F l l  = f l l  3 

F,, fol  cos a + To, s i n  a , 
Fl.-l = fl-l cos 2 a  + fl- l  s i n  2a , - 
FI1 = f;l s 

F& = fAl s i n  a + Tbl cos a . ( 6 )  

where 

foo = 1Jo12 , 
f l l  = I J l I '  + IJ-11' 

fol = 2 Re (Jl JX - J,  J?,) , 
fl.-l = 2 Re (J1 J!,) 9 

f i l  = IJlI' - IJ-11' 9 

f& = -2 Im (J, J$ + J, J!~) , 
fol  = -2 Im ( J ~  JX - J, J!,) , 
fl-l = -2 Im ( J ~  J!,) 9 

f &  2 Re (Jl JX + J,  J!,) (7) 

- 
- 
- 

In  eq. (7)  an  average  over  initial states and  a sum 

over  final  undetected  states of products of  matrix 

elements J,, are  understood,  where 

J,, = JdFe lq'<*fl j,(?) I w i )  
.- 

(8) 

are  matrix  elements of the  nuclear  charge-current 
operator j,, taken  between  the  initial  (I*i>)  and  final 

( l * f > )  nuclear  states. 
For an  unpolarized  target  nucleus  the  barred 

structure  functions fol,  f l - l  and f b l  vanish 
identically.  In  addition, I J l  I = IJ-1 I ', i.e. f i l  0. 

Therefore, in this  case  one  recovers  the  expression Of 

the  cross  section in  terms of five  structure  functions 
already  studied  in  ref. 2 with incident  polarized 

- - - 
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Fig. 1. Cross section ( fm3 sr-2) VE. recoil momentum 
(MeV/c) for p312 proton  knockout  from N-polarized 'Li 

by  unpolarized  electrons of 700 MeV energy.  The  final 
proton  energy  is 144 MeV and qz2.6 fm-'. Bound state 

from ref. 7, optical model from ref. 5 (solid  line)  and 
from ref. 6 (dashed  line);  dotted  line  for PWIA. 

electrons.  The same situation  occurs  when  the  target 
polarization is  perpendicular  to  the  hadron  plane, 

becautle  in this  case J-x JSxt = J x  J f , .  

The  primed structure  functions f i l l  f b l  and f;iol 

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, fxxl, is 0btained.j 
When Y = 0, the  decomposition (6) in terms of 

nine structure  functions is not  possible  because  the 
angle a is  no more defined. However, E and A can  still 

be  expressed  in  the form of eqs. (2 )  and (3) in terms 
of s ix  F-responses.  This  means  that  in  the socalled 

parallel  kinematics ( y  = 0) s ix  responses  enter  in  the 
cross  section  contrary  to  what  happens in the  case 

with  unpolarized targets  where  only two s t ructure  
functions  survive. 
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Fig. 2. Cross section ( fm3  S F 2 )  VE. recoil momentum 
(MeV/c) for  d3l2  proton  knockout from  N-polarized 39X 

by  unpolarized  electron of 500 MeV energy.  The  final 

proton  energy is 100 M e V  and qz2.2 fm-I .  Bound state 
from ref. 7 and  optical model from ref. 8 for  the solid 

line,  bound  and  scattering  states with the hamiltonian 
of ref. 9 for  the  dashed  line; PWIA for  the  dotted line. 

In  the  particular  case of parallel  kinematics  and 
orientation of the  target  polarization  along ii, i.e. of 

what  can  be  called  a  superparallel  kinematics,  for 
symmetry  reasons  only FOO, F,, and F;, survive  in 

general,  whereas  the  interference  responses Fol, F,-, 
and Fb, vanish. 

The  relevant  quantity  containing all the 
necessary  ingredients  for  describing  the  knockout 
process is the matrix  element  in  eq. ( 8 ) .  

The  results  presented  in  this  paper  are  obtained 

with the  nonrelativistic  charge-current  operator  along 
the  lines of previous ~ o r k . ~ , ~  

The  general  formalism is  here  applied  to  the  case 

of proton  knockout  by  an  electron of positive  helicity 
from a  polarized  target.  For  each  target  polarization 
the  nine  structure  functions  depend  on w, 9, pt and 
Y. Specific  cases  can  be  studied  with 100% target 

20 1 



I 

polarization (m = j )  oriented  longitudinally (L),  
normally ( N )  and  sideways (S) with respect  to  the 
incident  electron  direction.' For symmetry  reasons  the 
N-polarization reduces  the  number of nonvanishing 

structure  functions  to five:  only foO, f l i ,   f o l ,  f l - l  and 
f b l  survive. Without final  state  interactions fb l  = fol = 
f l w l  = 0 for L- and  S-polarization of the  target. 

- 
- 

In  ref. 1 figures  are  given  for  the  different 

structure  functions  in 7Li and 33K under  standard 

kinematical  conditions.  Their  separation  requires 
out-of-plane  experiments  with  a  high  degree of 
precision. 

A s  a  first  step  one  can  measure  cross  sections 

which do  not  necessarily  require  out-of-plane 

kinematics  nor  such  a  high  precision a s  do  structure 
functions.  In  fact  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 with 

unpolarized  targets. A s  an example to  set  the  scale 
and  to show the  sensitivity to final  state  interactions 
in figs. 1 and 2 the  cross  section  obtained with 
unpolarized  electrons  for  N-polarized 'Li and 33K is 
reported. 

With coplanar  kinematics  one  can  also  measure 

asymmetries, i.e. 

(EN - &S)/z0 , (EL - rNmo , (rs - W / c 0  , ( 9 )  

where 2, is  the  cross  section with  unpolarized  target 
and  unpolarized  electron.  These  asymmetries  are 
determined  by  the  behaviour of the  usual  four 
structure  functions foO, f l l ,  f,, and fL-l  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 p312 hole  in 39K 

as  a  function of the  recoil momentum p~ 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  final 

state  interactions. 
Another  measurable  quantity  with  coplanar 

kinematics  is  the  electron  polarization  ratio A / r  with 

L- and  S-polarization of the  target. For N-polarization, 
A B  = 0 as  already noticed  in  ref. 4. In  fig. 4 (A/E)L 

is plotted  for  the p312  hole  in 7Li. This  result  shows 
that  the  electron  polarization  ratio  is  large  and  can  be 
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Fig. 3. Asymmetries a )  (EN-Es)/ro and  b) (EL-EN)& 
vs.  recoil momentum (MeV/c) for  d3I2 hole  in 33K 
under  the same conditions  as in fig. 2. 

measured, e.%., on  top of the p312 momentum 
distribution ( p ~  100 MeV/c) with a weak dependence 
on  final  state  distortion. 
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1. The  electron  polarization  ratio A / r  Vs.  recoil 

momentum (MeV/c) with  L-polarization of the  'Li h rge t  
nucleus  for p312 hole under   the same conditions as in 
fig. 1. 
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Fig. 5. The  response F,, (fm3) vs. momentum transfer 
q (fm-') for  d,Iz  hole  in 39K polarized  along  under 

parallel  kinematic  conditions.  The  other  conditions are 
as in fig. 2. 

The  superparallel  kinematics a priori  involving 

only  three  nuclear  responses  is  in  Principle 
interesting  in  order to achieve  their   separation.  In 

fact,  Fi,  is  simply  determined  by  flipping  the  electron 

helicity.  Then a Rosenbluth  separation  determines FOO 
and F,,, In  addition,  in  the  present model based  on 

t h e  impulse  approximation, Foo vanishes  for a target 
spin j > 3/2 (m = j) and F,, = f File 

In  fig. 5 F,, is plotted  for  the  d3lZ hole in 39K. 
It appears   that   the  maximum corresponding to p'<q  is 

higher  by 20% than  the one corresponding to p'>q. 
This large asymmetry as well as the  whole response 

itself is entirely  due to the  final state interaction 

because in PWIA F ~ I  0. 
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SPIN DECREES OF FBEEDOY IN ELECTRON NUCLEON 
SCATTEBING IN THE BESONANCE BEGION 

Volker D. Burkert 
CEBAF 

12070 Jefferson Avenue 
Newport  News, 

Some aspects of using polariaed electrons and/or 
polariaed  targets in electron-nucleon  scattering 
experiments  are  discussed. Polarieation measurements 
can be used to extend the knowledge of nucleon form- 
factor  measurements to higher Q and  are  indispensable 
for a model-independent  extraction of the  helicity 
amplitudes of exclusive meson  production.  Measure- 
ments of polariaation  asymmetries may also  help in 
revealing the excitation of weaker resonances. 

I. Introduction 

The study of the electromagnetic couplings of the 
ground state nucleon and its excited states should be 
an essential part of  any research program to investi- 
gate electroweak interactions with nuclei. The ulti- 
mate goal in studying the 'elemeqtary' process is to 
obtain  information on the 7 NN vertex.  Detailed 
knowledge  of  this  transitionvprovides  the  data  base 
which is necessary for the interpretation of electron 
nucleus  scattering at high  momentum and high  energy 
transfer.  The  understanding  of nucleon-nucleon corre- 
lation, e.g., will depend essentially upon our under- 
standing of the role played by nucleon  resonances  in 
nuclei. Studying nucleon resonance transition in, on 
the other handt very important in itself; The knowl- 
edge of the Q dependence of the 7 NN transition 
appears  crucial  for the development o f  more realistic, 
QCD based,  interquark potentials for light quarks, and 
finally  for the definite implementation of QCD to had- 
rons at intermediate distances where non perturbative 
effects  have to be taken into  account. 

11. The Electric Formfactor of the Neutron ' 

and the Proton 

The hadronic current in  elastic  electron  nucleon 
scattering is specified by the  electric and magnetic 
formfactors G,(Q') and G (0') . The knowledge of these 
quantities  up to the higiest  possible Q' is not  only  of 
fundamental importance for  testing microscopic models 
of the nucleon and its electromagnetic  coupling,  but 
has  strong  impact on the  interpretation of electron 
nucleus scattering in general. Our present knowledge 
is practically  limited to  the  magnetic  formfactors 
ICMp I and I C  I which have been measured for Q' up to 
30 and 20 GeV , respectively. C, has  been  measured  up 
to 3CeV' with  uncertainties  between  10%  and 30% at 
Q'>lGeV'. Little is known about  the electric formfac- 
tor of the neutron. In fact, our only solid knowledge 
comes  from scattering of thermal neutrons off  electrons 
from atoms,showing that dC,,/dQ' > 0. at Q'+O. There 
is some information on G,, at Q' < l.GeV', extracted 
from elastic eD scattering'. These results, however, 
are  necessarily  model dependent in that they depend on 
the specific deuteron wavefunction assumed in the anal- 
ysis. Attempts to measure IGp,l from quasielastic eD 
scattering have not yielded satisfactory  results . A 
model  independent  measurement of C is  urgently 
needed. Studying quark effects in nu2ei at large Q' 
will  bear  heavily on the knowledge  of the nucleon form- 

up 

a 

VA 23606, USA 

factors, since new effects will  reveal  themselves as 
deviations  from  the 'conventional' picture  of  the 
nucleus. 

Several way. of  measuring this fundament81 quantity 
have  been  proposed.  One  way  is to measure G in scat- 
tering of  polarised electrons from unpolaria8a neutrons 
and to study the neutron rpoil polarisation in a sec- 
ond scattering experiment . An alternative method is 
to use quasielastic scattering ofpolarised electrons 
from  vector  polarieed  deuterium . I will  briefly 
discuss this latter  method  which  may  be  of  interest  not 
only for  use  in  storage  rings but for  external  beam 
experiments  at Bates and C" as well. 

For an orientation of the neutron spin in the elec- 
tron scattering plane  perpendicular to the direction of , the elastic electron neutron cross section is given 
B: 

Cp :electron polarization, P =effective neutron polari- 
s a f ~ o n ,  (du/dn) =unpolarizedncross section). 
The  asymmetry i8 given by: 

The  appearance of the  interference  term  allows  the 
measurement of G if G is known, without Bosenbluth 
separation. Thf8 is a%antageous in  determining  the 
electgic  formfactor  because C is  expected  to  be 
small , and  its  cgntribution e8 the  elastic  cross 
section at large Q is negligible.  Fig.  1  shows  the 
expected  asymmetry  for G 50 and G =-76 / p  , both of 
which  are  consistent witppresent &ta d % o f  too small 
Q .  

1. An Experiment to Measure GB, in d [: ,e'n)e 

Using a polariaed ND solid  state  target  with an 
approximately 2 0 m ~  coolitg powe;b2 at -.  te!~erature of 
=270mK, luminosities of =0.6*10 cm sec  havedbeen 
obtained  (only neutrons in deuterium are counted) . A 
cooling  power of =SqOmW was achieved at 2270mK in 8 
dilution refrigerator . This would allow measurements 
to be8perlgrmedlwith effective luminosities in excess 
of 10 cm sec- . Neutron polaritations of 245% were 
obtained in a 3.ST magnetic field . With a 5T field, 
neutron polarisations of 00% can be  anticipated.  Using 
appropriate kinematical cuts on the scattered electron 
and the recoil neutron angle, background contributions 
from neutrons in the  nitrogen  nucleus  can largely be 
suppressed, andoeffective polarizations of -40% should 
be  achievable . The  expected  running  time  of a 
measurement of G is shown  in  Fig. 2 for a specific 
experimental setfib. It  is  perhaps  worthwhile  noting 
that the use  of  polariaed deuterium as target material 
has the advantage of allowing the same measurement to 
be carried out with protons (from the deuterons). A 
comparison of proton measurements with ND and NE as 
target  materials  would  allow  the testinef of effacts 
which may result from the binding of the proton in the 
deuteron. This information provides a sensitive mean 
in correcting the neutron data for nuclear effects. 
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Fig. 1 Polarization Fig. 2 Bunning  time 
asymmetry n (e,  en) for for an experiment  to 
electron  scattering  measure  the  neutron 
angles. GEn=-~Gyn/pn  asymmetry  with 6 A  = 
has  been  assumed. A =O t0.02, for  polarised 
if GEn=O. The  dasfed target cryostats  with 
lines  indicate an different  cooling 
uncertainty 6A =$. 02. power. 

+ +  

2. An Experiment to Measure G in p(e.e'p1 
+ +  

;P 
The method  outlined  above  can also be  used to meas- 

ure the polariEed  proton asymmetry using NE, as polar- 
ized target material. Hence the  electric  formfactor 
GEp of the proton can be measured. Since protons can 
be polarised  to a higher  degree  than  deuterons  at 
higher temperatures, polarized proton  targets  can be 
operated at much higher cooling  powers and therefore 
can  be  used  with  higher electron currents. With a 'He 
cryostate of  "10 Watts of cooling  power at 1  Kelvin, 
luminosities of 6.10" crn-lsec-' (only free  protons 
count) can be achieved". The polarisation asymmetry 
as predicted by QCD sum rule calculations6 is shown in 
Fig. 3. The expected running time of an experiment to 
measure G is displayed in Fig. 4. Measurements of 
GB for Q up to 8 GeV' appear  feasible using existing 
polarized target technology. 

i P  

QCD Sum Rule Prediction 

Fig. 3 QCD SUB rule Fig. 4 Expected  run- 
prediction+of+  the ning  time  for an ex- 
polarised p (e ,ep) periment  to  measure 

able polarize4 solid state target technology, consider- 
In summary, it appears that with presently avail- 

ably higher Q values can be reached in measuring the 
electric proton and neutron  formfactors  than  has been 
possible  with the usual Bosenbluth separation. 

111. Electroproduction of Nucleon Resonances 

Studying the Q' dependence of the 7 NN' transition 
for the nucleon resonances gives us many details of the 
wavefunction of the  excited states. This knowledge is 
essential  in  developing  more  realistic  interquark 
potlsptials which  are  based on the  fundamentals  of 
QCD . It appears important to obtain as much infor- 
mation as possible to probe the full electromagnetic 
structure  of the transition, including its spin struc- 
ture. Before discussing  exclusive measurements in some 
detail, it is perhaps instructive to  recall  some fea- 
tures of the inclusive cross  section in the resonance 
region. 

1. The Inclusive Cross Section p(e,e')X 

It  is  widely  assumed  that  the  cross  section  for 
electroproduction  of nuclepn resonances would decrease 
faster  with  increasing Q than  the  nonresonant part 
does.  This,  however, turns out not to be the case, as 
can  be inferred from Fig. 5, where the  total photoab- 
sorption cross section in the mass regioAlup to Wz2GeV 
is shown for small and  large values of Q . I want tq 
point  out  several  interesting  features  in  the Q 
dependence of the cross  section: 

-- The strong  enhancement in  the  region of 

t)e A(1232) disappears quickly at large 
Q .  

-- The  enhancements  near  W"1.6GeV  and 
Wzl.7geV remain prominent up to  the high- 
est Q . The signal/background ratio  does 
not  appsar to  decrease at all  over  the 
entire Q range. 

-- The  shoulder  near  Wrl.45GeV  in  the Q'=O 
data, which is generally attributed to the 
excitation of the Roper P (1440), disap- 
pears very quickly  with Q . Already  at 
Q'=O.lGeV' there are no indications of an 
excitation of this resonance any  more. 

-- At  QP>3GeV1 a resonant  structure  near 
W3.4 GeV seems  to emerge which may even 
become  dqminant  over  the A(1232)  at the 
highest Q . 

'b 

In conclusion,  the  total  phgtoabsorption  cross 
section  indicates  very different Q dependences for the 
various resonant parts of the  cross section. The fast 
decrease  of the A(1232) excitation strength offers thp 
possibility to study the lower mass region at large Q 

nated by the higher mass tail of the A(1232). This may 
in detail, where the  cross  section is no longer domi- 

prove  especially  important for studying the excitation 
of the  P11(1440)  and  possible  other Pll partners 
nearby. 

It  is  obvious  that  due to  the  large  widths and 
large  number  of  resonances  (approximately 20 with 
masses below 2 GeV) iptividual resonances  can in gen- 
eral  not be isolated . A program to  separate and 
study details of single  resonances  requires  studying 
spin and imospin structure of the  intermediate  state 
which  can  only  be  done by measuring the resonance decay 
products  in  exclusive  experiments. 

asymmetry. 
GBP 

with *5X andi20%, 
respectively. 
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2. Exclusive Reactions for Resonance Studies 

mingle r or 7 decay  channel.  The  reactions 
Many of the lower lying  resonances  have a strong 

p(e,e'p>r"(p),  p(e,e'r+)n and n(e,e'r-)p are therefore 
most suitable for studying resonance properties. The 
unpolarised  coincidence cross section is given by 

The first and  third term depend on the transverse unpo- 
larised  and  polarised coupling of the photon, the sec- 
ond term depends on the  the longitudinal part and the 
last term  is a transverse/longitudinal  interference 
term. These quantities are functions of Q , W, B' and 
can  be  expressed in terT1 of 6 complex,  parity  conserv- 
ing  helicity  amplitudes : 

uT = P/2K[IHl12+ 1%12+ 1H312+ IH4I2] 

uL = P/2K[ 1H5I2+ lE612] 

urn = P/K R ~ ( E ~ E ~  - H+IJ 
urn = 2P/K Re [H&-HJ + Hip2+ H3)] 

A complete  and  model independent determination of these 
amplitudes requires at least 11 independent  measure- 
ments at each kinematical point. Unpolarised experi- 
ments allow four independent measurements only. With a 
polarised  beam  one  additional  combination of these 
amplitudes  can be measured. A polarised nucleon target 
allows  eight  sensible  measurements,  and  experiments 
with polarised beams and polarised target allo7,meas- 
urement of five more combinations of amplitudes . If 
one can measure the  recoil polarisation, e.g.,  if the 
final  state  nucleon  is a proton,  one  can  obtain  the 
same  number  of combinations as with a polarised target, 
fourlgf which are different from the polarised target 

A separation of the various terms requires detailed 
out-of-plane  measurements. In addition to the cos)  and 
cos24 terms of the unpolarised cross section sin) and 

Also, measurements with different orientations of the 
sin24 terms appear in the polarisation dependent  terms. 

target spin will  be  necessary. 

3. Existing Data 

case . 

Although such a detailed experimental program has 
not  been  conducted so far, some information, in partic- 
ular on the  most  prominent  resonances,  has  been 
obtained from measuring the angular dependence of the 
unpolarised coincidence cross  section.  From  experi- 
ments  performed  at  the BONN, DESY, NINA synchro- 
trons'a'g we  have  limited information on the transverse 
helicity amplitudes A, and Ah/, for  the P (1232), 
S,, (1S3S), D '(16205 and t  e F,, (1688faproton 
resonances. ?t is well  known  that  the 7qP,, (1232) 
transition  amplitudes  drop  faster  with Q than  the 
elastic formfactor. As can be inferred  from Fig. 6, 
the other resonances show quite a different behaviour. 

The S1,(1S35) which can only  be  excited  by  helicity 
1 2 in the 7rp initial state exhibits a strikingly weak 
Q dependence. At Q'=3  GeY', the  has decreased by 
only SO% of its value at Q'=O. For  the Dl, (1520) and 
the F ,(1688) the  helicity-3/2  dominance  at Qo=O 
switcies to a helicity-l/2  dominance  at  large Q', a 

4 

Fig. 5  Ipclusive cross section  for p(e,e')x at fixed 
behaviour  that  is  qualitatively  in  accordance  with 
quark model predictions", as well as with expectations 0 -  
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from  helicity  conservation  in  perturbative QCD". The 
transition  to  helicity 1 2 dominance  seems to be a 
general  feature  at  high Q , It is  the  details,  how- 
ever,  of  how  this  transition  occurs  that  would  give ULI 

insight  into the dynamics of the multiquark-gluon 
system.  Very  little  information  is  available  for  reso- 
nances  other  than  the  ones  mentioned  above,  and  prrc- 
tically no data  exist  for  neutron  resonances. 

h 

Sll(1535) PROTONS 

F15(1688) PROTON -- 

0 1 8 a 

Fig. 6 Transverse 
helicity amplitudes 

nances. The  dashed 
line  for S (1535) 
represents  thi dipole 
formfactor.  The  other 
lines  are  results of 
various  quark model 
calculations. 

It should  be  noted  that  the  data  points  in  Fig. 6 

the  limited  experimental  information  that  could  be  used 
are  subject  to  systematic  uncertainties,  largely  due to 

in  the  data  analysis.  Also,  there  are  uncertainties in 
the  deslyiption  of  the  nonresonant  part  of  the cross 
section . 

An experimental  program to  study  electroproduction 
of nucleon  resonances  should  be  able to  combine  very 
high  statistics  unpolarized  cross  section  measurements 
and  detailed  polarization  measurements  of  the  rglevant 
asymmetries,  going  up  to  the  highest  possible Q . Pol- 
arization  asymmetries  contain  interference  terms of 
amplitudes.  They a r e  therefore  especially  sensitive to 
small  amplitudes  and  to  relative  phases  between  ampli- 
tudes.  Already  information  of  limited  statistical  accu- 
racy  will  prove  extremely  sensitive  in  determining 
signs  and  absolute  values  of  the  less  prominent  ampli- 
tudes. In the  following  chapter  we  give  two  examples  to 
illustrate  the  sensitivity  of  polarization  asymmetries 
to  small  amplitudes. 

4 .  The  Scalar  Amplitude Sl+ in  the  ~,pA(12321 
Transition 

Quark  models  with SU(6) symmetry  yield 9 EO for 
the  scalar  (longitudinal)  multipole as a conse&ence of 
the  assumed  pure  magnetic  dipole  transition  between  two 
states  with  angular  momentum L =O of  the 3 quark  sys- 
tem. The inclusion of  a  hy$&rfine color magnetic 
interaction  arising  from  the QCD qstivated one gluon 
exchange  between  the  valence  quarks  leads to a finite 
longitudinal  coupling,  reflecting  the (Sy&6) forbidden) 
L=2 state  of  the  multiquark  wavefunction . Our present 
knowledge on S for  the A(1232) comes  from  studying 
p(e,e'p)ro. Aslhing s and p  wave  contributions Only, 

and Y dominance  (only  terms  with Y are  retained), 
the &olarized  cross  section  can  be  #+itten an: 

d L  C. [i IY1+I2- 3 Be[Yl+E;+] + Be[Y1+M;-)] 

+ c0~8:(2Be [Eo+Y;+]] 

+ cos2B:[+ IY1+l2+ QRe(Y1+E;+) - 3Re(Y1-Y;+]] 

+ €*sin 2 *  Bf*cos2#[3 3 IY1+I2-3Re[Y1+E;+)] 

+ ~~*sine:.cos)[-Ee[So+H;+] -6cosO~Re[S1+Y;+)] 

From  studying  the 4 and 8' dependence  of  the  cross 

most sensitive  to S,+. Fig. 7 shbfd+results of 
section  one  can  separate  the  berm  Re(S Y' ) , which  is 
previous  measurements.  The  accuracy  of  existing  data 
is  clearly  not  sufficient to separate  resonant  and 
nonresonant pa~ts.  Note  that  the  quantity 
Be(S Y' ) / I Y  I is  displayed. A resonance-like 
beha&+ou$+of  SA'rould  resul3  in a flat  distribution  in 
this  quantity,  The  Q2=1GeV  data show  some W depen- 
dence which may indicate  that  the  measured  quantity 
contains  nonresonant  contributions. In order to enable 
a full  determination  of  the resonant and  nonresonant 
contribution  to (S Y' ) , a measurement  of  the  term 
Im(S Y' ) is  requiGd'is  well. This  term  is  partic- 
ularii  Sgnsitive  to  nonresonant  contributions. If only 
S and Y,+ amplitudes  of  the  resonance  contribute, 
hhting  the  same  phases, the term Im(S Y' ) would 
vanish  identically.  According to  fixed aha kpersion 
relation  calculations the nonresonant  contribution 
ReS  (I=1/2)  may  be  of  the  sane  order  of  magnitude as 
Res1+ (I=3/2). This  would  result  in  quite  different 
p h a k  for X, and S , which  consequently  give  rise  to 
a sizeable paariaahon asymmetry in  the  vicinity of 
the  resonance. 

L 4 

-0.20 4 
1.1  1.15  1.2  1.25  1.3  1.35 1.4 

W [GeV/c'] 

Fig. 7 The  quantity Be(Sl+Y'+)/IY1+l' in  the A(1232) 
region.  Data  from DE& . 

The  quantity Im(S Y' ) can be measured by using  a 
longitudinally  polvrikzd  eigctron  beam  and  measuring 
the  cross  section  asymmetry . 
A. = ~*sin)*sin~:[Im[So+H~+] + 6co~0~Im[S~+Y;+)] 

In this  expression  the  same  approximation as in  the 
unpolarized  cross  section has been  assumed.  This  exper- 
iment  requires a measurement  of  the 8; distribution  of 
one of  the  outgoing  hadrons  at  large 4 (out  of the 
scattering plane). Yeasuring  the 0; dependence  of A 
at  fixed  sin/  enables a separation  of Im(SO+Y~+) ana 
Im(S,+Y,'+). Asymmetries  of 5 to lolA can be  expected". 
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5 .  Polariced  Target  Asymmetry  in  the  Reuion  of  the 
%I 1440) 

not  the P (1440) is  actually  composed ,o;f two P reso- 
There  is an ongoing  controversy as to whether  or 

nances as'h recent  analysis  indicates . In Qlectro- 
production,  however,  only  weak  indications  of a reso- 
nant  structure  in  this  particular  mass  region  have  been 
seen  in  unpolarised  electroproduction  experiments. 
Single  pion  photoproduction  data  have on the o&er hand 
revealed a rather  strong  resonance  excitation . Pion 
electroproduction  may help solve  the  above  controversy 
because  of  the  additional  kinematical  degree  of  freedom 
given  by Qaa. The  various  resonances may exhibit  very 
different Q dependence. 

Measurements  of  asymmetries  with  polarised  targets 
appear  quite  eensitive  to  the  strength  of  the P ,(1440) 
excitation.  Fig. 8 shows  the  sensitivity  of  th&  target 
asymmetry  in r production to the  excitation  of  the 
P (1440). By  choosing a suitable  orientation  of the  
tb'rget polarisation and  by carefully  selecting  the 
kinen;atrcs of the decay  particles,  interference  effects 
may become  large  and  exhibit  sicable  effects  even  from 
weak  resonances. In this  example  fke  amplitudes  which 
haveabeen  oqtained  in an analysis  of  the  world  data 
at Q.=1 CeV  were  used. In the  analysis, a sisable 
longitudinal  amplitude S w a s  found  for  the P (1440). 
This  gives  rise  to  stronk-effects  in T Which'Eantains 
transverse-longitudinal  interference  t8rms. 

Tar(et  Polarization Asymmetry Tx(7vp+pro) at Q =l(GaV/c) a ¶ 

-05 :I 
With Pl1(1W) -1 

-1.0 
1.0 1.4 1.6 1.0 1.4  1.6 

w [C.V/c 1 3 

Fig. 8 Polariced  target  asymmetry T (7 p+pro)  for a 
specific  kinematical situat?on .O The target 
protons  are  polarised  perpendicular to  the 
virtual  photon  direction,  in  the  electron  sca 
tering  plane.  Results  of a recent  analysis 
have  been  used to  predict  the  asymmetry 
(1.h.s.). To illustrate  the  sensitivity  to  the 
longitudinal  coupling  of  the P , the  expected 
asymmetry  is  shown  if  the Pll &e not  excited 
(r.h.9.). 

fr 

6. Double  Polaritation  Asymmetry 

With a polarised  beam  and a polarized  nucleon  tar- 
get,  one  can  measure  double  polarination  asymmetries 
which  require  flipping  the  spin  of  the  electron an well 
as of  the  target  nucleons. Of particular  interest  is 
the  asymmetry D, 

U T )  
Dc = u (Ps=l  ,Pe=l) +u (P.4  ,Pe=-1) +u (Ps=-l  ,Pe=l) +u (Ps=-l  ,Pe=-1) 

where  the  nucleon  spin  is  aligned  parallel  and  antipar- 
allel  to  the  direction  of  the  virtual  photon.  Fig. Q 
shows  that  this  asymmetry  can  be  large. Dm measures 
directly  the  helicity asymmetq 

for  the  transverse  cross  section. The partial  wave 
analysis  of  this  quantity  at  fixed Q' and W yields  the 
helicity  rsymmetry  for  single  partial  waves.  Unpolar- 
iced  measurements  allow  the  determination  of U' + 
U' for  single  partial  waves. The two  measurements 
corntined allow  determination  of U' - IuA a l a  and 
U' IA,1a13 for  specific resonances (afier  sub- 
tracting  the  nonresonant  background). and A, a 
have  been  predicted  by microscopic mke\s of tie 
nucleon  and  provide  tests  of  the  helicity  structure  of 
the  resonance  transition. In view of  the  quark  model 
and  QCD  predictions,  e.g.,  that u should  vanish  at 
large Q', measurements of this  type  provide  immediate 
tests  of  essential  aspects  of  theoretical  approaches  in 
the  nonperturbative  regime. In Fig. 9 examples of 
predictions  for D, are  shown. 

111 
a/  

* / a  
1 1 s  

* / a  

Double  Polarization Asymmetry D,(7vp+pro) at Q'=l(GcV/c)' 

1.0 

0.1 

0.0 

-0.5 

-1.0 

1.0 -J 

Fig. Q Double  polari- 
zation D for  specific 
kinemat'ical situa- 
tions. The graph: 
indicate a strong 9,  
dependence.  Besulip 
of  the Bonn analysis 
have  been  ueed. 

-0.5 

-1.0 
1.0  1.4 1.6 

w [C.V/c 1 3 

IV. Parity  Violation  Measurement 
in the A(1232) Region 

In low  energy (0' << M' neutral  current  inter- 
actions,  the  parity  violati88  contribution  arises  from 
the  interference  between  the  one-photon  exchange ann 
the  neutral  weak  boson (2') exchange  graphs. In elec- 
tron scattering,  the  interaction  contains  an  isoscalar 
as well as an isovector  piece  in  both  the  vector (V ) 
and  axial  vector (A ) coupling. The effective  Lagrah- 
gian  which  describls  the  parity  non-conserving )PNC) 
part of theJnteraction  for  electron  hadron  scattering 
is  given  by 

The z, I ,  8 ,  'j denote  the  respective  coupling  constants 
which  have  to  be  determined  experimentally. In the 

208 



I 
Glashow-Salam-Weinberg  Yodel (GSW) of  electroweak 
interaction, these coupling constants can be expressed 
in terms of a single parameter, the weak mixing r n d e  
8 By choosing appropriate  kinematical conditions for 
eIkctron scattering from nucleons and nuclear targets, 
one can  determine  the  couplings by a set  of  four 
linearly  independent  measurements. 

The SLAC/Yale D(:,e')X scattering experilpent", in 
conjunction with atomic  physics experiWenhs , enabled 
a model inifpendent determination of a,. 7. The Mains 
experiment measures a different combmation of the 
four coupling c stant  and allows the extraction of a 
combination of 7 and d , using the previously obtained 
results as an  input. It should,  however,  be  noted that 
this  experinentomeasures  quasielastic  electron 
scattering  from  Be  rather  than  elastic  electron 
nucleon scattering. This fact could be  of importance 
if the data are used for a detppination of the  weak 
angle. The  Bates  experiment , +ch has  recently 
become  operational,  simply  measures 7. 

From this brief  survey of existing measurements it 
is obvious  that  for a complete  determination of the 
coupling constants additional measurements areaneedad. 
One  should also attempt to measure a possible Q depen- 
dence of these  couplings.  Deviations fro9,the CSW 
model may occur at the level of one  percent . High 
precision measurements  are  therefore  needed. 

Various  arguments  have  been  made  for  measureing 
parity vig,l%\ion in  elastic  electron-proton 
scattering . A precise  measurement  of  the A -  
excitation seems equally  important.  We summarise here 
some arguments for measuring this process. 

excitation separates the isovector part 

- It is an almost pure magnetic  resonance  with a 
dominant magnetic dipole (Y ) excitation. The 
scalar coupling (S +) and thi electric coupling 
(E1+) are  both  smali. 

- At  low Qa (<0.6 Gel'') the nonresonant background 
is  small.  Its  effects on t v a P N C  asymmetry 
should be reliably  calculable . In order  to 
understand  the  PNC  effects of the  nonresonant 
part  at the one  percent  level,  more  precise  elec- 
troproduction data in different isospin channels 
will  presumably be needed as well. 

- The aglyztry is  predicted to be large in the CSW 
model . 

and has a strong sensitivity to sin 8,. 

The factor F(Qa,E) in the above formula is close to 
1  in  the  energy  range of interest.  Assuming a weak 

a 

angle of sina@, = 0.225,  one  obtains AA(lar,) 1) 

-l.l7xlO-'Q'. 

V. Conclusions 

possibilities to study electromagnetic  properties of 
Polarisation experiments open up a large variety of 

the  nucleon  and  its  excited states with increased sen- 
sitivity  compared to unpolarised  measurements.  The 
numerical examples chosen assumed an external  target 
situation at CEBAF energies. Most of the experiments 
can, of course, be done  with gas targets  in  storage 
rings, if high  enough luminosit%fs c y  be-pchieved. 
'High  enough' translates as 210 cm- sac  for  the 
meafure_pnt of the  neutron  electric  formfactor  and 
210 'cm sec-' for the proton electric formfactor. The 

nucleon resonan~e~progr~-lould also need luminosities 
in excess of 10 cm- sec for a substantial improve- 
ment  of  previous  work, if full solid angle coverage is 
provided. 

Precision experiments for studying parity  violation 
in electron scattering  require  measurements with very 
high  luminosity (L>108*Cmase c-') and large acceptance 

Because of the luminosity  require- 
ments, these  experiments  will  have  to  employ  thick 
targets in UI external beam  line. 
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Abstract. A proposed  monochromatic  photon  beam 
produced  by  the  tagging  technique is described.  The 
radiator  is  a  condensed  molecular  beam of argon 

(thickness g/cm ) installed in a straight section 
of the  Adone  storage  ring.  The  recoil  electron  counters 
are  placed in the  magnetic  field of the next dipole 
ring.  The  tagging  system  defines 80 channels  (each 1% 
resolution)  covering  the  photon  energy range (0.4 - 0.8 
EO. The  total  photon  intensity is about 10 sec . 

2 

8 - 1  

1 

In view of the great interest in nuclear physics 
studies  with  electromagnetic probes, at Frascati it is 
foreseen  to  install  an  internal jet target  on the 
electron storage ring  Adone  to  produce  a  monochromatic 
high  energy (up to 1.2 GeV) photon  beam by the  tagging 
technique. 

The  use of internal  target in circulating  beams 
antedates  the  availability of external  beam  from 
circular  machines. In recent years, with  improved 
understanding of beam  dynamics  and  the  contruction of 
high  enerey  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  molecular beam(*) which  provides  a  flow of 
gas at supersonic  speed (hence the name of gas "jet" 
target)  due  to  the  expansion of gas from  a  vessel at 
high  pressure  and low temperature into the  vacuum 
through  a  nozzle of very  small  aperture (10+150)m) 
and special  geometry.  The  molecular jet flies forward 
along  the  axis of expansion  and it is absorbed after 
having  crossed  the  accelerator  vacuum  pipe.  Only  the 
core of the jet reaches  theultra-high  vacuum of the 
ring  via  several  differential  pumping stages where 
almost  all  the  uncondensed residual gas is pumped  off.  pumping  system (two 1000 l/sec  turbo-pumps) is acting 

Fig. 1 shows the  schematic  view of the jet target on  the  straight section of the ring where the jet 
proposed for Adone.  The  argon jet is produced in the  target  will  be mounted, in order to reduce this rise 
chamber 1 (installed on top of the  Adone  vacuum pipe) pressure  and  limit  the  length of the region where  the 

electron 

beam 
___) 

3 

Fig. 1 - Side view of the argon jet target 
proposed for Adone: 1 gas expansion chamber; 
2 collimators; 3 valves; 4 sink chamber. 

where  the gas expansion  take  place.  The  injector is a 
converging-diverging  nozzle  with  special  trumpet-shaped 
end  part.  Then  the jet moves across the  machine  vacuum 
pipe  to  the sink system, installed  below  the storage 
ring. 

We have  interposed  three  differential  pumping 
stages  (each  equipped  with  a 360 l/sec  turbo-pump) to 
separate  both  the  expansion  and  the  sink  chambers  from 
the  vacuum  pipe  ln  order  to  minimize  the  pressure rise 

pressure is torr. TWO fast acting UHV valves 
separate  the  production  and  sink chambers from  the 
Adone  vacuum  pipe  to  easy  the jet on/off operations 
and  to  prevent  the  possible contamination of the  ring 
in  case of a  large  pressure  bump  due  to  breakdown of 
the  target  system. The operating conditions are  inlet 
pressure  and  temperature 6 bar  and 150 O K  respectively, 
nozzle  throat  diameter 8 7 p  and semiaperture 3.5'. 

in  the  interaction  region (4 lo-' torr).  An  additional From  a  total  flux of 10'' Ar-atoms/sec  expanding  from 
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Tagging counters quadrupoles 
r /magnets 

.I .. 

w 
Fig. 2 - Schematic  view of the  tagging  system 

the  nozzle  the  collimator  system  selects 5 lO”atoms/s, 
which  corresponds  to  a target thickness of ?110-’ g/cm2 
(0 =lcm) on  the  path of the  electron  beam (that is a 
distance ofC25cm from  the nozzle). 

The  circumference of the  Adone ring is approximately 
105 m, so that  a  bunch of ultrarelativistic  electrons 
takes  about To= 351nsec to  make  a  round.  The ring is 
divided  into  twelve  identical  lattice  elements  each 
consisting of a straight section, a  bending  magnet 
(dipole) and  a  couple of defocusing-focusing  magnets 
(quadrupoles). 

Electrons  are  injected  into  the storage ring at an 
energy of 300 MeV (a few-turn  injection  will  result in 
about 100 mA current  circulating in the ring) and then 
accelerated to the  desired  energy by rising the  magnetic 
field of the  guiding  magnets (this operation requires 
about 20 sec). The 51.4 MHz RF-cavity groups the 
circulating  electrons into 18 bunches, each lnsec wide 
and 20nsec apart. 

After  the  rise in energy  the argon jet will  be  fired 
into  the  vacuum  pipe  and  the  electron  beam  lifetime 
e=To/((;;x) cut down  to  about 130 sec (To is the 
revolution period,c the  removal cross section and x the 
jet  target  thickness). Then the cycle is ended  by 
lowering  the  field of the  magnets tothe injection  value. 
The  removal cross section  involves  only  that  process Of 

bremsstrahlung in which theenergy lossplaces theelectron 
outside  the  acceptance  band-width of the ring ( E = O . O I E o ,  
Eobeing the  machine  energy). In fact the  target  thickness 
is so small  that  neither  the  multiple  scattering  nor  the 
ionization losses contribute  to  the lifetime, being  the 
RF-cavity  able  to  compensate for  both  the  growth in 
divergency  and  the  mean  energy  losses. 

In  fig. 2 is  sketched  a  lay-out of the  apparatus: 
the  argon jet will  be  placed in a straight section (2.58 
m  long)  between  consecutive  lattice  elements  and  the 
recoil  electron is bended by the  dipole magnet and 
detected by a  two-array  scintillator counter hodoscope. 
This hodoscope  will  be  placed  between  the ring vacuum 
pipe  and  the  dipole  magnet  flux return joke.  The 
scintillators  have  different  sizes  to give the same 
photon  energy  resolution ( =  1% at  Eo=1.5 GeV  and =2.7% 

at EO= 500 MeV) overthe whole taggingrange. The  complete 
tagging  system  defines 80 energy channels covering the 
photon  energy range k = (0.4 +0 .8 )Eo .  This implies an 
extensive  array of tagger  detectors covering a side l m  
long of the  bending  magnet  pole. 

Since  the  determination of the photon energy relies 
on  a  coincidence  between  the  tagging counters and  the 
detector for the  photoejected particles, the tagging 
method is limited  by  the  random  coincidences. In the 
normal  operating  mode  the  facility  produce  *108photons/ 
sec in the  whole  tagging  range. To use thetagged photon 
beam at the  maximum  intensity it is foreseen the 
installation  of  a new 350 MHz RF-cavity  which  makes  the 
beam  almost  continuous in time (126 bunches 2.86 nsec 
apart). 

To  compensate for the  relatively low intensity of 
the  tagged  photon beam, the  detection  apparatus for 
photoejected  particles  has to cover a  large  solid  angle 
and  energy range simultaneously. In our case this 
apparatus  will  be  a 4n BGO crystal ball (whose design 
is presently going on), consisting of 300 +400 crystals, 
each  coupled  to  a  photomultiplier. A 20 cm bore  along  a 
diameter of the sphere will allow the  passage of the 
beam. 

A partial  list of experiments  which  will  be  carried 
out with  this  beam  are: 
- measurement of the  total  hadronic cross section 

through  both  the  transmission  method  and  the  uranium 
photofission; 

- deuteron  photodisintegration; 
- photo-exitation of nucleon resonances; 
- particle  correlation  and resonance propagation  in 

nuclei. 
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SCATTERING  OF  POLARIZED  ELECTRONS FROM ORIENTED  HOTATZONAL  NUCLEI 
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ABSTRACT I ! 
The  interest of using  polarized  beam  and 

target to extract  information  on  current 

distrlbutions  in  rotational  nuclei  is  pointed 

out.  The  differential  cross  section  for 

elastic  and  inelastic  scattering  of 

longitudinally  polarized  elt,ctrons  from 

1 

oriented  nuclei is analyzed  in  detail  focusin 

on  the  case  of F.=K ground  state  bands. 

1 .  Introduction 

The  study o f  nuclear  ground  state 

rotational  bands  by  means  of  electron 

scattering  experiments  has  been a subject of 

interest  for  many  years. So far, a substantia 

amount o f  experimental  information  is 

available  concerning  longitudinal  form  factor 

for  transitions  within  the  ground  state  band 

of  many  deformed  nuclei . However,  little  is 
known  yet  about  the  more  interesting 

transverse  form factors‘ that  carry  the 

inforn;ation  on the  nuclear  current 

distribution,  and  hence,  on  the  nature of‘ the 

rotational  mode.  This  is  mainly  due  to  the 

fact  that  in  ordinary  electron  scattering  on 

deformed  nuclei  (i,e.,  wjth  unpolarized  beam 

and  target)  the  differential  cross  section is 

dominated  by  the  longitudinal  form  factor  and 

1 

therefore,  extracting  information  on 

transverse  multipoles  is  hard,  specially  at 

. ... .~ ..... - . ~ .- ..- 

low q values. I n  this  brief  communication  we ~ 

wish  to  point  out  that  the  best  way  to  obtain 

lnformation  on  transverse  multipoles is to use 

oriented  targets  and,  or  polarized  beam  and 

target. 

The  differential  cross  section  for j 

scattering  of  linearly  polarized  electrons i 

from  an  orlented  nuclear  target  is  given  in 

first  Born  approximation  by 

I 

3 , 4  
t 
~ 

. . 

do 4 n  o - = - a(h: e ’ ,  F’) 
dn *ret. 

M 
( 1 )’ 

where o 

cross  section  and  recoll  factor,  respectively, 

h is  the  incoming  electron  helicity  and 

( e ’ , ? ’ )  is  the  target  polarization  direction 

with  respect  to  the  direction of the  momentum 

transfer.  The  dependence  on h and ( e ’ , ? ’ )  I n  

eq. (1) can  be  written.as 

M and 'ret . .  are  the  standard5  Mott 

wherr o is the usual combination o f  

longitudlnal  and  transverse  form  factors 

occurring  in  ordinary  electron  scatterlng,  and 

‘al. 9 Opal. 
and polarization cross  sectlon  that  depend  on 

the  target  polarization  direction.  hhile in 

ordinary  scatterlng  the  dlfferent  multipoles 

occurring  in a given  transition  withln  the 

band  appear  allways  in  the  combinatlon 

are,  respectively,  the alignment 

5 

- . .  I 

oo VLIFLI‘ + VTIFT12 ( 3 :  

with 

* I d ’  A = even 2 0 

a al. pol. and D contain  in  general  many 

different  combinat  ions  of  the  long1  tudinal  and 

transverse  multipoles,  some  of  which  are 

interf’erence  terms  between  coulomb  and 

transverse  multipoles.  Each o f  these 

combinations  can  be  separeted b y  approprlate 

choices  of  the  target  polarization  direction, 

as well  as  using  the  depcndence ( rn  the  target 
! ” . __ .. ~ -- - ~ - . . .--- -- 
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orientation  along a fixed  polarization 
, .  
! :With  polarized  beam  and  target  the  different 

direction,  on  the  electron  helicity p o l .  can  be  easily  separated,  since 

possible  only a specific  case.  that K ( o ( h ; e , = ; , Y , = O )  - u(h;e,=;,P,Tr)) = 

scattering  angle.  one  has  that 

To  make  this  presentation  as  short  as 

interesting  physical  features,  will  be 
L 

discussed  in  detail.  This is the  case  of a = %  

bands  with  level  sequence I = % ,  _3 _5 
this  case  ollgment  of  the  target  is  not 

= X(o(h;e'=:,?'=o) - ~ ( - h ; e ' = ~ , y ~ = ~ )  
2 s  2 ,  2 ,  . . .  In c 

X (u(h,e'=o) - u(h,e'=n)) = 

possible  (ground  state  spin  is I = % )  and  to get4 
additional  information  to  that  contained  in 

0 experiments  with  polarized  projectile  and 

I target  have  to  be  done. 

i 
' 1 = X (o(h,e'=o) - u(-h,e'=o)) 

0' Restricting  ourselves to elastic  and 

iinelastic  scattering-to  the  two  first  excited 

2 .  Application  to K = %  ground  state  bands 1 'states,  the  measurable  form  factors 

j I FL I , IFT I , FTL , FT  are  given  in 2 2 1  1 i ]  

I f  If If  If 
i As i t  is well known' the  level  sequence ! 1 

: :terms  of  the  transition  multipoles F by  the aA 
jof K x K  bands  depends  on  the  value  of  the 

jdecoupling  parameter a. For  -1iail  the  spin 

sequence is I=%, 3 / 2 ,  5 / 2 ,  . . .  this  is  for index I f  is  used  to  distinguish  transitions  to 
~nstance  the  case  of  the  ground  state  bands  of  different  states in the  band,  and a convention 

# I  I f  

, . .  . .  Jfollowing  relations4  (where o = C , E , M . ;  the I 
" Y s ,  l m w  and 239Pu. Polarization 1 

1' is  used  in  which  the  FUA ' s  are  real). 
c~nsld~rations  are  greatly  simplified  for  spin For elastic  scattering ( I  = X ) :  

- K targets  and  the  dlscusion  here  will  be f 

restricted  to  this  kind  of IC=% bands.  When  the 
target 1s prepared  with  its  magnetic  substates 

i l F L K l  2 = IFs co I 2 , lF:l2 = F 
TL% 

"I=+$$ propulated  with  different 

P ; M : ,  t h e  polarization  cross  section  for = FEo F!', F i  = -,/3 IFT 1 '  ( 6 )  
transition  to  any  state  within  the  band 1 s  K 

given  by 4 

U =ay!sin e'cosr'v' F 1  +cose'V'F } 1 
pol. T L  T L  T T  ( 5 )  

'where a: = (1-2P(M=-%)), V i L ,  V i  are 
-.A 

1 1 electron  kinematlc  factors  and F T L ,  F T  are  the; 
q-dependent  form  factors  that  carry  the 

information  on  the  nuclear  structure. 
1 1 i 

F~ L 1 
.contains  interference  terms  betwen 

'longitudinal ( C h )  and  transverse  (EA,MA) 

1 

I 

multipoles,  while  FT  contains  only  transverse 

multipoles. 

In  ordinary  scattering lFTl can  be 1 
.separated  from IF I by  the  usual  Rosenbluth ; L 
!sparation  method  and  ussually  scattering  at 

!180° is  required. As said  before,  if 
I i IFTI < I  IFLI2  it is hard  to  extract  information' 

!on IFTI from  ordinary  electron  scattering. 

I 

2 

I 

For Scattering t o  the first excited state 
; I,.=3/2): 

I For  scattering  to  the  second  excited 

state ( I f = 5 / 2 ) :  



-- .-_I I_ 

Then,  for  every  transition,  one  has  four 

measurable  form  factors to determine at most 

three  independent  transition  multipoles. 

Furthermore, in the  q-regions  where  transverse 

multipoles  are  much  smaller  than  longitudinal 

ones,  the  combined  information  on I F L  I and 

I f  

F T L 1  can  be  used to extract  information on 

the  transverse  multipoles. 

1 

f 

On  the  other  hand,  since  the  transition 

multipoles  can b e  parametrized  in  terms  of 
intrinsic  multipoles  that  are  common  to  all 

the  transitions417  (i.e.,  that  are  independent 

of  inicital  and  final  spins),  the  information 

on  multipoles  corresponding  to  different 

transitions  can  be  combined to extract 

information  on  the  intrinsic  structure  of  the 

rotational  band and on  the  nature  of  the 

rotational  mode.  For  instance,  the M 1  
m u l t ~ p o l e s  of  the  Intrinsic  single  particle 

be  obtained  from . 4 , 7 .  

Similarly  the EZ multipoles of the 

intrinsic s i n g l e  partlcle ( Y z K )  and  collectivt 
(F:2j  currents  can  be  obtained  from 

E2 

1 

( 1 0 )  

s o ,  the C2 multipole  of  the  intrinsic 

charge  distribution ( f c 2 )  is obtained, 
momentum,  from lowest  order in angular 

I 
i 

i 

I 

i 
i 

i 
' i  

i 
i 
i 

j 
1 
i 
j 

-' 

c 

I 

1 

1 

! 
I 

1 
I 
i 
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Note  that  relation  (11)  is  characteristic 

>f  the K = K  bands  considered  here,  and  provides 
the  most  direct  test  of  band  mixing  effects in 

the charge  distribution  of  rotational  states. 

Departures  from  this  relation  in  measured 

longitudinal  form  factors  would  give  a  direct 

measure o f  the  above  mentioned  band  mixing 

effects. 
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