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DISCLAIMER

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal liability 
or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or 
favoring by the United States Government or any agency thereof. The 
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Preface

The 4th annual CEBAF Summer Workshop was the first workshop to be held 
after the actual start of construction of CEBAF. Further evidence of the existence 
of an ongoing project was the written report of the first Program Advisory Com­
mittee (PAC) sent to the Users by the Scientific Director, J. Dirk Walecka. The 
Users had also received a letter from Dirk describing the response of the CEBAF 
management to the PAC recommendations. They had been informed that CEBAF 
was proceeding at full speed with plans to instrument Hall A with two high reso­
lution spectrometers and Hall B with a Large Acceptance Spectrometer. Finally, 
Users had been told that a $5 million trust fund had been set aside for the instru- 
mentati i of Hall C with the final decision on the configuration of its equipment to 
be made in October 1988.

This Workshop therefore presented the Users with a unique opportunity to in­
fluence the plans for the experimental equipment. Since this equipment must reflect 
the experimental program for the facility, the emphasis for this Workshop was the 
organization of collaborations for carrying out the first round of CEBAF experi­
ments. Users responded to this challenge by a record attendance at the Workshop. 
We were particularly pleased to welcome one very special group, namely the gradu­
ate students attending the second annual summer program of Hampton University 
Graduate Studies (HUGS) at CEBAF.

All of the Workshop sessions were held at neighboring Christopher Newport 
College, a recent associate member of SURA. A large, new auditorium and several 
classrooms were placed at our disposal for the various plenary sessions and collabo­
ration meetings. We are indeed grateful to Christopher Newport College for hosting 
our Summer Workshop for a second year, and we extend to them our sincere thanks 
for allowing us to use their excellent facilities.

The organization of these Proceedings parallels the program of the 1987 Sum­
mer Workshop. It consists of summary talks on the CEBAF project, invited talks 
on theoretical and experimental subjects related to the CEBAF program, and sum­
mary reports of the collaboration meetings held during the Workshop. The collab­
oration meetings held at this Workshop reflect the fact that CEBAF is now a under 
construction and replaced the working group meetings of previous Workshops. In 
preparation for the collaboration meetings, a survey was sent to the Users in April 
to determine the areas of greatest interest in the community. Two types of collab­
oration meetings were organized, referred to as program collaborations and physics 
collaborations.

The physics collaborations focused on the design of individual experiments. Six 
hours were set aside during the first three days of the Workshop for these meetings, 
and summary reports from the nine groups which were formed are given in the third 
section of these Proceedings. In addition, a theory group also met for one session 
and made suggestions for the organization of activities for the summer of 1988.

Program collaborations were organized around major experimental programs, 
in principal drawing ideas from several physics collaborations and focusing them
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into a well-defined experimental facility. Four program collaborations were identified 
before the Workshop began, and a fifth “new” program collaboration was organized 
by the participants at the Workshop. Spokespersons for these collaborations made 
initial presentations on Monday afternoon, and the collaborations met for one and 
one-half hours during the week. Final reports were made by spokespersons on Friday 
morning. The program collaborations were:

High Resolution Spectrometers (Hall A)
Q. Papanicolas (Illinois) and J. Mougey (CEBAF)

Large Acceptance Spectrometer (Hall B)
R.D. McKeown (Caltech) and B. Mecking (CEBAF)

The (it'K) Program
R. E. Chrien (BNL) and E. Hungerford (Houston)

Parity Measurements
R. Carlini (LAMPF) and R. Siegel (William & Mary)

Moderate Resolution Spectrometers
D. Day (Virginia)

We are very grateful to the leaders of the physics and program collaborations for 
their contributions to the Workshop.

The CEBAF Users Group held its fourth annual meeting on June 24. The 
outgoing Chairperson, Claude Williamson, presided over a short business meeting. 
This was followed by presentations by Jean Mougey and Bernhard Mecking, the CE­
BAF project managers for the two identified major equipment efforts, on the state 
of the planning for these instruments. The meeting was then opened for a very pro­
ductive discussion between the Users and the CEBAF management. The incoming 
Chairperson, Jack Lightbody of the National Bureau of Standards, assumed office 
at the end of the meeting.

We are deeply indebted to the CEBAF Research Division support staff for their 
cheerful and efficient management of the Workshop. In particular, a special thanks 
are due to Chris Bach, Administrative Assistant, who assumed full responsibility 
for the organization of the Workshop only a few months before it was held, and 
to Ai Choo Ashe who only recently joined the CEBAF staff. All involved did an 
outstanding job and are heartily thanked by CEBAF and the CEBAF Users Group.

The discussions at the Workshop were a very valuable contribution to the 
planning for the CEBAF scientific program. We sincerely thank all the participants 
for coming and sharing their ideas and expertise.

Franz Gross
CEBAF & College of W&M 

Claude Williamson
Massachusetts Institute of Technology 

Workshop Co-chairpersons and Editors
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THE CONTINUOUS ELECTRON BEAM ACCELERATOR FACILITY
H. A. Grunder, J. J. Bisognano, W. I. Diamond, B. K. Hartline

C. W. Leemann, J. Mougey, R. M. Sundelin, R. C. York 
CEBAF, 12070 Jefferson Avenue, Newport News, Virginia 23606 

Presented at the International Particle Accelerator Conference, Washington,
D.C., March 16-19, 1987.

ABSTRACT

On February 13, 1987, construction started on the Continuous Electron 

Beam Accelerator Facility—a 4-GeV, 200-/LiA, continuous beam, electron accel­

erator facility designed for nuclear physics research. The machine has a racetrack 

configuration with two antiparallel, 500-MeV, superconducting linac segments 

connected by recirculator beam lines to allow four passes. The accelerating 

structure consists of 1500-MHz, five-cell niobium cavities developed at Cornell 

University. A liquid helium cryogenic system cools the cavities to an operating 

temperature of 2 K. Beam extraction after any three of the four passes allows 

simultaneous delivery of up to three beams of independently variable currents 

and different, but correlated, energies to the three experimental areas. Beam 

breakup thresholds exceed the design current by nearly two orders of magnitude. 

Project completion and the start of physics operations are scheduled for 1993. 

The total estimated cost is $255 million.

INTRODUCTION

The Continuous Electron Beam Accelerator Facility (CEBAF) will be a 

4-GeV, 200-jiA, continuous beam, electron accelerator facility for nuclear physics 

research. The Vogt Subcommittee of the Nuclear Science Advisory Committee 

has stated succinctly the physics objective of this new accelerator:

The search for new nuclear degrees of freedom and the relationship of nucleon- 

meson degrees of freedom to quark-gluon degrees of freedom in nuclei is one of 

the most challenging and fundamental questions of physics.1
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Consistent with this objective, CEBAF’s purpose is to study the structure of 

the nuclear many-body system, its quark substructure, and the strong and elec- 

troweak interactions governing the behavior of nuclear matter.

To accomplish this objective, CEBAF must provide electron beams of suf­

ficient

• energy to provide the kinematic flexibility required to study the transition 

region;1

• intensity (current) to allow precise measurement of relatively small electro­

magnetic cross sections;

• duty factor to allow the detection of hadronic components emitted from the 

nucleus in coincidence with the scattered electron;

• beam quality and resolution to allow detailed probing of the multifaceted 

elements of nuclear structure.

It is this combination of characteristics—high energy (££) high current 0 high 

duty factor 0 beam quality—which will make CEBAF the world’s most pow­

erful microscope for studying the nucleus.

Such an accelerator was called for in 1976 by the National Academy of Sci­

ence panel (G. Friedlander, Chairman) convened to delineate the future oppor- 

tunities and objectives of nuclear science.2 Subsequent panels3’4’5’6 reaffirmed 

the need for a high-energy cw electron accelerator, refined its requirements, and 

established its priority. In 1980, Professor James McCarthy of the University of 

Virginia submitted a proposal to the Department of Energy (DOE) under the 

auspices of the newly incorporated Southeastern Universities Research Associ­

ation (SURA). The submission of the SURA proposal triggered activity within 

the electromagnetic nuclear physics community to prepare a formal scientific 

justification and to develop alternative designs. By 1982, five proposals were in
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hand, including a revised proposal from SURA. During the winter of 1982/83, 

the NSAC Panel on Electron Accelerator Facilities (D. A. Bromley, Chairman) 

reviewed and evaluated the proposals at the request of NSF and DOE.7 NSAC 

endorsed the panel’s recommendation to accept the SURA proposal, and DOE 

accepted the recommendation.

Originally proposed as a 2-GeV, SLAC-type linac with two-pass, head-to- 

tail recirculation and pulse stretcher ring, CEBAF was converted to a cw, super­

conducting, four-pass recirculating linac after a technology review in the summer 

and fall of 1985.8,9,10,11 DOE directed CEBAF to proceed with the supercon­

ducting linac design, and proposed the project to Congress for construction start 

in FY 1987. The superconducting accelerating structure that was adopted had 

been developed and tested by Cornell University’s Newman Laboratory of Nu­

clear Studies, and had proven its capability to meet CEBAF’s requirements.12

BASIC CHOICES; CONCEPT AND TECHNOLOGY

The beam performance design objectives are:

Energy, E 0.5 GeV < E < 4.0 GeV

Duty factor 100%

Average current <200 fiA

Emittance (4a2 = ej3) < 2 • 10-9 m-radian

Momentum spread 4ae /$ 10-4

User multiplicity 3 beams, 3 energies

An intrinsically cw device is the approach of choice to meet these objectives. 

RF superconductivity is the preferred technology, because it allows higher gra­

dients in cw operation and lower power consumption than room-temperature 

technology. Even so, beam recirculation is necessary for a cost-effective solu­

tion.
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THE RECIRCULATING LINAC CONCEPT

Figure 1 illustrates schematically the solution adopted by CEBAF. Four- 

pass recirculation, close to the cost minimum, was chosen. The accelerating 

structure is arranged in two separate linac segments located in the straight 

sections of the racetrack-shaped configuration, thus minimizing the total accel­

erator circumference. Each segment is made of 25 cryomodules containing eight 

cavities apiece, with each cryomodule separated from its neighbors by a warm 

section containing vacuum equipment, beam diagnostics, and quadrupole and 

steering dipole magnets. The beam transport system connecting the two linac 

segments is designed to be strongly focusing, with beam lines of moderately 

large radii of curvature to minimize quantum excitation effects. Beam transport 

from linac to linac is achromatic, isochronous, and provides the required match 

in transverse phase space.

^Recirculation
arcs

(radius-80m)^

\ Spreader

RecomblnerLinac (0.5 GeV)

45-MeV 
injector 

( P -0.99995)
Linac (0.5 GeV)Helium

refrigerator

RF separators

End stations

Figure 1. Schematic representation of four-pass recirculating linac concept.
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Nominal injection energy is 45 MeV, sufficiently relativistic for the elec­

trons to experience less than 2° of phase slip throughout the entire four-pass 

acceleration cycle, most of it in the first half of the first linac segment. The 

injector creates three interspersed 499-MHz bunch trains ({1,4,7..}, {2,5,8, 

{3,6,9,..}) with individually adjustable current levels. Extraction at fractional 

energies, i.e., on the 1st, 2nd, or 3rd pass, is accomplished by deflecting bunches 

to a septum magnet by rf separators operating at 2495-MHz (i.e., 5/3 of the 

fundamental frequency). This choice of frequency allows the selective extrac­

tion of one (or two) of the 499-MHz bunch trains, leaving the remaining ones 

for further acceleration. Similarly, if all trains are accelerated to the maximum 

energy, an rf separator allows distribution among three channels. Thus, the re­

circulation, the differential bunch loading at the injector, and the extraction (or 

distribution) by rf separators achieve the goal of serving three users with beams 

of individually adjusted current and up to three different, although correlated, 

energies.

STATUS OF RF SUPERCONDUCTIVITY

Since 1979, rf superconductivity has made significant strides in structures 

designed for accelerating speed-of-light particles. In 1979, it was fortuitously 

found at the University of Genoa13 that cavities with continuously curving outer 

walls do not multipactor. Multipacting had long blocked progress to higher 

gradients in sup er conducting rf accelerating cavities. Lyneis et at14 showed that 

cylindrical cavities exhibit one-point multipacting at their outer walls. Building 

upon this work, Klein and Proch15 verified by simulation that spherical outer 

walls do not exhibit this multipacting.

Other important developments have followed. Development of the rastered16 

or defocused electron beam weld has eliminated vacuum voids that cause break­
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down by interfering with heat transport. Input couplers and heavily coupled 

higher-order-mode (HOM) couplers are both mounted on the beam pipes to sup­

press beam instabilities, avoid local field enhancement, and minimize multipacting.17 

High thermal conductivity niobium, as supplied by manufacturers or as improved 

by yttrium18 or titanium19 gettering, stabilizes the temperature of the niobium 

surrounding rf-heated hot spots and suppresses breakdown.

A niobium cavity having all of the above improvements was beam-tested 

in the Cornell CESR storage ring at a gradient of 6.5 MV/m and Qm* of 5 x 

109. Cavities of somewhat different designs, but incorporating all of the above 

improvements and operating in accelerators at gradients > 5 MV/m and QT&B 

values > 3 x 109, are planned in the near future at CERN, DESY, and KEK. 

KEK plans to use superconducting cavities in Tristan to boost the energy. DESY 

plans to use them to increase the energy gain per turn in the HERA electron 

ring. CERN plans to use them to upgrade LEP to LEP II. Darmstadt is 

building a recirculating superconducting linear accelerator. Saclay, Frascati, 

Stanford, TRW, and LANL are at various stages of planning accelerators using 

superconducting cavities.

BEAM BREAKUP

Recirculating a beam through a linac can lead to a transverse instability 

in which transverse displacement on successive recirculations can excite modes 

which further deflect the beam. The recirculated beam and cavities form a 

feedback loop that can be driven unstable at sufficiently high currents. This 

multipass beam breakup can severely limit current in a superconducting linear 

accelerator, due to the inherently high Q of transverse deflecting modes of the 

rf cavities.
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Beam breakup at CEBAF has been investigated both with bunch-by-bunch 

simulations and analytic modeling. This work indicates that the HOM damping 

designed into CEBAF cavities successfully suppresses HOMs. Threshold cur­

rents are nearly two orders of magnitude above the CEBAF design current of 

200 fiA.20

The dominant mechanism for multipass beam breakup can be modeled in an 

impulse approximation. This is also the regime appropriate to single-pass cumu­

lative beam breakup as observed in SLAC, where extensive computer modeling 

has been successful. A CRAY computer code has been developed that models 

beam behavior with multiple, transverse modes distributed along the linac.21

OH
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£CO

g
H
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O{X
W
o
£
m
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BUNCH NUMBER (TIME)

Figure 2. Simulation results clearly show instability for an average current of 

30 mA and stability for 10 mA. Bunches are injected off-axis, thereby exciting 

deflecting modes. Shown is their centroid transverse position leaving the linac 

after four passes, plotted vs. bunch number, i.e., time.
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Diagnostics to determine threshold currents for instablity and to estimate any 

steady-state emittance degradation due to the differential bunch loading have 

been included. In parallel with this effort, an analytic model has been devel­

oped. For N passes and M cavities, the solution reduces to finding M ze­

ros of a 2(iV-l) dimensional determinant, or equivalently the M eigenvalues 

of an M-dimensional matrix.22 Excellent agreement is found between the two 

techniques.21

Stability of the CEBAF linac has been evaluated for the full 400-cavity 

array distributed along the linac with a FODO lattice. The four strongest 

HOMs of the cavity were included. The threshold current was found to be 19 

mA at 4 GeV and 11 mA at 2 GeV after four passes through the linac (Figure 2). 

Furthermore, simulation of subthreshold excitation of HOMs, e.g. by differential 

bunch loading and injection offset, shows no significant emittance increase.

The CEBAF Design

Table 1 summarizes the CEBAF accelerator parameters.

Table I

Design Parameter List

CEBAF Superconducting Radio-Frequency CW Linac

Beam characteristics 
Electron energy E [GeV] 
Average current [ftA] 
Transverse emittance 

(95%, 1 GeV) [m] 
Energy spread (95%) 
Duty factor 
Simultaneous beams 
Simultaneous energies

0.5 < E < 4.0
200

2 x 10~9
1 x 10~4
100%

3
< 3

Continued on next page
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Table I, continued
Linac parameters

Concept Superconducting

Number of passes

cw recirculating 
linac
4

Number of linac segments 2
Segment length [m] 235
Maximum energy gain 

per pass [GeV] 1.0
Recirculation time 

per pass [ps] 4.2
Focusing FODO
Phase advance per cell 

(pass 1) 120°
Half-cell length [m] 9.4
Number of cavities 

per half-cell 8
Number of half-cells 

per segment 25
Vacuum (before cooldown)

[torr] 10~9
Cavity parameters

Type Superconducting
Frequency [MHz] 1497
Electric length [m] 0.5
Shunt impedance 

(r/Q) [ohm/m] 960.0
Design gradient [MV/m] 5.0
Design Qo at 2 K, 5 MV/m 2.4 x 109
Typical HOM! Qexternal 103 to 105
Clear aperture [mm] 70
Transverse HOM Z"/Q 

[ohms/m3] < 16.4 x 104
Loaded Q

(fundamental mode) 6.6 X 106
RF system

Number of klystrons 418
Klystron power rating [kW] 5.0
Phase control < 1°
Gradient regulation < 10~4

/ Continued on next page)
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Table I, continued

Injector parameters
Gun energy [MeV] 0.10
Injection energy [MeV] 45
Average current [^A]
Transverse emittance

200

(at 0.1 MeV) [mm-mr] 
Longitudinal emittance

1

[keV-degrees] < 157T
Bunch length [degrees] < 1.0
Pulse capability [/as] 0.05 to 10

Recirculation arc beam lines
Number 7
Magnetic radii [m] 11.5 to 28.6
Phase advance per period 27r(5/4)
Periods per arc 4

Cryogenic system
Total rf load (2.0 K) [W] 2510
Total heat load (2.0 K) [W] 3310
Total heat load (45 K) [W] 8000
System capacity (2.0 K) [W] 4800

INJECTOR

The injector provides a high-quality electron beam that is sufficiently rel­

ativistic (nominal 45 MeV) to stay in phase with the rf and the recirculating 

electron beams in the first half of the linac. The bunching, capture, and ini­

tial acceleration (up to about 1 MeV) regions are modeled after proven injector 

designs.23'24 This beam is then further bunched and accelerated to just over 

5 MeV in two five-cell superconducting cavities in a short cryostat, and then 

accelerated in two full-sized cryomodules to the required 45 MeV before injec­

tion into the linac. The entire injector has been modeled with PARMELA, a 

two-dimensional particle simulation code that calculates phase and radial prop­

erties, including space charge effects, for an electron beam. Calculations indicate
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that a bunch of less than 1° phase angle and 20-keV full width should be ob­

tained at the exit of the injector.25 The injector enclosure has been designed 

to accommodate two electron guns to provide both polarized and unpolarized 

beams.

ACCELERATION SYSTEMS: CAVITIES, CRYOGENIC SYSTEM, 

AND RF SYSTEM

The accelerating cavities are five-cell, 1497-MHz, elliptical cavities devel­

oped at Cornell University (Figure 3). The cavities operate in the tt mode, and 

have a fundamental coupler on the beam line at one end and an HOM coupler 

on the beam line at the other. The elliptical cavity shape yields low peak surface 

electric fields, a good chemical rinsing geometry, and good mechanical rigidity. 

The HOM coupler has two waveguides for extraction of HOMs. HOM Q’s are 

typically in the range of 500 < Qhom ~ 170,000, which represents five orders of 

magnitude of damping.

Figure 3. An assembled pair of CEBAF-Cornell superconducting five-cell 

cavities.
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The Cornell cavity was adopted for CEBAF for four important reasons: 

suitable frequency, gradients in excess of 5 MV/m in laboratory and beam 

tests, damping of HOMs, and technical maturity, i.e., readiness for industrial 

prototyping.

Frequency optimization is based on minimizing transverse impedance, which 

scales as /3, and delivering a pulse train with a high enough frequency that it 

appears effectively continuous to the detectors. Since 500 MHz appears contin­

uous to the physics instrumentation, 1500 MHz allows simultaneous service to 

three users.

CEBAF is engaged in a cavity prototyping program in collaboration with 

Cornell and five industrial vendors—two European and three American firms. 

The design specifications are a cw accelerating gradient of at least 5 MV/m and 

a Qo of at least 2.4 x 109 at 2.0 K and 5 MV/m. Ten tests on four prototypes 

at Cornell have yielded an average gradient of 8.2 MV/m and an average Qo of

3.1 X 109. In acceptance tests, the first six prototypes produced by industry for 

CEBAF have achieved an average gradient of 7.1 MV/m. Each test exceeded the 

gradient and Qo specifications. In subsequent tests, the industrial prototypes 

have achieved gradients as high as 12.0 MV/m. Qo values of CEBAF prototypes 

average 6.5 x 109.

The operating temperature was selected on the basis of a cost optimization 

study. Liquid helium refrigeration systems become more expensive (capital and 

operating costs) as their design temperature decreases. Yet rf heat losses in the 

cavities increase exponentially with temperature. For CEBAF the optimum is 

around 2.0 K.

The cryogenic system for CEBAF consists of a 5-kW central helium refrig­

erator and a transfer line system to supply 2.2-K, 2.8-atm helium to the cavity
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cryostats, 45-K helium at 4.0 atm to the radiation shields, and 4.5-K helium 

at 2.8 atm to the superconducting magnetic spectrometers in the experimental 

halls. Both the 2.2-K and the 4.5-K helium are expanded by Joule-Thompson 

(JT) valves in the cryostats, yielding 2.0 K at 0.031 atm and 4.4 K at 1.2 atm, 

respectively. The central helium refrigerator is located in the center of the CE­

BAF racetrack with the transfer lines located in the linac tunnels. The system 

capacity as a function of operating temperature is illustrated in Figure 4.

The CEBAF rf system consists of 418 individual rf amplifier chains. Each 

superconducting cavity is phase-locked to the master drive reference line to 

within 1°, and the cavity field gradient is regulated to within 1 part in 104 by 

an rf control module. Continuously adjustable, modulo-3600 phase shifters are 

used to generate the individual phase references, and a compensated rf detector 

is used for level feedback. The close-coupled digital system enhances system 

accuracy, provides self-calibration, and continuously checks the system for mal­

function. Calibration curves, the operating program, and system history are

70 -

Cryosystem 
Capacity -y

Temperature (Kelvin)
Figure 4. CEBAF cryogenic system capacity and cooling requirements for 1, 2, 

3, and 4 GeV at minimum acceptable cavity quality factors Q.
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stored in an on-board electrically erasable programmable read only memory 

(E2PROM). The rf power is generated by a 5-kW, water-cooled, permanent- 

magnet-focused klystron. The klystrons are clustered in groups of eight and 

powered from a common supply.

Losses in the superconducting cavity are completely negligible from an rf 

point of view. Therefore all the power not used to accelerate the beam is re­

flected. Since CEBAF must cover operating conditions ranging from virtually 

no current to 800 fiA in the cavities, a wide range of load conditions must be 

accommodated. The choice of the proper strength of cavity coupling, i.e., the 

loaded quality factor (Ql =z 6-6 x 106), is based on the goal of achieving accel­

erating gradients up to 10 MV/m at full design current and with incident power 

Pin ^5 kW. Figure 5 shows the accessible gradient and current range.

Gradient [MV/m]
Figure 5. Power requirements versus cavity gradient for linac output from 0 

to 200 fjtA. Design Ql is 6.6 • 106 and power available from planned klystron 

is 5 kW. Straight lines represent powr into the beam, curved lines the required 

incident power.
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OPTICS AND BEAM TRANSPORT SYSTEM

The beam transport system, consisting of main dipoles, quadrupoles, sex- 

tupoles and small steering dipoles, serves to guide and confine the beam through 

up to four passes through the accelerator, and to distribute it to the three exper­

imental end stations. Within the accelerator, the three major areas are the two 

linac segments, the recirculation arcs (seven beam lines bending by 180°), and 

the sections connecting the linacs to the arcs. Key requirements for the optics 

are achromaticity, isochronicity, control of beam envelope functions) and 

of overall phase advance, and proper matching from linac to linac in transverse 

phase space. Another important concern is the minimization of synchrotron 

radiation effects. The design of the optics and beam transport system follows 

a modular phil-osophy, attempting as much as possible a one-to-one corres­

pondence between a particular optical function and a subset of magnets.26

The linac optics for the first pass are simple FODO arrays with a phase
<1*

advance per cell of 120° on the beam’s first pass. The quadrupole spacing is 9.4 

m, set by the pitch of the 8.4-m cryomodule accelerating units separated by 1-m 

regions for focusing and beam diagnostics. On subsequent passes the beams are 

acceptably matched to the optics by creating an increasingly larger (3 function 

for each pass as the beam enters the first linac.

The linac segments are connected to the arcs by spreaders and long match­

ing sections, while the connection from arcs back to the linac segments is ac­

complished by recombiners and short matching sections. The long matching 

sections in the spreader regions provide space for extraction elements.

Spreaders and recombiners are vertical, achromatic bends consisting of a 

dipole common to all beams bending by an angle (a) inversely proportional to 

the beam energy, followed by magnets bending by —a, now acting separately
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on each beam. To achieve achromaticity in this arrangement, strong focusing 

to create 2?r phase advance from dipole to dipole is required. The matching 

sections following the spreaders (or preceding the recombiners) match the beam 

from linac to arcs, or vice versa, with regard to vertical and horizontal beam 

ellipse parameters.26

The recirculation arc regions are achromatic and isochronous, based upon 

the second-order achrqmat principle. In addition, the lattice minimizes the 

six-dimensional beam-quality degradation due to synchrotron radiation by in­

corporating sufficiently large bending radii (~30 m magnetic radius for the high- 

energy beam lines) and strong focusing.

The extraction system, which provides the ability to deliver multiple si­

multaneous beams of correlated energy, is based upon the use of an “optical 

amplifier,” an rf separator operating at 2495 MHz, and a magnetic septum to 

complete the separation between recirculated and extracted current. The “opti­

cal amplifier” is used to reduce the transverse kick required from the rf separator. 

The choice of rf separator frequency meets the criterion of f8 — mf /B where f is 

the accelerator fundamental frequency (1497 MHz) and where m is an integer, 

but not a multiple of 3. With this choice, every third bunch receives the same 

kick, while the separator rf phase determines the relative strength of the kick 

that each bunch of the three-bunch train receives. The rf phase can be set to ac­

complish a two-beam split (extracted and recirculated) in the three low-energy 

beam lines, or a three-beam split in the highest-energy beam line. Thus, the 

system provides three extracted beams, which may consist of any one of the 

three lower energies together with two beams of the highest energy, or any two 

of the three lower energies together with one beam of the highest energy, or 

three beams of the highest energy.26
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INSTRUMENTATION AND CONTROL

The central elements of beam instrumentation are several hundred beam 

current and position monitors that are based on cavities with loaded Q-values 

around 1000 and operating at 2994 MHz. Profile monitors at the low-energy 

end in the injector area will be wire scanners, while several beam parameters, 

such as profile and bunch length, will be measured in the arcs with synchrotron 

radiation monitors.

The control system’s key feature is a two-level computer structure using ex­

tensively distributed intelligence and high-power, local capabilities. It provides 

sufficient capability in the control room to implement such tools as automated 

tune-up procedures, on-line machine modeling, and simulation.27

EXPERIMENTAL EQUIPMENT

As electrons and photons are known to be precise and quantitative probes, 

the physics program at CEBAF will rely heavily upon high-precision detection 

systems. To perform coincidence experiments, sets of two or three large angular 

and momentum acceptance spectrometers around the same pivot, or 4jr detectors 

with magnetic analysis, will be used.

The CEBAF facility includes three experimental halls—A, B, and C—fed 

simultaneously by continuous beams of different (correlated) energies and inde­

pendently controlled intensities.

Hall A, designed for high-resolution experiments (1.0 to 0.1 MeV) will 

house two high-resolution (10~4 or better) spectrometers with large solid an­

gle (10 msr) and momentum acceptance (10-15%). The 4-GeV/e (expandable 

to 6-GeV/c) electron and 3-GeV/e hadron spectrometers are made of several 

homogeneous-field, iron-dominated superconducting dipoles and high-gradient,
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large-aperture, superconducting cos 20 quadrupoles, with higher-order correct­

ing coils. The spectrometer arrangement will allow operation with long gas 

targets, use of polarized beam and/or target, and measurements involving non- 

coplanar kinematics.

The large acceptance spectrometer in hall B has been designed for pho- 

tonuclear and low-luminosity (< 1033 cm-2 sec-1) electronuclear studies. It 

consists of eight superconducting coils generating a toroidal field in eight nearly 

independent sectors. Fully instrumented, it will allow multiparticle detection 

and identification within ~80% of 47T and 0.1 to 3 GeV/c in momentum.

Hall C will be devoted to double- or triple-arm experiments with moderate 

(~10 MeV) resolution. Initial plans include a large momentum acceptance (30%) 

electron spectrometer and two non-focusing hadron spectrometers with very 

large acceptances, associated with neutron time-of-flight detectors.

COST AND SCHEDULE

Congress authorized CEBAF’s construction in FY 1987 with a first-year 

budget of $16.2 million. On February 13, 1987—the same day the Program 

Advisory Committee held its first meeting to discuss and recommend priorities 

for the scientific program—CEBAF signed its first construction contract, and 

site clearing began.

The president’s budget for FY 1988 requests $33.5 million for construction. 

The proposed funding profile projects $65 million in FY 1989 and FY 1990, 

$55 million in FY 1991, and $20.3 million in FY 1992, for a total estimated 

cost of $255 million. Project completion and the start of physics operations are 

scheduled for FY 1993.
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1987 SUMMER WORKSHOP 
CEBAF - A LABORATORY FOR NUCLEAR PHYSICS

JOHN DIRK WALECKA 
SCIENTIFIC DIRECTOR

I would like to welcome all the participants to this 1987 CEBAF Summer 
Workshop.

Let me begin at the beginning. Why do we do nuclear physics? 
First, the nucleus is a unique form of matter. It consists of many 
baryons in close proximity. All the forces of nature are present in 
the nucleus: strong, electromagnetic, weak, and even gravitation if one 
includes neutron stars which are nothing more than enormous nuclei held 
together by the gravitational attraction. The nucleus presents a unique 
microscopic laboratory to test the structure of the fundamental interactions. 
Furthermore, the nuclear many-body problem is of intrinsic intellectual 
interest. In addition, most of the mass and energy in the visible universe 
comes from nuclei and nuclear reactions. If the goal of physics is to 
understand nature, then surely we must understand the nucleus. Finally, 
in sum, nuclear physics is really the study of the structure of matter.

Why do we do electron scattering [1,2]? First, the interaction is known. 
It is given by quantum electro dynamics (QED) which is the most accurate 
physical theory we have. The electron provides a clean probe. We know 
what we measure. The interaction is with the local electromagnetic current 
density in the target. In addition, this interaction is relatively weak, of 
order a, the fine structure constant. Thus one can make measurements on 
the target without greatly distrurbing its structure. What one basically 
measures in electron scattering, with large spectrometers in the laboratory, 
is a macroscopic diffraction pattern. This pattern is determined by the 
Fourier transform of the charge and current densities in the target. By 
inverting this Fourier transform, one can measure the detailed microscopic 
spatial distribution of these charge and current densities in the target. The 
Fourier transform variable is the momentum transfer of the electron, and 
thus there is an inverse relationship between the momentum transfer and 
the distance scale probed in the target - to study short distances one needs
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high momentum transfer. Figure 1 shows the macroscopic diffraction pattern 
observed when scattering electrons elastically from *°Ca. This data is from 
Saclay [3]. Figure 2 shows the charge density of A0Ca deduced from these 
experiments plotted as a function of the distance from the center of the 
nucleus measured in Fermis (IjF = 10~lscm). The hatched area indicates the 
uncertainty in our knowledge of this charge distribution. Our best knowledge 
of what the nucleus actually looks like comes from electron scattering. The 
electron is also a versatile nuclear probe. Not only is there an interaction 
with the charge density, but also with the convection current density arising 
from the motion of the charges (e.g» protons) in the nucleus. Furthermore, 
neutrons and protons are little magnets, and the distribution of nucleons over 
the nucleus gives rise to an intrinsic magnetization density (or spin density). 
The curl of this magnetization density gives rise to an additional current in 
the nucleus with which the electron interacts.

How do we do nuclear physics? The traditional approach to nuclear 
physics [4] starts from static two-body potentials fit to two-body scattering 
and bound-state data. These potentials are then inserted in the non- 
relativistic many-particle Schrodinger equation, and that equation is then 
solved in some approximation. The three-body problem can essentially be 
solved exactly within this framework using modern techniques. Electroweak 
nuclear currents are then constructed from the properties of free nucleons 
and used to probe the structure of the nucleus.

Although this traditional approach to nuclear structure has had many 
successes, it is clearly inadequate for a more detailed understanding of the 
nucleus. A more appropriate set of degrees of freedom consists of the 
hadrons, the strongly interacting mesons and baryons. There are many 
arguments one can give for this. For example, the long-range part of the 
Paris potential, probably the most accurate two-nucleon potential currently 
available, consists of the exchange of mesons: 7r(0-, 1), <t(0+,0), w(1-,0), 
and p(l-, 1). Also, one of the significant recent successes of this field has 
been the unambiguous identification of exchange currents in nuclei. These 
are additional convection currents present in the nucleus because of the flow 
of charged mesons between baryons in the many-baryon system. We shall 
return to this.

Furthermore, a current goal of nuclear physics is to obtain a description 
of nuclear matter under extreme conditions. For example, one wants the 
behavior at high density and temperature in applications to astrophysics 
or relativistic heavy-ion collisions. In addition, one wants the response of 
the nuclear system to high q2 probes, where q, the momentum transfer 
may be large compared to the nucleon mass. In developing any theoretical
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description of the nucleus which allows one to extrapolate away from the 
known properties of terrestrial nuclei, it is essential to incorporate general 
principles of physics, such as quantum mechanics, special relativity, and 
microscopic causality.

The only consistent theory we have of such a relativistic interacting 
many- body system is relativistic quantum field theory based on a local 
lagrangian density. I like to refer to relativistic quantum field theories of the 
nuclear system based on hadronic degrees of freedom, baryons and mesons, 
as quantum hadrodynamics (QHD) [5].

One of the great intellectual achievements of our era is the unification of 
the electromagnetic and weak interactions due to Weinberg, Salam, Glashow, 
and others [6,7,8]. This is akin to Maxwell’s unification of electricity and 
magnetism. It is essential to continue to put this theory to rigorous tests.

Furthermore, we currently have a theory of the strong interactions 
binding quarks into the observed hadrons. This is a Yang-Mills non-abelian 
gauge theory [9] based on an internal color symmetry. It is called quantum 
chromodynamics (QCD) [10].

We thus now have a standard model of the strong and electroweak 
interactions. This standard model is a local gauge theory based on the 
underlying symmetry structure SU(Z)C ® SU(2)W 0 U(l)w. In this talk, 
I will discuss how one can use the electroweak interactions to probe the 
structure of this standard model of the strong, electromagnetic, and weak 
interactions. In addition, we will discuss how nuclei can be used to study 
the structure of the strong interactions.

Before beginning the discussion, it is important to recall two remarkable 
properties of QCD [10]. The first is asymptotic freedom, which roughly 
states the following: when all the momenta entering into a process are large, 
or equivalently at very short distances, the renormalized coupling constant 
for that process goes to zero. In this regime, one can do perturbation theory. 
The second property is confinement. One never sees the underlying degrees 
of freedom in the theory, the quarks and gluons (the massless spin-one bosons 
mediating the force), as free asymptotic scattering states in the laboratory. 
The quarks and gluons are confined to the interior of the observed hadrons, 
and at large distances, it is only the composite hadrons which are observed. 
There is strong evidence from lattice gauge theory calculations, where QCD 
is solved as a strong-coup ling theory on a finite space-time lattice, that 
confinement is indeed a dynamical property of QCD arising from the non­
linear gluon couplings in the theory.

We start the discussion with an example which exhibits relativistic

23



aspects of nuclear structure. Consider elastic magnetic electron scattering 
(e, e) from *He. The experimental results for the square of the magnetic form 
factor are shown in Figure 3 [11]. The dashed curve is the result obtained 
in the traditional nuclear physics picture. Here the three-body Faddeev 
equations are solved with a static two-body potential and the nucleus is 
assumed to consist only of nucleons, protons and neutrons. The solid curve 
is obtained by adding in the contribution of exchange currents arising from 
the exchange of mesons between the nucleons. At large distances, or low 
momentum transfer, this exchange current arises from pions, and can be 
calculated exactly using low-energy theorems. Evidently, while the exchange 
current contributions are very small at low q2, they soon become a large 
effect, and they dominate the form factor by orders of magnitude at high 
momentum transfer. The exchange currents are clearly needed to fit the 
data. The two different solid curves at high q2 are two different theoretical 
calculations that include higher mass hadronic degrees of freedom [12,13].

There are several morals that can be drawn from this comparison:
1) The intermediate q2 results illustrate the marginal role of exchange 

currents in the traditional nuclear physics domain.
2) The high q2 results illustrate the need for an explicit treatment of the 

subnucleonic hadronic degrees of freedom, or for QHD.
3) The appropriate set of degrees of freedom depends on the distance 

scale at which we probe the system.
Where are we today in nuclear physics? Properties of the nuclear system 

are studied experimentally with electron accelerators at laboratories such 
as Bates, Saclay, and NIKHEF. One can then accurately interpret this 
data in terms of nucleons and subnucleonic hadronic degrees of freedom, 
baryons and mesons. On the other hand, we have dynamic evidence for a 
point-like substructure of the hadrons from deep inelastic electron scattering 
(e, e') experiments pioneered at SLAG [14,15,16]. In these deep-inelastic 
experiments g2 —» oo and i/ = e — e' —► oo while their ratio is fixed. The 
observed point-like substructure is interpreted in terms of a new underlying 
set of degrees of freedom for the hadrons themseves, quarks and gluons. One 
concludes that:

There must be interesting, important physics in the intermediate
range of energy loss and momentum transfer.

Indeed, the report of the Vogt Subcommittee of NSAC, the last national 
committee to reexamine the top priority given by the field of nuclear physics 
to the construction of a 4 GeV CW electron accelerator states that:

24



The search for new nuclear degrees of freedom and the relationship of
nucleon-meson degrees of freedom to quark-gluon degrees of freedom
in nuclei is one of the most challenging and fundamental questions
of physics.

The picture of the nucleus in the standard model of the strong and 
electroweak interactions is shown in Figure 4. This is only a cartoon, but it is 
important to realize that underneath this cartoon there is a local lagrangian 
density and local currents. We can make several observations here:

1) The structure of confinement in the many-baryon system, as well as 
in the single-baryon system is an unsolved problem. A way to study this 
problem is to vary the environment in which the hadrons find themselves, 
and this means looking at nuclei under a wide variety of conditions.

2) The electroweak interactions with a lepton arise from the exchange of a 
virtual 7, Z°, or W±. In the standard model, these electroweak interactions 
couple directly to the quarks.

3) The gluons, whose non-linear interactions presumably give rise to 
confinement, are absolutely neutral to the electroweak interactions in the 
standard model.

4) The electroweak interactions are colorblind; they are the same for ail 
quarks regardless of color.

5) While it is the quark that is struck by the electroweak interaction, 
it is only hadrons that emerge from the nucleus to form free asymptotic 
scattering states in the laboratory. The process of “hadronization” by which 
this takes place is largely unexplored. CEBAF, with its 100% duty factor 
and corresponding coincidence capability, is in a unique position to make 
important contributions in this area.

Let us discuss one consequence of this standard model of the nucleus. 
Consider the difference in cross section for the scattering of right- and left- 
handed longitudinally polarized electrons. This difference reflects parity- 
violation arising from the interference of the exchange of a virtual photon and 
a Z° which governs the weak neutral current interaction (Figure 5). Recall 
that parity is conserved to all orders in the electromagnetic interaction. Now 
assume only that the weak neutral current has a V-A structure and consider 
elastic scattering from a 0+ target. The parity violating asymmetry is then 
given by [l]



q2G [FW(g2)' 
2'K(Xy/2 * L^is2). (2)

Here F^(q2) is the familiar electromagnetic form factor which measures the 
distribution of electromagnetic charge over the nucleus. Similarly F(0)(g2) 
measures the distribution of weak neutral charge over the nucleus. A priori 
these quantities have absolutely nothing to do with each other. Suppose 
that one now invokes the standard model in the nuclear domain. Here the 
Hilbert space is truncated to that sector containing only the light u and d 
quarks and their antiparticles. This sector provides a description of all the 
non-strange and non-charmed hadrons of interest. Suppose further that the 
nucleus has isospin T = 0. In this case the weak neutral current density and 
electromagnetic current density are exactly proportional, and consequently 
the form factors are exactly proportional. The asymmetry then reduces to 
[17,1,2]

A = -^=sin’<v (3)
nccy/2

Now this is a spectacular result! It is independent of the details of the 
strong interaction structure of the target. The charge densities and form 
factors are the same at all q2 and hence at all distance scales. This holds 
at low q2 and large distances where one only samples the gross properties 
of the nucleus, out to higher q2 and shorter distances where one sees the 
proton and neutron substructure, out to still larger q2 and shorter distances 
where one sees the charges residing in the subnucleonic hadronic degrees of 
freedom, and on out to the highest q2 where the point- like quark substructure 
itself is manifest. This, to me, provides a true test of the unification of 
the electroweak interactions. This is why I personally give the 12C(e,e) 
experiment at Bates such a high priority.

Why CEBAF? There is no single feature that makes CEBAF unique. 
Rather it is the combination of qualities

energy © duty factor © intensity © beam quality (4)

which makes CEBAF the world’s most powerful microscope for studying the 
nucleus.

I have tried to capture my own vision of CEBAF in a few words:

CEBAF will provide the most precise, accessible probe of matter. The 
interaction if known, and one knows what is being measured. It is a
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unique time for nuclear physics. What we are really discussing is a 
tool and capability for the next generation of nuclear physicists.

My version of CEBAF’s scientific goal is the following:

CEBAF’s scientific goal is to study the structure of the nuclear many- 
body system, its quark substructure, and the strong and electroweak 
intreractions governing the behavior of this fundamental form of 
matter.

In February of this year we had the first meeting of the CEBAF Program 
Advisory Committee (PACl). The charge and membership are shown in 
Figure 6. It is a first-rate PAC. We got the very best people we could 
think of, and experienced people. We are fortunate to have John Schiffer 
serve as Chairman of the PAC, and John will give a talk on the PAC report 
at this workshop. To organize the first meeting, steering committees were 
appointed in conjunction with the Board of Directors (BOD) of the CEBAF 
Users Group. We built on the work of the previous CEBAF workshops 
and summer studies and established steering committees in the areas shown 
in Figure 7. The PAC subsequently confirmed that these are indeed the 
anticipated major areas of research at CEBAF. The steering committees 
were asked to work with the users community and to:

1) Choose a spokesman
2) Prepare the strongest possible physics case for that particular area of 

research
3) Design a prototype experiment. What would be required to carry 

through such an experiment from beginning to end?
4) Identify groups in the users community which would like to take 

responsibility for the development of that particular program
As John will tell you, the PAC established an initial set of relative 

priorities, and made recommendations concerning the development of the 
experimental facilities required to implement the scientific program. The 
PAC Report, with a covering letter outlining the laboratory response to the 
report, went out to all members of the CEBAF Users Group on 3/23/87. 
You should all have received it. In any event, the material is appended to 
this talk; I will not repeat it here. These highlights are shown in Figures 
8-12.

During the PAC Hermann told me that he really wanted to get in on some 
of the fun. He organized a task force (Figure 13) to work on the design of the 
end stations. This task force met religiously at 8:00 a.m. all winter, and I am 
really pleased with the results. The end station layouts are shown in Figures
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14 and 15. Hall A is designed to house, with maximum kinematic flexibility, 
the pair of high-resolution electron and hadron spectrometers [HRS2] shown 
in Figures 16 and 17. Hall B will house the large-acceptance spectrometer 
(LAS) shown in Figure 18. The size of hall C is maximized within the civil 
construction budget; it is left open for now (see above). Each hall is designed 
to independently take full beam intensity. Equipment access to the floor will 
be by hoistable truck platform. There is a common counting house, with 
personnel access through elevator and labyrinth to the experimental areas. 
Crane coverage will be provided, and a test beam is available off hall C. 
There are 60° bends, and dispersed beam will be available, in halls A and
C. The incident electron beam will be transported through a discrete set of 
channels, with individual beam dumps, to provide an out-of-plane capability 
in hall A. You will hear much more about the spectrometers and end stations 
at this workshop.

My own top priority during the past year has been to arrange academic 
appointments for future CEBAF scientific research scientists. I believe that 
contact with students and young people, as well as with colleagues in other 
areas of physics, and related fields, is absolutely essential to the long-term 
intellectual health and vitality of this organization. I want these to be regular 
academic appointments, where the individual spends a finite fraction of his 
or her time at the academic institution doing classroom teaching, working 
with graduate students, carrying out independent research, and interacting 
with colleagues. Indeed, I see this academic connection as an essential part of 
the job function of these research scientists. This is a two-way street. These 
appointments will allow the universities to have close intellectual contact with 
the physics at CEBAF, and to directly participate in that physics. Figure 
19 indicates the SURA universities I have visited so far. The visits consisted 
of talks with physics faculty, department chairmen, deans, and provosts. I 
would also give a colloquium. The response from all of these institutions 
was extremely rewarding. All are eager to participate in this exciting new 
venture in basic research. Each university is an individual institution with 
individual needs and requirements, but I could not be more pleased with 
the progress we have made toward constructing these academic positions. I 
think I can safely say that there will be academic appointments of this type 
for approximatly 15-20 research scientists at CEBAF.

Graduate education at CEBAF is another of my major concerns. I gave a 
series of lectures on “Electron Scattering” this winter and spring at CEBAF
[2]. These were an update of the lectures given at Argonne a few years 
ago [l]. Approximately 20-30 people attended, and roughly half of these 
were students and postdocs from the surrounding area. Lecture notes were
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prepared; they are available outside my office. I was very pleased with this 
initial venture. The current plan is to offer the sequence of graduate level 
courses indicated in Figure 20 at CEBAF over the next three years. These are 
aimed at the CEBAF scientific/engineering staff and at people in the vicinity. 
The goal is to establish an intellectual environment during the construction 
phase of the project, and to prepare researchers for the physics that will be 
done when CEBAF is in operation. Lecture notes will be prepared, and the 
lectures will be put onto video tape. Anyone at a SURA university, or at any 
other university for that matter, is welcome to participate and encouraged 
to do so.

The growth in staffing in the Research Division in FY87 and FY88 is 
presented in Figure 21. Our highest priority is to recruit the individual 
recommended by the national search committee we established to identify 
an Associate Director for Research. I am guardedly optimistic here. We are 
also trying to recruit the individual recommended by the second national 
search committee established to identify a Head of the Theory Group. We 
have added the indicated staff, after extensive and rigorous searches and 
evaluations. We intend to continue these searches, casting an even wider 
net, to fill the indicated positions in FY88.

The most immediate issue is to appoint an ad hoc Technical Advisory 
Panel (TAP) to provide technical advice to the CEBAF directorate on 
the design, construction, cost, schedule, and implementation of the LAS. 
The membership of this TAP was selected in consultation with the BOD 
immediately following the workshop. It is shown in Figure 22. We are 
extremely fortunate to have John Peoples, Jr. as Chairman of this TAP. 
The letter establishing the TAP was also written immediately following the 
workshop (7/14/87). It is based on the presentation in this talk, and it is 
appended to this material. The issues for the TAP are spelled out in detail 
in that letter.

Some key dates are the following:
• TAP (LAS) August, 1987
• Freeze out-of-plane capability October, 1987
• Freeze extended target capability October, 1987
« Freeze conceptual design of end stations October, 1987
• PAC2 October 8-10, 1987
ft Freeze conceptual design of spectrometers January, 1988

• LAS
• HRS2
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In closing, I would just like to reiterate our institutional goal at CEBAF:
GOAL: Build a world-class, user friendly laboratory for nuclear
physics research and graduate education centered around a high- 
intensity 4-GeV, CW electron accelerator.
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Fig. 1 Elastic (c, e) cross section for 40Ca vs. momentum transfer [Sj. The scattering here 
is from the charge distribution.

^ EXPT
--------THIS WORK
......... DDHF
--------DDHF + RPA

r (f m

Fig. 2 Experimental charge density of 40Ca with estimated uncertainty from elastic electron 
scattering (solid lines and shaded area) and relativistic Hartree calculations of this 
quantity within the framework of QHD (heavy dashed line). Taken from refs. [3,5],
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O BATES 
• SACLAY

— NUCLEON ONLY
----  NUCLEON + MESON
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Fig. 3 Elastic magnetic form factor for sHe (e, e) out to high q2 [ll]. Two exchange current 
theories are shown [12(b), 13(a)].

Fig. 4 Picture of the nucleus in the standard model.
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Fig. 5

PROGRAM ADVISORY 
COMMITTEE (PAC)________ CEBAF

o Function

Advise CEBAF Directorate on 
scientific directions and relative 
scientific priorities for the 
experimental program

o Membership

J. Schiffer (Argonne), Chairman 
P. Barnes (Carnegie-Mellon)
W. Bertozzi (MIT)
T. W. Donnelly (MIT)
R. Eisenstein (Illinois)
J. Friar (LANL)
S. Kowalski (MIT)
R. McKeown (Caltech)
E. Moniz (MIT)
I. Sick (Basel)
H. Thiessen (LANL)
C. Williamson (MIT)
S. Wojcicki (Stanford)

o First Meeting

February 13-15, 1987 

o Report completed

Fig. 6
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SUBJECT AREAS FOR 
STEERING COMMITTEES CEBAF

o (e,e' nucleon) 

o (e.e'K) and (e,elr) 

o (c.b' two nucleon) 

o (e,e' multihadron) 

o p(§,e)p parity 

o few nucleon systems 

o (e.e'N*)

o (e.e'X) deep inelastic transition to x 
scaling

Fig. 7

RESPONSE TO PAC REPORT__________________ CEBAF

End Stations

Three independent structures, each adequately shielded

o Halls A, B, and C

o Provide maximum versatility within budget constraints

o Leave Hall C open and establish “trust fund" for equipment

o Entertain proposals at the October 1988 PAC to determine 
development of experimental equipment for Hall C

Fig. 8
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RESPONSE TO PAC REPORT CEBAF

Large Acceptance Spectrometer (LAS)

o Appoint Co-Program Managers

o B. Mecking - CEBAF

o Person to be named from physics community

o Assign senior engineer

o Establish Technical Advisory Panel (TAP)

o LAS will go into Hall B, designed to take full beam intensity

Fig. 9

RESPONSE TO PAC REPORT__________________ CEBAF
High Resolution Spectrometers 

o Design Studies

o Study design modification to accommodate extended targets 
with moderate resolution

o Examine modifications required to accommodate polarized 
hydrogen and deuterium targets

o Re-examine design with an eye to maximize the resolution in 
the missing mass at an electron energy of approximately 2 
GeV

o Take resulting resolution at 4 (6 GeV) consistent with quality 
of accelerator

o If design modifications appear acceptable, appoint at TAP

Fig. 10
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RESPONSE TO PAC REPORT CEBAF

High Resolution Spectrometers (Cont’d)

o Appoint Co-Program Managers

o Jean Mougey - CEBAF

o Person to be named from physics community

o Assign senior engineer

Fig. 11

RESPONSE TO PAC REPORT__________________ CEBAF
Additional Steps

o Polarized Beam 

o Parity Violation

o Continue to develop design

o Work to ensure accelerator development is consistent with a 
quality parity experiment

o Actively encourage research and development on sources 

© (e.e'K'*')

o Hire scientific staff member to design an optimal spectrometer 
system

o Low Intensity Test Beam

o Initiate change request to include a low-intensity test beam 

o Data Acquisition

o Examine projected laboratory manpower and hardware needs

Fig. 12
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END STATION TASK FORCE CEBAF

Membership

o H. Grunder (Chair)

o P. Brindza
o G. Doddy
o 0. Matherny
o B. Mecking
o J. O’Meara
o J. Mougey
o G. Stapelton
o R. Whitney
o R. York

Fig. 13

END STATION LAYOUT

Fig. 14
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WBS 8.5 MAY 1987 SITE PLAN CEBAF

r-CJ- ACCELERATOR

90 M BEAM SWITCHYARD

Fig. 15

HALL A: HR ELECTRON SPECTROMETER

4 GtV'e High Resolution

*QQ 00 QQ" Symmetric Design

Horizontal Send 

Total bending angle: 45°

• Point-to-point imaging in both planes to sec. order

• Solid angle: 10.8 mstr. Ad a ±30 mr L<p ss ±90 mr

• Momentum acceptance: ±5%
* Momentum resolution: < 10“*

* Angular resolution: < 1 mr

* Angular range: 10° to 140°

• Physical length: 23.7 m

* Total weight: approx. 450 tons

STATUS: Detailed raytracing calculations are being performed.

HALL A: HR HADRON SPECTROMETER
(High Momentum Option)

3 GeV/e High Resolution 
Hadron $oectron»eter

"QQ OD* Design

Vertical Bend

Total bending angle: 60°

• Point-to-point focussing in both planes

• Minimum forward angle: 10°

• Solid angle: 10.8 mstr. horft. ±75 mr. wert. ±36 mr

• Momentum acceptance: ±7.5/'i
• Momentum resolution: < 10**

• Extended target capabilities: Ay = ±2.5 cm

• Physical length: 18 m

Fig. 16 Fig. 17
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HALL B: LARGE ACCEPTANCE SPECTROMETER

Se0e>cenrf»«UAS Ca*U

^ I

Toroidal B-Fieid
• No Held at target

* Momentum acceptance
100 MeV/c - 3 GeV/c

* Momentum resolution
6p/p = iO'J - 2-nr2

* Angular acceptance
15® - 155®

* Angular resolution 
~ 5 mrRadius

STATUS: Magnet is close to conceptual design.

Fig. 18

SURA ACTIVITIES CEBAF
Academic Appointments for CEBAF Scientists

Visits to SURA Universities 9/1/86 - 5/5/87

Duke University University of Tennessee
George Washington University Virginia Commonwealth
Georgia Tech Virginia Tech
Hampton University University of Virginia
University of Maryland West Virginia University
University of North Carolina College of William & Mary
North Carolina State

-

Fig. 19

39



SURA ACTIVITIES CEBAF
Graduate Education at CEBAF

o Continuing Electron Scattering Lectures

o Plan to offer graduate level courses

o Graduate Quantum Mechanics 1987

o Advanced Quantum Mechanics © Field Theory 1988

o Nuclear and Particle Physics 1989

Fig. 20

Research Division CEBAF
Staffing

o Associate Director for Research
o National Search Committee
o Offer out
o Governor's Distinguished CEBAF Professor

o Head of Theory Group
o National Search Committee
o Offer out
o Governor's Distinguished CEBAF Professor

o CEBAF Search Committees - Hires (FY 87)
o A. Saha
o S. Nanda
o P. Dunn - Head of Detector Group
o LAS - Offer

o CEBAF Search Committees - Positions (FY 88)
o Staff Scientists (3)
o Technical Support Personnel (2)
o Postdocs (2)

Fig. 21
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TAP MEMBERSHIP CEBAF

John Peoples, Jr. (Chair)
Doug A. Bryman (TRIUMF)
John M. Cameron (U. of Alberta)
David G. Cassel (Cornell)
Martin D. Cooper (LANL)
Paul T. Debevec (U. of ILL)
Jay N. Marx (LBL)
Clyde Taylor (LBL)
Albert Ulbricht (ORNL)
Karl A. VanBibber (LLNL)
Jon Zbasnik (LBL)

Fig. 22
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Continuous Electron Beam Accelerator Facility
12070 Jefferson Avenue 
Newport News, Virginia 23606 
804-875-7883 •.

Attachment 1

Prof. John Dirk Walecka
Scientific Director

March 23, 1987

Dear Member of the CEBAF Users Group:

On February 13, 14, 15, 1987 the first meeting of the Program Advisory 
Committee (PAC) was held at CEBAF. It was held in conjunction with a 
Users meeting, and overall we had approximately 90 physicists participating.
On the first day, the Steering Committees described in my previous two letters 
to you made their presentations on the potential physics programs at CEBAF. 
On Saturday morning, the CEBAF staff presented the best current efforts at 
equipment and end station designs. The general level of the presentations and 
discussion was high. It was a good meeting, and I was pleased with it. It is 
also a first-rate PAC, and I want to take this opportunity to thank the 
members for their contributions. Hermann Grunder and I were fortunate to 
be allowed to sit in as observers at the executive sessions, so we have a good 
feeling for the opinions expressed and the tone of the discussions.

On March 16, we received the final written report of the PAC. I am 
enclosing a copy with this letter. The most significant result is that the PAC 
has delineated a set of physics priorities which will guide our development of 
the laboratory. The PAC observed:

”The overall physics program presented by the Steering 
Committees certainly does represent a broad program, 
spanning the nuclear physics interests in CEBAF.”

and further

"Indeed, the essential point is that in the opinion of
the PAC, their presentations encompassed the CEBAF core
program.”

Hermann Grunder and I have discussed the PAC meeting and report. We 
have formulated a course of action which we feel is responsive and which we 
believe will lead to an outstanding physics program at CEBAF which is our 
common goal. I want to communicate the broad outline of that course of 
action to you in this letter so that you will be fully informed. The essential 
points are the following:

1) End Stations
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Hermann decided he wanted to share in some of the fun, and he is actively 
participating in the design of the end stations. He chairs a working group 
which is meeting regularly with a goal of setting the physical dimensions and 
design criteria for the end stations. The plan is to have three independent 
structures, each adequately shielded. The end stations are referred to as halls 
A, B, and C. They will each be designed to provide maximum versatility 
within the overall budget constraints. We are confident that our goal of 
setting the physical requirements for the end stations by April, 1987 will be 
achieved.

2) Large Acceptance Spectrometer (LAS)

CEBAF will proceed with the construction of the LAS through the following 
series of steps:

i) Co-program managers will be appointed, one from CEBAF and 
one from the national nuclear physics community. Bernhard Mecking will be 
the program manager from CEBAF. A senior engineer will then be appointed 
for the LAS, and a charter written for just how the program will be managed. 
The program managers will be instructed to aggressively recruit from 
throughout the country active user participation in the construction and 
implementation of the LAS.

ii) An ad hoc Technical Advisory Panel (TAP) will be appointed 
by CEBAF, after consultation with the Board of Directors (BOD) of the 
CEBAF Users Group, to give the LAS the extensive review recommended in 
the PAC report. We anticipate completing this review before the Summer 
Workshop at the end of June.

iii) The LAS will go into hall B, which is being designed to take 
full beam intensity.

3) Magnetic Spectrometers

CEBAF will start from the current designs for the 4(6) GeV electron 
spectrometer and the 3 GeV hadron spectrometer and do the following:

i) Design modification to accommodate extended targets with 
moderate resolution will be studied to see if one can accomplish a significant 
fraction of the top-priority few nucleon studies with this system. Modifications 
required to accommodate polarized hydrogen and deuterium targets will also be 
examined.

ii) The design will be re-examined with an eye to maximizing the 
resolution in the missing mass at an electron energy of approximately 2 GeV. 
One will then take what resolution one can get with this system at 4 GeV, 
consistent with the overall quality of the resolution of the accelerator itself. 
The electron spectrometer will be designed so that it can be upgraded to 6 
GeV, should the need arise.
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iii) Co-program managers will be appointed for the magnetic 
spectrometer program at CEBAF, one from CEBAF and one from the national 
nuclear physics community. Jean Mougey will be the CEBAF program 
manager. A senior engineer will then be appointed for the program, and a 
charter written to define how the program will be managed. The program 
managers will be instructed to aggressively recruit from throughout the country 
active user participation in the construction and implementation of this project.

iv) If the design modifications discussed in i) and ii) appear 
acceptable, CEBAF will proceed to appoint a TAP for this magnetic 
spectrometer project just as discussed in LAS ii). If things go well, we 
anticipate convening the TAP for this project before the next PAC meeting on 
October 8-10, 1987.

v) These magnetic spectrometers will go in hall A.

4) End Station C

CEBAF will keep end station C open for the time being with the following 
intent:

i) A "trust fund” of approximately $5M in equipment money will 
be set aside for this end station

ii) Proposals will be solicited from the national users community. 
Procedures will be developed through discussions with your BOD.

iii) Proposals will be heard by the PAC at its meeting a year from 
this October, that is in October, 1988. The PAC, relying on its delineation of 
the physics priorities for CEBAF, will at that time provide advice on how to 
proceed with developing experimental equipment for hall C.

5) Additional Steps

CEBAF will take the following additional steps to implement the advice of the 
PAC:

i) The design of the parity experiment will continue to be developed 
by the CEBAF staff, with the participation of the users community. The 
CEBAF staff will work to see that the accelerator development is consistent 
with a quality parity experiment. Research and development on sources with 
improved polarization will be actively encouraged.

ii) A scientific staff member will be hired at CEBAF and instructed 
to design an optimal spectrometer system for studying the (e,e’K ) reaction.
One component of this clearly involves the design of an innovative, short, 
high-resolution kaon spectrometer.

iii) A change request will be submitted to include a low-intensity test 
beam at CEBAF.
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iv) CEBAF will examine in depth its data acquisition goals. This 
includes an examination of the projected laboratory manpower and hardware 
needed to effectively serve the data acquisition function.

Finally, I would just like to conclude with the observation that CEBAF is 
now on the move. We have a projected physics program and we are going to 
take steps to implement that program. CEBAF is a reality, and it is your 
laboratory. It is time for you to get aboard if you want to participate in the 
physics program when it is ready to run.

I will be in touch.

Sincerely yours,

John Dirk Walecka 
Scientific Director of CEBAF

cc: H. Grunder
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Attachment 2

ARCONNE NATIONAL LABORATORY
9700 Soak Cass A\ enue, Arqonne, llli\ofs 60-459 (312) 972-4066 

BITNET address: SCHIFFER at ANLPHY

March 16, 1987

SCIENTIFIC 
DIRECTOR'S OFFICE

MAR 18 193?

CEBAF
Professor John Dirk Walecka 
Scientific Director, CEBAF 
12070 Jefferson Avenue 
Newport News, Virginia 23606

Dear Dirk,

Enclosed is the final-final version of our report that I sent you by 
BITNET on Saturday.

Be ‘ rds,

John P. Schiffer

JPS/bw

Enel:

cc: H. Grunder
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REPORT OF THE PROGRAM ADVISORY COMMITTEE FOR CEBAF

March, 1987

The first meeting of the Program Advisory Committee for CEBAF took place 

February 13 through 15, 1987. On the first day the Committee heard 

presentations on elements of the proposed research program from the eight 

'Steering Committee'-s, then, on the second day, plans for the experiments 1 

system were presented.

The charge to the PAC was as follows:

The CEBAF PAC Is established to provide advice and guidance to the CEBAF
Directorate on scientific directions and relative scientific priorities
for the experimental program.

Specific Issues for the initia1 PAC are as follows:

1. The PAC should examine the overall physics program as presented to 
it by the Steering Committees and advise on what, if anything, is 
missing or underemphasized by the proposed program.

2. The PAC should evaluate the spectrometer designs, including the end 
station civil construction layout, presented by the CEBAF staff; 
specifically it should evaluate the designs for the:

a. Electron and hadron spectrometers for End Station A
b. Electron and hadron spectrometers for End Station C
c. Large acceptance spectrometer for End Sta tion B

3. In the context of the physics program presented by the Committees, 
and the spectrometer designs, the PAC should recommend relative 
priorities among the major components of the research program at 
CEBAF.

4. The PAC should provide advice on the optimum level of involvement by 
user groups in the design and construction of the experiments 1 
equipment for CEBAF. The PAC should a Iso suggest mechanisms for 
achieving that optimum level of Involvement.

1. THE OVERALL PHYSICS PROGRAM

CEBAF is intended to address central Issues of nuclear physics, ones 

where the leve1 of current knowledge is elther lacking or in a very 

‘quail tative and unsa tlsfac tory stage . In particular CEBAF is directed at 

questions involving non-nucleonic degrees of freedom in nuclei and the dua1Ity 

be tween hadronic and quark-gluon descrip tions of nuclear s true ture and
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interactions. Its high energy resolution, high beam current, and continuous 

beams make it an idea 1 instrument for the program of measurements, many of 

them requiring time coincidence between detected particles, that have been 

envisioned by the nuclear physics community over the past decade. The overall 

physics program presented by the Steering Committees certainly does represent 

a broad program, spanning the nuclear physics interests In CEBAF.

The centra 1 question asked of this first PAC meeting requested advice on 

es tablishing a set of scientific priori ties among the various classes of 

experimental programs anticipated at CEBAF and thereby helping develop a plan 

for the commitment of resources to specific spectrometer designs. The PAC is 

very enthusiastic about the possible set of measurements on the form factors 

of elementary systems and feels that this class of measurements must be 

accommodated from the beginning of the program. The areas of hypemuclear 

spectroscopy, of coincidence studies [1.e., (e,e'N) (e,e'NN), etc.] and of 

baryon resonance and meson production were also found to be very attractive 

and of central importance to the CEBAF' program. The capabilities must be 

provided for all of these programs as early as possible within budgetary and 

manpower constraints. The electroweak program is potentially of great 

significance and should be explored further, but the PAC does not feel that a 

commitment to proceed with this program is called for at this time. We stress 

the obvious point that the present statements regarding priorities are not 

intended to fix the experimental program indefinitely, or to narrow options 

for future proposals.. Priorities will have to be the subject of periodic 

review over the coming years.

A set of reasonable spectrometer baseline designs was presented. It is 

not anticipated that the entire complement of instruments discussed can (or 

should) be built with the initial equipment budget. Consequently, the 

priorities should be viewed as guides to the iterative process of advancing 

and modifying the baseline designs in a manner consistent with our best 

estimate of the equipment needs projected at the commencement of the research 

program in 1993.

2. SPECTROMETERS AND OTHER FACILITIES

It is, of course, difficult for a group such sa the PAC to offer a 

de tailed evalua tion of spectrometer plans presented in one hour talks. As far
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as could be Judged from the presentations and the discussions, careful work 

has gone into these designs and they represent a baseline a tarting point for 

sore de tailed final planning. The size of the targe t halls appears to be 

adequate.

a. The Electron and Hadron Spectrometers for End Stations A and C.

The PAC sees the designs of the spectroneters for a high resolution

program as a reasonable basis for sore detailed planning. A priority judgment 

on the apectroneters must consider not only the technical designs, but how the 

parameters of the devices match the needs of the experimental program, a 

question that is particularly acute since it seems unlikely that all the 

spectrometers discussed can be built in the first go-around. It would be 

useful to have more thought given to the question of how to adjust the designs 

in such a way as to develop a subset of spectrometers, perhaps with somewhat 

modified design goals, that could address a majority of the physics program. 

Clearly a spectrometer that can utilize the high resolution of CEBAF needs to 

be built early. Also, the highest priority experiments require an electron 

spectrometer that could accept 4 (6) GeV/c with a matching hadron 

spectrometer, both with large solid angles, capable of viewing extended 
targets (> 20 cm), though for these measurements requiring modest (10"^) 

resolution. It would be desirable to determine whether the proposed high- 

resolution spectrometers could be adapted through reconfiguration or some 

design modifies tion to serve these ends. Also, though some spectrometers must 

be built to utilize the unique high-resolution features of the CEBAF beam, the 

physics implications of the possibility that the initial high-resolution 

spectrometers might accept less than the full beam momentum should be 

assessed.

It is the recommendation of the PAC that the designs be examined In order 

to develop options for the initia1 set of spectrometers for CEBAF, to 

accommodate as many of the high-priority programs as possible.

b. The Large Acceptance Spectrometer.

The LAS design, if it can meet its stated goals, could provide the basis 

of a large part of the CEBAF experimental program. In addition to high- 

multiplicity reactions, the de tec tor could provide an effective alternative to

49



other spectrometer designs for much of the proposed (e,e'N) and (e,e* 2N) 

work. However, optimization of the design must he examined critically by a 

group of technica1ly experienced physicists, from every perspective, the 

magnets, de tec tors, backgrounds, counting ra tes, requirements on tracking of 

particles, the software needs, with partlcular attentlon to the feasibility of 

extracting complex informa tion from the recorded da ta expeditiously, and the 

manpower requirements needed for bringing such a system together to be ready 

in time for the first CEBAF beams. It is the recommendation of the PAC that a 

rigorous technica1 and cost review take place in order to examine the 

feasibl11ty of achieving high luminosity and versatility for supporting a 

broad spectrum of potential experiments with a variety of users and to insure 

that the design is optimized for maximum physics output.

c. Polarized Electrons.

The PAC feels that the need for a polarized electron source exists 

Independent of the demands of the parity experiment. We recommend that CEBAF 

undertake a plan to begin such development as soon as is practical, and that a 

polarized electron beam be one of the initlal objectives of CEBAF. The 

development of a source wlth higher polarization might be undertaken 

collaborstively with another laboratory.

d. Other Matters.

During the course of our meetings we also heard presentations concerning 

the development of other aspects of the facility. Since several of these 

1 terns will have direct relevance to the experimental program, we discuss the 

PAC*s reaction to current plans.

The development of first-rate da ta acquisition and computing capabilities 

is crucial for a successful CEBAF experimental system. A serious effort in 

this direction should be started reasonably soon and can be usefully reviewed 

by the PAC from time to time.

A number of experiments would require or would benefit from out-of-plane 

measurements. In the original design for Hall C a placement of detectors (VAS 

spectrometers, neutron detectors, or polarimeters) out of the scattering plane 

defined by the electron spectrometer, can be envisioned. In Hal 1 A, with the 

original design, movement of the beam to two discrete angles out of the
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spectrometer plane looks more realistic, but requires further study. In 

particular, the radia tion problems caused by electrons tha t have lost energy 

in the target and canno t be bent back into the beams top also needs 

inves tigation.

The PAC felt tha t the question of neu tron de tec tion in Area C has not 

been addressed adequa tely; this is urgent only in tha t the implica tions of 

this capability on the layout of the experlmenta1 halls needs to be assessed

very soon.

The possibility of providing a tes t beam should be investigated.

3. PRIORITIES.

Any assessment of scientific priori ties six years in advance is difficult 

and detailed judgments are subject to large uncertainties that can be resolved 

only after the fact, in the face of specific proposals for experiments. In 

assessing priori ties the PAC judged tha t the capability for measurements on 

elementary form factors should be accommodated in the first capabilities 

available at CEBAF. A number of other components of the program vere also 

thought to be very attractive and the design for the initial complement of 

experimental spectrometers must be reviewed with a view towards accommoda ting 

as many of these as possible. While in the following the programs are listed 

in the order in which the PAC regarded their priori ties, the differences 

between adjacent programs are of ten represented by a single vote, and the 

ordering should not be regarded as firm or immutable. Indeed, the essential 

point is that in the opinion of the PAC, the presentations encompassed the 

CEBAF core program.

a.) Form Factors in Simple Systems

The measurement of the form factors of elementary systems -- neutron and 

proton charge form factors, Cq/C2 form factors of the deuteron, nucleon spin 

structure functions, and deuteron electro-disintegration -- will provide 

fundamental information on observables that have been the subject of interest 

for a long time and tha t are essential for the quantita tive pursult of the 

scientific goals of nuclear physics, in particular the central goa1 of 

understanding nuclei in terms of the underlying quark-gluon degrees of 

freedom. The requirements of these experimen ta are well ma tched to the 

capabi1ities of CEBAF.
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Many of these measurements require an electron spectrometer with large 

solid angle, medium resolu tion (10 MeV) and the capabi11ty to work with long 

targets (> 20 cm). Some would profit from the highest energy (6 GeV). Most 

of the experiments need (or would profit from) polarized electrons. We 

therefore recommend tha t a polarized elec tron beam be one of the initia1 

objectives of CEBAF. Most of the experiments need polarized targets or recoil 

detectors, development projects that may be well suited to the capabi1ities of 

the user community.

b.) Hypernuclear Physics

The committee sees high-resolution studies of hypernuclear spectroscopy 

as a unique contribution that CEBAF can make. The very gross outlines of 

hypernuclear structure have been delineated over the past two decades through 

the study of the (K",r") reaction, requiring long runs and yielding very 

limited statistics and resolution. CEBAF holds the potential of providing a 

new window to observe this added dimension in nuclear symmetries and 

structure. Determination of the effective N-A interaction and its relation to 

the NN force will test our models of the baryon-baryon interaction. The 

committee was concerned about the low event rates discussed, perhaps because 

less than optimal instruments were assumed and a very far from favorable case 

was picked for the prototype caIculation of rates. The program is worth 

carrying out only if it can be done well. The PAC recommends that further 

study be made of the advantages of a 0* electron tag spectrometer with a kaon 

spectrometer of as short a length and as large a solid angle as possible, 

consistent with the requisite resolution. Other configurations with smaller 

angles between the electron and the kaon ahould also be explored; it seems 

entirely possible that more carefully tailored spectrometers for the 

relatively low momentum electrons and kaons (where a short spectrometer would 

be very desirable) should be explored. A scenario including modest, dedicated 

spectrometers optimized for these studies should be investigated. Ose of 

auxiliary tags (using for example nonmesonic lambda decay) which will remove 

the quasifree production contribution to the hypernucleus excitation spectrum 

should be explored.
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c. ) The (e,e'2N) and Other Multihadron Reactions

The (e,e'2H) reaction may provide crucial information about the nature of 

2-nucleon correlations in nuclea r ma tter. Both the (e,e'2p) reaction and the 

(e.e'pn) reaction should be studied; the la tter, while much more difficult, 

will provide essential informa tion abou t reactions proceeding through the 

quasi-deuteron mechanism. Study of a larger kinematic region will be 

essential in order to separate clearly two nucleons emerging because of 

correla tions from two nucleons tha t are produced through the formation of an 

intermediate delta resonance. The possibility of studying such outgoing 

channels as i»-N, n-if-N, K-A, etc., using both real and virtual photons of 

CEBAF energies, is an important component of the CEBAF program. It is clear 

that these studies can be adequately done with energy resolutions on the order 

of 10 MeV (to separate the major she 11s). Therefore, only moderate resolution 

spectrometers will be required; perhaps it will be possible to do the (e,e’2p) 

reaction using the LAS detector if the luminosity it can accept can be 

Increased. It is also important that CEBAF develop good neutron detection 

capability; the (e,e'pn) reaction provides a motivation for this development.

d. ) The (e,e* p) Reaction

The single nucleon reaction has proven to be a powerful tool, providing a 

benchmark for studies of nuclear structure. It has elaborated the 

quantitative aspects of the va1idity of our understanding of the structure of 

nuclei in terms of single-particle motion in a nuclear mean field. Much 

remains to be done with 100% duty-factor facilities. Nucleon degrees of 

freedom prevail below 800 MeV/c insofar as the q-dependence of the 

quasielastic (e,e’p) knockout predictions is preserved. On the other hand, it 

is suggestive from the transverse/long!tudinal separa tions tha t other currents 

are present for the deeply bound nucleons. CEBAF is poised to extend this 

work to much higher momentum transfers and an enormous dynamical range will 

become available for study with cross-section sensitivity that is more than 

three orders of magnitude larger than our present knowledge. With the high 

du ty-factor and high quality beams from CEBAF, another level of spa tia1 

resolution and sensitivity will be reached that could dramatically alter our 

understanding of the hadronic degrees of freedom, and the hadronic structure 

essential to nuclear physics.
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e. ) Parity

The goal of this experiment is a test of the Standard Mode 1 resulting 
from measuring sln^(0y) to 1% accuracy at low . Combined with the 

anticipated high preciaion results at high q from SLC and LEPt this would 

constitute an important test of the Standard Model at the level of radiative 

corrections and thus possibly be sensitive to new physics (e.g. additions 1 

Zq'a). A complete set of measurements with H and D target® permit separa tion 

of the neutral current s true ture functions Fj» F^ a t low q . The PAC is

concerned both about the physics impact of the experiment given the 

possibility of other low-q^ measurements (e.g., the proposed LCD experiment) 

and about the enormous facility impact the experiment could have on the CEBAF 

program. Ve think St likely that this will not be a "first generation" CEBAF 

experiment; in any case, a commitment to this experiment can wait for 2-3 

years without substantla1ly delaying It. However, steps should be taken now 

in order to insure that the capability for making such measurements exists at 

CEBAF; Important areas Include accelerator and beamline diagnostic 

instrumentation and polarization monitoring to very high precision. Further, 

the possibilities for a polarized electron source with very high polarization 

should be explored; such a development would greatly reduce the facility 

Impact of this, and of many other experiments requiring polarized beams.

f, ) Nucleon Resonances and Meson Production

The PAC sees a strong potential at CEBAF for an important program of 

electroproduction from the nucleon that must form the basis of any 

underatanding of the behavior of resonances and mesons in the nucleus.
Interest in studying the q^ dependence of resonance multlpole amplitudes is 

driven by developments of quark model dynamics. These experiments appear well 

suited to CEBAF, given the development of polarized beams and polarized 

targets in addition to spectrometers similar to the ones discussed above. The 

PAC sees strong interest in a study of the higher resonance region, where 

CEBAF will provide a capability far more powerful than those previously 

available but a more quantita tive evalua tion of the precision achievable for 

the multlpole amplitudes should be developed. The LAS will play an important 
role in these studies. The elementary amplitudes for tf*,n,h* production can 

be measured well at CEBAF. The mechanism of strangeness production, including
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the role of the apln variables, la a problem of considerable interest, and 

electromagnetic hyperon production has been studied only very poorly.

g.) Deep-Inelas tic Sea ttering

The sea ling phenomena observed in high-energy Inelastic electron 

scattering have played a central role in revealing the parton structure of 

matter, in de termining modified quark dis tribu tions in nuclei, and more 

recently in providing a new approach to the nucleon momentum distribution in 

nuclei. The goal of coincidence studies in these same kinematic regimes is in 

understanding of how different hadronic channels conspire to produce the 

scaling phenomenon. The PAC feels that more theoretical work is needed in 

this area, and that the design of the experimental system will be able to 

accommodate the measurements that are presently foreseen.

4. OSERS

The active involvement of the experimental community in the planning and 

implementation of the CEBAF experimental system is essentia 1. It is entirely 

appropriate that this issue is treated very seriously even at this early stage 

in the facility's development. The PAC recommends that CEBAF should solicit 

help from users. CEBAF is a unique major facility for all of nuclear physics, 

and it is particularly Important that the active participation of strong 

experimental groups be sought, with special attention devoted to attracting 

those who have not previously concentrated on research at electron 

accelerators.

It appesrs tha t the designs for spectrome ters have evolved to the point 

where more manpower would be beneficia1. A reasonable course of action would 

be to actively solicit user collabors tors (and user co-spokespersons where 

practical) for various aspects of these projects in the near future. A 

possible mode 1 is the MEGA collaboration at LAMPF, a large collaboration which 

is managed from LAMPF by the spokesman, with assistance from the Director of 

LAMPF. Commitments and progress by all collabora tors are carefully monltored 

and frequent collaboration meetings are held. Within some similar scheme, 

appropriate spokespersons who were CEBAF physicists could be appointed and 

begin soliciting collaborators from the user community. Specific groups wlth 

appropria te skills could be approached not with generalities but with a well
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thought-out scheme of options whereby these groups could contribute their 

effort. While the need for this is urgent 1t is also important that the user 

groups feel that they have real tasks to do and not Just be participating in 

pro-forma symbolic actlvlties. If these collaborations could begin working 

soon, substantial progress could take place before further reviews come up.

It would be a good sign if such activities were well underway when the PAC 

meets again.
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Continuous Electron Beam Accelerator Facility
12070 Jefferson Avenue 
Newport News, Virginia 23606 
804-875-7883

Attachment 3

Prof. John Dirk Walecka 
Scientific Director

July 14, 1987

TO: Technical Advisory Panel

FROM: Dirk Walecka
Scientific Director 
CEBAF

SUBJECT: Technical Advisory Panel (TAP) for the Large Acceptance 
Spectrometer (LAS)

Dear Panel Member:

Thank you for agreeing to serve on CEBAF’s Technical Advisory Panel for the 
Large Acceptance Spectrometer. John Peoples (Fermilab) has agreed to chair 
the panel, and a list of the membership is attached. We feel this is a first- 
rate panel and we look forward to having you here at CEBAF and benefiting 
from your experience and advice.

Co-Program Managers have been named for the LAS. One is from CEBAF, 
the other from the CEBAF Users Community.

CEBAF Program Manager B. Mecking
USERS Program Manager R. McKeown (Cal Tech)

Dena Polyhronakis has administrative responsibility for the TAP at CEBAF, 
please feel free to contact her (804 875-8910 or bitnet address 
POLYHRONAKISOCEBAFVAX) regarding this panel.

I have prepared an outline of the proposed method of operation of the TAP as 
well as a list of the issues we would like the TAP to address:

MEETINGS

It is proposed that the TAP meet in (at least) two stages:

Stage I August, 1987
Stage II Summer, 1988
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CHARGE

To provide technical advice to the CEBAF directorate on the design, 
construction, cost, schedule, and implementation of the LAS.

GOAL OF STAGE I

First-stage approval of the conceptual design of the LAS by the second PAC 
meeting (PAC2) on October 8-10, 1987.

PROPOSED TAP ISSUES

STAGE ITEM

I 1) Critique Design

I 2) Technical Feasibility?

I 3) Has Anything Been Missed?
o Design 
o Instrumentation 
o Data Acquisition 
o High Energy Experience

I

I

I and H 

I and H 

I and H

4) Alternate Designs?

5) Maximum Luminosity?

6) Cost?

7) Schedule?

8) Manpower Requirements?
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USER PARTICIPATION

Some of the questions which must he answered regarding the user participation 
in the LAS are the following:

1) Design

o Are the users satisfied that the device will allow them to do 
the physics that they want to do?

o Review of design at Summer Workshop and by users’ 
collaboration

2) Technical, Hardware Aspects (Component Participation)

o Drift chambers
o Scintillation counters
o Shower counters
o Bremsstrahlung tagging
o Neutron counters
o Polarized targets

3) Software Aspects (Component Participation)

o Data acquisition system (both software and hardware) 
o Track reconstruction
o Acceptance determination
o Efficiency determination

4) Practical Aspects of User’s Collaboration

o Rules of the Game?
o User input in fabrication?
o Experimental use of LAS?

o Preferred treatment? 
o Commissioning phase? 
o Demonstration of technical competence? 

o Funding?
o Charter?
o Principle: Collaboration recommends to CEBAF management
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CHARTER

In order to write a charge for the collaboration, and to establish clear lines of 
responsibility, we are using as a model the Cover Agreement for the Collider 
Detector (CDO) at Fermilab. This was provided to us by Phil McGee, who 
helped write it. Although our collaboration will be on a smaller scale, the 
problems will be quite similar.

Again, let me thank you for your willingness to serve on this Panel. A packet 
of briefing material will be sent to you during the next week to give you some 
background information. I look forward to seeing you August 10-11, 1987.

Best regards,

J. Dirk Walecka

cc: H. Grunder
R. McKeown (Cal Tech)
B. Mecking
D. Polyhronakis
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Coincidence Measurements from Nuclei

William Bertozzi and Robert W. Lourie
Department of Physics and Laboratory for Nuclear Science 

Massachusetts Institute of Technology 
Cambridge, MA 021S9 USA

and

John M. Finn 
Department of Physics 

The College of William and Mary 
Williamsburg, VA 2S185 USA

I. Introduction

Our motivation for pursuing inclusive electron scattering and coincidence mea­
surements with electrons has several origins. One goal is to elaborate on our 
accepted view of the nucleus as a mean field system of neutrons and protons and 
to explore more complex details about standard nuclear structure. Another goal 
is to learn more about degrees of freedom that we cannot include via the nucle­
onic coordinates of the mean field. Finally, part of our motivation is provided 
by anomalies in experimental data not explained by our mean field picture and 
we shall review some of these as part of this discussion.

The electromagnetic interaction is our premier probe of nuclear currents and 
thus nuclear structure. This follows because it is relatively weak and can be 
treated in first order perturbation theory. These characteristics have enabled 
(e,e/) and (e,e'p) reactions to make very valuable contributions to our knowledge 
about nuclei and it is worthwhile to review some of these.

1) Ground state charge and magnetization densities have been determined for 
many nuclei. These densities are very precise and provide unique bench 
marks for fundamental theories of the few-body systems and more complex 
nuclei.
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2) In nuclei with N=Z and for AT=0 transitions, the transition charge densi- • 
ties from (e^) axe also interpretable as neutron densities since the nuclear 
force is charge symmetric and charge independent.

3) Quasielastic (e,e') provides our best and most accurate information that 
nuclei are mostly composed of neutrons and protons. It also provides us 
with some of our most interesting puzzles.

4) Nonnucleonic currents have been definitely observed in the threshold elec­
trodisintegration of the deuteron W and in elastic magnetic scattering from 
3He l2l and 3H. ^ We understand much of this phenomenology in terms of 
meson exchange currents.

5) The (e,e'p) coincidence reaction has established the basic validity of th,e 
shell-model or mean field view of the nucleus. This follows from observa­
tion of explicit single particle orbits even those that are deeply bound — 
such as the s-shell protons in 16 O. M This is in striking contrast to the re­
sults from stripping, pick-up and other hadronically induced reactions where 
only the surface character of the nucleus is studied and only the valence nu­
cleon orbitals are accessible. The (eje'p) reaction has a hadron in the final 
state. Our interpretations are based primarily on the physical premise that 
the reaction is representable to a good approximation by expressions of the 
form o'(e,e,p)= KaepS(pi,£m)f where K is a, kinematic factor, aep is the 
elementaxy or free electron-proton cross section and S(pi, em), the spectral 
function, gives the distribution of the struck proton in terms of its ini­
tial momentum and energy respectively. For the independent particle shell 
model we have :

S(pi, Cm) = l$«(Pi)|2<5(cm - c«) ,
0£

where $a(pt) is the momentum space wavefunction and the sum is over all 
occupied orbitals whose quantum numbers are denoted by a = ...)

From these contributions as well as other reactions, we have come to see that our 
central view of the nucleus as a shell model or mean field problem has served 
us well but is roughly only one-half of the story. Our main evidence comes 
from rather universal observations of quenched single-particle occupation and 
transition strengths.
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1) From the ground state charge distribution of 208Pb we have known for
some time that only 60% of the Zsi/2 orbit appeared to be occupied. Re­
cent detailed studies show that the difference of the ground state charge 
densities in 206Pb and 205Th exhibits the shape but with only 60%
occupation.

2) Stretched MA transitions are universally at the 50% level. An example of 
these transitions is given by the excitation of the 4“ states in 16O ^ formed 
by coupling a d5/2 particle and a p3/2 hole. The high angular momentum 
of these states is otherwise difficult to form except by excitations at con­
siderably higher energy so they are considered to be good single particle 
excitations. Such transitions indicate that only 50% of the ground state is 
represented by our fully occupied (lSi/2)4(lPs/2)8(lPi/2)4 mean field con­
figuration.

3) From other reactions such as /9-decay and mainly (p,n) charge exchange we 
also learn that 65% of the Gamow-Teller sum is observed. ^ This could also 
be a problem of ground state occupations although interesting conjectures 
about A-hole configurations have been invoked. ^

We generally accept that the solution to our occupation problem lies in the need 
for more complex configurations. That is, our nuclei are not only Hartree-Fock 
or shell model ground states, but they also include a large contribution from 
multiparticle-multihole configurations. This, of course, ties us to the old term 
two-body correlations and also to the old concepts of multiparticle clustering etc. 
The important thing to recognize is that about one-half of the nuclear ground 
state involves these configurations in addition to those of the zero-temperature 
independent particle shell model. Important concepts include surface excita­
tions, pairing, tensor force correlations and others. In addition to these structure 
problems associated with our zeroth order view of the nucleus we have encoun­
tered problems with the (e,e') reaction mechanism and with effective hadronic 
interactions. We have encountered them in (e,e'p) studies, in studies of the 
quasifree reaction regions in (e,e') and in our synthesis of (p,?7) and (e,ef) re­
actions. For now we simply list some of these situations and return to them in 
more detail in our later discussions.
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1) Anomalous behavior of the transverse/longitudinal ratio of the response 
functions from quasielastic (e,e').

2) Anomalies in quasifree A excitation.

3) Excess yield in the dip rigion between the quasielastic peak and the quasifree 
A excitation.

4) The local-density-approximation (LDA) representation of nucleon-nucleus 
interactions versus the Dirac phenomenology.

Finally, before turning to our discussion of recent coincidence experiments, let 
us review the generic figure (fig. 1) we all use to describe the (e,e') process. We 
see the peaks referred to above describing the quasielastic (e,N) scattering and 
the quasifree A excitation, the dip region and scattering to discrete states of the 
nucleus. Along the vertical solid line we show the momentum transfers of most 
of the experiments we discuss. These vertical lines establish the kinematics of 
the (cje') process associated with any (e,e'p) study.

Specifically, we write for the energy transfer, w, at the quasielastic peak:

g2

where g2 is the square of the momentum transfer and non-relativistically e is an 
energy derived from the momentum dependence of the effective nucleon-nucleus 
interaction while relativistically it is related to the nucleon effective mass m*. 
For A excitation, e includes the excitation energy of the nucleon ~ 340 MeV. In 
the case of the (eje'p) reaction, the kinematics of the problem are established in 
a similar manner but include the quantities pi and em, which are respectively 
the initial momentum of the struck proton and the eigenenergy of the proton 
referred to zero at large separation distance:

w = M±il! + Pi + c2m ’ 2Ma-i

We have used the non-relativistic expression for kinetic energy but the qeneral- 
ization to the relativistic expression is straightforward. In this quasifree model, 
the final proton momentum p) = Pi + q and, along with q, determines the initial 
momentum. The eigenenergy of the proton, em, is then determined by w. We
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Figure 1. Generic (e^7) cross section illustrating the relevant kinematic regions. The 
solid lines indicate the momentum transfers of specific experiments to be discussed.

also speak of em as the missing energy since it is given by (neglecting the small 
recoil term):

{fi + q)2
£m = OJ - Tp = bj - 2m

Notice also that in this simple model the quasielastic peak appears at pi = 0, 
and, although a relation between e from (e,e') and the various em from (e,e'p) 
can be established empirically within any set of assumptions, the connection 
between these parameters is rather vague. A more detailed model is required to 
interpret (eje'p) data than is required to interpret (e,®*) data, and this feature 
shows up right at the start when we introduce the kinematic definitions for 
the reactions. This is only natural since we are not integrating over kinematic 
quantities in (e,e'p), rather, they axe explicitly part of our measurements.
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II. High Resolution (e,e'p) Results

The work at NIKHEF has the highest resolution and is illustrative of the con­
cepts developed by the pioneering work of Jacob and Maris ^ and by the ex­
perimentalists at Frascati f10! and at SaclayJ11^ In Figures 2 and 3 we show 
missing energy spectra and momentum distributions respectively, measured at 
NIKHEF in the 12C(e,e/p)11B reaction. In these figures, pm is the same as our 
Pi and Es is the excitation energy of 11B and is related to em by adding the 
separation energy of a proton. The first feature of note is the resolution. At this 
laboratory they routinely achieve resolutions of 100 KeV in E* and this allows 
them to isolate states at high excitation energies such as the |+ state at 9.87 
MeV. t12l Before this work, resolutions were about 1 MeV. The distributions of 
intensity versus \pm j for the states of E^ = 0, 2.12 and 5.02 MeV all have an 
& = 1 parentage with almost identical distributions up to \pm | > 200 MeV/c. 
Therefore, they share a common £ = 1 orbital, the Ip-hole state, and we see 
its distribution in Ex. This nucleus is a classic case for intermediate coupling 
and in the impulse approximation we are learning about the lp3/2 and lpi/2 
parentage of the ground state of 12 C and we are learning about this parentage 
at distances less than 1 fm.

The positive parity states at 6.79, 7.29, 7.98 and 9.87 MeV (J* = |+, |+, |+ 
and respectively) have a special significance as they require the existence 
of configurations of positive parity in the ground state. The (2s)2 and (Id)2 
terms are obvious contributors. The distributions of intensity for the states 
with respect to pm are maximal at \pm | = 0 indicating £ = 0 but the absence 
of a minimum means that the Is must also be important. The momentum 
distributions of the | and | states exhibit a minimum, indicating the presence 
of Id components. In the impulse approximation, these excitations lead us to the 
two-particle-two-hole parentage in the 12C ground state. These configurations 
arise from the longer range part of two-body correlations and perhaps more 
complex correlations as well.

One may argue that short range correlations, because of the curvature of the 
wavefunction, will result in, for the most part, continuum excitations of 11B and 
thus two nucleon (or more) emission. Nevertheless, low-lying 2p-2h states must 
be part of the story and indeed are an important part.
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Figure 2. High resolution 12C(e,e,p) missing energy spectra measured at NIKHEF 
for high (top) and low (bottom) initial momenta.
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Figure 3. Momentum distribution for the negative parity p-shell states (left) and 
the positive parity states (right) at 6.79 MeV (|+) and 7.29 MeV (f+) in 11B.

An important aspect of these discussions of (e,e'p) reactions is the accuracy of 
our treatment of the strongly interacting hadron in the final state. Is the impul­
sive idea that is central to first order thinking largely correct with manageable 
corrections? There is a growing body of evidence from (p,p') that hadronic 
probing of nuclei can be quantitative. There is also evidence that (e,e'p) re­
actions can be treated quantitatively. However, many quantitative questions, 
e.q. coupled channel effects, charge exchange etc., are just beginning to be dealt 
with and this is an open theoretical field. There is, however, a tantalizing bit of 
evidence in the data from NIKHEF that we bring to your attention, the f state 
at 4.45 MeV in 11B. It is not excited in the (e,e'p) process. E13l This tells us two 
things — it does not have a parent configuration in the 12C ground state, which
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is not unreasonable, and secondly, it is not excited by a two-step process by final 
state interactions of the outgoing proton. Just this bit of experimental evidence 
gives us hope that the (e,e'p) probe can evolve into a much better understood 
probe of multiparticle configurations.

These issues will not be settled by computation alone. As experimentalists we 
must have the fortitude to search for a large body of systematic data that demon­
strates the independence of interpretation to final state energies, momentum 
transfer, etc. These data will provide the hints to guide theorists to formulate 
useful concepts to interpret our data with a sophistication beyond our simplest 
ideas and to formulate theories that yield well-defined experimental questions. 
Breaking this barrier will allow us to enter a realm of understanding in many 
areas of strong interaction physics. We believe this to be one of the most impor­
tant challenges to those of us studying electromagnetically induced reactions, in 
particular high resolution (e,e'p).

Let us turn to some high resolution results from (e,e'p) studies on 90ZtA14^ 
These workers use two different final proton energies (70 MeV, 100 MeV) to 
probe different regions of \pm |. Notice, in Figure 4, their mapping of the If-hole 
strength up to 20 MeV of excitation in 89Y. Our standard nuclear physics with 
pick-up and stripping can only supply us with such data for the first few MeV 
of excitation. The unique spectroscopic contributions possible from (e,e'p) are 
very clear from this example and should form an important part of new and 
more comprehensive understandings of nuclear excitations.

Another interesting result from the 90Zr(e,e,p)89Y study is exhibited in 
Figure 5. Here, a DWIA calculation is used to fit the momentum distribu­
tion data for the 2p3/2 and 2ply/2 hole states in 89Y. A poor fit is provided 
by potentials that come from (pj/) studies, it is possible to find an energy- 
dependent potential can fit both the (p,p') and the (e,e'p) data though it has 
significantly different parameters, in particular a stronger imaginary part in the 
interior where the (p,?*) probe is a more ambiguous source of information.

The (e,e'p) reaction will be a clear contributor to detailed knowledge of effective 
proton-nucleus interactions and we have much to understand in this area. We 
remind you that we have two distinct treatments of these interactions. One, 
successfully attempted up to about 200 MeV, uses a medium corrected effec­
tive two-body interaction and typical versions are from Brieva, Rook and von
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Figure 4. Fragmentation of If hole strength in the 90Zr(e,e'p)89Y reaction studied 
at NIKHEF.

• 70MeV 
o 100MeV

150
pm[MeV/cl

-•70MeV 
-o lOOMeV

pm[MeV/cl

Figure 5. Fits to the 2p$y3 and 2pi/2 momentum distributions in 90Zr with a) 
standard and b) modified proton optical potentials.

Geramb. t16! In Figure 6 we show the density dependence (via the Fermi momen­
tum) for such an interaction compared to the free nucleon-nucleon interaction of 
Love, t17] Much of the quality of this approach involves the synthesis with (e,e')

70



Modulus of
40 MeV Central Isoscalar t-matrix

Love

q ! frn

Figure 6. Density dependence of the central isoscalar effective interaction.

studies to specify the neutron and proton densities of isoscalar transitions, t18^

The second approach to nucleon-nucleus interactions uses the Dirac phenomenol- __ •-+ —^
ogy. The spin-orbit (L • S) interaction has a classic origin and the ability to 
describe data is greatly improved. This is exhibited in Figure 7 dealing with 
the elastic scattering of 497 MeV protons from 40Ca. I19i Notice the consider­
ably improved fits to the cross section and polarization data by the Dirac phe­
nomenology compared to the nonrelativistic optical models. Clearly the small 
components of the spinor are important. However, where are the effects of the 
nuclear medium observed earlier? These media effects are clearly important in 
Hartree-Fock representations of nuclear ground states as are relativistic effects. 
How do we bring these ideas together?

To conclude this part on high resolution, we list a few thoughts about high 
resolution (e^'p) reactions:

a) Our resolution goal should at least approach 100 keV.
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497' MeV

Figure 7. Relativistic (solid) and non-relativistic (dashed) calculations of a) cross 
section (mb/sr), b) polarization P and c) spin rotation parameter Q for 40Ca(p,p') at 
497 MeV.

b) With the duty ratio and intensity available at CEBAF we expect more 
that a 103 improvement in cross section sensitivity. In terms of physical 
amplitudes we will be more than thirty times more sensitive than present 
work. This challenges our ability to extend our present knowledge in order 
to conceive of exactly what we will see. Most of our present knowledge 
is represented by the mean field ideas and we should be very careful not 
to limit our experimental capabilities by these ideas — in particular our 
ability to do (e,e'p) at the highest energies and out-of-plane to secure all of 
the invariant amplitudes (more on this later). Remember that CEBAF will 
be unique in the World!

c) We will map intensities in momentum space to values of |pm | > 600 MeV/c. 
We will observe these distributions to excitations of more that 20 MeV. 
(In fact, we have no idea whether structures will not exist at considerably 
higher excitations energies in this new regime of pm.) We will map out the 
intensity in momentum space for natural parity (hole) and unnatural parity 
(multiparticle-multihole) states of many differing spins and isospins. This 
will help provide us with a more complete specification of the ground state 
configurations of nuclei — knowledge that is presently limited to that 50% 
which is well-represented by the shell-model mean field.
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d) For many of the states observable, the separation of transverse, longitudinal 
and interference structure functions will provide unique information about 
effective two-nucleon interactions in the nuclear medium. For example, the 
P1/2 and p3/2 hole states differ in energy because of the difference in the 
L • S interaction. In terms of the two-nucleon interaction, this is of very 
short range (exchanged mass ~ 1 GeV). We may well acquire important 
knowledge about the origin of the spin-orbit force by examining the long­
itudinal and transverse contributions to (e,e'p) at low and high values of 
pm. The same comments are true about the importance of tensor force 
correlations and also those states resulting from 2p-2h configurations in the 
ground state.

High resolution (e,e?p) studies at CEBAF have the potential for novel informa­
tion which is enormous compared to our present knowledge.

III. The (cje') and (eje'p) Reaction Processes

Contrary to our one-body predjudices formed by the existence of well-defined 
(e,e') peaks that correspond quasielastic scattering and quasifree A-production, 
there are some severe problems with our understanding of the (e,e') reaction pro­
cess. These problems provide part of the motivation for a series of explorations 
at MIT-Bates, NIKHEF and Saclay with the (e,e'p) reaction. The following is a 
brief review of these topics and a summary of some of the experimental results.

The (e,e') process, in Born approximation, can be written as a composite of two 
response functions which are separable experimentally:

where vl = (q^/g)4 and vt = ^{q^/q)2 + tan2 6/2. If we also make the as­
sumption that the (e,e') process involves interactions with quasifree nucleons 
with appropriate off-shell cross sections, then the longitudinal and transverse 
responses (Rl,Rt) can be reduced to longitudinal and transverse scaling func­
tions, /t(y) and /r(y) respectively, where the free nucleon longitudinal and 
transverse form factors have been removed. In Figure 8 these reduced response 
functions for 12C(e,e#) are plotted as a function of the scaling variable y
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Figure 8. Reduced structure functions for ^Cfoe') at quasielastic kinematics.

which is effectively the component of initial momentum along g in units of m, 
the nucleon mass:

V =

Several things are important to notice in this figure. First, over the quasielastic 
peak and up to y = 0.2, both the transverse and longitudinal responses scale 
independently of jg | for the range of jg | indicated. This lends validity to the 
idea that the quasielastic process is dominant. The longitudinal /(y) scales to 
even higher values of y. For y > 0.3, the transverse f(y) no longer scales as 
the quasielastic assumption requires and we expect this deviation since the A 
resonance is now important.

The real problem is that the quasielastic assumption requires that /x, = fa over 
the quasielastic peak while experiment yields fa « 1.7fh- There are discussions 
which try to relate this result to /l being too small with a resulting lack of
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strength in the longitudinal sum rule. J21l Some discussions argue that fo is 
larger than expected on the basis of a nuclear shell model. Others try to 
use the result to argue for an effect that is equivalent to a swollen nucleon.
I24) We remark only that the result is contrary to the elementary expection 
that fz = /y and that there is an alteration of the (e,e') reaction mechanism in 
the quasielastic regime. The result cannot be explained by final state hadronic 
interactions and a new current or modification of nucleonic structure is required.

In Figure 9 we show the results of O’Connell et al. for (e^') from several light 
nuclei. Notice the standard phenomenology with increasing w — quasielastic 
peak, dip region and quasifree A production peak. The experimental cross 
section is divided by A, the number of nucleons. In the dip region we see the yield 
basically saturate for A > 9. If 3He were included in the data set it would be only 
65% of 4He in the dip region. We are unable to explain the experimental yield 
in the dip region of nuclei with A > 4 with reasonable models for quasielastic 
scattering, quasifree delta production and meson exchange currents. The theory 
is always about one-half of the experimental yield unless one invokes specialized 
phenomenologies like the quasideuteron model to enhance and localize in u> the 
effects of meson currents.

Figure 9. Inclusive quasielastic electron scattering from light nuclei.

Finally, we note that in these data the A production peak in complex nuclei is 
wider than one would expect from nucleon momentum distributions and that the
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integrated yield is about 30% larger than expected from a quasifree production 
model.

Clearly the (e^) reaction mechanism is more complex than one would glean from 
the simple observation of kinematic peaks corresponding to quasifree processes 
smeared by nucleon motion. In fact, much earlier (e,e') quasielastic work l26l 
done at about 60° and with |g | ~ 400 MeV/c was very coincidentally the ap­
propriate combination of transverse and longitudinal to demonstrate excellent 
fits by a Fermi Gas model or a shell model with accurate demonstrations that 
a = Zop-V Ncrn. This happenstance contributed much to our early predjudice of 
simplicity and is an excellent example for the need for complete experimentation 
in experimental physics.

The abovementioned problems have led us to the program we describe here in 
studying the 12C(e,e/p) reaction at the MIT-Bates Laboratory.

1) The reaction has been studied with w at the quasielastic peak for |g j = 400 
MeV/c to derive the transverse and longitudinal spectral functions. The 
data integrate one a wide range of pi and focus on the the missing energy 
dependence.

2) The 120(6,6^) reaction was studied with u at the quasielastic peak for |<f| 
= 400, 600, 800 and 1000 MeV/c always integrating over the same range of 
Pi. The question to be addressed is the dependence on the momentum 
transfer. Is it different from that of the free nucleon?

3) For jg | = 1000 MeV/c, the u>-dependence is also under study through the 
quasielastic peak.

4) The 12 0(6,6^) reaction was studied in the dip region to examine the missing 
energy spectra for indications of new processes.

5) The 12C(e,e/p) reaction was studied in the region of the A resonance. The 
missing energy spectra clearly exhibit separate reactions: those with pions 
in the final state and those that have only nucleons in the final state.

This program is diagrammed in Figure 1 by the vertical lines. Where available, 
we will include results from NIKHEF and Saclay.
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Ill A. Rl/Rt Separations and |g (-dependence in (e,e'p)

We discuss first the results of Ulmer et al. t27l with jg | = 400 MeV/c and u> = 200 
MeV.This is about 30 MeV above the quasielastic peak so that pi > 0 for the p- 
shell in 12 C. In fact, the results integrate the p-shell momentum distribution from 
30 < \pi | < 110 MeV/c. These results were obtained at electron scattering an­
gles of 60° and 120° to allow a longitudinal/transverse separation. The longitud­
inal and transverse response function Rl and Rt are shown in Figure 10. Also 
shown is the difference between the transverse and longitudinal spectral function 
Sd(pi,pf, €m) derived from the assumption that o(e,e'p)= KoepSd(pi,pf, em), 
where the superscript d denotes distortion corrections for final state absorbtion 
and Pf is the final state proton momentum. The results are integrated by the ex­
periment over the same range of iniitial momenta for the forward and backward 
angles. In the nonrelativistic quasielastic impulse approximation <Sx = St-

For the p-shell, the 11B ground state is the strongest contributor by far and the 
results are integrated over a bin in cm that includes the first excited state of 
11B. For plotting purposes the p-shell data have been reduced by 1/3. For the 
p-shell, there is no difference between the transverse and longitudinal spectral 
functions. Table 1 gives the integration region in £m and corresponding L/T 
ratio. The p-shell shows no effect within the errors, statistical and systematic 
respectively.

In the case of the s-sheil, the result is different. Rl is localized in em with 
essentially zero strength above 48 MeV. Rt has a bump localized somewhat like 
Rl, but it has an additional flat contribution that is appreciable and extends 
up to 64 MeV where the data end. In the graph of St — Sl, this shows up as a 
distribution starting at about em « 28 MeV, approximately the threshold for two 
nucleon emission. In Table 1 the results are shown compared to the expectation 
of a DWIA calculation for different regions of integration for the s-shell. The 
s-shell is appreciably more transverse than longitudinal, and the degree of this 
increased transversality depends on the upper limit of the variable em.

These results are not like the simple expectations of a one-body model wherein 
the properties of the nucleon, i.e. its magnetic and coulombic form factors, 
might be altered, but the spectral distributions remain the same. Perhaps the 
energy dependence of the transverse process can be included in such a view.

77



1.00

a 0.75

& 0.25

10 20 30 40 50 60

Missing Energy (MeV)

Figure 10. Separated 12C(e,e'p) response functions and their difference. Transverse 
(4a) and longitudinal (4b) response functions and the difference in the spectral func­
tions (4c) vs. missing energy.

On the other hand, it may be more appropriate to describe the large additional 
transverse contribution as due to a new current, perhaps a two-body current. 
This seems to be a common thread through much of our data although in this 
experiment the association with the two-nucleon threshold may be largely cir­
cumstantial.

It should be noted that the ratio of transverse to longitudinal inclusive scaling 
functions, /r(y)//i,(y), can be made consistent with our data by simply ex-
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Integration Region (Sl/St)exp/(Sl/St)dwia

p-shell (13 < em < 26 MeV) 0.89±0.09±0.12
s-shell (27 < em < 50 MeV) 0.69±0.09±0.08
s-shell (27 < em < 60 MeV) 0.61±0.09±0.07

Table 1. Ratio of longitudinal to transverse spectral functions compared to DWIA 
predictions at |g|=400 MeV/c.

tending the flat transverse yield to about 80 MeV in em, about 15 MeV beyond 
our measurements, but allowed by our kinematics with u> = 120 MeV. If the 
angular distribution (relative to q) of the supposed two-body transverse piece 
is broader than the one-body (e^p) distribution, then a lesser extension of the 
data in em is required. At any rate, it appears that this new component in 
the transverse response is the culprit behind the large transverse/longitudinal 
anomaly in (e,e').

Our next set of experiments focussed on the ^-dependence of the (e,e'p) reac­
tion. This work tests the quasifree assumption that the momentum transfer 
dependence of the (e^'p) cross section is determined by that of the (e,p) cross 
section when u ~ q^/2m, that is, when we select kinematics in the quasielastic 
region. The MIT experiments, as well as the others we report on, are in parallel 
kinematics i.e the proton final momentum is along the direction of q. In these 
experiments the terms parallel or antiparallel are sometimes used to denote that 
the initial momentum is opposite to, or along, q.

Let us first show the results from NIKHEF t28l where longitudinal/transverse 
separations were made for various values of g2 in the 1 p-shell of 12 C and in the 
Is and Ip-shells of 6Li. The results in Figure 11 axe exhibited in terms of the 
ratio _________

 / 2m2 q 2 Rt

G ~ V it Kl

which is equal to Gm/Ge for a free proton [Gm and Ge are respectively the 
magnetic and electric form factors of the proton). They interpret Rq as repre­
senting this same quantity for the bound proton though off-shell effects (small in 
quasielastic kinematics) can also modify the ratio. Proton distortion corrections
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and radiative corrections have been applied which are small in such ratio results. 
The solid horizontal line is the ratio of Gm/Ge for the free proton. The error 
bars on the NIKHEF data are purely statistical. The data from MIT-Bates for 
12C at \q \ = 400 MeV/c are also shown on Figure 11 as the large rectangular 
points. From Figure 11 we can conclude that the quasifree knockout picture 
does not require a strong momentum dependence of Gm/Ge for the p-shell in 
12C and 6Li and the s-shell in 6Li.
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Figure 11. The ratio Rq of the magnetic to electric form factor for a bound proton.

Unpublished results by Cohen et al. t29l using a relativistic formalism show that 
the small deviations from the free proton values of the type shown in Figure 
11 for the p-shell in 12 C and 6 Li can be a natural result of including the small 
components of the Dirac wavefunctions. Their results also fall below the free 
proton value in the region 0.10 < g2 < 0.14 GeV/c. However, we need a 
considerable improvement in experimental precision to play this game seriously 
as well as a large range of kinematic variation to demonstrate a systematic 
effect related to dynamical properties of the nucleon in the nuclear medium.

1 p knockout 

Is knockout 
1 p knockout 

free GM/GE ratio
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As we mentioned earlier, we need these more complete sets of data to guide our 
theoretical colleagues in their efforts to construct a more accurate representation 
of the (e,e'p) reaction process. For example, corrections due to electron-neutron 
scattering with charge exchange present us with a non-negeligible transverse 
amplitude leading to proton emission. Similarly, the importance of electron- 
neutron interactions with (np) pairs leading to the final states we investigate 
should be calculated. We have a long way to go beyond final state optical 
potentials before we can interpret modest deviations from our quasifree picture 
as modifications of nucleon electromagnetic structure.

Returning to the experiments, we show in Figure 12 some results from Saclay 
t30l for the (e,e'p) reaction in 40Ca ranging from just below 400 MeV/c to 
just above 800 MeV/c in three-momentum transfer. The final proton momen­
tum is in the direction of q and parallel and antiparallel mean that the initial 
momentum is antiparallel or parallel to q respectively. In these experiments the 
magnitude of the initial momentum was centered at 115 MeV/c for each point. 
The momentum transfer was varied causing the final momentum to vary. The 
results integrate over missing energy with em < 60 MeV. Radiative corrections 
and corrections for final state proton distortions were applied. The data are 
presented as a double ratio after a longitudinal/transverse separation is made. 
The point at the highest momentum transfer has no forward angle partner for 
a separation and is assumed to be mostly transverse. The quantity 0% (?) is the 
proton’s apparent transverse cross section required to yield the experimental 
result based on a quasifree knockout model. The data are normalized to the 
point at \q \ = 560 MeV/c and compared to the same ratio for various models 
for the ^-dependence of the transverse cross section of the proton.

Except for the antiparallel situation, there does not appear to be a ^-dependence 
of significance. Certainly the specific version of the soliton model of Celenza et 
alJ24lshown on the figure is ruled out. The antiparallel results are contrary to 
intuition since they correspond to an energy transfer in (e,e/) that is larger than 
that of the quasielastic maximum, where an increased relative transversality 
in the inclusive cross section is usually exhibited in the data, as we showed in 
Figure 8. Nevertheless, these results are preliminary and we await final results 
from these researchers. The Saclay results also show no ^-dependence in the 
longitudinal cross sections where the data extends up to \q\ « 670 MeV/c.
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Figure 12. Momentum transfer dependence of the transverse 40Ca(e,e'p) cross sec­
tion (relative to the DeForest “CC1” (e,p) cross section) measured at Saclay.

In Figure 13 we present preliminary results from an MIT-Bates study of the 
|g |-dependence of the (e^'p) reaction in 12C. These data are mostly transverse 
since backward angles are involved (except for one of the 400 MeV/c points 
taken at an (e,e') angle of 60°). The data involve the same range of the initial 
momentum we reported at |g | = 400 MeV/c, 30 < \pi J < 110 MeV/c.

The p-shell and s-shell regions are defined by the same regions of missing energy 
given in Table 1. The data are radiatively corrected and corrected for final 
state absorption. It should be noted that the final proton energy increases with 
increasing \q\ and this feature is accounted for in optical model parameters. t31l 
Using the off-shell proton cross section of DeForest, ^321 the data are represented 
by an occupation number. For the p-shell this number is about 4. Earlier results 
of Mougey et al}11} obtained a number of 2.6 but no errors are given. At this 
preliminary stage of analysis this is not a serious problem. The integration over 
missing energy for the p-shell includes some positive parity states because of 
experimental resolution and should be reduced by 10-15%. The error bars have 
a large contribution due to theoretical uncertainty in applying final state optical 
model corrections. For the s-shell the data are the same as earlier results of 
Mougey et al}11}

The important feature of these preliminary results is the lack of a momentum 
transfer dependence of the occupation numbers. Over the range of |?|, 400

82



o<
“©
©

M

p-shell

s—shell

1000
Momentum Transfer (MeV/c)

Figure IS. Ratio of the measured p- and s-shell cross sections to DWIA predictions 
expressed as occupation numbers.

MeV/c to 1000 MeV/c, G2E of the proton varies from 0.42 to 0.04. This change 
of an order of magnitude is all that is required to explain the data. No additional 
alteration of the total proton form factor as a function of momentum transfer is 
allowed by these data above the 10-20% level.

As the momentum transfer increases beyond 400 MeV/c, the identification of 
the quasielastic peak in (e^) becomes increasingly more difficult. The so-called 
“dip region” between the quasielastic peak and quasifree A production peak is 
filled in so that these distinct nucleon peaks are obscured. This result is demon­
strated by the data in Figure 14 from 12C(e,e') at CEA. t33l As | increases, the 
widths of the quasifree peaks increase in proportion to \q\ \kf | where \kf \ is the 
Fermi momentum. The filling in of the dip region requires more than just this 
kinematic broadening, as we pointed out earlier when |g*j=400 MeV/c. Natural 
questions that arise at higher momentum transfers in quasielastic kinematics 
axe:
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Figure 14. High energy quasielastic 12C(e,e') from CEA.

a) Is there a contribution from the low-energy-loss tail of the A?

b) Is there still a distinct quasielastic signature in the missing energy spec­
trum?

c) Does the missing energy spectrum exhibit any other reaction component, 
for example, the additional one demonstrated in the transverse response 
function at |g |=400 MeV/c?

Towards these ends, we have examined the missing energy spectra at |g | = 600 
MeV/c, 800 MeV/c and 1000 MeV/c in predominantly transverse kinematics. 
At the highest momentum transfer two values of w were used: u = g^/2m + 35 
MeV = 470 MeV; and cu = 330MeV, about halfway down the low-u; side of 
quasielastic peak. The preliminary results are shown in Figures 15 and 16.

The first conclusion is that no pion production of consequence is observed since 
no increase in yield is observed for em > 160 MeV, the pion production threshold. 
Even when uj = 470 MeV, pion production is not an important process when the
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Figure 15. Missing energy spectra from 12C(e,e/p) at |g| =600 MeV/c (left) and 
800 MeV/c (right).

kinematics selects the quasielastic process. The p-shell and the s-shell strengths 
are clearly observed and were used to derive the occupation numbers in Fig. 13.

The continuum strength above the s-shell is significant. Perhaps this continuum 
strength is due to the same process observed in the transverse response at |g*| = 
400 MeV/c. Two-nucleon and multinucleon reaction processes fill the dip region 
and they seem to increase in importance as either |g | or u increases.

IIIB. The (e,e'p) Reaction in the Dip and A-Resonance Regions

In Figure 17, we show the missing energy spectrum for 12C(e,e,p) in parallel 
kinematics when we probe the dip region using the condition \q\ = 400 MeV/c 
and uj = 200 MeV. l34l The electron scattering angle was 60° and q was pointing 
at —34.3° with respect to the incident electron beam. The p-shell (11B ground 
state) is very clear and the cross section is in agreement with that expected on

85



q=1000 MeV/c, Positive y q=1000 MeV/c, Negative y

Prelim., May 1907 
u - 470 MeV

Missing Energy (MeV)

Figure 16. Missing energy spectra from 12C(e,e,p) at |g j =1000 MeV/c. The spec­
trum on the left was obtained on the high-w side of the quasielastic peak (positive y) 
while the one on the right is on the low-w (negative y) side.

the basis of momentum distributions measured in perpendicular kinematics by 
Mougeyet olJ11! On the basis of the same measurements, the area above the 
dashed line represents the s-shell. The rest of the yield, which is flat out to 
em ~ 155 MeV, is in excess over our simple idea of quasifree proton knockout. 
This excess yield is much more than one can produce by radiative processes or 
by final state interactions scattering protons into our kinematics from protons 
and neutrons originating from (cjc') but headed in other directions. Indeed, 
only about 15% of the strength above 80 MeV can be accounted for by these 
processes. Laget^is able to account for the excess yield in the region of the s- 
shell by a quasideuteron model but this model does not provide strength above 
75 MeV. We have not performed a longitudinal/transverse separation in this 
region. However, since the (e^') process is predominantly transverse, it is rea­
sonable to assume that this (e,e'p) yield is also predominantly transverse. With
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a reasonable assumption about the angular distribution of the excess yield rel­
ative to q, over half of the (e^') process is associated with this yield. Clearly, 
a new transverse current over and above quasifree nucleon knockout is required 
leading to large missing energies and multinucleon knockout.

Missing Energy (MeV)
Figure 17. Missing energy spectrum from 12C(e,e/p) in the dip region. The area 
above the dotted line is attributed to Is proton knockout.

In Figure 18, results on 3He(e,e,p) from Saclay f35l are shown. The values of |g | 
and w place the experiment in the dip region and two different initial (= —recoil) 
momenta were probed. The figure caption is almost self explanitory. The narrow 
peak corresponds to Is-shell knockout. The broad continuum peak is associated 
with the electromagnetic interaction with a correlated np pair. The kinematic 
shift with initial momentum seems to follow this model. The results also show 
the importance of meson exchange currents. Specific diagrams contributing to 
direct two-nucleon emission are also shown in the figure.

We have also examined 12C(e,e'p) in the region of A kinematics. I30] Two kine­
matic situations are involved: with kinematics I, |g | = 400 MeV/c and w = 275
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Figure 18. Missing energy spectra from sHe(e,e'p) in the dip region measured at 
Saclay. The arrow indicated the expected position from the D(e,e'p) reaction. The 
dashed (solid) curve is with (without) meson exchange currents. In a) the recoil mom­
entum is 310 MeV/c and 403 MeV/c in b).

MeV; with kinematics II, |g | = 473 MeV/c and w = 382 MeV. Kinematics I are 
located about one-third of the way up the low-u> side of the (e,e') A resonance 
in 12C while kinematics II are near the peak of the A resonance.

The results of Baghaei et al J36l are shown in Figure 19. The very large increase 
in yield for em > 160 MeV, the pion threshold, is clear. This is in distinct 
contrast to the situation with jg| = 1000 MeV/c and u = 470 MeV where no 
pions were observed. It is clear that quasifree A production with pion emission is 
selected by the kinematic situation and determined only by the electromagnetic 
vertex via (q,oj). There is also a significant yield for em < 160 MeV with no 
pions in the final state. With kinematics I, there is also yield in the region of 
the p- and s-shell as this corresponds to lower values of |pt-1.

The lower half of Figure 19 show Gaussian fits to the data using two peaks: 
one for the yield for em < 160 MeV and one for em > 160 MeV. The Gaussian 
centroid at low em follows the kinematics of direct emission of a correlated pair 
or a quasideuteron:

+ “D” n + p
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o = 382 MeV
q = 473 MeV/c

« = 275 MeV
q = 401 MeV/c

0 80 160 240 320 0 80 160 240 320 400

Missing Energy (MeV)

Figure 19. Missing energy spectra obtained in the region of the A resonance. Kine­
matics I (left) corresponds to a point approximately halfway between the dip region 
and the A peak while kinematics II (right) are at the maximum of the peak. In the 
lower half of the figure the curves are Gaussian fits while the upper half shows the 
results of a quasifree pion production calculation (dashed) along with the phase space 
for two nucleon knockout (dotted) and their sum (solid).

The kinematics of the peak at high em follows that of quasifree pion production 
via the A resonance:

lv+ P A+ —s- p + 7r°

7t> + w —S- A° —*• p 4- yr~
In going from kinematics I to kinematics II, the yield under the Gaussian peak 
at low em follows more closely the decreasing yield of the free deuteron (7,p) 
cross section rather than the increasing yield of 12C(e,e/) in the A resonance 
region. Nevertheless, the A is known to be an important part of the deuteron
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photoproton yield.

These results axe very similar to the results of Homma et al. t37l and Kanazawa 
et al. t38l using tagged photons in 12C(7,p). This is demonstrated in Figure 20 
where the results of kinematics II are plotted (with a reversed missing energy 
scale) along with the results of Homma et olJ37l for — 320 MeV and 6P = 30°. 
In (e,e'p) the higher the missing energy, the lower the final proton energy since u 
is fixed and em — w—Tp. These authors have shown that the peak at high proton 
momentum has the kinematic behavior of direct knockout of a correlated nucleon 
pair. As a function of the yield follows (^p) from the deuteron. The yield 
of the peak at lower proton momentum follows the behavior of A-dominated 
quasifree pion production.

. 1.0

300 400 500 600 700 800 900
Missing Energy (MeV) Proton momentum (MeY/e)

Figure 20. Comaparision of 12C(e,e'p) (left) and 12C(7,p) (right) spectra in the 
A-resonance region.

In Figure 21 we reproduce a figure from Kanazawa et a/J38^ that gives the 
detailed breakdown of the partial reactions that lead to 9Be(7,p)X with = 
320 MeV. They were determined by coincidence studies of (7,P7), (/Y,jwr), (7,pn) 
and (7,pp). One can see that (7,pn) dominates the character of the small peak
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we have come to call the quasideuteron or two nucleon peak. The large peak we 
associate with A production and pion emission indeed results predominantly in 
p-fl- pairs. In Figure 21 the same reactions are also shown with the deuteron as 
a target.

In the upper half of Figure 19, the MIT-Bates data for the two kinematics are 
compared with a calculationI36^ assuming quasifree delta production. That is, 
we assume

<r(e,e'p) = KafeNS(pi,€m)

where if is a kinematic factor and o'^ is derived from the free nucleon processes:

Iv + p—>■ p + ir°

Iv + n-*■ P +

assuming only the Ml A amplitude. S(pi, em), the p-shell and s-shell spectral 
functions, use harmonic oscillator momentum distributions and ^-functions in 
missing energy located at the centroids of the two shell energies. All of the rel­
evant transformations of electromagnetic amplitudes to moving nucleon frames 
and back to the laboratory were made. The results are shown by the dashed 
curves. They are considerably below the experimental yields. Although the 
Born terms and the E2 and other contributions to the A are neglected, these 
contributions roughly cancel the effect of neglecting final state proton absorbtion 
which is about 30-40%. A reasonable conclusion is that there is an additional 
process in the pion production region.

Perhaps a hint comes from the 9Be(7,pn) yield in Figure 21. Rather than limit 
the (7,np) process to the region defined by the smaller Gaussian peak in Figure 
19 one might consider a three-body phase space distribution scaled to the two- 
nucleon (plus residual nucleus) data. This assumption gives a yield extending 
under the A peak and the solid line in Figure 19 shows a better fit to the data 
although the experimental yield in kinematics II remains larger than our Mi- 
only assumption. Clearly there is room for much more detailed experimental 
and theoretical work.
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Figure 21. Tagged photon coincidence studies on 9Be (right) and the deuteron (left). 
From top to bottom, the reactions are (7,p), (7,P7), an<* (7>PP)*

IV. Some Experimental Requirements

In this part of the presentation we take the opportunity to comment briefly on 
some of the aspects of accelerator and spectrometer precision and resolution that 
are important to an (e,e'p) program. We take this opportunity in part because 
we are somewhat alarmed by the extreme need for care that has surfaced in 
some of our plans at MIT for 2D(e,e'p), in part because of our recognition of 
the error sources in longitudinal/transverse separations we have performed and 
in part because we have become concerned with the view projected in casual 
but important discussions that resolution is only needed at the lower energies 
of CEBAF. We hope to stimulate more discussion and, if necessary, a revised 
performance critera for the instruments.
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We mentioned earlier the examples of experiments dealing with the longitudinal- 
transverse momentum structure of P1/2- and P3/2_hole states and the unnatural 
parity states in the spectrum dealing with two nucleon correlations. An im­
portant condition for a broad kinematic program is scanning the low-u; side of 
the quasielastic peak. This choice should alter as much as possible some of the 
two nucleon processes we have discussed earlier and that are apparent on the 
high-cu side of the quasielastic peak. We consider the spectral function at an 
initial momentum —600 MeV/c to study. This is a high momentum compared 
to our present limits (300 MeV/c) but it might be attainable depending on the 
real dynamical situation in nuclei. It is not out of bounds even for some mean 
field models. One map would involve varying the momentum transfer to change 
the final proton energy from 100 MeV to 800 MeV - the dynamical range we 
know well from experiments at Indiana and Los Alamos. The final proton is 
in parallel kinematics to limit the cross section to transverse and longitudinal 
components. From the point of view of 12C, 160 and a few other nuclei where 
the reaction leads to nuclei whose density of states is not too large, an energy 
resolution in missing energy of about 100 KeV is necessary. In Table 2 we show 
the incident electron energy required for two scattering angles (20° and 45°) 
for each proton energy and the longitudinal polarization of the virtual photon. 
One should remember, in particular, that transverse structure functions beome 
dominant at high momentum transfers and that the longitudinal world is highly 
compressed into small angles. It is clear that the high resolution is needed at 
the highest energies possible with CEBAF.

Turing to the question of our ability to define the initial proton momentum, we 
examine first the sensitivity to the definition of electron scattering angle. In 
any longitudinal/transverse separation we must control the values of \pi \ since 
| $ (pi) |2 changes dramatically in the regions of interest which will generally be 
far away from the regions where |$(pi)|2 is a maximum. For the conditions 
mentioned above, pi = —600 MeV/c, Tp = 100 MeV and $e = 20° we find that:

1 d\pi | 
l&'l dSe

Combining this with the variation:

51 MeV/c/degree

i d\*m*
mm2 dWi\

—8%/MeV/c
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Tp
(MeV)

m
(GeV/c)

E0 (9. = 20° ) 
(GeV)

e {0e = 20° ) E0 (9. = 45° ) 
(GeV)

e{6e = 45°)

100 1.044 3.051 0.941 1.423 0.741
200 1.244 3.638 0.939 1.719 0.738
300 1.408 4.109 0.938 1.962 0.733
400 1.554 4.519 0.937 2.179 0.730
500 1.690 4.891 0.935 2.379 0.724
600 1.819 5.235 0.934 2.567 0.719
800 2.063 5.866 0.931 2.918 0.709

Table 2. Incident energy, momentum transfer and longitudinal polarization (at elec­
tron scattering angles Qe = 20° and 45° ) required for 12C(e,e'p) with pm = —600 
MeV/c at various outgoing proton energies.

we find that the cross section is expected to vary by about 50%/mrad. This 
makes it vital to be in control of 0e to the level of 0.1 mrad if we expect to 
produce a cross section at 0e = 20° that is accurate to 5%. We neglect the 
additional variation of atv with 0e which further exacerbates the problem.

Consider combining a measurement at 0e = 20° with a measurement at = 90c
and assume that „ ~ 01^l0Rt G% 2m2\q\2

Rt gm

At 90° the longitudinal polarization e = 0.33. For a 5% measurement of a at 
each angle we find ARl/Rl = 35% and ARt/Rt = 9.5%. In other words, an 
L/T separation which is crucial to our understanding of (e,e'p) currents, at these 
modest accuracies requires a resolution in 6e of 0.1 mrad.

One might argue that one can use much worse angular resolution and average 
over an acceptance. Then only the centroid must be known with this accuracy. 
However, this is only possible when cross section variations are linear or the 
same at both angles. This is hardly something we can plan on. Measuring 6e 
to 0.1 mrad is possible within the limits of multiple scattering and feasible with 
point-to-parallel optics and we should do all we can to approach this capability.

When (eje'p) measurements are performed at other than parallel kinematics, 
two more response functions are measurable: /tt, the transverse-transverse
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interference term and /lt? the longitudinal-transverse interference term. These 
depend on j^j, a;, Tp and 0P; $p is the angle of the proton momentum relative 
to q. In the cross section /tl is modulated by cos <f>, where <f> is the angle of the 
plane {q,Pf) relative to the (e^7) scattering plane; for is modulated by cos 2$. 
A measure of for thus requires hadron detection out of the (e^') plane, with at 
least three values of <j>. We have begun to plan a measurement of for in 2D(e,e,p) 
with 0e — 22.5°, Eq = 800 MeV and w = 167 MeVJ39! At these kinematics, 
Fabian and Arenhovel I40! predict that for is very sensitive to meson exchange 
currents and isobar configurations as we can see from Figure 22 reproduced from 
their work. Note that fi-i in this figure is for in our notation. We discuss the 
experiment for dp — 42.5°, corresponding to = 60°, )pt-1 = 320 MeV/c and 
\pf | = 472.3 MeV/c. cttt is about 30% of op or ol. As a result, there is a large 
magnification of the error in f-u compared to the error in the cross sections 
at each of three values of ^>(90°, 135°, 180°). This is shown in Figure 23 by the 
solid curve. Notice that a set of 1% measurements result in a 20% determination 
of /_n. The dashed curve is for 0P = 66.3°= 90°) and in this case a set of 
1% measurements results in a 10% error. We point out that this is a favorable 
case since in other nuclear situations far is much smaller than /l or /t.

If we try to do this experiment with one hadron spectrometer we must keep 
many things constant as we vary <f>. The sensitivity of the cross section to Eq 

and to w is about 8%/MeV and 5%/MeV respectively. Thus a 1% measurement 
of the cross section at each <f> requires

A.Eo ~ Aw « 100 KeV

As the incident energy grows, these requirements generally axe about the same 
or become worse as we sample regions farther away from the quasielastic peak.

The important message is that high resolution is important not only to isolate 
discrete states, it is important in the continuum in order to define the dynamics 
of the problem under study. The physics we will be studying will generally be 
far from the quasielastic peak region and cross sections will vary very rapidly. 
The unique contributions of CEBAF to this field will most certainly come not 
only from the 100% duty ratio but also from the high resolution of the energy 
of the beam and the high energy resolution of its spectrometers at the highest 
energies.
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Figure 22. The (e^'p) structure functions of the deuteron calculated by Fabian 
and Arenhovel. The curves show the nucleon-only (short dashes), nucleon+meson 
exchange currents (long dashes), nucleon+isobar configurations (dot-dashed) and nu- 
cleon+MEC+IC (solid).

Using three proton spectrometers at different <£’s to simultaneously sample the 
(e,e') kinematics, some relaxation of these conditions is possible but generally 
we always require excellent electron energy resolution. For the proton spec­
trometers, the energy resolution for these continuum studies depends on the 
dynamical situation. However, the general condition is set by the variation of 
| $ (pi) |2 which we expect to be about 8%/MeV/c.

Before leaving this subject, it is important to mention (eje^N) reactions. Often 
these are discussed as not requiring much in the way of electron or proton energy 
resolution. This can only be true for the most crude of surveys. Any experiment 
requiring a L/T separation or any experiment sensitive to the relative momenta 
will naturally require the same order of precision that we have discussed above. 
For this reason, one must look to Hall A as the location where at least two 
hadron spectrometers will eventually be located. This will occur sooner, rather 
than later, since this is the hall where the best resolution devices will reside and
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Error In Measured Cross Section (%)
Figure 23. Error in f-u vs. the error in the cross section measurements. The solid 
(dashed) curve is for 8%p = 60° = 90°).

which will be essential to quality (e,e'2N) studies. We suggest that this idea be 
carefully factored into our planning of all the features in this hall.

V. Concluding Comments

We have observed that the study of nuclei via the (e,e'p) reaction is a rich one. 
The concept of a system of quasifree nucleons in a mean field is a good starting 
point for some of our phenomenology, but we observe the strong influence of 
additional currents resulting specifically from two-body interactions and per­
haps more complex many-body phenomena. We observe these influences in high 
resolution work involving individual states and we observe them in the deep con­
tinuum with excitation of hundreds of MeV. The (e,e'p) reaction connects the 
electromagnetic study directly with the work of our colleagues using hadronic 
probes and enlarges the scope of investigation to encompass the nature of con­
tinuum nucleon-nucleon interactions deep in the nuclear interior. Compared
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to (ejc') involving discrete states, the interpretation of data is more complex 
because more features of the hadronic system are involved. Nevertheless, the 
well-understood nature of the electromagnetic probe and its selectivity remains 
demonstratably available to us. Thus it gives great advantage to our efforts to 
study new phenomena and to provide the data that will guide the development 
of more quantitative general frameworks for understanding nuclei beyond our 
inadequate mean field ideas. No single experiment can do the job. Rather, broad 
systematic studies are required to demonstrate the adequacy of formalisms and 
generality of concepts under a variety of dynamical conditions.
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MEDIUM EFFECTS IN INELASTIC ELECTRON SCATTERING 
ON THE A=3 SYSTEM

J. A. Tjon and E. van Meijgaard 
Institute for Theoretical Physics, P.0. Box 80.006 

3508 TA Utrecht, The Netherlands

ABSTRACT

Work in progress on electrodisintegration of the trinucleon 
system is reviewed. Final state interaction effects are calculated 
exactly by solving the Faddeev equations for the continuum state. 
Comparisons are made for various exclusive two body breakup 
experiments. The role of FSI contribution is discussed as a 
possible explanation of the experiments, which have led to the 
suggested modification of the nucleon properties in a nuclear 
medium.

INTRODUCTION

The subj ect of what kind of underlying degrees of freedom are 
needed for describing the dynamical behaviour of the nucleus at 
intermediate energy is of considerable interest. For this purpose 
electron scattering can be an useful tool and such studies may lead 
to important new insights in the relevant physical processes. Both 
inclusive and exclusive scattering processes have been studied in 
recent years for various nuclei. Interesting results have thereby 
been obtained on y-scaling phenomena and the suggestion of a 
possible medium modification of the nucleon properties in the 
nuclear system.

In the above investigations particular attention has been 
focussed on the few nucleon system in view of the feasibility to 
obtain in principle exact solutions to the quantum dynamical 
equations of these systems and consequently have precise predictions
available. Here we would like to report on some work^ in progress 
on the study of (e,e',N) reactions on the trinucleon system, 
including the effects of final state interactions (FSI). 
Theoretically this problem is non trivial, because of the need to 
compute the continuum wavefunction of the three particle system. In 
particular, the calculation of the half off shell 3 -+ 3 scattering 
is called for in the case of electrodisintegration into the final 
state of three free nucleons.

In general the (e,e',N) reaction with unpolarized electrons can 
be characterized kinematically by two planes, one defined by the 
ingoing and outgoing electrons and the other one defined by the

2momentum transfer and the knocked out nucleon . In fig. 1 is shown

the kinematics of this process, where p^. is the recoil momentum of

the residual nuclear system. In the case we are interested in the 
residual system can be either the deuteron or two free nucleons.
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Fig. 1. Kinematics of the (e,e',N) reaction. The knocked out 

nucleon carries a momentum p', while the residual nuclear system has 

a total momentum p

Relativistic covariance and gauge invariance considerations show 
that the differential cross section for the coincidence reaction 
process can be described in terms of four structure functions W ,(j

, W j and Wg . We have

d6a
de'dQ dE ,df2 e' p' p

k aMott

fal ^ ^ 2, °e' l1/2 , TT fal 2, 2, °e'
1^2 + tan ^ "I” H cos ^ WI + U2 COS ^ + tg ^ ~2~ M

, x2 t7 . f_a^ ^ . 2, ?e
( .2 > Wc + I + tan ( 2

q K2q

6

’>)
W,T

(1)

->2 q vq
w

where k is a kinematical factor, q=e' - e, w = e' -e and q =
2

For the special case of (anti)parallel kinematics, in which0)
the photon and the outgoing nucleon have equal or opposite 
direction, the reaction process is characterized by only the

3
longitudinal and transversal structure functions W and W .0 1

BORN ANALYSIS

Considering the case of two body breakup and neglecting FSI 
effects, there are two contributions to the scattering amplitude.
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One contribution, shown schematically in fig. 2a, is the coupling of 
the photon to the nucleon, which is directly knocked out. The other 
one corresponds to the photon interacting with the pn pair, forming 
the deuteron in the final state (fig. 2b). In the quasi free region 
it is usually assumed that the scattering amplitude can be 
determined in the PWIA approximation, corresponding to diagram 2a.
In this approximation we get

,6d a
de'dO .dE ,dQ e' p' p

= p' E , ct M S (p E ) p' eN n m, m (2)

The differential cross section factorizes into a part

corresponding to the free electron-nucleon scattering and a part

which contains the information about the nuclear structure, n being 
2 if the residual nuclear system is the deuteron and otherwise 3 for 
the case of three body breakup. cr^ is in general off the energy

shell, since the knocked out nucleon is originally in a bound state. 
In the calculations we have carried out we have used the

4
prescription as has been suggested by de Forest . It has the 
advantage of satisfying gauge invariance. In particular the nucleon 
current operator is taken to be

em i u(p') yp F^q ) K
tt" ° q2m (u> v u(p) (3)

where the off shell dependence of the e.m. nucleon form factors 

is neglected and the on shell ones are used. In the kinematic
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Fig. 2. Diagrammatic representation of the various contributions to 
the inelastic electron scattering on the A=3 system for the case of 
two body breakup. Graphs a and b are the Born amplitudes, 
representing the PWIA and ypn contributions respectively. The 
lowest order FSI are given by the graphs c and d, being the 
rescattering contributions, while graphs e and f are the 
contributions from the (higher order) connected graphs in the FSI.
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regions we have studied we did not find substantial differences in
the observables when changing from the e.m. dipole form factors^ to

the parameterization of Hohler et. al.^. The spectral distribution 
function represents the probability to remove a nucleon with

momentum p^ from the nucleus, leaving the residual nucleus in a

state with mass M. = MA - M + E . In fig. 3 is shown the two body A-l A m ° J

Fig. 3. Two body 
spectral distribution 
function for the RSC 
interaction (dashed 
curve) as calculated 

14by Laget and the MT 
I-III s-wave inter­
action (solid curve).

spectral function , with the residual system being a deuteron, as

calculated using the Reid soft core (RSC) interaction and the MT I-
III s-wave Yukawa type potentials .̂ Up to a momentum of 320 MeV the 
spectral functions of these two interactions show a close 
resemblance, whereas for larger momenta the RSC starts to be 
considerably higher because of the contribution from the D-state.

In certain kinematic regions, where the missing momentum p^ of

the nucleon is large the other Born diagram contribution (fig. 2b) 
becomes important. This is realized in the NIKHEF experiment. In 
contrast to the PWIA contribution no factorization of the electron- 
nucleon cross section and a nuclear structure part takes place. It 
is rather natural in this case to try a phenomenological 

8approximation , where one assumes that a factorization takes place 
in terms of the e-D cross section. This corresponds to the Ansatz
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that the pn pair in the trinucleon system is predominantly forming a 
deuteron. As is seen from fig. 4, this approximation describes 
remarkably well the experiment. On the other hand the exact ypn 
contribution yields a significantly higher prediction, indicating 
that the continuum contributions of the pn pair cannot simply be 
neglected. This shows that the success of the phenomenological form 
may be fortitious. Also is shown the PWIA contribution, which is 
one order of magnitude smaller.

-t-UU-i-ULJUJ, ‘ i ■ ■

TTTT t-t i r TTTTTTTTT

Pm [MeV/c]

Fig. 4. Deuteron knock out at a fixed momentum transfer q = 380 
MeV/c from ref. 18. Solid curve corresponds to the factorized 
approximation in terms of a^, while the long dashed curve

corresponds to the ypn graph 2b. The PWIA is given by the short 
dashed curve.

CONTINUUM FADDEEV CALCULATIONS

We now turn to describing the FSI calculation. To account for 
the complete FSI contributions we have to consider in addition to 
the two Born graphs, discussed up to now, the remaining graphs in 
fig. 2. These graphs consist of all connected graphs, describing 
the half off shell scattering of three free nucleons in the initial 
state and a final state with either three free nucleons or a nucleon 
and deuteron. Since the existing experiments have a moderate proton 
deuteron cm energy, it is a good approximation to assume non 
relativistic dynamics. In the calculations we have carried out the 
NN interaction is taken to be given by central s-wave Yukawa type
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13 7potentials in the Sq and channel . With this interaction the

bound state properties of the trinucleon system together with the 
unpolarized elastic and inelastic scattering data of neutron- 
deuteron scattering is well described at the corresponding

- 7,9energies.
The scattering amplitude needed for the complete FSI 

calculation can be constructed by solving the Faddeev equations for 
the continuum states. This is done by first determining the 
multiple scattering solution and resumming this exactly by Pad6 
approximant techniques. The main problem one encounters in 
determining multiple scattering graphs is to account properly for 
the various singularities occuring in the integrals. This 
specifically applies for the case of the 3 -* 3 S-matrix, where the 
singularity structure is more complex. By calculating the off shell 
rescattering graph in this case with high precision the Faddeev 
equations can also be solved in this case. To facilitate the 
calculations we are making use of separable expansions of the two 
nucleon T-matrices and partial wave expansions are employed. 
Typically 10 to 15 partial waves are sufficient in the energy range 
considered to reconstruct the full three body amplitude.

FSI EFFECTS FOR TWO BODY BREAKUP

In order to check the rather complex calculations, we have 
studied one specific case, for which a complete continuum 
calculation already exists. Using a separable Yamaguchi potential 
and a multipole expansion of the e.m. operator an exact analysis of

10the FSI has been carried out by Lehman et al. for the kinematics
of the Johansson experiment^. Our calculation with this potential 
agrees well with their results. With the MT I-III interaction the 
calculated cross sections increases significantly, yielding

12predictions in accordance with the reanalyzed data
Two kinematic regions have been explored recently in some 

detail experimentally by the SACLAY and NIKHEF groups. In the
13SACLAY experimental setup , the PWIA contribution is dominant and

3
in one case the effects of the D-state in are important. In 

fig. 5 are shown the results of our calculations, together with

those of Laget , who carried out an approximate analysis of the FSI 
based on the rescattering graph of the multiple scattering series.
As input of the latter calculation the Faddeev bound state

15wavefunction for the RSC has been used. From this we see that the 
PWIA dominates, while the FSI tends to decrease the cross section. 
This happens in both calculations. The RSC result of Laget agrees 
well with the experiment, mainly because of its lower PWIA 
prediction. Since the multiple scattering series is explicitly 
determined by us by subsequent iterations of the Faddeev equations, 
it is a natural question to ask how well the series converges. In
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particular, is it just possible to account for the FSI by including 
only the rescattering contribution? From fig. 5 we see that such an 
approximation is rather poor in describing the FSI, at least in the 
kinematic region considered. From this we may conclude that in 
general the continuum wavefunction has to be determined exactly to 
have a reliable prediction. It should however be noted that the 
Laget rescattering contribution seems not to be same as the 
corresponding graph in the multiple scattering solution of the 
Faddeev equations.

P niaa c;
0 50 100 150 200

Fig. 5. Coincidence 
cross section for the 
MT I-III interaction. 
The dashed curve 
corresponds to the 
PWIA, while the solid 
curve is including the 
full FSI. Adding only 
the rescattering graph 
contribution to the 
PWIA graph gives a 
poor description of 
The FSI effect (dotted 
curve). Also are 

14shown the Laget 
calculations (PWIA 
-••- and including 
FSI

0 5 10 15 20 25 30

©7P. [deg]

In fig. 6 is shown the SACLAY data obtained for the kinematics
3

where the D-state contribution of the wavefunction plays a

crucial role. A pure s-wave calculation as we are carrying out 
yields considerably lower cross sections. This is a consequence of 
the kinematics which is arranged in such a way that PWIA is the 
dominating process. However, since the corresponding missing 
momenta in this experiment are much greater than 300 MeV, the cross 
section is almost completely determined by the D-state components of 
the spectral function. To see this we have carried out a PWIA 
calculation using the RSC trinucleon boundstate wavefunction as
parameterized by Hadjuk et al."^. From fig. 6 we indeed see that

1

3 = 429 MeV/c
a = 100 MeV

■« Iff
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good agreement is obtained with the experimental data. This is due 
to the presence of the D state. Also are shown in the figure the 

17results of Laget using the Paris potential. It should be noted 
that his estimates of the FSI contributions tend to increase the 
cross section, opposite to our findings for the s-wave interactions. 
It should be interesting to see whether this is because of the 
effects of the D-states.

013 25 38 51 65 79 94 110 126

5=261 MeV/c ; 
«« SQQMeV

p . [MeV/c]
~ nussiag

Fig. 6. Coincidence cross 
section for large missing 
momentum where D state 
contributions are 
important. The s-wave 
calculations are 
considerably below the 
data. Dashed and 
dashed-dotted curves are 
the PWIA and including FSI 
respectively. Also are 
shown a PWIA calculation 
with the RSC wavefunction 
(solid line) and results
by Laget^ for the Paris 
potential (PWIA ••••, 
including FSI -•••-). 
Experimental points are 
from ref. 13.

8 10The NIKHEF experiments ’ are carried out at constant momentum 
transfer q = 250 MeV/c and energy transfer v — 113 MeV. A missing 
momentum interval p^ from 200 MeV/c to 500 MeV/c is scanned varying

the angle between the photon and the outgoing nucleon from 0° to

180°. For experimental reasons the low missing momentum data 
(pm<350 MeV/c) are taken at the angle <£=180°, whereas at high

missing momenta the angle $ is switched to 0°, thereby remaining in 
plane. According to eq. (2) this different setting only affects the 
relative sign in front of the structure function W^. The results
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are summarized in fig. 7. The data set with < 350 MeV (open

circles) corresponds to the case where the PWIA is large. As can be 
seen from the figure the PWIA overestimates the cross section 
considerably. Including the FSI reduces it significantly, resulting 
in a good agreement with the experimental data except at higher 
missing momenta. In this region the D-state contribution should 
start to play a role. As a consequence we expect that the agreement 
will improve when these contributions are included. For the data 
set with p^ > 350 MeV , corresponding to the (e,e',D) reactions, the

ypn graph cannot be neglected, in particular for larger values of 
the missing momentum pm. From fig. 7 we see that the Born analysis

predicts considerably higher values as compared to the experimental 
data. Including the FSI leads to a strong cancellation with the

20 40 60 60 100 120 140

[MeV/c]

Fig. 7. Coincidence cross 
section as obtained by the 
NIKHEF group. Dashed 
curve is the Born cal- 
ulation, while the solid 
curve is with FSI.

Born graphs. As a result the total result for the cross section is 
very small. In view of this strong cancellation it is expected that 
the result will be sensitive to other contributions. In particular 
inclusion of the D-state components will tend to increase the 
scattering cross section and as a result improve the agreement with 
the experiments. Also the results may depend strongly on the 
specific model used for the NN interaction.
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PROTON MODIFICATION IN NUCLEAR MEDIUM

Some recent quasi-free (e,e',N) experiments have been carried 
12 6out at NIKHEF on C and Li, where a longitudinal/transverse

19 20separation has been done ’ . Assuming the validity of the impulse
approximation, these experiments suggest a significant effect of the 
nuclear medium on the effective e.m. coupling to the nucleon. The 
analysis is based on the factorized form as given in eq. (2). The 
experiments are carried out for so called parallel kinematics i.e. 
the momentum of the knocked out proton is opposite to the momentum

transfer q. As a consequence only the longitudinal and transverse 
structure functions contribute. Because of the form as given in eq. 
(2) all these structure dependence occur in the off shell electron 
proton cross section which in this case is given by

oep
^MoCt { € IVlV+ |FT(q2)|2 } (4)

with e 1 + tan(0e,/2) By measuring at a forward and

backward electron angle information can be obtained about the 
longitudinal and transverse structure functions F and F . ToJu X
remove the dependence on the nuclear spectral function the ratio of 
reduced cross sections is measured. In fig. 8 are shown the 
experimental data for the ratio R, defined as

11',' 
lA \ti Ob.o

TD 1 - a
'i
S •oc.

0.9-
aa:

0.8-

'f

■ swollen nucleons 
•impulse approx

"T..T" ' ' 1 1—| 1 1 ' | ' '' ' ' | i '—r—!—|—i—i—i—i—|—r-
°-3 0.4 w, . 0.5q IGeV/c)--------- m

Fig. 8. The measured momentum transfer dependence of the ratio R 
for the reaction ■*‘^C(e,e',p)^^B from ref. 19.
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R » der (exo 
da (de Forest) ep backward / da(exp)

dcrep(de Forest) forward (4)

for the case of C. Effects of FSI interaction have been estimated
in a DWBA type of model, indicating that the FSI effects would only
modify eq. (2) by an additional factor depending only on the
relative cm kinetic energy T n between the knocked out nucleonp , I
and the residual nucleus. Since the two electron angles are chosen
such that the T 1 is the same, this implies that the FSI effects P > A- 1
drop out in the ratio R (see however ref. 21).

From the above considerations it is clear, that in order to 
interpret the NIKHEF experiments in terms of single nucleon 
properties it is crucial that the electron proton cross section 
should be factorizable in the coincidence process. Since various 
assumptions have been made such as for the FSI effects in these 
measurements, it is worthwhile to study some model system, which is 
exactly soluble and where these assumptions can be tested. The few 
nucleon system is an excellent place for this. We have carried out 
a theoretical analysis in the trinucleon system to study this 
problem. The results for R are summarized in fig. 9, where a 
similar kinematic situation has been chosen as studied for the other 
nuclei. In analogy with the analysis of ref. 19 we may assume that 
the contributions from the e.m. interaction with the residual 
nucleus can be neglected. In our case this corresponds to dropping

113 -

q [MeV/c]

Fig. 9. The calculated 
ratio R for the case of 
the A = 3 system. Solid 
curve corresponds to the 
inclusion of all FSI 
contributions, while the 
dotted curve is obtained 
by neglecting the ypn type 
of graphs. Also are 
plotted the experimental 
results of refs. 19 and 20
for (o) and ^Li (A) .
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the 7pn contribution as given by figs. 2b, 2d and 2f. In doing so 
we find that the inclusion of the FSI graphs leads to the increase 
of R when we increase the momentum transfer. Hence, if for some 
particular reason we may neglect the interaction of the photon with 
the residual nucleus, the experimental finding of the increase of R 
could be attributed, at least partially, to FSI effects. It should 
however be emphasized that this increase cannot simply be 
interpreted in terms of a single nucleon property. The complete FSI 
contributions also contain a part coming from the ypn type of 
graphs. Although the contribution from the ypn Born graph can 
safely be neglected, the ypn FSI graphs are comparable in size to 
the results found for the graphs 2c and 2e. Including all the

[MeV/c]
28 50 a? 165 279 338

P«ta. [Me.V/c]
28 90 87 168 279 338

Fig. 10. Longitudinal structure Fig 11. Structure function

function W„ (PWIA ••• with FSI (PWIA ------- with FSI )0
and transverse structure (PWIA ------- with FSI )

function WT (PWIA------with FSI
------- }
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FSI graphs lead to a result for R close to one. Hence the two types 
of FSI contributions tend to cancel each other in the observable R.

As noted before the parallel kinematics can be described by 
only two structure functions. Since the experiments allow for a 
certain geometric resolution we may like to see how the various 
structure functions behave if we allow for a non parallel 
kinematics. For this purpose we have calculated the dependence of 
the W's if we change the angle © between the knocked out proton

and the momentum transfer, but still staying in plane (<f> =180°).
The results are shown in figs. 10 and 11. The fourth structure 
function W_ is small as compared to WT and has therefore not been

plotted. From the figures we see that increases rapidly from

zero when we gradually go away from the parallel kinematics. The 
three structure functions and W^. become comparable in size.

Moreover, FSI effects become more important in the non parallel 
direction. It should be interesting to see what actual effects 
there are on R due to the finite resolution.

CONCLUDING REMARKS

We have studied FSI effects in (e,e',N) reactions in certain 
kinematic regions for the trinucleon system and have shown that 
their contributions can be significant. In general however it is 
not obvious when they may be neglected or not. One possible 
situation where FSI are expected to be small is when the relative cm 
kinetic energy T^ of the final state is large. On the other hand

there exist some kinematic situations where the FSI is negligible 
even though T^ is small. A systematic analysis should be

interesting to understand this in detail.
Our work has demonstrated that exact dynamical calculations of 

the electrodisintegration process of the trinucleon system is 
feasible. Although the actual calculations carried out up to now 
concern the two body breakup, the three-body breakup process can 
also be handled if one is careful enough with treating the various 
singularities. Moreover more realistic NN interactions should be 
studied. In particular the non s-wave components like the D-states 
of the nuclear interaction should be included.

Exact dynamical calculations as described here may also serve 
another useful purpose. They can be used as a tool to study the 
validity of various approximations normally used in more complex 
nuclei. In this connection we have discussed the basic assumption 
of factorization of the electron nucleon scattering cross section 
used in the interpretation of the modification of the nucleon in the 
presence of a nuclear medium. At least for the case of the 
trinucleon system such an approximation can be criticized due to the 
presence of the FSI. It should be interesting to carry out a

12 6similar experiment for the trinucleon system as for C and Li.
In most (e,e',N) experiments carried out up to date the role of 

special relativity has been rather limited in estimating FSI effects
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since the relative cm kinetic energies of the final states were of 
the order of 100 MeV. With possible future experiments at CEBAF it 
is clear that a relativistic dynamical treatment will become 
necessary.
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BARYON-BARYON INTERACTIONS 
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ABSTRACT
Quark cluster model approach to baryon-baryon interactions is reviewed. Em­
phasis is put upon a string model of quark confinement and its application to 
two-baryon systems. Results of the quark cluster model calculation for various 
baryon-baryon interactions are summarized. Roles of quark substructure of the 
nucleon in nuclei are also discussed.

INTRODUCTION
Strong interactions among hadrons are to be described by quantum chro­

modynamics (QCD) according to the standard model. Mesons and baryons 
are composite particles of quarks and gluons. An important feature of QCD is 
that the quark-gluon interaction varies with the momentum transfer q involved 
in the process. In high q the coupling is weak enough to allow perturbative 
calculations and there the (perturbative) QCD has been well confirmed by ex­
periment. The low q behavior of QCD, however, is not yet very well understood, 
because the interaction is so strong that the perturbation is not applicable any 
more. Nonperturbative interaction is supposed to confine quarks and gluons in 
a small domain (< 1 fm), but mechanism of the confinement is not clear yet. 
Numerical simulations of discretized (lattice) QCD are available but still far 
from describing dynamical features of the confinement in multihadron systems. 
We are forced to model the confinement at this moment.

The nucleus is a unique existence in exploring the low energy QCD. The 
characteristic scale of the nuclear dynamics is the Fermi momentum, kp ~ 0.25 
GeV, which is much lower than the scale of the perturbative QCD, but is com­
parable to the confinement scale (« 0.2 — 0.4 GeV). We may then expect inter­
ference between the nuclear dynamics and the quark confinement. In nuclear 
matter, the interaction with the nuclear medium may modify nucleon proper­
ties. In the lepton inclusive reactions from nuclei the EMC effect surprised us 
showing deviation of the structure functions from that of the free nucleon. The 
quark-gluon substructure may reveal the mechanism of the nucleon modifica­
tion.

In few-nucleon systems, the nucleon substructure may play a major role 
at short distances. The size of the nucleon is larger than the range of the 
short-distance NN repulsion and of the same order as the range of the two- 
pion exchange, which is most responsible for the nuclear binding. It is therefore
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not surprising that the conventional “nucleon-meson” picture of the nucleus 
is modified by the quark-gluon substructure of the nucleon. Nucleon-nucleon 
interaction has been studied in this context in many different ways.1-8 In this 
report, we review recent attempts to understanding the baryon-baryon interac­
tions based on the quark model. A potential quark model with the nonrelativis- 
tic kinematics is employed because it is quite successful in the study of hadron 
spectroscopy. Key ingredients of the model are (l) a quark confinement force 
and (2) a short-range color-magnetic interaction. The former sets the scale of 
the problem; especially the size of the b ary on is determined by the balance of 
the quark kinetic energy and the confinement. In the next section, we discuss 
the quark confinement in detail, emphasizing its application to multi-hadron 
systems. The color-magnetic interaction is known to play an important role 
in the meson and baryon spectroscopy. This interaction, for instance, breaks 
the St/(6) spin-flavor symmetry, and therefore explains the N — A mass differ­
ence. It also induces a mixed symmetry state in the nucleon, which explains 
the (negative) charge square radius of the neutron.

QUARK CONFINEMENT

A. From QCD to string
Quantum chromodynamics (QCD) is a gauge field theory for three col­

ored quarks and eight colored gluons. Although QCD is analogous to quantum 
electrodynamics (QED), extra coupling among gluons gives the theory two im­
portant features, asymptotic freedom and color confinement. The asymptotic 
freedom makes perturbative calculations possible for high q (hard) processes, 
while our understanding is still limited on the confinement, which may be im­
portant in low energy processes. One of our goals is to seek ;i realistic model 
of the confinement which can be applied in multi-hadron systems. It should 
be stressed that the hadron spectroscopy is not sensitive enough to distinguish 
different confinement models, because most single-hadron observables are sen­
sitive only on the overall size of the hadron but not on dynamical properties of 
the confinement.

When the <7 —<7 distance R is small in a meson system, the color confinement 
volume, or the bag, will be approximately spherical and the color-electric field 
around the quarks be analogous to the electric field around an e+ — e“ system. 
Energy of the system is then given by E « —l/R. Difference from QED will 
be seen at a large R, when due to the color confinement the color electric field 
is squeezed to a flux tube and forms a stretched bag. If R is so large that the 
cross section of the flux tube is about a constant, then the energy is given by 
E « oR. This qualitative argument motivates string or flux-tube confinement 
models, where quarks are confined permanently in a linear rising potential, 
V (R) = oR. The string tention o can be determined so as to reproduce the 
high spin meson spectrum or the slope of the Regge trajectory, i.e. 0 « 1 
GeV/fm.
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The string confinement is also “derived” by studying the strong coupling 
limit of lattice QCD (LQCD). The LQCD hamiltonian for the gluon gauge field 
is given by

H = (ff2/2a) V{Et)2 (electric)
(1)

- (1/4ag2) ^2 Trff/^C/^f/tf/^] (magnetic)

where the first term counts the length of color-electric flux lines, while the 
second either creates or annihilates a plaquette flux configuration. In the strong 
coupling limit {g —>• oo) of a qq system, a color-electric flux runs from q to q 
along the straight line, giving E = oR. The magnetic term modifies the shape 
of the flux from the straight line in the higher order and the string between 
q and q starts oscillating. Monte Carlo simulations of LQCD, in fact, give a 
long-range linear potential as well as a Coulomb-like short range force between 
q and q.

B. String flip-flop model
We now consider a multi-hadron system, where quarks are not permanently 

confined, but certain combinations (color-singlet hadrons) are allowed to escape 
from the rest of the system. Then the interquark potential should (l) confine 
a single quark and any non-singlet groups of quarks, but (2) allow color-singlet 
hadrons to escape. Lenz et al.9 proposed a potential model of confinement, so 
called string flip-flop model, which has the above properties. Following refs. 9 
and 10, we choose a two-meson system as the simplest multi-hadron system. 
We also assume that the quarks are placed as is shown in fig. 1, and use two 
convenient variables, x = i'\ rj = -(rs — r^), and y — ri - = —{^2 — rj).
If x < y (fig. 1(a)), the two mesons are totally separated noninteracting. When 
the two approach to each other and reach x = y (fig. 1(b)), then we have two 
energetically equivalent string configurations, 11 - 22 and 12 — 21. We assume 
that the string configuration can “flip-flop” between the two at x = y. For x < y 
(fig. 1(c)), the new configuration (12 — 21) becomes dominant. The potential 
energy is written in terms of x and y by

V(x,y) = min{2<7£,2<7y}, (2)

which is plotted v.s. x for a fixed y in fig. 2.
Similar confining potential is suggested by the strong coupling expansion of 

LQCD.11 In the qq — qq system, creation of a plaquette can convert a color-flux 
configuration, say 11 — 22, to the other, 12 — 21. Recent Monte Carlo simulation 
of LQCD by Ohta et al.12 shows that the transition occurs very quickly once x 
becomes smaller than y and that the potential curve is similar to fig. 2.

Meson-meson scatterings happen through a string rearrangement. In the 
x-y plane, the initial state is incident from +x to the origin, for instance, while
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Figure 1 String configurations for a two-meson system.

Figure 2 String flip-flop potential eq.(2).

the wave function is confined in the y direction. The final state after a string 
rearrangement will be a plane wave in the +y direction. It is clear that x — y 
symmetry property of the wave function plays an important role here. The 
x — y symmetry is equivalent to the exchange symmetry between the quarks,
i.e. the exchange of the quark labels 1 and 2 effectively interchanges x and 
y. Fig. 3 shows meson-meson scattering phase shifts calculated in the string 
flip-flop model with the antisymmetrized (3a) or the symmetrized (3b) wave 
function. For the antisymmetrized scattering, the meson-meson interaction is 
strongly repulsive and the phase shift behaves like that from a repulsive core,
i.e. 6 = —kc, c being the core radius. On the contrary, when the wave function
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-------- single channel
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Figure 3 Meson-meson scattering phase shifts in the string flip-flop 
model: (a) antisymmetrized and (b) symmetrized, (ref. 10)

is symmetrized, we obtain a bound state, attractive interaction and resonances 
just below the threshold of internal excitations of the meson. It is remarkable 
that such a simple potential, eq. (2), shows these rich structures, which are, in
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fact, characteristic of the realistic hadron dynamics.
Three valence quarks are confined in a baryon. The color-flux would have a 

Y-shaped configuration {fig. 4a). A potential which represents such confinement 
was given by Carson et al,13

V — o min ^ jr* - r0]fc, (3)
{ni} .

where the minimization is for all possible juction points ro. V can be split into 
two parts: a two-body potential (fig. 4b)

(4)
i<j

and the rest Vs, which contains a three-body potential. It is easy to show 
that V3 = 0 for a quadratic confinement k — 2 with crr = a/3. Even for a 
linear potential A; = 1, contribution of V3 is known to be less than 10% in 
the baryon spectrum. Therefore the two-body, triangle shaped, confinement is 
almost equivalent to the Y-shape one.

Figure 4 (a) Y-shape and (b) triangle string configurations for a
baryon.

In the two-baryon system, we employ the triangle confinement for simplic­
ity. A string flip-flop potential for a two-baryon system is given by14

V = a min E 1*
i<j£A

r,f + E I*
\

(5)

There the minimum is taken among ten possible clusterings of the six quarks 
into two clusters, A and B.
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C. Colored string
One of the motivations of introducing the string flip-flop model is to avoid 

unphysical long-range forces between color-singlet hadrons. A traditional two- 
body confining potential,

V = ~ (6) 
i<3

is known to induce a long-range attraction, called color van der Waals force, 
V « —l/J?3.15 The force results from mixing of an induced color-octet P-wave 
state of the hadrons. Matsuyama et al.15 estimated the strength of the color 
van der Waals force between two nucleons and found that at jR « 2 fm, it is 
comparable to the one-pion exchange potential and that it is a million times 
as big as the gravitation at P « 1 m. Such an unphysical force should be 
avoided. The string flip-flop potential, in fact, does not cause any long range 
force, because there is no interaction between two clusters separated far apart 
and therefore no polarization can be induced.

) •'TWO 2

7 omsm 2

(a) (b)

Figure 5 String configurations for (a) the singlet cluster (SC) state 
and (b) the hidden-color (HC) state (eq.(7)).

When the color is introduced in the string flip-flop model,10 one notices 
that the rearrangement of quark-antiquark paring in the two-meson state leads 
to a “hidden color” (HC) state, as well as a singlet cluster (SC)
state, \{qq)i{qq)i)• The HC state should be confined in order not to allow 
free colored hadrons, while the SC state is not confined. We employ a simple 
potential which provides these properties: for x < y,

V = (u(l2) + v{2l))P + -(u(ll) + v{22) + v(l2) -f v{21))Q (7)
P

where P (Q = 1 — P) is a projection operator onto the SC (HC) state (fig. 5). 
One encounters here an ambiguity in choosing the confinement of the HC state. 
The strength of the confinement in the color-singlet qq system is determined by 
the single meson spectrum. One cannot, however, relate the HC confinement 
to the meson spectrum, because the HC configuration arises only in the two- 
hadron system. In order to allow some freedom, we have introduced a parameter 
p in eq.(7), which controls the strength of the HC confinement.
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The parameter p happens to be a very interesting one. When p is small, 
the HC confinement is so strong that all the HC states lie high above the SC 
states and couplings between them are negligible. On the contrary, for a large p, 

some HC states are low lying enough to couple to the SC states. This coupling 
will end up with bound states and resonances, which are dominated by the HC 
states. Fig. 6 shows meson-meson scattering phase shifts in the colored string 
flip-flop model obtained in a coupled channel calculation.10 We observe a bound 
state for p = 4 and 6, and resonances for p>2.

colored A-scattering 
coupled with HC

Figure 6 Meson-meson scattering phase shifts in the colored string 
flip-flop model.10
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QUARK CLUSTER MODEL

A. Gluon exchange potential
In describing the quark dynamics in the hadron, the confinement is not 

the whole interaction. It is known that short range interactions due to the 
perturbative gluon exchange is important. According to DeRujula et al.,16 the 
Briet-Fermi form of the semi-relativistic gluon exchange potential is employed 
traditionally, which contains the Coulomb, the color-magnetic, the tensor and 
the spin-orbit terms. The color-magnetic interaction, proportional to (At-Ay)(crt- 
Oj) 8{rij), plays an essential role in the baryon spectroscopy. It reproduces the 
N — \ mass difference, the A — £ mass difference and the charge radius of the 
neutron, for instance.17

Because of the color dependence of the potential, which is due to the non­
singlet color of the gluon, the gluon exchange potential does not carry a direct 
interaction between color-singlet hadrons. The lowest-order non-vanishing di­
agram is an exchange one, where a pair of quarks are exchanged between the 
hadrons (fig. 7). This gives a non-local exchange interaction, which is analo­
gous to the Heitler-London force between two hydrogen atoms. The range of 
the exchange interaction is determined by the hadron size, because it requires 
that quark wave functions of the hadrons overlap with each other.

Figure 7 Quark exchange force.

B. Quark cluster model
Both the confinement and the short-range potential require a proper treat­

ment of the exchange symmetry of the quark wave function. In order to include 
all the exchange interactions, we introduce the quark cluster model for the two- 
baryon system. The six-quark wave function is written as an antisymmetrized 
product of internal wave functions, <f>B, ol the two baryons (clusters) and the 
relative wave function, Xi

$(l, 2,3,4,5,6) .^[<^,£}(l,2,3)<^>£j'(4,5,6)x (I^ 123—456 )] (8)
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The Schrodinger equation is solved by using the resonating group method, which 
leads us to a nonlocal equation for x?

J dR/[jy(R,R') - EN{R,R,)}x{'R') =0 (9)

The effective baryon-baryon interaction is nonlocal due to the antisymmetriza- 
tion. The resonating group method is a popular approach in the cluster pictures 
of light nuclei and it is known that in some cases, e.g. a — a, a strong repulsion 
is observed due to the Pauli exclusion principle.18 We have already seen an 
example in fig. 3a.
C. Barvon-Barvon interactions

Results of the quark cluster model calculation of the baryon-baryon inter­
action were already presented in several occasions.3 We here briefly summarize 
them. Fig. 8 shows the S-wave NN scattering phase shifts for the string flip- 
flop model with various parameters. The parameter c plays a similar role as 
p in eq.(7): for e = 1, the HC is confined strongly, while for £ —> 0, the HC 
confinement is weak. (See ref. 14 for details.) We observe again wide variety in 
the NN interaction. This variety seems to be converged when the short-range 
interquark potential is turned on. From fig. 9, one concludes that the phase 
shift indicates a repulsive NN interaction, and that various models of quark 
confinement show qualitatively the same result. It is seen from the behavior of 
the phase shift around 100 — 200 MeV in the c.m. NN system that the repulsion 
is as short range as the observed NN repulsive core. This short-range repulsion 
is a result of the cooperation of the quark antisymmetrization and the color- 
magnetic interaction (CMI). The mechanism is understood by considering the 
orbital symmetry structure of the quark wave function. We have two relevant 
orbital symmetries, [6] and [42]. The CMI is repulsive for the totally symmetric 
[6] state, which is favored by the kinetic energy. The mixed [42] symetric state 
feels an attraction by CMI, but is suppressed by the kinetic energy. Therefore 
at short distances both the [6] and [42] orbital states are pushed up to higher 
energies. By evaluating the CMI matrix elements in the quark shell model wave 
function, we obtain an adiabatic NN potential at i? = 0,

F(i? = 0) ~ 1.5(Ma - Mjv) ~ 450 MeV. (10)

V (E) is related to the N — A mass difference, which is also caused by the CMI.
We have applied the quark cluster model to various two-baryon systems, 

i.e. N — A, A — A, A — iV, H - N etc. A summary is given in table 1. Some con­
clusions are in the following: (1) The quark exchange interaction is repulsive 
in most two-baryon systems. Its strength varies from a state to state. Es­
pecially, the hyperon-nucleon (K - N) short range repulsion seems not SU(S) 
symmetric.19 The SU(3) symmetry is usually assumed in phenomenological po­
tential models. (2) One finds two channels which show attractive interactions.

124



3

A €-0.5

Figure 8 5-wave NN scattering phase shifts in the string flip-flop
model.14

E (MeV)

Figure 9 NN scattering phase shifts with the short-range gluon
exchange potential.14

A — A (L = 0, / = 0, S' = 3) has a modest attraction. A coupled A — A, 
iV — E, E — £(L = / = S = 0) system also shows an attraction, which causes 
a resonance state. Considering that the realistic nuclear force is a result of 
cancellation of the strong short-range repulsion and the strong meson-exchange 
attraction, nonexistence of the short-range repulsion may suggest deeply bound 
dibaryon states in these channels.19
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BB' (S, l) core radius
AA (3,2) 0.81 fm
AA (2,3) 0.83 fm
NA (1, 1) 0.80 fm
NA (2, 2) 0.82 fm
AA (3, 0) attractive
AA (0, 3) weakly repulsive
NN - AA (1,0) 0.44 fm
NN - AA (0, 1) 0.50 fm
NA - AA (2, 1) repulsive
NA - AA (1,2) repulsive

NA (0, 1/2) 0.44 fm
NE (0, 1/2) 0.72 fm
NA (1, 1/2) 0.37 fm
NT, (1, 1/2) 0.30 fm
NT (0, 3/2) 0.40 fm
NT (1, 3/2) 0.77 fm
AA - AS - EE (0, 0) resonance

Table 1 S-wave baryon-baryon interaction

D. Deuteron form factors
We have seen that the quark exchange mechanism gives a short-range NN 

repulsion. On the other hand, traditional meson exchanges provide long range 
interactions, which are mostly attractive for NN. There have been many at­
tempts to construct a realistic nuclear force combining these two interactions.20 
It has been shown that the quark exchange repulsion is capable to reproduce ex­
perimental data with the help of a long range attraction. Is the quark exchange 
force equivalent with phenomenological potentials? Both of them describe the 
NN scattering phase shifts fairly well. A major difference is the nonlocality 
of the quark exchange interaction, which will manifest itself in the off-shell 
behavior of the interaction.

To study the off-shell behavior, we calculate the deuteron form factors 
in a realistic model, which reproduces the on-shell scattering phase shifts and 
also the deuteron static properties.21 Fig. 10 shows the monopole form fac­
tor of the deuteron, Fourier transformed, compared with that obtained by the 
Reid soft core potential model. One sees that the quark exchange interaction 
shows a significant enhancement around the origin due to the nonlocality. It is, 
however, hard to say that the nonlocality is a clear signature of quark partici­
pation, because the nucleon-meson picture may also provide a nonlocality due 
to retardation effect. If both the pictures give a similar nonlocality, it might 
be difficult to claim the quark exchange effect in a study of form factors and 
response functions of few-nucleon systems.
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Figure 10 Nucleon density distribution of the deuteron by the quark
cluster model compared with that by the Reid soft core potential.

QUARKS IN NUCLEI

One of the most interesting questions in nuclear physics is what is a sig­
nificant role of quarks in nuclear medium. Is there a signature of quarks in 
nuclei which distinguishes the quark-gluon dynamics from the nucleon-meson 
dynamics. We here want to discuss two possibilities: (l) effect of quark anti­
symmetrization and the Pauli exclusion principle in few-nucleon systems, and 
(2) nucleon swelling mechanism in the quark model.

A. Pauli exclusion effect
A possible signature of the quark participation to the nuclear dynamics is 

effects of the Pauli exclusion principle in multi-nucleon systems. In the two- 
nucleon system, the Pauli effect is not strong, because the number of valence 
quarks is too small. In the quark shell model, where all quarks are in a single 
potential well, each single-particle orbit may be occupied by twelve quarks (two 
from the spin, two from the isospin and three from the color). The two-nucleon 
system is far from the saturation. This fact is quantitatively expressed by a 
suppression factor on the quark exchange diagram, i.e. (1/9) due to the spin, 
isospin and color exchange.

In some other two-baryon systems, the Pauli principle plays a dominant 
role. For instance, AA (I = Iz = 3, S = Sz = 2) is made of five spin-up 
u quarks and one spin-down u quark. When two A’s are on the top of each 
other, not all the quarks can sit in the lowest lying orbit, but the Pauli principle 
requires that at least two spin-up u quarks should occupy a higher orbit. This
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effect produces a short-range A A repulsion in this channel. Twice of the single 
particle excitation energy {tiu « 200 - 300 MeV) gives a rough estimate of the 
adiabatic AA potential at i2 = 0. In table 1, the Pauli principle is responsible 
for the large repulsive core radii (0.7 - 0.85 fm) observed in AA (3,2), AA (2,3), 
NT, (0,1/2), NT (1,3/2) etc. The state dependence of the short range repulsion 
will be a signature of the Pauli exclusion effect among quarks.

The lowest single particle orbit of the quark shell model is saturated in 4He 
(= 2p + 2n = 6u + 6d). A hypernucleus ® He (=4 He + A) is unique in the study 
of the Pauli effect. If the extra A has no quark structure, it does not show any 
exclusion effect. In the quark shell model, however, A (= u -f d + s) is partly 
excluded by the Pauli principle, because the lowest u, d orbits have already 
been fully occupied in 4He. Although the quark shell model picture of ^He is, 
of course, an extreme one, the Pauli principle might be effective partially on 
A.22 This effect has been noticed in the context of the overbinding problem of 
|He. The Pauli effect might reduce the binding energy of A.

B. Nucleon swelling
Nucleons may be polarized in nuclear medium. A simple polarization is a 

monopole one, which is usually studied in the context of the nucleon swelling. 
We showed23 that on very general grounds the size of a bound nucleon in­
creases due to the attractive nature of the binding potential. A simple proof 
is given that a quantum system is expected to expand (contract) in an exter­
nal attractive (repulsive) field. We use first order perturbation theory with a 
hamiltonian,

if(r,R) = H0(r) + V(|R — r |). (11)

Her e, Hq is the internal hamiltonian of the system and r its dynamical coordi­
nate. The system is exposed to a local central external field V centered at R. 
If r in the quantum system is less than R, we may expand V in powers of r. 
For large R, keeping terms to order r2 and taking only the monopole term, we 
get

V(\R — r |) ~ V(R) + r2V2V(R) + higher multipoles. (12)

The “size” of the system evaluated in first order perturbation is then

<r2)
r 20

= 1 - a(ftro)2 V(R)
AEm

(13)

where ro is the rms radius of the ground state, /i the range of V (V2V = 
H2V), a a positive numerical constant and AEm a typical excitation energy of 
the monopole states. We clearly see in eq. (13) that an attractive (repulsive) 
potential makes the size of the system bigger (smaller). We have made a rough 
estimate of the effect for the nucleon and found a few % increase in nucleon size 
for the NN system at i? ~ 1.5 fm.
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Figure 11 X(i2) in the two-nucleon system.24 The curve CJRR shows
the ratio used in the rescaling model analysis of the EMC effect.25

The quark cluster model predicts a nucleon size change in the interacting 
multi-nucleon system. We calculate the average quark momentum in the the 
quark cluster state by using an adiabatic approximation.24 The ratio

K(iJ)iE({p2)s/<p2)CK>)"1/2 (14)

is plotted v.s. the iViV distance R in fig. 11. This change of the average quark 
momentum is mostly due to the size change of the individual cluster in the 
cluster wave function. One sees a significant size enhancement in the internal 
region, while at large R it is slightly suppressed. The latter is, in fact, consistent 
with the above general argument, when we consider that the quark exchange 
mechanism provides only a repulsive NN interaction. Although this adiabatic 
approach to the nucleon polarization may only be qulitative, one sees a sizable 
interference effect between the nuclear interaction and the nucleon substructure.

In conclusion, the quark cluster model provides us with a realistic picture 
of the short distance baryon-baryon dynamics. It seems interesting to study 
few-nucleon systems including hypernuclei, and possible polarizations of the 
nucleon in nuclear medium.

This work was supported in part by a grant from the National Science 
Foundation.
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NUCLEAR PHYSICS WITH STRANGE PARTICLES
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ABSTRACT

The introduction of strangeness in strong interac­
tion physics at low momentum transfers may provide a link 
between the conventional meson field theories and quark- 
gluon pictures of the nucleon and nucleus. Three experi­
mental fields are discussed having this idea in mind: 
1.) Strangeness content of the nucleon, 2.) Strange
dibaryons and 3.) hypernuclei. In a 4th chapter some per­
spectives of electroproduction of strange nuclear systems 
are given.

INTRODUCTION

One of the interesting problems of present nuclear 
physics is the question of the constituents of the nu­
cleus . We know from high energy physics that nucleons and 
consequently the nucleus is made up of the pointlike 
quarks and gluons. However, the very successful standard 
model of nuclear physics, the shell model, assumes point­
like nucleons as basic constituents which interact via 
meson exchange. At low energies these two pictures are 
essentially indistinguishable since the meson exchange 
can be represented as diquark- and soft gluon exchanges. 
Until recently this was only a theoretical problem. It 
was only the EMC effect, an effect which manifests itself 
at high energies, which showed us experimentally that 
quarks and gluons are present in the nucleus.

One of the few hopes to find also effects due to 
quark-gluon degrees of freedom at low energies is by 
marking a quark by strange flavour. It is this idea which 
makes the introduction of strangeness in nuclear physics 
so attractive. Strangeness may provide an additional con­
straint which will help to reduce the ambiguities of the 
two pictures.

This paper deals with three topics of nuclear 
physics with strangeness which could be addressed at a 
continuous electron beam accelerator of a few GeV: 
1.) Strangeness content of the nucleon, 2.) Strange 
dibaryon resonances and 3.) Hypernuclei. It will show by 
means of examples of recent experiments where we stand. 
In a 4th paragraph some perspectives of electroproduction 
of strange nuclear systems are given. However, no system­
atic attempt will be made to device experiments for 
CEBAF. This is largely covered by special contributions 
to this workshop.
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STRANGENESS CONTENT OF THE NUCLEON

From deep inelastic scattering at high energies we 
know that

_2 s 0>57 ± Q>1 for (v) ~ 30 GeV (1)
u *+• a

where s, u, 3 are the quark momentum distribution func­
tions of the sea quarks. This means that the s and § sea 
quarks carry about 2 % of the momentum at Qz ~. On the 
other hand arguments based on the pion-nucleon sigma term 
{Inti ) derived from the chiral symmetry breaking indicate 
a very large strange quark content at small momentum 
transfers1. Quantitatively

<p jis|p> = 0.5 <p11/2(uu+dd) ]p> {2)

where qq projects out the respective quark_content in the 
proton with momentum p. Since uu and dd contain the 
valence quarks this would be indeed a very large 
strangeness content. Unfortunately, we have no direct ex­
perimental information of the strangeness content at 
small momentum transfers. A possibility to study this in­
teresting question is electroproduction of Kaons from the 
nucleon.

In the traditional picture of the nucleon at low
momentum transfers, the pion 
of parton in the nucleon at 
the resolution of the photon

Ftg. 7. diagram j$ot Kaon photo- 
psioducti.on.

is considered to be a kind 
low momentum transfers. If 
is moderate (photon mass 

Q2 < 1 GeV2) the pion 
electroproduction in the 
direction of the momen­
tum transfer can be con­
sidered as the quasi­
elastic scattering
e (tiN)^ emN. F . Gtlttner et 
al.2 have analysed data 
of ti electroproduction 
using this idea and de­
rived a pion distribu­
tion function G u/p (x) 

where x is the momentum 
fraction of the proton 
carried by the it . The 
somewhat surprising re­
sult was that the proton 
is only to 3% a nnj 
state and that the nit+ 
state carries 0.6% of
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the proton momentum. It is obvi­
ous that one might also try to 
determine the strangeness con­
tent of the nucleon at low 
energies. However, the pole term 
of fig. 1 is determined by the 
longitudinal cross section. 
Therefore, a separation of lon­
gitudinal and transverse cross 
sections are needed. The preci­
sion of the data which could be 
achieved with the old accelera­
tors was not sufficient to do 
this separation. As an example 
the data of a DESY experiment3 ’ 4 
are shown in fig. 2. Plotted is 
the double differential cross 
section where t is the four-mo­
mentum transfer of the virtual 
photon to the Kaon and $ ^ 180° 
is the off-scattering plane an­
gle. As reference the Q2 depen­
dence given by the vector-domi­
nance model is plotted as well 
as the result of the at o t {Tvp->X) 
with a ratio of ol/au = 0.18.

STRANGE DIBARYON RESONANCES

MASSES (GeV/c2) 
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Hq. 3. Singlet and Octet represen­
tation ob strange diboAijons^. The 
nasses are predictions in ike MIT 
bag nodel6.

Dibaryon resonances 
would be probably the 
best cases to test the 
interplay between meson 
exchange interaction and 
the quark gluon picture. 
However, for light quarks 
the only dibaryon which 
is established beyond any 
doubts is the deuteron5. 
The most promising candi­
dates for further dibary- 
yons should be therefore, 
the SU{3) flavour part­
ners with strangeness 
S = -1 and -2 of the deu­
teron. In the MIT bag 
model Jaffe6 predited an 
octet of strange dibary­
ons (see fig. 3} . Beside
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this octet a singlet, usually called H with the most sym­
metric quark content {2u, 2d, 2s) all in a S state
which would be bound by 80 MeV, is predicted. The
masses predicted by Jaffe have been recalculated several 
times in more refined calculations (for a summary see
e.g. Locher et al.5). As indicated in fig. 3 all proposed 
resonances are close to hyperon-nucleon or hyperon-hy- 
peron thresholds and are difficult to distinguish from 
cusp effects.

The experimental search for these resonances has 
been, therefore, rather obscure. The search for the H 
particle has been negative so far5 . A most promising AGS 
proposal7 to search for the H using a two step reaction 
with intermediate (H ~ d) atom formation has not yet pro­
duced results.

A positive result for a S = -1 state was, however, 
presented by a Rome-Saclay-Vanderbilt collaboration8 at 
CERN. They searched by means of the reaction K“d-Ht-X* and 
the line inverted reaction tx+ dK+X4 for the X = Hi 4 
dibaryon. Fig. 4 shows a missing mass spectrum with the
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rtg. 4. S'U^ing ncuw ^pec^a tho, K d+n X kipper) and 
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!C!'}pEc and -+ v:~ l K+jnZ* and the. navioolij dashed cuAve 
ind.lcio.te6 the H* •
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indication for a bump not explainable with the quasielas­
tic reaction. The mean of its parameters derived from 
three momenta and for different decay multiplicities is 
Mx = 2129.8±G,2 MeV/c2 and f = 16.7±1.9 MeV/c2 . It is 
most naturally identified with the Hi * resonance. How­
ever , this identification depends on the reliability of 
the calculation of the quasi-elastic background.

A more recent result from the AGS experiment 773 9 
is indicating hints to another kind of dibaryons. The H 
particles are partner of the deuteron and belong to the 
colour representation (Q6)i and the mentioned flavour 
octet and have Lp =0+ . On the other hand, by grouping the 
six quarks of a dibaryon to different quark clusters, one 
can get states of {Q4)3 - (Q2)3 * colour representation
with _3-_3* or j5*-3_* flavour SU {3) representation. They are 
denoted Dj = D and have Lp = 1~ . Table 1 shows a com­
pilation of these states with S = -1 by Piekarz9 based on 
calculations by Mulders et al-10.

TABLE 1 Strange dibaryons, S = -1

Mass
(GeV)

J,I Lp Quarks clusters 
and colours

Flavor E

Do 2.11 0,1/2 1- <Q4 ) 3 - (Q2 )3* 3-3* 60

Di 2.16 1,1/2 1- (Q4 ) 3 - (Q2 ) 3 * 3-3* 110

2.17 1,1/2 0* (Q6 )i 8 130

2.24 2,1/2 0* (Q6 )i 8 200

2.27 1,1/2 1- (Q4 ) 3 - (Q2 )3 * 6-3* 230

2.29 1,1/2 1- (Q4 )3 - (Q2 )3* 6-3* 250

Missing mass spectra at different reaction angles 
Oku: of the K" d->'n- X reaction obtained by Piekarz et al.9
are depicted in fig. 5. At Mx = 2128 MeV/c2 a peak on top
of a background is seen which may be the cusp/resonance 
of Pigot et al. . At larger reaction angles a further in­
dication of a peak at Mx = 2139 MeV/c2 is appearing. The 
angular distributions of the assumed two peaks is shown 
in fig. 6. The bumb at 2129 MeV/c2 behaves as a AL = 0
transition consistent with the hypothesis that it is com­
posed of a cusp and the Hi + . The cross section for the 
possible peak at 2139 MeV/c2 , however, disappears in for­
ward direction as it should if it is a for which
AL = 1.
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All indications on strange dibaryon resonances are 
not yet very firm. Clearly better statistics and may be 
also some selectivity by measuring the decay channels are 
needed. Such improvements are likely to come about at an 
high intensity, Hadron Facility as e.g. LAMPF II, TRIUMF 
or EHF. A short comment on the perspectives at a high in­
tensity electron accelerator will be made later.

HYPERNUCLEI
Hypernuclei are a direct extension of the idea of 

dibaryons, however, providing a much richer spectroscopy. 
Most of the existing data could be interpreted by assum­
ing that a hyperon replaces a nucleon in a shell orbit. 
It is, however, tempting to relate the short range part 
of the effective interaction as e.g. the spin-orbit force 
to the quark degree of freedom. The experimental situa­
tion of hypernuclear production in the (K~,n-) 
strangeness exchange reaction has been summarized several 
times in recent years11• 12 ■ 1 3 . Only few experiments could 
be performed recently and, therefore, only . few new re­
sults can be mentioned.
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A most exciting result is the possible first obser­
vation of ground states of heavy hypernuclei by means of 
the (it+ ,K+ ) reaction14 at the AGS of BNL15 . Fig. 7 shows 
as an example 8A9Y. The configurations of the supposed hy­
pernuclear states is indicated with {s^ , g~19/2) being 
the ground state. The momentum transfer to the A at a 
pion momentum of 1.05 GeV/c is about 320 MeV/c, a value 
which would be also typical for hypernuclear production 
in (e,e'K) at CEBAF. In this kinematical situation it is 
possible to populate states with large angular momentum 
transfer. These may be as indicated in the example of Y 
deeply-lying A shell model states. A more detailed inves­
tigation of these states may provide for the first time a 
test of the shell model for deeply-bound shells.

A disappointing news is that the I hypernuclear 
states claimed by a Tokyo University group16 in hypernu­
clear production with stopped Kaons could not be con­
firmed by a Tokyo-Heidelberg collaboration17 at KEK.

This failure to reproduce the earlier spectra has 
been taken as a corroboration of theoretical claims that 
I hypernuclei can be interpreted as quasifree production 
of I from nuclei18,I9. However, this model cannot explain 
the whole of all observations20.
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Fig. 8 shows a hypernuclear spectrum from 9 Be mea­
sured by Bertini et al. at CERN21. Fairly high above the 
binding energy threshold in the continuum two bumps due 
to a mixture of several A hypernuclear states are seen. 
At a mass just 77 MeV higher, the mass difference between 
the 1° and the A 0 a very similar structure is seen. The 
width of these states is about 8 MeV suggesting that nar­
row I hypernuclear states in the continuum exist. The 
same is indicated if one compares the A and I spectra 
from 12 C (fig. 9). Though the statistical precision is 
only moderate due to the limitations of todays Kaon beams 
it is difficult to deny the similarity in the (K~ ,tt * ) 
spectra. Beside the broad shoulder due to quasi free 
transitions a narrow peak about 5 MeV side is visible. 
The feature of narrow peaks cannot be reproduced by the 
quasi free models.

The quasi free calculations predict no cross sec­
tions. However, there are inconsistencies2 0 within the 
measured cross sections if one assumes they are due to 
the quasi free mechanism which also sheds some doubt on 
this interpretation of the I production from nuclei.

Of course the existence of narrow I hypernuclear 
states which should not exist due to the strong transi­
tion IN A N is highly provocative in the realm of the 
standard shell model. Numerous explanations have been 
discussed22 and some of them have been questioned23.

If the existence of narrow I states proves to be a 
general phenomenon, some new physics may be involved. 
Furthermore, the spectroscopy of A hypernuclei will be 
extended to a new dimension due to the different quark 
spin coupling and the isospin of the I hyperons.

PERSPECTIVES OF ELECTRO-PRODUCTION OF 
STRANGE NUCLEAR SYSTEMS

The three topics covered in this paper are all rele­
vant to future program containing strangeness at CEBAF. 
The elementary cross sections are not only needed as an 
input for the multibaryon systems. Their study will allow 
a determination of the KNA and KNI coupling constants. 
Furthermore by separating the longitudinal and transverse 
part of the cross section the Born terms may be deter­
mined and in this way a measure of the strangeness (K) 
content of the nucleon be derived.

In the electroproduction {tv,K) from the deuteron 
the final state interaction of the produced hyperon with 
the spectator nucleon may allow the study of YN scatter­
ing and YN dibaryon resonances. However, final state in­
teraction effects are small and together with the small 
(tv,K) elementary cross only rather low event rates can 
be expected for the YN resonance production. A separate 
calculation of the size of the final state interaction
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effects in_ the quasi free kinematics has been performed 
for the (p,p) reaction24 (see also8). The search for 
dibaryon resonances and the study of YN interactions will 
be probably done more effectively at a hadron facility.

The electroproduction of hypernuclei at CEBAF has 
been discussed several times in earlier papers25,26. One 
of the very important questions which where addressed was 
the count rate. Since different authors used rather dif­
ferent kinematical situations, very different count rates 
resulted.

For easily accessible scattering angles Oe =15° and 
Ok ~-150 about 5 coincidence events per hour were de­
rived2 6 . If one could reach e.g. Oe =10° and Ok =-10° a 
factor 10 could be gained. This is a counting rate compa­
rable to the (K" ,n) reaction. However, the resolution of 
the {e,e'K) hypernuclear could be ~ 300keV against the 
2 MeV which are typical for the {K~ ,it) reaction. A possi­
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bility to reach very small reaction angles is indicated 
in fig. 10. The proposed set up2 7 uses two independent 
septum magnets of conventional design. In this way the 
intense electron beam would go straight in the normal 
beam dump.

It is important to emphasize that the {e, e' K) reac­
tion will deliver much more information on hypernuclear 
states than the (K~ ,ff) reaction. The Matrix element mea­
sured in (e,e'K) is given by2 5

Mf i ~ </ <njl) j/ e~lQx O |^i>
A K+ tr N

where <t>+ is the outgoing Kaon wave function, Q the momen­
tum of the virtual photon and Ot r th_| electromagnetic 
transition operator. By varying ^ and Q one can, there­
fore , test the A wavef unction and study the distor­
tions of the Kaon wave. More important may be the possi­
bility to separate longitudinal and transverse contribu­
tions to the cross sections for some few selected cases. 
The longitudinal may be more sensitive to unexpected be­
haviour , i.e. non shell model, than the transverse part.

In summary it is clear that a hypernuclear program 
at CEBAF would make this field accessible with a more in­
formative probe and an improved precision. Since the 
strangeness in nuclei is conceptionally a way to unravel 
possible quark degrees of freedom in nuclei a great po­
tential for new physics exists here.
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EXPERIMENTAL STUDIES OF ELECTROMAGNETIC 
PROPERTIES OF FEW BODY SYSTEMS*

P. E. Bosted

The American University, Washington D.C. 20016
and

Stanford Linear Accelerator Center, Stanford, CA 94305

ABSTRACT
An overview is given of some recent and planned experiments which have or 

will substantially increase our knowledge of the electromagnetic properties of 
the few body systems. Specific examples include the proton and neutron elas­
tic form factors, the deuteron elastic form factors, deuteron threshold electro- 
disintigration and quasi-elastic scattering, deuteron photodisintigration, and fi­
nally measurements of R in deep inelastic scattering from hydrogen, deuterium, 
and iron.

INTRODUCTION
The availability of a large current, medium energy electron beams at insti­

tutions such as SLAC, Bates, and Saclay has been combined with improvements 
in detectors and experimental techniques to push our knowledge of the electro­
magnetic properties of the few body systems to ever higher momentum transfer 
Q2 and ever greater accuracy. The topic is too vast to cover completely in a 
paper such as this, so that I will concentrate on a few areas where recent or 
planned experiments are making significant contributions. See Ref. 1 for re­
views that cover additional topics such as elastic and inelastic scattering from 
the tri-nucleon systems.

PROTON ELASTIC FORM FACTORS
Probably the simplest few body system of interest to nuclear physicists is 

the nucleon. In most cases the properties of nuclei can be explained in terms 
of systems of bound nucleons, ignoring the internal structure of the nucleons. 
Recent experimental evidence, especially the ‘EMC Effect’, has shown that at 
high energies this assumption breaks down. A central question has become to 
what extent are nucleon properties changed when in a nucleus, and what is the 
probability that two nucleons form a dibaryon state when placed close together. 
Answers to these and other questions require the best possible knowledge of the 
free nucleon properties and the development of good theoretical frameworks for 
explaining them.

* Work supported in part by the Department of Energy, contract DE-AC03- 
76SF00515 (SLAC) and by the National Science Foundation, Grant PHY85- 
10549 (American University).
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Measurements of the nucleon form factors are usually given in terms of the 
Sachs form factors

g*=* - (1)

Ghf — F\ + F2 (2)

where Fi and F2 are the Dirac and Pauli form factors, which give information 
on the charge and spin distributions respectively. At low energies, a successful 
phenomenological description of the form factors can be given in terms of vector 
dominance models121 (VDM) in which the interaction is pictured to be composed 
of two parts: a bare photon and vector meson components to the photon. At 
sufficiently high energy the role of vector mesons is expected to diminish, and 
calculations of the hard photon scattering should be possible using perturbative 
QCD. A major question has been how high does the energy transfer have to be 
for PQCD to work?

Recent experimental data181 has shed some light on this question. Electrons 
with energies up to 20 GeV were scattered from a 60 cm long hydrogen target in

End Station A at SLAC. The use of 
longer target, more forward angle, 
better detectors in the spectrom­
eter, and the masking of the tar­
get endcaps were the principal fac­
tors that permitted measurements 
from Q2 = 2.9 to 31.3 (GeV/c)2 
with considerably smaller errors 
than previous measurements. The 
results for the quantity Q4G^/ftp 
are shown in Figure 1, extracted 
from the measured cross sections as­
suming that Gfi = GvMf iip. The re­
sults show QaGpm attaining an ap­
proximately constant value around 
5 to 10 (GeV/c)2. This is consis­
tent with the PQCD prediction[4i 
that Fi should fall as Q~4 (times a 
slowly falling function of Q2 due to 
the running of the strong coupling 
constant ct8 and terms proportional 

to ln(Q2)), while F2 should fall as Q~6 due to the extra helicity flip. Explicit 
calculations have so far been done for Fi only. The results have been found 
to be quite sensitive to the choice of quark wave function. A symmetric wave 
function gives a curve141 with the right shape (solid curve normalized to the

Q2 [(GeV/c)2]

Fig. 1. New results for the proton form 
factor G'm from Ref. 3. The perturbative 
QCD curves are from Ref. 4 (BL) and 
Ref. 5 (CZ).
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data at Q2 — 10 (GeV/c)2) but a magnitude that is about a hundred times 
too small. Chernyak and Zhitnitskyi61 have derived a set of asymmetric wave 
functions which satisfy the constraints from QCD sum rules and also give good 
agreement with the size and shape for (dashed curve in Fig. 1).

Several developments should take place before one could conclude that 
PQCD becomes applicable around Q2 = 5 (GeV/c)2 and that the valence 
quarks in the nucleon do not share momentum equally. The first is that 
numerical calculations of F2 are required. It is quite possible that the slow 
decrease in QAGPM with Q2 is not due to the running of <xs and the ln(Q2) 
terms, but to there being a substantial contribution to GVM from in this Q2

range. This can be seen in an extended 
VDM fit (which required that F\ ~ Ci / Q4 
and F2 ~ C2/Q6 at high Q2) made by 
Gari and Krumpelmann1®1 (see Figure 2). 
On the experimental side, measurements 
of Gve are sorely needed. For example, 
if G% = Gpm above Q2 = 6 (GeV/c)2, 
rather than GPE = GpMf nPi as suggested by 
one diquark model, than the values for 
Q*Gpm extracted from the measured cross 
sections would be almost completely inde­
pendent of Q2 above Q2 = 6 (GeV/c)2, 
instead of showing the slow decrease seen 
in Figure 1.

Aside from their value in interpret­
ing the high Q2 SLAC data, measurements 
of Gpe are interesting in their own right 
in providing additional constraints on the 
VDM fits and probing the transition re­
gion to PQCD. The existing data (divided 
by the dipole law Gj) = 1/(1 + Q2/.71)2) 
are shown in Figure 3, along with some 
of the VDM models. The error bars do 
not permit discrimination among models 

Not shown are preliminary results from a recent 
Rosenbluth experimentlD| at SLAC which made measurements up to Q2 = 3 
(GeV/c)2. The new data do not show any significant deviation from the 
dipole law. Further measurements191 at SLAC using the Rosenbluth separation 
method are planned up to approximately Q2 = 6 (GeV/c)2 with an error on 
Gpe/Gd of ±0.15 at the highest Q2 (open rectangles in Figure 3). To achieve 
these small errors requires measurements over a large range of the polarization 
parameter e. Forward angle measurements are needed with beam energies of 
10 GeV or more, while backward angle measurements require a spectrometer

!0 20 
„ a o2 [(GeV/c)2]
6-06 L J 54 64 A3

Fig. 2. Data for a) G^ and b) 
Gjy- compared to VDM ± QCD fit 
of Ref. 6.

above Q2 = 3 (GeV/c)2,
.[8]
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with a large solid angle to maintain reasonable count rates. Very good control 
over systematic errors is also required. Due to its limited beam energy, CE- 
BAF will probably not be able to go much higher in Q2 using the Rosenbluth 
method, but could likely obtain significantly smaller errors at moderate Q2 by
using combinations of polarized beams 
measure assymetries which are directly

Fig. 3. Existing data for Gg compared 
to some VDM fits. The open rectan­
gles show the expected errors from a 
future SLAC experiment.181

polarized targets, and polarimeters to 
proportional to GPE.

+ This EXP 
Albrecht et ol

0 i 1 i i i 1 t I i L J
0 2 4 6 8 i0

02 (GeV/c!2

Fig. 4. Data1101 for an/^p compared to 
VDM models of Hohler et al.121 (dashed) 
and Blatnik and Zovdko121 (solid) and 
to form factor scaling (dotted) and the 
dipole law (dashed-dot).

NEUTRON ELASTIC FORM FACTORS
Experimental knowledge of the neutron form factors has been necessarily 

much more limited than that of the proton due to the lack of a free neutron 
target. Most experiments have been performed using the deuteron as a target 
and subtracting the contribution from the proton. Existing measurements1101 
of the ratio of neutron to proton cross sections at forward angles are shown in 
Figure 4. The results were all obtained from quasi-elastic scattering from the 
deuteron, and the error bars are dominated by the uncertainty in subtracting 
inelastic contributions rather than by statistics. The data show a fairly constant 
ratio between Q2 = 1 and 6 (GeV/c)2, then a slow decrease at high Q2. The 
agreement with older VDM fits (done before the neutron data was available) is 
not particularly good, nor do the high Q2 data seen to be in good agreement 
with empirical relations such as form factor scaling {GpMjiip = GPE = G^/fin 
and Ge = 0) or the dipole law [G^jfj,n = Gjy and G^ — 0). The best 
description of the data comes from models16,111 in which F± is small compared 
to F£ (see Figure 2). Calculations in PQCD have yet to be performed, but 
would likely shed light on the origin of the differences between proton and 
neutron cross sections.
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The separation of the electron and magnetic form factors of the neutron 
has proven to be extremely difficult experimentally. The existing data for 
(G-g/Gx))2 (see Figure 5) show that Gg is much smaller than at low Q2, 
and are equally compatible with either F” = 0 or = 0. The experiment191 
approved to run at SLAC to extend the measurements of GPE to high Q2 will also 
try to extend the separation of G^ and GE to Q2 = 4 (GeV/c)2 by performing 
Rosenbluth separations on quasi-elastic scattering from deuterium. The antici­
pated error bars from this experiment are shown as the tall rectangles in Figure 
5 and should be small enough to distinguish between F* — 0 and GE = 0. 
While much of the relatively large errors come from counting statistics and the 
need to subtract the effect of the proton, a detailed knowledge of how the cross 
section deviates from the impulse approximation will be needed to have full 
confidence in the results. The error bars shown include estimates for all these 
possible sources of uncertainty. Plans also exist to make precision measurements 
of Gjg at Bates at relatively low Q2 using both polarization transfer (polarized 
beam and neutron polarimeter) and the scattering of polarized electrons from 
a polarized 3He target. These measurements could be extended to higher Q2 
at CEBAF.

Q2 [(GeV/c)2]

Bonn Pofential-HM3 
Nucleon Formfoctors

----- Gari + Krumpelmann
----- Hohier

\ \»

160 200
Q2 (fm 2)

Fig. 5. Existing (solid circles) and po- Fig. 6. Data for deuteron A(Q2) com- 
tential (open rect.) data for (G^/Gp)2. pared to IA calculations1131 with nu- 
Curves GK1®1 and KK1"1 have Ff = 0. cleon form factors from Refs. 2 and 6.

A better knowledge of the nucleon form factors will be important in in­
terpreting existing and potential data from nuclear targets. A first example 
is the forward angle form factor of the deuteron A(Q2). As shown in Figure 
6, the choice of form factors can change the calculations by a factor of 4 at 
Q2 — 4 (GeV/c)2. Another example is in quasi-elastic scattering from nuclei,

f | q1

where the longitudinal strength has been found to be smaller than expected.
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The choice of form factors can change114' the predicted longitudinal strength 
at Q2 = 1 (GeV/c)2 by 25% for most nuclei and as much as 40% for 3H. The 
effect is even larger at higher Q2. It is vital to know the nucleon form factors 
before one can blame the disagreement between calculations and data for the 
longitudinal response function on more exotic effects.

DEUTERON ELASTIC FORM FACTORS
The electromagnet ic form factors of the deuteron at high momentum trans­

fer have long been of interest for the information they contain on the short 
range nucleon-nucleon interaction and the role of meson exchange currents and 
relativistic effects. There are three form factors (charge Gc, magnetic Gm, and 
quadrupole Gq) which can be determined from three experimentally measur­
able quantities:

A(Q2) - + qt2GQ + 3rGM (3)

B(Q2) = jT(l + r)Gjf (4)

P(n2\ 4V2tGq{Gc + %Gq)
W J * (G% + §r»C$ (5)

where r = Q2/4M%. The quantities A(Q2) and B(Q2) are measured using un­
polarized electrons and deuterons at forward and backward angles respectively, 
while measurements of P(Q2) require the use of polarization.

The existing data'16' for A(Q2) are shown in Figure 6. Non-relativistic im­
pulse approximation calculations tend to fall below the data, but can be brought 
into agreement using non-zero values for G*|, wave functions with strong high 
momentum components, or large relativistic corrections. Fits have also been 
made using parton models (see Ref. 15 for a review of calculations).

The structure function B(Q2) is a more sensitive test of models than A(Q2) 
since it is proportional to only one form factor (rather than three) as is predicted 
to have a diffraction minimum around Q2 = 2 (GeV/c)2. New data'17' have 
recently become available from an experiment at SLAC which detected electrons 
backscattered at 180° is coincidence with deuterons recoiling at 0°. The new 
data are shown as the solid circles in Figure 7 and do indeed show a minimum 
around Q2 = 2 (GeV/c)2. The non-relativistic impulse approximation using 
the Pairs wave function1181 has the minimum at too low a Q2 (solid curve), but 
this is improved when isobar admixtures and isoscalar meson exchange currents 
are taken into account1191 (dashed curve) or when the wave function is treated 
relativistically'18' (dotted curve). Interestingly, the Skyrme model (expected to
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work best at low Q2) gives a result1201 indistinguishable from the dotted curve. 
Perhaps the most significant result is the strong disagreement with the smooth 
falloff of parton model predictions, an example1211 of which is shown as the 
dot-dashed curve.

Q2 (GeV/c)2

Fig. 7. Data for B(Q2) compared to 
various models (see text).

O Bates, Ref. 17

O Hovosibirsk, 
Ref. 18 ,

—>| Bates |*a—

ANL-Aladdin

Fig. 8. Data1221 for t2o along with Q2 
ranges for future data. The dashed 
curve is a QCD result, while the 
other curves are discussed in Ref. 24.

The data1221 for t2o, which is directly related to P(Q2)) are shown in Figure
8. Data will soon be taken at Bates (see Figure for Q2 range) which will go 
to high enough Q2 to distinguish among various models. It will be especially 
interesting to see if QCD predictions1231 that t2o remain negative at large Q2 
are borne out. If the results support the traditional impulse approximation 
calculations (solid and dot-dashed curves in Figure 8), then increasingly tight 
constraints will be placed on models to simultaneously explain all the data for 
A(Q2), B(Q2), t2o, and the nucleon-nucleon scattering data.

DEUTERON THRESHOLD ELECTRODISINTIGRATION
The electrodisintigration of the deuteron near threshold has been shown 

to be one of the most sensitive reactions to non-nucleonic degrees of freedom 
(specifically isovector meson exchange currents).1261 The data'25' at backwards 
angles (where the Ml transition to the almost bound isospin triplet 1S'o state 
dominates) averaged over excitation energies Enp = 0 to 3 Mev are shown in 
Figure 9. Impulse approximation calculations (not shown) fall far below the 
data at the higher Q2, but the inclusion of MEC and isobar admixtures can 
bring calculations into reasonable agreement with the data.126,271 Two areas of
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uncertainty in the calculations are whether to use or in calculating the 
MEC, and in either case what is the size of G^ (see the four curves1361 shown 
in Figure 9). The somewhat more speculative hybrid quark cluster models1281 
can find agreement with the data but predict a minimum in the cross section 
just where the data ends. This is contradiction to preliminary cross section 
data from experiment NE4 at SLAC1391 which continue to fall smoothly up 
to Q2 = 70 fm-2. The NE4 results have poor energy resolution (SEnp — 
±8 MeV typically) but can still place significant limits on the cross section 
near threshold. A new experiment at Bates1801 has been approved to take 
data up to Q2 = 50 fm-2 with good energy resolution. This new data will 
provide severe constraints on current models, complement ary to those provided 
by measurements of B{Q2).

d?a/dodn [cmf/sr JUeV ]

t Auffret et aL 
$ Bemheim et al.

Paris potential

1.2 - -A o
0.6 -

0.6 -

101.5'

PHOTON u*B ENERGY (GeV)

Fig. 9. Data1351 for d(e,e')np averaged Fig. 10. Existing data1311 for photodis- 
over Enp = 0 to 3 MeV compared to intigration of the deuteron with the s- 
predictions1361 with different form fac- dependence of QCD scaling1331 removed, 
tors.

PHOTODISINTIGRATION OF THE DEUTERON
Another area where the importance of non-nucleonic degrees of freedom can 

be tested is in the photodisintigration of the deuteron. This is perhaps one of the 
simplest nuclear reactions, and has been studied in detail both experimentally1311 
and theoretically at beam energies below 500 MeV, where the data is reasonably 
well described in terms of conventional meson-exchange theory.1331 Between 500 
Mev and 1 Gev the small sample of data fall below the predictions. This has led
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Brodsky and Hiller1321 to suggest that (at least around 90° in the c.m. system) 
the onset of dimensional scaling may have been reached. Dimensional scaling 
is based on lowest order" perturbative QCD arguments and does very well is 
describing the energy dependence of meson photoproduction from the nucleon 
at energies above a few GeV. Dimensional scaling predicts that the reduced 
cross section

/2(^cm) =
da \A(S “ Md)

dfl Fp(tp)Fn(tn) (6)

should be independent of s, the total energy in the c.m. system. The values 
for P{6cm) for existing data[s 11 are plotted in Figure 10, where it can be seen 
that there is a hint of energy independence above 700 MeV. An experiment1341 
is planned at SLAC in the near future to extend the data with reasonably small 
error bars up to 1.8 GeV. By the very nature of the kinematics involved, the new 
data will be very sensitive to the short range description of the nucleon-nucleon 
interaction, whether it be described in terms of extensions of the conventional 
model with additional N* resonances, hybrid models including 6-quark clusters, 
bag models, or perturbative QCD.

QUASI-ELASTIC SCATTERING FROM DEUTERIUM
Quasi-elastic scattering from the lightest nucleus, the deuteron, is of par­

ticular interest since (below pion threshold) the final state is completely de­
termined and relatively exact calculations 
can be made. As was discussed in a previ­
ous section, the area near the quasi-elastic 
peak can be used to determine the neu­
tron form factor since the impulse approx­
imation is believed to work well in this re­
gion. The region between threshold and 
the quasi-elastic peak is of particular in­
terest because it is sensitive to the high- 
momentum components of the deuteron 
wave function. There exists a considerable 
amount of data at forward angles1361 which

-o.e -0.6 -0.4 -0.2
y (GeV/c)

0.2 was compared1361 to the non-relativistic 
impulse approximation to estimate the 
deuteron wave function. Good agreement 
with the Paris wave function was found 
at low momenta (P < 200 MeV), but sub­
stantially higher values were found for 

200 < P < 600 MeV. Recent work1371 has shown that most of this discrep­
ancy can be removed if the cross sections are compared to a calculation that 
takes into account final state interactions.

Fig. 11. F(y) for forward angle 
data1351 (above) and preliminary 
backward angle data1291 (below).
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There has recently become available cross section measurements at 
backward angles from Bates1381 at low Q2, at Kharkov[391 for 0.5 < Q2 < 1.0 
(GeV/c)2, and at SLAC1201 for 1.0 < Q2 < 2.75 (GeV/c)2. The new data al­
low comparisons of forward angle structure functions WziQ^, v) with backward 
angle structure functions W\{Q2,u). The Kharkov data show that the ratio

R-a*‘ - W2(1+ p\
B ^ “ i^(1 + (7)

is small (< 0.3) near the quasi-elastic peak, as expected if scattering from 
spin-1 nucleons dominates, but becomes larger than 1.0 close to threshold. 
Calculations of R using the new SLAC data are presently underway. It will 
be interesting to see if this trend continues. Large values of R could indicate 
important contributions from scattering of spin-0 or spin-1 clusters.

Another common way of analyzing quasi-elastic data is in terms of y-scaling. 
First proposed by West1401 as a way of searching for universal single-particle 
momentum distributions in nuclei, it has been found to be remarkably successful 
in describing data over a large range of Q2 and A. In the case of the deuteron 
a direct connection can be made between scaling functions and models, which 
can be shown to scale more or less well depending on the choice of variable and 
scaling function. For the definitions of y and F(y) used in Ref. 36, both the 
forward angle and preliminary backward angle SLAC data scale remarkably 
well, as shown in Figure 11. While the two data sets agree very well at the 
quasi-elastic peak, the backward angle F{y) tends to be somewhat lower than 
the forward angle F{y) for y < 0.2 GeV/c. Further analysis will be needed to 
interpret this difference.

THE EMC EFFECT AND R IN DEEP INELASTIC SCATTERING
The discovery of the difference in the structure functions 1*2 (x) for iron 

and deuterium targets (the ‘EMC effect’) has sparked considerable activity in 
the theoretical study of deep inelastic scattering from nuclear targets. Models 
for the EMC effect (see Ref. 41 for a review) are built of ideas such as Q2 
rescaling, x-rescaling, binding effects, and contributions from clusters of pions, 
isobars, and so on. Some models1421 predict large differences for R = &l/&T 
between iron and deuterium, while QCD models and others predict a negligible 
difference. An experiment to measure the difference in R was recently performed 
at SLAC. The preliminary results1431 are shown in Figure 12. It can be seen 
that the difference Rfe ~ Rd is negligible over the x and Q2 range studied, 
showing that there are no significant spin-0 constituents or higher twist effects 
in nuclei as compared to free nucleons. The new data also show that a nuclear 
dependence to R cannot be used to explain the difference between the lower 
Q2, larger angle SLAC data and the higher Q2, smaller angle CERN data for
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aFE jaD iow Xj ag proposed by some authors.14*1 It should be noted that 
the discrepancy at low x has been much reduced with the new CERN data (see 
Ref. 41 for a review).

The Q2 dependence of R for hydrogen or deuterium is a sensitive probe of 
the transition region to perturbative QCD. At very large Q2, R should be zero 
for scattering from spin-| quarks, but at lower Q2 target mass effects lead to 
a form of R which falls like powers of l/Q2, while gluon processes lead to a 
form which falls like 1/ ln(<52/A2) (see for example Ref. 45). The preliminary 
data from SLAC E140 for Rp at x = .2 (and a high Q2 data point from CDHS 
for iron) are shown as a function of Q2 in Figure 13. Good agreement is found 
with the upper curve, which includes both gluon contributions and target mass 
corrections. Similar agreement is found at higher values of x. The errors on 
the SLAC Rd values will shrink when the analysis of radiative corrections is 
completed.

PRELIMINARY

Au Fe Q1

Fig. 12. Preliminary values of Rfe ~ 
Re as a function of x for various Q2

1431
values from SLAC E140 experiment.

PRELIMINARY 
o SLAC E140 (Dj) - 
K CDHS (Fe)

10
o

10 10
2

QJ (GeV/c)2

Fig. 13. R vrs Q2 at x = 0.2. The 
lower curve is a perturbative QCD cal­
culation including gluon contributions, 
while the upper curve also includes tar­
get mass contributions.

CONCLUSIONS
The examples cited in this paper show that experiments measuring the elec­

tromagnetic properties of few body systems are pushing towards ever higher 
energies and precision. These data provide stringent tests of our understanding 
of short range properties and non-nucleonic degrees of freedom. Theoretical 
approaches using PQCD, bag models, relativistic nucleon and meson models, 
the Skyrme model, and so-called hybrid models are making progress in their
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ability to quantitatively understand the results obtained so far and make pre­
dictions that will be tested by future experiments. The availability of 4 to 6 
GeV high current, high duty factor polarized electron beams at CEBAF, in 
combination with polarized targets or polarimeters, will open a new frontier in 
making precision measurements of quantities such as the neutron form factor, 
the transition form factors of the nucleon resonances, the deuteron £20 at high 
Q2; and the AN interaction. Experiments which require higher energy, such as 
hadronization in deep inelastic scattering or measurements of the deep inelastic 
spin structure functions of the nucleon are being studied for feasibility using 
internal targets at the PEP storage ring. At very high energies, measurements 
in the deep inelastic region using muons continue to be made at Fermilab[46!
and CERN.1471 Pushing the frontiers of the few-body electromagnetic problem 
will continue to keep us busy for many years to come.
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STUDY OF NUCLEAR CORRELATIONS AND THREE-BODY FORCES WITH ELECTRONS

J.M. Laget
Service de Physique Nucleaire - Haute Energie 

CEN Saclay, 91191 Gif-sur-Yvette Cedex, France

The one-body properties of nuclei are nowadays well under control. 
For instance, the extensive study of elastic or inelastic electron 
scattering have made possible precise measurements of the nuclear 
shapes, and the single particle orbitals have been singled out and 
studied by means of the (e,e'p) reaction. While those results have 
provided us with strong constraints on the self consistent mean field 
picture of nuclei, in which nucleons are bound by effective long 
ranged two-body forces, we are still left with the two following open 
questions :

- What is the nature, and how can we study the effects, of the
short range correlations in nuclei?
- What is the size and what are the effects of the three-nucleon
force?

Those are very old problems [1,2] which are stil1 unsolved.

The reason is that the meson and a degrees of freedom dominated 
all the attempts which have been made so far to study the short 
range behavior of nuclei : the use of probes of increasing energy 
requires to take into account the deformation of the nucleon and to 
consider also the coupling with each mechanism which drives the nu­
cleon-nucleon force.

While the study of these meson and a degrees of freedom in nuclei 
has been an important achievement of the last two decades, the major 
task of Nuclear Physics is now to go beyond and to study nuclei in 
kinematical regions where their effects are strongly suppressed or 
with probes to which they couple weakly.

I have already dealt with these problems in [3] where a complete 
summary and a general background can be found. To day I will try to 
review the relevant experiments to be performed at a few Gev electron 
machines, and the problems raised by their analysis.

1. The high momentum conponents of the nuclear wave function

Provided that final state interaction and meson exchange current 
effects are fully taken into account the analysis [4,5] of the 
(e,e'p) reactions, recently studied at Saclay [6,7] and Amsterdam [8] 
for small values of the four momentum of the virtual photon, has led 
to strong contraints on the D and 3He wave functions, up to momenta 
as large as 500 MeV/c.
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Fig. 1 beautifully illustrates this point. It summarizes the cross 
sections of the D(e,e'p)n and 3He(e,e'p)d reactions which have been 
measured at Saclay [6,7] during the past few years. The three kine­
matical settings have been chosen in such a way that the increase of 
the Mott cross section, when the electron scattering angle moves 
forward, compensates the rapid fall-off of the nuclear wave function. 
These kinematics, which maximize the longitudinal component of the 
cross section, minimize the effects of meson exchange currents (MEC). 
Although the corrections to the impulse approximation are significant 
and are necessary to reproduce the experiment, they do not dominate 
the cross-section. Moreover, they are strongly constrained by gauge 
invariance, which links in a consistent way the wave functions of the 
initial and final states and the various interaction effects.

To day the cleanest signature of 
two-nucleon correlations is the 
spectrum of the protons emitted in 
the continuum of the reactions 
3He{e,e'p) x [7] and 3He(y,p) x [9], 
which have been recently measured at 
Saclay. The top of the peak, which 
appears in fig. 2, corresponds to 
the electrodi sintegration of a nu­
cleon pair at rest, and its width is 
due to its Fermi motion in 3He.

While the (y,p) spectra are domi- 
nated by the exchange current con­
tribution and the A-formation me­
chanism, the (e,e*p) spectra are 
more directly sensitive to the rela­
tive wave function of the two active 
nucleons.

Fig. 1 - The cross sections of the 
D(eJe,p)n and *He(e,e 'p)d reactions 
recently measured at Saclay [ £, 7] 
are plotted against the momentum of 
the undetected nuclear fragment. The 
electron scattering angle 0 and the 
energy u of the virtual photon are 

given for each kinematics. The dotted line curves are the impulse 
approximation. The dashed line curves correspond to the plane wave 
treatment and include the neutron exchange or the two nucleon exchan­
ge graph. The dash-dotted line curves correspond to the distorted 
wave treatment. The full line curves include also the meson exchange 
contribution.

D(e,e'p)n 
PARIS W.F. 

SACLAY

0.3 n (GeV/c) 0.5

PARIS/FADDEEV W.F. 
SACLAY
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Fig, 2 - In the upper part, the spec­
trum of the protons emitted at 9 =
23° in the reaction ^He(y,p) is plot­
ted against the proton momentum. In 
the lower part, the spSctrum emitted 
in the 3 He(e,e'p) at 6„ = 60° is
plotted against the missing mass of 
the undetected system. The full cur­
ves are the result of the complete 
calculation \_4,10'\. Meson exchange 
currents and ^-formation mechanisms 
are not included in the dashed cur­
ves.

Fig. 3 shows, the ratio of the 
experimental to the theoretical cross 
sections computed with the latest 
Hannover-Paris [11] wave function. It 
is compared to the ratio of the theo­
retical cross-sections computed with 
recent three-body wave functions [12, 
13] and the Hannover-Paris one. It is 
very close to the ratio of the cor­
responding momentum distributions. 
However, the discontinuity, when two 
kinematics overlap, clearly shows 
that the cross section does not fac­
torize into the momentum distribution 
and the electron nucleon elastic 
scattering cross section. It is 
therefore not possible to correct for 
the interaction effects the spectral 
function usually extracted from the

Fig. 3 - The ratio i?2 between the 
experimental cross-section [7] Of 
the 3He(e,e,p)d and the theoretical 
cross-section computed with the 
Hannover-Paris [H] wave function, is plotted against the momentum of 
the deuteron. The dashed, dotted, and dash-dotted line curves are the 
ratio between the theoretical cross sections, computed respectively 
with the Urbana [12], Roma [l3] or Faddeev-Reid [l4] wave functions, 
and the Hannover-Paris one [ 21 ]. The ratio 2?3 has the same meaning 
for the 3He(e,e'p)np channel, and is plotted against the momentum of 
the undetected np pair.
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experiment [6,7] with the popular Plane Wave Impulse Approximation 
(PWIA). Only direct comparison of the cross sections makes sense. 
While the experiment hardly distinguishes between the Faddeev wave 
functions obtained with similar potentials as the Paris [ 11] or the 
Reid [14] one, it rules out the variational wave functions [12,13] 
whose high momentum components are too large.

This comparison of the theory and the experiment summarizes the 
present status of our knowledge of the high momentum components of 
the few bocty system, and clearly indicates the measurements to be 
performed in the future. While the high momentum components of D and 
3He are determined at the level 20 % up to 500 MeV/c, a more accurate 
determination requires a significant increase of the duty factor and 
the extension of such an analysis to higher momenta, and shorter dis­
tances, calls for electron beams of higher energies than those of the 
present generation of accelerators. Moreover the separation of the 
transverse and longitudinal components of the cross section is the 
necessary step to get rid of the exchange current contribution, and 
to study more directly the wave functions in the longitudinal cross 
section.

2. The pd capture reactions

Therefore no freedom is left to pi ay with the hi gh momentum com­
ponents of the three-body wave function. It can be used to analyse 
other channels as for instance, the pd -► Tti+ [15] and the pd -> 3Hey 
[ 16] reactions. Fig. 4 represents the analysis [15] of the angular 
distribution of the pd -> J%+ reaction at Tp = 500 MeV [17] and Tp = 
800 MeV [18]. The relevant graphs are given in fig. 5. The analysis 
[ 16] of the 90° excitation function of the y3He -*• pd reaction [19-25] 
is shown on fig. 6.

Due to large momentum transfers, the one-body mechanisms are 
strongly suppressed. Two-body mechanisms dominate the cross section 
and lead to a fair agreement with a large bulk of experimental data 
[3, 26]. While the unpolarized differential cross sections and spin 
observables are well reproduced at forward angles, strong deviations 
appear around 90° and larger angles. For instance, at 9= 90° the 
cross section of the pd + Jn+ and y3He -► pd reactions are respecti­
vely underestimated by one order of magnitude and more than a factor 
two. This discrepancy is really significant, since the two-body ma­
trix elements have been calibrated against the DU,p)p and D(y,p)n 
reaction [3], and since we have seen that the three-body wave func­
tion has been checked in the same range of momenta.

The meson double scattering mechanism, depicted in fig. 5 for the 
pd -*• Tu+ channel and in fig. 7 for the y3He * pd channel, accounts 
for a large part of the disagreement between the theory and the ex­
periment. When the momentum transfer increases, its contribution 
becomes more important than the contribution of the two-body mecha­
nisms. First, it is more 1ikely to be shared between three rather
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than two nucleons. Second, one of 
the exchanged pion is very close 
to its mass shell (on its mass 
shell above the pion threshold), 
and the corresponding triangular 
s i n g u1 a rity enhances thi s 
three-body amplitude.

Fig. 4 - The unpolarized angular 
distribution of the pd -*■ T%+ reac­
tion at r = 500 MeV [17] and = 
800 MeV \18] is plotted against 
the pion angle. The full line 
curves include the three- body 
mechanismst whereas the dashed 
line curves do not. The contribu­
tions of the nucleon exchange 
graph and the two nucleon exchange 
graph (resp. la and lb in fig. 5) 
alone are represented respectively 
by the dotted and the dash-dotted 
line curves.

Contrary to the pd > Tu+ reac­
tion the y3He -► pd reaction has 
the advantadge to be opened below 
the pion production threshold. 
Here both mesons are off shell 
and this meson double scattering 
is a prototype of a three-body 
exchange current, which is relat­
ed via gauge invariance to the 
corresponding part of the three 
nucleon force. The amplitude has

Fig. 5 - The relevant graphs in 
the pd 2Vl reaction. I : the 
one-nucleon (a) and the two- 
nucleon (b) exchange graphs. II : 
the two-body meson exchange 
graphs. Ill : the three-body meson 
exchange graph. Graphs lib and 
Illb come from the antisymmetriza- 
tion of the two-body meson capture 
amplitude.

the same expression as above thre-

161



shold, where only on shell elementary amplitudes enter the calcula­
tion. Therefore the excitation function, shown in fig. 6, offers us 
the opportunity to start from a kinematical domain where the calcula­
tion is founded on solid ground, and to extrapolate below the. pion 
threshold where the usual problems, due to the virtual nature of the 
exchanged mesons (from factors, heavy mesons), come in to the game.

It should also be noted 
that due to the strong 
suppression of pion ab­
sorption by T = 1 nucleon 
pairs, only pion absorp­
tion by T = 0 pairs has to 
be considered. Si nee the 
total isospin of the pd 
channel is 1/2 the for­
mation of the a is forbi- 
den at the f i rst pion 
scattering or production 
vertex. For instance, in 
the y3He -*• pd channel only 
Born terms are relevant, 
and the dominant graphs 
are the pion photoelectric 
and contact terms shown in 
fig. 7. They are really 
three nucleon exchange 
currents which are linked 
to a given part of the 
three-body forces.

The agreement with the 
pd radiative capture data 
is not as good as in the 
analysis of the pd -► J%+

PifMeV/c)

reaction, 
is a hint 
chanisms, 
occur in 
reactions, 
dered in 
reactions, 
are depicted 
(diagram II).

Presumably this 
that other me- 
whi ch do not 
pion induced 

must be consi- 
photon induced 

Two examples 
in fig. 7 
It i s wel 1

Fig. 6 - The excitation functions^ at 
.9p]<?,.w.= 90 °f d(yJp)n reaction 
3,21$ and the ^He(y>p)d reaction [75- 

25] are plotted against the incoming 
photon energy. The momentum of the out­
going deuteron is also plotted as ab­
scissa. The dotted-line curve is the 
contribution of the one-body mechanisms 
alone. The dashed-line curve includes 
also the two-body mechanisms. The full 
line curve takes also into account the 
meson double scattering mechanisms. Its 
contribution is the dash-dotted line 
curve.

known that p exchange contributes significantly to the uN S-wave 
scattering amplitudes. While the coupling of the photon to the pion 
is accounted for by diagram lb, the direct coupling to the exchanged 
p, diagram lib, must also be considered, especial ly near the pion 
threshold and below. It is also wel1 known [27] that two-pi on photo­
production proceeds primarily through the emission of a uA system in 
a relative S-wave. When these two pions are virtual (diagram Ila) the
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TsO

amplitude extrapolates smoothly 
below the %h threshold, and the 
corresponding three-body exchan­
ge current might interfer with 
the meson double scattering 
amplitude.

i

Fig. 7 - The three-body exchange 
currents in the y3ffe -*• pd reac­
tion. I: The meson double scat­
tering mechanisms is decomposed 
into its two dominant parts. II: 
The two relevant graphs which do 
not reduce to a sequential meson 
scattering.

vide us with the way to achieve t 
tion of a nine fold integral.

To summarize, meson double 
scattering appears to be a capi­
tal ingredient of the cross 
section of the 3He(y,p)d reac­
tion at high momentum transfer. 
However, it cannot alone repro­
duce al1 the data, and other 
three-body exchange currents 
must be considered before any 
definite conclusion can be re­
ached. All these different me­
chanisms must be singled out and 
extensively studied. The flexi­
bility of the three-body kine­
matics of the 3He(y,2p)n or the 
3He(e,e'2p}n reactions will pro- 
s goal and to avoid the calcula-

3. The three-body forces

Contrary to the 3He(y,pn) reaction, two body mechanisms are stron­
gly suppressed in the 3He(y,2p) reaction, or the transverse part of 
the 3He(e,e'2p) reaction, because (i) a pp pair has no dipole moments 
to couple with, (ii) the charged exchange currents are vanishing, and 
(iii) the formation of the a as an intermediate state is forbidden 
{since the dominant Jn:=l+ pA+ state cannot decay in the pp channel). 
When the spectator neutron is at rest, the cross section of the 
3He(y,2p)n reaction does not exceed 1 % of the cross section of the 
3He(y,pn)p reaction (fig. 8). The calculation is fully described in 
[3,10]. One of the detected proton is assumed to be emitted at ep = 
90°, with respect to the incoming photon, in the center of mass frame 
of the active pair. In the pp channel, the background is due to all 
the graphs due to final state interactions or corresponding to pion 
reabsorption is a pn active pair. It does not include the pion reab­
sorption graph in a pp pair, which dominates the (y,pp) cross section.

Fig. 9 shows the relative importance of the two and three-body 
mechanisms {fig. 10) in the 3He(y,pn) and 3He(y,pp) reactions [28]. 
The reduced cross section db/dQ dn is directiy related to the measur­
ed cross section (being J the Jacobian) :

-----------A---------- = j _j4-------- (1)

dp1 dQx dQ2 dQx dn
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If the neutron is assumed 
to be a spectator, and if 
it moves in a relative 
S-state with respect to 
the active proton pair, 
this reduced cross section 
is basically the product 
of its momentum distribu­
tion and the cross section 
of the disintegration of a 
pp pair (see [27] for ins­
tance) .The mass of the de­
tected nucleon pair and 
the angle of the proton, 
measured in the c.m. frame 
of this pair with respect 
to the direction of the 
incoming photon in the Lab 
system, are kept constant 
respectively at the values 
W = 2i60 MeV and [Me.,,.- 
90 . The reduced cross 
section is plotted against 
the momentum of the unde­
tected nucleon which is 
emi tted at 9 = 45° in the 
Lab frame. The plane wave 
cross section exhibits the 
variation of its momentum 
distribution, and the rise 
around 500 MeV comes from 
the anti symmetry of the 
outgoing three nucleons. 
At high momentum transfer, 
final state interactions 
become important, but the 
cross section is dominated 
by the three body mecha- 
nisms. In the 3He(y,pn) 
channel, the flattening

Fig* 8 - The photodisintegration cross 
section of the pn (upper part) and pp 
pair (lower part) at rest in ^He (see 
text).,

QL=2160MeV, (01ltjn=9O

600 0
n(MeV/c)

Fig* 9 - The reduced cross sections of 
the 3 He(y,pn)p and the 3He(y,2p)n 

reactions are plotted against the momentum of the undetected nucleon 
when it is emitted at 45 and when the mass of the detected pair is 
Q = 2160 MeV. The dotted and dash dotted lines represent the 
contributions of the two body mechanisms, without and with final 
state interactions respectively * The dashed lines include the three 
body graph when a %+ is absorbed by a np pair. The full lines include 
also the absorption of a it0 by a np pair.
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(a) <b)

Fig. 10 - The meson double scattering graph in the ^He(ys 2p)n reac­
tion is expressed in terms of the two most important parts : the 
absorption of a positive (a) or a neutral (b) pion by a T - 0 neutron 
proton pair.

of the cross section above 200 MeV/c, at the level of 1 % of the peak 
corresponding to the disintegration of a pn pair at rest, is consis­
tent with a recent study [29] of pion capture by 3He. In the 3He(y, 
2p) channel, two body mechanisms are suppressed by two orders of 
magnitude and the cross section is entirely driven by the three-body 
mechanisms. As expected %+ capture fol 1 owed by the emission of two 
protons dominates the (y,2p) channel, whereas %0 capture leading to 
the emission of a pn pair dominates the (y,pn) channel.

This kinematics has been deliberately chosen in such a way to 
maximize the kinematical domain where the first pion propagates on 
shel 1 and to enhance the effect of the triangular singularity. Inde­
ed, the three body mechanism dominates the cross section in a smal 1 
part of the phase space. It is maximized when the neutron is emitted 
at 45° with a momentum around 300 MeV/c. This corresponds to the most 
1ikely kinematics of the recoil nucleon in pion photoproduction on a 
nucleon at rest. This characteristic behavior of the cross section 
should be used to single out and study the three body mechanisms, in 
a domain where the calculation is basically free of parameters. Since 
it depends only on the low momentum part of the three body wave func­
tion and on shel1 elementary amplitudes which are calibrated indepen- 
dantly. Such a measurement is in progress at Saclay.

The next step consists of going far from the singularity in such a 
way that both mesons travel off shell. This graph can still be vie­
wed as a virtual meson rescattering, but also as a genuine three body 
meson exchange current, which in turn is linked to the corresponding 
three body forces. An example is given in [28] : here the three-body 
effects are sizeable when the available energy is roughly shared by 
the three nucleons. Now,the calculation heavily depends on the way 
the elementary amplitudes are extrapoled off-shel 1. While pion baryon 
form factors, must be considered in the pion photoproduction and 
scattering amplitudes, the size of the corresponding cut-off mass is
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still an open problem in three body forces [2]. While the description 
of S-wave pion nucleon scattering in terms of experimental phase 
shifts, or scattering lengths, is excellent on shell it might not be 
accurate enough to extrapolable below threshold, and a more microsco­
pic treatment, based a low energy theorems, should be used instead. 
Finally, pion absorption on T = 1 pairs, as wel1 as other three body 
mechanisms fig. 7 which do not reduce to a meson sequential scatter­
ing, should also be considered.

Al1 those problems are open, and the extension to the 3He(e,e'2p)n 
reaction is expected to provide us with a way to disentangle al 1 
these mechanism. Besides the f1exibi1ity of the three-body kinema­
tics, this channel offers us the possibility of measuring transition 
form factors and to take advantage of a new degree of freedom : the 
variation of the four momentum of the virtual photon. However we have 
also to deal with the longitudinal cross section which is directiy 
1 inked to the short range nucleon correlations.

4. The two nucleon correlations

The transverse cross section of the 3He(e,e'2p) reaction is stron­
gly suppressed for the same reason as the cross section of the 3He(y, 
2p) reaction. Charged meson exchange currents and A-formation mecha­
nisms do not contribute at al 1 to the longitudinal cross section. 
This is the best place to study in details the two-body correlations 
provided that final state interactions are careful ly taken into 
account [30].

Fig. 11 shows the excitation function of the electrodisintegration 
of a pp pair at rest, when the two protons are emitted at ecm = 90°, 
in a kinematical range typically accessible with future electron 
machines. The plane wave treatment leads to a very simple and elegant 
picture. The transverse cross section vanishes. The two protons are 
emitted symmetrically around the directi on of the virtual photon, 
with equal momenta of which the value

P = [I (w + M3 - mn)2 - m2p]1/2

depends only on the energy of the incoming virtual photon, regardless 
of the variations of the other kinematical quantities. Apart from a 
trivial phase-space factor, and the variations of the proton form 
factor, the longitudinal cross section exhibits a universal shape and 
directly maps out the square of the relative wave function of the two 
protons in 3He. The effects of the final state interaction are very 
important, even for high values of the relative energy of the two 
outgoing protons, where the a formation mechanism al so makes the 
transverse cross section larger than the longitudinal one.

However the interference cross section between the two transverse 
amplitudes is of the same order of magnitude, but of opposite sign.

166



He(e,e'2p)n
E-=2GeV; 89=15

P3=0; eCM.=90

870 Tl (MeVl

U(GeV)
10-’,------- 1------------r

TfJANS -TRANS
u-n

reducing the transverse contributi 
si on of the cross section of the 3h

Fig. 11 - The excitation func­
tions of the transverse and lon- 
itudinal reduced cross sections 
30] of the electro-disintegra­

tion of a pp pair at rest in *He, 
when each proton is emitted at 
®c.m. - ^ ° vith respect to the 
incoming virtual photon. The com­
mon value of the proton momentum 
P, as well as the proton relative 
kinetic energy T^, is plotted on 
abcissa. Dashed lines : plane 
wave without meson exchange con­
tribution. Dotted lines : plane 
wave with meson exchange amplitu­
de. Dot-dashed lines : pp rescat- 
tering included Solid lines : all 
final state interactions included.

as the transverse cross section. 
This is a direct consequence of 
the behavior of the elementary 
amplitude of the p(e,e'-n;0)p chan­
nel which drives the two-body 
meson exchange amplitude. This 
provides us with a way of further 
n. Let me go back to the expres- 
{ese'2p) reaction [3,30].

-------- 2— = -------------- cry + e ai
dQx 4o dQ1 dxj I—

- / ~-q2^2~~~aTl + Sin* aflLl (2)

Where e, q2 and w are respectively the polarisation the squared mass 
and the energy of the vi rtual photon. For symmetry reasons the two 
interference cross sections afy and ajL vanishe when the pp pair is 
at rest. It turns out that the transverse longitudinal interference 
cross section aj\ is negligible. Therefore the transverse cross sec­
ti on ay is canceled by the transverse-transverse interference cross 
secti on a-^yin a copl anar kinematics U = 0), when the electron is 
scattered in the forward direction (e = 1). Fig. 12 illustrates this 
point and shows the total cross section of the 3He(e,e'p) reaction in 
a coplanar kinematics for the same conditions as in fig. 11. It is 
entirely dominated by the longitudinal component. It is free of ex­
change current contamination and is a pure scalar transition between 
a 1S0 pp bound pai r and a 1S0(or 1D2, or etc...) pp scattering 
pairs.
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Of course, the size of the 
final state interactions pre­
vents us to directiy extract 
the correlation fonction bet­
ween two-nucleons, but the 
measurement of the correspond­
ing transition form factor is 
the cleanest and the strongest 
constraints. An example is 
given in fig 13 which repre­
sents the variation of the 
total cross section (eq. 2), 
in a coplanar kinematics (<f> =
0), against the four momentum 
of the virtual photon, just at 
the pi on production threshold. 
When the energy of the inco­
ming electron is‘E_ = 2 GeV, 
the kinematics corresponds to 

uj = 250 MeV in fig. 11-12. 
Clearly 4 GeV is needed to 
measure the transition from 
factor up to I q|2 = l(GeV/c)2.

When the pp pair is not at 
rest the physics is completely 
different. This is illustrated 
in fig. 14 and 15 which depict 
the variation of the various 
components of the cross sec­
tion with the neutron momemt- 
um. When the neutron is at 
rest fig. 14 corresponds to 

co - 400 MeV (the top of the a) and fig. 15 to w s 250 MeV (the pi on 
production threshold). When the neutron momentum increases, the con­
tribution of the two-body mechanisms decreases and follow the shape 
of the momentum distribution of the center of mass of the pp active 
pair. As in the 3He(y,2p) channel the transverse cross section are 
dominated by the three-body mechanisms. Their contribution is the 
most important when the available energy is almost equally shared 
between the three nucleons.

To summarize the (e,e*2p) reaction is dominated in a large part of 
the phase space by two and three-body exchange currents, although 
their contribution is strongly suppressed as compared to the (e,e'pn) 
reaction. The flexibility of electron scattering offers us the way to 
study in details these mechanisms and the corresponding from factors

There is a window where the longitudinal cross section dominates : 
when the pp pair is initially at rest and when the transfered energy 
is not too high (up to 500 MeV, below the a production threshold).

0 20 0 19 0.17 0.15 («10-‘MeV*’>

«=0
TOTAL

Fig. 12 - the total cross section, 
of the *He(e,e '2p)n reaction in the 
same kinematics as in Fig.ll, when 
all the particles are scattered in 
the same plane (§ = 0). The meaning 
of the curve is the same as in Fig. 
11. The values of the kinematical 
factor and of the photon flux, which 
multiply the induced cross section 
are also plotted on abscissa (see 
[SO] for more details).
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Fig. IS - The total redu­
ced cross section, when 
^ = 0 is plotted against 
the four momentum of the 
virtual photon. The energy 
of the incoming electron 
and the kinematical coef­
ficient [SO] are also 
given on abscissa. The 
dashed curve corresponds 
to the plane wave treat­
ment. The solid curve 
includes also meson ex­
change currents and final 
state interaction.

TOTAL

W=2050MeV n=0 01=9O0 0#=15

- 10

j 3He(e,e'2p)n q2=-0.225(GeV/c)2 @,=90'

TRANS.
TRANS-TRANS 

(«-1)

TRANS -LONG. \ /

Fig. 14 - The various components of the reduced cross section of the 
^H(e,e,2p)n reaction are plotted against the momentum of the unde­
tected neutron, which is emitted at Qn=30°. The mass of the detected 
proton pair is kept constant at W = 2138 MeV, at the top of the A 
resonance. The dcu,k&d curves do not include three-body mechanism, 
which are included in the full curves.

This is the place where the two-body correlations should be studied : 
the final state interaction are sizeable, but they can be treated, at 
least in the few-body systems, with reliable methods.

The counting rates are reasonable but not very high :
10"8 jib.MeV'3.sr”2 in figs. 11-12, corresponds to 20 counts/hour for 
a luminosity of 2.5 x 1036 cm~2s"1 (100 mg/cm2 and 10 ^A), solid 
angles of 20 msr and momentum acceptance of 20 MeV/c.

The detection of three particles in coplanar or non coplanar kine­
matics is certainly an experimental challenge, but the issue is capi­
tal for the future of Nuclear Physics.
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I Q=2055MeV 0bS45»
j ^ele.e'ZpIn q2=-0.223(GeV/c)?

TRANS.'
'TRANS-TRANS

//TRANS-IONG-

n {MeV/c)

Fig. IS - The same as in Fig. 14, but at the pion production thre­
shold, when W = 2055 MeV.
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Appendix

The four structure functions of the D(e,e'p)n reaction, in the 
third Saclay kinematics which is shown in Fig. 1, are depicted here. 
They are defined according to eg. 23 of ref. [3]. The dashed curves 
are the result of the IWIA treatment (including the neutron exchange 
pole diagram). The dot-dashed curves include FSI. The full curves 
include also MEC and are the result of the full calculations. Note 
that MEC do not contribute to the longitudinal response function 
but dominate the Transverse and the Transverse-Transverse response 
functions.
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HADRONS,Q.C.D., AND ALL THAT.

Gabriel KARL 
Department of Physics 
University of Guelph 

Guelph, Ontario, NIG 2W1, Canada

In a few years, CEBAF, the new electron accelerator facility, 
will be ready to do experiments. These experiments will have a 
bearing on the physics of hadrons. My aim in this talk is to 
sketch the landscape in hadron physics when CEBAF will start to 
take data. This landscape is changing all the time. When I went 
to graduate school, nucleons were thought to be elementary 
particles, as were the other known hadrons, the pion, the kaon, the 
P33 resonance (which I shall call the delta in this note). As you 
know, this is no longer the case. All the above particles, and 
many others, are now understood to be composites of quarks. The 
changes in our notions about the physics of hadrons are illustrated 
by the fact that in the 1950's and 60's this field was part of high 
energy physics, while in the 1970's it became part of intermediate 
energy physics, and in this decade appears more often to be part of 
nuclear physics. One is tempted to extrapolate and guess that by 
the year 2000 hadron physics will be part of chemistry. This is 
not as ridiculous as one might think, since the main problems of 
theoretical chemistry and of hadron physics are similar in the 
sense that in both cases the underlying theory is known and one is 
faced with the difficulties of connecting the underlying basic 
theory to the world of experimental data.

In the case of hadrons, the underlying theory is Quantum Chromo 
Dynamics, abbreviated as QCD. This is the theory of quarks and 
gluons, which is a nonabelian analog of quantum electrodynamics. 
Instead of electrons, we have quarks and instead of the photon, we 
have gluons. Quarks are triplets under a color SU3 group while 
gluons are color octets. These are the correct degrees of freedom 
at short distances inside hadrons themselves. This pecular 
situation makes hadron physics very different from the physics of 
leptons, in which the bound states, like positronium, are very 
loosely bound.

At short distances, the understanding of quark and gluon 
degrees of freedom in perturbative QCD is in relatively good shape. 
The phenomenon of confinement, however, is nonperturbative and the 
precise connection between the physics at short distances and the 
physics at larger distances is not very well understood. Because 
of this, we don't yet know with any certainty whether, in addition 
to the well-known hadrons, the mesons (quark-antiquark) and baryons 
(tri-quark), there are also exotic states like gluonia (zero 
quark), mesic molecules (diquark-antidiquark), five quark (like 
cbarsuud) or six quark dibaryons (like lambda-lambda).

The theoretical connections between the world of QCD and the 
world of hadrons are still under persistent exploration. There are
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many models that are being investigated like bag models, potential 
models, string models, skyrmion models, sum rule models. None of 
these spans by itself the wide gap between QCD and the world of 
hadrons. A very promising avenue of research is the connection 
between lattices, strings, potentials and spectroscopy. I tend to 
think that this path will solidify in the future as the "right" 
connection between QCD and spectroscopy. However, at the moment, 
none of the links are definitive and we may still be missing some 
of the important physics.

In potential models, the main ingredients are the confining 
potential, which is generally believed to be predominantly Lorentz 
scalar, and is usually taken to have some simple analytic form in 
the interquark distance like linear or quadratic. In addition to 
this spin independent force, the main spin dependent forces are the 
color magnetic interactions, which consist of 'contact' forces and 
dipole-dipole forces. The color magnetic forces are believed to 
stem from single gluon exchange between quarks and represent many 
aspects of hadron spectroscopy very well. In particular, the 
dipole-dipole force explains the mixings between S-wave and D-wave 
states to which we shall return later.

We turn now to discuss the simplest way in which experiments at 
CEBAF will be able to illuminate the field of hadron physics. In 
my opinion, this will proceed by studying the electroproduction of 
nucleonic resonances. We shall only discuss the easiest of all 
examples, the electroproduction of the P33 resonance. The coupling 
of the virtual photons to these resonances gives us constraints on 
the motion of constituents in the initial and final state. It is 
conceptually easier to think of the decay of the resonance into a 
nucleon and a virtual photon:

p33 n7

As the angular momentum and parity of the P33(3/2+) and the nucleon 
N(l/2+) are well known, the photon can only have angular momentum 
and parity l+(magnetic dipole) or 2+(electric quadrupole).

In terms of quarks, the P33 consists of three quarks with their 
spins coupled to total spin S-3/2, while the nucleon has the three 
quarks coupled to total spin S=l/2; in both cases, the orbital 
angular momentum of the quarks is zero. This implies that the 
transition P33—► N involves the flip of a quark spin and therefore 
it is a magnetic dipole transition. This rule E2 - 0 is called the 
Morpurgo selection rule. Using the nucleon magnetic moments for 
normalization, the transition amplitude can be estimated in fair 
agreement with experiment. Of course, the prediction E2/M1 - 0 is 
only valid in the approximation of neglecting D-wave mixing in the 
nucleon and P33. If we allow for color magnetic interactions, we 
can predict the small amount of D-wave mixing and therefore the 
amplitude of the E2/M1. The strength of the color magnetic 
interactions is normalized by the splitting between the nucleon and 
P33 and the resulting D-wave mixing is apparently confirmed by the 
E2/M1 ratio evaluated by Mukhopadyay to be in the range -0.003 to 
-0.007. Other models can also fit this ratio, such as a 
relativistic model recently discussed by Weber, but one should
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emphasize that the D-wave mixing was predicted unambiguously in 
potential models.

At large momentum transfers, perturbative QCD ought to be valid 
as stressed at this workshop by Carlsson. In this limit, he 
predicts that E2/M1 = 1.73 for the P33 to nucleon+virtual gamma 
transition. This prediction comes from the dominance of helicity 
conserving amplitudes at large momentum transfer. In that limit, 
therefore, only the helicity states + or - 1/2 of the P33 can decay 
or be produced. On the other hand, we have just seen that in 
photoproduction the helicity states + or - 3/2 are easily excited. 
Therefore, perturbative QCD is not valid for real photons. 
Therefore, we have the prediction that the helicity structure in 
the transition nucleon to P33 changes significantly with momentum 
transfer as the momentum transfer increases. It is not yet known 
whether this is the case. This would be an important topic of 
research at CEBAF, as it would illuminate our understanding of the 
nucleon and its excited state. Carlsson discussed at the workshop 
a possible escape hatch for this prediction of perturbative QCD, if 
the dominant helicity amplitude would vanish accidentally. This is 
a real possibility for certain wavefunctions of the nucleon and P33 
and would provide constraints for other perturbative computations.

The P33 resonance is only the simplest example of many possible 
excitations of the nucleon, and similar studies may be performed in 
other cases. The first example of a predicted change in the 
helicity structure in the electroproduction of a resonance was made 
some time ago by Close and Gilman for the D13 resonance and it is 
now believed that this prediction is supported by the experimental 
data. Clearly, such studies are very important as they connect the 
behaviour of quarks at very short distances, prescribed by 
perturbative arguments to their properties at longer distances, the 
confinement scale described by wavefunctions.

At even larger distances, we can consider nuclei where the role 
of quarks is more controversial. Traditionally, nuclei are 
considered bound states of nucleons. This is an excellent 
approximation. From a more modern point of view, it is a great 
mystery why this approximation is so good when we know that 
nucleons are composite objects which overlap significantly in the 
nucleus. Why does the nucleus look so much like a gas of 
noninteracting nucleons? A related question is what happens to 
this picture at higher densities - will there be a phase transition 
to a quark-gluon plasma?

Even though the approximation of free nucleons in the nucleus 
is very good, we should not forget that it is an approximation and, 
therefore, we should investigate its limitations. As far as I 
know, Noble was the first to point out, on the basis of inelastic 
electron scattering data, that the nucleon has a larger effective 
size in the nucleus than a free nucleon. More recently, the EMC 
collaboration found deep inelastic scattering data which can be 
interpreted in that way.

A related conclusion is that the magnetic moment of a bound 
nucleon is also increased relative to the magnet moment of a free 
nucleon. Data on the magnetic moments of Helium three, Carbon 
thirteen, and Oxygen fifteen all indicate that a bound neutron has
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a magnetic moment which is about -2.1 nuclear magnetons to be 
compared with -1.9 nuclear magnetons for a free neutron. There are 
similar data on tritium, nitrogen thirteen and fifteen which 
indicate a similar inflation in bound proton moments.

It has been noted by Ericson and Richter that much of the 
increase in nucleon moments is due to pion exchange currents in the 
nucleus, and the remainder is rather small. This point of view 
which allows for simultaneous quark contributions and pion 
contributions is rather dangerous in my opinion, because of the 
mixing of different length scales. One should either consider as a 
basis nucleons+mesons, or quarks+antiquarks. If we consider both 
at the same time, namely quarks and pions, we are in danger of a 
certain amount of double counting. If we separate a pion 
contribution then it seems to me that further talk of quark 
contributions is futile.

It was brought to my attention by R.D. McKeown that the 
effective increase in radius of a nucleon in Helium three is at 
most about 3.6% on the basis of electron scattering data. This is 
much less than the 10% change in magnetic moments discussed above. 
In the bag model, the two changes have to be identical, but in fact 
the constraints of the bag model need not hold for the effective 
nucleons in nuclei. Thus one should try to arfiLyze the data 
allowing for both an effective size and an effective magnetic 
moment for the bound nucleon, without imposing a constraint between 
the two.

Of course, we want to understand in a physical way why the 
bound nucleon becomes larger and the magnetic moment increases when 
it is immersed in a nucleus. There are many attempts in this 
direction. For example, Oka et al show generally that if the 
nucleon-nucleon force is attractive (as it is), then the effective 
size will increase (as it does). In a bag model, the superposition 
of two bags of three quarks each leads to a single bag of six 
quarks which has a larger radius than the three quark bag. 
Similarly in string models, Noble has pointed out that the overlap 
of two strings leads in the overlap region to a thicker, swollen 
string.

In summary, then, nuclear physics now covers a larger spread of 
distances than in the past. At short distances, the relevant 
degrees of freedom are quarks and gluons, while, at longer 
distances, the relevant degrees of freedom are nucleons and mesons. 
The matching between these two sets of degrees of freedom will be 
an important task of the subject. CEBAF will provide useful 
experimental hints in this task.
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RELATIVISTIC HEAVY ION COLLISIONS 
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ABSTRACT

Some of the objectives and observables of 
Relativistic Heavy Ion Physics are presented. The first 
experimental results from oxygen interactions at CERN, 
200 GeV/o per nucleon, and BNL, 14.5 GeV/c per nucleon 
are shown. The data indicate more energy emission than 
was originally predicted.

INTRODUCTION
High energy collisions of nuclei provide the means 

of creating nuclear matter in conditions of extreme 
temperature and density. At large energy density, or 
baryon density, a phase transition is expected from a 
state of nucleons containing confined quarks and gluons 
to a state of "deconfined" (from their individual 
nucleons) quarks and gluons covering the entire volume of 
nuclear matter, or a volume that is many units of the 
characteristic length scale. This state is expected to 
be in thermal and chemical equilibrium. In the 
terminology of high energy physics, this is called a 
"soft" process, related to the QCD confinement scale

AqCD *0.1 GeV *(2 fin)"1

This state is called the Quark-Gluon-Plasma (QGP) [1]
A schematic drawing of a relativistic heavy ion 

collision is shown in Figure 1. Two energy regimes are 
discussed for the QGP[2]. At lower energies, typical of 
the AGS, the colliding nuclei are expected to stop each 
other, leading to a Baryon-Rlch system. This will be the 
region of maximum baryon density. At very high energy, 
100 to 200 GeV per nucleon pair in the center of mass, 
the nuclear fragments will be well separated from a 
central region of particle production. This is the 
region of the Baryon-Free or Gluon plasma.
* This research has been supported in part by the U.S. 
Department of Energy under Contract DE-AC02-76CH00016
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INITIAL STATE BEFORE COLLISION

</S/A^5GeV: BARYONS STOPPED IN OVER-ALL CM

AT HIGHER ENERGY, NUCLEI ARE TRANSPARENT TO EACH OTHER

NUCLEAR FRAGMENTATION 
REGIONS

CENTRAL
REGION

FIGURE 1. Schematic of Relativistic Heavy Ion Collision 
from RHIC Conceptual Design Report BNL 51932(1986)
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There has been considerable work over the past few 
years in making quantitative predictions for the QGP. A 
recent calculation of a phase diagram for "isentropic 
expansion trajectories for a hadronizing QGP" [3] is 
shown below (Figure 2). The transition temperature from 
a state of hadrons to the QGP varies from To-140 MeV at 
zero baryon density to zero temperature at a critical 
baryon density ~6.5 times the normal nuclear density:

p0 = 0.15 nucleons/fm3 *0.15 GeV/fm3 
Predictions for the transition temperature are 
constrained to a relatively narrow range 140 < Tc < 250 
MeV, while the critical baryon or energy density is 
prediected to be 5 to 20 times the normal density.[4]

200GeV

6.3 GeV
~ 100

MIXEDHADRONS

FIGURE 2
From the point of view of an experimentalist there 

are two major questions in this field. The first is how 
to relate the thermodynamical properties (temperature, 
energy density, entropy...) of the QGP or hot nuclear 
matter to properties that can be measured in the 
laboratory. The second question is how the QGP can be
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detected.
OBSERVABLES

The cliallenge of RHI collisions can be understood 
from Figure 3, which, is a streamer chamber photograph of 
a 200 GeV/u oxygen projectile colliding with a lead 
nucleus. It would appear to be a daunting task to reconstruct all the particles in such events. 
Consequently, it is more common to use single-particle or 
multi-particle inclusive variables to analyze these reactions.

NA 35 ’tuPb SEPTEMBER 1986

For any particle, the momentum can be resolved into 
transverse (Pt) and longitudinal (PI) components, and,in 
many cases the mass (M) of the particle can be 
determined. The longitudinal momentum distributions are 
conveniently expressed in terms of the rapidity (y):

y = ln[ (E+Pl)/Mt] ri = -In tan 9/2 as M 0

cosh y = fi/Mt sinh y = Pl/Mt
where Mt = /Pt2+M2~ and E = /PI 2+Mt 2
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The transverse momentum distributions can be determined 
for the different particles, and typically the average 
transverse momentum, <Pt> is taken as a measure of the 
temperature, T. The charged particle multiplicity, 
either over all space, or in resricted Intervals of 
rapidity, is taken as a measure of entropy

• 900 GeV
+ 546 GeV

. o 200 GeV
A 53 GeV

FIGURE 4. Eta is the pseudorapidity (M—>0) [Ref 1,pl48c]
A convenient description of high energy collisions 

is provided by the charged particle density in rapidity, 
dn/dy (Figure 4). Regions of nuclear fragmentation take 
up the first 1-2 units around the projectile and target 
rapidity and if the center-of-mass energy is sufficiently 
high, a central plateau is exhibited. Another, similar 
variable is the transverse energy density in rapidity or 
dEt/dy - <pt > *dn/dy. This is thought to be related to 
the co-moving energy density in a longitudinal expansion, 
and according to Bjorken [5] is proportional to the 
energy density in space e: dEt/dy

TtR2T

where t is the formation time ~ 1 fm.
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SIGNATURES OF THE QUARK-GLUON-PASMA

One of the more interesting signatures proposed for 
the QGP is that it could trigger a catastrophic 
transition from the metastable vacuum of the present 
universe to a lower energy state, " a possibility 
naturally occurring in many spontaneously broken quantum 
field theories " [6]. A more likely outcome is that the 
existence of the QGP will be inferred from a 
comprehensive and systematic set of experimental data 
exhibiting several striking features or "anomalies", 
"which can be interpreted in a unified way as 
manifestations of QGP production" [?]. Examples of the 
features expected for the QGP and signatures to find them 
are given below:

a) CHARACTERISTIC TEMPERATURE ENTROPY CURVE: [8]
<pt>

FIGURE 5

<Pt>0

Note that this curve has the features of a phase 
transition with which we are all familiar. The < Pt >, 
acting as temperature, increases with increasing entropy 
(dn/dy); then as the phase transition takes place (e.g. 
water changing to steam) the temperature remains constant 
and begins rising again when the transition to the new 
phase is complete.

b) PLASMA DROPLETS CAUSED BY DEFLAGRATION: [9]
These would be manifested by large fluctuations in dn/dy 
or dEt/dy covering a range of ~1 unit on an event by 
event basis. The hope would be to observe the other 
plasma signatures only in the region of the fluctuation 
and not in the other regions.

C) THERMAL EQUILIBRIUM:
One of the best probes of thermal equilibrium is lepton 
pair production [10]. There are two characteristic

dn / dy
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features of thermal production of lepton pairs. The number of lepton pairs per unit of rapidity is 
proportional to the square of charged particle density, 
and furthermore this ratio is proportional to the 
transition temperature To:

—= 15 Tc (GeV)
(dn/dyKxl0" '

Also, the Pt and mass dependence of the cross section are 
not independent but depend only on the transverse mass Mt. This means that at any fixed value of M, the <Pt(M)> 
is linearly proportional to M.

d) VOLUME OF THERMAL MATTER:
The size of the thermal source is thought to be . measured 
by identical particle interferometry using the GGLP 
effect [113. When two identical pions occupy nearly the 
same coordinates in phase space, the amplitudes interfere 
constructively due to the symmetry of the wave-function 
imposed by Bose-Einstein statistics. The characteristic 
momentum difference leading to decorrelation in momentum 
space can be measured, and is taken to be the fourier 
transform of the size of an extended source in position 
space. It should be noted that dynamical effects due to 
final state interactions can be large, and make the 
interpretation of such measurements a very specialized 
subject [123.

e) CHEMICAL EQUILIBRIUM [13,14]:
In the QGP there will be gluons, quarks and anti-quarks. 
They will continuously react with each other via the QCD 
subprocesses:

gg-->qq qq-->gg qq—>q'q'
where q' represents a different flavor quark (u,d or s). 
After several interactions have taken place, the reaction 
rates and the abundances of the gluons and the different 
flavor quarks (and anti-quarks) will become equilibrated, 
so that they no longer change with time. This is called 
chemical equilibrium. Since the transition temperature 
Tc is comparable to^the strange quark mass -150 MeV, the 
strange quarks s,s should have the same abundance as the 
u,u and d,<T in the gluon plasma. In the baryon-rich 
plasma, _the s,s will be enhanced compared to u and d 
since u,u and d.cf are "Pauli" blocked by valence u and d 
quarks.

The principal probe of chemical equilibrium is the
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particle composition. For instance, the abundance of 
strange mesons and baryons as well as anti-baryons should 
be quite different in a QGP than in a hadron gas or in an 
ordinary nuclear collision

f)DECONFINEMENT :
It has recently been proposed [15] that J/Psi production 
in A+A collisions will be suppressed by Debye screening 
of the quark color charge in the QGP. The J/Psi is 
produced when two gluons interact to produce a c,c pair 
which then resonates to form the J/Psi. In the plasma 
the c,c interaction is screened so that the c,c go their 
separate ways and eventually pick up other quarks at the 
periphery to become "open charm". This would be quite a 
spectacular effect since the naive expectation is that 
J/Psi production, being a pointlike process, should go 
like A*A in an A+A collision, and thus would be enhanced 
relative to the total interaction cross section, which 
increases only as A**2/3.

EXPERIMENTAL TECHNIQUES

Each of the probes of the QGP tends to have a 
different experimental technique associated with it. In 
all cases the multiplicities in nuclear collisions are so 
large that all the detectors used are very highly 
segmented. For measuring the charged multiplicity or 
dn/dy a segmented multiplicity detector is used, usually 
an array of proprotional tubes with pad readout, or a 
silicon pad array. For measuring transverse energy flow, 
dEt/dy, a hadron calorimeter is used. Some groups use an 
electromagnetic shower counter for this purpose. This 
has the advantage of being smaller, cheaper and higher in 
resolution than a full hadron calorimeter; but has the 
disadvantage of being biased, since only pizero and 
eta-zero mesons are detected (via their two photon 
decay). Nuclear fragmentation products are detected by 
calorimeters in the projectile direction and by E, dE/dx 
scintillator arrays in the target fragmentation region. 
The particle composition and transverse momentum 
distributions are measured using magnetic spectrometers 
with particle identification. Typically, time-of-flight, 
gas and aerogel Cerenkov counters, and dE/dx are used to 
separate pions from kaons, protons, deuterons, etc. 
Drift chambers are generally utilized for charged 
particle tracking, although streamer chambers and time 
projection chambers (TPC) are also in use. Lepton pair 
detectors are very specialized, and usually combine
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magnetic spectrometers with lepton identification (muons 
by penetration, and electrons by "gas" and "glass").

One of the specific problems in this field is how to 
detect, with minimum bias, when a nucleus-nucleus 
collision has taken place. Two techniques are used. The 
first is to put a calorimeter at zero degrees to 
determine whether the projectile has the full beam energy 
or has lost some energy. The second uses a so-called bullseye counter downstream of the target, sized just 
large enough to detect all the beam particles. The 
bullseye also measures the charge of the beam particles 
since the pulse height is proportional to Z**2. If a 
particle misses the bullseye, or the charge changes, this is taken as an indication of a nuclear interaction.

With that quick overview of the experimental 
techniques, the following "photo album" of the first 
round of experiments at CERN and Brookhaven should be 
easier to comprehend. The CERN heavy ion program 
provides oxygen beams at 60 and 200 GeV/u and will 
eventually improve the source to provide sulfur and 
possibly lead beams. There are 5 major experiments: 
WA80 (Figure 6), NA34 (Figure 7), NAS5 (Figure 8), NA36 
(Figure 9), and NA38 (Figure 10). The BNL heavy ion 
program has provided oxygen and silicon beams at 14.5 
GeV/c per nucleon and is scheduled to accelerate gold 
beams in 1989. A major improvement is planned for 1995 
when RHIC is scheduled to begin operation. RHIC will 
provide colliding beams, covering the full mass number 
spectrum, with center-of-mass energies from 5 to 200 GeV 
per nucleon pair. At present, there are 3 major RHI 
experiments at the BNL-Tandem-AGS: E802 (Figure 11), 
E810 (Figure 12) and E814 (Figure 13).

FIRST EXPERIMENTAL RESULTS

CERN had a very successful oxygen run in the fall of 
1986, and already one experimental result has been 
published [16]. At BNL, some time was made available for 
physics during machine studies with oxygen in the fall of 
1986 and routine running began in the spring of 1987 with 
a silicon beam. No results are available yet from the 
silicon run, but a small test experiment using the oxygen 
beam will be reported [17]. Results on heavy ion 
collisions from cosmic rays [18] and from the Bevalac
[19] have also been published this year but are beyond 
the scope of this article.
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Experiment WA80: Study of Relativistic Hucleus-Sucleus Collisione at the CERN SPS

FIGURE 6

Experiment NA34/2: Study of High Energy Densities over Extended Nuclear Volumes via Nucleus-Nucleus 
Collisions at the SPS

FIGURE 7
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Vertex Magnet

Experiment NA35: Study of Relativistic Nucleus-nucleus Collisions

FIGURE 8
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FIGURE 10. NA38 Study of High-Energy Nucleus-Nucleus 
Interactions with the Enlarged NA10 Dimuon Spectrometer

BNL-TANDEM-AGS PROGRAM

FIGURE 11. E802 Studies of Particle Production at Extreme 
Baryon Densities in Nuclear Collisions at the AGS
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FIGURE 12. E810 A Search, for Quark Matter (QGP) and other 
New Phenomena Utilizing Heavy Ion Collisions at the AGS
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FIGURE 13. E814 Study of Exotic Nuclear States Via 
Coulomb or Diffractive Projectile Excitation
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The NA35 experiment (Figure 8) uses a streamer 
chamber to detect all the charged particles emerging from 
an interaction as well as the neutral strange particles 
that decay inside the chamber. A ring-shaped hadron 
calorimeter and a shower counter (PPD) are used to 
measure the transverse energy in the lab rapidity 
interval 2.2<y(lab)<3.8, corresponding to approximately 
-0.8<y<+0.8 in the nucleon-nucleon c.m system. The 
energy degradation of the oxygen projectile is measured 
using a zero degree veto calorimeter, which is also used for triggering. A streamer chamber photograph from this 
experiment was already shown above (Figure 3). 
Measurements of the mean charged particle multiplicity 
(for angles forward of 60 degrees) are shown in figure 14 
as a function of the energy observed in the veto 
calorimeter. As the energy observed in the veto 
calorimeter decreases, the mean charged particle 
multiplicity increases, reaching a value of 260.

Very striking results have been obtained from the 
differential spectrum in transverse energy observed in 
the ring-calorimeter and PPD. In figure 15 the Et 
spectrum from the interactions of 200 GeV/u oxygen in a lead target is shown together with the Et spectrum from 
200 GeV proton interactions in an Au target measured with 
the same setup. A most interesting feature of this data 
is that the 16-fold convolution of the measured p+Au 
spectrum beautifully reproduces the high energy edge of 
the O+Pb spectrum. This observation has been confirmed 
by the E802 collaboration at Brookhaven.

As one of the first major experiments scheduled at 
the Tandem-AGS, E-802 took data with a silicon beam in 
spring 1987 in the configuration shown in Figure 11. In 
addition, during the machine development run in the fall 
of 1986, a small test experiment was assembled from 
components of E802, and measurements were made using an 
oxygen beam of momentum 14.5 GeV/c per nucleon. The 
setup of the test experiment is shown in a photograph 
(figure 16). An array of 96 lead glass blocks (PbGl) was 
placed 1 meter downstream of the target. The array was 
10 blocks wide by 10 high with a 2 by 2 block hole in the 
center for the beam to pass through. The PbGl array 
measured the electromagnetic energy emitted in a 
laboratory polar angular interval from 10 to 32 degrees, 
with full azimuthal coverage. In the nucleon-nucleon 
center of mass reference frame, this corresponds to a 
rapidity coverage of -0.5<y<0.7 for massless particles. 
Triggers were provided by a bullseye counter or by an
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FIGURE 17. E802 Spectrum in Bullseye counter.
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analog sum of the outputs of the 96 PbGl 
photomultipliers, corresponding to the total energy 
recorded with no transverse weighting. The pulse height 
specrum observed in the bullseye counter is shown in 
figure 17. The oxygen peak is obtained from a sample of 
non-interacting beam particles, and superimposed onto the 
data from the PbGl triggers. When energy is observed in 
the PbGl, the oxygen peak vanishes and is replaced by 
peaks corresponding to nitrogen, carbon and boron as well 
as a dominant continuum.

The spectrum of energy observed in the PbGl is shown 
in figure 18 for oxygen interactions in on Au, Cu, and 
mylar targets and proton Interactions on an Au target 
all measured at 14.5 GeV/c per nucleon in the same setup. 
The observed energy is denoted Etot since it is primarily 
the result of production of multiple neutral mesons, 
pizero and eta-zero, which are detected via their 
two-photon decay. Relativistic charged hadrons also emit 
Cerenkov light in the PbGl, approximately 500 MeV per 
particle, and contribute, on the average, about 50% of 
the observed energy. The Etot spectrum for O+Au shows a 
peak centered at 40 GeV and then a sharp drop-off until 
the yield runs out at ~70 GeV. The O+Cu data also show 
evidence of considerable energy emission, even though the 
maximum thickness of a Cu nucleus is only -2/3 that of 
Au. It is of particular interest that the edges of the 
O+Au and O+Cu spectra become virtually identical above 50 
GeV if the Cu cross section is multiplied by a factor of 
~6.

These features can be described by a simple, 
geometrical model, based on the observation made at CERN 
(Figure 15) that the high energy edge of the O+Au (Pb in 
their case) is just the 16-fold convolution of the p+Au 
spectrum. This model can be extended to describe the 
entire O+Cu and O+Au spectra. The observed p+Au spectrum 
is convoluted from 1 to 16 times, with weights for the 
n-fold convolutions obtained from a geometrical 
calculation which averages over the Impact parameter of 
the nucleus-nucleus collision to obtain the distribution 
in the number of projectile nucleons which Interact at 
least once in the target. Woods-Saxon densities are 
assumed for both the projectile and target nuclei and a 
p-p inelastic cross section of 30 mb is used, 
corresponding to a nucleon-nucleon mean free path of ~2.2 
fm.

Surprisingly good representations of both the O+Cu
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FIGURE 18 
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and O+Au spectra are obtained from this 
"wounded-proj ectile-nucleon" model (Figure 19, solid 
lines). It then becomes clear that the peak in the O+Au 
spectrum and the identical shape of the high-energy edges 
of the O+Au and O+Cu spectra arise from events in which 
all 16 projectile nucleons interact in the target (Figure 
19, dotted lines).

While seemingly reasonable, this naive model is in 
severe contradiction with the understanding of 
relativistic nuclear interactions gleaned from 
proton-nucleus collisions. When a proton passes through 
a nucleus, it can make several successive interactions. 
However, the observed dn/dy in p+A collisions is not 
simply proportional to the number of collisions but 
increases much more slowly. For Instance, in a p+Au 
collision there are on the average 4.2 nucleon-nucleon 
Interactions but the observed multiplicity density 
Increases only by a factor of 2. Most of the effort in 
theories of the collisions of protons with nuclei has 
gone into trying to understand how the effects of the 
successive interactions are suppressed [20,21].

In general, the models for this suppression contain 
the same common features. When a relativistic nucleon 
interacts, it becomes an excited nucleon, and remains in 
that state Inside the nucleus because time dilation 
prevents it from fragmenting into particles until it is 
well outside the nucleus. This feature Immediately 
eliminates the possibility of a cascade in the nucleus 
from reinteraotion of the secondary fragments. 
Furthermore it is usually assumed 1) that the excited 
nucleon interacts with the same cross section as an 
unexcited nucleon and 2) that the "fragmentation stage is 
independent of the number of interactions involved in the 
first stage" [20,22].

These features are epitomized in the wounded nucleon 
model (WNM) [23,24]. In this model the number of 
nucleons struck in a collision is computed geometrically 
(as above); but a nucleon contributes only once to the 
production of particle no matter how many times (>1) it 
is successively struck. Another model called HIJET [25] 
is frequently discussed. HIJET suppresses the effect of 
successive collisions by allowing only the leading baryon 
from an excited nucleon to interact sequentially. The 
suppression occurs because the leading baryon loses ~l/2 
of its energy per interaction, so that the available 
energy is reduced on each successive interaction. Both
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these models work well for p+A collisions, but fail to 
describe the first results for 160 collisons in nuclei 
(Figure 15, broken line, HIJET), (Figure 19, broken line, 
WNM). The failure is particularly striking for the O+Cu 
data from E802.

It is not difficult to understand the reason for the 
failure of these models in nucleus-nucleus collisons. 
The effect of projectile nucleons making successive 
collisions in the target has been suppressed, based on 
the proton-nucleus data. By the same token, the effect 
of target nucleons making successive collisions with 
projectile nucleons is also suppressed in these models, 
leading to a prediction of much lower energy emission in 
O+Au collisions than is actually observed. The naive 
model discussed above overcomes this problem by allowing 
a seeming contradiction: the effect of successive 
interactions of projectile nucleons in the target is 
suppressed (by utilization of the observed p+Au 
spectrum), whereas the case when target nucleons are 
successively struck by multiple nucleons from the 
projectile is not suppressed, but the effect is taken as 
linear in the number of interactions, as apparently 
indicated by the measurements.

This is all very exciting. The seeming 
contradictions will have to be sorted out by the 
theorists. Meanwhile, the experimentalists will take 
more data and find new contradictions. The opportunities 
for discovery are large, as befits a new field of 
research. To get a feeling for the state of the field, I 
quote the conclusion given by Tatsuo Matsui in a recent 
seminar at BNL: "The study of ultrarelativlstic heavy 
ion collisions is a tremendously exciting and rich 
subject. It addresses a deep and fundamental question in 
the physical world; and requires an integrated use of 
expertise from many disciplines in Physics. It is a 
challenging and thrilling new frontier of Nuclear 
Physics. We need RHIC"
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FEW NUCLEON STUDIES WITH POLARIZED PROTON AMD DEUTERON BEAMS 
AT THE SATURNE NATIONAL LABORATORY (SACLAY)

Yves Terrien
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CEN Sad ay s 91191 Gif-sur-Yvette Cedex, France

ABSTRACT

Experiments involving polarized p or d beams are reported. Based 
on a few examples of reactions involving a few nucleons, one shows 
that measurements of spin observables allow deeper physical analysis 
of the role of the A and N* resonances and of the existence of 3-body 
forces.

INTRODUCTION

The availability of intense and highly polarized p and d beams 
at intermediate energies opens up very 1arge possibilities for study­
ing structure of nuclei. In particular, the spin 1, isospin 0 charac­
ters of the deuteron make this beam to be an ideal tool to investiga­
te the spin-flip AS=1, aT=Q resonances in nuclei by doing inelastic 
scattering. These resonances are very poorly known, and Saturne can 
provide decisive knowledge in this field. The Gamow-Teller AS=1, AT=1 
resonances can al so be studied by the (d,2p) reaction and also, of 
course, by the (3He,t) reaction using a non-polarized beam. The well- 
known quenching of these states and their possible coupling with 
A-hole state can then be investigated. This physics is very active at 
the Saturne National Laboratory (LNS).

I would like, however, to concentrate my talk on the subject of 
the study of the few-body systems by reactions involving polarized 
beams. Indeed, with such few-body system, one faces relatively simple 
problems for which fully microscopic calculations can be done with 
good control of the mechanisms involved. This is true especially when 
spin observables are available, since the number of constraints on 
the theory is larger and, in same cases, sufficient to fully determi­
ne the reaction amplitudes. How does the nucleon-nucleon behave as a 
function of energy, can we know better the role of the A and N* reso­
nances, does it exist three-body forces? Al 1 these questions are not 
new but fundamental, and with the experiments done or in progress at 
Saturne, we hope to shed light on them.

After having reviewed the main beam facilities that we have at 
Saturne, I will speak of the nucleon-nucleon (N-N) system, then I 
will give some results and present some projects on physics involving 
3-nucleon system.
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POLARIZED BEAMS FACILITIES AT SATURNE

Intense and highly polarized beams are available at Saturne. 
Their properties are summarized in table 1.

Table 1

Polarized beams at Saturne (intensity will be multipiied by ~ 10 with
the new injector MIMAS)

Particle Maximum 
kinetic energy 

(GeV)

Polarization

m

Intensity/burst

P 3 ~ 90 (1 GeV)
~ 65 (2 GeV)

lOio

a 2.4 ~ 60 (vector) 
~ 90 (tensor)

2 x 101°

a . 1.2 ~ 55 ~ 10s

Due to the existence of depolarizing resonances, some discrete 
energies are forbidden for the extracted proton beam. This is not the 
case for deuterons, which makes the polarization of these beams 
extremely stable over long periods of runs.

In both cases, the state of the polarization of the beam (up or 
down in the case of vector polarization and all states of tensor 
polarization) can be changed at every burst (i.e. every 1-4 second), 
which al1ows to avoid systematic errors in the measurement of asymme­
tries since, them, it does not require 2 separate runs.

The principle of the neutron beam is very simple. Polarized 
deuterons are broken up on a light target, followed by a magnetic 
field which sweeps the charged particles (protons from the break-up 
or residual deuterons) ; then a several meter long iron collimator of 
a small diameter set at 0° selects the "spectator" neutrons which 
constitute the beam. This has been shown1 to provide a rather mono- 
energetic beam (the energy width is mainly due to the Fermi momentum 
of the neutron in the deuteron), with good intensity (the yield of 
neutrons obtained per unit of incident deuteron beam intensity is a 
few 103 better than that obtained by a knock-out reaction with proton 
beams on a deuterium target). For incident deuterons polarized at P 
percent in any direction, the neutrons at 0° remain polarized with 
practically the same percentage in the same directi on. Fig. 1 shows a 
schematic picture of the neutron beam made or the IKAR experiment, 
where, with the diameter of the iron collimator restricted to 1.5 cm 
to get a well defined beam, we could obtain 106 neutrons for the 2 x 
101® deuterons available at SATURNE before the current instal1ation 
of the new injector MIMAS. An original method of calibration of the 
neutron beam intensity based on the comparison between the n-4He and
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p-4He elastic differential cross sections2 has been used to obtain 
the absolute normalization of the cross sections presented in the 
fol 1 owing section.

d Beam

Fig. 1 - Polarised neutron beam.

THE STUDY OF THE ELEMENTARY N-N INTERACTION

The interest in studying the proton-proton interaction has been 
renewed a few years ago by the observation at Argonne of large struc­
tures in the variation with the incident energy of the parallel- and 
anti para! 1 el -spi n total cross section differences Aai and Aay. One 
can say that the elementary proton-proton interaction at intermediate 
energies is now rather well known after the extensive measurements of 
spin observables made at Saturne3 these last years. They have brought 
very interesting results, since through Phase-Shift Analyses (PSA) 
[refs.4”6], resonance-like behavior has been seen for the ^ and may

515

Fig. 2 - Argand plot for the and 3F3 waves in pp scattering.
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be 3Fq waves in elastic scattering (see Fig. 2). It is commonly sug­
gested that the observed behavior is governed by the excitation of 
the A33 resonance which largely dominates the proton-proton inter­
action from 400 to 800 MeV.

The situation is different for the neutron-proton interaction, 
which is isospin-mixed 1=0,1 instead of 1=1 only for p-p. Indeed, for 
the 1=0 part, the excitation of the a is forbidden by the isospin 
conservation law, which means that other features could emerge in 
this 1=0 component of the nucleon-nucleon interaction, which are not 
visible in the A-dominated 1=1 p-p channel. Thus it is of great inte­
rest to undertake a detailed study of the n-p interaction in this 
energy domain, and also above, where the excitation of the 1=1/2 N* 
resonances is expected to play a role in both the 1=0 and 1=1 compo­
nents of the N-N interaction. The experimental situation is much 
worse in the case of the n-p interaction than in the case of the p-p 
interaction. Data are scarce : the spin-averaged total cross section 
0t is known, but, for elastic scattering, the differential cross 
section and analyzing power are poorly known (especially at small 
transfers) and very few spin observables have been measured. For 
inelastic channels, only a very limited set of data is available. 
Moreover, existing experiments have often been done by quasi-free 
scattering of neutrons bound inside a deuteron (beam or target) in­
stead of using a free neutron beam. We thus have begun a program at 
Saturne to study the n-p interaction, using our polarized free neu­
tron beam. >

The first experiment, now finished, consisted of measurements of 
the ?i-p elastic di fferential cross section and analysing power at 
small transfer, where there is no data. Analysing powers7 and absolu­
te differential cross sections8 are presented in Figs. 3 and 4 res­
pectively, together with PSA. It must be noted that our data, useful 
for PSA, are also essential to fix the free n-p amplitude, which is 
an important input in any miscroscopic calculation of nuclear reac­
tions. The agreement of our data with the PSA predictions indicates a 
good experimental consistency between our normalization and those of 
the experiments gi ving at. Al so, the analysis of the physical data 
shows that the observables measured to not differ significantly in 
the p-p and n-p cases. This means that the 1=0 component, which makes 
the difference between the p-p and n-p interactions, is negligible or 
has the same behavior for these observables. However, more experi- 
mental studies are needeed, especially at energies around one GeV or 
above, where the excitation of N* resonances becomes possible.

The second current experiment using the polarized free neutron 
beam consists of the measurement, by the transmission method, of the 
spin dependent total cross section differences Acr|_ and Aay, between
0.6 and 1 GeV. The free neutron beam with a polarization oriented 
either along the vertical or the longitudinal dirctions was transmit­
ted through the 35 mm thick, 40 mm wide and 49 mm high polarized 
proton target of frozen-spin type, which can be used here since there
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Fig. 3 - Analyzing power in np elas­
tic scattering (shaded area : PSA 

ref.3).

noted that the 2.65 GeV value is about 
of the first of the two structures seen

is no problem of beam intensi­
ty. These results for the 
isospin mixed 1=0,1 n-p system 
together with the correspond­
ing pure 1=1 pp data yield two 
of the three spin dependent 
forward scattering amplitudes 
for isospin 1=0.

The Fig. 5 shows the 
results of the present experi­
ment. The Fig. 5b shows also 
other results calculated from 
data obtained at the ZGS (Ar­
gonne), by an experiment based 
on the transmission of polari­
zed protons through a partial­
ly deuterated polarized tar­
get. Determination of the 
Aa(np) from these data requi­
res corrections for 3-body 
final state interactions which 
were calculated by Kroll. Our 
results obtained with free 
neutrons seem to disagree 
above 0.8 GeV with those of 
that quasi-free experiment.

Concerning inelastic 
channels, an interesting expe­
riment has been done at Satur­
ne for the ^p > dn reaction. 
Fig. 6 shows the angular dis­
tributions of the analysing 
power, for energies from 1.2 
to 2.3 GeV. One clearly sees a 
1 arge structure appearing at 
backward angles for a = 0. 
This means that same interme­
diate state at /s' = 2.65 GeV 
(see Fig. 7) seems to be exci­
ted. Is it a 6-quark effect 
or, more simply, the passage 
through the NNfeaa intermedia­
te state? It does not exist 
any calculation yet to answer 
this question, but it must be 
equal to the pp invariant mass 

in t)|5 (Aof|_) by Auer et al.10.
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AN EXAMPLE OF REACTION INVOL­
VING 3-BODY SYSTEM

Two experiments have 
been done with simple 3 
interacting nucleon systems, 
and the results, fully analy­
sed, have shown very clearly 
the effect of 3-body forces.
These are the measurement of 
the T20 asymmetry and of the 
differential cross section of 
the reaction dp -*• 3He %Q done at 0° and 180° with tensor polarized 
deuteron, at incident energies Td ranging from the threshold to
2.2 GeV.

Fig. 6 - Analysing power angular dis­
tribution for the reaction pp + dn* 

between 1.2 and 2.3 GeV.

Experimental results11 are shown in Fig. 8. Contrary to the 
rather smooth variation of the forward cross section, the backward 
values of this observable present two clear structures : one, around 
1 GeV is at the place where the A33 excitation is expected to domina­
te, but the second at 2.2 GeV can correspond to various phenomena, 
like the excitation of M states and/or of various N* resonances.
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Fig. 7 - Analysing power 
for the reaction pp+dn+:

Fig. 8 - Excitation functions of the
tensor analysing power T2q and of the 
differential cross section for the 
reaction dp -*■ at 0° and 180°.

values for t = 0, u = 0,
= 0, as a function A first analysis of these data has

of Vs. been suggested by Germond and Wilkin12’13,
who have noted that, at 0° and 180°, two 

amplitudes only (central and spin-flip) are needed to describe the 
reaction and who have extracted them from the I20 and da/dQ data. One 
can see in Fig. 9, which presents the two amplitudes as a function of 
Tj, that the narrow structure visible on T20(180) at 1.92 GeV is in 
fact the result of the interference of the two ampl itudes having a
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Fig. 9 - Central (A) and spin- 
flip (B) amplitudes for the 
reaction l5p -*• at 0° and

180°.

larger dip but at slightly differ­
ent energies. Then these two am­
plitudes have been remarkably fit­
ted in a calculation made by Ueda- 
[ref.14j including NNA and Naa 
resonances predicted by models of 
the Na interaction. This is a good 
indication that 3-body forces must 
play a role here.

To go further in a more mi­
croscopic understanding of the 
process, the authors, in a very 
crude model involving simplified 
wave functions for d and t and 
phenomenological Lagrangians, have 
estimated13 the importance of 2- 
nucleon graphs (1 and 2 ; Fig. 10) 
and 3-nucleon graphs (3, 4 and 5 ; 
Fig. 10). As expected, it is at 
180°, where the momentum transfer 
is high, that these 3-nucleon 
graphs, which allow the transfer 
between nucleons to be shared, are 
important, even dominant above the 
a excitation region. More surpri­
singly , the excitation of N* plays 
a role at forward angle only (Fig. 
11).

< )

n,f
d )

<

"a,n#

n,/>
0. )

( p c <j ------- )

It-'v It w r
A r A 1- f4 A

P c )d p 0 [)d p ( )

Fig. 10 - Two-body (1,2) and 3-body (3,4,5) graphs for the reaction 
pd ■* t%+ (or pd ■+ 3tf<2u0 which is equivalent).

A recent and more realistic calculation taking fully these 3- 
body effects into account has been made recently15. It can be seen in 
Fig. 12 that the inclusion of 3-body effects (solid line) gives a
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good account of the observables measured, and, in particular, al1ows 
to explanation of the the second structure appearing in the excita­
tion function of the 180° cross section above 1 GeV. It is interest­
ing to note that the inclusion of 3-bo4y graphs leads also to repro­
duce much better the angular distributions of the cross section for 
the reaction pd -»■ tn+ at 500 and 800 MeV (see the J.M. La get's talk, 
this conference).

J_I_I_L

Fig. 11 - Estimation of the cross section of the pd + t%+ reaction
for the graphs of Fig. 10.

CONCLUSION

Through a few examples, I have tried to show that the measure­
ment of polarization observables allows to go much deeper in the 
understanding of few-nucleon systems. Indeed, in some cases, complete 
description of the amp!itudes Involved can be given and ful1 analysis 
can be done, with control of the description of the mechanism.

The experiments that we have done confirm the role of the exci- 
tation of the A and, maybe, of N* resonances. They also show the role 
of 3-body forces, may be through the existence of NNa or Naa resonan­
ces. They could reflect the existence of sub-nucleonic degrees of 
freedom in the NN channel.

We want to continue these studies at Saturne, on some specific 
subjects, with the aim of being able to describe all reactions invol­
ving a few-body system in a coherent way. The main next steps in this
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Fig. 12 - Full micvosoopio adloulatiov)-^ of da/dQ and T2q with (solid 
line) or without (dot dashed line) 3-body graphs.

complete kinematics (to get the A/S ratio of the deuteron wave-func­
tion) , the np -*■ ppu" inelastic NN channel (to get the 1=0 contribu­
tion), both experiment being planned in the coming months.
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THREE-BODY FORCES AND THE TRINUCLEONS

J. L. Friar
Theoretical Division, Los Alamos National Laboratory 

Los Alamos, NM 87545

ABSTRACT

Three-body forces are discussed in the context of classical, 
atomic, solid-state and nuclear physics. The basic theoretical 
ingredients used in the construction of such forces are reviewed. 
Experimental evidence for three-nucleon forces and an overview of 
the three-nucleon bound states are presented.

INTRODUCTION

Three-body forces play a minor role in most branches of 
physics, whether classical, atomic, solid-state, or nuclear physics. 
The archetype of a two-body, or pairwise, force is the classical 
gravitational force between particles or large composite objects, 
such as stars and planets. This long-range force is always 
attractive. The pairwise Coulomb force between charged particles, 
electrons and nuclei, has an identical functional form, but with the 
additional complication of a dependence on electrical charge. The 
longest-range force between neutral atoms is the pairwise Casimir-
Polder'*'interaction (~l/r^), although the long-range van der Waals

potential (~l/r^) is dominant. The familiar (two-body) 
semiphenomenological nucleon-nucleon force models in nuclear physics 
form the computation basis of our field. They contain the 
additional complexity of the spin and isospin degrees of freedom of 
the nucleon and incorporate a large amount of phenomenology. In 
analogy to the long-range atom-atom interactions, the form of the 
longest-range part of the two-nucleon force (the one-pion-exchange 
potential) is determined by general principles.

These pairwise forces are dominant, and a description of nature 
using such forces alone ranges from good to excellent. Finding 
small effects due to additional forces of fundamentally different 
type is not an easy task and often founders on an inadequate ability 
to solve the many-body problem. Making a small error in treating 
the dominant force can mask a smaller interaction. This is the 
reason why simple systems are the traditional hunting ground for 
small, exotic effects. Examples are the one-electron and two- 
electron ions in atomic physics and the two- and three-nucleon 
systems in nuclear physics. Interpretability depends on 
calculational precision, and simple systems are the best place for

2
this. The recent experiment on the Lamb shift in Helium-like 
Uranium ions depends heavily on detailed theoretical calculations in 
order to unravel the physics. Similarly, the two- and three-nucleon 
systems provide the best opportunity for detecting and detailing the

3
properties of "small" nontraditional mechanisms in nuclear physics,
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such as meson-exchange currents, relativistic effects, and three- 
body forces.

THREE-BODY FORCES

Are three-body forces necessary in all circumstances? The 
answer is usually no, in principle, but, yes, in practice. In order 
to elucidate this obscure answer, we must provide a proper 
definition for such a force, and this is best done by example. If 
the nonlinearities of general relativity are ignored, the classical 
gravitational interaction between two elementary bits of matter is 
the radially-directed pairwise force assumed by Newton. Any 
additional particles interact via the same mechanism. Newton 
invented integral calculus so that he could linearly superimpose the 
elementary interactions in two or more composite systems. Such a 
superposition rules out elementary three-body forces which would 
exist if the interaction between one pair of particles depended on 
the presence of a third particle.

CLASSICAL THREE-BODY FORCES

Newton's superposition assumption does not rule out three-body 
forces between composite objects, however. Imagine that two such 
objects are the earth and the moon, which are assumed for the moment 
to be spherical and rigid. The radially directed force between them 
has been calculated by generations of physics students, and behaves 
as if the earth and moon were pointlike, with their masses 
concentrated at their geometric centers. Adding a third object, 
such as a satellite orbiting the earth, does not increase the 
complexity, because the force on that object is the sum of its 
simple pairwise interactions with the moon and the earth. The water 
in the earth's oceans is not rigid, however, and is deformed by the 
moon's attraction to produce tides. This tidal deformation changes 
the gravitational force on the satellite, which now depends on the 
relative orientations of the earth and moon in a complicated way, as 
illustrated in Figure 1. The satellite feels a weak (tidal) three- 
body force in addition to the (much stronger) pairwise interactions 
with the solid part of the earth and with the moon, which we have 
assumed are unaffected by their mutual presence.

This simple example is the archetype for most three-body forces 
in nature, including the nuclear ones. Such forces typically share 
common traits: (1) they are the result of treating the interactions 
of composite objects, since the elementary interactions between 
particles were assumed to be two-body in nature (i.e., it's a 
theorists' game); (2) alternatively, freezing out degrees of freedom

N(e.g., 3 bodies vs. 10 bodies) leads to such forces; (3) they have 
a strong orientation (angular) dependence, just as the force on the 
satellite depends crucially on its orientation with respect to the 
tidal bulge, positioned by the moon; (4) we have discussed only the 
long-range part of the force (far from the earth's center), which is 
generally the easiest part to calculate in any area of physics; (5) 
distortion (change of shape) is often the origin of such forces.
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The tidal three-body force effect on a satellite is observable, 
because the latter's position can be determined with great 
precision.

Fig. 1. Classical three-body force arising from tides.

THE THREE-NUCLEON FORCE

The pion is the lightest of all observed hadrons. It mediates 
the longest-range part of both the two-nucleon (OPEP) and three- 
nucleon (27r3NF) forces. Because the two- and three-nucleon systems 
are not deeply bound, and hence the nucleons lie relatively far 
apart, OPEP, V , plays a very important role, particularly through 
its tensor force. One might expect the corresponding importance of 
the 27t3NF, mediated by the exchange of two pions and illustrated in 
Figure 2. The first nucleon in (2a) emits a virtual pion which 
scatters (off-shell) from the second nucleon and is ultimately 
absorbed by the third nucleon. This virtual scattering contains a 
variety of physical mechanisms (2b-2f), not all of which are "real" 
three-body forces. Just as our classical example contained a small 
three-body force (the tidal bulge) in addition to two-body forces 
(from the solid earth and moon), the sequential interaction of OPEP 
in the triton is just part of solving the Schrbdinger equation with 
two-body forces. Such a process is depicted graphically in Figure 
(2b), and is not a true three-body force. Eliminating this diagram 
in a consistent calculation is somewhat tricky, however, and has

Z|.
only been accomplished recently.
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We note that the A-mediated force^ is a "distortion" of a
g

nucleon, like our previous example. The Axilrod-Teller three-atom 
force which is generated by the same mechanism (dipole distortion) 
that produces the pairwise van der Waals interaction is analogous to 
the 3-A force in nuclei. The "pair" process in (2d) is analogous to

7
the Primakoff-Holstein 3-electron force in atoms. The pion in (2e) 
and (2f) scatters from other virtual mesic constituents of the 
triton. The latter graphs are the analogues of the intermediate 
energy nuclear scattering processes in Figure 3, where pion-nucleus

8scattering in (3a) can proceed via tt-tt scattering and proton- 
nucleus scattering in (3b) has a distinctive signature produced by

9
nucleon-antinucleon "pair" correlations in the Dirac approach.

(d) (e) (f)

Fig. 2. Components of the 2jr3NF in (a) are decomposed in (c) - (f).

The multiple charge states of the pion and the characteristic 
spin-dependent pion-nucleon vertex generate a rich spin and isotopic 
spin dependence. Moreover, because the two-body potential energy in 
a nucleus naively depends quadratically on the density and the 
three-body energy varies cubically, the relative effect of the 
three-body forces could change dramatically between spin-saturated 
and unsaturated systems, or between the diffuse triton and denser

nuclear matter.
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(o) (b)

Fig. 3. Three-body forces in pion- and proton-nucleus scattering.

SIZE SCALES

A representative component of the ZttSNF has a schematic form 
expressible in terms of OPEP (V ) and the nucleon rest energy:

2 2 ^
V^/Mc , typical of one class of relativistic corrections. Using 

<V^> -30 MeV leads to an estimate of 1 MeV, or 2 percent of the

11rough value of the total potential energy: 50 MeV. This is also
3

commensurate with other naive estimates of relativistic 
corrections.

TWO- AND THREE-BODY FORCE CALCULATIONS

Recently there has been substantial progress in our ability to
12solve the Faddeev equations for the three-nucleon problem. These 

equations are exactly equivalent to the Schrbdinger equation, but 
13are written in such a way that boundary conditions are much easier 

to implement. This technique currently represents the most accurate 
way to solve the triton problem for realistic potentials, although 
there has been substantial progress using many different

computational methods: hyperspherical harmonic expansions14-15

Green's function Monte Carlo techniques 16-18 and the Rayleigh-Ritz
19-21variational approach . Large-basis triton Faddeev

22 23calculations ’ can be performed with an accuracy of approximately 
10 keV out of a total binding energy of roughly 8 MeV. Cases which 
have been treated include two-body forces only, and two-body plus 
three-body forces.

Two-body force results for "realistic" potentials with strong
24tensor forces include: Reid Soft Core (RSC) [-7.36 MeV],

9 tr or

Argonne V^ (AV^) [-7.68 MeV], Super Soft Core (C) [-7.53 MeV],
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97 98
de Tourreil-Reuben-Sprung (B) [-7.57 MeV], Paris [-7.64 MeV],

29 30and Bonn [-8.33 MeV], All of these results follow from large
22 31basis calculations, ’ and with the exception of the Bonn 

32 33result ’ have a binding deficiency of approximately 1 MeV.
The latter potential has at least 3 salient features. The

configuration space version has a momentum dependence of the form
2 28 34

(p ,<£(r) }/M, in common with the Paris and Nijmegen potentials.
By itself, therefore, this feature cannot account for the
difference. A second feature is the fact that, in common with the
AV^ potential and unlike the others, the T=1 potential is fit to np

scattering results. This will always enhance the binding, as the
35 11following argument shows. Because the angular momentum barrier

suppresses higher partial waves, s-wave forces and the concommitant
tensor-coupled d-waves dominate the triton binding. There are 3
pairs of forces, one T=1 pair between the two neutrons, V , and two

np forces which are 3/4 S-l (T=0) and 1/4 S=0 (T=l) by statistical
3 3spin weighting. Thus the triton potential is V = ~ V (T=0) + ~

(iv + h (Tnn 3 np
"1))'

and the effective T=1 potential is a 2 1 
3 ' 3

weighting of nn and np forces, of which the latter is the stronger.
Using a pure V (T=l) force will overbind, while using V alone ° np ° nn

35tends to underbind. Crude estimates indicate that each 1/3 costs 
about 100 keV, or using V alone underbinds by 100 keV and using

V alone overbinds by.200 keV. The third salient feature is the np J
weak tensor force in the Bonn potential. This has been known for 
two decades to increase the triton binding. The reason is that the 
tensor force dominates the binding in both the deuteron and triton. 
It is most effective in the deuteron, however, where virtually all 
of the potential energy is associated with the tensor force. The 
obvious requirement that realistic forces reproduce the deuteron 
binding energy means that weakening the tensor force must be 
compensated by an increase in the (attractive) central force. The 
latter is more effective in the triton and this leads to an increase

35in the binding. Simple (but unphysical) models without a tensor 
force overbind the triton. Whether the tensor force in the Bonn 
model is more physical than those of the older forces remains to be 
determined in the future. Nucleon-nucleon scattering data which are 
sensitive to the tensor force are of rather low quality. Recent 
efforts have begun to improve this situation, but the required 
experiments are very difficult.

Given that the triton binding energy is too low, will three- 
body forces improve the situation in a convincing fashion? A 
variety of models have been developed which incorporate two-pion-

exchange three-body forces. The Tucson-Melbourne force is the 
oldest which incorporates chiral constraints with good phenomenology
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for "soft" pion-nucleon scattering. The Brazilian approach uses 
phenomenological Lagrangians rather than current algebra, but is
quite similar. The Urbana-Argonne model^ is purely 
phenomenological, but is also based on two-pion exchange.

38An additional approach is the Haj duk-Sauer (HS) isobar model. 
This model is distinct from the others in that it incorporates the 
isobars via the triton wavefunction explicitly. rather than 
incorporating them implicitly into the two- and three-body forces. 
The additional complexity required by this approach makes the HS 
calculation a tour de force and unique among trinucleon 
calculations. Nevertheless, this model is also based primarily upon 
two-pion-exchange.

The common ingredient in all of these models is the long-range 
behavior. Using the most common short-range behavior suggested by 
the phenomenology of chiral symmetry breaking in the pion-nucleon 

36interaction produces a near unanimity of results for the first
22 31three models. The additional binding ’ is approximately 1.5 MeV, 

which would overbind all of the previously discussed two-body 
models. However, reasonable alternative modifications of the short- 
range behavior associated with the range of the pion-nucleon form 
factor can lead to much less, or much more, binding. The purely 
pionic forces are very sensitive to the assumed short-range 
behavior. The fourth model of Hadjuk and Sauer is very different in 
approach and technical development. It leads to approximately .3 
MeV additional binding. However, because this calculation is unique 
and its physics development very different from the others, it has 
not proven possible to trace the difference in binding to any 
particular difference in physical assumptions. Thus, although the 
techniques used in solving the triton Faddeev equations have been 
extended in principle and practice to include three-body forces, the 
results of such calculations are problematical at this time.

SCALING OF OBSERVABLES

37

If the binding energies of two-body or two-body plus three-body 
force models are in disagreement with experiment, can the other 
observables associated with each of these calculations be trusted?

39The answer is no, in general. With a little additional care, 
however, we can make predictions which are much more reliable. The 
trick is to recognize that the triton, like the deuteron, is a 
weakly bound system (Eg/A<3 MeV) and for much of the time the

nucleons will be outside of each other's force range. Thus, much of 
the environment in the triton for each of these models should be 
determined by the binding energy, which sets the size scale. In 
addition, the longest-range component of all realistic force models

is OPEPWe need to recall that in the deuteron the asymptotic
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form of the wave function is given by exp(-/cr)/r, where k~EV2.
B

13

an

analogous but more complicated form holds for the triton.
If this argument holds, scaling may result. That is, 

observables for a given force model may depend primarily on the 
binding energy for that model, and not on the details of the force 
other than common, physically constrained ingredients such as OPEP. 
This hypothesis is easy to test if one uses the many combinations of 
two- and two- plus three-body force models which have been solved 
recently, and plot each observable versus the corresponding model 
binding energy. If a narrow band is obtained over the rather wide 
range of energies of the various models, we say that "scaling" 
holds; that is, there is only a single effective independent 
variable: the binding energy, Extrapolation to the physical
binding energies of 3He and 3H is then a rather simple operation.

41Examples of scaling are the Phillips' line for n-d doublet

scattering lengths and the Tjon line for the alpha particle 
binding energy.

A good example of this process is the rms charge radius. 
Schematic trinucleons are depicted below in Figure 4. The protons 
are shaded. If all NN forces were identical we would have the 
equilateral configuration in (4a). The rms charge radius is the 
(mean) distance from the trinucleon center-of-mass (CM) to any one 
of the protons. Because the pp or nn force is weaker than the np

Fig. 4. Schematic trinucleons with coordinates.
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H radius fit

He radius fit

H datum

He datum

Fig. 5. Scaling plot of rms charge radii calculations with fits and 
data.

force, the like particles actually lie further from the CM than the 
remaining unlike particle. Qualitatively, the angle 8 in Figure 
(4b) is greater than 60° and the equilateral configuration (S-state) 
in (a) becomes isosceles in (b). The deviation of the isosceles 
from the equilateral configuration is a measure of the mixed 
symmetry S'-state. The geometry clearly indicates that the charge 
radius of sHe is greater than that of 3H. This is shown in Figure

2 1/25, a "scaling plot" of the rms charge radius <r > versus E_ for
B

our theoretical data set. A point Coulomb interaction is included 
Q A-3

in the 3He calculations. The data from a Saclay analysis are in 
good agreement with the simple fits.

The qualitative behavior can be easily understood. The mean- 
square radius is a matrix element which heavily weights the 
asymptotic portion of the wavefunction, which is determined by 

1/2
Ac-(Eg) . Assuming that the entire wavefunction is given by the 
asymptotic form and performing the quadratures leads to 

2 1/2 -1/2
<r > ' ~E . The isoscalar combination of rms radii 

2 & 2 1/2
[(2<r > + <r > )/3] , does indeed vary in this fashion, while

the difference component, which is largely determined by the S'-

state, decreases more nearly as The latter behavior can be

traced to the rapid decrease of the probability of the S'-state,
_2

P , as a function of binding. This trend has a large spread
S B

39
and does not manifest scaling as clearly as the rms radii.
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Although not specifically included on our plot, the Bonn result 
falls on the 3H curve. ^

The weak pp Coulomb force produces two competing effects on 
the 3He charge radius. The Coulomb interaction lowers the binding 
energy and this increases the radius. In addition the asymptotic 
form of the wavefunction is changed from a Hankel function 
(exponential) to a Whittaker function, which falls more rapidly at 
large separations, thus lowering the rms radius. These two effects 
are seen clearly in Figure 6.

30

He radius fit-no Coulomb

He radius fit-Coulomb

EB (MeV)

Fig. 6. Scaling plot of 3He rms charge radius calculations, with 
and without a Coulomb interaction.

The Coulomb energy of 3He has long been known to be smaller 
than the 764 keV binding energy difference of 3He and 3H. The first 
quantitative demonstration of this was given by Fabre de la 

45 46Ripelle and Friar , who derived a simple approximation to the 
Coulomb energy which allowed experimental electron scattering data 
to be used to estimate that energy. The simplest version of that 
formula can be derived from Figure 4. The (point-nucleon) Coulomb 
potential in Figure (4a) is a/x, where a is the fine structure 
constant. If the trinucleons are primarily in an equilateral 
configuration, we can replace x by /Sr, which in effect replaces the 
two-body correlation function by the charge density:

Ec * <a/x> - (a/y3)Jd rpc^(r)/r. This simple approximation can be

extended to include mixed-symmetry wave function components and the
43

proton's charge distribution. It can be demonstrated to work at 
the 1% level by calculating both sides of the relationship. If 
experimental data are used for p ^ one finds Ec = 638 ± 10 keV. A
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Er (MeV)

Fig. 7. Scaling plot of 3He Coulomb energy.

scaling plot of Ec versus E^, taking account of the proton's charge

distribution, is shown in Figure 7. It produces Ec =* 652 keV at E^

- 8.48 MeV. The slightly larger number results from the inability 
of theoretical wave functions to reproduce the inner portion of 
Pch(r)> which leads to a small increase in Ec. The additional 100

keV which is needed is due to other direct and indirect charge- 
symmetry -breaking mechanisms.

Another important set of observables is the asymptotic
30 47

normalization constants ’ . If one stretches the triton until a
deuteron is outside the force range of the remaining neutron, the 
wave function becomes proportional to an exponential (~exp(-/Jy) , 
where y is the relative coordinate of the two systems and fi is the 
wave number for the deuteron-triton binding energy difference). The 
proportionality constant is the asymptotic normalization. Because 
of the NN tensor force, there are actually 2 constants, one for s- 
wave (C ) and one for d-wave (C ), and their ratio, r? = C /C .D is U D
There has been considerable recent interest in these constants for

40
the analogous deuteron problem . Because the wave number /3 
increases as triton binding increases, the asymptotic wave function 
becomes steeper and probability decreases in the exterior region.
It becomes easier for the asymptotic wave function to match smoothly 
onto the interior portion if the asymptotic normalization constant 
increases as the binding increases. Each constant (C^, and »?)

increases with energy, as illustrated by f? in Figure 8. Both 3H and 
3He (with a Coulomb interaction) are shown together with data.

The scattering of a nucleon from a deuteron at very low 
energies leads to two scattering lengths: doublet i.^^) and quartet
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to the deuteron binding energy. The former, however, reflects the
41 48underlying dynamics of the triton , but perhaps in a trivial way

Figure 9 shows the results of n-d and p-d doublet scattering length
49calculations at Los Alamos for a variety of realistic and 

unrealistic two-body and three-body force models, plotted versus the 
corresponding 3H or 3He binding energy. The n-d case scales 
according to the "Phillips 1ine" and passes through the datum. The 
p-d case does not and is controversial because of the existence of

(a^). The latter is not very interesting, being primarily sensitive

0.066

0.060

0.045 -

3H datum 

3He datum

0.036 -

0.030

Fig. 8. Scaling plot of the asymptotic D/S ratio, with fits and 
data.

— nd Phillips line fit 

pd Phillips line fit

nd datum

pd datum

Fig. 9. Phillips' curve for Nd doublet scattering lengths, with 
fits and data.
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extremely weak, long-range polarization forces (~l/r + ...)» which
nevertheless affect the definition of the scattering length.
Recently it has been shown that a proper treatment of these long- 
range forces should produce a negligible change in , although some
care needs to be exercised”*^There is still an unresolved 

discrepancy between the results of Refs. 49 and 52, and those of 
Ref. 53.

SUMMARY
There has been much progress in our understanding of 3He and 3H 

recently. Faddeev calculations of high accuracy are now possible 
for binding energies and other observables. This has led in some 
cases to both quantitative and qualitative descriptions. We still 
have an incomplete knowledge of the triton binding at the level of 
roughly 1 MeV, but our understanding of certain trinucleon 
observables is much better.

4
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DEUTERON FORM FACTORS IN THE SKYRME APPROACH

Ebbe M. Nyman*
Department of Physics, University of Helsinki, SF-00170 Helsinki, Finland

ABSTRACT

The electromagnetic form factors of the deuteron are calculated in the 
Skyrme model, where the structure of the nucleons is due to their origin as 
topological solitons of meson fields. In addition to this, the structure of the 
deuteron is represented by a non-relativistic wave function. The form factors 
are obtained as matrix elements of an isoscalar current operator, which is de­
termined from a fit to the isoscalar electric form factor of the nucleon. The 
magnetic form factor is dominated by the exchange-current contribution and 
can, depending somewhat on the isoscalar form factor used as input, be brought 
into agreement with the empirical value over the entire range where data are 
available (q2 < 70 fm-2). There are also large exchange-current contributions 
to the charge and quadrupole form factors. The predicted tensor polarization is 
similar to that obtained with conventional meson-exchange current mechanisms.

INTRODUCTION

In this talk I shall discuss a very challenging problem - one of the main 
questions that the CEBAF scientific progran sets out to solve:

• How can the dynamics of quark confinement be best described and modeled 
(solitons, bags, fluxtubes, potentials)? How is this confinement modified by 
the presence of another nucleon, such as occurs in the deuteron?

• How is the structure of the nucleon modified in the deutreron?
• How are the elementary processes, such as e-p scattering, modified in the 

deuteron? How do quarks hadronize in the deuteron?

This talk deals with only one particular aspect of the above, which is find out 
to what extent the Skyrme’s soliton description of the nucleon can account for 
those changes in the nucleonic structure which are observed in electron-deuteron 
scattering. Therefore, I have taken the liberty of modifying the original Ref. 1 
by replacing phrases such as ’’nuclear matter” or ’’nuclear medium” by ’’the 
deuteron” or ”another nucleon”.

The Skyrme model is based on a single SU(2) field U that contains a scalar 
(<r) and a pseudoscalar isovector (if) component:

U = (1/fn ){ & + if • if), a2 + it2 = f2. (1)

The anomalous b ary on current operator has the form

ffiuaf3
B* = -——TvlU'd.UV'daUl^dfsU}. (2)

£*±71
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This current operator, which is conserved independently of the form of the 
lagrangian, carries the baryon number as a topological charge (winding number). 
In the more general versions of the Skyrme model, where strangeness is included, 
the topological current would be generated by the Wess-Zumino action,2 which 
is explicitly propoprtional to the number of quark colors. Thus, the anomalous 
current is all that is left of the underlying chromodynamic theory where the 
nucleons are made up out of quarks. The realization that boson fields such as 
(1) can carry baryon number is due to Skyrme,3 but in more modern thinking 
this would be the ’’smoking gun” that signals the existence of the quarks. This 
frequently also goes under the name of the Cheshire cat picture, as illustrated 
in Fig. 1.

Skyrme solitons? can. te fermions!
Topological currant = "baryon -number current

Fig. 1. The smoking gun and the Cheshire cat.

The isoscalar electromagnetic current operator is, in the absence of vector 
mesons, the following:

J* = . (3)
For single nucleons the topological soliton field U has the hedgehog form

£/(r) = exp[ir • f 0(r)]. (4)

To avoid the use of an explicit lagrangian model we shall here determine the 
chiral angle 6 directly from the electromagnetic structure of the nucleon and 
then use the result to predict the other isoscalar variables.

In order to obtain the proper spin-isospin structure for the isoscalar current 
operator the soliton field U must be allowed to rotate, corresponding to the 
substitution:4

U(r)^A(t)lHr-R\l))A'{l). (5)
Here A(t) is a time-dependent SU(2) matrix, the elements of which are coor­
dinates of the wave function of the quantized rotation. In order to express the 
current operator in terms of the conventional Pauli spin and isospin matrices, 
we evaluate matrix elements with respect to wave functions that correspond to
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ihe correct spin and isospin (|) of the nucleons. This is achieved by means of 
the projection theorem:5

{N'|J4r>it[N) = —|(N,|<rNf • r n|N) . (6)

Here N and N' represent the single-nucleon states with respect to which the 
matrix elements have been evaluated, and (TN and r N are the spin and isospin 
operators for the single nucleon.

By substituting the rotating hedgehog field (5) into (2) and using the pro­
jection theorem one obtains the isoscalar charge and current operators for the 
nucleon as:

p{T) = ~ sin2 0(r)0'(r)> (7)

?= “i^2 sin2 &(r)0'(r)^ " sin2 X f. (8)

Here P is the momentum operator, M the mass and A the moment of inertia 
of the soliton. Both the mass and the moment of inertia can be calculated from 
the chiral angle, provided the lagrangian is known. If the lagrangian is not 
specified, they appear as parameters. We shall here make the natural choice of 
using the experimental nucleon mass (939 MeV) and choose A such as to obtain 
the correct isoscalar nucleon magnetic moment (0.88 n.m.). This corresponds 
to A = 0.0060 MeV-1, not far from the value obtained from the N-A mass 
difference (0.0051 MeV-1).

The isoscalar electric and magnetic form factor of the nucleon are obtained 
from the Fourier transforms of the current operators (7) and (8) and are

<2|(9) = -- [ dr jo(qr)sin2 6(r)6'(r), (9)
^ Jo

9 /»co

Gm($) = j & rj^qr) sin2 9(r)0'(r). (10)

Here we have interpreted the Fourier transform of (7) as G'|. Since, in the 
usual phenomenological representation of the current and charge operators of 
the nucleon, the convection current is proportional to Ff and as in the present 
approach the charge density equals the density of the convection current, one 
could have maintained that (9) represents Ff rather than G'|. At low and 
intermediate values of the momentum transfer the distinction between these 
two form factors is, however, relatively insignificant.

The chiral angle 0(r) may be determined from G’| by inverting the Fourier 
transform (9). This yields the following transcendental equation for 6{r):

0(r) — A sin20(r) = 7T — 2 f —G%(q) (sin(qr) — qr cos(qr)) . (11)
Jo <1
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In the special case where the electric form factor is represented by the well- 
known dipole fit (l + q2/A2) 2, the equation for $ becomes6

6(r) — | sin20(r) = tte~Ar (l -f Ar + |A2r2) . (12)

The chiral angle is then found from a numerical solution to (12), or in general 
to (11). In Fig. 2 we compare the values of 9 determined in this way from 
the dipole fit (using A2 = 0.71 GeV2) and also from two more modern fits to 
the data.7, 8 We include for comparison also the result for 9 obtained with the 
Skyrme model with a pion mass term.9

Fig. 2. The chiral angle as determined from the isoscalar electric form factor: 
dipole parametrization (D), parametrization of Ref. 7 (H) and of Ref. 8 (GK). 
The curve S is the result obtained from the lagrangian of the Skyrme model.9

APPLICATION TO THE DEUTERON

To construct the isoscalar current operator for the two-nucleon system we 
use the product ansatz10

U(ruf2]f) = U{r —r\)U(r — r^) (13)

for the soliton field with baryon number 2. Here rx and f*2 are the coordinates 
of the centers of the two solitons and f is the point of interaction with the 
electromagnetic field. With this ansatz the isoscalar current splits into a sum 
of two single-nucleon current operators and an exchange-current operator:

JM(ri,F2;r) = J"(f- n) + .U'(r - f2) + r~). (14)

Here JM(r — fj) and JM(r — r^) are the isoscalar currents of the single nucleons 
considered above and J£x is an irreducible two-body exchange-current operator.
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It is worth noting that this decomposition, while very natural and convenient, 
requires use of the the product ansatz (13). In the general case, a distinction 
between single-nucleon and exchange-current contributions would be difficult to 
obtain.

The spatial part of the exchange current operator Jex may be brought into 
the form5

/..(ri.rj;?) x Tt{UlU'U2VU* -

+ + VV2U*) x u}vut (15>

- (Vf/jc/, + Vulut) X tr, Wj*},

where we have used the abbreviation

Uk = U(f- ffc), (k — 1,2). (16)

The usual spin and isospin behaviour of the exchange current operator (15) is 
obtained by rotating each soliton independently according to eq. (5). This is an 
approximation, in the spirit of the product ansatz, which becomes exact in the 
limit of well separated solitons. It is therefore justified at least in the deuteron, 
where the average interparticle separation is large. When the projection theorem 
(6) is applied to each nucleon, the Fourier transform of the exchange current 
takes the form:

J'1 = - ' ’"If J d3Sexp[i9 ■ fl] sin2 0(|fl + f |)

x {[o(B) + i7(iJ)]S+7(B)[s-«A-iE]}

for the exchange-current operator. Here we have used the abbreviation S = 
(7 1 + <7 2 and introduced the functions

<*(#) = ~ sin 29(R),

7(iJ) =«’(/?)--?-sin 2»(/?),
(18)

which were also used in Ref. 5.
The charge and quadrupole form factors of the deuteron are obtained as the 

matrix elements of the spin-scalar and spin-tensor parts of the time component 
of the isoscalar current operator. The matrix element of the charge operator for 
the deuteron has the general form

{p) = Fc--hq2Sl2{q)Fqiq), (19)

where Fq and Fq are the charge and quadrupole form factors, respectively. Here 
S\2(q) is the spin-tensor operator

£i2(<j) = 3 <7 1 • <j <7 2 • q — <7 1 • <7 2. (20)
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In the impulse approximation, in which only the two single-soliton charge op­
erators of the form (7) are taken into account, the charge and quadrupole form 
factors are obtained11 as

Fc{q) = G|(9) f drj0(lqr) [u2(r) + w2(r)] 
Jo

(21)

Fq(<i) = / drj2{±qr) J\u{r) - Jw(r)
9 Jo L

w(r). (22)

Here, u and tv are the usual deuteron wave functions.
The charge component of the exchange current operator (3.2) has the 

form5
A>« = /ci3rexp[iq-f]Tr {UJVU, x UjVUj} . (23)

The notation is the same as used in eq. (16). After rotating the two solitons 
independently according to eq. (5) and using (6) this operator takes the final 
form

Pex 9 • J d3RS1K r^r-^ |Q:(ri) ■ r2) + <T2 • fj - 2f2]

+ 7(r2) [<?1 • fi(r2{ri • f2) + <?2 ■ r2<T • f2) —2a1 • TXa2 • rir2] j

_ (24)
The functions a and 7 are defined in eq. (18). The variables 77 and r*2 are 
defined as

fi -R - |f,
f2 + |f,

where r is the internucleon separation.

RESULTS

It is clear, of course, that in order to be able to account for the form fac­
tors of the deuteron with any accuracy at all, one must at some stage build 
in information that corresponds to the essentially known wave function of the 
deuteron. Using the above results as two-body operators, it is straightforward 
to incorporate e.^., the wave function corresponding to one of the modern po­
tential models of the interaction.12, 13 The full details of the calculations will 
be reported elsewhere.14

In Fig. 3 we have plotted the predicted magnetic form factor of the deuteron 
using the wave functions corresponding to the Paris potential12 and the dipole 
form (12) for the chiral angle. The predicted form factor values are in exceed­
ingly good agreement with the empirical values, which have been taken from 
Refs. 15, 16. The results obtained using the wave functions that correspond to 
the Reid soft-core potential13 are almost indistinguishable from those in Fig. 3. 
There is, however, a rather strong sensitivity to the single-nucleon form factor 
through the predicted chiral angle.
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In Fig. 4 we show the same quantities as in Fig. 3, but using the chiral 
angle calculated from the parametrization for the isoscalar nucleon form factor 
of Ref. 8. We note that the sensitivity of the results to the isoscalar form factor 
used as input is far greater than to the model for the deuteron wave function. 
This insensitivity to the wave-function model is largely due to the fact that 
the calculated form factor is dominated by the exchange current contribution, 
which is known to be rather insensitive to the wave function model.

We also show for comparison, in Fig. 3, the prediction for the magnetic form 
factor using the chiral angle given by the original Skyrme model, augumented by 
a pion-mass term.9 This represents a considerable overprediction of the magnetic 
form factor in comparison with the empirical values.

The value for the deuteron magnetic moment in the impulse approxima­
tion is s; 0.845 n.m. for all the models considered above. The exchange-current 
correction to this value is % 0.04 n.m. so that the total predicted magnetic mo­
ment is % 0.885 n.m. This value is larger by some 0.03 n.m. than the empirical

q {fm )
Fig. 3. The magnetic form factor

of the deuteron. The curves I and 
I+II are obtained using the chiral an­
gle given by the dipole parametriza­
tion for G'| with (I+II) and without. 
(I) the exchange-current contribution. 
The curve S is the result obtained with 
the chiral angle given by the Skyrme- 
model lagrangian.9 The experimental 
data points are from Refs. 15 and 16.

q2{frrf2)
Fig. 4. The magnetic form factor
of the deuteron as obtained using 
the chiral angle determined from the 
Gari-Krumpelmann8 parametrization 
for G|. The curve I represents the 
result of the impulse approximation. 
The experimental data points are from 
Refs. 15 and 16.
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value, 0.857 n.m., but a large part of the overprediction (~ 0.02 n.m.) may be 
explained by the additional exchange-current correction that is associated with 
the velocity-dependent terms in the nucleon-nucleon interaction.17, 18

In Fig. 5 we show the predicted charge form factor as obtained with the 
deuteron wave functions corresponding to the parametrized Paris potential12 
and using the chiral angle given by the dipole form factor 12. The exchange- 
current contribution has, in agreement with conventional meson-exchange 
calculations,19, 20 the opposite sign to that of the impulse approximation at 
low values of the momentum transfers. Therefore, the zero in the form factor 
is drawn towards smaller momentum transfers. In Fig. 5 the charge form factor 
values as obtained with the deuteron wave functions that correspond to the Reid 
soft core potential13 are also shown. The difference between the values for the 
two potentials gives a measure of the uncertainty caused by the wave functions. 
We note that the general size of the uncertainty caused by the wave functions is

Fig. 5. The charge form factor of the 
deuteron using the chiral angle given 
by the dipole form for G'|. The curves 
I and II are the impulse approximation 
and complete results as obtained with 
the Paris-potential deuteron wave- 
functions. The curve RSC is the result 
obtained with the Reid soft-core po­
tential wavefunctions.

Fig. 6. The charge form factor of the 
deuteron as obtained with the chiral 
angle given by the Gari-Krumpelmann 
parametrization8 for 6'|. The curves 
I and II are the results of the im­
pulse approximation and full calcula­
tion, respectively. The result obtained 
using the chiral angle obtained from 
the Skyrme-model lagrangian9 is de­
noted S.

231



smaller than the exchange-current contribution. In Fig. 6 we show the charge 
form factor predicted when using the Gari-Krumpelmann parametrization for 
the nucleon isoscalar electric form facto8 to determine the chiral angle, again 
using the Paris potential deuteron wave functions. The results are rather similar 
to those obtained with the chiral angle that corresponds to the dipole form for 
Gg (Fig. 5). In Fig. 6 we also show the charge form factor that is obtained when 
using the Skyrme model (with a pion-mass term) to determine9 9. The spread 
between the predictions in Figs. 5 and 6 gives an estimate of the theoretical 
uncertainty of the results. Evidently, we may conclude that the uncertainty is 
small.

The predictions for the quadrupole form factor are given in Figs. 7 and 8. 
In Fig. 7 we have plotted the quadrupole form factor as obtained when using 
the chiral angle that corresponds to the dipole form for Gg and the deuteron
wave functions that correspond to the

Fig. 7. The quadrupole form factor as 
obtained using the chiral angle given 
by the dipole form for G|. The curves 
I and II are the results of the impulse 
approximation and full calculation, re­
spectively. The curve S is the result 
obtained with the chiral angle of the 
Skyrme model.9

Paris potential. ^ The result obtained

Fig. 8. The quadrupole form fac­
tor as obtained using the chiral an­
gle given by the Gari-Krumpelmann8 

parametrization for G|. The curves I 
and II are the results of the impulse 
approximation and full calculation, re­
spectively.
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with the chiral angle of the Skyrme model9 is also shown. In Fig. 8 we show the 
quadrupole form factor as obtained when using the chiral angle that corresponds 
to the Gari-Krumpelmann parametrization8 for Gg . The results in Figs 7 and 8 
are very similar, although the fact that the Gari-Krumpelmann parametrization 
for Gg falls off at a slower rate than the other ones is reflected in the slower 
falloff rate of the predicted quadrupole form factor. It is interesting to note 
that the exchange-current contribution to the quadrupole form factor in this 
approach is negative, a result that is opposite to that obtained from simple 
meson-exchange current mechanisms.19, 20

The value predicted for the quadrupole moment of the deuteron in the im­
pulse approximation is % 0.275 fm2 with the models above. This is slightly lower 
than the empirical value 0.2860±0.0015 fm2. The exchange-current contribution 
is negative and of the order of —0.01 fm2, thus increasing the disagreement with 
the empirical value. Whether the disagreement with the empirical value is due 
to wave function or to the current operator of the Skyrme model is not clear.

Although the charge and quadrupole form factors have not been measured 
separately, their incoherent sum is known from the invariant form factor A(g), 
which is defined as

>!(<;)= fgU) + A S2

Fig. 9. The form factor A as obtained 
using the chiral angle given by the 
dipole form for G'|. The curves I and 
II are the results of the impulse ap­
proximation and full calculation, re­
spectively. The experimental data are 
from Refs. 16 and 24-28.

Q<«) + ^«JeMJ(s). (26)

Fig. 10. The form factor A as ob­
tained using the chiral angle given by 
the Gari-Krumpelmann parametriza­
tion for G|. The curves I and II are the 
results of the impulse approximation 
and full calculation, respectively. The 
experimental data are from Refs. 16 
and 24-28.
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In Figs. 9 and 10 we compare the predicted values for A with the empirical 
values from Refs. 24 and 25-28. The predictions in Fig. 9 correspond to the 
chiral angle given by the dipole form for &'j| and those in Fig. 10 to the Gari- 
Krumpelmann parametrization8 for (?! The latter predictions are clearly in 
better agreement with the empirical values in the region of g2 around 20 fm-2 , 
where the form factor (26) is small because of the zero in the charge form 
factor. The underprediction around g2 = 20 fm-2 in Fig. 9 is related to the 
large negative exchange correction to the quadrupole form factor.

The charge and quadrupole form factors may be separated empirically if the 
tensor polarization is measured in addition to the invariant form factor A. It is 
essentially equal to (the negative of) the quantity P, defined as

P =
Fck) + FqM

(27)

So far, the tensor polarization has only been measured at two relatively low 
values of momentum transfer where discrimination between models cannot be 
done. In Figs. 11 and 12 we have plotted the predicted values for P as well as 
the two available data points.29 The results in Fig. 11 correspond to using the 
dipole form factor for to determine the chiral angle and those in Fig. 12 to 
using the Gari-Krumpelmann parametrization8 for G'| to determine the chiral 
angle. The exchange-current corrections to the tensor polarizations are large and 
similar to those obtained using meson-exchange mechanisms.30 Noting that the 
best prediction for the form factor A is obtained with the Gari-Krumpelmann

Fig. 11. The tensor polarization as ob­
tained using the chiral angle given by 
the dipole form for G'|. The curves 
I and II give the results of the im­
pulse approximation and complete cal­
culation, respectively. The experimen­
tal data are from Ref. 29.

Fig. 12. The tensor polarization as ob­
tained using the chiral angle given by 
the Gari-Krumpelmann parametriza­
tion for G-'|. The curves I and II give 
the results of the impulse approxima­
tion and complete calculation, respec­
tively. The experimental data are from 
Ref. 29.
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form for 9, one may expect that the prediction for P with that chiral angle 
(Fig. 12) will also be the most realistic one.

At values of momentum transfer above 1 GeV/c the present predictions for 
the magnetic form factor begin to differ from those obtained with the typi­
cal meson-exchange mechanisms. This becomes clear from Fig. 13 where we 
have plotted the predicted magnetic form factor up to q2 ~ 70 fm-2 both us­
ing the chiral angle given by the dipole form factor and that using the Gari- 
Krumpelmann parametrization8 for G|. For comparison we have also in Fig. 13 
plotted the prediction for Fm obtained using the conventional impulse approx­
imation with the exchange correction implied by the spin-orbit interaction cor­
responding to Ref. 12, using the Gari-Krumpelmann parametrizations8 for G% 
and as well as the prediction obtained when the contribution form the irpj 
exchange-current mechanism (Fig. 13) has been added. While the last prediction 
admits no zero in the form factor, the other predictions do predict a zero. The 
conventional impulse approximation leads to a zero already at q2 = 40 fm-2 , 
which does not appear to be consistent with the empirical values. The Skyrme- 
model predictions suggest that Fm has a zero between 50 fm-2 and 60 fm-2 , 
depending somewhat on the input data. In Fig. 13 we also show the most re­
cent data21 on Fm- These indicate that the magnetic form factor has a zero 
near 50 fm-2 , in agreement with our theoretical results. This is quite remark­
able in view of the fact that the model is only believed to correspond to the 
large-color limit of QCD at low energies, and hence the model should not a 
priori be expected to be reliable above the confinement momentum scale.

Fig. 13. The magnetic form factor for 
momentum transfers up to 70 fm-2 . 
The curves D and GKE are obtained 
using the chiral angle given by the 
dipole (D) and Gari-Kriimpelmann8 
(GKE) parametrizations for G'|. The 
curve GKI is the conventional im­
pulse approximation result includ­
ing corrections from the velocity- 
dependent interaction using the Gari- 
Krumpelmann fit to the nucleon form 
factors. The curve GKI+7r/?7 is the 
same result with corrections from the 
TTp'f exchange-current mechanism in­
cluded. The experimental data points 
have been obtained from Ref. 31. (The 
last point should be at 71 fm-2.)
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DISCUSSION

The reasonably good agreement with the empirical deuteron form factors 
that was achieved above with the topological soliton approach indicates that 
this approach can provide a good starting point for analyzing nuclear electro­
magnetic isoscalar observables. The main advantages of the description of the 
isoscalar current operator in terms of the anomalous baryon current are the 
large degree of model independence, absence of free parameters and the under­
lying link to QCD.31 In the present work we have, however, applied the model 
only in its simplest form, essentially equating the anomalous baryon current 
operator with the isoscalar electric current. The topology of the mapping repre­
sented by the SU(2) field U in (2.1) dictates the form of (2.2) for the topological 
baryon-number current, but terms containing higher derivatives may turn out 
to be important in the Lagrangian. Such terms would play a role above the 
confinement scale (~ 1 GeV)

According to the vector-meson dominance model, all isoscalar couplings 
should be mediated by (in the isoscalar case) w-mesons. As it is known 
how to incorporte such couplings into the present model,22, 23 we have 
tested the sensitivity to such a modifiction. According to preliminary re­
sults, the good agreement between theory and experiment will persist in this 
case.
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ABSTRACT

Recent electron scattering experiments have been interpreted in 
terms of occupation probabilities of shell-model orbits, spectrosco­
pic factors and radial shape of single-particle states. We describe 
some of the information that many-body theory yields on these quantities.

INTRODUCTION

In the present paper we limit ourselves to a "traditional" des­
cription in which nuclei contain structureless nucleons which obey 
the laws of nonrelativistic quantum mechanics. We often consider the 
case of nuclear matter, which presents the great simplification that 
single-particle states are known : they are plane waves |k> = exp(ik.r) 
where k denotes the nucleon momentum. For simplicity, we drop ar­
rows on vectors and omit physically irrelevant factors.

OCCUPATION PROBABILITIES

In nuclear matter,^the |ermi momentum kp is related to the 
density p by p = 2 kp/3 it . In the free Fermi gas approximation, 
the interactions between, the nucleons are neglected. Then, the momen­
tum states Ik> are fully occupied for k < kr and completely empty

k/kF

for k > kp . The corresponding 
occupation probabilities are 
thus given by the step function 
•&(kp-k) , which is represented 
by the dashes in Fig. 1.

Fig. 1. Taken from ref. 1. Occu­
pation probabilities in nuclear 
matter. The dashed lines cor­
respond to the uncorrelated 
case; the solid curves take 
the nucleon-nucleon interac­
tion into account (ref. 2).

238



99
P x

*P

TTTTTTTTTTTTT

Fig. 2. A two particle-two hole 
configuration admixed in the cor­
related ground state.

Henceforth, we denote by h,h1,... the momenta of "hole" states 
(h,h', ... < kp) , by p,p',... the momenta of "particle" states (p, 
p',... > kp) ; we limit ourselves to second order perturbation theory. 
When the nucleon-nucleon interaction v is turned on, two nucleons 
with momenta h,h' which lie within the Fermi sea can exchange energy 
and jump in particle states p',p" . This gives rise to two particle- 
two hole admixtures in the correlated ground state (Fig. 2). The occu­
pation probabilities are then given by

n(h) = 1 - £ <h,h1 Mp1 ,p"y

h' p' pM ^p' + ep" ~ ^eh + eh' ^

n(p') = V ......MP-.P">-2-
h,h' ,p" ^p’ + ep" ~ (eh + eh’ )-1

(la)

(1b)

where e^ is the average nucleon energy. The summation indices are 
different in eqs. (la) and (1b), with the consequence that l-n(kp-O) 
differs from n(kp+0) .

The momentum distribution in the correlated ground state is re­
presented by the solid curves in Fig. 1. We shall see below that its 
discontinuity at the Fermi surface, i.e.

Z(kp) = n(kp-O) - n(kp-f-O) , (2)

is intimately related to the spectroscopic factor. Calculations of 
n(k) are surveyed in ref. 1. The results are quite sensitive to the 
prescription adopted for the nucleon energy e^ and to the detailed 
nature of the nucleon-nucleon interaction. One typically finds n(kp-O) 
« 0.75 ± 0.15 , n(kp+0) « 0.15 ± 0.10 .

In a nucleus, the energy denominator on the right-hand side of 
eq. (la) is larger than the shell gap, while when h = kp it can be­
come arbitrarily small in nuclear matter. Therefore, the depletion 
of states close to the Fermi surface is expected to be somewhat smal­
ler in nuclei than in nuclear matter, but a fifteen to twenty per 
cent depletion should not be unexpected. How could one detect this 
depletion ? Two types of experimental data have been used.
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(i) The radial depen^ggce of the2^fferer|ce between the charge 
density distribution of rb and ^T1 is proportional to what 
would be expected if these two nuclei only^differed by a (3s|) pro­
ton, except for a 0.7 reduction factor. The simplest explanation 
wouljjgtje that the occupation probability of the (3s£) proton orbit 

r’L- is only equal to 0.7 . The reliability of this simplePbm
interpretation has been disguted, 
configuration mixing in i1 . An 
recently been g^gpn in terms of sum
timate n3si(' ’Pb) « 0.82 ± 0.09

in particular because it neglects 
improvgdginterpretation has 
rules, ’ with the resulting es-

(ii) Inelastic electron scattering which excites states with a 
predominant one particle (p)-one hole (h) nature are quenched by a 
factor 0.6 as compared to the shell-model estimate. Core polariza­
tion and exchange current corrections only account for part of this 
large quenching. An additional quenching factor is given by the pro­
duct of the occupation probability of t^eghole state and of the deple­
tion probability of the particle state, ’ i.e. by n(h) [1 - n(p)] . 
For n(h) « 0.8 and n(p) « 0.1 , this additional quenching is ap- 
proxim^tgly equal to 0.7 , in good agreement with experimental evi­
dence. ’

We now turn to theoretical estimates of the depletion. The many- 
body theory of the mean field enables one to relate the occupation 
probability of a single-particle orbit 9|nJlj> to the imaginary part 
W(r;E) of the optical-model potential. In the case of hole states, 
one has

n£j <n$,j"j: W(r;E')
Er (E’-EV

dE' |nflj> (3)

where Ep denotes the Fermi energy. Occupation probabilities calcu­
lated from this expression are represented in Fig. 3. There, the two

085 -

0.90 -

Fig. 3. Taken from ref. 9. 
Occupation probabilities 
versus single-particle ener­
gies in the case of protons 
(top) and neutrons (bottom) 
in sPb , as calculated 
from eq. (3). The Fermi 
energy is located at - 6 MeV .
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sets of points correspond to two different assumptions on the high 
energy behaviour of W(r;E) , which in turn reflect the amount of 
short range correlations introduced in the calculation. The full dots 
(solid curves) correspond to a case in which short range correlations 
are suppressed; the depletion is then quite similar to^hat calcula­
ted in the framework of the random phase approximation and reaches 
about ten per cent near the Fermi surface. The open circles (dashed 
curves) include the effect of short range correlations; these are 
seen to increase the depletion by about five per cent. An additional 
five per cent increase may arise from tensor correlations. Hence, the 
depletion close to the Fermi surface is expected to be close to 
twenty per cent, in good agreement with the experimental evidence 
outlined above.

MEAN FIELD

In nuclear matter as well as in nuclei the mean field can be 
identified with the so-called "mass operator" or "self-energy". Here 
we only consider its real part in nuclear matter, and terms of first 
and second order in the strength of the nucleon-nucleon interaction 
v . The me^in field felt by a nucleon with momentum h and energy E 
then reads

V(h;E) = VH(h) + Vp(h;E) + Vc(h;E) (4)

where

Vh)
Vp(h;E)

Vc(h;E)

jT <h,h'|v|h,h'> ,

h 1 £ <h,p"|v|h1,h">2

h' ,h",p"
E + Bp,, - (eh, + eh„.

I
h',p',p"

<h,h'|v|p1,p">
E + e, , - (e , + e „)h' p p

(5)

(6)

(7)

The quantity VH(h) is the familiar Hartree-Fock contribution. It is 
static, i.e. independent of energy.

The physical origin of the quantity Vp(h;E) is the following 
(Fig. 4). Because of the residual interaction the hole configuration 
|h> is coupled to two hole-one particle configurations |h',h",p"> . 
Hence, Vp accounts for configuration mixing in the (A-1) system; 
it is sometimes called the "polarization" contribution to the mean 
field.

The physical origin of the contribution V^(h;E) is the follo­
wing. Because of the existence of two hole-two particle admixtures 
in the ground state of the (A) system, the hole state h is empty 
part of the time (Fig. 2 and eq. (la)). Hence it is not always pos­
sible to take out a nucleon with momentum h , i.e. to create the hole 
state |h> . This gives rise to the contribution Vq(H;E) , which is
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Fig. 4. In the Hartree-Fock ap­
proximation, the hole state con­
figuration |h> is stable (top). 
When the interaction is turned 
on, the configuration |h> is 
coupled to two hole-one particle 
configurations |h',h",p"> 
(middle). The bottom drawings 
represent the corresponding con­
tributions V„(h) (left) and 
Vp(h;E) (right) to the mean 
field, see egs. (5) and (6).

sometimes called a "correlation" correction since it arises from cor­
relations in the ground state of the (A) system. This suggests 
that V^(h;E) is intimately related to the depletion probability 
of the momentum state |h> . This is confirmed by the comparison 
between eqs. (la) and (7), which shows that

1 - n(h) = - [|p Vc(h;E)]E=e (8)

h
The relation (3) then follows from the following "dispersion relation" 
which connects Vp(h;E) to the imaginary part of the mean field :

Vc(h;E) W(h;E')
E' - E dE' (9)

QUASIPARTICLE STRENGTH AND SPECTROSCOPIC FACTOR

The energy e^ of a quasiparticle with momentum k is the root 
of the following energy-momentum relation :

ek = k2/2m + V(k;ek) . (10)

The quasiparticle strength is given by
Z(k) = 1 + [Ip V(k;E)] . (11)

L-ek
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(12)

From eqs. (4)-(11) one finds

Z(h) = n(h) - V ---

^ F e h',h",p" L h

<h',h"|v|h,p'>2

+ epit - <%, + v>]'

This leads to the following physical interpretation of Z(h) . The 
quasiparticle strength is the joint probability of (i) being able to 
create the hole h in the (A) system (first term on the right-hand 
side of eq. (12)), (ii) finding that the residual (A-1) system has 
the energy e^ (second term on the right-hand side of eq. (12)).
This shows that Z(h) is intimately related to the spectroscopic 
factor.

The second term on the right-hand side of eq. (12) accounts for 
configuration mixing in the (A-1) system (Fig. 4). Note that eqs. 
(la), (1b) and (12) yield eq. (2). The denominator in the last term 
in eq. (12) can vanish. In nuclear matter this implies that one 
should be careful when defining the value of the corresponding sum 
(actually a multifold integral). In nuclei this implies that this 
term varies a lot from one microscopic calculation to another, be­
cause it sensitively depends on the closeness of e^ to the energy 
of some two hole-one particle configurations |h',h",p"> .

As we mentioned above, calculations in nuclear matter typically 
yield Z(kp) « 0.60 ± 0.25 . In nuclei the value of the spectroscopic 
factor near the Fermi surface should be expected to be somewhat lar­
ger than Z(kp) because of shell effects. 20g

Figure 5 shows the value of the spectroscopic factors in ^ Pb , 
as calculated in the framework of a dispersion relation approach 
based on eq. (9) and on a similar equation for Vp(k;E) . The com­
parison between Figs. 3 and 5 shows that near the Fermi energy one 
has typically

Zn&j nn$,j 0.10 (13)
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Fig. 5. Taken from 
ref. 9. Single-par­
ticle strengths versus 
single-particle ener­
gies in the case of 
protons (top) and neu­
trons (bottom) in 

Pb , with the same 
convention as in 
Fig. 3.
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Our previous discussion of the occupation probabilities then suggests 
that the spectroscopic factors should be close to 0.70 in the vici­
nity of the Fermi surface. Note that away from the Fermi surface the 
single-particle strength should be associated with the sum of the 
spectroscopic factors of the many states of the (A-1) system over 
which the hole state |n,£,j> is spread (ref. 1).

Empirical determinations of the "absolute" spectroscopic factor 
are extremely difficult. In view of eq. (2), near the Fermi surface 
it is approximately equal to the difference between the occupation 
probabilities of hole and particle states. In first order in the de­
pletion, this difference is equal to the product n(h) [1 - n(p)] 
of which we have seen above that it contributes to the quenching of 
one particle-one hole excitations in inelastic electron scattering. 
This quenching has been estimated to be close to 0.7 (ref. 7). Ano­
ther estimate of the spectroscopic factor is provided by quen­
ching of single-particle magnetic form factors, e.g. in Pb ;this 
again approximately yields 0.7 ± 0.1 for the spectroscopic factor 
of levels which are usually considered to be "almost pure" one hole 
configurations (ref. 11). These empirical values are seen to be in 
fair agreement with the theoretical estimates.

SHELL-MODEL ORBITS

Let us denote by f(1,...,A) the exact wave function of the 
ground state of the (A) system. Because of the strength of the nuc­
leon-nucleon interaction, ¥ is a very complicated many-body wave 
function, whcjige overlap with any Slater determinant is smaller than 
(0.9) « 10" ; here, the number 0.9 is an average occupation
probability derived from the calculations surveyed above. Hence, fin­
ding the appropriate definition of "the" shell-model orbits is by no 
means a trivial problem. Note that occupation probabilities

na
(14)

are well defined for any set of single-particle wave functions {a(r)}. 
One should therefore specify the definition of |a> when one quotes 
values of n . At least two model-independent definitions have been 
proposed, as we briefly outline below. They both present the merit of 
being fully specified by the many-body Hamiltonian H , while most 
"single-particle wave functions" used in the literature, e.g. Hartree- 
Fock wave functions, are model dependent.

(i) The "natural orbitals" (ref. 12) are the eigenstates of the 
exact qne-body density matrix

p(r;r') = <r'|p|r> = <'i'|a+(r') a(r) |VF> . (15)

They form a complete orthogonal set, say {v(r)} . The one-body den­
sity matrix can be written in the form
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(16)p(r;r') ^ v(r) v(r') »

v
where n are the occupation probabilities of the natural orbitals. 
Note tha^ the latter are fully defined by the ground state wave func­
tion of the (A) system : they contain no information on its excited 
states, nor on the eigenstates of the (A+1) and (A-1) systems.

The sum over v in eq. (16) runs over an infinite number of 
natural orbitals. An "optimal" independent-particle approximation can 
be defined by selecting the A largest eigenvalues n^ to define the 
"Fermi sea" (v € F) and by writing

Po(r;r') = ^ v(r) v(r’)

vGF
This definition of the Fermi sea is optimal for 
It retains the largest eigenvalues of p , i.e. 
tion of the Fermi sea. (b) The quantity

a = A ^ trace(p - p )^ (18)

(17)

two reasons 13 : (a) 
minimizes the deple-

is smaller for the definition (17) of p than for any other inde­
pendent-particle approximation p' . The°"mean square deviation" a 
is determined by the exact groundstate wave function ¥ and is thus 
model-independent. Theoretical estimates (ref. 14) yield a » 0.02-
0.03 in the case of realistic nucleon-nucleon interactions. Note 
that a involves both diagonal and off-diagonal elements of the one-2 
body density matrix. The existence of a minimum value of trace(p-p'v 
implies that if some Slater determinant exactly reproduces the diago­
nal elements p(r) = p(r;r') of the one-body density matrix (i.e. the 
radial density distribution) it cannot exactly reproduce its off-dia­
gonal elements; in particular, the momentum distribution will not be 
correctly reproduced (refs. 13, 16).

(ii) The "overlap functions" (refs. 17, 18) are defined as fol­
lows. Let (1, ,A±1) denote the exact (many-body) wave function
of the excited state X of the (A±1) system. The overlap orbitals 
X(r) are defined by the following equations

X(±)(r) = q>[±)(r) , (19)

<p^+) (rA+i) = ($>x(1,...,A+1)|a+(rA+1)|4'(1,...,A)> , (20a)

cp[")(rA) = ($A(1,...,A-1)|a(rA)|'F(1,...,A)> , (20b)

<X(±)(r)|X(±)(r)> = 1 . (21)

In eqs. (20a), (20b), the rounded bra indicates that in the matrix 
elements the integrals run over all the variables except that which 
appear in the creation or annihilation operator. The "spectroscopic 
factors"
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(22)

are specified by the normalization condition (21).
The overlap functions are eigenstates of the single-particle 

Hamiltonian formed by adding the mass operator to the kinetic energy 
operator (ref. 19). It immediately follows (see e.g. ref. 20) that 
the overlap functions form a complete set when weighted by the spec­
troscopic factors :

and that the spectroscopic factors are identical to those introduced 
in eq. (11) above.

One consequence of eq. (23) is that the one-body density matrix 
can be written in the form

(24)

X(-)
This expression is formally analogous to eq. (16), but/its interpre­
tation is quite different (ref. 19). In particular, cannot be
interpreted as an occupation probability because the overlap func­
tions are not orthogonal to one another. Futhermore the energy spacing 
associated with the overlap functions is the same as that between the 
excited states (with given angular momentum and parity) of the (A±1) 
systems. Hence the overlap functions should not be identified with 
shell-model orbits. This identification can be done only after intro­
ducing some approximations, e.g. after assuming that several Av ;(r) 
have the same radial shape; the approximate validity of this assump­
tion is supported by recent (e,e'p) experiments, see e.g. ref. (21). 
Likewise, sum rules associated with any single shell-model orbit only 
have an approximate validity. This should be kept in mind when evalua­
ting the accuracy of recent applications of such sum rules in order 
to d^grmine the occupation probability of "the" (3s|) proton orbit 
in Pb , see e.g. refs. 5, 6.

CHARGE AND MOMENTUM DISTRIBUTIONS

From the estimates surveyed above one expects that the depletion 
of an orbit located near the Fermi surface is approximately equal to 
twenty per cent, of which about ten per cent are due to long range 
correlations. The problem then arises of estimating the effect of 
this depletion on ground state observables, in particular on the 
charge and momentum density distributions. It is necessary to consi­
der at least these two observables simultaneously. Indeed, one of them 
(e.g. the charge density distribution) can be very accurately repro­
duced within a Hartree-Fock model (in which it is assumed that no de­
pletion exists) provided that the single-particle orbits are chosen 
purposedly (ref. 22). However, a Hartree-Fock model will not be able 
to accurately reproduce both the charge and the momentum distributions.
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Fig, 6. Taken fro^gef. 23. Occupation probabilities of proton natu­
ral orbitals in aPb . The open circles include the effect of long 
range correlations as evaluated in the RPA, ref. 10. The full dots add 
results calculated in nuclear matter to those derived from the RPA 
(ref. 7). The crosses are obtained from the full dots by decreasing 
the depletion by five per cent.

Figure 6 shows three sets of occupation probabilities which have 
been considered in refs. 14, 23, 24. The open circles have been cal­
culated from the random phase approximation (RPA) and therefore only 
include the effect of long range correlations. The effect of the lat­
ter is not large : the calculated root mean square radius increases 
by only 0.03 fm as compared to the Hartree-Fock approximation if 
one retains the same set of (Hartree-Fock) single-particle wave func­
tions (ref. 23). Note, however, that these Hartree-Fock wave func­
tions are expected to be different from the natural orbitals which 
would be obtained from a self-consistent calculation within the RPA.

The full dots in Fig. 6 represent a set of occupancy probabili­
ties which had been suggested in ref. 7; the corresponding depletion 
is obtained by adding the RPA depletion to that due to short range 
and tensor correlations as estimated from nuclear matter calculations. 
This set of occupation probabilities yields a large (0.24 fm) in­
crease of the charge root mean square radius if one retains the same 
(Hartree-Fock) single-particle basis. In this case, however, it appears 
likely that the correlations are so large that the natural orbitals 
are quite different from the Hartree-Fock orbitals. The latter are 
even ill-defined. In other words, it is not consistent to introduce a 
large depletion without, at the same time, taking into account the 
effect of the correlations on the natural orbitals. It is mainly, for 
this reason, that it is quite difficult to identify effects of the 
depletion of the Fermi sea in analyses of experimental charge density 
distributions. The origin of this difficulty lies in the fact that 
the single-particle orbits (more specifically the natural orbitals)
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Fig. 1. Taken from ref. 14. 
Momentum distribution of nuc­
leons in Pb . The dash- 
one dot curve is associated 
with the open circles of Fig. 
6, the solid curve with the 
crosses, and the long dashes 
with the full dots of Fig. 6. 
In the present figure, the 
full dots are empirical va­
lues (refs. 25, 26) derived 
from analyses of quasi-elas­
tic backward inclusive cross 
sections of 642 MeV elec­
tron^ and 200 ^eV protons
on

are

'C and Ni

not known.
As suggested in ref. 15 

the effect of the depletion 
of the Fermi sea could be 
more unambiguously identified 
if one would have experimen­
tal information on off-diagonal 
as well as one diagonal ele­
ments of the one-body density

matrix, for instance on both the momentum and charge density distri­
butions. Figure 7 exhibits the fact that the momentum distribution 
is quite sensitive to the depletion of the Fermi sea and, correspon­
dingly, to the repletion of single-particle states located outside 
the Fermi sea. Forthcoming measurements of (e,e') and (e,e'p) cross 
sections should be able to yield detailed information concerning the 
momentum distribution. This will be most valuable since the present 
empirical information is derived from processes which involve strong 
interactions, and whose analysis is therefore questionable.

DISCUSSION

Recent measurements and analyses of (e,e) , (e,e') and (e,e'p)
cross sections exhibit limitations of the mean field approximation.
In particular, information is becoming available on occupation proba­
bilities of shell-model orbits and on "absolute" spectroscopic factors. 
In order to exploit the information content of these and of forthco­
ming experiments, renewed theoretical effort should be devoted to the 
proper definition of these quantities and of the shell-model orbits 
themselves. In particular one should try to avoid using model-depen­
dent quantities which are ill-defined and whose flexibility may blur 
the identification of deviations from the independent-partide model; 
in particular this warning applies to the use of Hartree-Fock single- 
particle wave functions. We discussed two possible model-independent 
definitions of the shell-model orbits, namely :

248



(a) The natural orbitals, which are eigenstates of the one-body 
density matrix. These orbits form a complete, orthonormal set. They 
are quite convenient for the discussion of the charge density distri­
bution and provide an "optimal" independent particle approximation 
(Slater determinant). However, it is not clear whether they can be 
constructed from a single-particle potential. Furthermore, and more 
importantly in the present content, they are not related to the levels 
of the (A±1) system and, correspondingly, to the concept of spec­
troscopic factors.

(b) The overlap functions, which are defined in terms of overlap 
integrals between the wave function of the ground state of the (A) 
system and of those of the ground and excited states of the (A±1) 
systems. They are intimately related to the spectroscopic factors.
They present the difficulty of being nonorthogonal and linearly depen­
dent. However, they can be constructed from a single-particle poten­
tial, namely the mass operator.

It appears unlikely that it will be possible to calculate over­
lap functions and spectroscopic factors from the bare nucleon-nucleon 
interaction, since the latter is very strong and complicated. How­
ever , the many-body theory can be very helpful in establishing rela­
tionships between quantities which are at first sight of a quite na­
ture. An example is provided by eqs. (8), (9) which express the occu­
pation probabilities of hole states in terms of the imaginary part of 
the optical-model potential. Likewise, similar dispersion relations 
are helpful in relating the shell-model to the optical-model poten­
tial . This is important because much more empirical information is 
available on the latter than on the former. This has given rise to 
recent and rather successful attempts to calculate the shell-model 
potential from an extrapolation of the optical-model potential (refs. 
27, 28, 29). The results exhibit the feature that the lack of orthogo­
nality of the overlap orbit does not only arise from the energy depen­
dence of the depth of the mean field, but also from the energy depen­
dence of its radius. The latter feature is the dominant one in the 
vicinity of the Fermi surface and might therefore have to be taken 
into account in the interpretation of recent electron scattering data.
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WORKSHOP SUMMARY 
John Domingo

SIN, 5432 Villigen, Switzerland

I should first of all warn you that I have absolutely no qualification to summarize 
a workshop on electromagnetic interactions. First my experimental background is 
entirely in the field of strong interactions and secondly I have reached the age 
where most of my time is spent worrying about budgets, manpower, and applied 
psychology. My only experience with lepton probes is my slight involvement in the 
hif1" energy muon scattering experiment NMC at CERN. In fact the only reason I 
am landing here wasting your time is that when Franz Gross called me to ask if I 
would give the summary I was in the midst of a direction meeting and it is much 
quicker to say yes than to explain why it is impossible. I am beginning to feel like 
the gal in Oklahoma who couldn’t say no - the result is roughly the same!

As any of you who ever tried it will agree, giving an interesting conference sum­
mary is extremely difficult unless you prepare it in advance and tell the speakers 
what they should have said! In the case of this workshop it was especially difficult 
due to the many parallel working groups. I will therefore have to confine myself to 
a few points which I found particularly interesting (perhaps just particularly easy 
for me to understand) in the plenary sessions and the limited number of working 
groups I was able to attend. My selection should certainly not be interpreted as 
being in any way a priority list.

Let me start by posing what I believe will be the central question for nuclear 
physics in the 90’s and perhaps beyond:
How can we reconcile our old well tested picture of a nucleus consisting 
of individual nucleons moving in an average central potential with our 
present belief that the nucleons consist of an assembly of three quarks 
and the size of this assembly compared to the average internucleon 
separation is such that the nucleons must overlap to an appreciable 
degree.

It is clear that the nucleon-meson picture of the nucleus must have a large 
amount of validity since it is able to explain such a large body of data, but from 
the quark description it is not obvious how this can be. Since the quark picture 
appears to work well at very high momentum transfers and the classical nucleon- 
meson description at the transfers available with present nuclear electromagnetic 
facilities, one expects a transition region somewhere and we hope CEBAF will be 
able to see indications of this.

There has been a great deal of heat and very little light shed on the question of 
at what Q2 one can begin to apply perturbative QCD. I certainly have nothing to 
add to this discussion except to point out that I believe the question is not when 
one will be able to apply perturbative QCD but rather at what sort of Q2 one will 
begin to see significant deviations from the predictions of the standard nucleon-
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meson theories. Clever theoreticians will almost certainly be able to patch up the 
nucleon-meson models with more parameters so that they will continue to fit the 
data; the question is whether at some Q2 the explanation will become simpler in 
the quark picture. I think even without the existence of a ’’smoking gun” this will 
be an extremely interesting field of investigation in which CEBAF will certainly 
be able to make a major contribution.

In addition to the quark description, one has the many successes of the Skryme 
model as discussed yesterday by Nyman. But before I am forced to think about 
’’combed spinning hedgehogs”, I will continue to hope that Migdal’s observation 
at the Kyoto conference that everything that is mathematically beautiful isn’t 
necessarily present in nature covers this case.

Let me briefly review some of the experimental investigations mentioned here 
which deal with the central question:
How Are Hadrons Modified When Placed In A Nucleus?

I Probably the best known experimental result dealing with possible modifi­
cations is the original EMC result comparing the structure function of iron with 
that of deuterium. After several years of controversy between various experimental 
groups, the basic features of the modification are now agreed upon. A comparison 
between the BCDMS and SLAC results for the Fe/D2 ratio and new preliminary 
EMC results for the Cu/D2 ratio is shown1 in Figure 1. One can see that all the 
data now shows a deviation form the original EMC result which indicated a contin­
uous rise in the ratio at small x. There clearly seems to be a maximum at around 
x=0.1 and a drop to below 1 for smaller x. Just what this low x data will tell us 
about the rather murky question of shadowing must await future experiments such 
as those planned by the NMC collaboration. I am sure most of you have heard 
at least 20 different explanations of the effect ranging from nucleon binding to 
color conductivity; clearly much more experimental data is needed before one can 
begin to eliminate most of the theories and approach a reasonably small subset. 
It is clearly much too early to say whether CEBAF can contribute to this type of 
experiment, but the possibility of having a final energy considerably higher than 
4 Gev makes it worth considering.

II Another question frequently discussed dealing with hadron modification is 
that of deeply bound lambda shell model states in heavy hypernuclei. Here the 
question is two fold:

First whether deeply bound shell model states really exist in the simple form 
our model calculations indicate. Secondly whether the lambda (or other strange 
hadron) continues to behave as a spatially confined indentifiable particle (distinct 
from nucleons) or whether the Pauli principle operating at the quark level leads 
to a partial deconfinement so that only the strange quark is allowed to occupy the 
deeply bound levels.
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Clearly these questions will only be answered by combining many experimen­
tal techniques from level spectroscopy to a detailed study of the bound lambda’s 
wavefunction. The first piece of the puzzle was shown here by Crien as a pre­
liminary result from the (7r,K) experiments at Brookhaven. Figure 2 shows these 
results for 8®Y and indicates a series of lambda-neutron hole states the first of 
which supposedly corresponds to the lambda in the lowest s shell. I think it is 
important that the organizers of the workshop have included not only talks deal­
ing with electromagnetic but also hadronic probes. If we are to make significant 
progress in these difficult questions, we will need all the data we can obtain. We 
need to think of nuclear physics as a whole and not divide ourselves into separate 
groups depending upon the probe we use. I see several people in the audience who 
come from the same background as myself; clearly using an electromagnetic probe 
is going to involve considerable recalibration of one’s intuition - not particularly 
easy at my age, but it is certainly good for one to change techniques occasionally 
and hopefully even for the field.

I hope CEBAF will have a lot to contribute to the hypernuclear questions 
through detailed studies of the bound lambda’s wavefunction via (e, e’K) reac­
tions. Clearly there are count rate problems, but I think some of the ideas brought 
up in the working session may go a long way toward alleviating them.

Ill A question where CEBAF should certainly be able to contribute greatly 
is in the electro production of nucleon resonances and how these are modified in 
a nucleus. The case discussed in this workshop is that of the E2/M1 ratio for the 
(7N—» A) reaction. I think this is an excellent case illustrating that one wants 
to study only a few selected resonances where the information is of particular in­
terest; not to devote one’s life to resonance chasing. In the case of the idea is 
particularly simple since on the basis of the simplest quark models there should 
be no E2 amplitude since the nucleon has the three quarks in an S state and the 
transition to a A just involves a quark spin flip. The E2 amplitude must arise via 
a d wave admixture to the wavefunction either due to the color hyperfine interac­
tion of some other mechanism. Recent analysis2 of the data yields a E2/M1 ratio 
in the range -0.5 to -1.5 % although the exact value is somewhat uncertain due 
to the difficulty of extracting the non resonant background. This value seems to 
be roughly that predicted by the quark model calculations, but it has also been 
explained by non quark effects3. It is of interest to note that the value given by 
perturbative QCD is \/3 4 so we clearly are a long way from the region where it is 
valid - if it ever is. The large difference between these values make it interesting 
to think about the possibility of trying to look at the reaction at high momentum 
transfers. Since this would seem to necessitate producing the A far off shell, it 
probably would be extremely difficult, however, one could perhaps see the value 
moving or even changing sign. This may not be an experiment for CEBAF - or 
anywhere - but it is worth thinking about.
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IV Another currently hot topic is the question of the ttN sigma term and what 
it implies about the ss content of the nucleus. As most of you probably know the 
present experimental data indicates that the SttN is roughly 60 Mev whereas chi­
ral perturbation theory predicts a value almost a factor of 2 smaller. One possible 
interpretation5 of this difference is that ”in some sense” roughly 20-30 % of the 
quarks in the proton are strange. This explanation seems the most straightforward 
in spite of this unexpectedly large value; the problem is the term ”in some sense”. 
The strange quark content may just represent the difference between the content of 
the perturbation vacuum and the true vacuum - whatever that may mean! Since 
it is very hard for me to picture the quarks being outside the bag in the ’’true 
vacuum” I am very uncertain about what we would be measuring in experiments 
like (e, e’K) or (e, eV) but perhaps they could shed some light on this puzzle.

V Finally let me come to y scaling; I find it difficult to understand why it ap­
parently works so well. Figure 3 was shown on Wednesday by Posted and presents 
preliminary data from SLAC which seems to indicate that scaling works not only 
at very forward angles but also at 180°. Since the usual interpretation of y scaling 
is that it is telling us about the momentum distribution of the nucleons, I find it 
truly amazing that it appears to be independent of Q2 even for extremely high 
nucleon momentum where I would expect all sorts of other effects to be important. 
I don’t understand why it works, but we can surely use it to learn something about 
nuclei.

FACILITY QUESTIONS

Finally let me come to more specific questions about the experimental facilities 
which have occurred to me during this week. Again if some of them seem to be 
rather naive you can attribute it to the fact that my experience has been in another 
field so my intuition is badly calibrated for electromagnetic interactions.

1. The first question that occurred to me was whether one really needs 100 Kev 
resolution at 4 Gev. Most of the discussion at the workshop has involved few nu­
cleon systems where the level spacing is much larger; so why work so hard to get 
this fantastic resolution? The best reason I have heard during the workshop was 
that given by Bertozzi that one will need this type of precision in energy determi­
nation in order to extract various parameters with the desired accuracy. Of course 
another gut feeling we probably all share is that good resolution never hurts and 
if you don’t do it at the beginning you never will. Unfortunately high resolution 
at these energies is very expensive.

2. My second question is whether one really needs to work so hard on achieving 
spectrometer acceptance for a 20 cm target length. I realize the cross section at
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these high momentum transfers will be extremely small (neutrino like), but one 
will have a very high beam current. For most targets the 10 cm length would seem 
to be adequate; is it really worth sacrificing something else to gain a factor of 2? 
Murphy and Liouville will certainly be hard at work to make sure you have to give 
up something valuable to attain the 20 cm acceptance.

3. It was clear in the sessions and the report this morning of the (e, e’K) working 
group that one would like to be able to reach a much smaller angle between the 
electron and hadron spectrometers than is possible in the present design. I think 
the suggestion of incorporating a septum magnet at the entrance of the spectrom­
eters is worth investigating with detailed optical studies. It was also suggested 
that these septums might consist of a first stage of iron and copper acting as a 
beam shield for a second superconducting stage. Finally there is the question of 
constructing a much shorter hadron spectrometer for use with K’s. The problem 
here would seem to be achieving the desired resolution with a much shorter de­
sign since there are general theorems relating the resolution at a given momentum 
to the spectrometer length; of course the exact relation depends on the type of 
spectrometer. The other important question is whether one can afford a special K 
spectrometer; it would certainly be valuable to have a shorter one if an acceptable 
design can be found. I personally don’t see much chance of having a second high 
resolution electron spectrometer so the K spectrometer would also have to be in 
area A.

4. My next question is what type of facility should be foreseen for the third area 
and when should it be installed? There was considerable discussion in the working 
sessions about the desirability of having some type of facility midway between the 
high resolution relatively small solid angle spectrometer of hall A and the large 
acceptance moderate resolution facility of hall B. Just what this should be clearly 
depends upon the final design of the other two facilities and the type of physics one 
wants to do with it. Extrapolating from the start up period at SIN I am afraid the 
in-house groups at CEBAF are going to have about all they can handle trying to 
get halls A and B equipped at beam turn on. But there are a lot of spectrometer 
magnets lying about and a number of users interested in such a facility so why 
don’t they take this one on more or less by themselves. This could be just the 
preliminary facility and if it really turns out to be in high demand CEBAF could 
design an optimum facility at a later date.

5. Finally as we have learnd the prototype cavities are performing extremely 
well so that it seems likely that one will be able to raise the energy from 4 to 6 Gev 
or even higher. The users should seriously start thinking about what energy they 
would like to see the facility running at and what this would entail in additional 
experimental facilities. Also what they would be willing to give up or postpone 
to achieve this increase in energy. This last point raises a question that I think is

255



extremely important for the nuclear community seriously start considering: 

What Facility Will You Be Willing To Close To Get Something New?

Clearly the nuclear physics budget is not necessarily a zero sum game; as Her­
man happily pointed out on Monday - but it isn’t an infinitely expanding one 
either! If the field wants something new it will have to be willing to give up some 
existing facility to get it, and it is much better that the community decides the 
priorities rather than letting them be set by a power struggle between lab directors 
and politicians.

GENERAL POINTS
Finally let me make some general remarks about issues which I think will be 

important to the scientific success of CEBAF. On Wednesday there was a discussion 
concerning how one should go about requesting proposals and whether one should 
have definite or generic proposals. I feel strongly that one should request real 
proposals as soon as possible certainly by fall of 88. Having one’s name attached 
to a definite proposal will wonderfully concentrate the mind since the damned thing 
has to be ready to run in 1993. It will force the users to make a real commitment 
to the facility and not just a virtual show of interest. It will also have the effect 
of fixing the required parameters of the various instruments rather than having 
to rely on wish lists and general statements from the PAC. Of course one doesn’t 
want to have a tremendous backlog of experiments as was the case in the early 
days of Lampf or Lear, but a little overbooking is probably good for the political 
health of the laboratory. Also any PAC worth its salt will give the budding Nobel 
prize experiment priority over the bread and butter ones still on the books.

I realize that there is a justified concern by the various groups that if they spend 
too much of their effort during the next few years on building up a new facility their 
published output is bound to drop and the granting agencies and university deans 
will frown on this. However, if the granting agencies and their review boards aren’t 
willing to consider the facility building period as necessary and potentially much 
more productive than just cranking out the same old stuff then they are really 
crazy to build new accelerators let alone start new laboratories! The academic 
overseers may be a little more tricky, but here I would think a little pressure from 
the higher ranks of the agencies or some other prestigious body should be helpful. 
Someone has to build up these facilities for the discipline can’t make any 
real progress through the ’’Butterflies” who flit from existing apparatus 
to existing apparatus.

A tentative suggestion for the first proposal would be:

Letters of Intent PAC Spring 88
Definite Proposals PAC Fall 88
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Finally let me make a plea to the ”senior” members of the user’s community. 
I know from being involved in the early days of SIN that there are going to be a 
great many facility questions which will seem rather secondary and not terribly 
important; however, in the long run many of these will have a large effect on the 
success of the laboratory. Questions like: What should be in the general stock- 
room, how large should the electronics pool be and how should it be booked, what 
type of 24 hour cantine service does one need, how large and of what quality should 
the guest house be? One doesn’t want to occupy the young people with these sec­
ondary problems, but for those of you senior enough to have years of experience 
working at other user facilities it will be extremely helpful if you can give CEBAF 
the benefit of this experience either by making suggestions or serving on various 
committees. As someone said when asked about the preliminary SIN beam layout 
”0h you can live with anything”. Of course you can but if the wrong decisions 
are made for lack of input you will have to live with it for a long time. My closing 
comment is therefore:

GET INVOLVED WITH CEBAF NOW 
OR DON’T BITCH IN 93 S
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Fig. 1 Ratio of the structure function Fa(x) for Fe/D2 from BCDMS and 
SLAC and for Cu/D2 from EMC
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Fig. 2 Binding energies for 69XY states as derived from the (7r+,K+) reaction 
on 89Y in the Brookhaven experiment 798 (Preliminary data)
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FORM FACTORS OF SIMPLE SYSTEMS

Richard Madey
Kent State University, Kent, OH 44242 

ABSTRACT

The primary discussions at the Physics Collaboration Meetings on 
"Form Factors of Simple Systems" centered around three experiments to 
extract the electric form factor of the neutron. These three 
experiments and some of their principal features are described. The 
importance of the electric form factor of the neutron warrants 
measurements of this fundamental quantity by alternate methods.

INTRODUCTION

This report summarizes the Physics Collaboration Meetings on 
"Form Factors of Simple Systems". Discussions included the electric 
form factor of the neutron, the electric form factor of the proton, 
and electric and magnetic form factors of the deuteron, the triton, 
3He, and ^He. Most interest centered around experiments for 
extracting the electric form factor of the neutron.

The electric form factor Ggn of the neutron is a fundamental 
quantity needed for the understanding of both nucleon and nuclear 
structure. The dependence of Ggn on Q2, the square of the four- 
momentum transfer, is determined by the charge distribution of the 
neutron. Also the Q2-dependence of Ggn tests the spatial symmetry of 
the neutron wave function under quark permutation. The electric form 
factor Ggn is small and poorly known for all Q2 except Q » 0.

THE ELECTRIC FORM FACTOR OF THE NEUTRON

Three experiments to extract the electric form factor of the 
neutron are being planned at the present time. All three require a 
longitudinally-polarized electron beam; two use polarized targets 
(viz., 3He and solid ND3), and one uses an unpolarized liquid 
deuterium target and a neutron polarimeter. In the polarized-target 
experiments, the asymmetry in scattering is measured; in the 
unpolarized target experiment, the polarimeter measures the 
polarization of the outgoing neutron.

The experimental arrangement with the polarized %e gas target 
is sketched in Fig. 1. With the 3He target placed in the large- 
acceptance-spectrometer (LAS), the scattering asymmetry is measured 
for polarizations of the incident electron beam parallel and 
antiparallel to the momentum of the electrons. This configuration 
takes advantage of the large solid angle available with the LAS. In 
preliminary design calculations, McKeown* estimates the following 
angular intervals can be used: « ±30°, 15 < © (deg) < 30, and 43 < 
0q (deg) < 30. Another advantage of this configuration is that a 
large range of Q2 can be observed. A disadvantage of using the LAS 
is the low luminosity of typically 1033 cm”2 sec”1.
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LAS

Fig. 1. Experimental arrangement with a polarized 3He target.

LIQUID
DEUTERIUM ELECTRON SPECTROMETER

LONGITUDINALLY-POLARIZED ELECTRON BEAM

NEUTRON
POLARIMETER

Fig. 2. Experimental arrangement with a D2 target and polarimeter.
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The group from California Institute of Technology is constructing the 
polarized 3He target.

The experimental arrangement with a liquid deuterium target and 
a neutron polarimeter is shown in Fig. 2. A longitudinally-polarized 
electron beam is incident on a liquid-deuterium target. A neutron 
polarimeter measures the transverse polarization psi of the recoil 
neutron at an angle tn after quasi-elastic scattering of the 
longitudinally-polarized electron from an unpolarized neutron in 
deuterium.. A magnetic spectrometer measures the momentum of the electron 
scattered at an angle te. The electron is measured in coincidence 
with the recoil neutron.

By surrounding the neutron polarimeter with lead, the scintillation 
counters are protected from the gamma flash that occurs when the electron 
beam strikes the target. For neutrons above about 100 MeV, the mean- 
free-path is about 18.4 cm in lead. Lower-energy neutrons have shorter 
mean-free-paths. The neutron mean-free-path in lead (and in steel) 
are plotted in Fig. 3 as a function of neutron energy. The radiation 
length of a high-energy gamma ray is about 0.56 cm in Pb. Thus a 
solid Pb shield with a thickness of 12.75 cm would reduce the photon 
energy by a huge factor (= 1.3 x 10_10) to a value below the threshold 
of the detector, whereas the transmission of neutrons would be 0.50.

The Proceedings of the CEBAF 1984 Summer Workshop contains a 
description of the configuration, principle, properties, and performance 
of the neutron polarimeter developed at Kent State University (KSU).2 
A primary advantage of the polarimeter and unpolarized target arrangement 
is that high luminosities of the order of 5 x 1038 cm-2 sec'1 are 
possible. Such luminosities can be achieved either with the high- 
resolution-spectrometer (HRS) and a 10-cm long liquid deuterium target 
or with a mediura-resolution-spectrometer (MRS) and a 20-cm long liquid 
deuterium target.

An experimental arrangement with a solid polarized deuterium 
target (Nf^) and a neutron detector is sketched in Fig. 4. This 
experiment measures the asymmetry of the scattered neutrons in 
coincidence with scattered electrons. A lead shield can be used to 
protect the neutron detector from the gamma flash when the electron 
beam strikes the target. The lead shield attenuates the neutrons by 
a factor of about two. Shown ahead of the neutron detector in Fig. 4 
is a medium-resolution spectrometer (MRS), which can be used to detect 
protons simultaneously. Thus, a primary advantage of this experimental 
arrangement is the ability to make simultaneous measurements of the 
asymmetry of neutrons and protons scattered from deuterium. Then by 
comparing the proton asymmetry measured from a deuterium target with 
that from a polarized NH3 target, it is possible to obtain a measure 
of the effect of the binding of the proton and the neutron in deuterium.

CONCLUSIONS

The following two conclusions were reached in the group discussions 
on "Form Factors of Simple Systems":

1. The importance of the electric form factor of the neutron 
warrants measurements of this fundamental quantity by alternate methods.
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Fig. 4. Experimental arrangment with a polarized target and a neutron 
detector. A medium-resolution spectrometer (MRS) permits a 
simultaneous measurement of the proton asymmetry.
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2. Preliminary proposals (or letters of intent) for measuring 
Ggjj by the three methods described here will be prepared and
submitted to CEBAF:

Experiment Preparer
3He + LAS
Technology

R. McKeown, California Institute of

ND3 + Neut Detector J. McCarthy, University of Virginia

□2 + Polarimeter R. Madey, Kent State University
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SUMMARY - (e»e'2N) AND MULTIHADRON REACTIONS

J.W. Lightbody Jr. 
National Bureau of Standards 

Gaithersburg, MD 20899

In this report I attempt to summarize the activities 
of the (e,e'2N) and Multihadron Reaction Working Group 
co- chaired by B. Mecking and myself. The subject of this 
work is one of the higher priority core programs at 
CEBAF. The group addressed specific experimental 
research proposals using the LAS and conventional 
spectrometers proposed for CEBAF. Figure 1 gives a list 
of the participants in this working group and also a list 
of those talks presented at our meetings. In this 
summary, we have selected for discussion only a few of 
the talks as representative of current thinking.

Multihadron knockout is a new field of study for most 
of us in electromagnetic nuclear physics, made possible 
by the advent of cw accelerators, and made interesting by 
the high energy beam capability to be provided at CEBAF. 
High energy and momentum transfers provide a means to 
study short range cooperative phenomena and reaction 
mechanisms involving several nucleons. This thought is 
central to current interest in nuclear physics because we 
do not yet understand the explicit dynamics of 
interacting nucleons in the nuclear medium, the role of 
many-body forces, or the extent to which quark degrees of 
freedom are manifest. There remains the issue of whether 
phenomena in our energy domain (several GeV) can be 
described by using the currently accepted picture of 
free , non- static nucleons interacting via tt , p, and w 
meson exchange, or whether the quarks in nucleons suffer 
partial deconfinement (modified nucleons) in the nuclear 
medium, in which case extrapolation of our understanding 
of on-shell phenomena introduces substantial uncertainty 
in our understanding of many-body systems. To what 
extent is this latter deconfinement concept related to 
the presence of 3 -, 6 -, 9 -, • • • , 3N- quark bag components
in the nuclear many-body wave function ?

In order to probe deeper into these issues we must 
look ats multi-hadron final states. For this reason the 
LAS facility and a conventional spectrometer set-up with 
at least three spectrometers on a common pivot are 
essential. The LAS detector is important in order to 
make a survey of what type and level of muIti-particle 
correlations exist. In addition, detection of more than 
two hadrons in the final state using conventional 
magnetic spectrometers gives unacceptably low rates. 
However, since we expect that there will be some level of
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correlation in the case of pairs of ejected nucleons, 
from kinematic focus arguments alone, we must also be 
prepared to make measurements in a much more restricted 
kinematic range, where we can suppress the possibly 
paralyzing torrent of single hadron events or other 
backgrounds. For this purpose a conventional large 
acceptance spectrometer set-up is also essential. There 
are differences of opinion at this time regarding the 
values of the conventional spectrometer acceptances (both 
momentum and solid angle), the degree of kinematic 
flexibility that they provide in terms of scattering 
angle range and out-of-plane angular range, and the 
extent to which high resolution spectrometers are 
important.

The beginning organizational discussion touched on 
several interesting questions. First, the LAS detector 
is to be used as an electron-hadron coincidence facility. 
In order to function properly a shower counter will most 
certainly be required in the electron detector. Then, in 
order to realize the proposed counting rate gains of the 
LAS over conventional spectrometers, the electron 
detector must have full 360° coverage about the beam 
direction, not just a small sector. In addition, 
interest was expressed in having electron detection 
capability within the 15° electron scattering cone called 
for in the current planning. (e,e'2N) counting rates, 
even for the LAS facility, will be very low unless we can 
operate in the far forward cone. This latter point is 
not a new thought and earlier discussions focussed on the 
need for a specialized forward angle electron detector. 
Although these capabilities are planned, budgetary 
constraints may compromise their realization. Such an 
action would be contrary to the strong initial motivation 
for the LAS.

Another aspect of the LAS facility planning concerns 
the photon tagging system. In view of the PAC review of 
the core CEBAF physics program, it is not clear that the 
tagger should be built first, or the extended electron 
detector mentioned above. Little emphasis was placed on 
tagger experiments in the PAC report, and a great deal of 
emphasis was placed on the LAS electron detection 
capability and extending the upper-end luminosity with 
which the LAS can be used. It would, therefore, seem 
logical for the laboratory to place highest priority on 
completing the full electron detection system.

Many of us are going to be relying heavily on 
successful operation of the LAS and extending the LAS 
operating luminosity to of order 10X that of the LAME 
detector, also referred to as the 'existence-proof' 
facility, constructed at Cornell (L=2.4xlOJ,d cm” ^sec " •L ) .
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Great effort and attention must be assigned to this 
endeavor. Just as a strong part of the raison-d'etre for 
having a 4-GeV, high resolution spectrometer was to match 
the raw beam properties, we need to have a device capable 
of exploiting the cw character of the beam. This is one 
of the primary motivations behind CEBAF - to be able to 
make coincidence measurements with multi-particle final 
states. Some thought should be given to providing 
insurance against the prospect of the LAS not operating 
at high luminosity. This means that triple spectrometers 
with large acceptances and great kinematic flexibility 
(both in- and out - of - plane) on a single pivot should be 
provided early in the CEBAF operating schedule.
Obviously, such a system must have another very strong 
motivation. We already discussed this above. This type 
of set-up is used when one wishes to examine a very 
specific part of the overall multi-hadron phase space, 
which may be revealed as interesting in a LAS survey 
experiment.

Before turning to a brief description of the talks 
presented at our meetings, let me make one final remark 
of the overview type concerning experiments with the LAS. 
Hopefully, this will not be taken as a gratuitous remark. 
How does one compare data with theory ? Generally, 
theorists will make a calculation, or series of 
calculations, with well defined kinematics. Data will 
then be placed on these curves, comparisons made, and 
conclusions drawn. The virtue of the LAS is that data 
will be collected simultaneously at many angles. This 
feature supposedly makes up for the low luminosity 
employed in the LAS compared to a spectrometer set-up (perhaps a factor 10^ lower). What then does one do with 
low statistical precision data in comparing to theory 
computed at a few well defined scattering and reaction 
plane angles ? It would appear that we need a global way 
of looking at the entire experimental phase space and 
comparing this to theory. I don't know how to do this, 
and think that some thought should be given to this 
question before drawing conclusions about the relative 
merits of using the LAS and conventional magnetic 
spectrometers in multihadron studies.

We turn now to discussion of several of the talks 
(indicated by asterisks in figure 1) presented at our 
meeting. Richard Sealock of the UVA group presented his 
ideas about using the LAS to perform a survey type (e, e') 
experiment such as the recent NPAS experiment NE5, which 
looked at the quasifree knockout, dip, and A - re s onance 
regions and focusses on y-scaling and A- dependence of the 
response functions. Figure 2 shows pre1iminary results 
for the (e,e') cross sections for differing primary
beam energies, at the same scattering angle. The data
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have not been radiatively corrected. These data show the 
substantial variation in form factors across the region 
spanning the QF and A -peaks. Figure 3 draws a comparison 
between the running time for the SLAG 1.6 GeV 
spectrometer used in NE5, and the LAS, using exactly the 
same kinematic range. The NE5 vertical acceptance is 
replaced by the full cone of revolution in the LAS. This 
accounts for a gain in LAS of a factor of 50 in rate. We 
achieve another factor of 13 because the LAS covers the 
entire momentum range of interest in one field setting 
rather than the 13 used in NE5. The net result is that 
the two systems require essentially the same running 
time. With a more extensive electron detection 
capability, LAS could take an enormously larger 6 range 
than the 34 mrad used here. Also the LAS luminosity was 
assumed to be the same as that achieved at Cornell's LAME 
detector set-up. It is hoped that at least an order of 
magnitude increase in this upper - end luminosity can be 
achieved at CEBAF. Much more detailed single arm (e,e') 
survey experiments than those performed at NPAS will 
therefore be achievable. Of course, at the same time we 
will be able to examine the partial channels that make up 
the inclusive results, including their energy and angular 
distributions. Considering that months of NPAS beam time 
are invoIved in the relatively sparse data that we have 
on hand now, in the same time frame at CEBAF we shall be 
able to complete a vastly more detailed survey including 
Rosenbluth separations and exclusive partial channe1 
decompositions.

The next subject is two-nucleon emission (which I 
addressed in our meetings). Figure 4 shows further NPAS (e , e ' ) data. These data for ^He were provided by Donal 
Day, also of the UVA group. The feature of this figure 
which I wish to focus on is the apparent break in the 
data near X=2. If 6 - quark bags exist in the nuclear 
ground state, as suggested by Pirner and Vary and others, 
one manifestation would be a quasielastic scattering 
response at precisely X-2. Alternatively, this same tail 
on the response function may be due to complex, short 
range NN correlations which introduce high momentum 
components into the one-body momentum distribution. No 
explicit calculations of one-body momentum distributions 
can reproduce this feature. Data is needed in the 
(e,e'N) and (e,e'2N) channels to help examine the 
question if one or two nucleons are involved in this 
region of the response function.

Figure 5 shows results of a calculation by Laget (see 
contribution to these Proceedings by J.M. Laget) of the ^He(e,e'2N) reaction at CEBAF energies. The longitudinal 
2p cross section (dashed curve) represents the 
contribution to the total (e,e'2p) cross section from
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ground state correlations. These effects are obviously 
masked by final state and MEC effects which bring the 
dashed curve up to the solid curve. The 90° cm cross 
section is important because it is least sensitive to 
rescattering effects. These cross sections are small (of 
order picobarns) and even with the planned CEBAF magnetic 
spectrometers, rates on the order of 10-100 counts per 
hour are what we can achieve with luminosities of order 1036. In order to achieve some level of confidence in 
calculations, data should be taken spanning the entire 
energy loss region shown, where there is a transition 
from more sensitivity to final state interactions at 
lower energy loss, to a sensitivity more to initial state 
correlations at larger energy loss.

Figure 6 reminds us of an important point relating to 
kinematic flexibility. In order to span the energy loss 
range indicated in figure 5, we see that there is a 
region where magnetic spectrometers will mechanically 
overlap. The sausage shaped curves represent the 
position of the two proton spectrometers, and are taken 
to have the same angular width as the electron 
spectrometer. In-plane measurements are precluded in the 
200 to 600 MeV energy loss range (for 90° cm angle) and 
we must have out-of-plane capability if we are to study 
this region at all. This same out-of-plane capability 
will also make it possible to disentangle the 
longitudinal part of the cross section, which is the most 
sensitive to correlation effects. From Laget's work the 
TT interference term is very nearly equal to the direct 
transverse term. This makes isolation of the direct 
longitudinal cross section practical without resort to 
Rosenbluth separations, a very important point 
considering how fast counting rates fall off with 
scattering angle.

We have discussed to some extent (e , e') , (e,e'N), and 
(e,e'2N) reactions. We turn now to possible 
photoreaction studies in hypernuclear physics. The 
reaction 7+p=»K++A is the basic process in such 
hypernuclei reaction studies. Louis Wright of Ohio 
University discussed some of his work relating to lambda 
polarization. It turns out that the elementary 
production operator contains several rather poorly 
determined coupling constants. Figure 7 indicates some 
of relevant points. From the known properties of the 
weak lambda decay one can write down the form of the 
angular distribution of decay protons (shown in figure 
7). By measuring the proton distribution above and below 
the 7-K reaction plane, one can then determine the lambda 
production polarization (P). Figure 8 indicates the 
status of present data for P. The curves represent 
various background and pole terms in the production
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process. The data clearly do not provide overwhelming 
evidence for or against the various models indicated. 11
would clearly be important to have a better understanding 
of this process if hypernuclear studies are to make 
significant new advancements. The reason that we 
discussed this reaction in the context of multihadron 
final states is that K-p coincidence measurements are 
required in such studies.

In a related study, Greg Franklin of Carnegie-Mellon 
discussed the photo-production of strange dibaryons. In 
contrast to the fundamental process discussed above where 
one starts with protons, starting with deuterons one can 
examine the process where a lambda produced on the proton 
interacts with the neutron to form a strangeness (S) = -1 
dibaryon. This is indicated in figure 9. The dibaryon 
mass spectrum shown in figure 10 indicates two dibaryon 
masses at roughly 2100 and 2150 MeV expected based on 
model calculations. There is some evidence for at least 
one such state in K" +d=»7r" + (Ap) data . This is shown in 
figure 11. In particular, the small excess cross section 
near a cm energy of 2140 MeV. The shape and position of 
the 'cusp' peak at 2125 MeV is reasonably we11 
understood. Its cm angular distribution shown at the 
bottom of figure 10 is also understood. The excess cross 
section at 2140 MeV is not understood, nor is the angular 
distribution understood, and this is the reason for 
making a high precis ion s tudy in the photoproduction 
channel.

The last subject we have s ingled out is (e , e' ttN ) 
reactions at CEBAF. Paul Stoler of the RPI group 
discussed this subject in the context of A-resonance 
production, propagation, and decay. The point of this 
work was to draw a comparison of counting rates obtained 
for the ^He ( e , e ' 7rp) reaction us ing the different CEBAF 
facilities, with a 2.5 GeV beam and electron scattering 
angle of 14°. The experimental conditions for the 
different set-ups are given in figure 12. The results of 
this comparison are shown in figure 13. The reaction 
considered is the quasi - free process, hence there is a 
strong kinematic correlation between the pion and 
nucleon. The case for the VAS type spectrometers in this 
type of reaction study is very strong. Stoler drew the 
same conclusion asserted earlier, that for 3 or more 
charged hadrons (ttttN from N* decay, for example) , the LAS 
has great advantage over any of the conventional 
spectrometer set - ups. For very specific one - or two - 
hadron final states such as the A - decay, VAS type systems 
are much more efficient than the LAS.

In conclusion, a number of very interes ting 
experiments have been proposed in the multihadron area.
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The important issues concern which facilities are best 
suited to the proposed experiments. Luminosity 
1imitations for the LAS weigh heavily in this concern. 
Also, highly correlated final states are probably best 
addressed by conventional spectrometer set-ups. A 
forward angle electron spectrometer appears to be 
essential for the LAS and should be given a high pr iority 
in order to pursue even survey multihadron reaction 
s tudies. Large out - of-plane angles are important to the 
multihadron studies. When there is strong correlation 
between pairs of hadrons, for example the (e,e'2p) 
studies, large out-of-plane angles for the separate 
spectrometers are essential. Finally, neutron detection 
remains an important part of the multihadron program, and 
heavy emphasis should be placed on development of 
suitable neutron detectors, be they recoil type or time - 
of-flight devices. As with the LAS, luminosity 
1imitations to the neutron detectors should be carefully 
studied.
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The (e,e'N) Program at CEBAF:
A Summary of (e,e'N) Working Group Meetings

John M. Finn 
Department of Physics 

College of William and Mary 
Williamsburg, VA 23185

ABSTRACT

The (e,e'N) program meetings drew strong user 
participation and the discussions were 
intellectually vigorous. A consensus was 
reached calling for a broad based program of 
studies covering the kinematical domain of the 
CEBAF facility. Working groups were formed to 
explore critical issues. Two problem areas 
requiring further study by the summer study 
group were identified: out-of-plane
measurements and kinematical sensitivities.

INTRODUCTION

The (efe'N) program has played a key role in the
development of CEBAF. Early work in (e,e'p) spectroscopy 
in the 1960's and 701s demonstrated the significance of 
the probe for determining single particle nucleon 
densities and was one of the driving forces for a high 
duty factor electron facility in the one to two GeV
range. Experimental developments in recent years have 
expanded our view of this reaction and it is becoming 
recognized as a general tool for attacking a broad range 
of physical issues. For example, among the topics 
currently being explored with existing facilities are 
questions of the extent of nucleon modification by the 
nuclear mean field, inclusive signatures for short-range 
two-nucleon currents, the significance of scaling 
behavior observed in the negative y region, and 
fundamental measurements such as the electric form factor 
of the neutron. Hadronic and electromagnetic spin degrees 
of freedom, as yet largely unexplored, are expected to 
become an important part of the program as the new high
duty factor facilities come on line. CEBAF, with its
unique combination of high energy, high resolution and 
high duty factor, is expected to play a critical role in 
developing our understanding of this probe and the 
underlying physics.

The large turn out for the (e,e'N) working group meetings 
is a reflection of an active community with ongoing 
programs at all major medium energy facilities with 
sufficient energy to carry out such measurements. Because
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the participants came prepared to work, and because there 
is already a good understanding among members of the 
community of the requirements and potential for extending 
this program to CEBAF energies, substantial progress was 
made during the week of the workshop. Table I gives a 
partial list of participants in the working group 
meetings. Some individuals expressing interest in the 
{e,e'N) program had conflicting obligations to other 
committees and could not join in our discussions.

It was recognized that the primary purpose of this 
workshop is to get timely user advice on the planned 
experimental facilities. In particular, a couple of 
laboratory milestones are approaching that will have 
significant impact on the future (e,e'N) program: In 
October the laboratory hopes to freeze the out-of-plane 
capability of Hall A and, in January, the high resolution 
spectrometer conceptual designs are to be frozen. 
Therefore the working group concentrated its efforts on 
identifying critical issues that needed to be explored in 
more detail over the course of the summer study. To this 
end subcommittees were formed to study the physics issues 
involved in a number of areas and to make specific 
recommendations for items requiring further study this 
summer. Subcommittees were formed to explore the 
following topics: Many Body Problems and Nucleon 
Modification, Two-Nucleon Currents, Spectroscopy, Out-of- 
Plane Measurements, Spin Physics, and (e,e'n) Reactions. 
Members of these subcommittees are listed in Table II.

A secondary purpose of the working group is to form a 
users community interested in carrying out (e,e'N) 
experiments at CEBAF and in assisting with the 
development of the experimental facilities required to 
carry out this program. The first step to forming an 
active community is to start a dialogue that addresses 
the scope of the program, the experimental facilities 
required for the program and the organization of the 
community's efforts. Because of limited time the last 
point was not discussed in our meetings but deferred to 
later in the summer. To begin this dialog, most of the 
actual meeting time of the group was set aside for short 
contributions by the participants followed by vigorous 
discussion. In general the talks were structured in such 
a way that general theoretical issues were examined 
first, followed by discussion of experimental data, with 
detailed technical methods discussed last. A list of 
contributors with some general indication of the topic 
covered is given in Table III.

In my summary of the working group meetings I will 
restrict myself to conveying the general flavor of the
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Table I: Participants in 1987 (e,e‘N) working group:

Fred Bertrand 
J.M. Lambert 
Paul Ulmer 
Mike Finn 
Robert Lourie
J. W. Van Orden 
Arun Saha 
Eamon Harper 
Bill Thompson 
Paul Boberg 
Kim Egiyan 
Reiner Neuhausen 
V. Dmitrasinovic 
Herbert Funsten 
Franz Gross 
Carrol Bingham 
Alireza Mokhtari 
Carl Shakin 
Werner Boeglin 
John Watson 
Sirsh Nanda 
John Wisnant 
John LeRose 
Jean Mougey 
William Bertozzi 
Costa Papanicolas
K. K.Seth 
Chris Lyndon 
Omar Benhar 
Larry Zamick 
J.M. Laget 
C. Predrisat 
Peter Dunn

ORNL
Georgetown 
William & Mary 
William & Mary 
MIT
Maryland
CEBAF
George Washington 
North Carolina 
Maryland
Yezevan Phys. Inst. USSR 
Mainz
William & Mary 
William & Mary 
William & Mary 
Tennessee 
George Washington 
Brooklyn College 
MIT
Kent State 
CEBAF
South Carolina
CEBAF
CEBAF
MIT
Illinois 
Northwestern 
William & Mary 
INFN, Rome 
Rugers 
Maryland 
William & Mary 
CEBAF
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Table II: (e,e*N) Sub-Committee Membership

A. Many Body Effects

*Van Orden 
Saha

B. Two-body components

Shakin
*Lourie
Saha
Mahktari

C. Spectroscopy

Bertozzi
*Ulmer

Saha
Watson

D. Out-of-plane Measurements

*Boeglin
Mougey
Papanicolas
Saha
Lerose
Mahktari

E. Spin Physics

*Nanda
Perdrisat
Saha
Makhtari

F. (e,e'n) Reactions

*Watson
Makhtari
Lerose

* Reporter
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Table III: short contributions to (e,e'N) working group

[Tues. 2-5 PM]

A. Many Body Effects

W. Van Orden Relativistic Treatment of (e,e'p)
C. Shakin Dynamical Properties of Nucleon

in medium

B. Two Body Effects

J.M. Laget 
Mougey 
R. Lourie

Quasi-deuteron model
Saclay results on 3 He
Bates explorations of continuum

C. Spectroscopy

Klerwalt Coupled channel analysis
P. Ulmer Rl/Rt and Q dependence

D. Out-of-plane Measurements

J. Mougey Beam Swinger Technique
W. Boeglin Need for Accuracy

E. Spin Physics

S. Nanda Focal Plane Polarimeters

[Weds 4:30-5:30 PM]

F. {e,e*n) Reactions

J. Watson {e r e'n) spectroscopy 

Other Reports

K. Egiyan Work in USSR
R. Neuhausen Mainz spectrometers

290



meetings and will report on new developments, points of 
general consensus and committee recommendations. I refer 
the reader to other papers in these proceedings for a 
review of the field, and in particular to the review of 
(e,e'N) experiments by Bertozzi1.

Although there was some interest expressed in carrying 
out initial survey experiments with the LAS, it was clear 
the the vast majority of the discussion involved 
experiments requiring the high resolution capabilities of 
the Hall A spectrometers.

RECENT DEVELOPMENTS

A number of new experimental and theoretical results were 
presented which will be outlined in more detail under the 
appropriate topic heading. (The present experimental 
situation is also reviewed in these proceedings by 
Bertozzi.) Theoretical advances in relativistic 
calculations were reported by Van Orden, in coupled 
channel calculations, by Klerwald, and in nucleon 
behavior in the medium, by Shakin. Laget reviewed the 
quasi-deuteron model as well as presenting the latest 
Saclay results on 3 He. Other experimental results were 
presented by Egiyan (USSR) and by members of the Bates 
collaboration (Bertozzi, Boeglin, Lourie, and Ulmer.) 
Neuhausen was scheduled to report on the spectrometer 
plans for Mainz, but graciously yielded his time to 
others.

A number of technical issues were debated as well. Mougey 
reported on plans for a beam swinger apparatus , Boeglin 
discussed the kinematical sensitivity of out-of-plane 
measurements, Nanda reported on focal plane polarimeters 
and Watson discussed neutron detection techniques. Some 
of the issues discussed overlapped the interests of other 
working groups, especially the (e,e'2N) and (e,e’n) 
groups.

MANY BODY EFFECTS AND NUCLEON MODIFICATION

A topic of intense interest is the question of whether 
the nucleon is modified in the nuclear medium. Usually 
the issue is put in the context of whether the nucleon 
"swells" in the nuclear interior. Shakin pointed out that 
in any fundamental approach studying nucleon propagation 
in the nuclear environment the nucleon mass must be 
treated as a dynamical quantity. Not only may the nucleon 
mass be modified but the electromagnetic form factors may 
also be modified in an observable way. His soliton 
model,2 predictions of which are shown in Figure 1, is 
one way of trying to develop a more fundamental picture

291



0 12345678

Figure 1. Soliton model predictions for Gi m in nuclear 
matter.2
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of the nucleon in terms of the quark degrees of freedom. 
It is also known that straight forward dynamical effects 
can also affect the nucleon response.3 Van Orden 
cautioned that such many body effects cannot be studied 
in isolation from other contributions to the reaction 
process. There was general agreement that to separate out 
competing processes a broad kinematical range must be 
sampled and that this clearly required a machine with the 
energy range of CEBAF. It was understood that for genuine 
progress to be made complete self-consistent calculations 
would have to carried out and compared to a broad 
systematic body of data.

In this context I would like to point out that although 
claims have been made both favoring and opposed to 
nucleon swelling on the basis of existing (e,e'p) 
data4-6 {see Figures 2 and 3), those claims are probably 
not statistically significant. The existing data, in 
addition to covering too limited a kinematical range for 
this purpose , are also of limited precision, which is a 
direct reflection of the low energies and low duty 
factors of current facilities. The value of the present 
data is in the development of the general techniques, the 
establishment of general trends, and in the 
demonstration of the importance of separating the 
various electromagnetic amplitudes. There is a strong 
need to improve the accuracy of follow-up experiments.

TWO-BODY CURRENTS

Initial explorations using the (e,e'p) reaction at Bates7 
and Saclay8 indicate that two-body currents play a larger 
role in the elementary (e,e') reaction process than 
generally recognized. The first studies were in the dip 
region between the quasi-elastic and delta resonance 
structures where MEC’s and other two-body currents have 
long been suspected of being a major ingredient in 
filling in the valley between these structures. Both the 
Bates and Saclay results in this region strongly support 
the presence of a second reaction channel• Laget has made 
progress in interpreting the 3 He results from Saclay in a 
quasi-deuteron model( see Figure 4),8 More recent work 
from Bates, shown in Figure 5,9 follows the development 
of this channel into the delta resonance region in 12 C 
and finds a kinematical dependence consistent with the 
two-nucleon knockout hypothesis based the gamma 
production experiments of Momma et al.10 and Kanazawa et 
al.11 In the (e f e'N) reaction, unlike the (e,e') 
measurements, the pion production channels are 
kinematically well separated from the one- and two- 
nucleon knockout channels. The Bates work of Ulmer et 
al.12 shows a signature for a second channel of
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Figure 4. Missing energy spectra from 3 He(e,e'p) in the 
dip region measured at Saclay.3 Curve shows two-nucleor1 
knockout calculation by Laget.
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Figure 5. Missing energy spectra obtained from 12C(e,e'p) 
measurements at Bates. Kinematics I corresponds to a 
point halfway between the dip and delta regions while 
Kinematics II is at the maximum of the delta peak. Curves 
are guassian fits.
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transverse character that contributes significantly even 
in quasi-elastic kinematics (see Figure 6). Present 
experimental plans at Bates call for extension of these 
measurements into the negative y region to suppress MEC 
degrees of freedom and perhaps enhance initial state 
correlations.

It is clear that with a machine of the capabilities of 
CEBAF the natural extension is to measure two-body 
currents directly via (e,e'2N) experiments. The counting 
rates for such triple coincidence measurements will be 
low however, so that there will still be interest in 
performing more comprehensive, albeit inclusive, 
measurements with the (e,e'N) reaction. At present only a 
few, almost random, measurements have been performed out 
of a vast kinematical domain available for exploration.

SPECTROSCOPY

Recent measurements at NIKHEF have demonstrated once 
again the importance of high resolution for determination 
of spectroscopic factors. Figure 7 shows a typical high 
resolution (e,e'p) spectrum from NIKHEF.4 With a 
resolution of 100 to 200 keV they can measure the single 
nucleon-hole content of even weak excited states in the 
the residual A-l spectator system, and begin determining 
orbital configurations for these states, These 
measurements will benefit from higher energy and 
momentum transfers with the ideal kinematics having a 
knockout nucleon with a kinetic energy of 200 to 400 MeV, 
where the nucleus is most transparent. Although these 
kinematics can be reached by a one GeV machine, 
longitudinal and transverse separations will benefit from 
using a higher energy beam and more forward scattering 
angles. The benefit is two fold in that higher energies 
allow both larger longitudinal polarizations and higher 
counting rates. Strong interest was expressed in 
extending these separations up to the highest momentum 
transfers possible at CEBAF at least for the few body 
system and several other sample nuclei spanning the 
periodic table.

One of long standing13 and, as yet, unresolved problems 
in spectroscopy is the issue of missing spectroscopic 
strength observed in (e,e'p) and other one body probes. 
It was felt that more theoretical progress is needed to 
determine if indeed strength has been redistributed and, 
if so, into which channels. Van Orden pointed out that 
his relativistic calculations14 indicate stronger optical 
potential effects than traditional non-relativistic 
calculations. He also pointed out that complex optical 
potential calculations fail to conserve flux and that,
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while they are useful for estimating the flux removed 
from the elastic channel, they don’t give any insight as 
to which inelastic channels are being fed. It was felt 
that coupled channel calculations might be more useful in 
describing the continuum missing energy strength, and 
there was considerable interest in Klerwald's 
calculations. Of course, if the nucleon form factor is 
modified significantly in the medium, this would have 
relevance for the interpretation of spectroscopic 
strengths.

Bertozzi pointed out the complementary roles played by 
(e,e') and (p,p') probes of single body densities and the 
benefits that have come for a unified study of these 
reactions.15 He surmised that a similar situation might 
occur in (e,e'p) and (p,2p) studies.

OUT-OF-PLANE MEASUREMENTS

Mougey16 presented plans illustrating the laboratory's 
preferred method for making out-of-plane measurements and 
asked for user input, pointing out that the laboratory 
needs to freeze this option at an early date (October) 
since it impacts on the civil construction plans. An out- 
of-plane measurement capability is needed to measure the 
fifth structure function which is dependent on the beam 
helicity and requires a polarized beam as well. It is 
also necessary for a complete decomposition of the other 
four structure functions as well as for the determination 
of various target and recoil nucleon polarization 
projections. Donnelly17-19 among others20-23 has been 
working on the classification and physical significance 
of these elementary observables. Measurements of these 
observables can provide sensitive tests of the reaction 
mechanism. Fabian and Arenhovel,2 0 for example, as 
indicated by Figure 8, have shown that the transverse- 
transverse interference amplitude in the case of the 
deuteron may change sign in the presence of MEC and IC 
contributions while the direct transverse response 
changes only slightly. The fifth structure function, 
being time reversal odd, vanishes in the absence of final 
state interactions or some other complexity in the 
reaction channel.17-18

There is no easy way to make out-of-plane measurements 
given the large size of the HA11 A spectrometers. The 
possibility of a straight forward approach, moving the 
hadron spectrometer to sweep out a cone about the virtual 
photon direction, seems full of technical difficulties. 
The plan favored by the laboratory is to deflect the beam 
in a vertical plane as shown in Figure 9.16 This plan has 
the advantage of clearly being technically achievable,
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although expensive. If the electron spectrometer is 
restricted to small angles with respect to the beam, this 
method has the added advantage of magnifying the 
effective out-of-plane angle that can be reached. To 
avoid radiation safety problems it is proposed that only 
four discrete bend angles be provided, each having its 
own dump. (These secondary beam dumps might be limited in 
luminosity.) In order to maintain constant kinematics, 
both spectrometers will have to moved as well as the beam 
deflected. This situation leads to the maximum 
experimental complications. It was agreed that the out- 
of-plane issue needs to be studied in more detail over 
the summer study period.

A related problem is the report by Boeglin indicating 
surprising strong kinematical sensitivities found for 
out-of-plane experiments planned on the deuteron at 
Bates. It was felt that a detailed analysis of expected 
kinematical sensitivities for CEBAF conditions needs to 
be carried out as part of the summer study effort.

SPIN PHYSICS

Under this heading one can consider all the possible 
polarization experiments that can be performed in the 
(e,e'N) reaction: one can determine the contribution from 
the various virtual photon helicity amplitudes, one can 
polarize a target with nonzero spin, one can measure the 
polarization state of the recoiling nucleon, or one can 
can consider measurements involving a combination of the 
above techniques. The result is a large number of 
physical observables that have been studied in some 
systematic detail by Donnelly,17-19 Van Orden21,22 and 
Boffi.2 3 Sample results from the work of Boffi and his 
collaborators are shown in Figure 10.

In the deliberations of the working group, it was assumed 
that a polarized beam would be available and that the 
laboratory would have the capability to measure the EM 
interference amplitudes, so that this point was not 
raised as a separate issue apart from its applicability 
to specific physical problems. [If it were necessary to 
justify such measurements it should be sufficient to note 
the important contributions that longitudinal and 
transverse separations have played throughout the entire 
history of single arm electron scattering. Recent 
experiments at Bates, NIKHEF, and Saclay are beginning to 
document a similar importance for the equivalent 
coincidence observables.] It was understood that 
meaningful measurements of these amplitudes would make 
exacting demands on the accuracy of the experimental 
equipment.
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Only a few isolated measurements of hadronic spin 
observables have been made with electromagnetic probes, 
such as the measurement of T2 0 from elastic scattering 
off of the deuteron with measurement of the recoil 
deuteron polarization.2 4 A complementry measurement, 
using a polarized deuterium target in the reaction 
D(e,pn)e' has recently been published.2 5 With the advent 
of high duty factor machines and polarized electron 
beams, these type of experiments should become a growing 
part of the program. The experience of proton machines 
have shown that measurements of analyzing powers, 
polarization transfers, and target and recoil nucleon 
polarizations are extremely important for understanding 
the hadronic currents in the nucleus.

Although target and recoil nucleon polarizations may 
yield equivalent information in some special cases, in 
general both types of measurements need to be performed 
to completely specify all possible measurables. Target 
polarization measurements tend to give information about 
the polarization of the outermost valence nucleon, while 
recoil polarization measures the polarization of the 
knockout nucleon, which may originate from a inner 
orbital.

Nanda reported on the properties of carbon focal plane 
polarimeters like those used in the HRS at LAMPF. These 
polarimeters can have relatively high efficiencies {a few 
percent) for proton energies in the 200 to 800 MeV 
range. Figure 11 shows a schematic of the LAMPF proton 
focal plane polarimeter. 2 6 Such polarimeter designs can 
be directly copied for use at CEBAF and would be suitable 
for most (e,e'p) spectroscopy measurements. Above about
1.2 GeV/c, analyzing powers of potential polarimeters 
have not been calibrated.

(e,e'n) EXPERIMENTS

Although (e,e'p) and (e,e'n) experiments study the same 
physics, the techniques required for measurements of 
neutrons are very different than that for protons. For 
this reason some of the physicists interested in (e,e’n) 
studies have formed a separate working group to explore 
this reaction in more detail. Therefore I will be brief 
in summarizing our deliberations on this topic. I will 
assume that the (e,e'n) working group will discuss the 
important special case of measurement of the electric 
form factor of the neutron in some detail and I will 
limit myself to complimentary measurements of 
spectroscopic factors using the (e,e'n) reaction.
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Although {e,e’n) measurements are more difficult than 
(e,e’p) measurements and required resolutions are harder 
to achieve, it was thought that even a limited program, 
comparable in scope to the first generation of (e,e’p) 
experiments of the last decade, would provide valuable 
information.

Typically the neutron energy is determined by time-of- 
flight techniques. For example. the (p,n) group at Kent 
State obtains about 300ps FWHM timing resolution in a 
large neutron detector consisting of scintillator slabs 
viewed by two mean-timed phototubes. For neutrons in the 
energy range of 80 to 200 MeV, energy resolutions of a 
few hundred keV are obtained with flight paths on the 
order of a hundred meters.2 7 Such long flight paths are 
not economically feasible within the present budgetary 
constraints at CEBAF but TOF measurements came be made 
within the 30 M radius of the scattering halls. An 
alternative method is to scatter the neutron in a 
Hydrogen target and to measure the scattered proton in a 
spectrometer. Watson reported on his experience with this 
technique at TRIUMF. A schematic of this aparatus is 
shown in Figure 12.28

SUMMARY

After consultation with members of the subcommittees it 
was decided to recommend two items as critical for 
further study during the summer: 1) the best means for 
carrying out out-of-plane experiments in Hall A and 2) a 
detailed analysis of kinematical sensitivities in the 
(e,e'N) reaction.

The severe accuracy requirements needed for this program 
have been repeatedly a cause for concern.2 9•30 To quote 
from last years working group:3 0

"Some counting rates and accuracy estimates have 
been given by Mogenstern[ref 29] in the case of 
Deuterium. They showed that it is not easy to 
achieve a good accuracy in extracting oi and or , 
even with a 2% accuracy in the cross-section 
measurement."

There is also a strong sense that the program requires 
extensive and systematic explorations to pin down the 
various components of the reaction process, and that this 
will require the full kinematical capabilities of CEBAF.
A corollary to this point is that more complete and self- 
consistent theoretical calculations will be required, and 
that this would require an increased level of theoretical
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withsupport. These conclusions are consistent 
conclusions reached by previous working groups.3 0

The working group also agreed that we should begin 
discussions this summer to build a well defined users' 
group of physicists interested in pursuing a program of 
{e,e'N) reactions at CEBAF and in participating in the 
development of the required facilities.

In writing up this summary from a perspective of late 
summer, it is gratifying to note that progress has been 
made on all the major objectives of the working group. 
The laboratory has formed a task group led by Franz Gross 
to examine the out-of-plane issue and this group has had 
the benefit of serious user input. Kinematical 
sensitivities of the (e,e'N) process have also been 
explored in some detail as part of the above effort and 
the results transmitted to the spectrometer design group. 
Informal conversations held by users over the course of 
the summer has led to a general letter to the community 
inviting them to a (e,e'N) collaboration meeting to be 
held at William and Mary in September. Topics on the 
agenda include discussion of letters of intent and the 
selection of appropriate user representatives for the 
program as a whole.

In general times have never been better for those 
interested in this reaction and the physical problems 
that this probe studies. The reaction is a well 
established component of the CEBAF core program, and it 
is reasonable to foresee a long term systematic 
development of the program capable of supporting the 
training of a number of young physicists. There is 
already a vigorous community in place pursuing a number 
of "hot" topics at existing laboratories. One can expect 
that a number of highly competitive programs will be 
undertaken in this area as the one GeV, high duty cycle, 
machines come on line in the next few years. CEBAF, 
because of its higher energy, is in a unique position to 
complement these efforts by addressing those aspects of 
the program that are not accessible to these machines.
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NUCLEON RESONANCES AND MESON PRODUCTION

Volker Burkert

Continuous Electron Beam Accelerator Facility 
12070 Jefferson Avenue 

Newport News, Virginia 23606

This parallel session attracted many of the CEBAF users. More than forty 
individuals participated in this session with an average attendance of twenty-five to 
thirty. The list of participants and the list of oral presentations at this session is 
given at the end of this report.

This report summarizes the discussion during this session that dealt with reso­
nance physics and meson production from free nucleons. The discussion on nucleon 
resonances in nuclei is summarized in the report by P. Stoler.

Introduction

Of the many baryon resonances, only the A(1232) (or P33(1232)) has played 
a major role in electro- and pion nuclear physics. The reason being the limitation 
in energy of the accelerators which have been used in nuclear physics experiments 
in the past. With the 4 (or 6) GeV, high current CW electron beams at CEBAF, 
the entire nucleon resonance region will be accessible in a large range of the four- 
momentum transfer Q2 (Figure 1).

The ultimate goal in studying electroexcitation of free nucleons is to obtain 
information on the transition form factors A^2, Aj/2 and Af/2 for individual nu­
cleon resonance, where 1/2 and 3/2 refer to the total helicity of the initial 'yyN 
system, and T and S refer to transverse and scalar coupling of the photon, respec­
tively. Because there exist many broad resonances in close proximity to each other, 
inclusive measurements are not sufficient to extract this information. To identify 
spin/parity and isospin of the respective nucleon state (only non strange baryon 
resonances have been discussed during this session) the hadronic final state has to 
be identified and analyzed in terms of partial waves in the angular distribution of 
the decay particles.

Many of the lower mass resonances have a sizeable branching ratio into the 
ttN and rjN channels which are experimentally the most convenient channels to 
study. The process 7„p —► rjp selects directly final states with isospin 1/2 and is of
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particular relevance for studying the Sn(l535) and the Pn(l7l0) resonances, both 
of which have a large branching ratio into the r?N channel.

The single pion production channel does not correspond to a well defined isospin 
state. It will therefore be important to study final states with different isospin 
content to enable complete isospin decomposition of the transition amplitudes. The 
reactions 7^p —> p7r°, n 7r+ and 7t,n —> 7r-p will provide such a complete isospin 
information.

Physics Aspects of N* Electroproduction

The knowledge of the transition form factors over a large Q2 range appears 
essential for testing microscopic models of the nucleon and of properties of the 
photon-nucleon coupling. In measuring the nucleon transition form factors, many 
details of the wavefunction of the excited state can be obtained, which provide 
information on the interaction of light quarks in confined systems. This interaction 
is expected to be governed by the theory of strong interaction, QCD. At the present 
time QCD is making contact with baryons in the form of more or less sophisticated 
quark models which employ ingredients from QCD. The confrontation of prediction 
of these QCD ‘inspired’ quark models with experiments provides information on 
how to connect baryons to the fundamentals of QCD (G.Karl).

Of special interest is the A (1232). The natural explanation of the magnetic 
character of the 7N —► A (1232) transition in SU(6) quark models as a simple spin 
flip indicates that quarks indeed play an important role in the resonance excitation. 
Small non-magnetic contributions due to electric and scalar quadrupole transition 
appear to be sensitive to tensor forces from the one-gluon exchange (G. Karl) as 
well as from residual non-resonant pion effects (H. J. Weber).

The very small value of E14./Mi+ ~ -0.01 found in analyses of photoproduction 
data is in sharp contrast to the perturbative QCD prediction E14./M1+ = 1 at Q2 —► 
00 (C. Car Ison). It would be very interesting to see whether or not such a dramatic 
departure from the almost complete magnetic dominance at small Q2 can indeed 
by seen at high Q2.

At high momentum transfer dynamical quark models predict dominant res­
onance excitation by helicity coupling in the initial 7t>N system, which is in ac­
cordance with predictions from perturbative QCD (C. Carlson). For some of the 
higher resonances like the Di3(l520) and the Fi5(1688) the switch from helicity 3/2 
dominance at Q2=0 to helicity 1/2 dominance at high Q2 has indeed been found
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experimentally (Figure 2). The switch from helicity 3/2 to helicity 1/2 dominance 
occurs at relatively small Q2 which indicates that at high Q2 helicity 1/2 may indeed 
be the only contributing resonance.

Another interesting resonance is the Sn(l535) which is most conveniently stud­
ied in the 7t,p —> pr? reaction (K. Giovanetti). The total ^-production cross section 
appears to be largely dominated by the transverse photon coupling in the lower Q2 

range (< 1.5 (GeV/c)2). The helicity amplitude A^2 exhibits an unusually slow 
fall off with Q2. At Q2 = 3 (GeV/c)2 its magnitude has decreased by only 50% as 
compared to its value at Q2 = 0, if the scalar coupling is assumed to be negligible. 
This behavior is not well accounted for in non-relativistic quark model calculations. 
Relativistic effects may be important. Under CEBAF conditions it will be possible 
to study this resonance much more accurately and at higher Q2.

Previous Measurements

Previous experiments which studied electro excitation of nucleon resonances 
have been performed at the electron synchrontrons at Bonn, DESY and NINA.

All analyses of exclusive electroproduction data generally suffer from the lack 
of sufficiently detailed measurements. For example, not a single coincidence ex­
periment has been performed with polarized beams or polarized targets, nor has 
the recoil polarization been measured in any of these experiment. It is quite clear 
that many aspects of nucleon resonance production can be studied in a more sen­
sitive way if polarization observables are measured (R. Eisenstein, R. Minehart, 
V. Burkert). Many of the weaker resonant amplitudes can be studied more effi­
ciently in polarization experiments due to strong interference effects with the larger 
amplitudes.

Most of the measurements have been performed with relatively low luminosi­
ties of typically2 1035 cm-2 sec-1 with spectrometers having relatively small ac­
ceptances. Also, the possibilities to perform out-of-plane measurements were very 
limited which consequently limited the capability to separate the various structure 
functions in the exclusive cross sections.

Complete Measurements at CEBAF

In single pion electro-production from nucleons 11 independent measurements 
are needed at a given kinematical point Q2, W, 0* in order to nail down all am­
plitudes of the process 7uiV —► N'-k in a model independent fashion. Complete
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determination of the transition amplitudes in pion and eta production would pro­
vide the data base for a phase shift analysis of the nucleon resonance region which 
need not make use of results from ttN scattering analysis. Such a program may be 
considered as a long term goal of nucleon resonance physics with electromagnetic 
probes at CEBAF.

Unpolarized experiments allow measurement of 4 structure functions. With a 
polarized electron beam one additional structure function can be measured. Mea­
surement of polarization asymmetries with polarized targets or recoil polarimeter 
will be very important. In either case, 8 structure function can be measured. Using 
a polarized beam in conjunction with a polarized nucleon target or with a recoil 
polarimeter enables the measurement of 5 additional structure functions.

Not all of the structure functions contain independent information. In partic­
ular only 4 of the structure functions which can be measured with polarized targets 
are different from the ones measured with recoil polarimeters. In many applica­
tions the two methods can be quite competitive (H. Funsten). This allows one to 
choose the more convenient techniques to measure a specific polarization structure 
function.

Many of the limitations of previous experiments can be overcome at CEBAF 
if the experimental equipment for such a program is carefully planned. In order to 
separate the various structure functions, experiments will have to be done in such 
a way that the hadrons can be measured out of the electron scattering plane. A 
full fledged program using polarized hydrogen and deuterium targets will be feasible 
owing to recent advances in polarized target technology. With the emergence of NH3 

and ND3 as radiation resistent target materials for polarized protons and deuterons, 
polarized solid state targets can now be used in intense electron beams. Luminosities 
ranging from ~ 1034 to ~ 5.1035 cm-2sec-1 for target temperatures between 0.3 to
l.K can be achieved (J. McCarthy). This requires that the experimental equipment 
be designed in such a way to accommodate the high magnetic field which is needed 
to maintain the polarization during operation in an intense electron beam. Also 
spectrometers with large angle and momentum acceptance are desirable which can 
be used with such luminosities. In addition, intense polarized electron sources have 
come into operation over the past ten years which can efficiently be used in the 
nucleon resonance program at CEBAF.
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Short Term Goals for CEBAF

The primary interest in nucleon resonance physics at CEBAF for the first round 
of experiments will naturally focus on the more prominent states like the P33(1232), 
Su (1535), D 13(1520), and F 15(1688), to extract the transition form factors in a 
large range of Q2. Precise measurements of these transition form factors may have 
a strong impact on the development of more realistic inter-quark potentials and in 
general on the implementation of QCD to baryons. In the region of the P33(1232), 
precise measurements of small multipoles Ei+ and Si+ will be feasible if polarized 
beams and polarized targets/recoil polarimeters are available. Beside the resonant 
multipoles in the P33(1232) region, low energy theorems can be tested by precisely 
measuring the electromagnetic multipoles near pion threshold (G. Tamas).

Of particular interest in the lower mass region is the ‘Roper’ Pn(1440) reso­
nance which has not been well studied in electron scattering experiments. Recently, 
the Pn(l440) has attracted some attention due to indications of a possible strong 
longitudinal coupling. Polarized target experiments may be particularly sensitive in 
studying the longitudinal coupling of this resonance in electron scattering (Figure 
3).

In the higher mass region the QCD improved Quark Shell Model of Isgur & 
Karl2 predicts nucleon states which have not been observed in ttN scattering. Many 
of these states may in fact decouple from the ttN channel but may be excited by real 
or virtual photons. Some of these channels are predicted to have a large branching 
ratio into the u?N and pN channels. In a detailed partial wave analysis of these 
channels it should be possible to isolate the resonant contributions in the respective 
partial waves (M. Manley).

Although the discussion in this working group has focused on the strangeness=0 
states, there is clearly also an interest in studying A and E resonances at CEBAF 
(P. Bertin). In cases where rare events have to be detected, special experimental 
techniques may be required to identify the respective decay channels with good 
signal/background ratio.

In summary, the electroproduction of excited baryons at CEBAF is a crucial 
aspect of the program of establishing connections between the fundamental theory 
of QCD and hadron physics. Only very few nucleon resonances have been studied 
in some detail in previous electron scattering experiments. With the intense CW 
electron beams at CEBAF, a broad experimental program to study the transition
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form factors of many nucleon resonances will be feasible. In this program, use of 
intense polarized electron beams, polarized hydrogen and deuterium targets, as well 
as nucleon recoil polarimeters will play an important role. It is also essential that 
hadrons can be measured out of the electron scattering plane over the full polar' 
angle range of the detected meson or nucleon.

All these aspects have to be taken into account in designing experimental equip­
ment that would allow to collect the data base which is sufficiently detailed for a 
subtantial improvement of our present knowledge of the electromagnet ic interaction 
of nucleons.
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e+p — >e+X (E = 4.0 GeV)

v=E“E (GeV)

Figure 1 Kinematical Q2 - v region accessible with a 4 GeV Electron Beam.
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Figure 2 Helicity asymmetries for tiie D13 (1520) and F15 (1688).
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Tjr*«t Polarization Asymmetry T (7 p-»pT°) at Q*=l(GeV/c)*
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Figure 3 Polarized target asymmetry Tx^p—>p7r°) for a specific kinematical 
situation. The target protons are polarized perpendicular to the virtual photon 
direction, in the electron scattering plane. Results of a recent analysis3 have been 
used to predict the asymmetry (l.h.s.). To illustrate the sensitivity to the longi­
tudinal coupling of the Pn the expected asymmetry is shown if the Pn were not 
excited (r.h.s.)
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BARYON RESONANCES IN NUCLEI

Paul Stoler
Physics Dept., Rensselaer Polytechnic Institute, Troy, NY 12181

INTRODUCTION

Baryon resonances play an important role in a variety of nuclear 
reactions which transcend the interests of several CEBAF physics 
collaborations, including "(e.e’N)", ”multihadron production", and 
"baryon resonances and meson production". Of specific interest to 
the present collaboration is how the nuclear environment affects the 
production, propagation, absorption, and decay of nucleon 
resonances, as well as their interference with non-resonant 
backgrounds in meson production processes.

In comparison with the program of studying the properties of 
resonances in nucleons, the additional complications associated with 
the nuclear medium requires us to carefully consider the types of 
experiments which are most likely to answer some of our questions in 
the f ramework of tractable and interpretable theoretical 
calculations. Considerable input from our theoretical colleagues 
will be essential. On the experimental side we must assess the 
feasibility of potential experiments in terms of parameters such as 
counting rates and background levels in the context of the presently 
planned or alternative experimental facility programs.

WORKSHOP HIGHLIGHTS

The initial collaboration workshop showed that we are at an 
early stage on both accounts. Among the 42 participants, 10 
indicated a specific interest in resonances in nuclei. In addition, 
there were participants in other collaboration workshops such as 
"multi-hadron production" with similar physics interests. Most of 
the discussions focussed on the delta, since it is the lowest 
energy, most prominant and of ten studied resonance. Another 
attractive feature is that it decays solely into the two hadron 
final state.

Imbedded in a nucleus an important mode of interaction with the 
other nucleons may lead to the non-mesonic absorption of the delta 
with the subsequent emission of two nucleons. Another interesting 
process involving delta absorption is one in which an N-A 
interaction could lead to a A-A state, which disappears with the 
emission of 4 nucleons (Sh-86).

The reaction A(e,e’N'fr)X will be sensitive to the production and 
propagation of deltas in the nucleus. Due to the large effects of 
final state interactions, and the complications of many body systems 
one has to carefully select experiments which are meaningfully 
interpretable.
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809.8 Q = 0.1 GeV

c * 0.96

H <CEV)

Figure 1. The reaction H(e,e')X showing the dominant delta and (1520), 5^^(1535), and (1688)
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An initial round of experiments would involve light nuclei, such
as 2H, 3He. and ^He, in which the initial virtual (or real) photon 
is tuned to produce a delta of some initial momentum. The final 
pion and nucleon state is also fixed to a delta invariant mass. 
Several possible experiments are discussed in St-86.

At higher excitations most of the resonances have relatively 
small amplitudes, strongly overlap, and exhibit a variety of 
multi-meson decay modes. Furthermore, in meson production, 
especially charged mesons, they are overwhelmed by a large 
non-resonant background, so that their effects in the complicated 
environment of a nucleus probably cannot be studied. However, in 
addition to the delta, as seen in figure 1 three resonances stand 
out clearly above the rest, which may make them accessible to study 
in a nucleus. They are the 1520), 8^(1535) and the F^g(1688).
The is of particular interest since its form factor remains

2anomolously high at large Q , and it is the only strong resonance 
which has a large branching ratio to the tj channel. Thus, tj 
production really selects this resonance.

oThe v and rj channels are especially interesting to measure 
because the non-resonant backgrounds are much smaller than in the 
case of charged mesons. However, experience has shown that

odetecting rj’s and v ’s, especially from nuclear targets, is not 
easy. A discussion of this problem is given in a contribution to 
this workshop by M. Yamazaki (Ya-87).

A list of potential experiments which may be carried out at 
CEBAF is shown in Table I. The experiment A(e,e’4N)X which was 
mentioned above, is added to this list.

In order to interprete these experiments it will be very 
important to have a good knowledge of the elementary nucleon 
resonance amplitudes, at least for the dominant resonances. For 
example, ffi-86 have shown this to be a prerequisite in the 
interpretation of photopion data in the exclusive reaction
^^NfT.Tr4)*^ in the region of the delta resonance. Thus, a vigorous 
program of measurement of large resonance amplitudes on nucleons 
will have important ramifications for the nuclear case as well.

To estimate experimental feasibility, counting rates were 
projected for the experiment A(e,e’Nir)X using three potential 
detector facility; the LAS-Hall B, the HRS-hall A, and three 
hypothetical medium resolution, medium acceptance spectrometers 
(MARS). It was found that LAS and MARS can be quite complementary, 
in that MARS would be far superior for experiments in which the 
kinematics are well def ined, whereas LAS can be used in more 
’global * type survey experiments involving the possibility of
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simultaneously detecting hadrons at all angles. The maximum2counting rates with MARS is about 1000 per hr in favorable low Q 
delta kinematics. Incidentally, it is very important to use 
extended targets dispersed in the beam direction. This allows 
rejection of accidental background which do not come from the 
reaction vertex. Also, significant increase in the LAS maximum

33luminosity above 10 would considerably increase its potential for 
these type experiments.

EXAMPLES OF REACTIONS

Reaction Physics

(e.e’NN) 

(e,e’NNNN)

(e.e’Nrr^)

Resonance absorption; A + N -» N + N 

A + N -» A + A ; A + N + A + N

Resonance formation, propagation;

(e.e’pir )

(e,e’mr+)

(e.e’prj)

relative role of resonant and

non-resonant contributions. 

Study of Sjj(1535); special.

0+/—Afe.e’ir )A Coherent; nuclear structure effects.

All of the above with real photons.

Table I. Examples of reactions which may be used to study the 
effects of resonances in nuclei.
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HADRONIC PROPERTIES OF VIRTUAL PHOTONS

R. Roy Whitney 
CEBAF

12070 Jefferson Avenue
Newport News, Virginia 23606

Introduction

Determining the hadronic properties of the virtual photon is critical for the full under­
standing of the physics of electron scattering. The dominant hadronic contribution to the 
virtual photon comes from vector mesons (p, w, <f>) which have the same quantum numbers 
as the photon.

In the passage of a virtual photon through a nucleon or nucleus, the hadronic com­
ponent is contributing to the interaction. One of the important aspects of the interaction 
is the amount of time (or equivalently the distance) the photon spends (or travels) as a 
meson. If the distance is short, the hadronic component is less important.

Figure 1 gives the formation length for p° mesons vs. kinematic variables. For a 6 
GeV incident electron beam, the region of formation length can be explored for energy 
loss, u, less than ~5 GeV. This means that at CEBAF the formation length can be varied 
from a fraction of the size of a nucleon to roughly the inter-nucleon distance in the nucleus.

Shadowing Kinematics

------  Q2 (GeV/c):
— • v GeV

0.005 0.01 0.05 0.1

Figure 1. x = ^ — is the Bjorken variable. The equation for the formation length,
d, is:

d= -7===JL=--
y v2 + Q2 + M2 — v

where M = mass of p°, Q2 is the four momentum transfer squared and Mn the mass of 
the nucleon. For x = 1, d ~ .25 fm almost independent of Q2.
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The results of varying the formation length in a nucleus have been observed in shadow­
ing experiments. A discussion of these experiments for CEBAF is presented in Reference
1. This discussion will focus on another aspect. The exclusive production of p° meson 
from the proton;

e + p —► e' + p1 + p°
\

7T+ + 7T

This reaction provides a sensitive test of assumptions made for the hadronic properties of 
the virtual photon2’3’4) and the experiments can be extended to include nuclear targets.

Results to Date

The knowledge of the reaction at the present time can be summarized as follows:

1} For low t:
a) The cross-section falls like e~bt, where t = (Q-P)2, P is the four momentum of the 

p° meson and b is a parameter equal to roughly 1/2 (R20 + R^), the R being the 
radii of the scattered and target particles.1) The vector dominance model VDM 
predicts the result.

b) The helicity of the photon is transfered to the p° meson. This is known as s- 
channel helicity conservation, SCHC.

2) Fort > ~0.5 GeV2, VDM and SCHC break down. The cross-sections do not decrease 
as fast as the exponential behavior indicated for low t. This indicates that VDM has 
broken down.

The breakdown of SCHC is observed when the exclusive production of vector means 
is analyzed in terms of a spin density matrix.3) There are 26 independent matrix elements 
if the available polarizations are included. Only a few of the elements have been measured 
in existing experimental results. The regions of kinematics covered are limited and in 
general, the statistics are very low. Shown in Figure 2 is the helicity transfer matrix 
element coming from the angular distribution of the p° in the center of mass system, 
CMS, when no polarizations are observed in the experiment. The angular distribution is

W{e,cp,$) => W{cos9) = 3/4^1 - rSS + (3rjg - l)cos2^

where 6 is the polar angle and <p the asimuthal angle of the 7r+ in the p° CMS. # is the 
asimuthal angle between the p° production plane and the electron scattering plane. The 
ip and $ angles have been integrated out. The interpretation is:

Too = helicity = ±1, W oc sin2#

Too = lj helicity = 0, VF oc cos2#
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Figure 3. p° density matrix element roo#> • Results from various experiments are 
shown: EMC6), LAME7), DESY-GIasgow8), SLAG9), EMEGA10).

From the rapid variation of r9© with Q2, it is concluded that the virtual photon’s 
hadronic properties are rapidly varying. SCHC has broken down. The combined break­
down of VDM and SCHC indicate that the virtual photon appears more a point-like or 
bare object exhibiting a hard scattering process.

Experiment

To greatly improve on the existing results for ep —>• epp°, additional <j> and $ angular 
dependencies need to be measured and polarized targets and beams need to be employed. 
Initial experimentation could take place with the LAS11) only and at 4 GeV incident beam 
energies. It is very important to add coverage of the forward angle. The kinematics favor 
having at least one forward going particle at small angles. The addition of shower counters 
will be essential when to meson production is investigated.
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The desired experiment is a quality measurement of cross sections and $)
for all the appropriate spin orientations as a function of the kinematic variables including 
formation length. Backgrounds from the reactions ep—* ctt-A++ and ep-» 7r+A° are more 
easily removed if the detector covers enough of the available phase space. Calculations of 
the phase space indicate that final state pions can be produced at all angles and cover a 
broad range of momenta. Counting rates for ep—►epp0 are given in Table I assuming a 
luminosity of 1033/cm2-sec which is 1010 electrons/sec incident on a 0.16 gm/cm2 hydrogen 
target. The LAS should be able to use this luminosity.

Table I

Events per day including detector efficiency for the LAS plus forward toroid for the 
process ep—►epp0. The luminosity has been taken as 1033/cm2-sec for the full range of Q2.

.

W (GeV) = pp° total energy in their CMS

Q2 (GeV/c)2

lOi

o 2.5 - 3.0 3.0 - 3.5

0. - .5 267,000 285,000 279,000
.5 - 1. 34,000 37,000 35,000
1 - 1.5 11,000 11,000 11,000
1.5-2 5,000 5,000 5,000
2-2.5 2,400 2,400 2,400
2.5 - 3 1,200 1,200 1,200
3-3.5 700 700 700
3.5 - 4 400 400 400

The experiment is clearly do able at CEBAF. The event rates will be roughly 100 times 
higher than in previous experiments. The statistics will be adequate to determine the spin 
density matrix elements over important ranges of kinematic variables. The measurements 
can be expanded to include w and 4> mesons as well as inelastic channels and nuclear targets 
other than A=l.

Conclusion

The proposal for CEBAF is to measure with much higher statistics more of the spin 
density matrix elements in ep—»epp° so as to better determine the hadronic properties 
of the virtual photon. The kinematic regions available at CEBAF are of interest. The 
formation length can be varied from less than the size of the nucleon to the internuclear 
spacing. The counting rates are adequate and the required experimental techniques will 
be available.
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HADRONIZATION OF QUARKS AT CEBAF ENERGY

C. C. CHANG
Department of Physics and Astronomy 

University of Maryland, College Park, Maryland 20742

ABSTRACT

Using the Lund Monte Carlo codes as a guide,the exclusive 
hadron production on a hydrogen target at 6 GeV incident electron 
energy is investigated. The study shows that the features of jet 
production similar to those observed at high energies are present 
even at CEBAF energy.

I. INTRODUCTION

The first evidence for the existence of point-like 
constituents (partons) in the nucleons was made in the late 1960s 
via the deep inelastic electron-nucleon scattering. The observed 
energy and angular distributions of the inelastically scattered 
electrons were consistent with the assumption that each electron 
scatters from a charged parton that is essentially free. What 
happened to the struck parton after the collision was not an 
important factor in reaching this conclusion.

On the other hand, studying the properties of the hadronic 
system produced following the deep inelastic scattering (the 
so-called hadronization process) is of great interest for the 
following reasons. The production of hadrons may give information 
on the mechanisms by which the nucleon's partons rearrange 
themselves into the observable hadrons after the primary 
scattering. These mechanisms must be related to the forces that 
bind partons into the original nucleon, and may give the reason why 
no parton has yet been observed as a separate entity.

Recently, nuclear medium effects on the nucleon structure 
function have been demonstrated by the EMC effect, i.e., the 
structure function of the nucleon embedded in the nucleus is 
different from the one measured on a free nucleon. One important 
question to ask is how does the nuclear medium affect the 
hadronization process. The use of nuclear targets is interesting 
because the kinematics of the reaction can be set up so that the 
distance over which the fragmentation takes place (the 
hadronization length) can be made to be comparable to the nuclear 
size. The information on this subject is rather limited. With 
CEBAF's high duty factor electron beam, it would be possible to 
study the exclusive hadron production on nuclear targets.

To aid us in investigating the feasibility of studying the jet 
fragmentation processes at CEBAF's energies on a proton target, we
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3use the Lund Monte Carlo codes. The Lund string model is one of 
the phenomenological tools that is routinely used by high-energy 
physicists to describe hadronization in quark and gluon jets. The 
applicability of this model at the beginning of the scaling region 
has been studied by Dietrich and Johnson, and was found to be 
useful.

In order to avoid the resonance region, we limit all the 
calculations in the following to have a value of W greater than 2 
GeV. It is therefore 
essential to have an 
electron beam energy 
which is greater than or 
equal to 6 GeV. A Q 
vs. x kinematic plot 
for 6 GeV incident elec­
tron energy is shown in v 
Fig. 1. For the following > 
discussions, we choose the ~ 
limits 1.75 < E' < 1.85 
GeV and 26° < 8 < 30°

2which give values of Q
centered around 2.5 

2(GeV/c) and x centered 
around 0.3. The results 
for other values of Q and 
x are similar.

Figures 2-5 show the Feynman-x distributions for jt+, w , K*, 
and proton fragments with and without unstable particle decays 
included. One question one would like to answer is whether the 
fragments from the struck quark (current jet) and the target 
diquark (target jet) can be separated at low energy. The 
Lund-model calculations with particle decays included suggest that 
there are some indications of the forward-backward peaking (in the 
lepton-nucleon c.m. system) in proton and K distributions while 
there is no clear evidence for double-peaking structure in x and 
?r productions. The reason is that n and n yields are 
"contaminated" by unstable particle decays. Figures 2-5 also show 
the primary pion production yields, i.e., by suppressing the 
unstable particle decays. The forward-backward peaking is now 
obvious. The peak at negative xF is due mainly to the target 
d I quark while the peak at positive xF is composed mainly of the 
current jet. This is because it is easier to produce a baryon from 
the diquark system than from a single quark, thus enhancing the 
peak at negative xF for proton. Because of baryon number 
conservation there must always be a baryon in the final state.
Since this happens preferentially among the target fragments, it 
leaves less energy for meson production at negative xF.

Fig. 1.
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Figures 6-9 show the momentum 
distributions for n , n , K , and 
proton. It is obvious from these 
figures that a device capable of 
detecting hadrons with momentum up 
to 5 GeV/c is required.

Figure 10 shows the proton 
fragment angular distribution in 
the laboratory system for 100 
simulated events. It is 
interesting to note that the size 
of the cone for proton fragments is 
resonable.

In conclusion, it is possible and is of interest to study the 
hadronization of quarks on protons and on nuclear targets at CEBAF 
For hadrons, it is necessary to have a device capable of detecting 
particles with momentum up to about 5 GeV/c and with good particle 
identification. A possible device would be the LAS as proposed by 
Mecking coupled with a forward-angle spectrometer.
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NEUTRON DETECTION AT CEBAF
J. W. Watson

Kent State University, Kent, OH 44242

ABSTRACT
The options for neutron detection at CEBAF are discussed, 

with eaphasis on the resolution obtainable with available 
technology. Recoamendations are made about provisions for flight 
paths for neutron tine - of - flight measurements. Possible new 
technologies are discussed.

INTRODUCTION
This paper is a summary of the discussions of a working 

group on the needs for neutron detection capability at CEBAF 
organized at the 1967 CEBAF Summer Workshop. This group was 
chaired informally by the author and by Richard Lindgren of the 
University of Virginia. We discuss, in order, techniques for photon 
suppression, time - of - flight measurements and proton recoil 
detection. We present recommendations for provisions for longer 
flight paths. Finally, we discuss possible new technologies for 
neutron detection.

PHOTON SUPRESSION

A potential problem that must be dealt with in planning for 
neutron detection in an electron accelerator laboratory is the 
intense flux of photons produced by the beam passing through the 
target. A possible way of removing this flux without severely 
attenuating the flux of neutrons is a Pb "filter.” A moderate 
thickness of Pb ('-10 cm) will attenuate the photon flux by several 
orders of magnitude, but will attenuate the flux of medium-energy 
neutrons by typically less than 60%. This approach has apparently 
been successful in recent exploratory measurements at the Bates 
Laboratory of fLI.T. and at NIKEF in Amsterdam.

TIME-OF-FLISHT TECHNIQUES
The time-of-flight method utilizing fast organic scintillators 

has been the standard technique for neutron spectral measurements 
for nearly three decades. The detectors described by Madey, et al. 
in Ref. 1 are representative of the state-of-the-art. In a time- 
of - flight measurement the fractional kinetic - energy resolution 
(AT/T) can be approximated as

(AT/T) = y<* + IWAt/t)2 + (Ax/x)2]372 (1)

where •y * (1 — (v/c)2)”3^2, t and x are the time-of-flight and the 
flight path. At is the combined time resolution of the detector
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and -fch® time reference (beam pickoff, conjugate particle detection, 
etc.I and Ax is the flight path uncertainty introduced by the
finite dimensions of the neutron detector.

If we assume At * 300 ps. Ax = 10 cm (typical values from Ref.
1) and x - 30 m, which is about the maximum flight path available in 
Hall A, we obtain the energy resolutions in Table I. In Table II we 
present the flight paths required for 1 MeV neutron energy for 
various neutron energies.

Table It Neutron Energy Table II: Flight Path
Resolution at 30 a for 1 MeV Resulution

T(MeV) AT(MeV) T(MeV) x(m)
100 0.8 100 26
200 2.0 200 60
300 3.6 300 106
600 7.8 600 236

iooo 26.7 1000 806

From Tables I and II it is clear that if one needs resolution 
on the order of one MeV, for example for (e,e’n) spectroscopy, one 
will be severely restricted in the energy range of neutrons that 
one can observe by the time - of - flight method. Even the 
construction of underground tunnels for neutron flight paths will 
only allow one to measure neutrons up to perhaps 300 MeV at best 
while maintaining 1 MeV resolution, because of the prohibitive cost 
of tunnels. Unless there are specific physics motivations calling 
for improvement in resolution in the 100 to 300 MeV range only, 
there appears to be little utility in installing underground 
tunnels for neutron flight paths, given the availability of other 
techniques.

PROTON RECOIL TECHNIQUES
The measurement of proton recoil erergies from n-p collisions

was one of the standard techniques for neutron energy 
measurements prior to the development of fast organic scintillators. This technique has recently been revived^ for medium 
energy neutron detection at TRIUMF, which has the same situation 
as CEBAF with the accelerator and experimental halls being below 
grade. At TRIUMF the large acceptance ’’medium resolution 
spectrometer” (MRS) has been adapted for proton recoil detection. 
The "converter” is an organic scintillator typically 2 cm thick (""20 
MeV energy loss for 200 MeV protons). By combining the energy loss 
of the recoil proton in the converter scintillator with the energy 

• measured with the MRS, an overall energy resolution < 1 MeV is 
achieved even though the converter is relatively thick. This 
technique has been used successfully from 200 to 450 MeV with ATn 
< 1 MeV, and there is no reason to believe that the technique could 
not be extended to substantially higher energies. Thus- either of 
the spectrometers in Hall A at CEBAF could be adapted for good



resolution proton recoil detection for a broad range of neutron 
energies, provided that the converter scintillator is shielded by a 
"Iphoton filter” as described above.

RECOMMENDATIONS FOR NEUTRON FLIGHT PATHS

The recent successful development of the proton recoil 
technique for aediua - energy neutron., spectrometry at TRIUMF,
coupled with the limited benefits of flight paths up to even 100 a, 
led the working group to refrain from making a blanket request 
for underground tunnels for neutron flight paths. We did 
recommend, however, that the truck access tunnels for each 
experimental hall be aimed at the target so that limited options 
for longer flight paths would be available, should this become 
important.

POSSIBLE NEW TECHNOLOGIES

The principle advantage that time - of - flight techniques 
typically have over proton - recoil techniques is larger counting 
rates due to _ larger products of efficiency and solid angle. The 
numbers in Tables I and II were obtained from Eqn. (1) assuming Ax = 
10 cm and At = 300 ps, numbers characteristic of the detectors in 
Ref. 1. There has been little motivation to date to improve upon 
these values, because accelerators such as the IUCF have beam 
pulse widths on the order of 300 ps. Both Ax and At could in 
principle be dramatically improved by using segmented detectors, end by using fast, high-density materials such as BaF®. This could 
allow one to take advantage of the much smaller beam pulse widths 
at CEBAF and obtain values of ATn much better than those in Table 
I.
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REPORT OF THE PHOTONUCLEAR PHYSICS COLLABORATION

Hall Crannell
The Catholic University of America 

Washington, D.C. 20064

Abstract
The members of the Photonuclear Physics Collaboration 

recommend than plans for a high intensity photon beam be 
included in the development of Hall C.

Report
A small group of about 15 participants at the CEBAF 

Summer Workshop met for two hours to consider the physics 
that requires real photons and the nature of the facilit­
ies that are planned to provide these photons. While it 
was clear that given a choice of only one kind of probe, 
the more kinematically flexible virtual photon would be 
selected, experiments with real photons offer additional 
information not obtainable in other ways. The group 
concluded that the facilities at CEBAF should provide for 
studies of interact ions with both real and virtual 
photons.

Intermediate energy photons can most easily be made 
with electron beams, and there are a variety of techniques 
that have been developed for doing this. Facilities for 
producing photon beams using channeling radiation, laser 
backscattering, positron annihilation, bremsstrahlung, and 
photon tagging have been de ve loped. Each of these 
techniques has its advantages and disadvantages. The 
Photonuclear Physics Collaboration members briefly 
reconsidered various options for CEBAF. For reasons of 
initial cost or general unsuitability to the design of
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CEBAF, options using channeling radiation, laser backscat- 
tering, and positron annihilation appea r not to be 
appropriate at this time.

A bremsstrahlung tagging facility has been considered 
as a resource to be place in Hall C, and is currently 
included in preliminary budget planning. This is cer­
tainly the most reasonable location for a tagged photon 
beam. The relatively low intensity of tagged photons 
(-lO^/sec) necessitates the use of large solid angle 
detectors for most experiments in order to achieve 
adequate counting rates. The motivation for many experi­
ments using tagged photons with the large aperture 
spectrometer has been presented in a number of CEBAF 
workshop and research reports and the members of this 
collaboration were unaware of any recent developments that 
have ameliorated the need for these facilities.

The collaboration members spent some time discussing 
the potential need for more intense photon beams than can 
be provided with tagging. The intensity of the photon 
beam can be increased by a factor in excess of lO^ over 
that obtained with tagging by using the full electron beam 
intensity. In this case tagging can no longer be employed 
and direct information on the photon energy is lost. 
Nevertheless there appears to be several experiments where 
the increased photon intensity will be critical for the 
success of the experiment. These include those with 
modest energy resolution where the usual bremsstrahlung 
subtract ion methods can be used, studies of the few 
(usually two) body photodisintegration where the cross 
sections are low but the photon energy can be recon­
structed from the kinematics of the decay products (such 
as #,dd)}, and those cases where the target density is 
low such as in the use of polarized gas targets.
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The use of polarized targets is predicted to be an 
important tool in developing an understanding of nucleon 
resonances, and in fact is a major consideration in 
selecting the design parameters of the large aperture 
detector. For example, calculations presented at this 
workshop show that the production of the resonance 
N* (1650) is sensitive to the polarization state. It will 
be very difficult, and probably impossible, to disentangle 
the contributions from all of the resonances without the 
use of spin var iables. The use of low density polarized 
targets will require higher intensity photon beams.

For all of the reasons mentioned above the members of 
the collaboration feel that it is very impor t ant to 
consider carefully the requirements for a high intensity 
photon beam and to plan the facilities so that such a beam 
may be installed when needed. We therefore recommend that 
the plans for a beam dump associated with a high intensity 
photon beam be included in the designs for Hall C.

An important consideration in the design of any 
photon beam is the installation of a well shielded 
electron beam dump. This is non trivial problem since 
most of the power remains in the electron beam after the 
radiator, and the radiator, and hence the beam dump, must 
be located near the target. These problems are roughly 
proportional to the beam power and thus will be much more 
serious for a high intensity beam.

Dumping the beam downward into a hole in the floor is 
a popular option since it provides considerable shielding 
from the earth. Such a dump will have to be provided for 
the tagged photon beam. It seems logical to consider 
making this dump capable of handling the full power of the
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beam so that a full intensity bremsstrahlung beam may be 
installed when appropriate.

The members of the collaboration had no information 
on the cost of implementing this recommendation, and thus 
have no knowledge of the negative impact it might have on 
initial operations. Clearly more study of the cost and 
benefits are needed. The members did not seriously 
deliberate the need for photon beams in other than Hall C. 
These considerations are left for the future.
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Present Status of the High Resolution Spectrometers

Jean Mougey
Continuous Electron Beam Accelerator Facility 

12070 Jefferson Avenue 
Newport News, VA 23606

1. Introduction

The Hall A spectrometer set up is designed primarily for the part of the CEBAF 
program which requires energy resolutions comparable to the designed value for the 
beam energy spread (4cte = 10~4). It deals mainly with completely exclusive ex­
periments in which the nuclear (bound) final state has to be fully specified. Typical 
values for the required missing mass resolution range from ~ 1 MeV in light sys­
tems (d <—► np separation) to ~ 100 KeV in heavy nuclei, or for hypernuclear 
spectroscopy. High accuracy in the definition of the particle emission angles is also 
required to achieve the missing mass resolution and to allow absolute determination 
of cross sections to the level of 1%. Discussions on these points can be found in 
many contributions to this workshop, as well as in the proceedings of the previous 
CEBAF Summer Workshops and Summer Study Meetings.

Moreover, following the recommendations of the CEBAF Program Advisory 
Committee, design modifications are being studied to accommodate extended tar­
gets, with more moderate resolution. This would allow to accomplish a significant 
fraction of the few nucleon studies, including single arm (e,e') experiments.- The 
need for out-of-plane capabilities in Hall A has been reemphasized, and the best 
strategy to achieve this goal has to be defined very soon. Modifications required to 
accommodate polarized hydrogen and deuterium targets have also to be examined.

The major requirements for Hall A spectrometers, derived from kinematics 
and cross section evaluations of some typical experiments are given in Table I. In 
addition, the two spectrometer set-up should allow to operate at high luminosity 
values (> 1038 cm-2 sec -1). The hall configuration should make possible the future 
implement of a third spectrometer, likely to be with pmas < 1.5 GeV/c, larger 
momentum and angular acceptances and shorter optical length. Such spectrometer 
could be used to detect kaons, pions, backscattered electrons and/or to perform 
triple arm experiments. Neutron detection capabilities should also be implemented.
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Table I

Major Requirements for Hall A Spectrometers

Electron Spectrometer Hadron Spectrometer

Maximum momentum

Momentum acceptance 
Solid angle 
Angular range 
Angular position accuracy

4 GeV/c, upgradeable 
to 6 GeV/c 

~ 10%
~ 10 msr 

< 10°, 130°
~ 0.1 mr

3GeV/c

> 10%

> 10 msr 
< 10°, 130° 
~ 0.1 mr

Thin target mode

Momentum resolution 5p/p < 5.10-5 < 10~4
optimized at 2 GeV/c

Angular resolution 60 = 6<f> ~ 1 mr ~ 1 mr
Transverse position resolution 6y ~ 0.3 mm 0.3 Tnm

Extended target mode

Target length acceptance ~ ± 5 cm ~ ± 5 cm
(at 90°)

Momentum resolution < 3.10-4 < 3.10-4
Angular resolution < 1 mr < Imr
Transverse position resolution ~ 1 mm < 1 mm
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2 - Hall A Configuration

The proposed spectrometer arrangement in Hall A is shown in Figure 1. The 
Hall itself is a circular underground building, 175’ inner diameter, clearspan (no 
column), with 51’ total height under crane hook, the beam height being 9’ above 
floor. A 20 ton crane with maximum coverage will be permanently installed, while a 
mobile one (50 tons) will be used for initial spectrometer assembly and on demand. 
Truck access to end station floor for heavy loads will be possible through a hoistable 
platform (50 tons, 60’ long). The off-centered location of the spectrometer pivot 
allow to reduce the room diameter, thus, in particular, the cost of the roof, without 
significantly hampering the angular motion of the spectrometers. The choice of the 
spectrometer configuration - one horizontal, one vertical - is discussed thereafter. 
Both spectrometers can separately reach a 10° forward angle (defined at the center 
of their acceptance), while the minimum angle between the two will be around 30°.

figure 1 Spectrometer 
Arrangement in Hall A
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As shown in Figure 2, the proposed scenario for out-of-plane measurements 
is to move the beam in the vertical plane, in one among five channels with an­
gular spacings such as to provide sufficient overlap with the ± 5° (± 2°) vertical 
acceptance of the electron (proton) spectrometer. In that scheme, by using discrete 
channels, one avoids the radiation problems created when bending the beam back 
to the 0° dump, due to bremsstrahlung and energy-degraded electrons. Moreover, it 
makes the system totally free of any mechanical motion. However, as the auxiliary 
beam dumps are closer to the end station roof, their power rating may have to be 
limited to ~ 10% of the main dump one.

At present, the solution of moving the beam rather than lifting one spectrom­
eter - namely the hadron one - is preferred, considering technical difficulties, costs 
and the high accuracy required for these experiments. I shall come back later on 
kinematical implications of this scenario.

3. Electron Spectrometer

The basic design for the 4 GeV/c electron spectrometer is shown in Figure 3, 
as it was defined about a year ago.1 The main characteristics are listed in Table 
II. It is a QQDDQQ, essentially symmetric design, with a total bending angle of 
45°, and a first order resolving power of 47000 for a beam spot size of 0.2 mm. 
Without changing distances between the various elements, it can be reconfigured 
to a 30° bending angle, 6 GeV/c spectrometer. With the same optical length, 
the radial length is increased by 0.8 mm, and the resolving power decreases to 
31000. The spectrometer is bending horizontally. This allows to make optimal 
use of the dipole apertures while having an angular acceptance which is smaller 
in the plane of scattering, in which the cross section varies rapidly with angle. 
Its optical properties are shown in Figure 4, through the first order characteristic 
trajectories. Point-to-point imaging in both planes, to second order, is obtained 
along a 45°inclined focal plane by a sextupolar field component built inside the 
third quadrupole (Q3/M3). In between the two dipoles, the first order conditions 

> — < 6\0 >= 0 are realized. The transverse cross-over ensures modest 
dipole gaps (30 cm) in view of the large ± 90 mr angular acceptance, while the 
radial condition < 6\6 > = 0 makes optimum use of the pole width to build up 
resolving power. The drawbacks of this attempt to combine high resolution and 
large acceptances in a short, weakly bending, economical design are a large <y|y> 
term in the last dipole and quadrupoles, and important higher order couplings
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Figure 2 End Station A Out-of-plane set up. Only one of the entrance magnetic systems 
is represented, for sake of clarity.
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Figure 3 Schematic lay-out of the high resolution electron spectrometer for Hall A.
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Main Design Parameters for Hall A Spectrometers

General Parameters Electron Spectrometer* Hadron Spectrometer

Type QQDDQQ QQDD
Bending horizontal, 45° (30°) vertical, 60°
Physical length (m) 23.7 18.0

Ootical Parameters

Maximum momentum 4 GeV/c (6) 3 GeV/c
Momentum acceptance (%) ± 5 ± 7.5
Solid ang (msr) 10.8 10.8
Angular acceptance horiz. ± 30 ± 75

(mr) vert. ± 90 ± 36
Momentum dispersion (cm/%) 9.94 6.97
Transverse focusing point to point point to point
Linear magnification horiz. - 1.064 - 6.380

vert. 0.993 - 1.148

Technical Parameters

Dipoles D1 D2 D1 D2

Magnetic length (m) 3.12 3.12 3.12 3.12
Physical aperture 160 x 30 160 x 30 160 x 30 160 x 40
Bending radius (m) 8 8 6 6
Maximum field 1.67 1.67 1.67 1.67
Bending angle (deg.)
Amp x turns (x 10°)

22.5° (15°) 22.5° (15°) 30° 30°
0.48 0.48 0.48 0.64

Stored energy (MJ) 2.8 2.8 2.8 4.8

Quadrupoles Qi -SI- Qi Q2

Magnetic length (m) 1 1.8 1.8 1.8 1 1.8
Warm bore diameter (m) 0.44 0.8 0.8 0.8 0.44 0.8
Inner coil diameter (m) 
Maximum quadrupole

0.5 1 1 1 0.5 1

strength (T/m) 8. (12.) 2. (3.) 2.1 (3.2) 4.8 (7.2) 6.2 (9.3) 2.3 (3.5)
Designed value 12 7.5 7.5 7.5 12 7.5
Maximum sextupole 

strength (T/m^)
Maximum octupole 

strength (T/rrr)

0 0.3 ( ) 0.3 ( ) 0

2.9 0.14 ( ) 0 ( ) 1.4 ( )
Quad, amp x turns (x 10®) 2.4 7.2 7.2 7.2 2.4 7.2
Stored energy (MJ) 1.5 5.3 5.3 5.3 1.5 5.3

*
Ail parameters are for 4 GeV/c maximum momentum. Numbers under parenthesis are the 
corresponding values for 6 GeV/c, when different
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between transverse and radial planes generated by the strongly focusing entrance 
doublet. Such higher order terms will have to be corrected by software.

units of

<yiy.

Figure 4 Characteristic ion-optical trajectories (fixbt order) through the 4 GeV/c elec­
tron spectrometer.
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The optical properties have been studied in the thin target mode of operation 
using raytracing (RAYTRACE, SNAKE) and multidimensional fitting (MUDIFI) 
computer codes. Prior to the software backtracing of the trajectories, the design has 
been optimized through third order by including sextupolar and octupolar fields in 
the quadrupole elements. Models were used to define dipole and quadrupole fringe 
fields, as the geometry of the magnetic elements is not yet fully finalized. Using a 
beam spot size of 6x0 — ± 0.1 mm, 6y0 = ± 0.1 mm, and the full spectrometer 
acceptances, Ap/p = ± 5%, Ad = ± 30 mr, A(f) = ± 85 mr, 2000 trajectories 
have been selected randomly, traced through the spectrometer and used to define 
a set of coefficients allowing to trace back 60, y0, <j>0 and the relative momentum 
deviation 60 at the target location. Using another set of 2000 random trajectories, 
the resolution of the spectrometer was obtained by comparing the true and traced 
back intital trajectory coordinates. For that purpose, finite detector resolutions 
were introduced by modifying randomly the final trajectory coordinates within the 
following limits:

6x — Sy = ± 0.1 mm 68 — 6(f> = ± 0.5 mr

With such procedure, the following figures for the resolutions (FWHM) are 
obtained (see also Figure 5).

<5p/p = 2.5 10~2 6y = 0.44 mm
68 = 1 mr 6<f> = 0.9 mr

As already explained, the spectrometer is planned to be built out of a few 
“modular” elements: Q2, Q3, Q4 are identical cos 28 quadrupoles, with supercon­
ducting coils and warm iron yokes. An appropriate coil geometry (3 sectors) allows 
to eliminate the dominant higher order multipoles, and to make optimal use of the 
aperture. The front quadrupole Q1 has half inner coil diameter and a cold bore 
at liquid N2 temperature, to allow small angles with the beam. Additional layers 
of conductors, powered independently, can be used to produce sextupole or higher 
order multipole fields which can be tuned either to correct spectrometer aberra­
tions, or to compensate for unwanted high order multipole contributions coming 
from fringe fields, misalignments,...

4. Hadron Spectrometer

A layout of the design for the 3 GeV/c hadron spectrometer which was consid­
ered at the time of the Workshop is shown in Figure 6. It consists in a QQDD, 60°
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Figure 5 Computed momentum (a and b) and transverse position (c and d) resolutions 
in the 4 GeV/c spectrometer, without (a and c) and with (b and d) finite detector resolution 
(see text).



bend, 18m long vertical spectrometer, which makes use of the same basic modules 
as the electron spectrometer. Its main characteristics are given in Table II. The 
first order optics is shown in Figure 7, in terms of the usual characteristic trajecto­
ries. Here the spectrometer is tuned to be point-to-point focusing in the transverse 
plane. The large <y|y> term allows very precise reconstruction of the reaction 
point, even at small forward angles. This data is needed for trajectory reconstruc­
tion in the electron spectrometer when coincidence experiments are performed on 
extended targets. The counterpart is small target length acceptance (~ ± 2 cm) un­
less one increases the dipole gaps substantially. Moreover, the < > term is small
( = 1/<y|y>), resulting in a rather poor angular resolution of ~ 3 mr in the hori­
zontal plane.

The resolving power for a 0.2 mm beam spot size is 30000. The small <x|x> and 
<x\0 > terms in the last dipole allow for a resonably large momentum acceptance of 
± 7.5%. However, the use of “standard” dipoles makes that all the focusing occurs 
in the front doublet. Together with the small bending angle and the short distance 
from last dipole to focal point, it leads to serious difficulties when trying to bring 
the focal plane to a reasonable angle, as well as to correct from aberrations. One 
possibility is to insert a sextupole element - with conventional coils - between the 
two dipoles.

5. Use of Extended Targets

Experiments on few nucleon systems call for liquid or high pressure gas targets 
extending along the beam over 10 cm or more. Compared to the ~1 mm source 
dimension one expects from thin solid targets, it represents two orders of magnitude 
increase in the required spectrometer acceptance, if one wants to keep the same 
solid angle value. Moreover, if one realizes that the present designs involve already 
magnetic elements with very large apertures relative to their lengths, and object 
and image distances very small compared to the bending radii, one foresees that 
modifying the designs to accommodate longer targets will not be an easy task.

For single arm experiments - like the measurement of few nucleon form factors 
- using the electron spectrometer, an additional position measurement in the disper­
sive plane, somewhere inside the spectrometer, is needed to determine the target 
reaction point along the beam. As it has to be inside the dispersive part of the 
spectrometer, the most natural location is in between the two dipoles (Figure 8a). 
In the standard optics tuning, trajectories are parallel to the spectrometer axis, so
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Figure 6 Schematic lay-out of the high resolution hadron spectrometer lor Hail A.
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Figure 7 Characteristic ion-optical trajectories (first order) through the 3 GeV/c hadron 
spectrometer.
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multiple scattering effects are maximized. Nevertheless, with a 20 mg/cm2 detector 
thickness, their contribution to the resolution is 0.5 MeV (roughly independent of 
energy) which is still acceptable. However, due to the point-to-parallel first order 
transformation at this point, the position on target x0 is very badly determined by 
a position measurement Xi. This completely destroys the resolution. An angular 
measurement is needed, which can be done by adding a second detector, for instance 
after the second dipole (Figure 8b). To first order, one has:

6 — 0.4 Xf + 1.18 (xi - X2) 
x0 = 2.82 Xf + 11.0 (xi - X2)

which give xG and 6 with 3 mm and 3.4 10~4 resolution respectively. Multiple 
scattering effects in the first detector are eliminated by the second position mea­
surement, but have dominant contributions to the resolutions (5x0 = 13 mm, Sp/p 
= 8.10-4 at 2 GeV/c) in the second one. Unless the second detector can be made 
much thinner than 20 mg/cm2, the resolution will be about 2 MeV. Another pos­
sibility is to tune the spectrometer in a re-imaging mode (Figure 8c) by producing 
an intermediate focus in the dispersive plane. Due to the symmetric design, the 
whole spectrometer becomes achromatic. The target position and the momentum 
are determined using:

Xf — <Xf |x0 > x0 = 1.07xo
xj = <xi |x0 > x0 + <xj j<5 >6 = -0.47xo - 0.875

Figure 8 Pos­
sible schemes for op­
erating the horizon­
tal electron spectrom­
eter with targets ex­
tending along the beam 
(see text).
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With. 0.2 mm position resolution, one can achieve £p/p = 2.10-4 i.e. ~ IMeV 
at 4 GeV. Multiple scattering do not contribute to first order, and a target length of 
~ 15 cm can be accepted. The increase in field gradient values in the quadrupoles, 
needed to obtain the intermediate focus, is manageable. However the intermediate 
“focal plane” is laying at a very small angle (4.5°) with no possibilities to rotate it, 
due to the very small available distance between the dipoles. This gives rise to large 
aberrations in both the radial and transverse plane, which, even if they could be 
corrected by software, would hamper seriously the acceptancies, and increase the 
detector sizes.

For coincidence experiments, one can use the hadron spectrometer (bending 
vertically) to determine the reaction point along the beam. At very forward angle,
0P = 10°, one can still achieve 1.2 10~4 resolution in the electron arm when 6e =>
90°, which in most cases will correspond to a scattered electron momentum below 
2 GeV/c.

However, the present design for the hadron spectrometer suffers from a small 
target length acceptance due to the large <y|y> term at the end. Modified designs 
have been considered during the 1987 Summer Study Meeting. Although more work 
is needed before drawing definite conclusions, a more promising solution is a QDDQ 
design in which focusing strength in the radial plane is provided by tilted pole faces 
in the dipoles. By adding a third, weakly focusing, conventional coils quadrupole in 
front, one can decrease the <y|y> term down to about 3 in the last dipole, which 
would allow close to ± 5 cm long targets without increasing the dipole gaps, and 
with only a slight reduction (~ 8 msr) in solid angle. The same addition to the 
electron spectrometer improves its optics also, by decreasing both the <x|x> and 
<y|y> terms by nearly a factor of 2, at the expense of an increase in length of about 
1.5m.

6. Out-of-Plane Experiments

Coincidence measurements under non coplanar kinematics are needed to isolate 
some of the interference structure functions which enter in the general expression 
of the coincidence cross sections. As mentioned earlier, an analysis of required 
accuracies, technical difficulties and costs favors moving the beam rather than a 
spectrometer. One examines here some implications of the proposed scheme.

Figure 9 shows the kinematics for a (e,e'X) reaction. The beam makes an angle 
a relative to the (horizontal) plane in which both spectrometers move; <f> is the angle
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between the scattering plane (scattering angle 6) and the particle X emission plane; 
7 is the angle between X and the momentum transfer q. One has

e.aina.sinB
tan'y = ------jr,r= 'i'i". 'm"'...... --------------------------------------- --------------------------- --------- '■

qy/cos2a — coa2Q.8in<j> + sina(eco&0 — e'Jcos^

Moreover, one has

cosO = cos$ecosa

where $e is the (horizontal) electron spectrometer angle.

Figure 9 Noncoplanar (e,e'X) kinematics.
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Figure 10a shows 0 as a function of 6e for discrete value of a. One sees that, 
for a — 20°, the minimum scattering angle is 20° for $e=0, or 22.27° for 6e — 10°, 
which is an obvious limitation of this scenario. Figure 10b shows the values of 7 

one can reach for <f> — 90°, 6 = 22.27°, e = 2.56 GeV and q = 1 GeV/c under 
quasielastic kinematics (x = 1). One has roughly 7 = (2.5 -7- Z)<j>. For <f> ^ 90°, 7 

is larger for the same a value. Under other kinematics with x 7^ 0, is always
much larger than unity. Therefore, the limitation to a = 20° looks reasonable in 
this scenario. A practical limit in any attempt to move the hadron spectrometer 
is likely to be 7 = 30°. It is clear that experiments for which values of 7 larger 
than 60° are needed cannot be performed by moving either the beam or any of the 
large Hall A spectrometers. On Figure 10c, q is varied while keeping <f> = 90°, a — 
20° and the quasi-elastic kinematics condition. The maximum value of 7 one can 
achieve is given at low q by the minimum electron angle de — 10°, and at high q by 
the maximum incident energy e = 4 GeV. One sees that, as long as the limitation 
does not come from the beam energy, 7moa: is almost independent of q.

7. Use of Polarized Targets

An important fraction of the few nucleon physics program deals with polariza­
tion experiments, in particular the use of polarized proton, deuterium and helium 
targets. Most often, these targets require the presence of a magnetic field in the 
target volume during the measurement time. The possibility of using such targets 
together with a pair of focusing, limited acceptance high resolution spectrometer 
has been investigated. Two kinds of targets were considered.

a. Gas jet targets
An example is the 3He target2 which is planned to be used for G-| measure­
ment through 3He(e,e/) inclusive measurements at the quasi elastic peak. The 
method used to polarize 3He nuclei is a direct optical pumping technique of a 
1 torr cell of 3He gas by an infrared laser beam. It has been demonstrated that 
a high polarization rate of 70% can be achieved, with a sample thickness of 
1019 atoms/cm2. As the beam intensity has to be limited to a few 1014e~/sec 
to control the depolarization rate, the luminosity values are not larger than a 
few 1033 cm-2sec“1. These figures are too low for Hall A spectrometers, and 
the LAS will be a preferred set up for such measurements.
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b. Solid targets
A major breakthrough for the possibility of using polarized solid state targets 
on external beams has been the development of very low temperature NH3 

and ND3 targets3, which have enhanced resistance to radiation damage and 
high polarization percentages. The dynamical polarization process requires 
very high magnetic fields (2.5 - 5T) to be applied continuously. To get the 
required homogeneity of ~ 10 ~4 over a few cm3 volume in a possible scheme 
for CEBAF4, integrated field values / BAl of up to 1 Tm may be experienced 
by the incoming and outgoing particles. This means ~ 18° deflection angles 
for ~ 1 GeV/c particles. This, together with a few cm lateral displacement, is 
almost incompatible with in-plane, relatively small solid angle spectrometers. 
However, there are a few cases for which such targets may be envisaged in Hall 
A5. One is the measurement of Gjg. through coincidence (e,e'n) studies with 
a longitudinally polarized electron beam and a polarized deuteron target. In 
this case, the target is oriented in the scattering plane, perpendicular to the 
momentum transfer q, i.e. at small angle relative to both the incident and 
scattered electrons. Particle trajectory simulations using the raytracing code 
SNAKE show that the experiment can be performed in the momentum trans­
fer range 0.5 < Q2 < 2 (GeV/c)2, using the 4 GeV/c electron spectrometer.
The reduction in solid angle is never higher than 30%, as shown in Table III 
(preliminary).

Table HI
Solid Angle Variation for a d(e, e'n)p experiment using the 4 GeV/c Electron Spectrometer

Momentum transfer Q2 (GeV/c)2 0.45 0.95 1.54 2.02

Beam Energy (GeV) 4. 4. 4. 4.
Scattering angle 10° 15° 20° 24°
Polarization angle

- re. beam 24.7° 34.7° 42.8° 48.2°
- re. scattered electron 14.7° 19.7° 22.8° 24.2°

Fractional solid angle 0.92 0.87 0.80 0.73
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8. Magnet Design Studies

As mentioned earlier, the present designs for the spectrometers rely on com­
binations of a few modular elements. This has been considered simplify magnet 
studies, permit interchangeability and optimize costs and schedule.

Iron-dominated dipoles with essentially rectangular pole faces, uniform fields 
(Bmas 5; 1 .7T) have been chosen as dispersive elements. The field is expected to 
be homogeneous to one part in 104 within a 100 cm (width) x 30 cm (gap) x 312 
cm (length) volume. Superconducting coils have been considered to be efficient6 in 
reducing weights and costs, although the use of conventional water-cooled copper 
coils is not completely ruled out. Several geometries are being studied (see Figure 
11). The window frame design allows to reduce the physical aperture, thus the 
total iron volume. But it implies “saddle-shaped” coils, difficult to realize when 
superconducting. Lateral forces on the coils which are closer to the high field region 
are very large. Moreover, as space is needed for cryostat and thermal shields, the 
coils are far from filling the gap height, which, in turn, makes that one loses the 
advantage of a high field homeogeneity in such solution. Solutions with separated 
poles, with tapered filtering gaps and anti-saturating profiles are also studied, either 
with racetrack coils (lib) or saddle-shaped coils (11c). Although the coil shape is 
more complicated in the last scheme, the possibility for the coil to be even higher 
than the gap leads to the best results in terms of field homogeneity and field map 
stability as a function of the nominal field (which is intended to vary between 0.17 
and 1.7T). Detailed field and force calculations as well as an optimization of the 
end geometries are in progress.

The quadrupole elements have been chosen to be current-dominated, cos 20- 
type superconducting magnets, as large apertures and high field gradients are nec­
essary to accomodate the large acceptances and the high particle momenta. Fields 
at coil positions reach ~ 4T. A field gradient homogeneity of ~ 10-3 is required 
within ~ 3/4 of the inner coil diameter. Each “pole” is defined by three coils winded 
on the same cylinder, with widths and spacing adjusted so as to cancel higher order 
multipoles (see Figure 12a). The windings are surrounded by ah iron shield, located 
outside the cryostat. Two kinds of dimensions will be used, the front quadrupole 
being smaller to allow small forward angles. As the ratio between the effective 
magnetic length and the coil diameter is very small (1.8 for the large quadrupole, 2 

for the small one), 3-dimensional studies are necessary. They are performed using 
both iron-free codes and the non-linear 3D program TOSCA allowing to study the
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Figure 11 Possible configurations for the superconducting dipole elements, (a) window 
frame with saddle coils; (b) H-type frame with racetrack coils; (c) H-type frame with saddle 
coils.
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geometry of the iron shield. Special attention is given to the shape of the coil ends. 
Standard “constant perimeter” ends tend to exaggerate the already poor aspect 
ratio. A modified version of them is shown in Figure 12b.

9. Conclusion

Although much work is still to be done, both on spectrometer optics and in 
design optimization of the magnetic elements, the high resolution spectrometers are 
gradually taking shape. The optics designs are going to be frozen by the end of 
September, and the main concepts for the design of the magnetic elements should 
be defined by the end of the year. A few key questions have to be answered soon, 
some being extensively discussed during the 1987 Summer Study Meeting. They 
include:

- Choice of the best scenario for out-of-plane experiments. The physics require­
ments for each experimental program have to be clearly defined, as well as the 
needed kinematical ranges and accuracies.

- Extended target capability. Define realistic requirements and tolerances, as 
well as possible compromises.

- Use of polarized targets: what can - has to - be done in Hall A?

As emphasized also in Costas Papanicolas* contribution, this is certainly an 
appropriate time for the potential uses of Hall A to express their own views regarding 
the designs of their future experimental set up. Many opportunities are offered to 
user collaborations to make actual contributions to the project, in particular (but 
without limitation) in detection systems, targets and target chambers, aperture 
defining slits,... which can be defined as fairly independent tasks.
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C. N. Papanicolas
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Abstract

The highlights, tentative conclusions, and broad issues addressed by the 
High Resolution Spectrometers Program Collaboration are summarized. Par­
ticular emphasis is placed on issues that may affect the design parameters of 
CEBAF End Station A.

1 INTRODUCTION

The detailed design report of End Station A, presented by J. Mougey1 defines 
to a large degree the scope of the physics that can be pursued iti that experi­
mental Hall. The parameters that led to this design derived from the physics 
program that our community has identified as being ”outstanding”. The most 
recent restatement of these priorities and objectives can be found in the report 
of the Is* CEBAF Program Advisory Committee,2 which has been presented to 
this workshop by J. Schiffer3. The deliberations of the physicists participating in 
this Program Collaboration is then nothing else but the latest iteration in the loop:

(physics objectives) <=>■ (definition of Experimental facilities).

The significance of this latest iteration hinges on the fact that it is the last major 
deliberation before design parameters of crucial importance get frozen.

2 Capabilities and Limitations

Like every other realistic design, the one presented to us by J. Mougey, offers 
numerous possibilities but also a number of limitations. I will try to summarize 
here the physics program that can be pursued in Hall A, given the constrains of the 
current design, identify its potential handicaps and make its implicit compromises 
explicit. Last and most important try to identify the questions and tasks that need 
immediate attention, before the civil construction begins and before the design of 
the spectrometers gets frozen.
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A detailed description of experimental Hall A and the proposed instru­
mentation can be found in Mougey’s1 article. Only the key parameters of this 
experimental hall are restated here, to facilitate the discussion:

Experimental Hall

• Circular building, 54m diameter.
• Beam line off Center.
• Allowed Radiative Power Dissipation in the room 40W.
4 GeV/c Electron Spectrometer (QQDDQQ)

• Horizontal bend; AQ = lOmsr; Ap/p = 10%
• Energy Resolution: Better than 10-4; In energy loss mode 2.5xl0~5

• Angular Range: 10° < 0e < 130° 3 GeV/c Hadron Spectrometer

(QQDD)
• Vertical Bend; AD = lOmsr; Ap/p = 15%
• Flight path: 15m
• Angular Range: 10° < 0X < 160°

These parameters indicate some obvious kinematic restrictions but also 
some that are not so easy to detect. For instance the radiative power dissipa­
tion limit implies that the beam must be dumped very efficiently. This may be 
very hard to achieve in the case of polarized targets and when a beam swinger is 
used to bring the beam off axis in order to achieve ”out-of-plane” kinematics.

Also few issues remain unresolved. The most serious one concerns out-of- 
plane detection capabilities. Two options have been considered. The first involves 
the conventional approach, getting the hadron spectrometer (approx. 500 ton) 
off the floor. Obviously, this is not easy (expensive too), given that accurate 
alignment is essential and that substantial out-of-plane angular range is desired. 
The second option is that of a multichannel beam swinger, discussed extensively 
by J. Mougey1. In this scheme the spectrometers stay in the plane of the floor but 
the beam impinges on the target from a direction that does not lie in the plane 
defined by the axes of the spectrometers. Its advantages are ease of angle changes 
(turning magnets on/off), reproducibility, and accuracy. The big disadvantage is 
that it does not offer a complete angular coverage excluding small angles.

The overall design of the experimental Hall and the proposed instrumen­
tation are optimized for high resolution, high luminosity experiments. It is also 
obvious, that these parameters have been traded for solid angle. Experiments ben-
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Figure 1: The most recent design plan for CEBAF experimental Hall A. The two 
spectrometers and possible locations for neutron detectors are also shown.

efiting from the conjugate choice of parameters are to be pursued in Experimental 
Hall B (or C).

Before examining the various components of the physics research program 
that can be pursued in Hall A, we shall briefly review the kinematic flexibility 
offered in the proposed facility. In a typical (e, e'x) experiment, the direction and 
energy of the emitted decay product is being detected, in addition to the familiar 
kinematic determination of the electron scattering variables. Figure 2 shows the 
geometry of the process and our choice of axes, suitable for discussion in the plane
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Figure 2: Geometry of the scattering process A(e, e'x) .The choice of axes (q 
oriented) is appropriate for a PWBA discussion.

wave Born approximation (PWBA). The familiar form for the coincident electron 
scattering cross section involves the five coincident structure functions4,5:

d4cr
dQ,xdQedujdEx

= (rfe) + VTRT(q,u)

-\-VTLcos<i>xRTL{.(li <*0 + VTTcos‘2‘(f>xRTT{.(h w) 
+hVTLsin<t>xRTL(q, w) } (1)

where o’Mott is the Mott cross section, and h is the helicity of the beam. 
gives the probability that the state of interest will decay by emitting a product x. 
The factors Vl, Vt, and Vtl depend only on kinematic variables, the
”knobs” of the experimentalist. All nuclear structure information is contained in 
the structure functions R(g,w).

Figure 2 helps to define most of the kinematic variables in the above ex­
pression. The kinematic flexibility in the electron scattering angle 0e, the reaction 
product angles a and <j>, the ”out of plane angle”, is essential to disentangle the five 
structure functions. Most familiar is the separation of the longitudinal Ri,(q,co) 
from the transverse response R^q^oo) through the Rosenbluth method, which re­
quires maximum dynamic range in 6. A casual examination of the parameters 
listed above may lead to the conclusion that this is a non-issue. But note that at 
4 GeV and at 130° q=39 fm-1. Even at 500 MeV incident Energy at this back­
ward scattering angle one obtains q=4.5 fm-1. In other words it may be that the



geometrical flexibility is available but in an uninteresting (or severly restricted) 
dynamic regime, especially for heavy nuclei. Clearly, instincts developed at low 
energy facilities may be misleading!

Evidently, a careful mapping of the interference responses at forward scat­
tering angles will be required for a complete experimental determination of the 
physics of interest. Forward scattering angles offer the advantage of maximizing 
count rates due to the rapid increase of ctmou- At the same time this very rapid 
variation signifies the high sensitivity of the measurements to systematic error, and 
a low tolerance for finite acceptances and spreads. As we will show in subsequent 
sections, there is a real possibility that such limitations may wash out the desired 
signal in a number of measurements, unless utmost care is taken in the design of 
the experimental equipment.

Two issues then emerge as deserving further and very careful study:

1. The adequacy of the kinematic flexibility offered in the proposed fa­
cility. Are the smallest angles accessible to the spectrometers (10°), the 
minimum angle of proximity between the two instruments (38°) ade­
quate? What flexibility is needed for out-of-plane detection? Is a beam 
swinger an acceptable alternative to an out of plane spectrometer?

2. The assessment of the sensitivity of the various proposed experi­
ments to systematic error, and their needs for monochromaticity, ex­
treme angular precision (instrumental, within the broad hardware bites) 
needs immediate study. Little experience is available at such high in­
cident energy, and what little experience there is at low energy coinci­
dence experiments, indicates that we will be facing a difficult situation.
Instead of trying to address these issues abstractly, I will attempt to examine 

them in the context of the proposed physics program. I will therefore try to 
offer an incomplete and biased summary of the conclusions of the various physics 
collaborations. It is biased in the sense that only the aspects of the program 
that can be carried in Hall A, are mentioned with exclusive emphasis on their 
experimental requirements.

3 The Physics Program

In the subsections that follow I present in arbitrary order the requirements of 
the various physics collaborations, as I have tried to record them during their 
deliberations. This anthology is bound to be incomplete. I hope it will help in 
highlighting the issues that need immediate attention.
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3.1 Form Factors of Few Body Systems

The study of the form factors of few body systems constitutes a very rich 
physics program that has been carefully explored and has provided much of the 
justification for the demand of high energy high duty factor electron beams. Ex­
periments such as the measurement of the Geu, the Electric form factor of the 
neutron, the exploration of the Tensor Polarization of the deuteron at high mo­
mentum transfers, the deuteron breakup and the form factors of 3H, 3He, 4He are 
driving this program.

It is however interesting that alternative reactions can access the same 
physics. For instance the measurement of Geu can be achieved either through 
the d(e, e'n) or the d(e, e'n) reactions. Similarly the tensor polarization of the 
deuteron (T20) can be performed either through the J(e*, e’d) or the d(e, e'n) re­
action. The difficulties associated with the implementation of a polarized target 
facility and the instrumentation of recoil polarimeters are quite different. A de­
tailed study of the advantages and disadvantages of these two options is rather 
urgently needed, given that both present formidable technical problems and they 
may affect conventional construction.

The capability for out-of-plane detection has invariably manifested itself in 
almost every experiment discussed in this program. A detailed study by Boeglin 
and Bertozzi6 of the sensitivities to finite acceptances, beam spread, and systematic 
error, in the measurement of the responses of the deuteron in an (e, e'p) measure­
ment has brought home the difficulty of such measurements. The amplification of 
the error in the Transverse-Transverse response f_u, can be appreciated with the 
help of Figure 3. A miniscule uncertainty (even worse, systematic error) in the 
measured cross section is sufficient to wipe out the desired signal. The very high 
priority program of studies of few-body systems can be effectively pursued in the 
proposed design1 of Hall A. Certain requirements of the program, most notably 
the need for polarized targets and out-of-plane detection are not yet resolved, and 
they need to be addressed most urgently.

3.2 Hypernuclear Physics

A big and exciting (e, e'K) program has been articulated for CEBAF. How­
ever, its realization requires rather specialized equipment which in certain cases 
approaches the limits of our technological know-how. Its full implementation re­
quires the following experimental facilities:
• An electron spectrometer capable of reaching very forward scattering angles 
{6 < 5°), for ” virtual photon tagging”.
• Extremely high resolution in (e, e'), ideally tens of KeV but certainly not worse 
than hundreds of KeV, in order to distinguish nuclear final states.

369



rrrr

ULJJL LJ-LJ.
0 0.5 1 1.5 2 35 3

Error In Measured Cross Section (%)

Figure 3: The magnification of error in the f_n response of the deuteron, is in­
dicative of the need for the extreme care needed in controlling instrumental and 
systematic error.

• A hadron spectrometer for K detection with short flight path, ideally in the 
range of 10-15m.

Clearly these capabilities will not be met by the first generation equipment 
intended for Hall A. We need therefore to assess what portion of the (e, e'K) 
program can be carried with the proposed equipment or with modest modifications 
to it.

In order to achieve scattering angles smaller than 10°, the front quadrupole(s) 
of the 4 GeV spectrometer need to be modified. This is certainly feasible and a 
study of the possible options (Panofsky quads, septa of various kinds) is needed. 
At this point I would like to raise the question of finite acceptance. At very forward 
angles the slope characterizing most dynamic variables is extremely steep. Is, for 
example, the angular definition of 1 msr of the electron spectrometer adequate? 
With what precision should the equipment be aligned before the measurements 
get dominated by instrumental uncertainties? The resolution of the electron spec­
trometer, in the energy loss mode, is projected to be 2.5 x 10~5 which corresponds
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to 100 KeV at 4 GeV, adequate for all but the most demanding measurements in 
heavy nuclei. The flight path of the 3 GeV hadron spectrometer is 18 m, longer 
than the one desired for an optimized K-spectrometer, but still quite reasonable 
for a first generation program.

It appears that a significant part of the (e, e'K) program can be pursued 
with the start-up equipment of Hall A, provided that the electron spectrometer 
can be designed so it can achieve the very small scattering angles required by 
(e, e'K).

3.3 (e, e'p) and (e, e'n)

The design of Hall A was to a large degree driven by the requirements dic­
tated by the (e, e'p) program. It is not surprising then that (e, e'p) experiments 
can be pursued very effectively in Hall A. Out of the deliberations of the physi­
cists interested in pursuing (e, e'p) and (e, e'n) studies the following issues have 
emerged.
• Out-of-place detection capability is of paramount importance. Maximum kine­
matic freedom is essential. Resolution of this issue is most urgent.
• Proton polarimeter(s) need to be installed in the focal plane of the hadron spec­
trometer. A preliminary design is needed in order to insure that the required space 
for its implementation is provided.
• Various schemes for neutron detection have been explored for the purposes of 
pursuing the (e, e'n) reaction. Medium resolution TOF channels can be built 
within the perimeter of the building (see Figure 1). The use of the hadron spec­
trometer for neutron detection (using a 180° (n,p) reaction) appears feasible even 
attractive. However if resolution exceeding 1 MeV is required time of flight (TOF) 
channels much be designed and incorporated into civil construction plans. Clearly 
this is an urgent matter.

3.4 Nucleon Resonances

A big program for the study of nucleon resonances has been articulated but 
it appears to be largely incompatible with the optimization path followed for Hall 
A. i>uch a program can be best pursued with instruments of not so high resolution 
but with larger solid angle and momentum bite. Extreme kinematic flexibility, 
especially concerning out-of-plane detection capabilities is required. The need for 
polarized targets is also essential and not easy to address in Hall A.

This program can be best pursued with the equipment contemplated for 
Hall C. However, its demands show that Hall A can become a far more versatile 
and ” general purpose” area if the out-of-plane detection capability is implemented
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in a maximal fashion, and a way to handle the high intensity magnetic fields 
associated with polarized targets is found.

3.5 (e, e'2N) and Short Range Correlations

As in the case of baryon resonances, the optimal equipment needed to pur­
sue (e, e'2N) studies cannot be found in either Hall A and Hall B. The physics 
interest in obtaining direct evidence on nuclear two-body densities is very high. 
Unfortunately, there is very little experience in this very difficult, triple coincidence 
reaction channel. Kinematic flexibility is very important, but the three arms tend 
to get in the way of each other.

The recommendation of the CEBAF-PAC was to pursue survey(e, e'2p) 
measurements using LAS, taking advantage of the huge solid angle of this de­
vice. The case of the(e, e'pn) channel is different. There the first exploratory 
measurements may be taken in Hall A, as an outgrowth of both the (e, e'p) and 
(e, e'n) programs.

3.6 Emerging issues and tasks

The brief review of the requirements of the various physics programs that 
can be pursued in Hall A reveals that certain outstanding issues are common: 
all physics programs demand complete and precise angular coverage. Extensive 
out-of-plane detection capability is required. We have also seen that very high 
accuracy is essential in order to reduce systematic error to acceptable levels. In 
addition, polarized targets appear to be highly desirable, and in certain areas, 
essential. Additional, but not as crucial issues have also been identified. Among 
them most pressing is the evaluation of the need for long neutron TOF channels 
since they affect civil construction. Last, but not least, is the question of the 
desirability and the definition of the characteristics of a third spectrometer. A 
third spectrometer is allowed in the conceptual design of Hall A. Let me offer a 
few comments on these issues.

In many cases the overall accuracy and in particular the instrumental error 
may prove to be the limiting factors. Certainly the very high quality of the CEBAF 
beam will help, but a number of ”typical” measurements need to be simulated in 
order to ascertain their sensitivities. These simulations will provide valuable guid­
ance for the refinement of the spectrometer designs. Experience from low energy 
coincidence measurements7 has shown that a significant reduction of systematic 
error can be achieved by the simultaneous measurement of several coincident cross 
sections. It is impractical to contemplate the construction of multiple hadron 
spectrometers for CEBAF. However, the multiple ”out-of-plane” injection chan­
nels, discussed by J. Mougey, may offer such a possibility. If a kicker magnet is
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installed at the end of the switchyard, it will be possible to obtain five coincident 
cross sections simultaneously. I believe that this option may prove very useful, 
and deserves further consideration.

The resolution of the out-of-plane detection issue has emerged as the most 
important item, affecting almost every aspect of the program. The multiple, out- 
of-plane entrance channels, address the problem, but only partially. The inacces­
sibility of small angles is problematic. On the other hand, endowing the hadron 
spectrometer with out of plane capabilities is very difficult for large angles. Given 
the significance of maximum kinematic freedom, is the hybrid solution, having 
both, out of the question?

Experiments with polarized targets appear to be problematic. Such ex­
periments are important, but no solution has been suggested. It is however the 
consensus of the collaboration that every effort should be made to improve the 
facility and to make it as polarized-target-friendly as possible.

Finally let me touch upon the issue of the maximum length of extended 
targets that can be accommodated by the spectrometer pair. The current design 
allows targets as long as 8 cm. The question whether targets as long as 20 cm 
should be allowed was raised during the PAG deliberations. To do so, a major re­
design of the spectrometers is needed. Given that this will necessarily compromise 
other parameters of the design, while improving count rates by less than a factor 
of 3, the overwhelming feeling was that such a modification is unwarranted.

4 Conclusion

The design of Hall A and the associated instrumentation successfully meets most 
of the requirements of experiments requiring high luminocity and high resolution. 
The out-of-plane capability is crucial and various schemes for its successful im­
plementation have been suggested. The availability of polarized targets is also 
important and every effort should be made to accommodate them.
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Program Collaboration Report for the Large Acceptance Spectrometer

R. D. McKeown

W. K. Kellogg Radiation Laboratory 
California Institute of Technology 

Pasadena, CA 91125

In this report, various issues relating to the Large Acceptance Spectrometer (LAS) 

that were raised in the program collaboration meeting as well as the physics collaboration 

meetings will be discussed. During the course of the workshop, several users made concrete 

suggestions about the present plan for equipping Hall B and an enthusiastic group of users 

expressed interest in collaborating on the development and construction of the LAS and 

associated hardware. We are hopeful that this represents the beginning of a working 

association with a larger group of users who will participate in bringing this device online 

at CEBAF.

Physics Interest

It is becoming quite clear that there is very broad interest in the community in the 

capability of the LAS to perform a wide variety of physics experiments. Many discussions in 

the physics collaboration meetings at this workshop involved the use of the LAS and some 

users are beginning to evaluate specific physics experiments with the general parameters 

of the existing design. As an indication of the breadth of the discussion, we will briefly 

mention some topics that were covered in the physics collaboration meetings which were 

relevant to the LAS.

Due to the low momentum resolution and its large acceptance, the LAS appears well- 

suited for use in experiments with two or more energetic hadrons in the final state. A
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particularly useful feature is that excellent out-of-plane capability is naturally available.

J. Lightbody (NBS) discussed the possible use of the LAS in studying the (e, e'2N) to 

extract the two-body density. Using calculations by Laget1, rates were calculated for some 

particularly favorable kinematics where the two-nucleon correlation effects are important. 

It appears that the particular solid angle and momentum bites that were chosen would 

favor using three spectrometers in Hall A for such measurements. Since the implementation 

of deploying individual spectrometers with versatile out-of-plane capability is certainly 

difficult, it would appear that further effort in exploring the use of the LAS for these 

experiments is warranted.

P. Stoler (RPI) analyzed the possibility of using the LAS for studying resonance 

electroproduction by observing Ntt final states. In this case, using the LAS appeared quite 

favorable compared to individual spectrometers in Hall A.

There were also discussions of p production (R. Whitney from CEBAF) and hadroniza- 

tion in deep-inelastic scattering (G. Chang from U. Maryland). These experiments require 

detection of final-state hadrons over a wide range of angles and so axe well-suited to LAS. 

Experiments with real photons are, of course, a major use of this device. Polarized tar­

get experiments are often limited in achievable luminosity due to target technology. The 

large acceptance of the LAS allows recovery of useable count rates for performing form- 

factor measurements in quasi-elastic scattering as well as resonance production. There was 

much discussion about measuring the neutron electric form-factor, and experiments using 

polarized deuterium and 3He targets would benefit from using the LAS.
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Detector Concept

This device is a new challenge for the electromagnetic nuclear physics community. It 

is a technical project that is rather different from the usual spectrometers and detectors 

employed in nuclear physics. Clearly, there are many technical issues that need to be 

addressed. A technical review of the present concept will take place in August of this year.

Perhaps more relevant to potential users is the fact that the LAS will require sub­

stantially different conceptual thinking in the design and evaluation of experiments. This 

was becoming evident in the physics discussions at this workshop which were mentioned 

above, where some people were attempting to compare the relative merits of the LAS ver­

sus more standard spectrometer concepts. Usually the useful solid angle is defined by the 

spectometer that is available, and then estimating the count rate is rather straightforward. 

For the LAS, the physicist chooses the solid angle appropriate to the experiment. Often 

one can choose annular solid angles by integrating over azimuthal angles (this does not 

preclude analyzing the azimuthal angle dependence of the cross-section). One can often 

measure quantities over a range of Q2 simultaneously. These various tricks allow one to 

recover much or all of the rate lost by the luminosity limitation of the LAS. As an example, 

a calculation of the expected statistical precision of a measurement of the neutron electric 

form-factor using quasi-elastic scattering from a polarized 3He target is shown in figure 1. 

The luminosity was assumed to be 1 x 1033cm-2sec~1, with beam and target polarizations 

of 50% each. The angular range for the scattered electrons was 15° < 8 < 45° in 3° steps, 

and —45° < <f> < 45°. A measurement with very good precision is possible in a single 30 

day run, and all of the different Q2 points are obtained simultaneously in one run. In this
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particular case, use of the LAS is favored over the electron spectrometer in hall A, but 

that would not be so clear if one considered only one Q2 measurement.

1 1.5
Q**2 [(GeV/c)**2]

Figure 1. Attainable statistical precision for a single 30 day run for the neutron 
electric form-factor as a function of the momentum transfer. The ratio to the 
magnetic form-factor is plotted, and the solid line is a standard parametrization 
used in reference 2 while the dashed line is a recent prediction from reference 3.
The target spin was at 45° with respect to the beam direction and approximately 
perpendicular to q.

The statistical precision of this measurement could be substantially improved by either 

efficient detection of the recoiling neutron, or possibly by vetoing events with energetic
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protons in the q direction. This would reduce the contribution of scattering from protons 

to the data sample and thereby increase the size of the measured asymmetry by about a 

factor of 3. Of course, the effects of final state interactions must be understood, particulaly 

for coincidence measurements.

Data acquisition is also going to be more sophisticated than with the usual nuclear 

physics sp trometer. Effective use of the LAS will require rather elaborate trigger proces­

sors to select the events of interest. It may often be possible to perform several different 

experiments at once. Data reduction and analysis will not only require substantial com­

puting resources, but new and imaginative concepts for displaying and digesting large 

amounts of data. The LAS will be a workhorse for general survey experiments, and the 

physicist (theorist and/or experimentalist) must decide how to reduce the large amount of 

information in the multiply differential cross-sections to simple plots of physical quantities 

that demonstate particular concepts. Much thinking needs to be done in this area.

User Input

This is certainly an appropriate time for users to make their views known regarding 

the design of the LAS and other aspects of Hall B. During the workshop, several opinions 

were expressed in this area.

It was pointed out that it would be useful to have a high-intensity bremsstrahlung 

beam in hall B. The generation of such a photon beam would be accomplished by installing 

a sweep magnet in the entrance to Hall B with a high intensity beam dump (probably down 

into the ground). This is an item that would clearly be better implemented from the start 

rather than added later.
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Several physics programs require detection of particles in the region 6 < 15°. These 

include experiments with real photons, p production, and hadronization in deep-inelastic 

scattering. This could potentially affect the priority given to outfitting the small scattering 

angle region with detectors or a supplemental spectrometer. Perhaps the first generation 

of these studies could be accommodated by offsetting the target upstream so the LAS 

covers angles down to 0 < 10°. This would imply losing magnetic analysis capability in 

the backward hemisphere, which may not be serious in this context. The feature of the 

present LAS design which arranges normal incidence of scattered particles from the target 

is also compromised, and some loss in <f> acceptance would result.

Another area that needs further consideration is neutron detection capability in the 

LAS. It was mentioned that neutron converters could be installed that would give very 

good energy resolution. Such a capability would be useful for real photon experiments, 

(e, e'n), (e, e'np), and neutron form-factor measurements. Clearly, this is an area that 

could use much further work.

User Participation

An interesting aspect of the LAS is there is potentially much opportunity for users to 

actually participate in the development of this instrument. There are many sub-systems 

and different facets which are relatively decoupled from each other. Clearly, there are 

many ways to divide up such a task. Figure 2 shows one option that is certainly less than 

optimal.
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Figure 2. A possible plan for LAS user participation.

A very enthusiastic group of physicists attended the program collaboration meeting 

held at this workshop. Many expressed the view that they are ready to go to work! We are 

presently still working out how to organize this collaboration, and will develop a plan this
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summer. In the short term, there axe several things that interested users can do. Firstly, 

they can spend some time working out their physics ideas with the current design. This 

will strengthen the physics case and give guidance in adjusting the design. Secondly, they 

can send a short note to one of us expressing their interest and suggesting an area in which 

their expertise may be particularly valuable. We will begin compiling lists of interested 

users and will probably begin setting up some regular meetings to facilitate some actual 

work on the project by users in the near future.
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THE CEBAF LARGE ACCEPTANCE SPECTROMETER

Bernhard A. Mecking
CEBAF, 12070 Jefferson Avenue, Newport News, Virginia 23606

ABSTRACT

The present status of the CEBAF Large Acceptance Spectrometer 
project is described. The spectrometer will be used for the 
investigation of electron- and photon-induced nuclear reactions,

INTRODUCTION

The scientific program for the CEBAF 4 GeV electron accelerator 
concentrates on the study of the structure and the motion of the 
nuclear constituents. The proposed experimental equipment consists of 
two focusing magnetic spectrometers with high momentum resolution 
(5p/p i 10" ) but relatively small acceptances (&Q - 10” *4t, Ap/p - 
10%) and a large acceptance magnetic spectrometer. In the following 
report, the physics motivation and the general design criteria for a 
large acceptance spectrometer at CEBAF will be discussed. Technical 
details and the status of the proposed design will be given.

PHYSICS MOTIVATION

Electron scattering experiments have provided us with information on 
the electromagnetic structure of ground states and excited states of 
nuclei (explored in (e,e’) experiments) and about some aspects of the 
nuclear single-particle structure (explored in (e,e’p) experiments). Very 
little is known about the many-body aspects of the nucleus, like e.g. 
the structure of bound nucleons, the origin of short-range correlations 
or the propagation of mesons or nucleon resonances in the nuclear 
medium. The reason for this limitation is largely due to the technical 
features of the experimental facilities that are presently available:

a) The low duty-cycle of existing electron accelerators limits coincidence 
experiments to a narrow kinematical region where sufficient signal-to- 
noise ratio can be achieved. It also makes the operation of large 
acceptance detectors inefficient because their counting rates are limited 
by the high instantaneous background rates.

b) High accuracy in charged particle detection can only be achieved in 
small acceptance magnetic spectrometers.

This picture is presently changing dramatically due to technical 
developments:
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a) Electron accelerators with 100% duty-cycle are being built.
b) The quality and versatility of large acceptance detectors has 
improved dramatically.

At CEBAF, there are two categories of experiments that require a 
large acceptance detector: the detection of multiple particle final states 
and measurements at limited luminosity. Examples will be given for 
both categories:

1. Multiple Particle Final States

For reactions involving several particles in the final state, high 
detection efficiency can only be achieved by using a detector with a 
wide coverage of the angular and energy range for all outgoing 
particles. Examples for reactions which are of special interest for 
CEBAF are:

a) Hadronic final states in inclusive electron scattering off nuclei. 
Single arm electron scattering and (e,e’p) coincidence experiments have 
generated puzzles which can only be solved by a detailed investigation 
of the hadronic final state. Using a large acceptance detector, a bias- 
free investigation can be carried out by triggering on the scattered 
electron only. In the off-line analysis, the inclusive scattering cross 
section can then be decomposed into its hadronic channels. With 
increasing energy loss for the electron, the following phenomena can be 
studied:

(1) Electron scattering at large negative y (y= momentum component 
gf the struck nucleon parallel to the direction of the virtual photon 
q) yields higher cross sections than expected from standard nuclear 
models. The excess cross section can either be explained by high 
momentum components in the nuclear wave function (which would 
lead to the emission of a single nucleon) or by interaction of the 
virtual photon with quark clusters1^ (which would lead to the 
emission of nucleon pairs or nucleon clusters like deuterons etc.). 
These two possibilities can be distinguished by detecting the 
hadronic final state.

(2) quasi-free electron scattering off bound nucleons (requiring the 
hadronic fina| state to contain a recoiling nucleon around the 
direction of q). A long-standing problem is the failure of the 
experimental Coulomb sum rule to account correctly for the 
number of protons in the nucleus. This has been interpreted as a 
change of the nucleon form factor in the nuclear medium or as 
evidence for a direct interaction of the virtual photon with a quark 
confined in a six-quark bag. Again, the observation of the 
hadronic final state will allow to distinguish the different models.
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(3) multi-nucleon emission (requiring the hadronic final state to contain 
£2 nucleons). Two nucleon emission is thought to be responsible 
for filling the dip between the quasi-free peak and the A-peak; 
there should also be strength in the A-region due to A-excitation 
with a subsequent A+N ■* N+N interaction.

(4) production and propagation of non-strange (A and higher nucleon 
resonances) and strange (A, E and their excited states) 3-quark 
objects in nuclei (requiring the hadronic final state to be a ffN, 
jyN, jmtN, KA etc. system in the appropriate mass range). 
Modifications of the properties of these resonances in the nuclear 
medium can be studied.

b) Photo- and electro-excitation of the nucleon resonances.
The harmonic oscillator quark model with QCD motivated additions 
(like a one-gluon exchange term) describes successfully the properties of 
the nucleon resonances that are known from elastic ir-nucleon scattering. 
However, the model predicts many additional states which have not 
been observed. A plausible explanation ) is that these states decouple 
from the fN channel and can, therefore, not be excited in elastic frN 
scattering. Since, on the other hand, the photocoupling is still strong, 
photoexcitation is the only promising production mechanism. Predicted 
decay channels are:

7 N ->N* ■* ir A •* f ir N 
N*-»N p ■* w w N 
N*-*-Nw + jrjr)rN

c) Photo- (and electro-) excitation of vector mesons: 7 N -► V N
(V = p,uj). An important goal of this program is to measure the 7- 
V coupling constant to get information on the hadronic content of the 
photon ' and its variation with Q . In addition, the vector meson 
coupling to the nucleon can be determined. In boson exchange models 
of the nucleon-nucleon interaction, this quantity is of fundamental 
importance for the short range part of the NN-interaction.

d) Hyperon production and interaction: 7 N -* K A (E)
The basic cross sections and coupling constants for these reactions have 
to be known for the analysis of the electromagnetic excitation of 
hypernuclei. A tagged low intensity hyperon beam can be generated 
using the outgoing kaon to determine the A kinematics. The 
production rates are large enough so that the decay and the interaction 
of the produced hyperon can be studied in the following reactions: (l)

(l) A p -» A p (elastic scattering)
Because of the short decay length, the interaction of low 
momentum A’s is best studied in the production target. Using the 
7P K+A reaction for A production, about 500 A scattering events
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can be observed per day in a large acceptance spectrometer.

(2) 7 d + K+ A n
This reaction also allows to study the AN interaction. Especially 
interesting is the search for long-lived S=-l dibaryons; the masses 
of these objects have been predicted to be around the E-cusp.

(3) radiative hyperon decay: A*(1520) 7 A and A*(1520) 7 E.
The radiative decay width yields a sensitive test of the quark 
structure of these systems. Using a tagged photon beam, about 
5*10 A (1520) can be produced per day.

e) Exclusive photoreactions on few-body systems
7 d + N N f 7 8He •+• p p n

♦AA ♦NNirir ■* w (3N)

The basic properties of bound 3-quark systems are best studied in few- 
body nuclei because the nuclear structure can be calculated exactly (at 
least in the framework of a non-relativistic potential model). 
Interesting questions are the off-shell behavior of the 7NN* vertex, the 
structure of the N*N interaction, the existence of dibaryons5^ and of 3- 
body forces in sHe .

f) Interaction parameters of unstable particles.
The measurement of the A-dependence of total production cross sections 
for unstable particles can be used to determine their total hadronic 
cross sections. In contrast to hadronic production reactions, the 
electromagnetic production offers the big advantage that the interaction 
of the incident projectile is so weak that the A-dependence of the cross 
section can be interpreted directly in terms of the interaction of the 
produced particle. Especially interesting is a comparison of the 
hadronic interaction of the 7(549) and 7’(958) which are supposed to 
be different mixtures of the same SU(3) states. The large 7’ mass is 
attributed to a sizeable exotic (gluonic or hybrid) component; this 
should show up as a difference in the hadronic behavior of 7 and 7’

A comprehensive study of the reactions b) - e) requires the use of 
polarized beams (longitudinally polarized electrons, linearly and 
circularly polarized photons) and polarized targets (polarized protons, 
vector- and tensor-polarized deuterons).

2. Limited Luminosity

The luminosity (target density • beam intensity) limitation can be due 
to the target or due to the beam.
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a) Limitation due to the beam intensity.
Experimental programs using secondary particle beams (real 7, /*, w, 
K) need large acceptance coverage to collect sufficient count rate, 
independent of the number of particles in the final state. Especially 
important are tagged photon beam experiments where the intensity 
has to be limited to =107 tagged 7/sec to keep accidental 
coincidences small.

b) Limitation due to the use of a polarized target.

(1) polarized solid state hydrogen and deuterium targets.
For present state-of-the-art solid state polarized targets (NH^ or 
NDg) the luminosity has to be kept low in order to avoid a 
reduction of the polarization due to beam heating and radiation 
damage (-10 cm- sec- for tensor-polarized deuterium, -10 cm- 
sec- for polarized hydrogen).

(2) polarized gas targets.
The disadvantages of polarized solid targets (high magnetic fields, 
nuclear background, low temperatures, limited to hydrogen and 
deuterium) can, in principle, be avoided by using a low density 
polarized gas target in combination with a high intensity electron 
beam. A dedicated electron storage ring would clearly be ideal for 
these experiments. However, the rapid progress in polarized gas 
target technology will make experiments in the CEBAF external 
electron beam possible.

Polarized gas target experiments in the CEBAF external beam will 
have lower luminosity than a storage ring. However, there are 
also some important advantages using an external beam:
(a) there are no difficulties to achieve longitudinal electron 

polarization
(b) the vacuum requirements are modest less differential pumping 

will be required.
(c) there is greater flexibility in the arrangement of the 

experimental apparatus
(d) since the beam passes through the target only once, the beam 

stay clear area is much smaller * very small diameter openings 
for bottle targets can be used.

These features should make it possible to achieve higher target 
density than in a storage ring. A minimum density of -10 
atoms/cm is necessary to give reasonable counting rates. At this 
luminosity (-108ocm- sec ), the combination of a polarized gas 
target and a large acceptance spectrometer will be useful for the 
investigation of reactions induced by quasi-real photons.

For SHe, the densities already reached8^ give a luminosity of
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several 10 cm sec . This luminosity will allow an extensive 
nuclear physics program to be carried out with a large acceptance 
detector. Polarized He targets can be used as a source of 
polarized neutrons and to investigate the structure of the 3-body 
system. The following experiments are of special interest:

(a) 8He (e ,e’n|pp to determine the electric form factor of the 
neutron G .e

(b) 8He(e,e’A0)pp to determine the C2/M1 ratio for the n+A° 
transition.

GENERAL DESIGN CONSIDERATIONS

A large acceptance detector at CEBAF should be suitable for a broad 
range of photonuclear experiments using electron and photon beams. 
Therefore, it should have the following properties:

1. Homogeneous coverage of a large angular and energy range for 
charged particles, for photons (total absorption counters) and 
possibly neutrons.

2. Good momentum and angular resolution (* magnetic analysis for 
charged particles).

3. Good particle identification properties in the momentum range of 
interest (-» combination of magnetic analysis and time-of-flight).

4. No transverse magnetic field at the beam axis (to avoid sweeping 
e e~-pairs into the detector).

5. No magnetic field in the target region to provide for the installation 
of polarized (solid state or gaseous) targets requiring their own 
guiding field or other complicated equipment (cryogenic or track 
sensitive targets, vertex detectors etc.).

6. Symmetry around the beam axis to facilitate triggering and event 
reconstruction.

7. To account for the Lorentz-boost the /5®d? should increase with 
decreasing particle emission angle.

High luminosity and count rate capability. The detector should 
operate in the difficult background environment encountered in 
electron scattering experiments. The background caused by a tagged 
bremsstrahlung photon beam (N Hr/sec) is much lower and will 
give no additional constraints. 1
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9. Open geometry for the installation of a long time-of-flight path for 
neutron detection.

The consequences of these requirements for the choice of the magnetic 
field configuration have been studied. Transverse dipole, longitudinal 
solenoidal and toroidal fields have been considered. In all cases, the 
target has been assumed to be inside the magnetic field volume. The 
results are summarized in table I. To fulfill requirements #2 and #3, 
a large /B*dl and a long time-of-flight (ToF) path is necessary. This 
can be achieved by all field configurations. The transverse dipole field 
is ruled out by #4 in combination with #8; it also violates #6. The 
solenoid which has become the standard magnetic field configuration at 
e+e colliders violates requirements #5, #7 and #9. The only 
configuration that fulfills all requirements is the toroidal magnetic field. 
Since the grange for magnetic analysis is limited due to the coils, the 
detection efficiency for high multiplicity (> 4) final states will be low. 
However, in view of the CEBAF program (which does not feature high 
multiplicity reactions), it seems to be important that the detector can 
extend and complement the physics program carried out by the 
standard spectrometer set-up.

Fig. 1 Perspective view of the toroidal magnet.
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THE LARGE ACCEPTANCE SPECTROMETER

The solution that has been proposed for the CEBAF Large Acceptance 
Spectrometer (LAS) is a superconducting toroidal magnet equipped with 
drift chambers, scintillation counters and shower counters. A 
description of the main features of the LAS will be given below.

1. Toroidal Magnet

The magnet consists of 8 superconducting coils arranged around the 
beam line to produce essentially a magnetic field in ^-direction. Size 
and shape of the coil were determined on the basis of the physics 
requirements (see table II for details). A perspective view of the 
magnet is shown in fig. 1, the coil shape is given in fig. 2. Each coil 
is embedded in a rigid coil case (about 4 meter long and 2 meter 
wide). For the magnetic field calculations, the finite size of the coil 
was simulated by adding up the contributions of 4 discrete conductor 
loops (as indicated in fig. 2). The r-dependence of the magnetic field 
is given in fig. 3 for different z-positions. In a cylinder of 50 cm 
diameter around the axis the magnetic field is £10 Gauss. As 
demonstrated in fig. 4, the field lines are essentially circles 
(corresponding to a pure ^-field) with important deviations close to the 
coils. Figure 5 gives the integral over the ^-component of the field as 
a function of the particle emission angle 6. For forward going 
particles, the integral is about twice as high as for particles going 
sideways.
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Fig. 2 Coil shape. The conductor is represented by 4 current loops.
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Fig. 5 ^-dependence of JB ,®dl integrated along the particle trajectory. 
8 is the particle emission angle relative to the axis; the target 
has been assumed to be at z = 0 m. Particle momentum 1 
GeV/c, both polarities.

The inner section of the coil is circular to avoid transverse (in f- 
direction) motion of those outgoing particles that do not form a 90° 
angle with the conductor. This is demonstrated in fig. 6a for a 
rectangular coil shape (the current has been adjusted to make the total 
bend angle the same as for the circular coil). The transverse deflection 
depends on the angles 8 (relative to the axis), <ft (azimuthal angle) and 
on the particle momentum and polarity. The resulting loss of events 
will be difficult to correct. By using a circularly shaped coil, the angle 
of incidence can be kept normal to the coil, independent of 8. As 
shown in fig. 6b, the transverse particle motion is very much reduced.

2. Particle detection system

The proposed particle detection system consists of drift chambers to 
determine the track of charged particles, scintillation counters for the 
trigger and for time-of-flight, and shower counters to detect photons. 
A side view of the detection system is given in fig. 7, a cut in the 
target region in fig. 8. Note that all 8 segments are individually 
instrumented to form 8 independent magnetic spectrometers. This will 
facilitate pattern recognition and track reconstruction in a large 
background environment.
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Fig. 6 Transverse particle deflection in toroidal magnets for particles 
with 0=45°, p= 0.2, 0.4 and 2.0 GeV/c and ^=±18° (0=0 
corresponds to the mid-plane).
a) rectangular coil shape. Particles that are deflected away 

from the axis by the 0-component of the field are bent back 
to the mid-plane; particles that are deflected towards the 
axis are bent towards the coils and are lost.

b) coil with a circular inner section. Note that there is no 
transverse motion at inner edge of the coil.
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2.1 Tracking chambers

Charged particles are tracked by planar wire chambers. Each planar 
chamber consists of 4 layers of sense wires stretched in ^-direction. 
The position of the hit along the sense wire can be determined by 
stereo layers or by charge division.
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Fig. 7 Transverse view of the proposed particle detection system

2.2 Scintillation Counters

The drift chamber is surrounded by scintillation counters. The 
counters serve the double purpose of providing the trigger and the 
time-of-flight information. (Also, a fraction of the high energy neutrons 
(-5%) will interact in the scintillation counters and will thus be 
detected.) Each counter is approximately 20 cm wide and 5 cm 
thick and is viewed by 2” phototubes at both ends for improved 
timing and position resolution. The counter covers the full ^-range 
corresponding to one segment but only a small 8-range thus facilitating 
triggering on a given event pattern.
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Fig. 8 View of the detection system in the direction of the beam for 
z=0 (target position)

2.3 Shower Counter

The detector is surrounded by shower counters for the identification of 
electrons (in electron scattering experiments) and the detection of high 
energy photons from the decay of hadrons like T0, rj, rf etc. Due to 
the size of the counter (-80 m ), relatively inexpensive materials and 
construction techniques have to be used (e.g., a sandwich of lead plates 
interleaved with active material like scintillating fibers or gas detectors). 
The anticipated energy resolution is a/E^ i .13/VE(y(GeV).

3. Maximum Luminosity

In an electron beam, the main background is caused by electron-
electron scattering and wide angle bremsstrahlung. At a luminosity of 
1033cm 2‘sec 1 * * *, the rate of Miller scattered electrons is estimated to
be of the order of 5* 107sr 1*sec 1. Since the energies are low, the
electrons are bent back even by the small magnetic fringe Field. A
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fraction of the electrons will, however, radiate photons that will 
subsequently generate spurious signals in the chambers. The total 
integrated flux of photons due to wide angle bremsstrahlung has been 
estimated to be of the order of 10 sr *sec (luminosity 10 cm 
2•sec 1, E = 2 GeV, 12C target, all photons above 10 keV). 
Compared to these electromagnetic background rates, the hadronic rates 
are nearly negligible. The total rate of electrons scattered into the 
angular range 15O£0£15OO due to hadronic processes is less than 
1000/sec. The total hadron rate (mainly produced by by quasi-real 
photons) is -5*10 /sec. On the basis of these counting rate estimates 
and also due to past operating experience of a large acceptance 
detector at an electron accelerator ', one can safely expect that the 
detector can be operated at a luminosity of - 10 cm •sec 
(corresponding to a 1 fiA electron beam on a 1 mg/cm target).

There will be no difficulties to operate the detector at tagged photon 
beam intensity (-10 7/sec). (At this photon beam intensity, the 
hadronic production rate is about the same as in electron beam with a 
luminosity of 10 cm sec ; however, due to the lack of Mpller 
scattered electrons the background rate is much lower.)

Charg -1.0 

R/GeV 1.0

xxxxxxxxxxxx

Fig.9 Momentum resolution flp/p (FWHM) as a function of the 
particle emission angle 6 for p = 1 GeV/c. The vertex is 
assumed to be known with an accuracy of 120 fim (FWHM). 

x contribution of the chamber position resolution
+ multiple scattering contribution

sum of both contributions.
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4. Track Resolution

The track resolution has been calculated taking the position resolution 
of the chambers and multiple scattering into account. The momentum 
resolution Ap/p for known vertex position is shown in fig. 9 for 1 
GeV/c particles as a function of the particle emission angle 6. The 
momentum resolution reaches 0.6 % in the forward direction; in the 
central part, it drops to 1.5 % due to the decreasing JB®dl. For 
known vertex position, Ap/p is dominated by multiple scattering; 
therefore, it is nearly constant in the whole momentum range of 
interest. The initial angle can be determined with an uncertainty Ld i 
1 mrad for 1 GeV/c particles (2 mrad for 0.2 GeV/c).

5. Particle Identification

The combination of momentum and time-of-flight (a r.m.s. time 
resolution of Ar=200 psec was assumed) gives clean particle 
identification over a wide momentum range. In the forward direction, 
pions can be separated from kaons up to 1.5 GeV/c, the limit for 
kaon/proton separation is 2.5 GeV/c. ff/e, f//i and /»/e separation can 
be achieved by using the pulse height in the shower counter in 
addition.

Fig. 10 Single event display for a Monte Carlo generated event from 
the reaction (e,e’pp). Eo = 2 GeV, =40°. The left hand 
side of the display shows a view of the event in the direction 
of the beam, the r.h.s. presents the tracks in the 8 individual 
segments.
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6. Acceptance

Using a Monte Carlo technique, random multiple particle events were 
generated to determine the acceptance. Examples for single events as 
they would be reconstructed and displayed on-line by the detector 
single-event display are presented in figs. 10 and 11. For the 
calculation of the acceptance, the (9-range of the detector was taken to 
be 15° i 8 i 150®, 20% of the grange was assumed to be obstructed 
by the coils. In addition, cuts in the kinetic energy of the emitted 
particles were applied to account for detection thresholds: T 1 40 
MeV and T > 50 MeV. For the process 7 p -► F35(1975) ■+ ir L++ ■* 
w JT+ p abSut 60% of the all t~ jt+ p events are accepted if only 8 
and cuts are used. The addi tion of the ^-cuts reduces the total
detection efficiency to 30%.

P EK in Theta Fi
Pi- t.eas 0.959 31.06 220.5
Pi* 8.168 0.073 63.24 328.9
Proton 0.886 0.299 41.49 55.2

Fig. 11 Single event display for a Monte Carlo generated event from 
the reaction 7 p N + ir &++ •+ t * p induced by real
photons. = 1.6 GeV.

7. Counting Rate Examples 

a) (e,e’X)
The counting rate has been estimated for ^C(e,e’) at E =2 GeV and 
$^=15°. A luminosity of 1088cm 2sec 1 (per nucleonf and 80% $-
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coverage have been assumed. The total rate of electrons scattered into 
the angular interval 140-16° and the energy interval (1.3-2.0) GeV is 
-100/sec.

b) photon induced reactions ?
Combining a tagged photon beam with an intensity of 10 7/sec and a 
hydrogen target of 0.5 g/cin (-7 cm liquid) results in a total hadronic 
production rate of -400 events/sec (Eq= 2 GeV, ^tot~ 140 /ib).

8. Layout of End Station B

The LAS will be located in end station B; the layout is shown in fig. 
11. The end station and the beam dump are fully shielded to allow 
for experiments using a high intensity beam on a thin gas target (this 
also allows a second high intensity experiment to be mounted in this 
area). For photon experiments, a vertically deflecting tagging 
spectrometer is located in an enlarged tunnel section.

truck access

10. -

Forward Detector

PairElectron
Polarime ter

neutron ToF counters

meter

Fig. 12 Proposed layout of end station B
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SUMMARY

A large acceptance magnetic spectrometer has been proposed for the 
investigation of electron- and photon-induced nuclear reactions at 
CEBAF. The magnetic field is generated by superconducting toroidal 
coils. Charged particles are tracked using drift chambers and 
scintillation counters; high energy photons are detected by shower 
counters. The spectrometer will be indispensable for the investigation 
of multiple particle final states from (e,e’X) reactions and from the 
decay of excited qq and qqq-states. It will also provide high counting 
rates for experiments in which the luminosity is limited due to low 
target density or low beam intensity.

REFERENCES

1) H.J. Pirner et al., Phys. Rev. Lett. 46 (1981) 1376

2) N. Isgur, Proc. of the 1984 CEBAF Summer Workshop, Newport 
News, Virginia, ed. by F. Gross and R. R. Whitney, p. 199

3) T.H. Bauer et al., Rev. of Mod. Physics, 50 (1978) 261

4) M.E. Sainio, AIP Conf. Proc. 150 (1986) 886

5) M.P. Locher et al., Adv. in Nucl. Phys., Vol. 17 (1986) 47

6) I. Sick, Lecture Notes in Physics 260 (1986) 42

7) F. Lenz, Nucl. Phys. B279 (1987) 119

8) R.D. McKeown and R.G. Milner, 1985 CEBAF Summer Study, 
RPAC I, p. 12-45

9) L.A. Ahrens et al., Nucl. Instr. Meth. 173 (1980) 537.

400



Table I: Evaluation of magnetic field configurations for a large 
acceptance spectrometer to be used for electron- and photon-induced 
reactions (+ denotes advantage, - drawback)

Dipole Solenoid Toroid

Large solid angle (+) + + (+)
No field transverse to beam line _ _ + +
No field at the target position _ _ _ _ +
^-symmetric field configuration - + + +
Open mechanical structure (+) -

Large /B*dl at small angles + - - +
High luminosity capability (~) + +

Table If: Design considerations for the toroidal magnet

1) Size
time-of-flight path required for particle identification via momentum 
and P

L £ 2 m for particles going sideways 
L 3 m for particles going forward

■+ diameter 2 4 m, total length 2 4m

2) Field level
a) small destabilizing forces * low magnetic field
b) good momentum resolution + high magnetic field

-*• compromise solution: JB*dl t .5 T»m

3) Number of coils
a) large number of coils to reduce ^-dependence of the field
b) small number of coils to reduce obstruction of the 0-range due 

to the coils
♦ compromise solution: 8 coils

4) Coil shape
a) no transverse particle motion due to r- and z-components

■* circular inner coil shape
b) large /B*dl in the forward direction

-*■ asymmetric coil shape with longer forward part
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THE (y,K) PROGRAM: A NEW CEBAF INITIATIVE 
FOR THE STUDY OF NUCLEAR STRANGENESS

R. E. Chrien
Brookhaven National Laboratory, Upton, New York, 11973

E. V. Hunger!ord
University of Houston, Houston, Texas, 77004

ABSTRACT

This paper is a summary of the CEBAF working group discussions 
on electromagnetic production of strangeness in nuclear systems. A 
review of the recent BNL results in (it ,K) is presented as represen­
tative of the physics questions that could be addressed with the 
CEBAF facility. Recommendations of the working group concerning the 
necessary experimental apparatus for a (e,e’,K) program are 
presented.

There are two questions to answer before considering whether to 
proceed with a (y,K) program at CEBAF.

1) Is strangeness production in nuclei a field of significance 
for future development of nuclear physics?

and
2) Is (y ,K) a reaction that is a practical method and justifi­

able for a facility such as CEBAF?
If the answer to both of these questions is affirmative, then 

one should proceed with all possible speed to allocate the resources 
necessary to initiate such studies. Beam and spectrometer design 
for the laboratory will be fixed in the near future, so time is 
short and quick action is required.

To answer the first question—the significance or utility of 
strangeness in nuclei—we briefly summarize the current state of the 
field, with particular emphasis on some very recent developments in 
the BNL program which we believe are especially relevant to CEBAF 
and the planning here.

For about the last ten years the dominant or preferred method 
for producing hypernuclei has been strangeness exchange^, shown in 
Fig. 1 as analogous, ignoring the dissimilar quark masses, to the 
familiar charge exchange reaction,

K + n>A + it .

This reaction at forward angles strongly favors the population 
of so-called substitutional states in which the A occupies the same 
orbital as the neutron it replaces. It is characterized by a small 
momentum transfer and, because of the strong absorbtion of the kaon 
and pion, it is extremely peripheral. The reaction is virtually 
useless for populating bound states of heavier hypernuclei. Because
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Charge Exchange

Strangeness Exchange

Fig. 1. The diagram for strangeness exchange and its analog, charge 
exchange.

the single-particle well depth of the A is only about one-half that 
of the nucleon, the valence substitutinal states are typically 
unbound. Bound states, which consist of a A in the successive s, p, 
d, f... shells coupled to a neutron hole in the valence shell, tend 
to be of higher angular momentum and are not strongly populated by 
0° (Kjit) reactions. The situation is graphically displayed in Fig. 
2, which shows a series of (K,-n;) 0° spectra obtained by the
Heidelberg-Saclay collaboration^. The bulk of the reaction strength 
lies above the A-bound region.

Recently the use of stopped kaons has been advocated as a 
possible complement to in-flight techniques. The method has been 
augmented with the use of various decay-signal tags for suppression 
of background3. Several spectra obtained at KEK with this tech­
nique4 are shown in Fig. 3. We shall see that in comparison with 
spectra shown below, the stopped kaon method is markedly inferior 
for producing A hypernuclei. Furthermore, little benefit has been 
demonstrated by tagging5.

We assert here that the reaction of choice for the study of 
hypernuclear bound states is the associated production reaction,

•n;+ + n A + K+ ,

originally suggested by H. A. Thiessen^ of Los Alamos and subse­
quently analyzed by Dover, Walker, and Ludeking7. This reaction
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:'ig. 2. An early 
survey of the 
(K_,tc-) reaction.

produces a momentum transfer, q, «350 MeV/c at « 1050 MeV/c, a 
maximum in the elementary cross section. In 1983 we did a test of 
this reaction for ^12C, where typical cross sections for exciting 
the 1” ground state and 2+ excited states were about 5.0 pb/sr. 
Figure 4 shows recent data from BNL on the production of those 
states9. They should be compared to the ^2C data of fig. 3. 
This test encouraged us to try to answer the crucial question: will
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Fig. 3. Examples of spectra 
obtained from stopped K-. 
These data are taken from 
ref. 4 where they are marked 
"preliminary".
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SYMBOL FOR NUCLEON HOLE:
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EY-EN (MEV)

Fig. 5. A comparison of (K“,-n; ), (Tt+,K+) and stopped K ,-n; as
calculated with a DWIA code.

the ('n:+,K+) reaction allow us to examine A bound states of 
hypernuclei beyond the p-shell?

Remember that when the reaction transforms a neutron to a A we 
have a A-particle coupled to a neutron hole state. For low energy 
excitation this hole will lie in a valence shell, which for nodeless 
wave functions will have progressively higher i as we move up in the 
periodic table, p, d, f, g, h... The A will drop into various shell
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2: ioo

. , n O
Fig. 6. A spectrum of (it ,K+) for ^ Si showing the s, p and d 
shell A peaks.

model orbitals coupled to those valence hole states. Figure 5 shows 
a calculation by Bando10 which displays the spectra produced by the 
reactions (K“,it“), (it+,K+) and (K~ stopped, it-) on a target of 
56Fe. The (it+,K+) reaction gives a beautifully distinct series of 
states above a small background of weaker excitations.

Two of the experimental spectra obtained earlier this year at 
the Brookhaven AGS are shown in Figs. 6 and 7: ^28Si and j[89Y* 
The data clearly demonstrate the existence of deeply-lying shell 
model orbitals. The shell model series based on the d$/2 hole and 
the ggj2 hole are seen rather clearly, in a way reminiscent of 
atomic spectroscopy, like the Balmer series for hydrogen. It is an 
exciting, comforting, and still surprising fact that the nuclear 
shell model works for deeply-lying orbitals as well as for orbitals 
near the Fermi surface.

Let us now pursue the question of relevance to CEBAF, remember­
ing that the (it ,K) reaction is the hadronic first cousin to (y ,K). 
Each reaction features rather high momentum transfer and favors 
states containing high momentum components. This is just what is 
needed for bound states of heavy hypernuclei! Some of the important 
physics questions to be addressed by a (y ,K) program at CEBAF are 
enumerated below.
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T

2 100

Fig. 7. A spectrum of (-n:+,K+) for Y showing s, p, d, and f 
shell A peaks.

1) Do the single particle level positions giving us any infor­
mation on quark deconfinement? If we assume a distinguishable A 
hyperon in a nuclear potential, a set of single particle levels can 
be readily calculated. If, however, we assume the validity of a 
shell model at the quark level, then the A may be subjected to a 
repulsive Pauli pressure in the nuclear medium due to the fact that 
it contains two non-strange quarks. The effect of this Pauli pres­
sure will affect the level positions, particularly for the heavy 
systems.

Dover has calculated the binding energies of the A single­
particle states'*'1 , and these are shown in Fig. 8, in which a Saxon- 
Wood s potential is assumed with the following parameters: Vq = 
29.34 MeV, rg = 1.08 fm, a = 0.6 fm, and £, = 0.427 fm2. In the 
folding model <r2v> = <r2>p + <r and R = r0A-*-/^ (l+£/ 
(r0A1/^)2). The fits to the experimental data of ref. 9, shown as 
filled circles on Fig. 8, are excellent.

Dover points out that it is instructive to view the effect of 
Pauli pressure in the following way: for distinguishable particles 
(like a A hyperon) in a potential well, an expansion for the s-p 
shell spacing may be written in powers of mass number A, as follows:

a) Asp a (A”2/3 + kA-1 + ...)
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Fig. 8* A global plot of A single particle states compared uo 
recent BNL data.

In contrast, for indistinguishable particles (nucleons), the expan­
sion is different

b) Asp “ (A--1-/3 + k'A-'!' + ...)

The A_3/3 term above may be viewed as an indication of Pauli pres­
sure. If we view the A hyperon—made up of u, d, and s quarks—as 
part of "quark shell model", it is only 1/3 distinguishable. Thus 
one can imagine that in an expression such as

c) Asp a (k”A~3/3 + A~2/3 + kA--*- ...)

The coefficient k" represents a measure of quark deconfinement. The different between expressions 1) and 2) is »1.5 MeV for ^8Pb, and 
this should be measurable with present techniques. Thus some 
measure of quark deconfinement (or a limit) may be achievable by 
measuring energy level spacings in Pb.

The effect remains to be assessed, but it is clear that a map 
of such levels up to and including Pb needs to be produced. Resolu­
tion is important so that CEBAF clearly can play an important role 
in this work.
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2) Some of the peaks in our (•rt+,K+) spectra look broader than 
our experimental resolution. Furthermore, these peaks appear to be 
superposed on a steeply rising continuum as the excitation energy 
increases.

Several questions then arise: are we seeing the spreading 
width of these states? How much strength is dispersed into the many 
multiparticle-multihole states which are present? Better resolution 
is clearly needed to answer these questions.

3) A distorted-wave impulse analysis has been successful in 
predicting (K,7i) and (ti,K) cross sections for exciting hypernuclear 
states in p-shell nuclei^. Distortion effects must be calculated 
in applying this analysis, and these effects are very pronounced in 
heavy nuclei. In (n,K) both pion and kaon distortions are impor­
tant, while in (y ,K) only K+ distortions need be invoked. How do 
they vary with momentum? Does the summed strength predicted by the 
DWIA calculations exhaust the strength observed in the experiment?

4) Spin-flip transitions are not significant in (Tt,K). In 
(Y,K) reactions, however, both parity-favored and parity-unfavored 
states are accessed. We know that A-spin multiplets are very close­
ly spaced. In some cases we have set significant limits (for 
example, in ^9Be) on the A spin-orbit splitting^. In (y ,K) with 
improved resolution, we may be successful in determining such 
splittings.

5) In (y ,K) reactions, form factor measurements may be suc­
cessful in determining the charge distributions for these deeply- 
lying shell model states. Clearly, adequate counting rate and 
resolutions are required to attach these interesting problem areas.

The discussions in the workshop sessions on hypernuclei were 
centered on the second question posed in the opening paragraph. Is 
it feasible to undertake an experimental program in (e,e',K) at 
CEBAF? One can consider such a program divisible into two parts, 
although these parts can be attacked in parallel because they 
involve different instrumentation.

On one hand, we need to develop information on the elementary 
interactions y + p A + K+. Our knowledge of this reaction is 
displayed in Fig. 9llt. The data are sparse and need to be better 
determined. It appears that high count rate at modest resolution is 
required. The consensus of opinion at the workshop is that a_ 
program of elementary kaon production probably can be carried out at
the large acceptance spectrometer (LAS). Such a program, we feel, 
should be an important segment of the CEBAF effort.

On the other hand, the investigation of the (e,e',K) reaction 
to discrete hypernuclear final states requires quite a different set 
of instruments. The spectrometers, for example, must be capable of 
operating at extremely forward angles and achieving the best
possible resolution. Coupled with this is the necessity for count 
rates sufficient to determine the transition form factor. Count 
rates of a few per hour to discrete states may not seem large, but 
they might allow detailed studies if the final states are 
sufficiently well separated in the spectrum.
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3 Fig. 9. The 
elementary cross 
sections for A and Z 
photoproduction.
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Figure 10 shows some calculated differential cross sections15

for the population of the 1 ground state of 12 B. Note that the
cross section reaches 80% of its maximum value by 1.5 GeV/c, and
that for energies above this value, the kaon production is strongly
forward peaked. Figure 11 shows that the virtual photon production
is concentrated in a narrow forward cone for the emerging electrons,
as is the bremsstrahlung background'*'6. Figure 12 shows the relative
production of the parity unfavored 2~ member of the doublet compared
to the l- member, and again demonstrates the forward peaking^.
Figure 13 shows the form factor of the 2“ member of the
ground state doublet as a function of electron scattering angle1 fi9e. Again small values of both 9e and 9^ are indicated .

These figures show what features are essential to the operation 
of a successful hypernuclear facility using the (e,e’,K) reaction. 
Such a facility could be termed a "Fine Resolution e, e',K” 
facility, or "FREEK”.

The FREER program needs an electron spectrometer operating near 
0 degrees. The virtual photon flux peaks very strongly at 0°
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electron scattering, and falls rapidly away from 0. The singles 
rate which the electron spectrometer arm can handle sets the maximum 
luminosity at the target. The hadronic background in the kaon 
spectrometer arm can be very low, however.

The electron spectrometer singles rate cannot exceed 3xl08/ 
sec. This rate is determined by the necessity to correlate an 
electron event with a detected kaon; the beam structure gives 
electron bunches separated by 2 ns. A forward angle electron 
spectrometer concept was suggested by Mike Finn.

The second "FREEK*1 requirement is a high-quality kaon
spectrometer. There are many possible designs for such a spectrom­
eter. A prototypical design may possibly be found in the Bates

412



VIRTUAL PHOTON FLUX

BREMSSTRAHLUNG
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tig. 11. The virtual photon flux as a function of electron 
scattering angle. The In flux is plotted, and the In bremsstrahlung 
flux is also plotted for comparison.

design of Bertozzi et al.19 or in the BNL "Moby Dick" 
spectrometer20. It is essential to maintain high resolution with as 
short a path length as possible so that kaon decay is reduced to a 
minimum.

Because of the high singles rates envisioned in the electron 
spectrometer, considerable discussion within the working group cen­
tered on possible tricks to avoid this limitation. It had been 
pointed out earlier by P. Y. Bertin23- and subsequently by B. 
Meeking22 that dispersing the beam perpendicular to the bend offers 
several advantages. The dispersion would serve to decouple electron 
and kaon spectrometers from the electron accelerator beam spread and 
instabilities. Furthermore, were it possible to track the emitted 
particles back to the target, the luminosity could be increased 
without losing the necessary correlation between the electron and 
the kaon. Since the necessary tracking could easily be done to a 
precision of better than one millimeter, dispersing the beam over a 
centimeter allows a luminosity increase of better than a factor of 
10.

Among the features of a facility incorporating a forward angle 
electron spectrometer, we note the following:
a) thin samples and low luminosity, leading to good resolution;
b) separated isotopes, feasible because of small target size and 

thickness;
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Fig. 12. Population of the 1“ and 2 ground state doublets of 
A B by (6,6* jK*1").

c) beam dispersion to improve count rate, stability, and 
resolution;

d) a low hadronic background, allowing hypernuclear decay measure­
ments and the use of decay tags for background and quasi-free 
suppression.

With these considerations, the suggested parameters for the 
"FREEK" spectrometers are given in Table I.

Table I. Fine Resolution (e,e’K) Facility

Electron Arm (or Leg) Kaon Arm

Pmax » 0.5 GeV/c *1.2 GeV/c

0 near 0° 5-20°
dR «1 msr 10 msr
Momentum Bite 0.4 0.1
Resolution io-4 0.5xl0~4
Length — »9m
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Fig. 13. The population of the ^16N 2~ level at 3.6 MeV for 
various 0e, 0^ angles, in (e,e',K+). The calculation assumes a 
solid angle, AQe, of 2.2 msr, an electron momentum of 4 GeV and Ey 
- 1.2 GeV.

We advocate the choice of (y ,K) on C leading to the 1 and 2~ 
states of as an initial experiment. Besides providing a ver­
ification of the count rates and spectrometer performance, important 
information on the spin dependence of the A-hyperon-nucleon poten­
tial in a nuclear medium is obtained, if sufficient resolution per­
mits the splitting of this doublet. Table II lists the parameters 
and rates of this experiment. With the beam dispersed in y to form 
a strip on target 100p wide by 1 cm high, an estimate of the count 
rates can be made.
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Table II. Count Rates @ Eq = 1.7 GeV/c; 0e = 0°

y flux 6.OxlO2 photons/MeV*/sec
!() lp.A*
da/dQ 55 nb/sr
(Ap/p)e 0.4
(dQ)K 10 msr
eK survival 0.4
target 100 mg/cm2
ef f 0.7

12C(y,K+)A12 B

1“ state 30/hr.*
2~ state 90/hr.*
Total to GS doublet 120/hr.*

*Beam Dispersion Factor = 10

In summary, we recommend:

• A study of elementary (e,e'K) amplitudes over a broad range of Q2 (4-momentum transfer). This could presumably be done at the 
Large Acceptance Spectrometer, provided that a forward angle 
spectrometer is added to that device.

• The establishment of a high quality, forward angle, (e,e'K) 
system featuring high resolution and high rates through use of a 
dispersed beam on target.

• A test of the system with the reaction ^2C(y,K+)^12B leading 
to the 1~,2~ ground state doublet.

Finally, we believe that the answer to both questions—is it 
significant to do y,K? and is it practical to do y,K at CEBAF? is a 
resounding

YES!
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(e,p) Parity Violation Program at CEBAF

R. Carlini
Los Alamos National Laboratory, Los Alamos, NM 87545

R. Siegel
College of William & Mary, Williamsburg, VA 23185

PHYSICS MOTIVATION

All existing weak interaction data is consistent with the standard model to the level of 

present experimental accuracy. However, it is generally felt that the minimal standard model is 

incomplete and new physics could appear at a mass scale as low as a few hundred GeV. A high 
precision, low q2, measurement of sin20w in the quark sector, together with such measurements 

in the electromagnetic and lepton sectors will provide as complete as possible a constraint on 

higher mass Z's and other phenomena. Measurements are required in ali sectors because 

theoretical extensions to the standard model allow new physics to manifest itself somewhat 

differently in the three sectors. In addition, a trinity of experiments is essential to verify and/or 

uncover any bad measurements.

The goal of a next generation (CEBAF) polarized (e,p) program is to do high precision 

measurements with the hope of: •

• Measuring sin20w to a new accuracy .This requires an (e,p) asymmetry measurement to a 
few % in order to obtaint Asin20w/sin20w to better than 1%.

• At the 1% level, the measurement is sensitive to radiative corrections and higher-order 
charged and neutral-current corrections. This tests assumptions about the 
renormalizability of the Standard Model. No complete analysis of these corrections exists, 
but they probably modify the q2 dependence of the general relations. Low q2 
measurements of sin20w complement high q2 measurements and are needed to yield 
quantitative information on these corrections.

• Setting a strong lower mass limit on a second Z .
• Is the Standard Model correct in the low-energy strong coupling regime of strong 

interactions?
• How accurate are some of the most basic assumptions of nuclear physics, such as CVC, 

the lack of second class currents, and isospin invariance?
• Measure weak neutral structure functions F-j (0), and Fa^). These test some of the 

basic assumptions of the Standard Model. For example, if both proton and neutron 
structure functions are measured to determine the isovector part, one should find;

[Fi(°)]isovector = {l-2sin20w) . [ Fiem]

at all q2, which follows from CVC.
• Perhaps uncovering new physics?
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IN THE E6 MODEL
What will a high precision low q2 (e,p) parity violation experiment contribute to the mass 

limit on a Z' within an E6 Framework? Lykken1 has done as estimate having assumed that null 

limits will be obtained from the high precision experiments listed below:

• Mz measured at SLC and LEP to ± 50 MeV.
• Mw/Mz measured at CERN with ACOL or Tevatron combined with the above 

experiments gives Mw to ± 200 MeV,
• AFB, forward/backward asymmetry in e+e~ => Z°=> |x+p- to be 

measured at LEP with accuracy of ± 2 x 10*3.
• R, measured at the Los Alamos LCD to ± 2 x 10‘2.

One must also assume that the top quark is found and Higgs mass not too big, so 

standard model radiative corrections can be accurately calculated. For this discussion we will 

ignore atomic parity violation experiments since their theoretical interpretation is difficult. We will, 

also, ignore semileptonic experiments which have theoretical uncertainty of ± 3%.

Definition of Parameters Mz',0i, 02, and X in Eg Model

Mz- = Mass of Second Z
02 = mixing angle between Z° and Z'.

M2z° - M2z> = ( M2z- - M2z° ) tan2 02 

M2° = measured mass

^ = 92/ 93

01 s mixing angle between hypercharge eigenstates.

Z' => Y = cos 01 Y' - sin 01 Y"

The Tevatron could produce Z directly if XMZ < 300 GeV. Note if X. « 1 then Tevatron 

limit may be poor at certain hypercharge mixing angles 01. If any of these experiments shows 

evidence for another 2, then information concerning its manifestation in each sector becomes of 

critical theoretical importance. Figure 1 shows the results of Lykken's calculation on the effect an 

(e,p) parity violation experiment (at a 02 =.2) would have on the lower mass limit of a Z with and 

without the Los Alamos LCD, respectively. The conclusion is that the limit set, within the E6 

model, by a 1% (e,p) experiment is somewhat stronger at all 01 than can be set by the proposed 

Los Alamos LCD experiment.
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Lower Bound on Mass of Z'
1,000

1 tJ1 2
HyperCharge Mixing Angle

Lower bounds on mass of Z' in Eg model with:
sin2ew = 0.225, 02 = 0, X = 1
Assumes null results on all experiments.

Curves:
(a) Expts. are: measured to ±50 MeV

Mw measured to ±200 MeV 
Forward/backwards assymetry 
in e+e" =* p+n_ to ±0.2%

(b) As above but including LCD measuring R to ±2%.

(c) As in (a) but including (e,p) results assuming both 
ae(2Vu -1/2V^) and Ve(2au -l/2aj) are extracted totS'%

(d) As in (c) but (e,p) accuracy to ±2%.

(e) As in (c) but (e,p) accuracy to ±1%.

(f) Upper bound on what Tevatron can see 
assuming integrated luminosity 10pb"1,
Z* decays only into standard fermions.

(g) As above, but assuming T decays into 
full 27’s of fermions and superpartners.



INTERPRETATION OF THE DATA

The parity violating asymmetry can be expressed in terms of q2, electron energy, electron 

scattering angle and structure functions as given below.

Ap s [ daft - daft] / [ daft + daft] = -Gq2/V2(4rca)£ • {

F-jY.P • [(1-4sin29w) F-jY.P- F^.N]
cos(9/2) • [ ]

+ q2F2Y.p • [(1-4sin2ew)F2Y>p - F2TN]

+2sin20/2 • (q2/4M2) • G|^Y.p • [ (1 -4sin20w)GMY.p - GyY.N]

-sin20/2 • (ei + e2) / M • GMY.p . (1-4sin20w) • FA(0).p}

Where,

t, = cos20/2 • [(F^2 + q2 (F2Y)2] + 2sin20/2 • [q2/4M2] [FiY+2MF2Y)2

Gm s F1 + 2M F2 
e = Electron initial / final energy

q2 = 4 Momentum

0 = Scattering Angle

F-jY = Charged Structure Function

F2Y = Weak Magnetism

P = Proton

N = Neutron

ft = Polarization Direction

As Ap is very sensitive to 0, E, q2 and the target (LH2 or LD2) an experimental 

separation of the various contributions is possible, and by varying the q2 at which the 

measurements are taken different terms can be isolated and extracted. This provides the 

experiment with internal cross checks that allow detection of any fundamentally wrong physics 

assumptions, such as the effect of strange quarks.
A critical question is how accurately can sin20w be extracted from the observable 

scattering asymmetry. Pollock2 has done an analysis of the uncertainties introduced by each of 

the terms in the expression above at a q2 of .2 GeV2, and has concluded that the existing
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experimental uncertainty in the neutron form factor G^e will be the limiting systematic uncertainty 

in the extraction of sin20w. Fortunately, one of the major goals of the CEBAF program is to 

measure basic form factors to better accuracies. Even with todays very poor knowledge of the 
neutron form factor the systematic error it contributes to sin20w is only ±2.6%. With conservative 

assumptions about improved measurements we can contemplate an Asin20w/sin20w 

measurement having well under 1% systematic uncertainty.

ACCELERATOR RELATED REQUIREMENTS

A stable reliable polarized source is essential to conduct this program of research. 

Present sources can achieve approximately 40% polarization, but even this is non-trivial. However, this is 

sufficient with a 2 GeV electron beam current of 100 pA . There is, also, the possibility of new polarized 

electron sources that might provide 80% polarization.

A continuous precision measurement of the beam energy and a servo system to apply a 

correction signal to the Klystrons supplying power to the rf cavities wil be required. Laser 

backscattering is the likely choice to provide this continuous beam energy monitoring. Its 

advantages include:

• Laser technology is currently sufficient,
• Valuable to entire CEFAF program,
• Non-destructive to beam.

Figure 2 shows a schematic of a possible apparatus. A suitable location must be selected 

to allow maximum benefit for all users. Fortunately, high beam quality is intrinsic to 

superconducting linacs. This includes little or no beam halos, large apertures, and stable 

operation. In order to take maximum advantage of these features it is essential to interface the 

experiment to the accelerator at an early stage. This will result in the least effort and 

expense, and will not require the experiment to work around, usually with great difficulty, 

what at a early stage might be some arbitrary or minor machine design criteria.

BEAM MONITORS AND CONTROLS

It will be necessary to monitor and control beam intensity variations and apply a 

correction signal to the polarized source. Control systems for beam motion, phase space, and 

residual transverse polarization will, also, be required. Generally, such systems exist within
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Laser Back Scattering

Primary Electron Beam (100 p. A)

E = Beam Energy 
Kf = Backscattered 

f Photon Energy 
rn = Electron mass 
K. = Laser Photon Energy

K I ST!

Primary Electron Beam

Photon Detector

Laser
(18 watt Ar ion)
(100 watt KrF - 248 nrr

E(GeV) MK|)
(nm)

8 Kf
■(max)

(MeV)

0.25 500 0.01 002.5
1.00 500 0.04 038.0
4.00 500 0.15 520.0
1.00 196 0.10 087.0
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accelerators, but parity experiments usually require greater accuracies than equipment 

designed to serve solely as accelerator diagnostics.

It will be necessary to determine an optimum helicity reversal rate in order to minimize the intrinsic 

noise spectrum of the beam. Several philosophies exist on this subject, and the final decision can be 

made only after studying the properties of the actual beam. A rapid reversal (KHz) of the beam helicity has 

the advantage that the experimental conditions will not change significantly between helicity reversals. 

However, the statistical sampling is poorer. A slower reversal rate (1 sec) provides the great advantage that 

a much wider band-width for all servo systems can be used, and this technique is readily applicable to non- 

pulsed machines, such as CEBAF.

TARGET CONSIDERATIONS

A LH2 or LD2 target 10 to 20 cm in length to be used with 100 pA of 2 GeV electrons appears 

possible based on extrapolation of existing SLAC and BATES target. Such targets are limited by peak 

current local heating and the CEBAF target will probably require a vertical flow path for the 

cryogenic liquid.

POSSIBLE DETECTORS

A focusing toroid spectrometer, shown in Fig. 3, is one candidate detector for the parity violation 

program. Its advantages include:

• Strong gradient fields =* Short focal length,
• Large AD. for a given q2 range,
• Large <j) range,
• Highly symmetric detector - which is critical for systematics,
• Sufficient momentum resolution to exclude unwanted processes (i.e. Inelastic),
• Pb glass detectors compatible with either counting or analog current integrating 

techniques.
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Focusing Toroid for e + p =» e + P

Ring of Pb glass Cherenkov detectors (~15 m)
>100 Elements

e + p => e + p 

missing mass focus1

= 2 GeV
= (.35 -.50) GeV/c

Collimator

1 m Target
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An experiment based upon this detector would have the following characteristics:

Beam Energy:
(Limited by practical fields)

2.0 GeV Maximum

Luminosity:

(100 joA on a 10 cm LH2 target)

2.5 x 1038 cm'2 sec?

<() - Coverage: 60%

Beam Time:
1,000 hours at (q2 = .3)

Ap = -.3 x10'4 * q2

Nominal Precision: AAp = ±4x10'7

The beam time required for ancillary systematic measurements is typically Inverse to the figure of 
merit = Ap2 • da/dO, and nominally is equal to the measurement time.

Another exciting detector concept would be to employ a true (e,p) elastic coincidence detector. 

The kinematics of the reaction appear to make such a detector attractive. The elastic scattered electron is 

at 16 degrees in the lab frame, while the proton is at approximately 80 degrees, and has a non-relativistic 

kinetic energy nominally of 150 MeV. The micro-structure of the CEBAF beam should prove useful in 

separating protons from the background produced by the gamma flash. This detector concept is in 

it's infancy, but could significantly reduce the cost and running time of such measurements.
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DATA COLLECTION PHILOSOPHY

Parity violation experiments require high statistics and two techniques have been traditionally 

employed to measure the asymmetries. Scattered particles can be counted or the analog currents in 

detectors, which are proportional to the number of particles, can be measured to record the data. There 

are advantages (+) and disadvantages (-) to each approach. These are summarized below:

Counting Scattered Particles:

Dead time effects have to be carefully handled,

+ Easy separation of elastic events.

Analog Current Integrating Techniques:

+ No dead time problems,

+ Simpler overall electronics,

Depends on magnetic/geometrical selection of 

elastic events.

At a continuous beam accelerator either or both techniques should be applicable for these 

experiments.

PARITY VIOLATION SCHEDULE

As a result of the 1987 CEBAF summer workshop a tentative experiment schedule was 

generated. This is given, below, as a function of calender year.

87 88 89 90 91 92 93 24§5
Proposal
Collaboration

Polarized Source 
Beam monitors 
Detector design 
Data acquisition 
Prototype

LH2 Target 
Construct detector 
Polarized source studies

Beam tests 
Data Acquisition
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CONCLUSION

A major accomplishment in physics in the last fifteen years has been the success of the 

electroweak model of Glashow, Weinberg, and Salam in describing the unification of the 

electromagnetic and weak forces. The CEBAF parity violation program will constitute a major 

test of the validity of, and extensions to the standard model of electroweak unification.
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A Program Collaboration for Hall C 
Donal Day

Institute of Nuclear and Particle Physics 
University of Virginia

Prior to and during this workshop members of the CEBAF users community have 
discussed a Program Collaboration for Hall C. The motivation for these discussions has 
been the fact that some of the highest priority physics have experimental requirements that 
are not met by devices presently planned for Hall A or Hall B. In addition the laboratory 
has encouraged the formation of user initiated program collaborations by the set aside of 
5M dollars for experimental equipment in Hall C and by the organization of this workshop 
itself.

This paper is a summary of our discussions.

High Priority Physics

When the future of our field was being studied, the experimental requirements of several 
classes of experiments were written down so as to determine the necessary machine 
requirements in terms of the energy, current, and duty factor. The machine being designed 
and constructed today will have the capability of providing very high average currents into 
the experimental halls. When the electrons arrive in the end stations the experimental 
quantities of greatest interest are the rate handling capability of the spectrometers, their 
particle identification ability, the luminosity, and the solid angle.

It is useful to write down now some of the physics areas we believe are representative of 
the highest priority physics and their critical experimental needs.

Baryon Resonances
• High Luminosity
• Large Afl
• Large Ap/p
• Polarized Targets
• Long targets and large out of plane angles
• Small and out of plane measurements
• Polarized beams
• Moderate Resolution, AE/E ~ 10"^

Two Body Currents
• High Luminosity
• Small 8e
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• Large AQ
• Neutron TOF
• Long Targets and out of plane measurements
• Moderate Resolution, AE/E ~ 5.10"^

N in Nuclei
• Multihadron (=2) detection
• Long Targets
• High Luminosity
• Polarized Beams and Targets
• Moderate Resolution

Form Factors of Simple Systems
• Polarized Targets
• High Luminosity when not using polarized targets
• Large AH
• neutron detection

Few will argue that the above list constitutes a large part of the physics motivation for 
this laboratory. The question that we have addressed is whether this physics can be done 
with the facilities presently planned for Hall A and Hall B. Based on initial studies it 
appears that additional facilities are required. For example, if one compares my short list of 
requirements with the expected capabilities of the LAS, we find that it is generally unsuited 
for experiments that require a high luminosity, and the 4tr solid angle is not useful when 
studying reactions with correlated final states. Improving the luminosity of the LAS might 
be possible through design changes, as can it’s electron identification properties. I believe it 
would be unwise to force this burden on the LAS. An attempt to make the LAS do what 
every physics program needs, would produce a device that is not optimized for any.

The spectrometers in Hall A are being designed for high resolution and have small solid 
angles, a limited Ap/p, and present intractable problems for a polarized target with a B 
field perpendicular to the beam. Of course, a frozen spin target could be used but the 
combination of low power dissipation (meaning small average currents on target) and the 
small solid angles would preclude any experiment with low count rates.

What is To Be Done?

The laboratory has already given its approval to the LAS and the high resolution 
spectrometers in Hall A. The reasons for this decision are clear. Those devices will allow a
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substantial portion of the most interesting physics to be done; survey experiments and real 
photon scattering in the LAS and high resolution (e,e’p) work in Hall A. The Program 
Collaboration we have been talking about must study in detail the capabilities of those 
devices in regard to the physics we find interesting and motivating. Can acceptable changes 
in the designs of Hall A and Hall B spectrometers we made that would preclude the 
advantages of addtional faciltities.? At the present stage this does not appear to be 
possible. We should proceed with a concerted effort to detail the common needs of the 
physics we outline and design an excellent facility for Hail C.

Hall C Experimental Facilities

A Program Collaboration is defined by the experimental facilities necessary to complete 
experiments, though they may have widely different physics goals. The first question we 
must answer is whether theres exist a common demoninator of experimental requirements 
among the physics classes listed above. It appears that there is. Based on discussions at 
this Workshop and work done previously we believe that it would require two spectrometers 
in Hall C of moderate resolution. One possible configuration would be an electron 
spectrometer should with a solid angle of 10 msr and a Ap/p of 0.5 and a hadron 
spectrometer subtending 50 msr and accepting a wide range in momenta, Pmax/Pmjn > 2.

A crucial element of the experimental facilities for Hall C would be flexiblity. We must 
design a system that would allow neutron detection, additional detectors (e.g. silicon strip 
detectors) to be added, and the ability to go to small electron scattering angles and out of 
plane at the same time.

Conclusion

The facilities presently designed for Hall A and Hall B are exciting and promise to 
produce important results. We believe that there is some very high priority physics for 
which those devices are not well suited. A serious effort must be made to evaluate the 
need for additional facilities to be built in Hall C.

The worst thing that could happen is that attempts be made to make the Hall A HRS 
spectrometers and the LAS in Hall B become something they are not. Promises about 
perfomance are easily made, and much harder to realize. What is worse is that this course 
could to the loss of Hall C itself.
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A UNIFIED THEORY OF PHOTO-PION REACTIONS 
IN FEW-NUCLBON SYSTEMS

M. Araki
Institut fiir Kernphysik, Universitat Mainz, 6500 Mainz, FRG

ABSTRACT

We present a unified theory of photo-pion reactions in 
two-nucleon systems (yd-pn, n°df and rtNN) and NN bremsstrah 1 ung 
(NN-»NNy) by taking into account two- and three-body unitarity.
The input to this theory is the two-body amplitude resulting from 
a coupled channel theory for nB-ntB and yB-mB, where B-N or 
A(1232). This formulation is carried through in the framework of 
the gauge and chiral invariant Lagrangian, which is obtained from 
the chiral bag model Lagrangian. In this way, the N and A are 
treated on equal footing as three-quark states.

INTRODUCTION

At low and intermediate energies, pions and isobars play 
significant roles in nuclear reactions, in particular, photo-pion 
reactions where exchange currents have an important role. Hence 
we need to include the interactions of the photon with nucleons, 
pions and isobars. At the same time, the pion rescattering and 
the vertex and mass renorma1ization need to be included in a 
self-consistent way to maintain unitarity. This can be achieved 
by applying the classifaction method of J.G. Taylor-*- for deriving 
equations that satisfy unitarity using the last-cut lemma. This 
lemma has been used to formulate equations for pion-nuclear 
reactions in few-nucleon systems: i.e., ftB-ixEr and

THEORY

We have applied a similar method, for the first time, to 
photo-pion reactions in single nucleon systems: i.e., yN-nN4 and 
yN-»yN. In these analyses the B-B pair contribution is excluded 
since the vertices are far off-shell and would suppress the 
contribution. In Ref.5, however, the quark-antiquark pair con- 
tribution® is incorporated, in a minimal way, into the equations 
for TtN-ntN, yN-*nN and yN-»yN. The resulting equations for nB-itB and 
yB-yB can be written in the form of the Lippmann-Schwinger (L-S) 
equation, in the standard two-channel formalism with obvious 
notations:

t
t

= V + V oO tnir nn nn nn
= V + t a o Vny ny nn ny
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We find that two-body (tiB) unitarity requires that the vertices 
and masses of V_n and in the S-channel be unrenormalized 
quantities, while those xn the other channels are renormalized 
ones by a further requirement of three-body (thiB) unitarity. This 
renormalization is carried out consistently with the requirement 
of unitarity to give correct pole structures to the amplitudes. 
The second Bom terms (i.e., Vnn and VnY) generate,
in the S-channel, mass and vertex renormalization terms and 
rescattering terms.

We will now apply the same technique to derive equations for 
yd-pn, TE°d, itNN amd NN-*NNy. ' All of the two-body amplitudes in 
this theory are derived from the coupled L-S equation as 
described above. We will show how the equations for yd-pn and 
NN-NNy can be derived in a consistent manner. We denote the amplitudes as follows: for BB*BB by T(n); BBt-nBB, F n ; BB^yBB, 
l'(n); uBB*BB, M(n>; mBBvyBB, ftA(n); yBB^yBB, I^<n) .The number in 
the parentheses in the superscript, represents the irreducibi1ity 
of the amplitude, i.e., one less than the minimum number of 
particles in any given intermediate state for the diagrams which 
contribute to the amplitude. Using the last-cut lemma we can write the amplitude tv a>tas

,<1>

<1)+

and are the BB scattering amplitude and the BB

(2)t+ T(l) G(l) j,(2)t
where T
propagator, respectively, and where the subscript C indicates 
thatonly the connected diagrams are taken into account. The connected part of f' ^ ^can be decomposed, using the last-cut 
lemma, in order to expose the three-body (nBB) unitarity cut. The 
full three-body (mBB) dynamics are taken care of by the AGS amplitude0 which is directly related to ^ , which is contained 
in l?c ^ . The physical amplitude for yd-pn can be derived by 
taking the residue of I' ^ , in the initial state at the deuteron 
pole, while the amplitude for NN->NNy results from the conjugate amplitude, ^ . The amplitudes for yd-*m°d and rtNN can be 
similarly derived from c 1 • In this way, we have obtained all 
photo-pion reaction amplitudes both in single and two-nucleon 
system®. The final equations can be written in the compact form 
in terms of the amplitudes for BB-ttBB. Readers are referred to 
Refs.4, 5, and 7 for details.
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AN INTERACTION IN y+d K+ + A° + n 
R.A. Adelseck and L.E. Wright 

Department of Physics and Astronomy, Ohio University 
Athens, Ohio 45701

INTRODUCTION

The knowledge of the hyperon-nucleon interaction is an essential supplement to 
the nucleon-nucleon force, since the additional degree of freedom introduced by 
strangeness wil1 help with our understanding of the strong interaction by probing 
parts of the interaction not accessible to conventional NN calculations and experi­
ments. The presence of a strange quark heavier than the u/d quarks also allows the 
study of quark effects in the nuclear force.

The experimental sources for the lambda-nucleon interaction are basically:
i) study of hypemuclei, ii) lambda-proton scattering, and iii) final state inter­
actions . In this paper we focus our attention on the third possibility. In order to 
extract detailed information from final state interactions, we need a well understood 
initial state, intermediate interaction (production process) and final state (except 
for the interaction of interest itself). Such a situation can be found in the photo­
production process of kaons from the deuteron whose wavefunction is described by

1) 2)realistic potentials such as the Reid ' or Paris potential. The production channel 
of the lambda proceeds via the p(Y,K+)A° reaction, which has been formulated covariantly 

by diagrams representing the exchange of p, A°, E° and their resonances in the s and 
u channels and of the K and K mesons in the t channel. The coupling constants are 
determined phenomenologically by an analysis of the existing data in the energy range 
of interest. In the final state there are three very different particles interacting 
with each other making it possible to distinguish their respective interactions. The 
KA interaction is completely taken care of through the elementary production operator 
which leaves only the KN and AN interactions and since the K+-nucleon interaction is 

very weak, we neglect kaon distortions to lowest order.
We find measurable final state interaction effects in the inclusive (y,K+) 

reaction as well as in the coincidence cross section (y,K+ A0).

METHOD
For the production process we take the proton to be on its mass shall (E2 = M2+p2) 

and for the neutron we use the spectator nucleon model,^ which requires low neutron
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momenta. However, this is guaranteed because large cross sections occur only for 
low momentum components in the deuteron wavefunction, which we calculate from the 
Paris potential as described in reference 2. The cross section in the rest frame of 
the deuteron (l.ab system) can be written in the form

da (1 + —S- cos 6 ) ItKpJ I2 ds p dael CD

dael (20 ‘

M M.
eJL

4EaekPy,pp

f4) d3PKd2p
U(PA) V u(Pp) CPp+PY-PK-PA)-(2iP

A

where p. = (E-, p•) is the four momentum of particle i, tp(p ) is the deuteron wave- iii . . . 4 n
function in momentum space (p -pp) and TyK 

3,4)

is the elementary production

operator given in many references.'0"'' Since we are mainly probing the low momentum 
components of the wavefunction, we are only sensitive to the peak of the s-wave part 
and thus our results are not very sensitive to the potential used for the deuteron.

For the AN interaction potential we consider a Yukawa form with a cut-off at 
short distances^ and the type 3 potential of Verma and Sural"^ which is a super­

position of an attractive and repulsive Gaussian shape potential (Figure 1).
0 for r < d

(2a)
for r > d

-1
-VA exp(-vr)/vr

where V is the two-pion range 1.3992 fm , and

V2 = -VA exp (-r2A2) + VR exp (-r2/X|) (2b)

Both potentials are fitted to reproduce the experimental values for the singlet and 
triplet scattering length and effective range parameters. Furthermore, reproduces 
the binding energy of the hypertriton. The low energy parameters used in both papers 
differ slightly because of the poor experimental data but are comparable. The singlet 
and triplet parameters used are given in Table 1. Using a given interaction potential 
we calculate the distorted wavefunction of the relative A-n motion by numerically 
solving the Schroedinger equation.

DISCUSSION
81Although a previous report J on the hyperon-nucleon interaction in the deuteron 

photodisintegration only considered the s-wave interaction, we find it necessary to
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4 *. Vr X f
(fa) (M«V) (f«> (MeV) (fm)

Vj singlcc 1.017 204.1
triplet 1.180 223.3

Vj *togi«t 167.34 1.10 246.80 0.82
triplet 132.41 1.10 181.63 0.82

!a i

FIs. 1 Coap arIson of eh« alnglec potential* for 
Vl (dotted curve) and Vj (dashed curve)

include the lowest four partial waves. The s-wave interaction does provide much of 
the strength but it only accounts for about 80% of the total effect. It is not clear 
if reference 9 includes higher partial waves.

Figure 2 shows an angular distribution of the A* in a (y. KA) coincidence experi­
ment. The photon and kaon have been taken to be parallel to obtain maximum cross 
sections. The final state interaction is responsible for an enhancement of the cross 
section by about a factor of 10 near the threshold for the given kinematical variables. 
In the forward direction one finds an increase of about 20%. This same trend can also 
be seen in Figure 3 which shows the inclusive (y, K+) cross section. Again the kaon 

has been taken to be in the forward direction. In general the AN interaction consider­
ably enhances the cross section near threshold while suppressing it at higher energies. 
Both potentials produce about the same cross section which is not surprising since they 
have been chosen to give the same low energy parameters and hence the same s-wave 
contribution. However, the d(y, K+)A°n process does have some contribution from higher 

partial waves and hence may be capable of distinguishing different AN potentials.

This work was supported in part by DOE Contract No. DE-AC02-79ER10397-08.
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Fig.2 Angular dlstrlbuclon of eh« exclusive
cross section (7,RA). The solid curve Is 
a ealeulaclon without any final state 
Interaction, the dotted (dashed) curve 
has been calculated using Vj (V2).
(d3o - d3o/<ip*/<in«/<inA)

. - 12G0 HeV 

861.28 HeV/c, O'

Fig.3 Comparison of the energy dependence of 
Che two potentials. the same coding as 
In Fig.2 has been used.
(d2o • d2a/dpf/dO*)
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THE EXPERIMENT OF APPLUNG PLASMA CHEMICAL REACTION AND NOK-PUSKA CHEMICAL HEACTIOJ

IS THE HIGH FEE®Hid 10S SOURCE
BA1 GUI BIN

Institute of low energy nuclear physics Beijing Normal UniTorsity

Abstract

The experiment result of appling halogen plasma chemical reaction and non-plasma chemical reaction are different 
in the R.Folon source^ ^the etching rate of the plasma for metal is higher than that of non-plasma.When the plas­

ma chemical reaction Is applied,the metal ion content proportion is larger in ion beam and the effect is very well, 

by reason mainly that there are ouch more high energy particles and activated particles presented in plasma.

Z. The experimental structure and the working principle.

For comparing the difference of the plasma chemical reaction and non-plasma chemical reaction,condition of com­

paring them mmt be created,the structure used in this experiment Is shown in Fig.I. Flg.I-I,I-2,I-l,I-4,1-5 are fi­
ve tungsten sticks, they are cuted from a tungsten pole with same diamster,they are all put into a discharge chamb­

er, I- I is exposed in the plasma,and is at a negative potential.1-2 and I-I are a pole,at a negative potential too, 
but it is shielded by a quarts glass tube with an internal diameter (Munm. 1-3 is shielded by a quarts glass tube w- 

ith an internal diameter s*tam, and freely set in the plasma region,it is not directly exposed in the plasma. 1-4 is 

directly exposed in the plasma. 1-5 is at a positive potential,it is not shielded too.
After the halogen family element ( or the halide )enter the discharge chamber,it is ionized by a high freouen- 

cy electromagnetic field,and the plasma is formed.chemical reaction is caused in it with five metals pole at the sa­

me time.The reaction is go on at certain entering gas quantity and under a same discharge power condition with the 

same time of beginning and ending.

2. The experimental results

2.1 The comparlsion of the results of chemical reaction for the five metal poles with the halogen.

The changing rate of the diameter of the metal poles is measured in experiment for many time and the variation 

of them is different.The changing rate of diameter is the reduction quantity of the metal pole in diameter after the 

chemical reaction of the metal pole with the halogen during a definite time.The rate of 1-3 is the least,it is used 

as a criterion for the datum,with which the rate of others is compared.Because I-2and 1-3 are in a roughly similar 

condition, their change are indentical. 1-4 is fpur to six 

time as large as 1-3. 1-5 is six to ten time as large as 1-3.

I-I is 3 more orders of magnitude than 1-3.

2.2 The case of extracting matal ion by the use of the s- 

tructure 1-3 and 1-4 respectively.

(1) The experimental results of using structure 1-3 is 

showed in Fig.2 and Fig,3.
(2) The experimental results of applying structure 1-4 is 

shown in Fig.4 , Fig.5 and Fig,6.

One can see from experimental results in both sase that 

when the plasma chemical reaction is applied,usefull metal ion 

content proportion is higher in the ion beam than that of non­

plasma range chemical react ion.When form 1-3 is used, P^anmller 

than 10 $ in total ion beam^ makes up only £ f and T-,'*’

can not see in ion mass spectrum. Whereas when form 1-4 is used,//
Ag makes up 40 ?, T* make8 UP 67 * and W+ makes up 50

3. Discussion
The experimental results has showed that the etching rate 

of the metal exposed in plasma is higher than in quartz tube, 

therefor wanted the metal ion content proportion higher in 

ion beam.The reason is that lonizetion rate is higher in pla­
sma than in quartz glass tube ( or non-plasma range ) and th­

ere are many favourable factors present, specially more high

Fig.I The structure for processing plasma 
chemical reaction and non-plasma ch­
emical reaction in the R.F.ion source.

|I) (2)(3)(4)(5)are tungsten poles) 
{6)ths discharge chamber made of quar­
tz glass; (7)ths coll of the R.F. os­
cillator.
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energy particles and 

activeted particles.

3.1 The higher 

energy of the electr­

ons in plasma.
The electrons wh­

ich constitute about 

one half of the amout 
of charged particles 

possess higher energy 
by I to 2 orders of

.. . (3)(A).h-„ magnitude than
the molecules, the ato­

ms and the particles 
in glass tube in the 

same plasma. The ele­

ctrons in plasma are 

the most active ones 

in all particles.The

energy increase in the discharge chamber is essentially tranafered 

by electrons which make the molecules resolved,the atoms and the mo­

lecules etc. activated and ionized.

3.2 More activated particles.

(l)The gas molecules of the halogen family elements are resolv­

ed easily into atoms in the process of their collisiion with partic­

les ( or bombarded by particles ) in plasma and will absorb energy.
For example, Br2 i.97ev

o a
The

2 3 4
current

+ Br

Cl2 2.48ev -Cl -I- Cl

For two Bromine atoms the energy Increases I,97ev which is more 

than that for one molecule (Br2).For two chlorine atoms the energy

increases 2.i*8ev which is more than that for one molecule (CljJ.The 

chemical actively of atoms is more Intensive than that of molecules 

and is liable to cause chemical reaction.

(2)The ionization rate in plasma range is much higher than in 

the tube shielded ( non-plasma range ).The atoms of the halogen are 

ionized into ions and electrons In the plasma.In this process, part

of energy is increased again.
„ , „ II.Bev „For example, Bp ■ ■ *-B

Cl 13 ev iCe.

When a Bromine atom Is ionized Into an ion (Bp) and an electron 

(e) (a pair of ion and electron ) the energy is increased by 11.8 

ev, while two atoms ( be a molecule ) are ionized Into two ions and 

two electrons, the energy are increased by 23«&«v +I.97ev”25.57ev.

For the same reason,when a molecule (CI2) is ionized into two 

ions and two electrons ( two pair of ion and electron ),tha energy 

are increased by 28.48ev.

12 3 4 5 6 7
The current of magnetanalyser

The ion mass spectrum of Ag+BF-j 
by using structure 1-3.

5 6 7 3 9 (A)of magnetanalyser
Fig, 2 The ion mass spectrum of P*1 +88^ 1*7 

using structure 1-3.
012 34 5 6 7 8 9 (A)

The current of magnetanalyser

Fig.4 The ion mass spectrum of Ag^. 
by using structure 1-4.

The current of magnetanalyser

Fig.5 The ion mass spectrum of Ta+BBr- 
by using structure 1-4.

The current of magnetanalyser

Fig.6 The ion mass spectrum of W+BBrj 

by using structure 1-4.

The fact that ions Join chemical reaction Is a Important characteristic of the plasma chemical reaction. The 

ability of the ion acquiring electron are stronger than that of molecule and atom, so It is more easily to take p- 

lace for the chemical reaction with the metal.
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(3) There are such atoms ( or molecules ) in excited state In the plasma than in the non-plasma in dis­

charge chamber.The excited atoms ( or molecules ) also possess more energy than the non excited ones. It can be ca­

lculated from formula
such as, -j^GKcited state ) j.feev energy more than Ta , state energy more than

One can know that great quantity of the excited state particles are present by the plasma light. For the excited 

particles the chemical reaction is easily to take place than the non excited ones.
3.3 The duo-pole diffusion effect^ is an inherent physical characteristic at the boundary between the plasma 

and the suspension metel. Owing to this nature, (l)An amount of the halogen contact with the metal is increased; 

(2)particles flowing to the surface of the metal from the plasma have definite energy which causes the physical and 

chemical sputtering at the surface of the metal.This is a factor of the fact tnat the plasma range chemical reac­

tion is faster than in the non-plasma range.
The duo-pole diffusion effect had bring into profitable play in the prossess of extracting metal ions from R.F. 

ion source when the plasma chemical reaction is applied.
Above mentioned factors and other beneficial factors existed in the plasma make the diameter changing rate of 

1-4 be 4 to 6 time as large as 1-3, and make structure 1-4 the extracted metal ion percentage in ion beam higher 

than form 1-3.

3.4 To utilize advantageous condition in plasma more full, several theusand voltage difference is added be­

tween the 1-5 ( positive electrode ) and the I-I ( negative electrode ) by outer power supply at the discharge cha­

mber. (I) many positive ions of the halogen are forced to shoot towards I-I, make many electrons and negative ions 

flow to 1-5, the contact number of the halogen element particles with the metal much more increased. (2) When the 

high energy particles bombard metals, the chemical reaction occures rapidly and the physical and chemical sputtering 

are more obvious. Therefore, the diameter changing rate of I-I is 3 more orders of magnitude than 1-3, i.e. the diame­

ter changing rate of I-I is 3 more orders of magnitude than 1-2, but I-I and 1-2 is at the same tungsten pole, only 

the 1-2 is shielded by quartz glass tube. This explains that the conductance is no good in quartz glass tube, in other 

wjrds, the ionizing rate is low. Although I-Iand 1-2 is at the same pole and at the same negative potential, the res­

ult have authentically 3 order difference of magnitudes.

The techniques of the plasma chemical reaction and the sputtering adopted in R.F. ion source are very effective 
for extracting the high melting point metal ions. The ions have been extracted are : OH OJ, pt, 4, it K

C?, Tit Vt Pe* cj Alt Si* Bet BC H Ga^ Ndt ct> kt and 80 on*

This two techniques had been applying in 400kev ion implanter at beijing Normal University.

4. Concluding remarks

The application of the plasma chemical reaction and the sputtering in R.F. ion source has its own merit, since 

for the R.F. ion source the quartz glass discharge chamber is used,while the chemical property of the quartz glass 

is more stable than that of raotals and the metals that is no need to produce ion can be shielded, then the useful 

metal ion content is higher in the drawn ion beam. This method is simplicity and convenience. The noble metal can 

be economically used. This technology can be used at equipments with R.F. ion source simply some improvements are 

being made. The technology can be used to conduct mass spectrum analysis for certain plasma polymer.
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QCD at Low and High Momentum Scales
L.S. Celenza, Chueng-Ryong Ji, and C.M. Shakin 

Department of Physics and Center for Nuclear Theory 
Brooklyn College of CUNY 

Brooklyn, N.Y. 11210

An attempt is made to understand the interrelation between 
modern relativistic models of nuclear structure and QCD in the low- 
momentum domain, where quark and gluon condensates play an important 
role. We make use of the auxiliary (bilocal) field technique and 
also perform a Fierz rearrangement of the interaction, after inte­
grating out the (gluon) gauge field. In the limit that the gluon 
(dynamical) mass which is generated by gluon condensate is large, we 
obtain the Lagrangian of the Nambu-Jona-Lasinio model, which is 
known to give a good account of the dynamics of chiral-symmetry 
breaking. The replacement of QCD by an effective theory involving 
various auxiliary fields (0-", TC »&)*•*) is meaningful in the low-mo­
mentum scale where the dynamical masses, M^(Q^) , and the rtinning 
coupling constant oLs(&) can be approximated by constants. As the 
momentum scale Q^ becomes larger, M^(q2) and o£s(q2) become smaller. 
Perturbative QCD may be valid in the regime where the higher-order 
contributions in M^2(q2)/q2 and 0Cs(q2) can be neglected. However, 
the recent perturbative QCD phenomenology for the proton Dirac form 
factor indicates that the nonperturbative effects from quark and 
gluon condensates and their consistent treatment are crucial to give 
agreement with the experimental data for the normalization and the 
Q^ dependence of the form factor in the region 10 (GeV/c)^ < Q^ <
30 (GeV/c)2.

Because of the non-Abelian nature of QCD, i.e., the presence of 
cubic and quartic gluon interactions, the direct application of func­
tional methods in QCD is limited. However a recent analysis of 
strongly coupled QED is suggestiveThe study of an approximate 
Schwinger-Dyson equation indicates that one may have a confining 
phase above a critical coupling constant ( q( J 0(c m 7£/3). There 
is also a large body of work that deals with chiral symmetry break­
ing in QCD using an approximate Abelian theory.2 Motivated by that 
work, we wish to introduce an effective theory appropriate at length 
scales where dynamical gluon mass generation is important:

5 eff
aco

where
(1)

= AM
+ p** L fie*) + T/(*) Ap,oo] ,

-b ) 3 (2)
(Here ^ is a gauge parameter and TC(x-y) is the gluon self-energy 
arising from the coupling of the gluon to the gluon condensate.) 
Further,
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After integrating out the gluon field, and making a specific gauge 
choice, Eq. (1) becomes

sfa> = -4^*8-

+ pv $-cO . (*)
We substitute Eq. (3) into Eq. (4) and make a Fierz rearrangement of 
the interaction. For simplicity, we work in the Landau gauge and 
concentrate on the scalar-isoscalar term in the effective action.
We have, after the Fierz rearrangement,

where l./jf and J >

We now introduce the bilocal field (T"(x»y). Without changing the 
dynamics we can include a constant of the form

jtsk-3 f*f> [ iI i L<rw,j) - Dfi-j)fcoj‘^3 
11

in the vacuum-to-vacuum amplitude, fi#p point, we
have for the vacuum-to-vacuum amplitude.

(3)

etW=n J 5 '<■ ^

+ Jc*) [5^^ - Sir WaO J, (8)

«diere . Inclusion of a pion-like auxiliary field
would yield the more general result.

eiW - fi ftwOSp&SJ ^

•it rc^) oV-g) rc<4;+1 itaa; i>
+jw nt, a) ] ^|](9)

Equation (9) exhibits a manifest chiral symmetry. It is also worth 
commenting upon the limiting case, where we take the mass of the ex­
changed gluon to be quite large. Let us write

D6i-g)~ -SVjViaJ".

Then Eq. C5) becomes
£cOi;a^c>9 +

(10)
i Mf^a) ici)^ i

5 ciD
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if we also include the pion-like order parameter, as in Eq. (9).
Note that in the large-mass limit we obtain the Lagrangian of the 
Nambu-Jona-Lasinio model. If we include fields with the quantum 
numbers of the pion and the rho meson, as well as the scalar and 
vector fields, (d~,7T»p ,u)"*), we can create a phenomenological 
model which is highly successful indescribing nuclear properties. 
However, from the series of assumptions we have made, it is clear 
that the effective theory is only meaningful in the low-momentum re­
gion where the dynamical masses M^(q2) and the running coupling con­
stant 0(S(Q2) are "frozen” at large constant values.

As the momentum scale becomes larger, M^(Q^) and Cas(Q2) be­
come smaller. Thus perturbative QCD may be valid in the regime 
where the higher order contributions in M^2(q2) and (XS(Q2) can be

neglected. For example, in the large Q2 limit, an expression for a 
form factor may be factored and may be written (generically) as^“

F(&ZJ ‘ (i2)
Here the nonperturbative effects are summarized in the quark distri­
bution amplitude (fi (x,Q>’) . The hard-scattering amplitude can be ob­
tained by a perturbative calculation. However, it has been pointed 
out in the various analyses of the proton form factor that the non­
perturbative effects are significant and (j> (XjO1) should include 
the information concerning quark and gluon condensates (via QCD sum 
rules). Furthermore, the recent phenomenology also indicates that 
one should include various nonperturbative effects.^ For example, 
one can use a "frozen" coupling constant even in the calculation of 
% to give agreement (both in the normalization and the Q2 depen­
dence) for the form factor with the experimental data £ 10 (GeV/c)2 
<Q2 < 30CGeV/c)23.

In conclusion, our work represents an attempt to relate nuclear 
physics to QCD in the low-momentum domain. At higher momenta one 
may undertake perturbative QCD calculations. However, it is essential 
to include nonperturbative effects in a consistent formalism.
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Hypernuclear Magnetic Moment Measurements at CEBAF:
A Signature of Relativistic Nuclear Dynamics?

Joseph Cohen and R. J. Furnstahl 

Physics Department and Nuclear Theory Center 
Indiana University, Bloomington, Indiana 41405

Measurements of hypernuclear magnetic moments in systems with one A hyperon added to a 
closed-shell core of nucleons might dist [nguish between predictions of conventional nonrelativistic 
models and relativistic (a-w) mean-field models. These experiments are particularly suitable for the 
CEBAF hypernuclear program.

There has recently been an increasing interest in relativistic effects arising in 
models of the nucleus based on the Dirac equation with strong scalar and vector 
potentials. Of particular interest are observables for which relativistic predictions 
differ significantly from predictions in the traditional framework of nonrelativistic 
nucleons. However, unambiguous experimental signatures of relativistic dynamics 
have been difficult to find. We suggest that hypernuclei (and hypernuclear magnetic 
moments in particular) may provide a clear signature and that CEBAF is the 
natural place to carry out the relevant experimental measurements.

Relativistic models characteristically predict a reduced effective mass for the 
nucleon which leads to enhanced single-particle convection currents. The 
long-standing problem of enhanced isoscalar magnetic moments in nuclei with one 
particle outside a closed-shell core1 is a direct consequence of these currents. This 
problem has been resolved recently 2 in the context of the a-w (Walecka) model with 
the realization that the enhancement of the valence single-particle current does not 
imply an enhanced current for the nucleus; the response of the core to the valence 
nucleon generates a contribution to the baryon current that counterbalances the 
(Mn/M*) enhancement of the single-particle current. The end result is a return 
to the simple nonrelativistic Schmidt moment predictions for the isoscalar nuclear 
magnetic moments.2

Although relativistic and nonrelativistic models yield similar results, there is 
a significant difference between these approaches. In the relativistic picture, the 
isoscalar Schmidt values are obtained after a strong cancellation between the valence 
convection current and the contribution from the modified core, while they arise 
directly from the valence current in the nonrelativistic shell model (isoscalar “core 
polarization” corrections are small in conventional nonrelativistic models). This 
distinction leads to different predictions for hypernuclear magnetic moments.

We consider the addition of a A hyperon to a closed-shell nucleus, and apply an 
extended a-w (Walecka) model in the mean-field approximation. * In this model,

* Contribution to the CEBAF 1987 Summer Workshop. Supported in part by the National 
Science Foundation and the Department of Energy, 

f This model has also been suggested by J. V. Noble, Phys. Lett. B89, 325 (1980), and 
A. Bouyssy, Phys. Lett. B99, 305 (1981).
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the A hyperons couple to the same scalar and vector fields as the nucleons, but with 
different coupling strengths. In this case, unlike regular nuclei, the relativistic core 
response does not cancel the enhancement of the single-particle current due to the 
A. Furthermore, only the core response contributes to the hypernuclear magnetic 
moment.

Since the A is neutral, the A single-particle contribution to the magnetic moment 
of the hypernucleus is due to its anomalous moment only. In the extreme single­
particle shell model, this is the only contribution (for a A hyperon added to a 
closed-shell nucleus), and it gives rise to the “Schmidt value” [—(i/j + 1)ma for the 
A in a s te with j = l — 1/2 and ft a for j = 1 + 1/2]. However, the modification 
of the nuclear core will produce deviations from the Schmidt values, which may be 
an experimentally measurable effect. It could be an extremely interesting part of 
the hypernuclear program at CEBAF, where hypernuclear production by means of 
the (e,e,FC+) reaction is advocated.4

The relativistic hypernuclear formalism is a direct extension of the nuclear 
formalism. We start with a mean-field lagrangian density for nucleons and a 
A hyperon5 in the presence of a scalar field <f>0 and a vector field = (V0,V) 
[maintaining the three-vector component of is crucial in our discussion]:

£m,t = i'N M*'3" - sJK") - (M. -
+ - 0+'') “ (AfA 9m ^o)] V’A (1)

+ purely mesonic terms,

where the meson-baryon coupling constants for nucleons and hyperons may differ. 
To calculate the magnetic moments of the A hypernuclei,5 we follow the same steps 
as in the corresponding nuclear (nucleons only) calculation. In the absence of a 
self-consistent mean-field solution for the entire system (core + A), we use the core 
self-consistent solution as a starting point.

Using single-particle wave functions generated in the fields of the core to 
calculate the baryon current, we find an enhanced current due to the valence 
hyperon (because Ma —>■ = Ma — g£<j>o)- However, self-consistency requires
that the effects of the valence particle on the core wave functions be taken into 
account. The core response contribution to the current5 (which is as large as the 
valence particle contribution because all core nucleons are involved) is evaluated 
by summing the polarization insertions (RPA rings) computed with the nucleon 
propagator. We evaluate this linear response for an analogous system in nuclear 
matter (one A hyperon added to a filled Fermi sphere of nucleons in a large volume 
fi) and apply the result to finite hypernuclei in a local density approximation. * In

$ We have also evaluated the response directly for finite hypemuclei and find similar results to 
those presented here.
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nuclear matter, the core response involves only the mixing of positive- and negative- 
energy wave functions; this is a static response that cannot occur in a nonrelativistic 
theory.

The result for the total baryon (convection) current is 5

njB = ul(t,\)auA{t,x)
L . g$ (ffv/mv)2n0 l 
l 9? l-(9»/mv)sIIo/ ’ (2)

where Ho = p„ = and ££* = In Eq. (2),
Ua is a positive-energy Dirac spinor, kF is the Fermi momentum, and t is the 
momentum of the valence A. The first term is the enhanced valence-particle current 
(t/ [P + Mjl2]1/2 in nuclear matter). Unlike the nuclear case,2 the core corrections 
do not entirely cancel the enhancement of jB in hypernuclei, because the mass of the 
A and its couplings to the meson fields are different from those of the nucleon. Thus, 
the effects of the strong fields in relativistic models might be observed by introducing 
a strange particle into the system.

Furthermore, the effects of core modifications can be detected electromagneti- 
cally. The A single-particle convection current is not observed electromagnetically 
and the anomalous magnetic moment (pa = —0.613 n.m.) is not modified in the 
present model. However, the core response modifies the electromagnetic current 
and magnetic moment; in the present work we include this effect in a local density 
approximation.2 Applying Eq. (2), the total electromagnetic current is5

(J(£))

where Ua(x) is the Hartree single-particle solution for the A in the meson fields 
of the closed-shell nucleus. Using this current, we calculate the magnetic moment 
of the hypernuclear system. The first term leads to the Schmidt values for the 
hypernuclear magnetic moments (within 1%) while the second term produces 
deviations proportional to the strength of the vector potential. (They also depend 
on M*). Since the A is an isoscalax, these deviations are relatively free of ambiguities 
(e.g., no pions), and additional corrections (e.g., conventional core polarization) are 
expected to be small.

In this work we use the “finite Hartree” parameters from Ref. 6. To be consistent 
with good fits to available hypernuclear spectroscopic data, we choose the A-meson 
couplings so that gA/gr* = g^ fg™ — 0.4. (Note that the central A potential is 
weaker than the nucleon one and that the A spin-orbit splitting is very small in this 
model.) We emphasize that our results are not sensitive to the precise values of 
these couplings.

MA
2Mn

V x {£/|(£)^EI/a(2)}

m- (*)
9? 2

)
-1 (3)
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We have calculated magnetic moments for hypernuclei ranging from to 
2<^9Pb for a A added in a variety of single-particle states. Here the results for 
the Is i/2 A single-particle state, which is the most reasonable candidate for an 
experimental measurement, are compared with the nonrelativistic Schmidt values:

^Ca 9iZr 2^9Pb A -» oo Schmidt

-0.648 -0.665 -0.676 -0.681 -0.689 -0.613

(Results for the A in other single-particle states, where the deviations are larger, 
are given in Ref. 5.) Note that nearly the maximum possible effect on the lSi/2 
state is found in 2<^9Pb.

In summary, we find that a relativistic mean-field model predicts <^10% devi­
ations from the hypernuclear Schmidt moments predicted by nonrelativistic shell 
models and that the deviations are proportional to the size of the mean-fields. Thus 
the measurement of hypernuclear magnetic moments at CEBAF could put con­
straints on relativistic models as well as on the application of some QCD-motivated 
models to nuclei; * such experiments would provide interesting tests of different 
pictures of nucleons and nuclei.
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Neutral Pion Photoproduction on Proton Near Threshold

R. Davidson and Nimai C. Mukhopadhyay 
Physics Department, Rensselaer Polytechnic Institute, Troy, NY 12180-3590

First experimental results1 on neutral pion photoproduction from protons near thresh­
old (NPPT), of fundamental interest as rigorous tests of corrections to the low-energy 
theorems (LET) and current algebra, and relevant in the context of understanding elec- 
troweak structure of hadrons, are in. Mazzucato et al.1 extract the E0+ amplitude at 
threshold to be (— 0.5 ± 0.3), in strong disagreement with the value of — 2.47 predicted2 
by the LET, and with the previously inferred1 experimental value of (— 1.8 ± 0.6), all in 
units of 10_3/m*--l-. This is the first claim of experimental evidence for the large s—wave 
rescattering effects2 suspected in the E0+ amplitude.

We are primarily concerned here in examining uncertainties associated with the E0+ 
prediction of the chiral Lagrangian theory3’4, incorporating the LET and current algebra. 
We also look for possible inconsistencies in the analysis of Mazzucato et al.1

In an effective chiral Lagrangian theory3’4, the pseudovector nucleon Born terms in­
corporate the LET (Table I). To this, we can add contributions from t-channel vector 
mesons (p, w), s- and u-channel A and higher baryon exchanges, fitting extant multipoles 
for cm energies of 1100 and 1350 MeV. This theory yields real amplitudes at the tree level. 
Their unitarization is ambiguous; thus, these amplitudes can be taken as either a T or K 
matrix element, where T = K (1 — iK)-1. With T33 = sin 8 exp(i£), we have

Tzi « cos 8 exp (18) (if31 + t#32-^21/(l - ^22)), (1)

where channels 1, 2 and 3 are 7p, 7r+n and 7r°p respectively. We can either use the theory 
to compute (Tsi | and unitarize it by giving it the Watson phase 8, or compute T31 via 
(1). The latter produces the so-called “cusp effect” in the cross section5.

Table I shows our theoretical predictions for the real part of the multipoles for NPPT, 
in the form E0+ = a/mT+, Mi— = bqk/m3+, Mi+ = cqk/m3+, q and k being the cm 
pion and photon momenta. We find the cusp effect to be only important for Eo+- P11 
(1450) and Sn (1535) contribute less than 10% of each of these multipoles for NPPT. 
Thus, the chiral Lagrangian theory prediction of Eq+ remains in serious disagreement 
with the new value of Eo+ at threshold. However, its predictions for Mi-f and Mi— are 
in excellent agreement with experiment.

Two comments on the results of Mazzucato et al.1 are now in order. First, given their 
fitted multipoles, we get the coefficient C to be always negative for E7 between 146.5 MeV 
and 169.2 MeV, consistent with zero, in contrast to values given in their Table I. Second, 
fitting multipoles to their A, B, C’s, we end up with b in Mi— significantly different from 
(—2.0 ± 1.5) x 10-3, ours being close to —7 x 10-3. However, we do agree with their Eq+ 
and Mi-1- values. Thus, serious disagreement between LET and experiment for Eq+ still 
persists, and calls for an independent experiment confirmation.
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Table I: Various contributions to calculated values of multipoles for tt0 photoproduction 
near threshold in units of 10~3. See text for definition of a, b, c. Cusp effect is shown for 
“Total” only.

Nucleon Born Delta Vector Mesons Total Total 
with cusp

Expt.1

effect
a -2.47 0.35 0.08 -2.04 -2.86 -0.5 ± 0.3
b -6.61 2.22 0.89 -3.48 -3.48 -2.0 ± 0.3
c 3.39 3.83 0.74 7.96 7.97 8.0 ± 0.3
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DEEP INELASTIC PHOTO- AND ELECTROHUCLEAR REACTIONS

Egiyan K.Sh.
Yerevan Physics Institute, St. Markarian 2, Yerevan 375036, Armenia, USSR

Abstract: Some experimental data on deep in- 
elastic photo- and electronuclear reactions 
ai*e discussed, where the secondary protons 
are produced in a kinematically forbidden re­
gion for interaction with the nucleon.

Deep inelastic will be called the nuclear 
reactions which can not be considered as a 
sum of interactions of incident particles 
with quasifree nuclear nucleons. The produc­
tion of the so-called cumulative particles is 
a classical example. Cumulative we mean to be 
particles the production of which is kinema­
tically forbidden for interaction with a free 
stationary nucleon. In the present work some 
available experimental data on photo and el­
ectroproduction of cumulative protons and the 
possible development of this trend are dis­
cussed.
1. Inclusive Photoproduction of Cumulative--- ^r-v-ns Wfj---- ------------------------

Let us consider the inclusive process
y + d -*-p +X (1)

where X is the residual system. The conser­
vation laws will read

<2>
where is the fraction of four-momentum
of nucleus carried away by the system 
with v/hich the collision took place (cluster, 
nucleon, quark). Solving (2) with respect to 

XA one obtains
/ Efi. _ / £

yj-'V -/T -
where «
able. The kinematical definition of cumula­
tiveness is the cryterion A'* > 1 in (3).

< (3)v “i/T ~A WrTp
is the so-called light-cone vari-

Fig.1 The depen­
dence of Afejon 

Eg- at PP =0.53 
GeV/c and -§p - 
= 120°. A -[8]

• ~C9] .

Then the whole 
range of <%, 90°
is cumulative 
for protons, in­

dependent of their energy. The main inclusive 
data on CP photoproduction are obtained at the 
Yerevan Electron Synchrotron in 1973-19813'7 . 
There are some data from ICharkova and Tokyo 
9 . Let us consider the yields of CP in on 
invariant form

Jp(er,pp >A)s % 'c/ji^atEX Px ' (4)
First of all, dependences of /(^)on Eg is me­
asured at fixed and for nuclei from /£C
(Fig.1) to i0 Pb. The main conclusions are s

i) ^(^r) increases with in the range of2 GeV, and at Eg»2.5 it remains nearly constant. In CP photoproduction the regime of limiting (Yang) fragmentation sets in 10 much earlier at{lower energies)than at "or­dinary" interactions with nucleons and if the limiting fragmentation is due to properties of the matter in the fragmentator, then these properties are different in the "ordinary" nucleon and in the intranuclear fragmentator emitting cumulative nucleons, ii) The behavi­our of (Ef) is the same for all nuclei, e.g. firstly, the CP production is a local process and, secondly, interactions of secondary le­ading photoparticles in nuclei do not make essential contribution to the CP production, iii) In the scaling regime (^. >2.5 GeV) and at Pp £. 0.3 GeV, Xu = ^(see (3) ). iiii) To study the reaction (1) in the scaling regime, one may use the bremsstrahlung spectrum of 
y -quanta of ££*">2.5 GeV, since the main contribution will make this very region. The inclusive data given below have been obtained at £■*««_ 4^5 Qev< These data indicate, that 

the CP production is connected with the pre­sence of states in nucleus which differ from the standard one-particle nucleon states. A natural question arises: can one get informa­tion about the structure function of these states from these data? Of course, the direct way to obtain the structure funrta on of frag- mentators still is the deep inelastic scat­tering of leptons. There are practically no such measurements up to now. There is only one work 11 on scattering of /* -mesons on '*C at 200-280 GeV and 50(GeV/c)* . Itis obtained that the structure function at 
XM> 1 is so well described by an exponent 

expf-x^/A^Jviith s 0.14. The experimen­tally measured value of in its mostgeneral form can be presented ,z as;
fp fa'Pj.) = Pfx, px) • EP- G (x, Pj_) (*')

where G(x,Pl) is the structure function of fragmentator, F(x, Pi) is hadronization func­tion, 6" denotes the scale of the cross sec­tion. In cases when the registering particle is the same as before the’collision (for in­stance , at electron scattering or when the registered nucleon was in the state of an intranuclear nucleon), evidently EGk, %)= 1. But if the scattering occurs on a quark and a fragment is registered, then Ffx, Pi) 1b a function of quark hadronization. At lepton scattering the meaning of 6” is unambiguous - this is Mott’s cross section. 6* is un­known in the cumulative particle production. One must do an assumption. Let us consider the spectator mechanism, when the cumulative particle results from the hadronization of the constituents(quark; of the fragmentator which do not participate in collisions of the incident particle v/ith the fragmentator. In this case one may assume that Ffy,£J= const and = const, then ^ Pj. ) a>/J .In Figs. 2 and 3 the dependences of inclu­sive yield on o£ at a number offixed Pj. are presented for /a C (Pig.2) ^ ,‘•’Cu (fig.3b) and ^'Pb (Fig.3a) ,s . In the
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2, Correlated Photoproduction of CP
Let us consider the semiinclusive process

j, •! c* bs'1 ^ /)"

Fig.2 The dependence 
of for ,XC
on at /%. = 0.25( o ) 0.5 ( a ),
0.75 ( □ ) and 1.0 
(. V ) GeV/c (.a) ; (g) 
on the Px atoC= 0.5 
( o ), 0.8 (, A ), 1.0 
(A), 1.5 (o) and 
1.95 (V ).

range of d > 1 (the cumulative range)
, is sharply decreasing and at at >1.8 

for all Pj, is well approximated by one ex­
ponent Sfalfitsimst ~ c*/<<<,) with oL0 =0.134
+ 0.004. Similar values of ot0 are also ob­
tained for the cumulative production by in­
cident hadrons 16 . Processing the available 
data on deep inelastic scattering of electr­
ons on the lightest nuclei (e.g. sHe) like it 
has been done at SLAC'f then Xeo asymptoticly 
tends to the value of 0.14 beginning from 

t?* = 3 (GeV/c)1 . Thus, all the data toge­
ther testify, apparently, to the fact that 
right the structure function of an exotic 
state of nuclei fragment ating into cumulative 
particles is studied.

One can make one more conclusion from our 
data ,s . The ratio /P,31 %)//£(<*,Z)ol struc­
ture functions of a given nucleus to the 
structure functions of carbon nucleus grows 
with dC (Fig.4), which may be interpreted 
as enrichment of the fragmentator in nuclei 
by constituents (quarks) of high momenta.
This is theoretically predicted in'3 .

Fig.3 The dependence 
of on ot
a) for 3^Pb, b) for 
*3Cu.(o ) = 0.25
(□)- = 0.5 GeV/c.

Fig.4 The depen­
dences of R ~

on oC . j"©) - k- 
=63;(•)- A=208.

X + A-~pi-h- +-X (5)

where and , ” correspondingly indi­
cate backward (cumulative) and ,forward (non- 
cumulative) particles registered in coinci­
dence. As forward hadrons have been chosen 
the 5T-meson and proton with momentum ~ 1.0 
GeV^&t emission angle of 16® . These investi­
gations have shown that ( ) correlati­
ons do exist. In case of )-coincidence
the chance for correlation is higher than in 
case of { ) one. (Fig.5).

correlation function

Fig.5 The dependen­
ces of correlation 
functions (a)and 
Kp; (b) on unOf . 
(o)— Pf - 0.4 GeV/c; 
(»)- 0.58 GeV/c.

Let us consider the 
structure function 
of nuclei in correla­
tion measurements of 
CP, i.e. dependences 
of on c(p.
Since three yields
of jV-T * ^
have been measured in 
the experiment, one 
can determine the

(6)

where is the yield of forward hadron.
In Fig.6 the dependence of and

P+r) on oi? is shoma at three 
values of ^ =0.2; 0.3 and 0.4 GeV/c.

Fig,6 The dependen­
ces of Px) (a)
and (b) on

oO . ( • ) — Px —
= 0.2; (® ) - 0.3; 
(o ) - 0.4 GeV/c.

It is seen that in 
both {/>,?) and 
ipJr ) correlations 

grows with o*'~. 
Then it follows from 
eq.(6) that the stru­
cture function

te in­
clusive one of

rftfcPjPif)/
differs from t

i.e. m correlation 
measurements is in­

vestigated a higher-momentum component of 
fragmentator constituents. In case of {pf? ) 
correlations one can estimate the change in 
the hardness of the structure function. In­
deed, all points of for
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all tjp lie on one and the same line which is 
well described by the exponent ~ exp fe(/a(0/c) 
with c<OK =0.726+0.05 . As it can be seen 
from Pig.2 ,i‘l* , in the range of =0.2+0.5
GeV/c and > 1.5, fsfap,*isJ factorized
rather well, and ~ex/> f- with
<*<>£ =0.134+0.004 . It follows from the eq. (6) 
that at d, ^./.s is also factorized,
and structure function expf-
with de/ap = 0.165+0.06 .

3. Electroproduction of CP

In case of primary electrons, four class­
es of investigations may be carried out:
i) Inclusive electron scattering at .** > 1 and

> 3 (GeV/c) (scaling regime). The cross
section of this process for £e — 4.5 GeV is 
changed in the interval of 10*“+ lO'*8 cm2str"1 
GeV for xe =1*2(Q2 - 4+6 (GeV/c)2 ). At such 
small cross sections investigations can suc­
ceed with intensive beams like the SLAG beam.
ii) Inclusive electroproduction of CP at X/»> 
>1. As the secondary electron is undetected, 
this process is, in fact, the inclusive pho­
toproduction (Q*0), the results of which 
have been discussed above, iii) The next 
type of measurements involves correlation 
measurements of (e,e'N) at xe<. 1, but X#> 1.
N can be any particle. In case when N is a 
nucleon, X*>1 at all -9* >90° . Such measure­
ments can be carried out at our accelerator 
with its today's parameters. Below we shall 
discuss the available preliminary data, 
iiii) Finally, one must, and it is necessary 
to make plans for investigations (e.e'N) when 

>1 • Only in this case will be obtained 
the most important results for understanding 
of the process of cumulative particles pro­
duction. Our projects for such measurements 
will be realized after an essential reconst­
ruction of the Yerevan Electron Synchrotron.

Let us consider those new, preliminary 
data obtained in (e,e'P) measurements at 

tfe < 1 and X„ > 1. Such data are extremely 
important in the determination of the CP 
production mechanism. For instance, there is 
expected a peak in the spectrum of secondary 
electrons from quasielestic scattering of 
both cumulative and non-cumulative protons 
(registered in coincidence with electrons) 
for the model of direct secondary rescatter­
ings /s and for the spectator variant of 
the few-nucleon correlation model^ . In the 
first case this peak must not change its 
lace with the increasing cumulativeness 
e.g., detection angle) of protons, while in 

the second case the peak is expected to be 
shifted according to a certain law /S .
In Pig.7 the our measured yields of (e'P) 
coincidences on aC as functions of Ee for 
different angles (cumulativeness) of CP are 
shown. One can prove that when 120* and

7^ ^ 85 MeV ( Xp, > 1.3), there is no essen­
tial contribution from the quasielastic peak,
i.e. it is hard to fit the experiment with 
the predictions of the theoretical models 
mentioned above. The experimental data do not 
exclude the few-nucleon correlation model 
predictions, but there concrete calculations 
are needed for one to make more unambiguous 
statements.

Ei -2C<V T,"85 . 205 M*V

o -

Fig.7 The spectra of secondary elec­
trons in the reaction e*'1? -* e'*p*X 
The curves through the experi­
mental points are plotted "by 
eye". The experimental points 
are normalized relative to 
each other.
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EXPERIMENTAL DATA ON DEEP INELASTIC 
HADRON-NUCLEUS REACTIONS AND SOME CRUTIAL

EXPERIMENTS.ON ELECTRON BEAM
V.B.Gavrilov

INSTITUTE OP THEORETICAL AND EXPERIMENTAL
PHYSICS, Moscow, USSR

Now it is obvious that the interaction of 
a high energy hadron with a nucleus does 
not reduced to the sum of the interactions 
with quasifree nucleons. The cumulative 
particle production /l/ and the nuclear 
scaling /2/ are the most striking effects 
indicating to this. Let us consider the 
inclusive reaction

a + A —b. + X (I)
It is well established that the secondary 
particles "b1' may be emitted into the kine­
matical region forbidden for aN interactions. 
The dependence of the invariant cross section 
on the energy of the particle emitted at 
fixed angle may be parametrized by the fol­
lowing expression;

f « = 0 exp(-T/T0) (2)
Nuclear scaling means that the value of T 
does not depend on the atomic weight of 
the target nucleus, and at the large initial 
energy both T and p - f/do not depend- 
on the incident particle type and its energy. 
Pig.I shows ET./"ii as a function of A for
the cumulative protons /3/. It is seen that 
the relative variation, of T at the atomic 
weight increase is sufficiently smaller than 
the variations of such nuclear characteris­
tics as the binding energy (e) or Fermi 
momentum (PF). This fact indicates to the 
locality of the process of cumulative par­
ticle production. It should be noted that 
the values of T are the same for the inci­
dent antineutrinoes /4/, photons /5/ and 
hadrons /6,7/. For the cumulative particle 
production* the strong A dependence of the 
cross sections ( stronger than f«A ) is 
characteristic /2/.
The angular dependences of the inclusive 
cross sections of proton production do not 
depend on the initial energy ( Pig.2a ), 
but they differ for different nuclei at 
the region 90° ( Fig.2b ) /8/. The excess 
of the forward emitted protons for the 
carbon nucleus may be naturally explained 
by the contribution of the quasifree pro-

••f* "P* l 7.5 C.V/c ,,«*J.-ppb-p* / .
.-pc-p* i upoGaV/c ,...pro-pxj

* « 
« «* * ♦ • • l

* *%

i ;
K } a

w 4 -as o as cos0

£ • - pc -px 1
z • *pCw px ■ 7.5 CeV/c
v zoo » «pPb pX , ••• ...*
* Tf-t25M»V • . •*• .;: •
t *00 • * 1 *

hi

-as 0.5 COS e

Pig.2

cesses which take place at the periphery of 
the nucleus. Because of the weak A depen­
dence of the quasifree cross sections 
( f*,A</*) the relative contribution of these 
processes decreases rapidly with the atomic 
weight increase. For the heavy nuclei the 
main contribution give the processes which 
take place in the inner part of the nuclei. 
These processes are called the deep inelas­
tic hadron-nucleus reactions as an opportu­
nity of the quasifree nuclear reactions.
The deep inelastic hadron-nucleus reactions 
may be considered as successive local inter­
actions of the incident hadron with nuclear 
matter as it is shown in Pig.3. These local 
interactions may be the interactions with 

' ■ short range nucleon correlations /9/ and 
with the quark bags /I0/, or any type of 
the interactions followed by the local 
heating of nuclear matter /II/. Sometimes 
the inclusive spectra of the particles 
produced in the deep inelastic hadron-nuc­
leus reactions are connected immeduately 
with the ouartt-gluon nuclear structure 
function /l2/.
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Aa it was noted above the independence of 
the cumulative particle spectra on the atomic 
weight of the target nucleus indicates to 
the locality of the mechanism of the deep 
inelastic hadron-nucleus reactions. The 
investigations of the correlations between 
two protons with small relative momenta /13/ 
permit to speak about an elongated shape 
and the small transverse size ( ri«I fm ) 
of the region of the deep inelastic hadron- 
nucleus reaction. Finally, the studiing of 
the angular dependence of the ooefficint of 
two-nucleon coalescence into a deuteron /I4/ 
suggests not only the elongated shape of 
the interaction region but also a successive 
knock-out of nucleons during propagation of 
the incident hadron through a nucleus.
Fig.4 shows the coalescence coefficient

■x(T.e) ■ft (T.fr) (3)
as a function of cosb for the interactions 
of the high energy hadrons with the heavy 
nuclei /I4/. For the isotropic emission of 
particles from a spherical region the value 
of V would not depend on the emitting 
angle. The curves in Fig.4 show, the depen­
dences it (cose) expected in the case of the 
successive emission of nucleons along the 
trajectory of the incident hadron during 
its propagation through a nucleus.
The space-time picture of the deep inelastic 
lepton-nucleus reaction ( Fig.5 ) differs 
from that of the hadron-nucleus reaction.
At large Q* virtual T or W transfers locally 
its energy and momentum to a single quark 
which generates a quark-gluon jet propagating 
through the nucleus. The questions which we 
interest in the analysis of the lepton- 
nucleus interactions are the following:

I) What the exitation of nuclear matter 
does occur at the local scattering of lepton 
by quark ?

Fig.4

Fig. 5

2) How does the quark-gluon jet interact 
with nuclear matter ?
The first comparision of the inclusive 
spectra of protons produced in the deep 
inelastic lepton-nucleus /4/ and hadron- 
nucleus reactions shows that these spectra 
are similar. But up to now there are very 
poor experimental data for reaction

1 + A — l' + b + X, (4)
therefore careful measurements of the cumu­
lative particle production in reaction (4) 
are necessary, especially v/ith measuring Q* 
and v of the lepton. Such data will permit 
to answer the following questions:

1) Do the cumulative proton spectra at 
the deep inelastic 1A and hA reactions 
coinside in the kinematical region forbidden 
not only for interaction vdth one nucleon 
but with nucleon pair also ?

2) Is the ratio of the inclusive cross 
sections of the cumulative pion production 
to the proton one at the 1A reactions the 
same as it is at the hA reactions ?

3) What is the value of
p f* d6(M~e'ix) / Js dA ~e'x) , .
HfT / dQzd»
and what is its A dependence with respect 
the value of 9m and its A dependence ?

4) How does 9tt\ depend on v and Qa ?
5) How does coalescence coefficient 

depend on the emission angle for the deep 
inelastic lepton-nucleus reactions ?
An experimental answers to these questions 
may clarify the nature of the local exita­
tion of nuclear matter and, at some extent, 
the space-time picture of the hadronisation 
of the quark-gluon jet generated by the 
lepton-quark scattering.
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(e, e'K+) at small x region

T. Kishimoto

University of Houston Houston Texas 77004

In this short article I would like to show the possibility to investi­
gate the change of nucleon structure in a nucleus by using the exclusive 
(e,e'K+) reaction. Studies of the deep inelastic lepton scattering on nuclei 
show some difference between the structure function of nucleon and that 
of nucleus1’2’3. There is some enhancement for the small x region and de­
pletion at the medium x region (EMC effect). Although there are many 
successful attempts to explain the effect by incorporating quark degrees of 
freedom in nuclei, conventional nucleon binding effects in nuclei were also 
successful to explain the depletion of structure function at the medium x 
region4. The role of small x region seems to be important5, however, we do 
not yet have consistent experimental data there.

Although the measured structure function of a nucleon can be under­
stood as a momentum distribution of quarks in nucleon, we need to have 
models connecting it to the underlying physics. One successful model is the 
cloudy bag model6 by which nucleon is described by the coherent sum of 
baryons and mesons surrounding them. If a nucleon is in a nucleus, there 
can be a change of nucleon structure in its peripheral region, which consists 
mostly of mesons i.e. sea quarks. It is quite conceivable that these effects 
appear in the small x region.

Usually the small x region corresponds to the small Q2, because energy 
transfer (u) is limited in the experiment. The relation is given by

 Q2
X 2Mu%

where M is proton mass. The small Q2, for example, \{GeV/c)2 or less, 
corresponds to the region where we cannot neglect the meson form factor. 
Therefore to increase Q2 by using the higher energy beam is one way to 
study in detail this intriguing small x region. On the other hand study 
of the change of meson structure of nucleon due to nuclear environment is 
another way to get close to this problem. Since this kind of study requires 
relatively low Q2, it can be done by the relatively low energy CEBAF type
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machine. The (e,e'K+) reaction is quite appropriate to study this kind of 
meson structure. The advantages of the reaction are three fold.

1) Since there is no strange quark in the nucleus, the K+ should appear 
from the sea quark, or in other words, strange mesons coming from the 
dissociation of nucleon into K+ and hyperon. In this way we do not see 
the valence quark contribution, which is unchanged between nucleon and 
nucleus. Therefore the difference between nucleon and nucleus should be 
quite clear if it exists.

2) In the inclusive reaction there is some difficulty to resolve the oc­
currence of deep inelastic scattering from the real photon emission at small 
x region. At small x region the bremsstrahlung process (real photon emis­
sion) cannot be negligible and it becomes complicated for heavier target. 
Its correction requires the complete knowledge of structure function for all 
possible bremsstrahlung processes; that is quite difficult. The exclusive 
reaction can eliminate this real photon emission.

3) Since the K+ doesn’t have much interaction with the nucleon, the 
final state interaction should be small or calculable7’8. We might see the 
enhancement of K+ production if propagation of the kaon is enhanced 
because of, for example, precritical effect of kaon condensation.

There are several experiments done for the {e,e'K+) reaction on nu­
cleon 9,1°’11. The measured xp distribution shows fairly good agreement 
with parton model prediction except for regions that correspond to A (1115.6 
MeV) and perhaps A (1520 MeV) production. Here xjr is given by

XF = Pparallel/PMAXi

where Pm ax and Pparaiui are possible maximum hadron momentum and 
parallel momentum along the momentum transfer direction. These data 
can be understood either the configuration of nucleon in terms of hyperons 
and K+ or sea quark distribution in nuclei. It is then quite interesting 
to study in detail the final hyperon excitation, i.e. A’s and E’s, by this 
reaction on a nucleon and make a comparison with models of the nucleon. 
The reaction on a nucleus could give a change of meson structure of the 
nucleon in a nuclear environment.

The CEBAF machine can explore the intriguing small x region by look­
ing at rather small Q2 region where meson form factor plays an important 
role. The (e,e'K+) reaction hopefully gives us the information of strange 
meson distribution in nuclei exclusively.
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Photoproduction of n+ from 1^N

L. Tiator*, J. Vesper^", D. Drechsel^, N. Obtsuka^" and L.E. Wright^

^ Inst. f. Kernphysik, Universitat Mainz, 6500 Mainz 
^ Inst, f. Theor. Physik, Universitat Tubingen, 7400 Tubingen 
^ Physics Department, Ohio University, Athens, Ohio 45701

Over the past 3 years the process (y,77,+) ^Cgs has become the most
completely studied reaction in the field of pion photoproduction. 
Differential cross sections have been measured at 173 MeV in Mainz^ and at 
200, 230, 260, 320 and 400 MeV at Bates^’^ with most of the data having

been analyzed. For a long time pion photoproduction from has been 
proposed as one of the most interesting reactions in p-shell nuclei. 
Because of the extremely long lifetime of ^Cgs a strong suppression of the 

Gamow-Teller (GT) transition was assumed. In 1977, however, Goulard et
A )

al. speculated that the long lifetime is only due to an almost exact
cancellation of the GT single particle transition and meson exchange 
currents. In a combined analysis of elastic and inelastic electron 
scattering form factors of ^N, Huffman et al.^ found solutions for the 
nuclear wave function which were consistent with electron scattering and 
produced a finite GT matrix element. But only in low energy pion 
photoproduction1’^ could it be shown that a finite GT matrix element was 
neccessary in order to get agreement between theory and experiment. And in 
a very ' recent measurement at Mainz at a foreward angle of 25° and photon 
energy of 173 MeV was the rise of the predicted differential cross section 
corresponding to a finite GT transition observed^^. Fig. 1 shows our 
calculations in nonlocal DWIA^ by using the effective Lagrangian of 
Blomqvist and Laget®^ (BL) and distorted pion wave functions from the

Q )
optical potential of Strieker, McManus and Carr (SMC). Although there is 
near perfect agreement between theory and experiment at low energy, a 
measurement at 320 MeV-*^ revealed a disagreement with the same theory by a 
factor of 3, which was accounted to partly the lack of unitarization in the 
BL-operator and also the Improper treatment of pion propagation described 
by SMC potentials.

The aim of this paper is to present a new approach which combines the
advantages of the nonlocal DWIA calculation of Tiator and Wright^* and the
A-hole approach of Koch, Moniz and Ohtsuka^^ and to apply it to the 

calculation of the differential cross section of the reaction 
^N(y,n+)14Cgs. For this purpose we use the full nonlocal Born amplitudes 
derived from Feynman diagrams, therefore exhibiting a well defined 
off-shel1 behaviour. To avoid double counting with the resonance 
contribution, we project the Mj+ amplitude out of the isospin 3/2 channel. 
The resonant part will be evaluated in an extended version of the A-hole
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approach. In this approach, the ground state of and have open shell 
structures, such as in the wave function of Cohen-Kurath or Huffmann^. The 
doorway space is spanned by |^r(A=13)gjA> states which correspond to the 
IA@h> states in the usual A-hole approach. In this way we consider not 
only the direct photoproduction from initial to final state, 
1^N(,y,7r+)^Cgs, but also two-step processes with charge exchange such as 
^N('y,7T®)^4Ngs(7r^ ,7T+)^Cgs in a consistent way.

In the following we use the Huffmann HI wave function and a spreading 
potential which is adjusted in order to get agreement with elastic pion 
scattering from in the resonance region, see Fig. 2.

r-r—r

" io

I | ¥ }

-20 40 60 80 100 120 140 160

®1r-lob(de9>

Fig. 1: ,rr^) ^Cgs in nonlocal DWIA 
at Ey = 173 MeV (a) and 200 MeV (b). The 
solid, dashed and dash-dotted lines are 
obtained with HI, H2 and HF1 wave 
functions of ref. 5. The Gamow-Teller 
matrix element for HF1 is zero, but 
finite for HI and H2. The data is taken 
from ref. 1,6 (a) and ref. 2 (b).

20 30 40 50 60 70 60 90
® (deg)

Fig. 2: Pion elastic scattering from 
14C at = 164 MeV. The solid line 
shows our A-hole calculation and the 
dashed line is obtained with an 
optical potential of ref. 9. The 
experimental data is taken from 
ref. 11.
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S, = Z30 M*V
S, a Z60 MeV•2 too

= 320MeV
E, = 400 MeV•g / oo-

Fig. 3: ,rr+) ^Cgs at different photon energies. The solid line is 
our A-hole calculation and the dotted line shows our standard DWIA 
calculation. The dashed line shows the resonance contribution in the A-hole 
approach seperately. The experimental data is taken from ref. IS (260 MeV) 
and ref. 3 (320 MeV).

In fig. 3 we show our {y,n) calculations for different photon energies in 
comparison with the experimental data* * together with the resonance 
contribution alone and our standard DWIA calculations. It is important to 
note, that the A-resonance never plays the same dominant role as in y,tt® 

reactions or in pion scattering. In the energy region of the resonance 
between 260 and 320 MeV, the resonant part alone contributes about 50% 
while, at smaller energies as well as for higher energies its effect 
becomes less important. In comparison with other recent calculations we 
obtain better agreement with the experimental data. In the A-hole 
calculation of Suzuki, Takaki and Koch*^* the resonant contribution at the 
peak of the 320 MeV data is 15% smaller and the complete calculation is 30% 
smaller than our results. Wittman and Mukhopadhyay*-** used a nonlocal DWIA 
approach with a unitarized elementary production operator and A-hole pion 
wave functions distorted by a closed shell nucleus similar to ref. 12.
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These results are in very good agreement with the data at 260 MeV but too 
small by about a factor of 2 at 320 MeV, comparable to ref. 12. In our 
calculations the data is reasonably well described at both energies: The 
peak value at 260 MeV is about 15% too small and at 320 MeV it is 25% too 
small. The reason for the improvement in our calculations is mainly the 
open shell treatment of not only the initial and final states but also for 
the intermediate doorway states ;®A> Furthermore our background is
evaluated in nonlocal DWIA taking advantage of the well defined off-shell 
behaviour of Feynman amplitudes.

In conclusion, pion photoproduction from has shown that a systematic 
experimental survey over the kinematic regime from threshold up to energies 
above the A-resonance is a very powerful tool for finding definite answers 
to the different aspects of nuclear physics which are investigated by the 
y ,tt probe. Similar efforts would be worthwhile in the case of the mirror 
nuclei (^C, ^N) and (^N, ^0) for which recent experimental 
results^-*^ have raised new interesting questions.

J*.
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